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A tiny living cell remains an enduring enigma, holding countless
secrets awaiting to be unravelled by researchers. The intricate
dynamics of life's power and potential reside within its delicate
structure. As depicted on the front cover, a vibrant live cell reveals its
vital components: Mitochondria (the powerhouses fuelling cellular
energy) in dreen colour, lysosomes (the waste management
factories maintaining cellular homeostasis) in red colour, and the
nucleus (the command centre governing the fate of the cell) in blue
colour.
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foreword

Tribute to Dr. Rajagopala Chidambaram

r. Rajagopala Chidambaram, an illustrious figure in
Indian science and technology, was born on November 12,
1936, in Chennai. His father served as the Controller of
Defense Accounts in the Central Command Office of the
Armed Forces in Meerut, where Dr. Chidambaram
completed his early schooling and pursued higher education with
distinction, earning a B.Sc. degree from Presidency College, Chennai and
M.Sc. in Physics (Hons) & Ph.D. from the Indian Institute of Science (IISc),
Bangalore. In 1962, he joined the Neutron Crystallography Group at
BARC, embarking on an illustrious career and contributed significantly
for India’s atomic energy program. Over the years, he served as Director of
BARC (1990-1993) and Chairman of the Atomic Energy Commission

(1993-2000), leaving an indelible mark on various domains of Atomic 1 . Mum_bal, L
Energy. Dr. Chidambaram further propelled scientific advancements in - t Indl a -

the country as the Principal Scientific Adviser (PSA) to the Govt. of India, —— L
from 2001 to 2018. Later, he involved himself actively as the Chairman Dr. R. Chidambaram delivering the key note

address during inauguration ceremony of 5"
Asian Congress of Radiation Research at DAE
Convention Centre in Anushakti Nagar.

(Honorary) of the DAE Institute of Advanced Studies and on the Boards of
several IITs.

As PSA, he championed various initiatives that shaped the future of
Indian science and technology. These included the Rural Technology Action Group, which empowered rural
communities with innovative solutions, and the Society for Electronic Transactions and Security, which enhanced
India’s cybersecurity capabilities. Under his leadership, the National Knowledge Network was launched, connecting
research and educational institutions across India to foster collaboration and innovation. Dr. R. Chidambaram played
an active role in the discussions leading to the successful Indo-US Civil Nuclear partnership pact of 2005, which
significantly advanced India's integration into the global nuclear community.

Beyond national security and nuclear power, Dr. Chidambaram strongly supported fundamental research to
foster innovation in R&D, particularly emphasizing the application of nuclear technologies in areas such as food and
water security, public health, and sustainable development. His visionary leadership extended to the Bio-Science
Group, BARC, promoted research in protein crystallography and the use of neutron beams and synchrotron sources
to study biological macromolecules. These efforts paved the way for advancements in targeted drug design. In
November 2022, Dr. Chidambaram honoured the bioscience community as the Chief Guest at the 5" Asian Congress
of Radiation Research, organized by BARC in association with the Society for Radiation Research-India and the Asian
Association for Radiation Research at DAE Convention Centre, Mumbai. The Congress of Radiation Research
witnessed participation from scientists across 17 countries. In his eloquent keynote address, Dr. Chidambaram
underscored the pivotal role of understanding the mechanisms of radiation response in microbes, plants, and human
cells. He highlighted emerging applications of ionizing radiation in human health, agriculture and food security and
encouraged advanced radiobiology research on proton beam, boron-neutron capture therapy, and charged particles
for future cancer treatments as well as low-dose radiobiology for radiation protection.

In July 2024, Dr. Chidambaram further initiated a discussion on translational research by chairing a crucial
meeting between BARC scientists and TMC doctors. The task force formed during this meeting aimed to accelerate the
clinical translation of BARC-research/technologies and new radiopharmaceuticals for cancer treatment, as well as to
explore the potential of artificial intelligence in medical imaging, cancer diagnosis, and enhancing the quality of
radiation therapy in India.

Dr. Chidambaram was an accomplished scientist, visionary leader, a true patriot and a deeply compassionate
human being. His passing away on January 4, 2025 marks the end of a remarkable era in India’s scientific and
technological advancement. The scientific community of the Bio-Science Group, BARC, proudly dedicates this special
issue of the BARC Newsletter to the cherished memory of Dr. Rajagopala Chidambaram. His unparalleled guidance
and inspiration will forever encourage us for advancing research and technology, impacting global Bioscience
landscape.

Dr. P. A. Hassan
Associate Director, Bio-Science Group
Bhabha Atomic Research Centre
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Emerging Frontier Areas

Research in Biology at BARC

s a premier multidisciplinary research institute, Bhabha Atomic Research Centre is well-
known for carrying out research in the frontier areas of Science and Technology. Along with
» R&D being carried out in the areas pertaining to nuclear power, BARC has made considerable
‘ progress in research that has immediate societal implications. We are extremely pleased to
launch this issue of BARC Newsletter that describes the cutting-edge research carried out in biological
sciences, particularly in the field of nuclear medicine, precision cancer therapeutics, radiation-guided
diagnosis as well as therapy. Furthermore, other research topics such as agriculture, biotechnology
and high-quality basic research are covered in terms of feature articles or short thesis reports. In this
regard, sixteen articles highlight the contemporary biological research and technologies evolved in the
area of health, while four articles emphasize the new approaches in the field of food and agriculture,
whereas one article deals with a biotechnological application for clean environment.

D

This special issue also showcases the snapshots of the research performed by young minds, who
are currently pursuing, or have just finished, their PhDs in the Life Science discipline. Thus, we do
hope that we have been able to provide a glimpse of the wide expanse of work being carried out in
fundamental areas as well as application-oriented research in Biosciences at BARC. We are optimistic
that these articles will enlighten and stimulate the minds of researchers as well as students, energizing
them to take up societal problems that need to be urgently resolved today.

We take this opportunity to sincerely thank all the authors for their active role and enthusiastic
support in finalizing the articles promptly. Our whole-hearted thanks to Dr. S. Adhikari, former
Director, Knowledge Management Group (KMG), for extending this opportunity and steering us
throughout this publication process. We also take this opportunity to thank Dr. A.K. Dureja, Associate
Director, KMG, Shri Manoj Singh, Head, SIRD, Shri. Madhav N., and the entire SIRD Newsletter
Editorial team for their painstaking effort in curating the content, designing/formatting the articles in
their final form and for providing proofs. We are very thankful to Dr. P. A. Hassan, Associate Director,
Bio-science Group, for his generous support in bringing out this special issue.

LK

Dr. Birija Sankar Patro Dr. Anand Ballal
Head, Bio-Organic Division Head, Nuclear Agriculture & Biotechnology Division
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Research & Development in BioScience
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Photosensitizers for Cancer Therapy

o———

Precision Photodynamic Therapy Dual Imaging
of Endoplasmic Reticulum and Lipid Droplets
by a Novel BODIPY-conjugate Dye

Nitish Chauhan?, Mrunesh Koli*?, Ananda Guha Majumdar‘?, Soumyaditya Mula“* and Birija Sankar Patro***

'Bio-Organic Division, Bhabha Atomic Research Centre, Trombay-400085, INDIA
*Homi Bhabha National Institute, Anushakti Nagar, Mumbai-400094, INDIA

ABSTRACT

Next generation photodynamic therapy is focused on developing photosensitizers (PS),
azs which can effectively target sensitive organelles in cancer. Since, pancreatic cancers are

heavily dependent on Endoplasmic Reticulum (ER) for hormone synthesis, developing
imaging and precision targeting agents for ER in pancreatic cancers may address the unmet
challenge of pancreatic cancer treatment. In this regard, we have engineered synthesis of a
novel PS, a BODIPY-naphtholamine-BF2 dyad (NbB), which can image ER and lipid droplets
(LDs) simultaneously with single excitation wavelength and induces robust
photosensitization of multiple pancreatic cancer cells. Mechanistically, NbB causes severe
ER stress through generation of singlet oxygen and depletion of glutathione in the cells.

. = i

Kinetics of cellular uptake of NbB,
a BODIPY-naphtholimine-BF2 dyad KEYWORDS: Dual imaging, Endoplasmic reticulum, Lipid droplets, Pancreatic cancer,
Precision photodynamic therapy

*Author for Correspondence: Birija Sankar Patro
E-mail: bisank@barc.gov.in
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Introduction

Pancreatic cancer, especially pancreatic ductal carcinoma
(PDAC) is one of the most difficult to treat cancers. It remains
an incurable malignancy for half a century due to no or limited
therapeutic options[1]. Recently, photodynamic therapy (PDT)
has emerged as a promising approach for the treatment of
pancreatic cancers[2]. PDT agents like meso-Tetra
(hydroxyphenyl)chlorin (mTHPC) and verteporfin showed some
positive therapeutic outcomes for the treatment of PDAC
patients in the clinic[3]. In order to enhance the therapeutic
efficacy, next-generation PDT agents are designed to target
cancer cells. Since pancreatic cancer cells heavily rely on
endoplasmic reticulum (ER) for the synthesis of inherent
requirements of hormones, ER is considered as an attractive
target for the development of precision medicine for the
treatment of PDAC[4,5]. ER is closely associated with lipid
droplets, the latter is known to be positively correlated with
advanced clinical staging, metastasis, and poor survival[6].
Considering the importance of ER and LDs in PDAC, there is an

urgent need for the development of a precision photomedicine
or photosensitizer (PS), which can (1) specifically accumulate
to ER and LD, (2) image ER and LDs and (3) photosensitize
PDAC cells through ER and LD stress. To the best of our
knowledge, only one report shows dual imaging of ER and LDs
by single probe at single excited wavelength[7]. In order to have
all three properties (ER targeting, dual fluorescence imaging of
ER and LD and photosensitization) in one molecule, we have
chosen BODIPY based skeleton to fuse with an ER-targeting
scaffold, like naphthalene moiety, for appropriate functional
tuning. In this regard, we have rationally designed and
synthesized a new class of bis-chromophoric fluorescent
probes by fusing naphtholamine-BF2 derivative at meso-linked
BODIPY (NmB) and B-linked BODIPY (NbB) (Fig.1A). Rational
designing is based on the fact that position of the naphthalene
moiety in NmB and NbB may influence (1) the efficient
generation of triplet excited state and singlet oxygen for PDT,
(2) dual fluorescence in ER and LD in polar and non-polar
milieu, respectively and (3) photodamage to ER and LDs in
PDAC cells.

MIA PaCa-2 Cells (24 h)

(D) (E) (F)
50 e NbB(pM) - - S5 10 15 5 10 15
NbB(uM) - - 5 10 15 5 10 15 E Light(30min) - + - - - + + 4
. = £ 404
$3 meo| MBS M EEERL
32 ™
°3
g ¥ L .
g 101 Calnein [EEENERSS RS
0- Gmu|-———-—_l
NbBB (5 pM)
Light (30 min) - . .

Fig.1: (A) Structure of BF, NmB and NbB. (B) Photosensitization effects of BF, NmB and NbB in MIA-PaCa-2 PDAC cells. (C, D) Sub-G1 and Caspase 3
activation analysis in response to photosensitizing effects of NbB in MIA-PaCa-2 PDAC cells. (E) Flowcytometry analysis of GSH (monobromobimane)
content in cells in response to photosensitizing effects of NbB, (F) NbB mediated induction of ER stress in MIA-PaCa-2 PDAC cells in the

presence/absence of light. (Adopted from our previous report[8]).
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Fig.2: (A) Confocal microscopic analysis of the distribution of NbB in MIA-

PaCa-2 cells, acquired in DIC, green and red channel. (B) Lambda mode

spectral scanning of NbB emission in MIA-PaCa-2 cells in the range of 492-688 nm, upon excitation with 488 nm laser. (C, D) Representative images
of above experiment at 532 nm and 585 nm were shown in C. ER and LD specific ROIs were marked and indicated with an arrow. Emission spectra
of NbB in ER and LD specific ROIs, respectively, were shown. (E, F) Kinetics of cellular uptake of NbB and its distribution in ER and LDs in MIA-PaCa-2

cells. (Adopted from our previous report[8]).

Results and Discussion

In order to assess the photosensitization effects, PDAC
(MIA-PaCa-2) cells were incubated with BP, NmB and NbB for
30 min and exposed to visible light for different time periods
(Fig.1B). Our results revealed that BP and NmB were not

effective in killing MIA-PaCa-2 cells in the dark or upon light
exposure. Interestingly, NbB induced robust photokilling of the
PDAC cells in a concentration and light dose dependent
manner (Fig.1B). Dark toxicity was apparent only at higher
concentrations of NbB. Further, Combenefit software-based
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analysis showed a strong synergistic interaction of NbB and
light for the photokilling of PDAC cells. Together, our result
confirms the photosensitizing ability of NbB while BP and NmB
do not have any PDT properties. Further, NbB found to induce
robust apoptosis in MIA-PaCa-2 in the presence of light, as
assessed for induction of sub-G1 by flow cytometry (Fig.1C).
Similar photosensitization effects were also observed with
other PDAC (PANC-1) cells. In corroboration with sub-G1 data,
NbB treatment induced photoactivation of caspase-3 through
its cleavage (Fig.1D). Mechanistically, NbB induced oxidative
stress through lowering of cellular glutathione level and
damaged ER, leading to ER stress (Fig.1E). Upon light
exposure, NbB elicited the level of IRE-1a and BiP and reduced
calnexin level significantly, indicating the induction of ER stress
in PDAC cells by NbB (Fig. 1F).

Considering the impressive photosensitization
properties of NbB, we ventured to explore its cellular
distribution and photoimaging properties of NbB. Confocal
microscopy analysis revealed a rapid cellular uptake of NbB,
where NbB is localized to ER and LDs. Interestingly, upon
excitation at single wavelength (488 nm), NbB fluoresces
green in ER while it appeared both green and red in LD
particles, due to polar and non-polar milieu in these two
organelles, respectively (Fig. 2A).

To further confirm the dual emission fluorescence of NbB
in ER and LDs, the fluorescence emission of the spectrum of
the dye in ER and LDs was assessed by Lambda Scanning
Mode (LSM) in confocal microscopy. Our data showed
fluorescence emission of NbB in the region of 505-565 nm
while fluorescence emission drops sharply at >570 nm in ER-
specific ROl (region of interest), when 488 nm excitation
wavelength was used (Fig.2B-D). In contrast, fluorescence
emission of NbB was significantly retained in both green (505-
565 nm) and red channels (570-638 nm) in LD specific ROI,
upon excitation with 488 nm laser (Fig.2B-D). These results
showed that, both ER and LD can be simultaneously visualized
with one probe i.e., NbB at single excitation wavelength. Next,
colocalization studies with commercially available dyes, ER (ER
Tracker Red/Blue), mitochondria (Mito Tracker Red) and
lysosomes (Lyso Tracker Red), showed that NbB is specifically
localized to ER and LD with no apparent accumulation in
lysosomes and mitochondria. In order to assess the kinetics of
cellular distribution of NbB, time-lapse confocal imaging was
employed. Our results showed a rapid uptake of NbB into ER
(green fluorescence only; t = <10 min) initially, while during
lipid droplet biogenesis, NbB was distributed to LDs and
appeared as yellow punctate (due to emission of green and red
fluorescence; t = >12 min) (Fig.2E-F). Of note, the above
properties were observed with multiple cell lines with excellent
photoimaging properties at concentrations as low as 0.5 uM.
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Conclusion

Current investigation showed a first case of design of a
novel single bis-chromophoric molecule with three biological
functions: specific targeting of the dye/photomedicine to ER
and LDs, simultaneous dual imaging of ER and LDs, robust
photosensitization of pancreatic cancers, especially PDAC
cells. A detailed investigation on the synthesis, photophysical/
photochemical and biological properties and its effect on PDAC
cells are reported elsewhere[8].
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Development of Single-vial Kit for Simple and
Convenient Formulation of *Ga-NODAGA-]JR11:
PET Agent for Diagnosis of

Neuroendocrine Tumor
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ABSTRACT
“GaNODAGAJRIL _ “GaDOTANOC  “Ga-NODAGAJRI “Ga DOTANOC

**Ga-NODAGA-JR11 has emerged as a promising somatostatin antagonist for PET-imaging
of neuroendocrine tumors. Preliminary success of the agent necessitates further multi-
3 _g? (g centric clinical trials for complete evaluation in human cancer patients. Single-step
““« "5'} i'f s formulation of *Ga-NODAGA-JR11 at hospital radiopharmacy shall encourage increased
R participation of hospitals facilitating multi-centre trials. Thus, freeze-dried kits were
S Py * * developed for convenient formulation of **Ga-NODAGA-JR11 and preliminary clinical studies
were performed in neuroendocrine cancer patients. Kit formulated *Ga-NODAGA-JR11

exhibited high uptake in primary as well as metastatic lesions.
PET/CT scan of “Ga-NODAGA-JR11 and ghup primary

*Ga-DOTANOC in NET patients KEYWORDS: NODAGA-JR11, Neuroendocrine tumor, Somatostatin antagonist, Freeze-
dried kit, PET/CT imaging
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Introduction

**Ga-NODAGA-JR11 (**Ga-OPS202), a novel radiolabeled
somatostatin receptor (sstr) antagonist exhibiting high affinity
towards sst, receptors, has emerged as a promising
radiotracer for PET imaging of neuroendocrine tumors (NETS)
[1,2]. Radiolabeled somatostatin agonists have shown great
clinical value in diagnosis and management of patients with
NETs [3,4]. However, recent literature reports have shown that
radiolabeled somatostatin antagonists may perform better
than radiolabeled somatostatin agonists in terms
pharmacokinetics and tumor visualization [5,6]. Amongst the
several somatostatin antagonists investigated, *Ga-NODAGA-
JR11 has demonstrated encouraging results. Consequently,
*Ga-NODAGA-JR11 has now reached phase-Il clinical trials for
detection of NETs [1,5]. “Ga-NODAGA-JR11 is reported to
exhibit higher sensitivity and better image contrast than *Ga-
labeled sstr agonists (**Ga-DOTA-TATE/TOC/NOC) in detection
of NETs [5,6]. The higher sensitivity is attributed to lower
uptake of *Ga-NODAGA-JR11 in liver, intestine and pancreas in
contrast to ®*Ga-labeled sstr agonists.

The simple Kit-type radiolabeling would encourage
hospitals to participate and facilitate the evaluation of *Ga-
NODAGA-JR11 in broader patient population. Freeze-dried kits
containing pre-assembled sterile ingredients in dry powder
form allow for simple and hassle-free preparation of the
radiopharmaceutical at hospital radiopharmacy [7]. The
single-vial kit is particularly attractive for formulation of *Ga-
radiopharmaceuticals as the short half-life of Ga-68 (t,, = 68
min) necessitates for rapid and robust radiolabeling protocol.

Present study reports optimization of different
parameters for successful development of a single-vial
NODAGA-JR11 freeze-dried kit. The kits were formulated with
**GaCl, eluted from ITG **Ge/*°Ga generator (Isotope
Technologies, GmbH, Germany) and evaluated in patients with
NET.

Materials and Methods

Optimization of radiolabeling parameters for NODAGA-
JR11 (piCHEM, Austria) was carried out by addition of *GaCl,
(0.05 N HCIl) from **Ge/**Ga generator (ITG, Germany).
Radiolabeling was performed varying different parameters
such as amount of peptide, amount of buffer, incubation time
and temperature to optimize conditions prior to kit formulation.
Freeze-dried NODAGA-JR11 kits were prepared based on the
optimized wet chemistry protocol. A 10 vial batch of JR11 Kits
was prepared with each kit vial containing 50 ug NODAGA-JR11
and 11.5 mgsodium acetate.

For the kit-based preparation of **Ga-NODAGA-
JR1:I_,68GaCI3 (2 mL, 3-15 mCi) eluted in 0.05 N HCI was added
and the reconstituted kit vial was incubated at 90°C for 10 min.
Radiochemical yield of *Ga-NODAGA-JR11 was determined by
performing paper chromatography (PC) and reversed phase
high performance liquid chromatography (RP-HPLC).

In vitro stability of the kit-formulated **Ga-NODAGA-JR11
was evaluated at 1 h and 2 h post preparation. Long term shelf-
life of kits was assessed by reconstitution at periodic intervals
(1 month and 3 months) and subsequent analysis of the
radiolabeling yield. The pharmacokinetics of kit formulated
*Ga-NODAGA-JR11 was studied by performing biodistribution
studies in normal Swiss mice. Preliminary clinical evaluation of
kit-formulated *Ga-NODAGA-JR11 was carried out in AlIMS,
Bhubaneswar after obtaining approval from institutional
ethical committee clearance.

Results and Discussion

*Ga-NODAGA-JR11 could be formulated using freeze-
dried kits in >95% radiochemical yield (Fig. 1). Kit-formulated
**Ga-NODAGA-JR11 stored at room temperature was observed
to be stable till 2 h post-reconstitution as there was no
significant change in the HPLC profile. Freeze-dried kits have
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Fig.1: Radio-HPLC chromatogram of *Ga-NODAGA-JR11 formulated using freeze-dried kit.
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Fig.2: PET/CT scan of **Ga-NODAGA-JR11 and *Ga-DOTANOC in NET patients.
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been tested to be stable till 3 months post-preparation when
stored at 0°C.

Preliminary clinical evaluation in NET patients indicated
high uptake in primary as well as metastatic lesions.
Comparative PET/CT images with ®*Ga-DOTA-NOC (in the same
patient) suggested comparable tumor uptake but better liver
and background clearance for *Ga-NODAGA-JR11. Present
studies indicate promising potential of *Ga-NODAGA-JR11
towards detection of liver metastatic lesions (Fig. 2).

Conclusion

Single-vial NODAGA-JR11 freeze-dried kits amenable for
formulation with ®*GaCl, eluted in 0.05 N HCl from ITG *Ge/*Ga
generator was developed. These Kits resulted in simple and
quick preparation of ®Ga-NODAGA-JR11 in high yields. Kit-
formulated **Ga-NODAGA-JR11 could clearly identify the
primary as well as metastatic lesions with good accuracy and
specificity in patients with NETs. The facile formulation of *Ga-
NODAGA-JR11 using the freeze-dried kit provides a valuable
advantage, facilitating its use in clinical settings.
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Modified A9 peptide analogs

(best analog, Retro A9 indicated in the box)

ABSTRACT

Peptides are excellently attractive molecules with high selectivity towards receptors
expressed in high density on tumor cells. However enzymatic sensitivity of peptides leads to
systemic degradation resulting in rapid clearance with low target accumulation. Here the
original A9 peptide targeting elevated HER2-receptor levels in breast cancer was modified
by adopting different strategies for improved metabolic stability, efficient targeting and
ultimately clinical utility for molecularimaging and therapy of cancer sites.

KEYWORDS: HER2, Lu-177, D-peptide, Retro peptide, Click chemistry
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Introduction

Rapid rise in cancer cases worldwide is an alarming situation
demanding essential development of cancer specific
molecules for precise molecular imaging and treatment of the
disease. Breast cancer is the most prevalent cancer in human
population accounting for highest mortality (15.5%) amongst
women [1]. However, detection at an early stage through
radiolabeled peptides targeting elevated receptor (HER2)
levels shall expedite treatment thereby improving the chances
of survival [2].

Peptides serve as wonder probes by virtue of their high
selectivity towards the target (receptors) and favorable
biological profile (high tumor penetration, quick blood
clearance, low toxicity) [3]. Besides, simple synthetic
methodologies with options allowing suitable modification, is
an added advantage of peptides. However, peptides are highly
sensitive towards enzymatic degradation leading to rapid
kidney clearance thereby reducing bioavailability and target
accumulation limiting their clinical applicability. To overcome
these limitations several modification strategies can be
adopted to confer enzymatic resistance to peptides: (i)
introduction of polyethylene glycol (PEG); (ii) cyclization; (iii)
incorporation of D-amino acids (inverso peptide); (iv)
arrangement of D-amino acids in reverse order (retro-inverso
peptide); (v) arrangement of L-amino acids in reverse order
(retro peptide). In this regard, A9 peptide (QDVNTAVAW)
targeting HER2-receptors overexpressed in breast cancer was
synthesized and above-mentioned modifications were
conferred to the original peptide.

Materials and Methods

Peptides, DOTA-A9, DOTA-PEG,-A9 (pegylated), DOTA-
c[Tz]A9 (cyclic), DOTA-D-A9 (inverso), DOTA-rD-A9 (retro-
inverso) and DOTA-rL-A9 (retro) were synthesized manually by
Fmoc solid-phase peptide synthesis (Fig. 1).

Cyclic peptide was prepared by introduction of azide
functional group bearing azidoalanine (Aza) and alkyne
bearing propargyl glycine (Pra): Pra-Gln-Asp-Val-Asn-Thr-Aza-
Val-Ala-Trp-NH,. Cyclization of the linear peptide [Pra, Aza]A9
was performed on solid phase by Cu(l)-catalyzed ‘click
chemistry’ reaction. The inverso peptide was synthesized by
substituting L-amino acids with D-amino acids. The retro- and
retro-inverso A9 peptide variants were prepared by coupling of
L-amino acids and D-amino acids respectively in reverse order
(swapping of C- and N-terminal). Purified and characterized
peptides were radiolabeled with Lu-177. CD spectra were
recorded to obtain information about the secondary structure
stabilization of modified peptides. Molecular docking studies
were performed to analyse the change in interaction of the
peptide sequence with the receptor. Biological efficacy was
tested in HER2-positive SKBR3 cells and SKBR3 tumor-bearing
SCID female mice xenografts.

Results and Discussion

The original A9 peptide, ['"Lu]Lu-DOTA-A9 exhibited quite
low tumor uptake, rapid urinary clearance and poor metabolic
stability. Introduction of PEG, moiety could not improve the

N =y ‘aw§i

/a

|

tumor uptake or metabolic stability to significant levels [4].
Hence with an aim to impart conformational rigidity and
improve the pharmacokinetic pattern the A9 peptide was
cyclized and triazole as peptide bond isostere was introduced.
Enhanced conformational stability was confirmed by CD
spectral studies (Fig. 2a) and molecular modelling studies
established retention of binding efficiency towards the
receptor. Improved metabolic stability and higher retention in
the tumor was observed for [ Lu]Lu-DOTA-c[Tz]A9. To further
improvise the pharmacokinetic features all L-amino acids were
replaced by D-amino acids. D-amino acids having chirality

(a) —— DOTA-[Pra', Aza"]A9 (H50)
5 —— DOTA-[Pra’, Aza’]A9 (H20 : TFE)
—— DOTA-c[TZ]A9 (H,0)

— DOTA-c[TZ]A9 (H20 : TFE)

'10 T T T T T T T T T T 1
200 220 240 260 280 300
Wavelength (nm)
10+ DOTA-rD-A9 (H,0
(b) (B) — -rD-A9 (H,0)

—— DOTA-rD-A9 (H,0: TFE)
— DOTA-rL-A9 (H,0)
—— DO TA-rL-A9 (H,0: TFE)

-5

-10 . T T T T T
200 220 240 260 280 300
Wavelength
() ] ——DOTA-L-A9 (H,0)
6 ——DOTA-L-A9 (H,0:TFE)
4k —— DOTA-rL-A9 (H,0)
—— DOTA-rL-A9 (H,0:TFE)

mdeg

T T T T T 1
200 220 240 260 280 300
Wavelength

Fig.1: Solid Phase Peptide Synthesis Facility Set-Up.

Fig.2: CD spectra of (a) DOTA-c[Tz]A9, (b) DOTA-rD-A9, (c) DOTA-rL-A9.
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Fig.3: Metabolic stability of modified A9 peptide analogs.

opposite to that of L-amino acids are not recognized by
enzymes and hence confer resistance towards enzymatic
degradation leading to enhanced metabolic stability. The CD
spectra of D-amino acids incorporated peptides, DOTA-D-A9
and DOTA-rD-A9 was observed to be mirror image of their
respective L-peptides, DOTA-L-A9 and DOTA-rL-A9 highlighting
the opposite chirality of D- and L-amino acids (Fig. 2b). The
inverso analogue, ['"'Lu]Lu-DOTA-D-A9 despite being
metabolically stable, did not exhibit any improvement in tumor
accumulation over the original L-peptide. The retro-inverso
analog, [""Lu]Lu-DOTA-rD-A9 however exhibited high metabolic
stabilityalong with enhanced tumoraccumulation.

The retro A9 analogue, DOTA-rL-A9 demonstrated
enhanced conformational stability (CD spectra, Fig. 2¢) and
significantly enhanced receptor interaction (molecular
modeling) [5]. Arrangement of L-amino acids in reverse
direction results in topochemical similarity to the D-peptide
hence leading to higher metabolic stability than the original
L-peptide. The retro A9 analogue, [*'Lu]Lu-DOTA-rL-A9
demonstrated excellent pharmacokinetic features (high tumor
uptake and retention, rapid clearance) amongst all the
analogues studied resulting in a promising and an efficient
radiopharmaceutical.

Conclusion

Amongst the several strategies adopted for modification
of HER2-targeting A9 peptide for boosting the metabolic
stability (Fig. 3) and bioavailability, best attributes were
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Fig.4: Modified A9 peptide analogs (best analog, Retro A9 indicated in
the box).

demonstrated by the retro peptide, rL-A9 (Fig. 4). Arrangement
of L-amino acids in reverse manner alters the backbone of
peptides resulting in change in bond angles and bond
lengths affecting the overall conformation. Thus, better
pharmacokinetic features of retro peptide indicate plausible
involvement and interaction of the peptide backbone amide
groups with the receptor whereby enhanced conformational
stability might have induced better receptor fitting.
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Dysregulation of Autophagy by the Combination
of Talazoparib Plus Resveratrol Induces Extensive
DNA Damage & Synergistic Cancer Cell Death

Ganesh Pai Bellare'” and Birija Sankar Patro***

jBio—Organic Division, Bhabha Atomic Research Centre, Trombay-400085, INDIA
*Homi Bhabha National Institute, Anushakti Nagar, Mumbai-400094, INDIA

ABSTRACT

The limited efficacy of Poly (ADP-Ribose) polymerase inhibitors (PARPi) in homologous

) recombination (HR) proficient cancers necessitates novel drug combinations with PARPIs to

) Talazoparib oy hanq their utility. Over-expression of PARP1 in breast cancers irrespective of BRCA1/2

Untreated Talazoparib Resveratrol *Resveratrol i /o hresents a therapeutic opportunity for effective targetting of PARPi with chemo-
‘ Q sensitizers. Autophagy confers de novo PARPI resistance in breast cancers. In this study, we

Q 8 investigated the role of resveratrol, a natural molecule chemosensitizer in enhancing the
effects of talazoparib (BMN673, PARPI) in breast cancers. Resveratrol effectively sensitized
talazoparib-induced cell death in HR-proficient breast cancer cells in vitro. Resveratrol
Representative images of tumours excised impaired talazoparib-induced pro-survival autophagic flux, by attenuating autophagosome-
from SCID mice bearing MCF-7 xenografts post  lysosome fusion via lysosomal-membrane-permeabilization (LMP), enhancing talazoparib-
treatment with talazoparib alone, resveratrol alone induced DNA damage. Notably, talazoparib plus resveratrol combination effectively
or their combination reduced tumour volume in vivo in pre-clinical SCID-mice model. This work presents
resveratrol as a potential chemosensitizer with talazoparib for HR-proficient breast cancers
inclinical settings.
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Introduction

Poly(ADP-Ribose) polymerase (PARP) inhibitors, used
predominantly in the treatment of breast, ovarian, prostate and
pancreatic cancers with homologous recombination
deficiency, work on the principle of synthetic lethality [1].
Notably, this precision therapy has been marred by various
intrinsic and acquired resistance mechanisms [2]. Moreover,
PARPi therapy is by and large inefficient in HR-proficient
cancers. Therefore, novel combinatorial approaches involving
PARPj are warranted to target HR-proficient cancers and PARPI-
resistant HR-deficient cancers which have recrudescent HR.
Resveratrol (3,5,4'-trihydroxy-trans-stilbene) is a natural
stilbene found in many food items such as grapes and berries.
Resveratrol possesses potent anti-cancer activity and its
effects, in the cellular context, are manifested through
modulation of multiple pathways including autophagy [3].
Additionally, resveratrol sensitizes the effects of different
drugs to better their anti-cancer potential [3]. We have
previously reported that talazoparib (Tal), a potent, 3"
generation PARPi induces robust autophagic flux in cells which
plays a role in de novo resistance to talazoparib in HR proficient
breast cancer cells [4]. In the current study, we aimed to
understand i) if resveratrol treatment could sensitize the
effects of talazoparib in the induction of breast cancer cell
death, ii) whether autophagy modulation was involved in this
sensitization process.

Materials and Methods

PARP1 expression in breast cancer tissue vis-a-vis
normal tissue was performed on the TCGA (The Cancer
genomic Atlas) breast cancer dataset using Gene Expression
Profiling Interactive Analysis (GEPIA) tool. For in vitro
mechanistic analyses, MCF-7 cells breast adenocarcinoma
cell line was used as the model system. Cells were routinely
cultured in in Dulbecco’s Modified Eagle’s medium with 10 %
fetal bovine serum and 1 % penicillin-streptomycin solutionina
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CO, incubator (95 % relative humidity; 5 % CO,; 37 °C). Cell
viability was assessed by MTT (3-[4,5-dimethylthiazol-2-yl]-2,5
diphenyl tetrazolium bromide) assay. Synergy analysis of the
cell viability data was carried out using Combenefit software.
Cumulative cell death was ascertained by clonogenic assay,
and apoptosis was assessed using propidium iodide staining-
based sub-G1 analysis by flow cytometry. Autophagy reporter
cell lines- GFP-LC3 MCF-7 and tf-LC3 (tandem fluorescence,
MRFP-EGFP-LC3)- were generated by lipofectamine-based
transfection of plasmids in wild-type MCF-7 cells. These cells
were further used for autophagy assessment by confocal
microscopy. The level of autophagic proteins and DNA damage
markers was assessed by immunoblotting. Analysis of
lysosomal integrity and functional homologous recombination
using flow cytometry was performed by acridine orange
staining and DR-GFP reporter assay, respectively. MCF-7
xenograft SCID mice were utilized for the assessment of anti-
cancer efficacy of the combination of agents. Statistical
analyses (t-test, ANOVA as applicable) were performed using
GraphPad Prism 5.0 software. Values indicated in graphs are
Mean + SD or SEM. Significance in P values are as *p<0.05,
**p<0.01, ***p<0.001 compared to respective untreated/
vehicle group. Inter-group comparisons are indicated wherever
applicableinthe graphs.

Results and Discussion
PARP] is overexpressed in breast cancer patients

PARP1 is a vital protein contributing to a highly diverse
set of essential processes in cells including DNA repair, DNA
replication, transcription etc [5]. Analysis of the breast cancer
patient sample dataset available in TCGA using GEPIA tool
(http://gepia.cancer-pku.cn/) showed that PARP1 levels were
significantly upregulated in breast cancer irrespective of
BRCA1/2 status (Fig. 1A). This indicated a therapeutic
opportunity in targeting PARP1 in breast cancers irrespective
of HR status.
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Fig.1: Resveratrol sensitizes talazoparib induced cell death in MCF-7 cells. (A) PARP1 expression in breast cancer and normal patients. (B) Combenefit
visualization plot for the MCF-7 cell viability assessment using MTT assay. (C) Assessment of apoptosis in MCF-7 cells by sub-G1 assay by flow cytometry.
(D, E) Colony formation assay for the assessment of cumulative breast cancer cell death. (Adapted from Pai Bellare G and Patro BS, 2022[7]).
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Resveratrol sensitizes talazoparib induced cell death in
breast cancer cells

Further, we assessed the effect of resveratrol (Res) in
sensitizing the effects of talazoparib (Tal) in HR proficient
MCF-7 breast cancer cells. MTT-based cell viability assay
indicated a concentration dependent effect of individual
treatments of talazoparib and resveratrol in MCF-7 cells
(Fig. 1B). Interestingly, a synergistic increase was observed in
the induction of cell death in MCF-7 cells in the combination of
talazoparib plus resveratrol at multiple concentrations as
indicated in Combenefit analysis. Apoptosis induction at 72 h
was found to be greater in the combination of talazoparib and
resveratrol compared to individual treatments (Fig. 1C). We
also observed that resveratrol effectively sensitized the effects
of talazoparib in MCF-7 colony formation assay compared to
individual treatments (Fig. 1D, E). Together, the combination of
talazoparib and resveratrol synergistically induced breast
cancer cell death in vitro.

@A) EGFP-LC3 MCF-T cells

Autophagy is dysregulated in cells treated with the
combination of talazoparib and resveratrol

Talazoparib induces pro-survival autophagy leading to de
novo resistance to talazoparib in HR proficient MCF-7 breast
cancer cells [4]. Thus, further, we ventured to assess the status
of autophagy under the talazoparib, resveratrol and the
combination treatment conditions. Employing EGFP-LC3
reporter transfected MCF-7 cells [6], it was observed that the
number of autophagosomes as indicated by the green punctae
were increased under talazoparib only, resveratrol and
talazoparib plus resveratrol treated conditions compared to
the control at 48 h, indicating a robust autophagosome
formation (Fig. 2A, B).

Further, we employed tf-LC3 reporter MCF-7 cells to
understand the status of the autophagic flux in cells[6].
Talazoparib alone treatment showed increased red punctae
(RFP"and GFP, autophagolysosomes) indicative of an effective
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Fig.2: Resveratrol dysregulates talazoparib induced pro-survival autophagy. (A, B) Determination of autophagy induction at 48 h using EGFP-LC3 stably
expressing MCF-7 cells by confocal microscopy with quantification. (C, D) Assessment of autophagic flux in MCF-7 cells stably expressing tf-LC3 by
confocal microscopy. (E) Immunoblot analysis showing the level of p62 and loading control B-Actin post respective treatment for 24 h. (F, G) Analysis of
LMP using acridine orange (10 uM) staining assay by flow cytometry with quantification. Scale bars: 20 um. (Adapted from Pai Bellare G and Patro BS,

2022[7]).
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autophagic flux through fusion of autophagosomes with
lysosomes at 48 h (Fig. 2C, D). Intriguingly, resveratrol
treatment enhanced yellow punctae (RFP* and GFP"; unfused
autophagosomes), which was significantly enhanced in
response to combination treatment (Fig. 2C, D), indicating the
inhibition of fusion of autophagosomes with lysosomes (i.e.,
defective autophagy flux) in the presence of resveratrol.
Similarly, p62 protein (SQSTM1, an autophagic adapter
protein), whose levels decrease upon autophagic activation in
a time-dependent manner, was found to be stabilized in
resveratrol and combination treatment in contrast to
talazoparib only treatment (Fig. 2E). Induction of lysosomal
membrane permeabilization (LMP) by resveratrol leads to loss
of lysosomal integrity. Acridine orange staining based flow
cytometry analysis indicated a significant increase in LMP in
the combination of talazoparib plus resveratrol compared to
the talazoparib or resveratrol alone treatments at 24 h (Fig. 2F,
G). This may have led to the observed inhibition or delay of the
fusion of autophagosome with the lysosomes (i.e. late-stage
autophagy inhibition) [8,9]. Taken together, talazoparib
induced pro-survival autophagy in MCF-7 cells was significantly
hampered by resveratrol treatment which may have led to the
increased cell death observed in the combination treatment
conditions.

Co-treatment of talazoparib and resveratrol induces
extensive DNA damage and suppresses homologous
recombination

Autophagy supports effective repair of DNA damage via
faithful homologous recombination pathway [10]. Late stage

autophagy inhibition by resveratrol under resveratrol alone and
combination treatment could potentially lead to extensive DNA
damage. In agreement with this, DNA damage induced by
talazoparib, assessed by y-H2AX(S139) level, was greatly
enhanced by resveratrol in a concentration dependent
manner at 24 h (Fig. 3A). Interestingly, resveratrol induced
y-H2AX(S139) level was further enhanced in the presence of
talazoparib. Further, DR-GFP reporter based functional assay
for HR showed that HR was marginally increased in talazoparib
treated conditions and decreased under resveratrol treatment.
Notably, HR was significantly downregulated in the
combination of talazoparib and resveratrol in concordance
with the inhibition of autophagy in response to resveratrol
treatment (Fig. 3B, C).

Talazoparib plus resveratrol reduces tumour burden in
pre-clinical models of breast cancer

The efficacy of the resveratrol mediated sensitization of
PARP inhibitor effects were further evalauated in MCF-7
xenograft SCID mice model (Fig. 4A). The individual treatments
of talazoparib (1 mg/kg body weight) and resveratrol (50 mg/
kg body weight) reduced the tumour volume. However, the
reduction in tumour volume was significantly greater upon
treatment with 15 doses of the combination of talazoparib plus
resveratrol in comparison to the individual treatments
(Fig. 4A-C) with no observable side-effects. Together, the data
suggested high efficacy of the combination treatment of
talazoparib plus resveratrol over individual treatments in pre-
clinical model.
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Fig.3: Combination of talazoparib and resveratrol induces extensive DNA damage and suppresses homologous recombination. (A) Immunoblot analysis showing the
level of DNA damage marker y-H2AX with loading control 3-Actin post indicated treatments for 24 h. (B) Scheme for the DR-GFP HR reporter assay.
(C) Assessment of functional HR in the cells using DR-GFP HR reporter assay by flow cytometry. (Adapted from Pai Bellare G and Patro BS, 2022 [7]).
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Fig.4: Resveratrol is effective in sensitizing tumour xenografts in SCID mice to talazoparib treatment. (A) Scheme of the SCID mice experiment.
(B, C) Representative images of the tumours excised from SCID mice bearing MCF-7 xenografts post treatment with 15 doses of talazoparib alone
(1 mg/kg), resveratrol alone (50 mg/kg) or their combination. Quantification of tumour volume is indicated in C. (Adapted from Pai Bellare G and Patro BS,

2022[7]).

Conclusion

This work provides compelling evidence that the
combination of talazoparib and resveratrol is effective in
mitigating breast cancer in vitro and in vivo. Mechanistically,
inhibition of late-stage autophagy i.e. fusion of
autophagosomes with the lysosomes due to LMP induction by
resveratrol in combination with talazoparib leads to extensive
DNA damage induction and eventually, induction of breast
cancer cell death. This combination can have potential
implications in the treatment of homologous recombination
proficient and PARPi resistant homologous recombination
deficient breast cancersin the clinical setting.
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ABSTRACT

Chemo-radiotherapy (CRT) suffers the limitation of non-tumor specificity, which significantly hampers the
therapeutic efficacy of these modalities and is often associated with normal tissue toxicities and patient's
quality of life. Hyperthermia therapy (HT) has been known to improve the efficacy of CRT by increasing tumor
oxygenation, increasing drug concentration at tumor site and inhibiting crucial cellular processes such as
DNA replication, repair, cell proliferation and survival via inducing denaturation of cellular proteins. However,
therapeutic efficacy of conventional HT is limited by the in-efficient heating of tumor core and development of
thermo-tolerance. Contrary to conventional HT, super-paramagnetic iron oxide nanoparticles (SPIONs)
mediated magnetic hyperthermia therapy (MHT) can induce sufficient and uniform heating of tumor core to
hyperthermic temperatures of 42-43°C and prevent development of thermo-tolerance. Present work
describes the development of a rationally designed tumor targeted cyclic RGD (cRGD) peptide functionalized
liposomal nano-carrier (CRGD-LMD) for MHT and improvement of CRT efficacy in murine fibrosarcoma cancer
cells and its tumor model. The strategic placement of SPIONs in the membrane of the liposomes facilitates
their delivery to the heat sensitive cancer cell membrane, ensuring improved MHT efficacy. Furthermore,
cRGD labelling enables ~ 2-9 fold higher accumulation of cRGD-LMD in avf3 integrin receptor over-
expressing mice tumor cells and its neo-vasculature compared to other off-target organs (viz., liver, spleen,
kidney, heart and lungs). Notably, cRGD-LMD was found to be safe in terms of cardio-vascular health as
studied by serum CK-MB levels and cardiac fibrosis. cRGD-LMD has received an Indian patent (No. 441803)
and our results demonstrate its clinical translational potential as a targeted nano-formulation for
improvement of cancer CRT.

KEYWORDS: Magnetic hyperthermia therapy, Magneto-liposomes, Radio-sensitization,
Cardio-toxicity; Heat Shock Proteins
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Introduction

Approximately 60 % of solid tumors are treated with Chemo-
Radio Therapy (CRT) [1-2]. However, the efficacy of CRT is
severely hampered by its non tumor-specificity leading to dose-
limiting toxicities and subsequent development of resistance
to CRT [2]. Thus, development of alternate and more efficient
strategies for cancertreatment has become indispensable.

Nanoparticles mediated Magnetic Hyperthermia
Therapy (MHT): Heating Tumors to Death

Hyperthermia therapy (HT) involves heating the tumorsin
the range of 40 - 43°C which can either kill the cells directly or
sensitize them for subsequent CRT. In clinics, conventional HT
is applied using infrared, microwaves, high intensity focused
ultrasound, sauna bath or water bath [3]. However,
conventional HT suffers the limitations of in-sufficient and non-
homogenous heating of tumors often leading to development
of thermo-tolerance during subsequent HT sessions [3-4].
Thus, development of alternate and more efficient
hyperthermia modalities with ability to induce nano-heating
effects at intra-cellular level becomes crucial. In this direction,
photothermal therapy (PTT) and magnetic hyperthermia
therapy (MHT) are two such modalities with superior
hyperthermia efficacies and better therapeutic abilities as
compared to conventional HT [5-6]. In the present work we
have developed super-paramagnetic iron oxide nanoparticles
(SPIONs) for MHT applications. As against conventional HT,
SPIONs mediated MHT can induce more efficient and
homogenous heating of tumor cells and significantly improve
the therapeutic index of CRT. MHT utilizes SPIONs to generate
heat under the influence of an alternating current (AC)

(A)

—
o
-

magnetic field (AMH) predominantly by Néel or Brownian
relaxation [6]. Unlike conventional HT, in MHT, SPIONs can be
functionalized using tumor targeting surface ligands to
specifically internalize in the tumor cells and distribute to
cellular compartments such as plasma membrane which is
known to be a more sensitive target of heat as compared to
cytosolic compartment. Thus, in present work we have
designed cell membrane targeting SPIONs functionalized with
hydrophobic, oleic acid termed as ‘MN-OA’ and have
demonstrated its membrane localization and significant anti-
cancer efficacy in combination with MHT in cancer cell cells
and its tumor model (Fig. 1A-E) [7-8].

cBRGD-LMD : A Targeted and Multi-modal Anti-tumor
Nano-formulation

For further improving the tumor cell targeting of MN-OA
and to impart multi-modal cancer therapy ability, we have
designed a liposomal nano-formulation termed as ‘cRGD-
LMD’. These liposomes are co-encapsulated with MN-OA and
doxorubicin (Dox) in the bilayer and core of the liposomes,
respectively and to impart tumor-specificity, they have been
functionalized with cyclic RGD (cRGD) peptide. cRGD
functionalization enables the targeting of tumor cells and its
neo-vasculature over-expressing the avp3 integrin receptors
[9]. cRGD-LMD has spherical shape and is predominantly
unilamellar with MN-OA and Dox encapsulation visible mainly
in the bilayer and core of liposomes, respectively as suggested
by cryo-TEM (transmission electron microscopy) (Fig. 2A-B). In
vitro evaluation showed significantly higher cyto-toxicity of
cRGD-LMD as compared to commercial nano-formulation of
DOX (Lippod™), in cancer cells of skin, breast, lung and brain

©

—a—MN-0A

( Shell Oleic

acid

Core Fe; Oy

MN-OA
(~10 nm) il

Temperature °C,

Time (min)

(D)

Magnetic Nano-heating System (E)

Control

20 pm

MN-OA+H

Fig.1: (A) Scheme for SPIONs coated with oleic acid termed as ‘MN-OA’, (B) graph for temperature achieved by MN-OA (10 mg/mL) under alternating
current magnetic field conditions (3350e, 265 kHz for 10 min) (C) representative confocal microscopy image of WEHI-164 cells treated with MN-OA and
stained with nile Blue A. Red foci depict membrane localization of MN-OA, (D) digital photographs of magnetic nano-heating system. Lower image shows
the placement of restrained mice inside the copper coils of the instrument during magnetic hyperthermia therapy, (E) representative real time in vivo bio-
luminescence imaging of tumor cell growth in fibrosarcoma tumor bearing mice after indicated treatments. (H: magnetic hyperthermia therapy).
Reproduced with permission from Elsevier, source: Colloids and Surfaces B: Biointerfaces 108 (2013) 158-168.
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origin. Importantly, the cyto-toxicity of cRGD-LMD was  mice were treated with cRGD-LMD or Lippod™ or Dox at
significantly lower in normal lung epithelial cells as compared 3 mg/Kg dose for 4 days, followed by analysis of whole blood
to cancer cells [9]. Moreover, cRGD-LMD showed significant  and serum parameters and histopathology of major organs.
radio-sensitization of murine fibrosarcoma cells predominantly ~ Dox at 20 mg/Kg of was used as positive control. Serum
via activation of JNK mediated pro-apoptotic pathway. In analysis showed increased expression of early cardiac damage
addition, cRGD-LMD also showed significant heating of tumors ~ marker, CK-MB in Lippod™ and Dox (20 mg/kg) group but not in
after MHT as determined by thermal imaging using IR camera.  ¢cRGD-LMD as compared to control [9]. Furthermore, cRGD-
(Fig. 2C-E). LMD showed in-significant changes in DOX-induced cardiac
Tumor Targeting and Combinatorial Therapy Efficacy of fibrosis as suggest_ed by trichrome stalnlng. an.d immuno-
cRGD-LMD: In vivo Studies fluorescence detection of phospho-Smad3, which is one of the
mediators of TGF induced fibrosis in heart tissue (Fig. 3D-E).
In vitro studies suggested the superior anti-cancer  These results suggest in-significant toxicity of cRGD-LMD in
efficacy of cRGD-LMD in multiple cancer cells. Further, to  healthy mice re-emphasizing its plausible clinical potential as a
determine their in vivo tumor targeting ability, cRGD-LMD was targeted and multi-modal anti-tumor agent.
labelled with a near infrared dye, indocyanine green (ICG). The
ICG labelled cRGD-LMD showed ~2-9 folds higher
accumulation in fibrosarcoma tumors as compared to other Present study demonstrates the superior anti-cancer
off-target organs (liver, spleen, kidney, heart and lungs) [9].  efficacy of cRGD-LMD as compared to Lippod™. The optimized
Anti-tumor efficacy of cRGD-LMD was evaluated in phospholipid composition, size and charge of the liposomes
fibrosarcoma tumor model either alone or in combination with and cRGD functionalization resulted in a significantly (6-18
radiation (R) or MHT (H) or both. Lippod™ was used as a  folds) higher targeting of cRGD-LMD to tumor site as compared
comparative clinical formulation control. ATGD of ~ 7 days was to other off-target organs, such as liver, spleen, kidney, lungs,
obtained for cRGD-LMD + H + R as compared to ~ 5 days for heart and intestine. Thus, these pre-clinical findings support
cRGD-LMD + R, 4 days for cRGD-LMD + H, 3 days for cRGD-  the targeted and combinatorial anti-tumor capabilities of
LMD, 0.2 days for Lippod™ and ~ 2 days for Lippod™ + R cRGD-LMD involving ferroptosis mediated immunogenic mode

Conclusion

treatments (Fig. 3A-C). of tumor control (10). Currently, toxicological studies in higher
. . . . rodents and pharmaco-kinetic studies are being carried out to
I'I;C:E:sg%ggmql Evaluation of cRGD-LMD in Healthy furtherfacilitate the clinical translation of cRGD-LMD.

To study the toxicological parameters, healthy BALB/c

(A) (B)

Doxorubicin  Potent anti-cancer agent

«— cRGD peptide  Active targeting

MHN-OA (SPIONs) Magnetic hyperthermia and
radio-sensitizing agent
PEG E
Immune evasion and longer blood
circulation of nano-formulation

Tumor targeted liposomes (cRGD-LMD)
Indian patentNo.441803

= Control
©) ——Lippod™ (D) (E)
JcRGD-LMD —— cRGD-LMD
-y 123 —— cRGD-LMD + 2 Gy Control
80+ © €0 Gkt
-y 2 !
E % 401
= 60 5 I
= (2]
= ) o
40 d [ R 20] cRGD-LMD
*
201
% NI 0 25 s 75 100 19.1%
A \a Concentration of cRGD-LMD (nM)
N \p& &@1 R 51'5“9@1'3‘
W

Fig.2: (A) Scheme for design of cRGD-LMD, a tumor targeted multi-modal nano-formulation, (B) representative cryo-TEM image of cRGD-LMD. yellow and
red arrows depict MN-OA and doxorubicin (DOX) deposition in predominantly in the bilayer and core of liposomes, respectively. Zoomed inset shows the
deposition of MN-OA (yellow box) and DOX (red box). (C) Graph for percentage viability of cancer cells of skin (WEHI-164), breast (MCF-7 and MDAMB-231),
lung (A549) and brain (U373MG) and normal lung epithelial cells (WI26VA4) as determined by MTT assay after indicated treatments at 48 h, (D) graph for
% survival as determined by clonogenic cell survival assay after indicated treatments. Gamma radiation dose of 2 Gy was used. (E) Representative thermal
image captured using IR camera for mice injected with cRGD-LMD intra-venously and subjected to MHT. Reproduced with permission from Elsevier,
source: Biomaterials Advances, 142 (2022)213147.

26 BARC newsletter November-December 2024



Research & Development in BioScience

(A) (B) ©)
2400 —=—Control
In vivo imaging: mice and isolated organs T T——H+R
E 2ppg |~ cRGD-LMD H 0.75£0.2
E |—~—cRGD-LMD + H
o —4+—cRGDIMD + R Radiation (R) 0.710.4
E 1600+, rGp.umD+H +R
5 H+R 0.81
2100 cRGD-LMD 2.96 04
1
E 800 -2 cRGD-LMD+ R 47+113
2 400/ cRGD-LMD + H 3.65%1.06
0 cRGD-LMD+ H+R 6.5
Lippod™ 0.2
No. of days post drug administration Lippod™ + R 5
(D) (E)
c¢cRGD-LMD DOX Lippod™ DOX

3000
*%
2500
2000 4

1500 |

E
£
o
=
m
=
X
Q
-
]
c
4]
N
[
S
£
@
o
c
o
[3)

“\9@’ "'k'z’ 1.(3’
09_@'\’ \)PQP

Gme/ke) | _(3me/ke)  (3me/ke)

1000
500 {“}
0
© oK ¢ u@ ﬁg@

Fig.3: (A) representative real time in vivo fluorescence image of fibrosarcoma tumor bearing in mice on day 7 post intra-venous injection with cRGD-LMD
labelled with near infrared dye (indocyanine green:ICG). Right side of the image shows the distribution of ICG fluorescence signal in isolated organs on day
8 after sacrifice of mice,(B) graph for tumor growth kinetics of fibrosarcoma tumors after indicated treatments, (C) table for tumor growth delay obtained
after indicated treatments in fibrosarcoma tumor bearing mice, H: MHT and R: Gamma radiation (2 Gy X 3) (D)serum levels of CK-MB, an early cardiac
damage marker after indicated treatments in fibrosarcoma tumor bearing mice and (E) representative image of tumor tissue sections after (i) trichrome
staining and (ii) immuno-fluorescence staining of p-smad3 expression after indicated treatments. blue color in panel (i) indicates collagen deposition
suggesting cardiac fibrosis and green fluorescence in panel (ii) suggests increased expression of p-smad3 suggesting activation of TGF-B mediated
cardiac fibrosis pathway. Scale bar : 20 um. Dox (20 mg/Kg) was used as a positive control. Reproduced with permission from Elsevier, source:

Biomaterials Advances 142 (2022)213147.
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Genomic Stability in Cells

o——
Understanding the Role of Epigenetic Factors

in Maintenance of Genome Integrity
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ABSTRACT

Studying the molecular mechanisms involved in maintaining genomic integrity in cells is
important for understanding disease development and their treatment. In this study, the
role of an epigenetic factor, PSIP1 has been understood in resolving unscheduled R-loops
during transcription. Depletion of PSIP1 lead to significant increase in R-loops in the actively
transcribing gene bodies leading to increase in DNA damage by increased transcription-
replication conflicts. These results show a novel insight into the role of PSIP1 in maintaining
genomic stability in the cells.

KEYWORDS: Genome Integrity, R-loops, PSIP1, Epigenetics, DNA damage
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Introduction

Deoxyribonucleic acid (DNA) is the central molecule in the
functioning of the eukaryotic cells. They code all the necessary
information for the cells to thrive, organise themselves and
propagate. Faithfully maintaining the integrity of the genome is
vital to this cycle. However, numerous internal cellular
processes and external factors, both physical and chemical,
pose threats to DNA stability. To counteract potential damage,
cells employ antioxidant mechanisms and various repair
pathways, ensuring the restoration of DNA integrity. Any
deviations or dysregulations in this process can lead to
deleterious consequences to the cells. The fundamental
reasons for many of the diseases like cancer is traced back to
the failure of the cells to maintain the integrity of their genome.
Hence, comprehending the pathways and mechanisms
responsible for maintaining genomic integrity is imperative for
disease understanding and therapeutic development.
Compounding the challenge of genomic maintenance is the
inherent length of DNA, requiring significant compaction within
the confines of the cellular environment. Furthermore, they

have to be decompacted during replication and transcription
(the process of decoding the information from DNA). This
compaction and packaging of the DNA in the form of chromatin
is achieved by the cells by deploying special class of basic
(alkaline) proteins called histone proteins. These histone
proteins undergo multitude of post-translational modifications
(PTMs) like acetylation, methylation, phosphorylation,
ubiquitination etc., in their amino acid residues present
especially in their N-terminal regions. These modifications
further acts as signals and anchoring points for recruitment of
other regulatory proteins. In this way, the histone proteins not
only provide the structural fabric for the genome but also play
core role in functional regulation of the genome. The histone
PTMs themselves are regulated by complex network of reader,
writer and eraser proteins and functional regulation of genome
through these histone PTMs and its associated factors is called
as epigenetic mechanism of gene regulation. Beyond
regulating gene expression, the role of epigenetics in DNA
damage and repair is emerging as a important area of
research [1]. PC4 and SF2 interacting protein (PSIP), is a
multifunctional chromatin protein, that binds to methylated
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Fig.1: (a). R-loops levels seen by slot blot using $9.6 antibody in wild-type, Psip1” and Psip1”” p75R MEFs. The band intensity was normalized to loading
control (methylene blue) and plotted (b). (c). Similar to (a) but in RWPE-1 cells and the normalized band intensity has been plotted (d). (e). Heatmap
showing R-loop and PSIP1 levels in PSIP1-KD and control RWPE-1 cells. (f). Genome browser track showing the CUT&Tag signal (read counts) for PSIP1 and
R-loop in control and PSIP1-KD RWPE-1 cells. (g). Representative PLA image between a-PCNA and o-RNAPII antibodies obtained from control and PSIP1-
KD RWPE-1 cells. (h). Immunoblotimages of PSIP1, y-H2AX and B-actin for lysate from wild-type, Psip1”" and Psip1” p75R MEFs. (adopted from [5]).
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histone H3 lysine 36 (H3K36me) via the PWWP domain, and
PSIP1 binding is enriched at the sites of RNAPII transcription
and helps in transcription initiation and elongation. Previous
study has shown that the absence of PSIP1 in the cells leads to
increased DNA damage [2]. Additionally, studies employing
immunoprecipitation of PSIP1 revealed interactions with
various proteins involved in transcription, RNA processing, and
DNA repair. Notably, these interacting proteins overlap with
those identified in R-loop complexes [2,3].

R-loops are RNA-DNA hybrid structures formed during
transcription when newly produced RNA molecules bind back
to the DNA template strand. Unscheduled R-loops, if not
resolved, can impede transcription and trigger DNA damage
due to transcription-replication conflicts. The complete
pathway and the proteins involved in R-loops resolution in cells
remain unclear. This work proposes a novel role for PSIP1 in
resolving R-loops, thereby safeguarding genome integrity
duringtranscription.

Materials and Methods

For the study, human prostate epithelial cells (RWPE-1)
and mouse embryonic fibroblast cells (MEFs) were used. For
estimating the R-loops, cells were lysed in lysis buffer with
proteinase K and incubated at 55°C overnight. Isopropanol was
added to the lysate and the DNA was pelleted using
centrifugation. The DNA was quantified and different
quantities of DNA were blotted onto the N+ nitrocellulose
membrane using a slot blot apparatus. Then the membrane
was baked at 80°C for 2 hours, incubated in blocking buffer
(5% skimmed milk in PBS) for 1 hour, followed by incubation
with S9.6 antibody overnight at 4°C in a nutator. Blots were
washed and then incubated with secondary antibody for
2 hours at room temperature, washed and developed. The
same blots were stained with methylene blue to quantify total
DNA. Cleavage under targets & Tagmentation (CUT&Tag) was
performed and the sequence reads were processed according
to protocol [4]. Proximity Ligation Assay (PLA) was performed
using Duolink In Situ Red Starter kit (Mouse/Rabbit) according
to the manufacturer protocol (Merck, DU092101).

Results and Discussion

To understand the role of PSIP1 in R-loop homeostasis,
the levels of R-loops were studied in MEF cells with PSIP1
knock out, using S9.6 antibody through blotting experiment.
Knockout of PSIP1 lead to stark increase in the R-loops
accumulation that could be reversed by restoring the
expression of PSIP1 in those cells (Fig. 1a and b), implicating
the role of PSIP1in R-loop resolution. Similarly, in RWPE-1 cells,
when PSIP1 was depleted it lead to increase in R-loops and that
increase could be reversed by overexpression of RNASEH1-an
enzyme that can act specifically on RNA-DNA hybrid and
degrades them. (Fig. 1¢ and d). Further to understand the
genome wide accumulation of R-loops and its link with PSIP1
depletion, CUT&Tag-seq, a modified form of chromatin
immunoprecipitation was used. In this assay, the cells were
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permeabilized, the targets were bound with antibody and the
antibody bond region was cleaved using transposase. These
cleaved DNA fragments are isolated, amplified, sequenced,
aligned to the reference genome and the enriched regions are
found out. From the CUT&Tag analysis, it was found that upon
PSIP1 depletion 2741 peaks were showing accumulation of R-
loops and these regions are occupied by the PSIP1 in the
control cells, again indicating the role of PSIP1 in R-loop
resolution (Fig. 1e and f). These peaks are mostly seen in the
gene bodies. The consequence of this R-loop accumulation in
terms of transcription-replication conflict (TRC) was then
probed by performing PLA between PCNA (part of replication)
and RNAPII (part of transcription). Results indicated the
increased TRCs linked to PSIP1 depletion and that can be
reversed by overexpressing RNASH1 (Fig. 1g). Further this
increase in TRC lead to DNA damage as seen by the increased
y-H2AX levels, and that damage could be reversed by re-
expression of PSIP1 (Fig. 1h).

Conclusion

These results demonstrated a novel role of PSIP1 in
resolving unscheduled R-loops that arise during transcription
and thereby preventing TRC and DNA damage in the
transcriptionally active part of the genome [5].
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Overcoming Cancer Resistance
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Development of a Dual Inhibitor for
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Killing of Cancer Cells
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ABSTRACT
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Topoisomerase 1 (TOP1) is an evolutionarily conserved protein in humans which removes
DNA supercoils during replication and transcription. TOP1, being essential for cell survival,
is an attractive therapeutic target. TOP1-targeted therapies stabilize TOP1-DNA covalent
complexes (TOPZ1ccs, which are obligate intermediates of TOP1 catalysis), resulting in
accumulation of bulky TOP1-DNA adducts and lethal DNA double strand breaks. Poly (ADP-
ribose) polymerase 1 (PARP1) is a key DNA damage response regulator which plays
instrumental roles in removal of TOP1ccs, and hence acts as a key mechanism of resistance
to TOP1 inhibitors. Consequently, combinatorial TOP1 and PARP1 inhibition has been
subjected to multiple clinical trials. In this study, we have identified a single molecule dual
inhibitor (DiPT-4) having significant inhibitory activity towards both TOP1 and PARP to
overcome therapeutic resistance to single agent TOP1 inhibitors.

In vitro PARP activity assay with purified human KEYWORDS: Topoisomerase 1, PARP1, Dual Inhibitor, Resistance to Topoisomerase 1,
PARP1 in the presence or absence of DiPT-4 TOP1 poison
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Introduction

Cancer cells have high dependence on TOP1 due to its
indispensable roles in replication and transcription. Hence,
TOP1-targeted therapies are widely used in colorectal, lung,
ovarian and pancreatic cancers. However, TOP1 inhibitors
often suffer from development of therapy resistance. PARP1, a
key DNA damage response protein, isinstrumental in recruiting
multiple proteins to TOP1 inhibitor-induced DNA damage sites
and also in proteasomal degradation of TOP1ccs[1]. Hence,
combinatorial inhibition of TOP1 and PARP1 is expected to
improve therapy outcomes[2]. However, clinical trials with
combinations of TOP1 and PARP1 have met with limited
success due to dose limiting toxicities, often arising from
pharmacokinetic incompatibilities between these two classes
of drugs [3]. Single molecule dual inhibitors have generated
significant interest among medicinal chemists due to their
capability of eliminating pharmacokinetic incompatibility
between drug classes by combining two different inhibitory
activities in one molecule. Here, we report the development of
a novel dual inhibitor of TOP1 and PARP which shows promising
activity against both TOP1 and PARP, thus providing a proof-of-
concept for further development of such inhibitors for clinical
use.

Materials and Methods

Colorectal cancer (HCT116), pancreatic cancer (MIA
PaCa-2 and PANC-1) and immortalized normal breast
epithelium (MCF-10A) cell lines were used in this study.
Cytotoxicity was evaluated using clonogenic survival and MTT
assays. Rapid Approach to DNA Adduct Recovery (RADAR)
assay [4]was used to quantify TOP1lcc stabilization. TOP1
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catalytic activity was measured using in vitro plasmid
relaxation assay employing purified human TOP1 and
supercoiled pUC19 plasmid. In vitro activity of purified PARP1
was measured using a PARP activity kit based on colorimetric
estimation of biotinylated poly (ADP-ribose) (PAR) chains on
histone substrates. Protein levels were quantified using
Western blotting. PARP-trapping was evaluated using Western
blotting with chromatin extracts. DNA damage was visualized
using immunofluorescence and confocal microscopy.

Results and Discussion

In order to develop promising dual TOP1/PARP inhibitors,
we utilized 1,8-naphthalimide and benzylphthalazin-1(2H)-one
pharmacophores (for TOP1 and PARP inhibition respectively)
connected through a 1, 3, 4-oxadiazole linker (Fig. 1A). Our
cytotoxicity screen against HCT116, MIA PaCa-2 and PANC-1
cell lines revealed DiPT-4 (Fig. 1B), a candidate with (a) a
fluorine side group in the benzylphthalazin-1(2H)-one phenyl
ring, (b) a 1-carbon spacer between benzylphthalazin-1(2H)-
one phenyl ring and 1, 3, 4-oxadiazole and (c) Sulphur linker
between 1, 3, 4-oxadiazole and naphthalimide as the most
promising molecule with superior cytotoxic activity (IC,, of 4,
4.5 and 4 uM respectively against HCT116, MIA PaCa-2 and
PANC-1) compared to its parent molecules i.e., 1,8-
naphthalimide (corresponding IC,, values of 15, 18 and 20 yM
respectively) and Olaparib (corresponding IC,, values of 9, 8
and 7 UM respectively). Further, DiPT-4 showed selectively
toxicity towards cancer cells and not cells of non-cancerous
origin (MCF-10A).

We found that DiPT-4 induces DNA damage, a robust
G2/M arrest, and finally, apoptosis in HCT116 cells.

DiPT (General Structure)
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Fig.1: (A) Pharmacophores utilized for development of the DiPT series of molecules. (B) Structure of DiPT-4, the most promising candidate with superior

activity compared to both parents. Adapted from [5].

DIPT-4
A B Untreated 5uM 10uM 20puM
Ay H2AX  53BP1  Merge Zoom By Y

© 2ah

O - G2/m

- 3| e

2 8 Gl

£

: GMm 48"

s
DNA Content
-] c © 4 ash
2|« 1101 27:04
E b ﬁ }\
(=] LA A
~ = 23.821.2 3517
S 3. I |
T T A A
Fn-. £ | sostos 44.240.1
6 o
a . h A
39.110.3 5718
@
DE'Ey -’

Fig.2: (A) Immunofluorescence-mediated microscopic detection of y-H2AX and 53BP1 (DNA damage markers) foci in DiPT-4-treated HCT116 cells. (B) Cell
cycle and (C) SubG1 (apoptotic population) analysis of HCT116 cells treated with different concentrations of DiPT-4 for 24 or 48 h. Adapted from [5].
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Fig.3:(A) In vitro plasmid relaxation assay with purified human TOP1 in the presence or absence of DiPT-4. R: relaxed DNA; SC: supercoiled DNA. (B) RADAR
assay and (C) microscopic detection of time and concentration-dependent TOP1cc stabilization by DiPT-4. Camptothecin (CPT) was used as a positive

control. Adapted from [5].
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Fig.4: (A) In vitro PARP activity assay with purified human PARP1 in the presence or absence of DiPT-4. (B, C) Total PARylation levels in chromatin fraction of
cells treated with DiPT-4, CPT (classical TOP1 inhibitor) and Olaparib (PARP inhibitor). Adapted from [5].

DiPT-4 was found to inhibit TOP1 catalytic activity in vitro
(Fig. 3A) coupled with TOP1cc stabilization in a time (Fig. 3B, C)
and concentration (Fig. 3B) dependent manner.

We also investigated the ability of DiPT-4 to inhibit PARP
activity. DiPT-4 was found to inhibit PARP1 catalytic activity in
vitro (Fig. 4A). Interestingly, DiPT-4 induced significantly lower
PARP-mediated poly (ADP-ribosylation) i.e., PARylation in
chromatin-bound proteins compared CPT, a classical TOP1
inhibitor (Fig. 4B, C).

Finally, we performed computational calculations to
predict pharmacokinetic parameters of DiPT-4. Our
calculations revealed that DiPT-4 satisfied both Lipinski and
Veber criteria with a single violation (pertaining to molecular
weight), suggesting that DiPT-4 possesses favourable drug-like
characteristics (Fig. 5).

In addition to the presented findings, other interesting
observations were made. As expected of an effective dual
inhibitor, DiPT-4 induced copious DNA damage in cells without
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Fig.5: Radar plot of drug-like characteristics of DiPT-4 vs Lipinskiand Veber
criteria. MW: molecular weight; TPSA: topological polar surface area;
LogP,,, lipophilicity; HBA: Hydrogen bond donors; HBD: Hydrogen bond
donors; RTB: rotatable bonds. Adapted from[5].

robust induction of PARylation which plays a critical role in
removal of TOP1ccs and cellular survival in response to DNA
damage. We also observed that TOP1ccs stabilized by DiPT-4
have a longer half-life compared to those stabilized by
conventional TOPZ1-targeted therapies. Also, in contrast to
conventional TOP1 inhibitors, treatment with DiPT-4 does not
induce global TOP1 downregulation, which is a major protective
mechanism which imparts resistance to TOP1 inhibitors. Take
together, our results provide a promising proof-of-concept for
development of a single molecule dual inhibitor of TOP1 and
PARP, which may form the basis for development of more such
potentinhibitors with clinical relevance.
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Mitigation of Acute Radiation Syndrome

o

Harnessing the Potential of Wharton's Jelly-
derived Stem Cells for Radioprotection & Tissue
Regeneration in Acute Radiation Syndrome
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Therapeutic radioprotection by WJ-MSCs (1)
and their conditioned medium (2)

ABSTRACT

Unforeseen situations in which individuals are exposed to high doses of ionizing radiation
can result in damage to critical radiosensitive tissues within the body, including the
hematopoietic system and the gastrointestinal tract. Urgently needed are effective
treatments to regenerate these tissues after unexpected radiation exposure incidents.
Currently, only four growth factors/cytokines; Neupogen, Neulasta, Leukine, and Nplate are
repurposed as radiomitigators, mainly for blood disorders, such as neutropenia, anemia,
and thrombocytopenia. FDA-approved drugs for radiotherapy-related damage are limited to
Amifostine and Palifermin. Stem cell therapy, particularly Wharton’s Jelly Mesenchymal
Stem Cells (WJ-MSCs), shows promise in mitigating Acute Radiation Syndrome effects. In
the current study, we have investigated the radioprotective effects of WJ-MSCs in irradiated
mice, exploring their potential therapeutic benefits.

KEYWORDS: lonizing radiation, Radioprotector, Stem cells, Wharton'’s jelly mesenchymal
stem cells
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Introduction

In today’s world, the looming threat of radiological and nuclear
incidents, whether accidental or deliberate, has propelled
a renewed focus on developing effective radiation
countermeasures and pharmacotherapeutics. These
measures are not only essential for individual safety but also
critical for national security. Thus, there is a growing emphasis
on the development of treatments to mitigate the effects of
radiation exposure. Syndromes associated with radiation
exposure can be classified based on the timing of their
manifestation: acute, delayed, late, and chronic syndromes.
Acute Radiation Syndrome (ARS), distinguished into
hematopoietic, gastrointestinal, and neurovascular
subsyndromes, based on the absorbed radiation dose and its
distribution in tissues [1]. Despite bone marrow
transplantation’s success in ARS-associated mortality
prevention, effective treatments for gastrointestinal injury
induced by ionizing radiation remain elusive. Hence, urgent
development of novel therapeutics targeting tissues
susceptible to acute damage, such as bone marrow and the
gastrointestinal system, is imperative. Current research
focuses on pharmacotherapeutics including radioprotectors,
radiomitigators, and radiation therapeutics, administered pre-
or post-exposure to prevent damage or stimulate recovery.
Consequently, there’s an urgent need to develop novel
therapeutics capable of regenerating acutely responding
tissues, such as bone marrow, spleen, blood, and the
gastrointestinal system, which contain cells with high mitotic
potential, emphasizing the high demand for additional FDA-
approved agents to address delayed, late, and chronic
radiation effects [2].

Stem cells are a distinctive group of cells found
throughout life stages, characterized by their capacity for self-
renewal and differentiation into various cell types [3]. Adult
stem cells like mesenchymal stem cells (MSCs), including
those from the umbilical cord, and are favoured due to their
versatility and safety. Research has shown promising results
regarding Wharton-Jelly mesenchymal stem cells (WJ-MSCs)
regenerative capabilities without adverse effects [4].
Previously our lab and others have explored the regenerative
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potential of WJ-MSCs isolated from the umbilical cord [5-7].
This study aims to investigate the impact of WJ-MSCs infusion
on spleen health and morphology of radiosensitive tissues,
potentially elucidating therapeutic radioprotective effects.
Understanding how WJ-MSCs affect tissue health post-
radiation could enhance their clinical application in
regenerative medicine and radiation therapy.

Materials and Methods

Ethical approval was secured from the Institutional
Ethical Review Board at Bhabha Atomic Research Centre
Hospital, Mumbai, India, for umbilical cord collection with
written consent. Stem cells were isolated from the cord
following established protocols and characterized for
stemness. The therapeutic radioprotective potential of these
cells was investigated in irradiated mice, assessing spleen
colonies and spleen index. Mice were exposed to sub-lethal
(6Gy) and lethal (8Gy) radiation doses and infused with WJ-
MSCs via tail vein. Histological evaluation of organs like spleen,
bone marrow, and jejunum was conducted after 30 days.

Results and Discussion

Radiation-induced septicemia and death are primarily
due to damage of the gastrointestinal and hematopoietic
system. Due to hematopoietic damage susceptibility to
infections increases in parallel to progressive radiation-
induced damage of the intestine epithelium lining which
allowing for an influx of pathogens into the blood stream. A
number of substances have been shown to protect animals
from irradiation and include thiol compounds, interleukin
1 (IL-1), tumor necrosis factor-a, granulocyte colony-
stimulating factor (G-CSF), and granulocyte/macrophage
colony stimulating factor (GM-CSF). Transplantation of normal
bone marrow cells into lethally irradiated animals and humans
results in long-term survival and provides proof that the
hematopoietic system is crucial for defense against the lethal
complications induced by radiation. Our study also showed
that systemic infusion of WJ-MSCs, 24h after 6Gy radiation
exposure increases the formation of endogenous spleen
colonies in the 6Gy radiation + WJ-MSCs infused group
compared to 6Gy radiation alone (Fig. 1A).

Control

Fig.1: Therapeutic radioprotective effect of WJ-MSCs. (A) Systemic infusion of WJ-MSCs (0.25 million cells/ mice), 24h after 6Gy radiation exposure
increases the formation of endogenous spleen colonies in the 6Gy radiation. (B) Systemic infusion of WJ-MSCs (0.25 million cells/mice), 24h after 8Gy
radiation exposure restore the tissue morphology in radiosensitive tissues such as Spleen, Jejunum and Bone marrow by day 30.
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Fig.2: Therapeutic radioprotection by WJ-MSCs (1) and their conditioned medium (2).

The study assessed spleen, jejunum, and bone marrow
histology to evaluate the effects of radiation and WJ-MSCs
infusion (Fig. 1B). The cellular composition of the spleen's
white pulp and red pulp serves as a crucial indicator of spleen
function. In the study, histological examination of spleen
sections from a control group displayed normal cellular
characteristics, while those from a group exposed to 8Gy
radiation showed disorganized cellularity in both red and white
pulp. However, the group treated with 8Gy radiation and
WJ-MSCs exhibited a more organized cellularity, suggesting a
better recovery. Physical examination of spleens further
supported this, showing less radiation-induced damage and
improved morphology in the 8Gy radiation + WJ-MSCs group
compared to the radiation-alone group.

The study also observed the effects of radiation on the
jejunum and bone marrow. Jejunum morphology in both
radiation groups resembled controls after 30 days, with better
crypt morphology in the WJ-MSCs infused group. Bone marrow
showed morphological recovery in all groups by day 30. These
findings suggest that WJ-MSCs infusion aids in mitigating
radiation-induced damage, particularly in spleen and jejunum,
likely by promoting tissue regeneration. Additionally, bone
marrow recovery highlights the importance of replenishing
functional hematopoietic stem cells and progenitors for long-
term hematopoietic system restoration post-radiation
exposure.

Previous studies demonstrate that administering human
WJ-MSCs or their conditioned media (WJ-MSC-CM) to mice
significantly enhances survival post-lethal radiation exposure
[5,6] (Fig. 2). WJ-MSCs migrate to radiosensitive tissues, such
as the spleen, bone marrow, and small intestine, promoting
tissue repair and modulating the microenvironment by
releasing cytokines and growth factors. These cells protect
hematopoietic and intestinal stem cells from radiation
damage, facilitating regeneration of the hematopoietic system
and gastrointestinal tract lining, thus preventing acute
radiation syndrome-related fatalities. Xenogeneic WJ-MSCs
transplantation stimulates human and mouse cytokine
production, with human-derived I.-6 and G-CSF identified as
crucial for radioprotection [5]. Additionally, WJ-MSC-CM
treatment post-radiation exposure significantly reduces
mortality, with anti-G-CSF antibody neutralization abolishing its
radioprotective effects. While WJ-MSC-CM provides around
40% protection, indicating potential additional mechanisms, it
underscores the significant role of WJ-MSCs and their
secretoryfactors in conferring radioprotection [6].

Conclusion

In conclusion, stem cell-based radioprotection offers
promising prospects for enhancing survival post-radiation
exposure. WJ-MSCs demonstrate potential in aiding recovery
from radiation-induced hematopoietic and gastrointestinal
injuries through their secretion of anti-inflammatory and
tissue-protective molecules. This presents a viable option for
developing radiation countermeasures and as an alternative to
bone marrow transplantation.
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Al based Detection of Neuroendocrine Tumors

o——————————————————
The Power of Al Enables Blood-based Detection

of Neuroendocrine Tumors
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ABSTRACT

This communication deals with the detection of the Neuroendocrine Tumor (NET) disease
from the blood sample. The technique utilizes a set of differentially expressed RNA
molecules and an Al-based algorithm to distinguish healthy samples from the NET samples.
The Al-based classification algorithm achieved high accuracy (> 95%) in predicting the
presence of the disease. The tool can integrate various features that may have diverse
applications for the personalized management of NET patients. The potential of the tool for
monitoring treatment response and predicting inherited susceptibility is discussed.

Pictorial depiction of a variety of tiny signals
released/ modulated by the tumor in the KEYWORDS: Neuroendocrine Tumors, Peripheral blood transcriptome, Machine learning,

bloodstream Blood biomarkers
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Introduction
Why blood biomarkers?

The incidence and prevalence of cancer are increasing
by the day and so is the race to detect this dreadful disease
early [1-2]. As India transitions to becoming the most populous
country in the world, there are high odds of a steep disease
burden. Early detection warrants an easy, non-invasive,
sensitive (fewer false negatives) and specific (fewer false
positives) test that uses a surrogate sample representative of a
disease state. Depending on the location of the cancer, several
body fluids are potential candidates as the sample source.
However, being in touch with the entire body, blood has gained
widespread attention and research focus for the detection of
disease-specific biomarkers [3]. Moreover, blood analysis also
offers insight into the genetic susceptibility to the disease [4].
This emerging tool, called Liquid biopsy in comparison to
conventional invasive tissue biopsy, is currently the focus of
active research the world over [3].

Types of biomarkers

A drop of blood contains millions of cells and billions of
biomolecules in equilibrium with the health status of an
individual. Blood is a carrier of various biomolecules, vesicles,
etc. along with RBCs, WBCs, and platelets. In cancer patients,
the cancerous tissue releases tiny signals in the form of
circulating tumor DNA (ctDNA), circulating tumor RNA (ctRNA),
protein markers, metabolites, extracellular vesicles, and
circulating tumor cells (CTCs) into the bloodstream (Fig.1). The
evidence suggests that the tumors educate certain immune
cells and can dysregulate the systemic immune system [5]. If
these tiny tumor-specific signals can be detected, quantified,
distinguished from the healthy samples, and correlated with
the clinical parameters of the patient, it is possible to devise a
blood test to diagnose, monitor treatment response, and
predict the prognosis of cancer.

Detecting disease-specific biomarkers in blood - A
formidable challenge

Routine blood tests to profile levels of sugar, lipids,
minerals, vitamins, hormones, parasites, etc. measure
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Fig.1: Pictorial depiction of a variety of tiny signals released/ modulated
by the tumor in the bloodstream.

monoanalyte markers and associate the marker with the
underlying disease condition, e.g., high level of blood sugar
(> 120 mg/dL) is associated with diabetes. However, as cancer
is a complex disease that involves local and systemic changes,
monoanalyte markers often demonstrate low accuracy. The
multi-analyte markers are identified in 2 ways. One of the ways
is to identify the tumor-specific markers in tumor tissues by
comparison with the normal tissues. Such tumor-specific
markers represent the local changes in the tumor [6], which
can be detected in the blood by qTR-PCR. The second way is to
identify the disease-specific markers by directly profiling the
blood samples from the cancer patients and comparing them
with those of the healthy donors. These markers capture the
local as well as the systemic changes induced by the tumor. In
the case of DNA or RNA markers, the sequencing method can
fish out pathogenic inherited/ sporadic germ-line mutations
that impart susceptibility to early disease onset. Here, we
present our recent findings on the peripheral blood RNA-
sequencing-based multi-analyte tool for the diagnosis of
Neuroendocrine Tumors (NETSs).

Materials and Methods
Study participants

The study participants included healthy donors (n = 51)
and NET patients (n = 86) registered for *""Lu-DOTATATE PRRT at
Radiation Medicine Centre, India, according to eligibility
criteria detailed earlier [7]. Written informed consent was
obtained from all the participants and the study was approved
by the Institutional Scientific Advisory Committee (SAC) and
Institutional Ethics Committee (IEC). All NET samples were
collected before the first PRRT cycle. The blood samples were
collected in BD Vacutainer® K2 EDTA Tubes and were
processed for RBC lysis by hypotonic shock method. The intact
blood cells were lysed in TRI reagent (Sigma) and RNA was
isolated using RNeasy Mini Kit (QIAGEN). RNA libraries were
prepared with Ultra Il Directional RNA-Seq Library Prep kit
(NEB) and sequenced on lllumina HiSeq X instrument at the
CAP-accredited commercial facility of Medgenome Lab Ltd.,
Bangalore, India.

Processing of RBNA-Seq data

Clean RNA-Seq reads obtained using FASTP [8] were
mapped to the human reference genome (GRCh38) using a
splice-aware STAR aligner [9]. Gene counts were quantified
using RSEM [10]. Differential expression analyses were
performed on gene counts using the DESeq2 package [11].
The training set and test set samples were normalized
separately. Low expression and highly variant genes were
removed. The remaining 17220 genes were VST normalized
and adjusted for batch effects using SVA.

Feature selection and diagnostic classifier

Relevant and complementary features were selected
from VST-normalized and SVs-adjusted counts of 17,220
genes from the training sample set using the mRMRe R
package [12]. Random forest algorithm was developed using
the CARET package and multi-analyte gene features. Hyper-
parameter mtry was optimized and the RF model was cross-
validated using a 5-fold cross-validation method repeated 10
times. The performance metrics of the diagnostic classifier
were assessed based on sensitivity, specificity, and accuracy.

Results and Discussion

Fig.2 shows an overall study design which includes data
from 107 samples in the training setand 30 samples in the test
set. The training set samples comprised NETs of the pancreas,
gastrointestinal tract, and lung. The NET patients had either
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Fig.2: Study design.

localized or metastatic disease. About 40% of the NET patients
had hormonal syndrome. More than 94% of RNA-Seq reads
aligned to the human genome, and the reads comprised
protein-coding genes, long non-coding RNAs (IncRNAs), and
other small RNAs. The peripheral blood transcriptome was
enriched with the genes encoded by the immune cells as well
as the neuroendocrine cells. The differentially expressed
genes in the blood of NET patients were used to develop a
diagnostic classifier.

In the training set samples, RNA-Seq data revealed 1500
differentially expressed genes. The selection of the NET-
specific gene features was guided by the expression levels of
each gene and lower variability among the samples.
Expression values of the selected gene features grouped the
patients' samples and the healthy samples into different
clusters, with some overlap (Fig.3).

The expression values of the selected NET-specific gene
features were used as input features to train a diagnostic
classifier using a random forest algorithm. Random forest is a
decision tree algorithm that partitions the sample into either
healthy or NET according to the expression levels of the NET-
specific gene features (Fig.4 a). Five hundred such decision
trees determine the final prediction of the sample.

In the training set, the classifier achieved 100% sensitivity
and 100% specificity (Fig.4 b). In the test set, the classifier
achieved 94.4% sensitivity and 100% specificity (Fig.4 b). In
addition to expression-based prediction, qualitative data on
RNA sequencing is useful for the assessment of pathogenic
gene mutations potentially associated with the disease.
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Fig.3: The hierarchical heatmap shows the segregation of samples of NET
patients and healthy donors based on the expression of the most relevant
gene features. The color bar represents Log2 fold change in the
expression levels between the patients’ samples (blue bar at the top) and
the samples from the healthy donors (grey bar at the top).

Conclusion

We have demonstrated an advanced tool for cancer
detection from a blood sample. The method can be used to
diagnose NET cases with high accuracy and has a potential
clinical utility in monitoring the treatment response. Integration
of mutation data on genes associated with NET would enable
the identification of cases with inherited susceptibility to the
disease or predict prognosis when combined with the relevant
clinical parameters and imaging modalities. Taken together,
the tool offers scope for personalized management of
Neuroendocrine Tumor patients. To the best of our knowledge,
thisisthefirst report on RNA-Seq-based blood test for cancerin
India.
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ABSTRACT

Thioredoxin reductase 1 (Txnrd1) is known to have prognostic significance in a subset of breast cancer
patients. Txnrd1 is known to play a pivotal role in regulating several cellular and physiological processes in
cancer progression and metastasis, however, its clinical significance is largely unrecognized. Here, a
retrospective comprehensive meta-analysis of 13322 breast cancer patients from 43 independent cohorts to
assess prognostic and predictive roleof Txnrd1 was undertaken. It was observed that Txnrd1 has a positive
correlation with tumor grade and size. Further, hormone receptor-negative and HER2-positive tumors exhibit
elevated Txnrd1 gene expression. Patients with elevated Txnrd1 expression exhibit significant hazards for
shorter disease-specific and overall survival. While Txnrd1 has a positive correlation with tumor recurrence
and metastasis, it has a negative correlation with time for recurrence and metastasis. Txnrd1™" patients
exhibit 2.5 years early recurrence and 1.3 years early metastasis as compared to Txnrd1™ cohort.
Interestingly, patients with high Txnrd1 gene expression exhibit a pathologic complete response (pCR) to
neoadjuvant chemotherapy, but they experience early recurrence after radiotherapy. Txnrd1""' MDA-MB-231
cells exhibit significant ROS generation and reduced viability after doxorubicin treatment compared to
Txnrd1 over-expression is associated with Txnrd1"* MCF7 cells. Corroborating with the findings from meta-analysis, Txnrd1 depletion leads to
recurrence, metastasis and therapy decreased survival, enhanced sensitivity to radiation induced Killing, poor scratch-wound healing, and
response in breast cancer reduced invasion potential in MDA-MB-231 cells. Thus, Txnrd1l appears to be a potential predictor of
recurrence, metastasis and therapy response in breast cancer patients.
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Introduction

Breast canceris a complex disease characterized by four major
molecular subtypes and 21 distinct histological subtypes, with
approximately 81% being invasive and 83% hormone receptor-
positive, while around 15% are HER2-positive [1]. The age-
standardized incidence and mortality rate for breast cancer are
47.8 and 13.6 per 100,000 cases, respectively [2]. Despite
advancements in treatment modalities and early detection,
there is an increase in the incidence of local-stage disease,
though mortality rates have declined significantly [3].
Treatment modalities like chemo, hormonal, or targeted
molecular therapy have shown promising results in locally
advanced breast cancers (LABC), triple-negative breast cancer
(TNBC), and metastatic disease when combined with surgery
[4]. However, there is still a risk of recurrence, reduced disease-
free survival (DFS) and poor quality of life (QoL) among
survivors [5]. Different factorcontribute to breast cancer
recurrence include tumor size, lymph node involvement, close
tumor margins, age, lack of hormone and radiotherapy, and
inflammatory breast cancer [6]. In addition to traditional
prognostic factors, gene expression profiling plays a crucial
role in prognosis and treatment planning. Radiotherapy post-
breast-conserving surgery aims to eliminate remnant cancer
cells [7], yet intrinsic radio-resistance and the acquisition of a
resistant phenotype limit its efficacy, necessitating predictive
tools fortreatment decisions.

Studies from our laboratory have highlighted the role of
Nrf2 and oxidative stress response pathways in regulating
radio-resistance in cancer cells [8]. Thioredoxin reductase
(TrxR), controlled by Nrf2, is a key redox-regulatory protein
involved in various cellular processes. Overexpression of
Txnrd1, a subtype of TrxR, has been associated with several
cancers, including breast cancer, impacting invasion,
metastasis, and prognosis [9, 10]. Given its significance, a
detailed investigation across global datasets is warranted to
understand its predictive value for recurrence, metastasis, and
treatment response. A retrospective analysis was conducted,
encompassing RNAseq and microarray data from 13,322
breast cancer patients across 43 independent gene
expression datasets. The study examined the association of
Txnrd1 expression with various clinic-pathological parameters,
including tumor grade, size, stage, histology, menopause
status, molecular subtypes, overall survival (OS), disease-
specific survival (DSS), recurrence, metastasis, and response
to chemotherapy and radiotherapy. Experimental validation in
breast cancer cell lines further supported Txnrd1 as a valuable
predictor for disease recurrence and therapy response in
breast cancer patients.

Materials and Methods
Reagents

The human breast cancer cell lines MCF-7, MDA-MB4GS8,
and MDA-MB-231 were obtained from the National Centre for
Cell Science (NCCS, Pune, India) and cultured in DMEM
medium supplemented with 10% fetal bovine serum (FBS), L-
glutamine, penicillin, and streptomycin. Reagents used in the
study, including the thioredoxin reductase assay kit, RNA
isolation kit, cDNA synthesis, RT-PCR kit, doxorubicin,
auranofin, formaldehyde, crystal violet, H,DCF-DA, TrxR1
CRISPR plasmids, and Lipofectamine 3000 transfection
reagent, were procured from various suppliers.

Study design and gene expression data

A retrospective meta-analysis was conducted using gene
expression data from 43 public datasets, comprising
microarray/RNAseq analysis of tumor specimens from 13,322
breast cancer patients. Data sources included the NCBI Gene
Expression Omnibus (GEO), Molecular Taxonomy of Breast
Cancer International Consortium (METABRIC) database, The
Cancer Genome Atlas (TCGA), and other sources. Optimal cut-
off points for Txnrd1 gene expression were determined using
various methods, and patients were categorized into Txnrd 1™’

Low

and Txnrd1™ subgroups accordingly.
Study endpoints

Study endpoints were divided into three categories:
cross-study comparison, survival analysis, and meta-analysis.
Cross-study comparison involved analyzing Txnrd1l gene
expression across various clinic-pathological parameters.
Survival analysis was conducted to determine cumulative
mean time to outcome, while meta-analysis combined effect
sizes across datasets using multivariate Cox-regression
analysis.

Invitro assays

RNA isolation, cDNA synthesis, and gqRT-PCR were
conducted to analyze gene expression. Transfection of TrxR1
CRISPR/Cas9 KO Plasmid was performed using Lipofectamine
3000 reagent, and clonogenic, wound healing, and invasion
assays were conducted to assess cellular functions.

Statistical analysis

Statistical analysis included estimation of differences in
gene expression, correlation coefficient calculation, survival
curve comparison, hazard ratio and relative risk estimation,
and meta-analysis. Statistical significance was determined
using t-tests, one-way ANOVA, log-rank tests, and other
appropriate methods. Data were presented as mean + S.E.M.

Results and Discussion

Txnrdl expression exhibits positive correlation with
tumor grade and size

The selection criteria for datasets and the corresponding
cohort sizes are outlined in Fig.1(a), providing a visual
representation of the dataset selection process. Txnrdl mRNA
levels are altered in ~14% breast cancer patients (Fig.1(b)). In
21 datasets analyzed, a significant variation in Txnrd1 gene
expression accordingto tumor grade was observed, with higher
expression correlating with more aggressive tumors (Fig.1(c)).
Additionally, tumors with high Txnrd1 expression are larger by
2.59+0.8 mm (95% Cl, 0.849-4.331; at p < 0.007) compared
to those with low expression (Fig.1(d)). Hormone-receptor
negative and HER2 positive tumors harbor elevated Txnrd1
expression (Fig.1(e)). Depletion of Txnrd1 in aggressive breast
cancer cells reduced clonogenic potential, supporting its role
in promoting cell survival and proliferation (Fig.1(f)). This
association is particularly relevant for locally advanced breast
cancers, where aggressive tumors exhibit elevated Txnrd1l
expression, potentially influencing their prognosis. Further,
MRNA expression corroborated well with respective breast
cancer cell lines (Fig.1(g)).

Txnrdl over-expressing breast cancer patients exhibit
shorter disease-specific and overall survival:

Abbreviations: Auranofin, AF; DFS, disease-free survival; DSS, disease-specific survival; DRFS, distant recurrence-free survival; DMFS, distant
metastasis-free survival; ER, estrogen receptor; HER2, human epidermal growth factor receptor 2; HR, hazard ratio; LABC, locally advanced breast
cancer; MFl, metastasis-free interval; OS, overall survival; pCR, pathologic complete response; PFS, progression-free survival; PR, progesterone
receptor; RD, residual disease; RCB, residual cancer burden; RFS, recurrence-free survival; ROS, reactive oxygen species; RR, relative risk; Trx,
thioredoxin; TrxR, thioredoxin reductase; Txnrd1, thioredoxin reductase 1; TNBC, triple-negative breast cancer; QoL: quality of life;
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Fig.1: (a) Workflow outlining the strategy employed for analysis of public
gene expression data with respect to Txnrd1 gene expression, (b) mRNA
expression z-scores relative to all samples from TCGA-Firehose Legacy
database with expression heatmap obtained from cBioportal, (c) The
expression heatmap of Txnrd1l across tumor grades from different
datasets with row z-scores and clustering, (d) The mean tumor size in
Txnrd1 High and Low expression subgroups, (e) Expression heatmap of
Txnrd1 across ER, PR & HER2 expression status along with row z-scores
and clustering. Adapted from Patwardhan et al., Heliyon, 2024.
10(6):e27011

Txnrd1 over-expression is associated with poorer breast
cancer-specific survival, as demonstrated in a combined
analysis of seven datasets, where Txnrd1™" patients exhibited
disease-related mortality ~2.03 years earlier than Txnrd1""
patients (Fig.2(a)). Additionally, overall survival analysis across
ten datasets revealed significantly shorter (~2 years) survival
for patients with Txnrd1l over-expression (Fig.2(b)). Despite
some variability across datasets, the overall findings
underscore the adverse prognostic impact of Txnrd1l over-
expression on breast cancer survival.

Breast cancer patients with over-expression of Txnrdl
are at elevated risk of early recurrence and metastasis

Txnrd1"®" patients experienced ~2.5 years earlier
disease recurrence than Txnrd1"" group (Fig.2(c)).
Interestingly, findings from meta-analysis coincided with
combined survival analysis illustrating a statistically significant
hazard (pooled hazard ratio1.47, p<0.001) of early recurrence
in Txnrd1 over-expressing breast cancer patients (Fig.2(d)).
The robustness of these findings is supported by very low
associated heterogeneity and between-study variance.
Moreover, meta-analysis of log-transformed relative risks
identified a statistically significant positive risk of early
recurrence in Txnrd1"™ breast cancer patients. Txnrd1™
breast cancer patients showed statistically significant hazard
for the shorter metastasis-free period and an elevated risk for
early metastasis events (Fig.2(e)). Validation experiments
revealed that Txnrd1 depletion in Txnrd 1™ MDA-MB-231 cells
abrogated the motility compared to wild type cells (Fig.3(e)).
Concomitantly, pharmacologic inhibition of Txnrd1 hampered
the invasiveness of MDA-MB-231 cells (Fig. 3(f)), supporting
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Fig.2: (a) Kaplan-Meier survival curve for disease-specific survival generated by pooling the quantile normalized data from all the datasets along with
the Log-Rank (Mantel-Cox) test p-value. The cumulative mean survival time between high (n=722) and low (n=714) expression subgroups is shown
below, (b) Kaplan-Meier survival curve for overall survival generated by pooling the quantile normalized data from all the datasets along with Log-
Rank (Mantel-Cox) test p-value for Txnrd1High (n=888) and Txnrd1Low (n=886), (c) Kaplan-Meier survival curve for recurrence-free survival
generated by pooling the data for all the datasets after quantile normalization along with Log-Rank (Mantel-Cox) test p-value. The cumulative mean
survival for Txnrd1High (n=903) and Txnrd1Low (n=807) cohorts is shown below the survival curve, (d) A forest plot shows pooled hazard ratio, 95%
Cl, weight assignment and heterogeneity obtained by multivariate analysis for datasets included in this study, (e) Meta-analysis for log-transformed
relative risk along with associated statistical parameters for metastasis free survival. Adapted from Patwardhan et al., Heliyon, 2024. 10(6):e27011
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Fig.3: (a) Bar graph shows Log2 expression of Txnrd1 in MCF7 and MDA-MB-468 cells relative to MDA-MB-231, (b) Mean Txnrd1 expression between
breast cancer patients with or without pCR, (c) Kaplan-Meier survival curve for recurrence-free survival of breast cancer patients after radiotherapy
between Txnrd1 high or low cohorts. Significance is calculated by the Log-Rank(Matel-Cox) test, and the cumulative mean survival of Txnrd1High (n=198)
and Txnrd1Low (n=166) cohorts is shown below the survival curve, (d) The bar graph shows survival fraction calculated from clonogenic assay performed
with wild type and Txnrd1 depleted MDA-MB-231 cells treated with or without Doxorubicin or radiation 4 Gy, (e) The bar graph shows percent gap closure
for wound healing scratch assay at O h and 24 h for wild type Txnrd1 depleted cells, (f) The bar graph shows number of cells invaded per field from Transwell
Matrigel invasion assay performed with MDA-MB-231 cells treated with or without pharmacologic inhibitor of TrxR. Adapted from Patwardhan et al.,

Heliyon, 2024. 10(6):e27011

our findings about metastatic behaviour in Txnrd1™" cohort.
Together these findings reveal that, Txnrd1l over-expressing
patients are at elevated risk of local or distant disease
recurrence, which enhances the probability of death. However,
several other contributing factors will ultimately determine the
risk of mortality.

Patients with over-expression of Txnrdl exhibit better
prognosis for chemotherapy but not radiotherapy

Patients achieving pCR after taxane-anthracycline
neoadjuvant chemotherapy exhibited significantly elevated
Txnrd1 gene expression at p < 0.05 compared to the non-pCR
group (Fig.3(b)). Higher Txnrd1l expression is consistently
associated with pCR across datasets, suggesting its potential
as a predictive marker for chemotherapy response. Although
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Scheme 1: Txnrd1l over-expression is associated with recurrence,
metastasis and therapy response in breast cancer Adapted from
Patwardhan etal., Heliyon, 2024. 10(6):e27011

radiotherapy exhibits superior tumor control and better QoL
with longer event-free survival, not all patients benefit from
radiotherapy due to the activation of radioresistance pathways
post-radiotherapy. Txnrd1™®" breast cancer patients
undergoing radiotherapy (n=292) exhibited a mean recurrence
interval of 13.02+0.61 (95% CI-11.81; 14.22) years as
compared to Txnrd1"" cohort (n=244) which showed mean
recurrence interval of 16.89+0.23 (95% ClI- 15.26; 18.52)
years with log-rank (Mantel- Cox) p-value, 0.019 (Fig.3©). Thus,
Txnrd1l over-expressing breast cancer patients who have
undergone radiotherapy exhibited significantly shorter
recurrence intervals as compared to those with low expression
of Txnrd1.

Conclusion

In summary, Txnrd1l over-expression is associated with
higher grade, hormone receptor negative, HER2 positive,
larger tumors of aggressive subtype and exhibit significant
hazard for shorter breast cancer-specific and overall survival.
Txnrd1 over-expressing breast cancer patients are at elevated
risk of early recurrence and metastasis. Further, Txnrd1™-
expression cohort of breast cancer patients exhibit a
pathologic complete response to neoadjuvant chemotherapy
but are poor responders to radiotherapy (Scheme 1). Hence, in
Txnrd1 over-expressing breast cancer patients, radiotherapy
can be combined with taxane-anthracycline chemotherapy for
better therapeutic outcomes[11].
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Engineered IsPETase degrading and
solubilizing a plastic food container in
48 hours

ABSTRACT

Earth is burdened with plastics, which can stay in our environment for centuries, and
necessary controls are required urgently for their recycling. Enzyme-based degradation of
post-consumer plastic is an emerging green strategy for sustainable closed-loop recycling of
plastics. The enzyme, IsPETase hydrolyze polyethylene terephthalate (PET) to useful end
products which can be used to synthesize virgin PET. Thus PETases act as catalysts in
closed-loop green recycling of PET with a low carbon footprint. PETases are being
engineered to develop efficient PET bio-degrader. It is essential to develop assays to quickly
compare their catalytic efficiencies. We developed spectrophotometric assays on IsPETase
using UV absorbance and fluorescence based substrates to quickly monitor the catalytic
activities and rates. These assays were used to compare wild-type IsPETase and its mutant
and mutant exhibiting ten times higher catalytic efficiency.

KEYWORDS: Plastic degrading enzyme, IsPETase, Michealis-Menten constant,
Lineweaver-Burk, Catalytic efficiency

*Author for Correspondence: Amit Das
E-mail: amitdas@barc.gov.in

November-December 2024 BARC newsletter 47



Research & Development in BioScience

Introduction

The use of plastics in our daily lives is ubiquitous and
unavoidable due to convenience and versatility causing a
surge in demand for plastics globally. Plastics are resistant to
biodegradation, and their natural degradation takes many
centuries resulting in accumulation in our environment [1].
Conventional methods of plastic degradation, such as
photodegradation and mechano-chemical processes are not
environment friendly. Enzymatic bio-degradation of plastics
has emerged as a promising green and environment friendly
alternative, and closed-loop plastic re-cycling has low carbon
footprint [2]. Microorganisms produce plastic degrading
enzymes encompassing a diverse array of hydrolases,
including lipases, esterases, and cutinases and breaks down
bonds present in plastic polymers [3]. Polyethylene
terephthalate (PET) is a thermoplastic polymer consisting of
the ester-linked monomers of terephthalic acid (TPA) and
ethylene glycol (EG). Food packaging industry, water bottles
and textile fiber manufacturers use PET. A recently identified
bacterium Ideonella sakaiensis has two hydrolytic enzymes,
PETase (polyethylene terephthalates, IsPETase) and MHETase
(mono(2-hydroxyethyl) terephthalate hydrolase, IsMHETase)
capable of depolymerizing PET. IsPETase degrades PET into
intermediate products, primarily mono (2-hydroxyethyl)
terephthalic acid (MHET) and bis (2-hydroxyethyl) terephthalic
acid (BHET), TPA and EG as minor products [4] (Fig.1(a)).
IsMHETase further breaks MHET into TPA and EG (Fig.1(a)) [5].
These enzymes are continuously evolving and are not yet
optimized to act on specific plastic substrates. For example,
cutinases, known to degrade aliphatic polyester cutin in plants,
have evolved to degrade plastics polymers with low substrate
specificity. An efficient enzymatic hydrolysis of PET requires a
reaction temperature of about 65-70°C. IsPETase is active and
stable below this temperature. Protein engineering of IsPETase
using 3D structure-guided and machine learning approaches
are being employed to increase the enzymatic activity,
thermostability and expand substrate specificity [6-7]. Thus
engineered IsPETase can directly recycle post-consumer PET in
closed-loop and make virgin PET bottles using TPA and EG
produced by enzymatic hydrolysis (Fig.1(b)) [7].

However, comparison of the enzymatic activities of PET
hydrolases reported so far are limited to inaccurate weighing
methods and cumbersome estimation of complex mixture of
end products, BHET, MHET, TPA and EG using HPLC [5]. The
development of fast and accurate spectroscopic assays using
chromogenic and fluorogenic substrates are necessary to
compare these enzymes and their mutants. We report here
expression, purification, characterization and assay
optimization to develop fast and efficient spectroscopic assays
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of IsPETases using UV absorbance and fluorescence
substrates. The catalysis rate, kcat and binding constant, Km
were determined for wild-type IsPETase and compared with its
mutant. Our assays will enable quick comparison of activities
of engineered IsPETases and other PETases.

Materials and Methods

The plasmids containing genes encoding His6-tagged
IsPETase (WT) and its double mutant W159H/S238F (mutant)
in pET-21b (+) vector were used to transform E.coli BL21(DE3)
competent cells using heat shock method. The cells were
grown in 600 ml LB media containing ampicillin and induced
with 0.1 mM IPTG at 18°C after OD,,, reached 0.8. Cells were
harvested by centrifugation after 18-20 hrs. The cell pellet was
lysed in 20 mM Tris-Cl (pH 8), 300 mM NaCl buffer. The his-
tagged WT and mutant enzymes were purified by Ni-NTA
chromatography and further purified on a size-exclusion
column using Akta purifier chromatography system by
standard procedures. The purity of protein was checked in 12%
SDS-PAGE gel. The UV absorbance substrate, para-nitrophenyl
acetate (pNPA) and fluorescence substrate, 4-
methylumbelliferyl acetate (4MUA) stocks were prepared in
100% DMSO. The standard calibration curves in triplicates
were made using different concentrations of pNP and 4MU.
The enzymatic assays were performed in triplicates using 10
mM PBS (pH 7.4) buffer and 1% DMSO in 96-well plates. The
reaction progress was optimized by adding enzymes having
concentration ranging from 30 nM to 1 nM. The assays were
performed by varying the substrate concentrations at an
optimized enzyme concentration. The post-cleavage product
build-up was measured from the UV absorbance of para-
nitrophenol (pNP) at 405 nm and fluorescence emission 4-
methylumbelliferone (4MU) at 450 nm after exciting at 320
nm, using Clario Star-multimode plate reader.

Results and Discussion

Purified IsPETase and its mutant were obtained using
size exclusion chromatography where single peaks of eluted
proteins were collected and used in our experiments (Fig.2(a)).
Single bands at ~30 kDa were observed on SDS-PAGE
indicating that the proteins were very pure (Figure 2b). The UV
absorbance substrate, pNPA and fluorescence substrate,
4AMUA were used to first optimize the assays at different
enzyme concentrations. The enzymes cleave the ester bond
present in the substrates and releases the products which
gives UV absorbance (pNP) and fluorescence (4MU) signals.
Linear Lineweaver-Burk plots were obtained from initial
velocities of Michaelis-Menten curves of hydrolysis reactions
(Inset Fig.3(a)-3(d)). Michaelis-Menten constants (Km),
maximum velocities (Vmax), turnover numbers (kcat) and

48 Hour

Fig.1: (a) The products released upon PET degradation by IsPETase and IsMHETase. b) Engineered IsPETase degrading and solubilizing a plastic food

container in 48 hour [Ref. 7].
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Fig.3: Lineweaver-Burk plot using (a) pNPA substrate with WT IsPETase, (b) pNPA substrate with mutant IsPETase, (c) 4MUA substrate with WT IsPETase,
(d) 4MUA substrate with mutant IsPETase. Inset: Michaelis-Menten plots with and without enzyme.

catalytic efficiency (kcat/Km) from the intercepts (Table 1).

The Km value indicate the binding affinity of substrate to
the enzyme. Both substrates show lower Km values with
mutant enzyme and the values are half than that of WT
enzyme, indicating tighter binding of substrates in the mutant
active site. The Km values of the fluorescence substrate, 4AMUA
are about hundred-fold lower than that of pNPA indicating
much higher affinity of 4AMUA to ISPETase enzymes. The mutant
enzyme binds 4MUA more tightly than WT. The kcat values of
WT and mutant enzymes are similar for pNPA. The kcat values
of mutant enzyme is 4.5 times higher than the WT enzyme for

4AMUA indicating faster cleavage of the fluorescence substrate
by the mutant. The catalytic efficiency (kcat / Km) of mutant is
ten times higher than that of WT enzyme in case of 4MUA
cleavage, and in case of pNPA mutant, it is 1.5 times more
efficient. Thus, our studies indicate that mutant IsPETase is
more efficient than the WT enzyme. Absorbance assays with
PETases using pNPA have been used routinely by researchers
worldwide. The catalytic efficiencies and Km values of 4MUA
are higher than pNPA. The kinetic and binding parameters
obtained experimentally indicate 4MUA is better substrate
than pNPA and mutant enzyme. Our results indicate that
fluorescence assay with 4MUA is more sensitive than

Table 1: Comparison of kinetic parameters of wild-type IsPETase and its mutant.

Substrate
Enzyme WT Mutant WT Mutant
K, (M) 4545 + 344 2634 + 235 4847 +2.9 2151+ 6.2
V, (umol s™) 14.00 + 0.12 12.00 + 0.07 0.05 + 0.0016 0.22 + 0.004
Ko (57) 466.67 + 39 400.00 + 23 48.94 + 1.6 217.01 + 47.5
Ko/ Ky (UM 57) 0.103 + 0.014 0.152 + 0.026 1.01 + 0.034 10.09 + 0.22

November-December 2024 BARC newsletter 49



Research & Development in BioScience

absorbance assay. The assay can be used to compare the
relative catalytic efficiencies of engineered PETases and other
PET degrading enzymes.

Conclusion

The IsPETase enzyme and its mutant were recombinantly
expressed and obtained to high purity in our lab. The enzymatic
assays using two different UV absorbance and fluorescence-
based substrates were optimized. The kinetic and binding
parameters obtained experimentally indicate 4MUA is better
substrate than pNPA and mutant enzyme has ten times higher
activity than WT enzyme. In future, these assays will be
developed further using such substrates to compare
engineered PETases and other PET degrading enzymes.
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Radiotherapy

ABSTRACT

Non-targeted radiation effects (NTRE) are the biological response of cells/tissues/organs that didn't
receive radiation but are in proximity/ or at a distance from the irradiation site. These phenomena are
known as radiation induced bystander (in close proximity) or abscopal (at a distance) effect. The
intermixed boundaries of tumor/normal tissues, partial tumor irradiation, and metastatic tumors
(distant to the tumor receiving radiation) are a few situations under which NTRE could modulate the
outcome of cancer radiotherapy, which however, is still poorly explored. Our in vitro and mouse tumor
model studies simulating cancer radiotherapy scenarios showed growth inhibitory NTRE in bystander
cancer cells/partially irradiated tumor and the tumors distant from the irradiation site. Using an
indigenously designed and developed automated benchtop ,,,Am alpha irradiator (BARC BioAlpha), we
demonstrated higher killing of cancer cells which are either directly irradiated or bystander to alpha
particle exposed cells than gamma radiation. Our finding also established the cyto-proliferative effect
of low dose but cytotoxic effect at high dose of alpha particles in lung cancer cells through gap-junction
mediated bystander communication. Overall, our results provide novel understanding of non-targeted
effects of radiation, which may have significant implication in designing protocols/strategies for
improved cancer radiotherapy. Moreover, our research opens new horizons to investigate NTRE in
tumor microenvironment conditions for better translational radiobiology research.

KEYWORDS: Radiation Induced Bystander Effect, Radiation Induced Abscopal Effect,
Alpha Particles, Alpha Irradiator, Linear Energy Transfer
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Introduction

Biological effects of radiation manifest as damage to
biomolecules like DNA, proteins, lipids, etc., which
subsequently exerted at different tiers ranging from organelle
to tissue and organism levels. The deposition of energy (in kilo
electron volt; keV) by ionizing radiation along the per unitlength
(in microns) of the radiation track is referred as linear energy
transfer (LET). Gamma and X-rays are considered as low LET
radiation, which deposit energy and ionize sparsely in the cells.
Consequently, the DNA damage caused mainly consists of
single strand breaks, which are easy to repair. Alpha and other
charged particles, referred as high LET radiation, deposit their
energy very densely resulting in biologically difficult-to-repair
complex/clustered DNA damage. While low LET radiation can
deeply penetrate and traverse through an organism, the high
LET radiation is mainly localized to cells/tissues where such
radiation emitting radionuclides reside. This difference also
provides the basis for utilization of these radiations for imaging
and therapy of cancer. The radiation and radio-isotopes used in
diagnosis are low LET X-rays and low energy gamma emitters
(such as *"Tc), while the radiation sources used in teletherapy
are high energy gamma emitter like Cobalt-60. Also, high
energy beta (*°Y, "I, **Re, “"Lu) and alpha (**Ac, *'Th, *"At,
*?Bi, and **°Bi) emitter radionuclides are used for targeted
radionuclide therapy of cancer after conjugating them with
various agents and ligands [1]. The pattern of energy loss
across the medium for low and high LET radiations is different.
When a high LET charged particle passes through matter, its
energy decreases, and consequently, the specific ionization
increases, resulting in the deposition of energy in a short range
as asharp peak (called Bragg's peak) before the particle stops.
This results in minimal energy deposition before or after the
peak. This property of high LET radiation is also utilized to kill
tumor mass sparing the normal tissue when the peaks of
charged particles generated in accelerators are controlled to
spread over the tumor region (called spread over Bragg's
peak). Since, the radiobiological effects of high LET radiation
are almost independent of oxygen presence, they can
effectively Kill the hypoxic cells in tumors, which otherwise are
resistantto gamma and X-rays. Based on these biophysical and
radiobiological properties, radiotherapy based on high LET
radiation results in higher tumor control with minimal damage
to normal tissues and hence emerging as a superior cancer
radiotherapy modality compared to the conventional
modalities.

Classically, it is believed that damage caused by
radiation is limited to the cell that is hit by radiation. Such a
notion prevailed due to dominance of DNA-centric dogma
without consideration of intercellular communication and
tissue microenvironment as contributing factors in the
biological effects of radiation. In a landmark paper, Nagasawa
and Little observed sister chromatid exchange in ~30 % cells
when only <1 % cells in culture were irradiated with low fluence
alpha particles. Later on, several studies, including ours,
showed that bystander cells which did not receive radiation
also showed effects similartoirradiated cells (called Radiation
Induced Bystander Effects; RIBE). RIBE is mediated through
(a) gap junctions, which connectthe cells at the tissue level and
mediate the transfer of small molecules (<10 kDa) such as
calcium, and (b) secretion of cytokines/chemokines or vesicles
such as exosomes from the irradiated cells [2]. More recently,
cellular bridges like tunneling nanotubes, which can connect
cells even at a few hundred microns away are postulated to play
role in RIBE [3]. While RIBE is an intercellular phenomenon
between adjacent/neighbouring cells, radiation effects are
also observed in the distant tissues/organs, which are kept out
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of the radiation field. The systemic effect of radiation was first
described by R. H. Mole in 1953, who coined the term
‘abscopal effects’ ("Ab’ is a prefix with the meaning position
away from and 'scopos' Latin meaning a mark or target for
shooting). Such effects, known as Radiation Induced Abscopal
Effects (RIAE), occur through the release of cytokines and
factors in the blood stream from the dying cells which received
lethal dose of radiation. In recent years, the scope of these
effects has become further complex as it has been established
that signals (i) from the irradiated cells/tissues could be
damaging as well as protective (or rescue) to the bystander or
the distant organs and (ii) the effects can be
bidirectional/multi-directional originating from the irradiated
cells/tissues as well as vice versa from the bystander/distant
tissues. “Non-targeted radiation effects (NTRE)” or “out of the
field effects” encompassing RIBE and RIAE have made a
paradigm shift in radiation biology, where radiation effects are
no more limited only to the irradiated cells/tissues. The
emerging evidences supporting NTRE in diverse biological
systems and radiation types hold significant implication in
radiation risk assessment after environmental, occupational,
accidental radiation exposure, and improvement of cancer
radiotherapy [2]. The article briefly highlights our research
activities to understand radiation biology of NTRE after low and
high LET radiation in the framework of cancer radiotherapy.

Non-targeted Radiation Effects in Cancer
Radiotherapy

Although RIBE was discovered in the 1970s and RIAE in
the 1930s, studies pertaining to cancer radiotherapy are
limited in the literature. The NTRE during cancer radiotherapy
is highly relevant due to several reasons. (i) In the real scenario,
the tumor mass is surrounded by normal tissues and their
mixed boundaries provide an excellent platform for bystander
interaction when the tumor is targeted to radiation. (ii) In some
cases, tumors are located very close to critical organs like
lungs and brain, thus to minimize undesired side effects partial
tumor irradiation is performed, which provides possibility of
bystander interaction between irradiated and non-irradiated
regions of the same tumor. (iii) Majority of the cancer patients
are diagnosed with metastasis at crucial organs or spread at
multiple locations in the body. In such situations, generally
radiation oncologists are able to treat only the primary site of
tumor, which in turn might affect the growth of distant
metastatic/micro-metastatic tumors. Hence, the magnitude,
nature (damaging/protective), and direction (unidirectional
/bidirectional) of interaction of irradiated and bystander
cells/distant tissues and subsequent fate of these cells would
govern the clinical outcome of cancer radiotherapy (Fig.1). Our
studies employing multiple experimental models/strategies
contributed significantly to this research area. In one of the
seminal works simulating cancer and normal cell proximity
during charged particle therapy, we co-cultured human lung
cancer and fibroblast cells together, where nuclei of either
cancer or normal cells were selectively irradiated with 500
protons using proton microbeam (3.4 MeV) facility at National
Institute of Radiological Sciences, Japan followed by
measurement of DNA double strand break in irradiated and
bystander cells. The study showed that DNA damaging signal
was transmitted from proton irradiated lung cancer to
bystander lung cancer cells, however, the magnitude of DNA
damage was attenuated in the irradiated lung cancer cells
when human normal fibroblasts neighboured these cells. The
damaging bystander effect was abrogated when gap-junctions
between irradiated and bystander cells were blocked. This
study for the first time established the bidirectional and
rescuing bystander effect between lung cancer and
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Fig.1: Non-Targeted Radiation Effects in Cancer Radiotherapy. When a tumor mass is irradiated, in addition to directly irradiated cells, the cells in
close proximity also show the radiation effects called as Radiation Induced Bystander Effect (RIBE) or effect can be to the distant tissue/organs
known as Radiation Induced Abscopal Effect (RIAE). While RIBE is mediated through gap junctions, the RIAE is through release of factors/activated
immune cells. Depending on nature and magnitude of NTRE between tumor and normal cells/tissues, the net clinical outcome can affect tumor

regression and/or side effects during cancer radiotherapy.

counterpart normal cells after proton microbeam irradiation
[4]. The factors/cytokines released from the irradiated cancer
cells are also known to contribute to the bystander effect. In
this direction, cancer cells of different tissue origins (breast,
lung, fibrosarcoma, colon, and brain) showed variation in
secretion of cytokine profile when irradiated either with acute
(2 Gy) or fractionated (3x2 Gy) doses of gamma radiation. It
was interesting to observe that the conditioned medium from
the irradiated lung cancer cells showed toxicity to bystander
lung cancer cells [5]. Moreover, treatment with macrophage
conditioned medium is shown to enhance intercellular
communication between breast cancer cells via tunneling
nanotube formation and secretion of large extracellular
vesicles referred as microplasts [6, 7]. The intercellular
communication via tunneling nanotubes modulates chemo-
/radio-therapy response and can be important mediator of
RIBE. To demonstrate and validate the NTRE results in mouse
fibrosarcoma tumor models following strategies were
employed.

Co-implantation of lethally irradiated tumor cells with
bystander cells

In this approach, only a fraction of tumor cells was
irradiated with lethal high doses of gamma radiation (15 Gy),
mixed with bystander cells, followed by the implantation of the
cell mixture in mice and subsequent measurement of the

tumor growth. It was interesting to observe that only a fraction
of high dose irradiated tumor cells inhibited the growth of
bystander tumor cells, resulting in smaller tumors. The
inhibition of tumor growth was found to be associated with
secretion of anti-tumor proteins/factors from the irradiated
cells, resulting in cell death of bystander cancer cells as well as
decrease in angiogenesis during tumor growth [8].

Partial tumor irradiation

Using a cone irradiator designed for Cobalt-60
teletherapy, only a part of mouse tumor was irradiated.
Compared to control, significant tumor control was observed
when only ~10 % volume of tumor was irradiated. These results
showed cytotoxic bystander effect when only a fraction or part
oftumor was irradiated.

Non-targeted radiation effects at distant tumors

In this study, we investigated the possibility of controlling
the growth of distant tumors when only primary tumor was
irradiated. Such studies have gained attention of researchers
as well as clinicians as they can be exploited to enhance radio-
immunotherapy of metastatic tumors and prevent post-
irradiation tumor recurrence. To simulate NTRE at distant
tumors, mouse fibrosarcoma tumors were developed in both of
hind legs. While one of the tumor was irradiated with gamma
radiation, the other tumor and rest animal body parts were
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kept shielded. A decrease in tumor growth in radiation shielded
tumor was observed when tumor in another leg was irradiated,
which was more prominent at higher doses (5 Gy) than at lower
doses (2 Gy). The directly irradiated tumors showed expression
of immunogenic cell death markers. To enhance the NTRE in
distant tumors, radiation in combination with CpG-ODN
(cytidine phosphate guanosine-oligonucleotides), an
immunomodulatory oligo, was administered in the irradiated
tumor. CpG-ODN in conjunction with radiation resulted in better
tumor control. These tumor growth inhibitory effects were
found to be mediated through an increase in immune-
modulatory markers and induction of apoptosis in the shielded
tumors. To evaluate whether such combinatorial effects could
be exploited to control tumor recurrence, the animals that
showed complete tumor regression after CpG-ODN and
radiation treatment were implanted with unirradiated tumor
cells. It was interesting to observe that in these animals freshly
transplanted tumor cells did not produce tumors, suggesting
long lasting non-targeted radiation effects.

Cancer stem cells (CSCs) are one of the key factors
contributing to recurrence and poor prognosis in cancer
radiotherapy [9]. Depending upon the types and stages of
tumors, although CSCs constitute only a small fraction
(0.5-20%) of the tumor mass, they play a pivotal role in cancer
progression, metastasis, recurrence, and resistance to
treatment [10, 11]. Our understanding about the magnitude of
bystander communication and role of gap junction proteins in
the context of CSCs and tumor radio-resistance remains
limited [12] and is one of our ongoing research activities.

High LET Radiobiology in Cancer Radiotherapy

Charged particle therapy and targeted alpha therapy are
emerging modes of cancer therapy owing to their effectiveness
to kill tumor cells while sparing the surrounding normal tissues.
However, in addition to technical challenges, such therapies
are also limited to a few cancer types and have poor prognosis
in some cases. The radiobiology of charged particles is not well
studied mainly due to two reasons: (i) the charged particle
irradiation facilities are limited all over world owing to high cost
and highly sophisticated instrumentation, (ii) the very short
range [order of cm in air to few (20-100) um in water for ~4-10

MeV energy] of alpha particles [13] making it challenging to
conductin vitro radiobiology experiments with accuracy in dose
and energy. These limitations have resulted in inadequate
optimization of radiobiological parameters and a poor
understanding of radiation effects of charged particles,
especially in the setting of cancer radiotherapy. Joining the club
of few laboratories around the world, for in vitro radiobiological
experiments of normal/cancer cells, we have indigenously
designed and developed first **Am alpha particle irradiator,
which is a benchtop model automated with several user-
friendly features[14]. In human cancer cells, alpha particles
were found to induce more damage than gamma radiation
measured in terms of DNA double break, chromosomal
aberrations, and clonogenic survival. To study the bystander
effect, alpha particles irradiated and unirradiated (bystander)
cells were cultured in such a way that they share the medium
but were physically separated through thin, porous membrane
(inserts). In this arrangement, the effect of factors/cytokines
released from the irradiated cells on bystander cells could be
studied while keeping both cell populations separated. Our
results showed that the magnitude of bystander effect from the
alpha particle irradiated cells was higher in magnitude than
thatfrom the gamma irradiated cells [15,16].

The effect of gamma radiation is known to be governed
by several biological factors like DNA repair efficiency, cell
cycle, oxygen level. However, these factors are less likely to
affect the cellular response to alpha particles. In a typical dose
survival curve, the shoulder at lower doses of low LET radiation
is known to be associated with capacity of cells to repair the
damage. Such shoulder region at the lower doses are absent in
a classical dose-survival curve of alpha particles due to poor
repair ability of clustered DNA damages. Hence, based on
classical understanding in the literature, the cellular response
of alpha particles to cancer cells of different origin and dose
response at lower doses is not well understood. These
questions are very pertinent, especially in the application of
charged particle/targeted alpha therapy to different cancer
types and how cancer cells would respond if dose delivered to
cancer cells is low and sub-lethal. While performing survival
curve analysis of lung cancer cells to alpha particles, we
unexpectedly encountered a higher proliferation and survival
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Fig.2: High LET radiobiology studies using automated benchtop alpha irradiator. A. Photograph of indigenously developed ,,,Am alpha irradiator and
its major components; B. DNA damage in cancer cells after alpha particle irradiation. Green foci (arrows) show the expression of gamma H2AX as
marker of DNA double strand break; C. Set up for bystander studies after alpha particle irradiation. Irradiated and bystander cells are cultured on
porous membrane so that they share common medium being remained physically separated.
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at low doses of radiation (1.36 and 6.8 cGy) contrary to well-
known cell killing effect at higher doses (>13 cGy). The cyto-
proliferative response of alpha particles to cancer cells was
found to be associated with decrease in gap junction
communication and Caveolin-1/Survivin signalling pathway.
When these low-dose alpha-irradiated cancer cells were
transplanted into SCID mice, they showed higher tumor growth
[17]. These results suggest that if a lower dose is received to a
fraction of tumor cells during charged/targeted alpha therapy,
it might make them to survive more and possibly be one of the
reasons behind recurrence/poor response in some patients.
Hence, there is a need to optimize the dose during
charged/targeted alpha therapy for better clinical outcome.

Our further studies determining the radio-sensitivity in
cancer cells of different tissue origins also showed differential
radio-response, with breast cancer cells showing higher cell
Killing by alpha particles than glioblastoma cells. This may be
governed by cellular factors like status of oxidative stress and
gap-junctions. These finding suggest that while selecting the
cancer patients for charged particle/targeted alpha therapy,
radiation oncologists need to also consider cellular and
molecular features promoting non-targeted radiation effects
forenhanced tumor radio-sensitivity.

Conclusion

NTRE after low and high LET radiation in the reference of
cancer radiotherapy is rather an emerging research area which
requires more studies for deeper mechanistic insights. The
agents and strategies modulating NTRE for better tumor
control would be of great interest to exploit the knowledge in
cancer radiotherapy. The knowledge gained from in vitro and
pre-clinical models provide further scope to evaluate the
findings at the clinical level. The alpha particle radiation
biology for cancer radiotherapy is in a nascent stage and
requires exploration of the bystander interaction in the real
tumor microenvironment conditions like hypoxia.
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Anti-tumour Efficacy of Phytochemicals

Role of Mitochondrial Redox Balance
in Cancer Progression
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Effect of PTS and M-PTS on the cell viability of
A549 cells

ABSTRACT

Mitochondria play a pivotal role in cell growth by generating energy through oxidative
phosphorylation, regulating cellular metabolism, and participating in various signaling
pathways crucial for cell survival and function. Interestingly, all the hallmarks of cancer
growth and metastasis such as cell death evasion, altered bioenergetics, and genomic
instability are also linked to mitochondria dysfunction. Further, the maintenance of
mitochondrial redox balance is crucial in cancer progression, as it directly affects cellular
signaling pathways involved in proliferation and survival. This important role of
mitochondria in cancer cells makes them prime candidate for therapeutic intervention. In
the present study, we have studied the anti-tumour efficacy of novel mitochondria-targeted
derivatives of phytochemicals by conjugating with triphenylphosphonium (TPP+) moiety.

KEYWORDS: Mitochondrial ROS, Clonogenic potential, Cell death, Triphenylphosphonium,
Natural product
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Introduction

Cancer, a multifaceted disease which is characterized by
uncontrolled cell proliferation, remains a major challenge in
healthcare worldwide. Over the last several decades,
researchers have delved into different aspects of cancer
biology, including the role of mitochondria (powerhouse of the
cell), to understand their role in cancer progression. It is well
known that mitochondria play a central role in cellular energy
production through oxidative phosphorylation. In addition to
their role in fulfilling the metabolic requirements of tumour
cells, mitochondria also act as dynamic signaling organelles
that control cancer cell survival, motility, stemness and
resistance to treatment [1]. Interestingly, mitochondria are
also a major source of reactive oxygen species (ROS), which are
natural by-products of cellular metabolism. ROS function as
signaling molecules at low to moderate levels wherein they
regulate cell proliferation, differentiation, and survival.
However, excessive ROS production can lead to oxidative
stress, causing damage to cellular macromolecules.

Mounting evidence suggests that dysregulation of
mitochondrial redox balance plays a pivotal role in cancer
initiation, progression, and therapeutic resistance.
Furthermore, oncogenic signaling pathways and mutations in
key mitochondrial proteins can disrupt mitochondrial function
and redox homeostasis in cancer cells. Targeting mitochondrial
redox balance represents a promising therapeutic strategy for
combating cancer [2]. However, mitochondrial structure and
localization are major impediments towards efficient
administration of small molecule modulators. Hence, targeting
potent anti-cancer compounds to the tumour cell mitochondria
by conjugating with delocalized lipophilic cations (DLCs) like
triphenylphosphonium (TPP+) may perturb redox balance
leading to apoptosis in tumour cells and increase the cytotoxic
efficacy of these molecules. The molecule of interest is usually
linked via a carbon linker to triphenylphosphonium (TPP+)
cation [3]. Several compounds, such as mitochondria-targeted
antioxidants and modulators of mitochondrial metabolism,
have shown efficacy in preclinical studies and clinical trials. By
selectively perturbing mitochondrial redox homeostasis in
cancer cells, these agents have the potential to induce
oxidative stress-mediated cytotoxicity while sparing normal
cells.

In the present study, novel mitochondria-targeted
derivatives of Ethyl ferulate (ethyl-3-hydroxy-4-
methoxycinnamate; EF) and pterostilbene (3,5-dimethoxy-4-
hydroxystilbene; PTS), a methoxylated form of resveratrol
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(Fig 1) were synthesized. Further, the efficacy of mitochondria
targeted derivative of EF (M-EF) and pterostilbene (M-PTS) was
compared with with their respective parent molecules in
human lung adenocarcinoma cell line (A549) [4, 5].

Materials

Pterostilbene (PTS) was a kind gift from Sami Labs
Limited, Bangalore. Ethyl ferulate (ethyl-3-hydroxy-4-
methoxycinnamate; EF) was procured from TCI Chemicals.
Dulbecco's Modified Eagle Medium (DMEM), fetal bovine
serum (FBS), trypsin-EDTA, 3-(4,5-dimethyl-2-thiazole)-2,5-
diphenyltetrazolium bromide (MTT reagent), dimethyl sulfoxide
(DMSO0) and crystal violet were obtained from Sigma Chemical
Co. (MO, USA).

Methods
Cell culture

A549 lung cancer cell line was purchased from European
Health Protection Agency, cultured in DMEM supplemented
with 10% FBS and 1X antibiotic antimycotic solution in a
humidified 5% CO2 incubator at 37°C.

Cytotoxicity assay

Anti-proliferative effects of EF and PTS and their
mitochondria-targeted counterparts were assessed in A549
cells by performing the MTT cell viability assay. Briefly, A549
cells (3000 cells/well seeded in 96 well plate) were incubated
with the indicated concentrations of EF or M-EF or PTS or M-PTS
for 72h. 4 hours prior to the completion of 72h, 10ul of MTT
tetrazolium dye (5mg/ml) was added to every well. After 4h of
MTT incubation, media was replaced with 200ul DMSO in order
to dissolve the formazan crystals and the absorbance (570nm)
was recorded using a microplate reader (Synergy H1 Hybrid,
USA).

Clonogenic assay

A549 cells seeded at a density of 500 cells/2ml in a 6-
well plate were allowed to attach overnight followed by
incubation with varying concentrations of EF or M-EF or PTS or
M-PTS for 14 days. The colonies so formed were rinsed with
PBS, methanol-fixed and stained with crystal violet. Colonies
with atleast 50 cells were counted.

Results and Discussion

Mitochondria-targeted derivative of EF and PTS
demonstrated superior anti-tumour effect

Incubation with the parent compounds EF or PTS caused
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Fig.1: (A) Structure of EF and M-EF and (B) Structure of PTS and M-PTS. Adapted from Patil AS et al., Appl Biochem Biotechnol. 2023
Mar;195(3):2057-2076 and Ibrahim MK et al., Advances in Redox Research 8 (2023) 100071.
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Fig.4: Effect of (A) EF and M-EF (B) PTS and M-PTS on the mitochondrial ROS levels in A549 cells. **p<0.005; ***p<0.001; ****p<0.0001; as
compared to control. Adapted from Patil AS et al., Appl Biochem Biotechnol. 2023 Mar;195(3):2057-2076 and Ibrahim MK et al., Advances in Redox

Research 8 (2023) 100071.

minimal reduction in the cell viability (around 10%) compared
to M-EF or M-PTS treatment which resulted in a profound dose-
dependent decrease up to 80-90% in the viability of A549 cells
(Fig.2(A) & (B)). It was observed that M-EF is around 400-fold
more effective than EF and M-PTS is around 200-fold effective
than PTS in inducing cell death in A549 cancer cells. Taken
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together, these results highlight better anti-cancer potency of
M-EF and M-PTS over EF and PTS, respectively.

M-EF and M-PTS displayed better efficacy in suppressing
the colony-forming potential of lung cancer cells

Addition of EF led to partial reduction in the clonogenic
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Fig.4: Representative images showing the effect of (A) EF and M-EF and (B) PTS and M-PTS on the clonogenic capacity of A549 cells. Adapted from
Patil AS et al., Appl Biochem Biotechnol. 2023 Mar;195(3):2057-2076 and Ibrahim MK et al., Advances in Redox Research 8 (2023) 100071
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Fig.4: Effect of (A) EF and M-EF (B) PTS and M-PTS on the mitochondrial ROS levels in A549 cells. **p<0.005; ***p<0.001; ****p<0.0001; as
compared to control. Adapted from Patil AS et al., Appl Biochem Biotechnol. 2023 Mar;195(3):2057-2076 and Ibrahim MK et al., Advances in Redox

Research 8 (2023) 100071.

potential of A549 cells while PTS had no significant effect on
reducing the colony-forming ability of A549 cells (Fig.3). In
contrast, M-EF and M-PTS showed a concentration-dependent
decrease in survival fraction of cells with complete loss of
clonogenicity observed at 5uM and 0.25uM respectively
(Fig.3). These results corroborated M-EF and M-PTS to be more
effective than the parent molecules in inhibiting the clonogenic
ability of A549 cancer cells.

M-EF and M-PTS increased mitochondrial ROS in cancer
cells

Since these derivatives are targeted to the mitochondria,
their effect on mitochondrial ROS levels was investigated. It
was observed that treatment with both M-EF and M-PTS led to a
dose-dependent increase in generation of mitochondrial
superoxide in A49 cells (Fig.4(A) & (B)).

Conclusion

In conclusion, mitochondrial redox balance plays a
critical role in cancer progression by influencing various
cellular processes, including metabolism, signaling, and
genomic stability. Combination therapies that integrate
mitochondrial-targeted agents with conventional
chemotherapeutic agents or targeted therapies may enhance
treatment efficacy and overcome drug resistance in cancer
patients. However, further research is warranted to elucidate
the complex interplay between mitochondrial redox balance
and cancer biology and optimize therapeutic interventions.
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Affordable Treatment of Liver Malighancies

Development, Evaluation and Human Clinical
Translation of ["Y]Yttria Alumino Silicate Glass

Microspheres (BhabhaSphere) for Affordable
Treatment of Liver Malignancies in India

K. V. Vimalnath®, A. Rajeswari’, Anupam Dixit’, Sharad P. Lohar’, Rubel Chakravarty*’,
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ABSTRACT

PET/ICT

Bench to bed clinical translation of [*°Y]Yttria Alumino Silicate ([*°Y]YAS) glass microsphere
(BhabhaSphere), a formulation biosimilar to US FDA approved TheraSphere® for treating
unresectable liver cancer, is achieved. YAS glass microspheres of composition 40Y,0.-
20A1,0.-40Si0, (w/w) and diameter ranging between 20-36 pm was neutron irradiated at a
thermal flux of ~1.4 x 10* n.cm®.s™ for 7 d to produce intrinsically radiolabeled [*Y]YAS
glass microspheres. Extensive radiochemical and biological studies were carried out to

Post-therapy PET/CT image of a 56y male establish the suitability of the formulation for human clinical use. Subsequent to obtaining
patient with right lobe hepatocellular regulatory approval from DAE-RPC, sixteen customised human clinical doses of
carcinoma 24 h after administration of 90 mCi BhabhaSphere (50-180 mCi) were formulated in ten batches and supplied for clinical use
[°Y]YAS glass microspheres showing from Radiopharmaceuticals Division, BARC.
biodistribution

KEYWORDS: SIRT, Yttria Alumino Silicate (YAS) Glass microspheres, *°Y, BhabhaSphere
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Introduction

Liver malignancies, either primary or metastatic, are
prevalent causes of cancer related deaths worldwide.
Hepatocellular carcinoma (HCC), a form of neoplasm of liver
cells, is common among the various types of liver malignancies
constituting 90% of liver cancer [1-4]. Selective internal
radiation therapy (SIRT), which involves intra-hepatic
administration of customized doses of B-particle emitting
radionuclide in suitable chemical form [Fig.1], is one of the
most effective treatment modalities for management of
unresectable liver carcinoma [5]. Intrinsically “Y [T, , = 64.1h,
E.... of B-emission = 2.28 MeV] labeled glass microspheres of
20-35 p particle size range is extensively used
radiotherapeutic agent for SIRT [5,6]. The radiotherapeutic
agentis approved by US FDA for radioembolization therapy and
is commercially available as TheraSphere® with personalized
doses as per the therapy requirement. SIRT using
TheraSphere® offers a well-tolerated treatment for patients
with liver malignancies[7]. In our country, the nuclear medicine
hospitals had to rely on import of this product at very high cost
(each dose costing around US$ 10000-12000) for treatment
of liver cancer patients, severely restricting its wider utility. This
gave us the motivation toward indigenous development of Y-
labeled glass microsphere formulation biosimilar to
TheraSphere®, which can be made available at an affordable
cost for use in SIRT for treating patients in India suffering from
unresectable liver carcinoma.

Yttria alumino silicate (YAS) glass microspheres having
particle size in the range of 20-36 ym and chemical
composition 40Y,0,-20Al,0,-40Si0, (w/w) were synthesized
following procedure developed indigenously and characterized
to ensure their suitability in SIRT. Intrinsically **Y-labeled YAS
glass microspheres ([*°Y]YAS glass microspheres) aka
'‘BhabhaSphere' were produced by thermal neutron irradiation
of cold microspheres in Dhruva research reactor, BARC, such
that °°Y becomes an integral constituent of the glass
microspheres. BhabhaSphere formulation is delivered to the
tumor vasculature through hepatic artery via catheterisation
[Fig.1]. The radioactive glass microspheres then penetrate the
tumor arteriolar capillaries where they emit lethal beta

Liver

Blood

Catheter
vessel

5

Fig.1: Schematic representation of Selective Internal Radiation Therapy
(SIRT) process.

radiation that is localised to the surrounding tumor tissue. The
targeted distribution of microspheres provides high absorbed
dose coverage to the tumor while sparing normal tissue.

Materials and Methods

Yttria Alumino Silicate (YAS) glass having composition
40Y,0,-20A1,0,-40Si0, (wt.%) was prepared by melt-quench
process. The glass frits are slowly ground and glass particles of
20-36 mm size range were segregated by sieving. These feed
glass particles were converted to glass microspheres by flame
spheroidization using H,-O, torch. Subsequently, the
microspheres were screened to remove the particles with
defects, cleaned with acetone and further heated in a furnace
to remove organic impurities. YAS glass microspheres
prepared were analyzed under SEM to check for sphericity, size
and visible defects. XRD and SAXS are recorded before and
after neutron irradiation to observe the glassy nature of the
microspheres and evaluate post irradiation surface changes.
Analysis of chemical composition of all batches of YAS glass
microspheres were carried out by EDXRF and ICP-OES
techniques.

Typically, 80-100 mg YAS glass microspheres were taken
in a quartz ampoule [5 mm (¢) x 12 mm (h)], sealed and
irradiated at thermal neutron flux of ~1.4x10" n.cm®.s™ for 7
days after placing inside a standard Al irradiation container.
Post irradiation, quartz ampoule is opened inside a glove box
and the irradiated glass microspheres [*°Y]YAS transferred into
a sterile bottom tapered quartz container. Radioactive glass
microspheres were washed twice using sterile water for
injection. Finally, 0.6 mL sterile water for injection was added to
[°Y]YAS glass microspheres, sealed and autoclaved.

Radioactivity content of *°Y in [°Y]YAS glass microsphere
formulation was measured in a pre-calibrated isotope dose
calibrator. Radionuclidic purity (RNP) was determined by
recording y-ray spectra of an aliquot withdrawn from [°Y]YAS
glass microsphere formulation using an HPGe detector
coupled to a 4K MCA system. For determination of
radiochemical purity (RCP), the radioactive glass microspheres
were allowed to settle and *°Y activity of a measured aliquot
from the supernatant was determined. Specific activity was
calculated as *°Y activity (mCi) produced per mg YAS irradiated.
Sterility of the [°Y]YAS glass microsphere formulation was
tested by Direct Inoculation method and pyrogenicity by Gel
Clot-BET assay method as per approved Indian Pharmacopeia
(IP) procedures.
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Fig.2: Characterization of YAS microspheres: (a) SEM image (b) XRD
pattern (c) EDXRF spectrum (d) particle size distribution.
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Biodistribution studies of [*°Y]YAS glass microsphere
were performed in a group of healthy male Wistar rats each
weighing 200-250 g. Appropriately diluted aliquots of [°Y]YAS
glass microsphere formulations (0.1 mL, ~135 mCi
radioactivity) were injected through portal vein of each animal.
Uptake of [Y]YAS glass microsphere in different organs and
tissues are calculated and expressed as percentage injected
activity (dose, % ID) per organ. Animal experiments were
performed in compliance with national laws for conducting
animal experimentations in India with prior approval of
Institutional Animal Ethics Committee of Bhabha Atomic
Research Centre (BARC).

A proposal comprising comprehensive experimental
data for six independent batches was submitted to
Radiopharmaceutical Committee of Department of Atomic
Energy (DAE-RPC) seeking approval for formulation and
deployment of 'BhabhaSphere' for human clinical use.
Subsequent to DAE-RPC approval, first clinical investigation of
[°Y]YAS glass microsphere formulation was carried out in a
male patient (56 y) with right lobe hepatocellular carcinoma.
Customized dose of 90 mCi of [®Y]YAS glass microsphere
formulation was administered through right hepatic artery.
PET/CT images were recorded at 24 h post administration.
Subsequently, 15 more customised human clinical doses of
BhabhaSphere (50-160 mCi) were formulated in 10 batches
and supplied for clinical use.

Results and Discussion

YAS glass microspheres were synthesized using flame
spheroidization process with conversion efficiency of almost
100% and sphericity >99%. SEM images (Fig.2(a)) confirmed
high degree of sphericity and uniformity. XRD pattern (Fig.2(b))
confirmed its glassy nature. EDXRF spectrum is shown in
Fig.2(c) confirmed chemical purity. Particle size distribution
(Fig.2(d)) showed >90% of particles were within the range of
20-36 m.

Intrinsically [*°Y]Y-labeled glass microspheres were
produced with specific activity of 3.9 + 0.3 uCi *Y/mg of
microspheres that corresponds to ~0.183 uCi (~6800 Bq) *°Y
per microsphere. RNP and RCP of formulations were >99.9%
and >99.0% respectively, desirable for human clinical
applications. Sterility and bacterial endotoxin tests (BET)
revealed that all batches of [*Y]YAS glass microsphere
formulations were sterile and with <175 EU bacterial endotoxin
content.

[°Y]YAS glass microspheres exhibited excellent in vitro
stability with regard to release of *°Y activity from the

formulation when stored at 37°C in physiological saline and in
human serum. Biodistribution pattern of [*°Y]YAS glass
microspheres revealed excellent retention of administered
microparticles in liver (97.62 + 0.68 %ID at 24 h and 94.23 +
0.57 %ID at 144 h p.i.). First human clinical investigation was
carried out at Tata Memorial Hospital, Parel, where a
customized dose of 90 mCi of [°Y]YAS glass microspheres was
administered in a 56 year male patient with right lobe
hepatocellular carcinoma. Figures. 3a and 3b present the
trans-axial CT and PET/CT images of liver of the patient 24 h
post administration. Target specific localization and near-
complete retention of the formulation in the cancerous site is
evident from images. Therapeutic dose of the [*°Y]YAS glass
microsphere formulation, injected into the patient was well
tolerated by the patient, as no adverse side effects of the
therapeutic procedure were reported. Total 16 human clinical
doses of BhabhaSphere (50-160 mCi) were formulated in 11
batches and supplied for human clinical use from
Radiopharmaceuticals Division, BARC. In-house developed
BhabhaSphere formulation is envisaged to be made
commercially available at cost of ~ Rs. 80,000 (US$ 1000) per
patient dose as against US$ 10000-12000 per patient dose of
imported TheraSphere®

Conclusion

Preparation of ready to use therapeutic doses of [°Y]YAS
glass microsphere aka 'BhabhaSphere' suitable for clinical use
in the treatment of unresectable liver cancer in patients in
India is achieved. YAS glass microspheres were prepared by
flame spheroidization process and [*°Y]YAS doses were
formulated with radionuclidic and radiochemical purity
suitable for clinical use. Human clinical evaluation in patient
with hepatocellular carcinoma showed near-quantitative
retention of the formulation in the injected lobe by post-therapy
“Y.PET scans. Indigenous development of “Y-labeled glass
microsphere (BhabhaSphere) is a significant achievement that
will be utilized in the management of inoperable liver cancer in
India at affordable cost.
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Fig.3: Post-therapy PET/CT image of a 56y male patient with right lobe hepatocellular carcinoma 24 h after administration of 90 mCi [°Y]YAS glass
microspheres showing biodistribution (a) trans axial CT of liver and (b) trans axial PET/CT of liver. (Image courtesy: Tata Memorial Hospital, Parel)
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Insight into Biological Responses to Thorium
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Ex-vivo screening of rationally-selected agents
for Thorium decorporation: Human RBC lysis
assay

ABSTRACT

Thorium (Th-232) is an indispensable nuclear fuel for meeting the energy demands of Viksit
Bharat (developed India). In addition to nuclear energy, other Th isotopes hold promise for
cancer treatment and other environmental applications. This article presents a
comprehensive synthesis of our research findings on Thorium Biology accumulated over the
past two decades as part of the Nuclear Radiobiology Research Program. To realize the full
potential of Th for various societal applications, our radiobiology research provides
significant insight about the mechanism of Th interaction, transport and biological
responses in human cells (RBCs, liver and lung cells) and animal models. The potential
clues from toxicity mechanism and bio-coordination of Th have paved the way for rational
design and development of ligands for Th, having potential applications for cancer
treatmentand development of nuclear decorporation strategies.

KEYWORDS: Thorium, Radiobiological Research, Cancer Therapy, Actinide Decorporation
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Introduction

The nuclear energy is indispensable with little-to-zero carbon
foot print. Importantly, Uranium has been utilized as a nuclear
fuel for clean energy generation since last several decades.
However due to its limited abundance, alternative nuclear fuels
viz. Plutonium and Thorium are gaining significant importance.
Plutonium availability is again dependent on natural Uranium.
Therefore, Thorium owing to i) its 4-5 times more natural
abundance (compared to U), ii) potential of its conversion into
fissile fuel, iii) thermo-physical characteristics, iv) lesser long-
lived radionuclide generation has been considered as a
potential fuel for sustainable energy generation through
advanced nuclear technologies, in particular molten salt
reactor, high temperature reactor and accelerator driven sub-
critical systems (Fig.1).

Recently, Thorium-based fuel such as ANNEL (Advanced
Nuclear Energy for Enriched Life) has also been developed for
existing PHWR or CANDU reactors (Fig. 1). Additionally, the
feasibility of Thorium utilization has been explored in Light
Water Reactors [1]. Thorium-232 would be used as a blanket in
Fast Breeder Reactors (FBR) to convert it into fissile U-233 for
third stage reactors of DAE. Notably, the commencement of
“Core Loading” at India’s first indigenous PFBR (500MWe) at
Kalpakkam, Tamil Nadu would pave the way for efficient
utilization of India's vast reserve of Thorium. This review
provides a comprehensive overview of our research findings on
Thorium Biology, gathered over the past two decades through
the Nuclear Radiobiology (Bio-Actinide) Research Program.

Thorium and Human Health

In view of Thorium as a future nuclear fuel, the
fundamental research aimed towards understanding the
radiobiological effects of Thorium in human cells and
experimental animals is one of the most relevant areas of
Radiation Biology Program of several research areas of
nations. Having the largest reserve of Thorium and being
equipped with advanced nuclear reactor technologies for
Thorium utilization, this research program is even more
relevant for India [2]. Following three sub-sections describe
potential implications of Thorium biology research in i) targeted
alpha cancer therapy, ii) fundamental radiobiology and iii)
development of novel decorporation strategies for
management of internal nuclear contamination.

Thorium for cancer therapy

One of the isotopes of Thorium is Th-227, which emits

PHWR MSBR

FBR HTR

LWR

Fig.1: Scheme illustrates the recent development for possible utilization
of naturally occurring Thorium (Th-232) in various reactor technologies.
PHWR: Pressurised Heavy Water Reactor; LWR: Light Water Reactor;
FBR: Fast Breeder Reactor; MSBR: Molten Salt Breeder Reactor; HTR:
High Temperature Reactor.

five high-energy alpha particles (t,, =18.7d, average 5.9 MeV)
and two beta disintegrations during its decay. These alpha
particles are highly favourable for targeted therapy of cancer
mainly due to the following reasons: i) short-path length
resulting minimal damage to surrounding normal tissue, ii)
high linear energy transfer leading to un-repairable and
clustered DNA double strand breaks, and iii) cytotoxic effects of
alpha radiation independent of oxygen status in tumour. Due to
half-lives, large alpha particle energies and rapid decay chains,
*Ac and **Th have immense potential for targeted alpha
therapy of cancer. With regard to yield as compared to **Ac,
**'Th can be obtained from the beta decay of **’Ac, which is a
decay product of naturally-occurring ***U. Alternatively, **'Th
can be produced by thermal neutron irradiation of ***Ra
followed by beta decay of *’Ra. To achieve the full anticancer
potential of Th-227 conjugates, a significant scope of research
exists for development of constructs with tumor-targeting
moiety and a specific bifunctional chelator. Recent reports
have shown promising results for antitumor activity of *'Th
conjugates in preclinical tumor models and in phase-l clinical
trial [3]. In summary, **Th-based targeted alpha therapy
represents a viable cancertreatment modality in future.

Radiobiological research

Under this topic, we summarize the key findings from our
learning experience on the basic mechanisms of Thorium
interaction with human cells and proteins and its
consequences. A more than decade-long research activities
revealed crucial answers for i) the mechanism of effects of

232Th

Cell Model
oo .:?‘-.'1 B e
Human RBC Lung Cell Liver Cell
y% { y%
Effects Aggregation Lysis Cytotoxic Proliferative Cytotoxic
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Fig.2: Scheme illustrates the effect of Thorium, possible mechanisms and potential target of toxicity in the indicated human cell models under in vitro
conditions. Disclaimer: These effects were observed under experimental conditions and may not occur in real exposure scenario.
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b) STRING Analysis: B-catenin-Myc network
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Fig.3: (a) Transcriptomic profile of liver tissues of mice following 6 or 12 months of Th administration (4, 10 and 20 mg/kg). (b) Protein-protein
interaction analysis by STRING revealed statistically significant functional interaction among the proteins of hepatocellular carcinoma network, which
identified B-catenin as the most significant signalling nodes. (c & d) Validation of role of B-catenin at mRNA and protein level. (e) Scheme illustrates
the possible role of Th-induced genes in the sequential process of liver carcinogenesis. Reprinted from “Mechanistic Insights into Thorium-232
induced Liver Carcinogenesis: The Driving Role of Wnt/B-Catenin Signaling Pathway by R. Yadav, S. K. Das, M. Ali, N. G. Shetake, B. N. Pandey and A.
Kumar, Science of Total Environment 907 (2024) 168065 with permission from Elsevier.

Thorium in human cells; ii) the mechanism of cellular
internalization of Thorium; iii) fundamental aspects of the
binding of Thorium to protein and their functional
consequences; and iv) major target organs of Thorium and
their early and late chronic effects. Understanding these
aspects of Thorium toxicology at organ, cell and molecular
levels using biophysical, biochemical, microscopic,
spectroscopic and computational approaches, we have
designed and developed the rational antidotes for removal of
Thorium and mitigation of its associated radiological and
chemical effects. In conclusion, the Bio-Thorium Research
Program at BARC would have significant implications for
developing India's capability for efficient utilization of Thorium
with adequate human health and environmental protection.

With regard to one of our research objectives, 'the
mechanism of effects of Thorium in human cells', we have
envisaged to investigate the effect of Th-232 on various human
cells viz. red blood cells [4], lung cells [5], liver cells [6-8], and
bone [9], which represent the target organ/sites of Thorium
accumulation/toxicity in human/animal models (Fig.2). Our
experimental data suggest that radiobiological response to
Thorium depends on the cell type, chemical forms,
concentration and exposure time of Thorium. Briefly, in human
lung cells, Th-dioxide (colloidal) was found to be more toxic than
the Th-nitrate at equivalent metallic concentration of Thorium.
This was found to be due to higher uptake of Thin cells exposed
to its dioxide form as compared to the Thorium uptake from its
nitrate form of exposure. Moreover, transmission electron
microscopy in combination with confocal microscopy further
revealed the mechanism of Thorium internalization, which was
found to be a clathrin/caveolin-mediated endocytosis following
Th-dioxide exposure as compared to membrane perforation in
cells exposed to Th-nitrate. Following internalization, Thorium
induces oxidative stress, DNA damage response and
proteotoxic stress, which play major roles in determining

66 BARC newsletter November-December 2024

cytotoxicity [5]. Following transmigration through air-blood
barrier in lung, Th gets circulated via blood and finally
accumulates in liver and skeleton. Our studies on human liver
cells have identified the role of cytoplasmic calcium in Thorium
uptake, suggesting the possible application of calcium
modulators for minimizing Th internalization. Using
ultrasensitive analytical techniques, we have identified
cytoskeleton as the major intracellular target of Thorium [7].
Interestingly, effect of Thorium on human red blood cells
(RBCs) was found to be determined by Th:RBCs ratio. Lower
Th-to-RBCs ratio caused aggregation due to neutralization of
surface negative charge. However, at higher Th-to-RBCs ratio,
RBCs undergoes cell lysis (hemolysis) through colloid-osmotic
mechanism [4]. These mechanisms of Th-induced cytotoxicity
have significant implications to develop rational approaches
for mitigation of Th-toxicity.

During circulation in blood, Thorium ions can also
interact (in addition to RBCs) with soluble proteins such as
albumin/globulin in blood plasma as well as haemoglobin
localized on RBC's membrane. Using biophysical tools, we have
determined the binding sites of Thorium ions in human serum
albumin [10] and haemoglobin proteins [11]. Interestingly, Th
ions were found to perturb the structural and functional
integrity of Fe-containing heme of haemoglobin. This was due
to the similar charge-to-ionic-radii ratio of Th with Iron. This
further explains the binding of Th at Fe-binding sites in iron
transport/storage proteins (e.g. transferrin, ferritin, catalase,
etc.). Thorium interaction with haemoglobin was also observed
in the environmentally-important aquatic midge, Chironomus,
which may serve as bioindicator of Th contamination in aquatic
bodies [11]. Importantly, our spectroscopic data determined
the ability of actinide ions including Thorium to unfold the
proteins with significant alteration in their functionally
important conformations. In this direction, further research in
our laboratory using computational modelling and biochemical
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Fig.4:This scheme represents three different approaches for development of efficient decorporation therapy for Thorium and other relevant nuclear
contaminants. The lead thorium chelator or its liposomal formulation are assessed for thorium removal efficacy from various human cells and blood.
Thorium complexation is studied by a variety of spectroscopic and computational modelling. Finally, animal studies are performed to test thorium

decorporation efficacy using in-house fabricated metabolic cages.

approaches, is in progress to characterize the bio-coordination
of Thorium and other actinide ions with relevant proteins,
which have been identified as a molecular target of toxicity.

We have carried out extensive studies in experimental
mice/rat models to identify the major sites of Th accumulation
and underlying mechanism of toxicity at cellular and molecular
levels. Liver, skeleton and spleen were found to be the major
target organs of Thorium following its administration [12-14].
We have determined the biodistribution, histological and
functional changes as well as alterations in gene expression in
organs/tissues after 6 to 12 months of Thorium exposure. Our
recent analysis of gene expression and system biology
approaches [15] revealed the identification of B-catenin/Myc
driven signalling pathways responsible for Thorium-induced
oncogenesis in mice (Fig.3). Currently, mechanism of
radiobiological effects of Thorium on lung using specially-
designed nose-only inhalation exposure facility is an active
area of investigation, which led to the identification of
surfactant protein-D as a potential biomarker of Th exposure
[16].

Thorium decorporation technologies

Design and development of effective mitigation
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Fig.5: (a) Ex-vivo screening of rationally-selected agents for Thorium
decorporation: Human RBC lysis assay; (b) The lead candidate L52S in
combination with DTPA enhances Th-232 decorporation in mice and

© potentially mitigates liver damage. Reprinted from “Thorium
decorporation efficacy of rationally-selected biocompatible compounds
with relevance to human application” by M. Ali, B. Sadhu, A. Boda, N.
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5924850861041) and “Enhanced thorium decorporation and mitigation
of toxicity through combined use of Liv52® and diethylenetriamine
pentaacetate” by M. Ali, S. K. Das, N. G. Shetake, B. N. Pandey, and A.
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approaches for internal contamination with Thorium and other
radiometals in human and environment is the most important
area of research in this field. Presently, there is no FDA-
approved antidote for treatment of human subjects in case of
Thorium contamination. DTPA (Ca/Zn salt of
diethylenetriamminepentacetate) is the only available agent
recommended for Plutonium, Americium and Curium
contamination. However, our animal data suggest that DTPA is
not effective to remove Thorium ions from liver and skeleton.
Therefore, further research is required to design Th-specific
rational antidote. Our experience on the mechanism of Th
interaction at cell and protein levels has provided significant
clues about the biological ligands (proteins/DNA, etc.) with
which antidote (chelator) need to potentially compete for Th
decorporation. In this direction, we adopted multidisciplinary
three-pronged approaches viz.: i) rationally-selected existing
molecules; ii) rationally-designed new agents and iii)
improvement of organ distribution profile of chelators using
drugdelivery approach (Fig.4).

Our efforts on screening of rationally-selected existing
molecules have identified L52S (a hepatoprotective
formulation)for its potential of Th decorporation [17]. L52S has
been found to be significantly effective to enhance removal of
Th from target organs in combination with DTPA (Fig. 5) [18].
Regarding other approaches, we have designed and tested
liposomal-DTPA [19] and other ligands [20, 21] for Th
decorporation. Further research is in plan to develop more
efficient organ-targeted vehicle system to deliver chelating
agent for organ-specific actinide decorporation. Recently,
collaborative efforts are in progress for development of
multidentate chelating agent for actinide decorporation.

Thorium for isotope hydrology

Recent research showed that the monitoring of Th
concentrations in water can be used as a chemical signature
for rock fracture events, which are integral to the hydrology and
geochemistry of watersheds [22]. Moreover, ratiometric
determination of Th isotopes (Th-228/230) was found to
significantly predict the flood events, suggesting the novel
application of Th measurements for environmental and climate
change studies [23]. Since Th is sparingly soluble in water, its
concentration can be monitored as a signature of water
contamination from mining/milling activities also.

Future Research Perspectives

Further research is directed to gain deeper insights
about the cellular and molecular mechanisms of
radiobiological effects of Thorium and other heavy metal
radionuclides in cells and tissues. These biological
investigations would lead to the identification of sensitive and
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specific biomarkers of Thorium exposure/effects. Our learning
suggested the need for development of decorporation therapy
according to the route of exposure, which can be applied in real
practical scenario for effective management of internal
contamination with actinides.

Conclusion

We have delineated the mechanism of cytotoxic effects
of Th-232 in relevant human cells (blood cells, liver and lung
cells). Cellular effects of Th were found to be dependent upon
the cell type and its chemical form. Human RBCs were found to
undergo aggregation or lysis upon Th exposure. Th uptake in
liver cells was observed to be sensitive to cytoplasmic calcium
level and its channels. In lung cells, Th followed either
membrane perforation or endocytosis mechanism depending
on nitrate or oxide form for internalization. At protein level, Th
prefers to bind iron or calcium-binding sites, which is followed
by interaction with carbonyl or amide groups. At organ level,
omics data revealed the possible mechanism of Th-induced
carcinogenesis in mice liver. Extensive efforts are underway to
develop rational decorporation therapy for removal of
internalized Th from lungs, surface wounds and other vital
organs based on the understanding of mechanisms of Th
toxicity and interaction.
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Immunotherapeutics

ABSTRACT

The immune system's involvement in cancer immunosurveillance is constantly evolving.
During the early stages of cancer progression, various immune cells interact actively, with
diverse cell types and cytokines exhibiting anti-tumor properties. Our research has shown
that G1-4A, a polysaccharide derived from Tinospora cordifolia, effectively boosts anti-
tumor immunity by activating dendritic cells and natural killer cells. Another compound,
sulforaphane, derived from broccoli, increases certain surface receptors on tumor cells that
help natural killer cells detect them and make tumor cells more susceptible to killing. During
the escape stage of cancer progression, the cancer cells elude detection by the immune
system by employing active suppression. Soluble mediators such as prostaglandins and
transforming growth factor -B (TGF-B), as well as regulatory T cells, contribute to
immunosuppression in the cancer microenvironment. Our studies have identified several
compounds, including NS-398, an inhibitor of cyclooxygenase-2, SB-431542, an inhibitor
of transforming growth factor-p receptor (TGF-BR) signaling; and EPZ004777 and FG-2216,
epigenetic inhibitors of T regulatory cells, can prevent tumor induced immunosuppression
and restore immunocompetent cells. Due to their immunomodulatory properties,
molecules such as G1-4A, NS-398, and Sb431542 have demonstrated the ability to reduce
tumor burden in pre-clinical models and may be used as immunotherapeutics.

KEYWORDS: Tumor microenvironment, Imnmunotherapeutics, NS-398, G1-4A,
SB431542, EPZ004777, FG 2216, Sulforaphane

*Author for Correspondence: Bhavani S. Shankar
E-mail: bshankar@barc.gov.in

November-December 2024 BARC newsletter 69



Research & Development in BioScience

Introduction

The capacity of all somatic cells to divide into two
daughter cellsis limited. This is known as 'Hayflick's limit' and is
due to the shortening of telomeres, which are repetitive DNA
sequences present at the ends of linear chromosomes. When
cells exceed Hayflick's limit and divide excessively, it can result
in uncontrolled cell proliferation or cancer. Although
uncontrolled cell proliferation is the initial cause of cancer, as it
grows, a number of changes take place, including immune cell
infiltration, interaction with nearby fibroblasts, blood vessel
development (angiogenesis), resulting in the formation of
tumor microenvironment (TME). The way the many
components of tumor microenvironment interact impacts how
the cancer grows, spreads to other organs, and responds to
treatment. The TME of different cancers varies and can be
categorized as: (a) 'hot' tumors with numerous lymphocytes
and other immune cells infiltrating them (b) 'excluded' or
suppressed tumors with immune cells present only at the
periphery (c) ignored or 'cold' tumors with no immune
recognition at all. The relationship between cancer cells and
immune cells is always changing, even in 'hot' tumors. Smaller
tumors allow the infiltrating immune cells to be active, identify
modified cells and destroy them through activities of cytotoxic T
cells or natural killer cells. The immune system gets the upper
hand during this phase, which is referred to as the 'elimination’
stage, and can destroy the tumor cells with the help of cytotoxic
T cells, natural killer cells, and mediators such as tumor
necrosis factor (TNF)-a, interferon-y, interleukins-6 and 12,
etc. At this stage, the use of immunomodulators that stimulate
the various immune cells that can help with tumor cell
detection and destruction will be helpful. As the tumor
advances, in addition to secreting various substances that
actively suppress the immune system, the tumor actively
exploits the growth factors and cytokines produced by immune
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cells to support its growth. Important mediators in the micro
environment that cause immunosuppression include soluble
mediators like prostaglandins, transforming growth factor-$3
(TGF-B) and cells such as T regulatory cells. Therefore, at this
point, cancer treatment will benefit from the use of drugs that
can prevent the immunosuppressive effects. Abrogation of
immunosuppressive T regulatory cells is crucial for the
treatment of 'excluded' tumors and enable the immune cells to
infiltrate the tumor microenvironment.

Materials and Methods

Dendritic cells, natural killer cells, and cytotoxic T cells
were isolated from the mouse spleen for in vitro treatments.
T regulatory cells and B regulatory cells were generated in vitro
using appropriate cytokine cocktail treatments. In vivo
experiments were carried out in syngeneic tumor models.
Expression of various markers was analyzed using flow
cytometry or Western blot. Cytokines were monitored by ELISA,
or ELISpot. Cytotoxicity assays were conducted using
fluorometric or flow cytometry-based methods.

Results and Discussion
Immunomodulators that activate immune cells

Dendritic cells are the most effective antigen presenting
cells, and are crucial for the development of an adaptive
immune response against cancer cells. These cells interact
with the cancer cells, process the cancer antigen, and activate
the effector T cells, thereby becoming more immunogenic.
Microbial products like lipopolysaccharide (LPS) help DC to
mature and become more immunogenic. Immunomodulators,
particularly those derived from natural resources, are being
extensively studied for the treatment of a number of diseases,
including cancer. Native to India, Tinospora cordifolia,
commonly referred to as 'Guduchi', is a climbing shrub that has

TGF-BRI
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Relieving immunosuppression

Fig.1: Immunotherapeutics with differing modes of action according to the changing tumor microenvironment: (1) G1-4A, a polysaccharide isolated
from Tinospora cordifolia, is efficient in enhancing anti-tumor immunity by activating dendritic cells and (2) natural Killer cells. (3) Sulforaphane
(derived from broccoli) upregulates tumor cell surface molecules, that aid in detection by natural killer cells and making tumor cells more susceptible
to killing. (4) cyclooxygenase-2 inhibitor NS-398; (5) EP4 antagonist MK2894 (6) transforming growth factor -3 receptor (TGF-BR) inhibitor SB-431542;
and (7) epigenetic inhibitors of T regulatory cells, EPZ004777 and FG-2216 (8) Sirtinol (a class Il histone deacetylase inhibitor) prevent tumor

induced immunosuppression and restore immunocompetent cells.
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long been utilized in Ayurvedic medicine. We examined how the
polysaccharide G1-4A, isolated from Tinospora cordifolia,
affected the functional and phenotypic development of murine
bone marrow derived dendritic cells (BMDC) and whether it
may be used as an adjuvant inimmunotherapy. G1-4A induced
the maturation of dendritic cells, making them more
immunogenic. These G1-4A treated DC in turn activated
cytotoxic T cells that could destroy cancer cells. Administration
of the tumor lysate pulsed G1-4A-treated DC reduced tumor
burden in both therapeutic and preventative tumor challenge
experiments in a mouse lymphoma model [1]. DCs also have
cytotoxic ability against tumor cells in addition to their role as
antigen presenting cells. We discovered that BMDC matured in
the presence of G1-4A, [MBMDC (G1-4A)] killed tumor cells
several times more effectively via a mechanism mediated by
nitric oxide [2]. According to these results, G1-4A treated
mBMDC matures and develops a killer phenotype and
therefore may be a good nontoxic maturation agent for use in
DC based immunotherapy. In BALB/c mice,
immunomodulation with repeated doses of T. cordifolia
polysaccharide-rich extract (PRE) and the purified
polysaccharide G1-4A had comparable effects indicating that
PRE can also be used as a viable immunotherapeutic adjuvant
in place of G1-4Atherapy[3].

Additionally, G1-4A treatment improved NK cell
phenotypic and functional activation. NK cells were directly
activated by G1-4A in (a) CD11c-depleted splenic cells and (b)
purified NKp46" cells. Co-culturing NK cells with bone marrow
derived DC matured with G1-4A or splenic DC isolated from G1-
4A-treated mice demonstrated DC crosstalk-mediated NK cell
activation. In summary, G1-4A treatment has the potential to
be employed as an immunotherapeutic drug [4] due to its
varied effects on DCs and NK cells. Natural killer group 2,
member D (NKG2D) is a receptor that is expressed on the
surface of natural killer cells. When this receptor of NK cells
interacts with the NKG2D ligand on tumor cells, it can result in
tumor cell killing. We found that sulforaphane (SFN), a
molecule obtained from broccoli, increased expression of
these NKG2D ligands, hence boosting the sensitivity of tumors
to NK cell-mediated death, highlighting the
immunotherapeutic potential of SFN for application in cancer
therapy [5].

Immunomodulators that relieve tumor induced
immunosuppression

The relationship between tumor cells and the immune
system is a significant factor affecting the cancer progression.
Although many of the soluble molecules that mediate
immunosuppression in the microenvironment are known, the
mechanism by which the tumor affects the distal progenitors is
not known. We discovered that the prostanoids produced by
the tumor cells alter the development of the distal progenitor
cells, by preventing the synthesis of transcription factor
Zbtb46, which is specific to classical dendritic cell (cDC)
lineage. The COX-2 inhibitor NS-398 reduced tumor induced
phenotypic impairment of DC in vitro. Tumor-bearing mice
treated with NS-398 developed immunocompetent DC and
had lowered tumor burden. The conclusion that these effects
were due to immunomodulation was reinforced by the lack of
such an effect in immunodeficient SCID mice. These findings
indicate that COX-2 inhibitors could be useful in cancer
immunotherapy and that Zbtb46 expression is a marker of
immunocompetent DC [6]. We also elucidated through in silico,
in vitro and in vivo experiments that the PGE2 induced DC
dysfunction was mediated through EP4/miR365/IL-:6/pSTAT3
signaling. The treatment of mice with NS-398 or EP4
antagonist MK 2894 restored DC function and decreased

tumor burden. This effect of EP4 antagonist was abrogated
upon in vivo depletion of CD11c cells, indicating the crucial role
of PGE2 signaling in DCs intumor progression [7].

Developing immunotherapy methods for soft tissue
sarcomas (STS) requires an understanding of the
immunological milieu, which is relatively unknown. We
demonstrated that the mouse fibrosarcoma evoked the
development of B regulatory cells with CD19°CD25'PD-L1"
phenotype that secreted TGF-f. These Bregs suppressed the
proliferation of B-depleted T cells in a co-culture system.
Treatment with SB431542, a small-molecule inhibitor of TGF-3
receptor type | restored T cell responses. This T cell restoratory
effect of SB431542 was observed in tumor bearing mice (TBM)
along with considerable decrease in tumor burden. Our
findings suggest that tumor-induced Breg suppresses
immunity via a TGF-B mediated mechanism. Immunotherapy
drugs targeting the Breg-Treg axis can thus have potential
applications in soft tissue sarcomas [8].

The long-term stability of immunosuppressive regulatory
T cells that plays a crucial role in immunological tolerance and
homeostasis depends on epigenetic modifications.
Identification of small-molecule modulators of Treg
differentiation has several applications such as treatment of
cancer, autoimmune diseases etc. To identify inhibitors that
can potentially affect the generation of TGF-B1 induced T
regulatory (iTreg) cells, we screened 160 compounds from an
epigenetic chemical library. Two molecules, EPZ004777 and
FG-2216 consistently reversed TGF-B1 iTregs without changing
TGF-B downstream signaling in terms of (a) the development of
naive T cells into Treg cells, (b) the expression Foxp3 target
genes, and (c) the suppressive function of Treg cells. We have
thus identified the drugs EPZ004777 and FG-2216 as effective
epigenetic modulators that reverse TGF-B1 induced T
regulatory cells and could be used to treat a variety of
immunological diseases [9]. Additionally, we demonstrated
that another epigenetic drug, a class Ill histone deacetylase
inhibitor sirtinol restored the immune microenvironment and
inhibited epithelial mesenchymal transition and metastasis of
4T1 breast cancer[10].

Conclusion

The immune landscape of different malignancies might
differ and even within a single malignancy, aside from inter-
individual differences, it may evolve in tandem with cancer
progression in a single individual. Immunotherapeutics, like
molecular targeted therapies, must therefore be tailored to the
tumor’s immune infiltration and activation status. Therefore,
immunomodulators which either activate immune cells or
those that relieve tumor induced immunosuppression may be
useful adjuvants in cancer treatment depending on the
immune status of the cancer.
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ABSTRACT

Certain industrial processes generate large volume of TBP-containing wastes. TBP causes toxicity to
marine life and to animals upon ingestion. Previously, Sphingobium sp. RSMS (RSMS), a bacterium
isolated from RSMS site BARC was shown to degrade TBP efficiently at laboratory scale (30 mM in 3
days). Processes for the step-wise scale-up of TBP biodegradation utilizing the RSMS strain were
developed. At 30 L scale, under optimised conditions, near complete mineralisation (28 mM in 3 days)

(a) TBP degradation by RSMS strain. was achieved. Computational fluid dynamics modelling was used to identify the optimum values of
Bacterial culture was spotted on (a) operating parameters for scale-up to 205 L and 21 mM TBP degradation was achieved over 15 days,
Luria Bertani Agar medium and (b) which is approximately 70% of the TBP biodegradation observed at laboratory scale. These processes

MMM agar plates, supplemented with are the most efficient scale up processes reported for TBP biodegradation.
10 mM TBP. The zone of clearance was

recorded after 1 week of incubation KEYWORDS: Tributyl phosphate (TBP), Sphingobium sp. RSMS, Biodegradation, Scale up
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Introduction

Tributyl phosphate (TBP), is an organophosphorus compound
which finds applications in various industries as a solvent,
complexing agent, plasticizer, herbicide, fungicide, defoamer
etc. [1]. TBP is also used as an extractant for recovery of
radionuclides from nuclear wastes. TBP finds its way into the
environment by leakage from production or usage sites, and
leaching from TBP containing waste disposed in landfill sites or
aquatic environments [2]. Unaffected by natural photolysis and
hydrolysis, TBP is known to be very stable in soil and water.
Persistence of untreated TBP in natural environment can
cause environmental pollution. Even at low concentration of
4.2-18 mg |*, TBP can present acute toxicity hazard to
organisms in freshwater [3]. In humans, penetration of TBP
causes irritation of skin and mucous membranes. Animal
studies have also shown toxic effects of TBP [4].

Chemical degradation, incineration or immobilisation
methods have been considered for treatment and disposal of
TBP bearing radioactive wastes [5]. The conventional physico-
chemical processes prove uneconomical when TBP
concentrations are low and high volumes of waste are
encountered [6]. Moreover, these methods either do not
completely destroy the compound or merely convert it to other
form of contaminant(s) thereby causing secondary pollution. In
such scenario microbial degradation of TBP is considered
feasible alternative for detoxification. Unlike traditional
methods, microbial degradation is relatively simple not
requiring harsh or complex conditions.

A TBP degrading bacterial strain was isolated from the
TBP storage tanks at RSMS site, BARC and after identification
and characterization named as Sphingobium sp. RSMS (RSMS
Strain) [7]. Here we discuss the TBP degradation efficiency of
RSMS strain and development of processes for scale up of TBP
degradation from laboratory scale to 30 L and further to 205 L
volumes.

Media, Growth Conditions and Measurement of TBP
Degradation

Sphingobium sp. RSMS strain (RSMS strain) was grown
either in Luria-Bertani medium (LB) or modified mineral
medium (MMM) supplemented with 25-100 mM 3-(N-
Morpholino)-propanesulfonic acid (MOPS) as a buffer [7]. The
cultures were grown with aeration (160 rpm) at 30°C. For TBP
degradation experiments, glucose and phosphate source was
omitted and TBP was used as the sole source of carbon and
phosphorous. The TBP is partially soluble in the aqueous
media. The TBP concentrations mentioned in this article are
equivalent concentrations when dissolved. The final product of
TBP biodegradation, inorganic phosphate (Pi), was monitored
by phosphomolybdic acid method for estimating TBP
degradation as per published protocol [7,8]. For growth

Fig.1: TBP degradation by RSMS strain. Bacterial culture was spotted on
(a) Luria Bertani Agar medium and (b) MMM agar plates, supplemented
with 10 mM TBP. The zone of clearance was recorded after 1 week of
incubation (Source: Rangu SS etal., 2014. Fig.1).
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measurement, 20 ml to 40 ml of culture was centrifuged at
5000 rpm (4470 x g) for 10 min, washed twice with equal
volume of MMM and the pellet was resuspended in equal
volume of MMM. Cell density was measured at 600 nm using a
spectrophotometer.

Results and Discussion

Ideally a TBP degrading microorganism should
mineralise TBP by using it as the sole source of carbon and
phosphorus and degrade high amounts of TBP. As compared to
mixed cultures where relative fitness of microbes and growth
dynamics make scale up complex, having a pure isolate can
simplify the process. The microbes or consortia reported in
literature are unlikely to have any practical application as they
could degrade only 1-3 mM TBP. [1,9]. In this context
Sphingobium sp. RSMS a bacterium isolated from storage
tanks at RSMS site BARC was evaluated for its TBP degrading
potential.

Degradation of TBP by RSMS Strain in Solid and Liquid
Medium

RSMS strain was shown to degrade 10 mM TBP on solid
medium as evident from the zone of clearance around the
grown spot (Fig.1). In liquid medium RSMS strain could
degrade 30 mM TBP in 3 days. The strain utilized TBP as sole
source of carbon and phosphorous for its own growth. TBP at
10 to 400 uM concentration is known to inhibit cell division in
most bacteria. In contrast, the RSMS strain was demonstrated
to tolerate ~100 mM TBP when supplemented in solid LB agar
media.

TBP Degradation at 30 L Scale

Survey of literature shows very few processes developed
for the bio-degradation of TBP. A process reported by
Nancharaiah et al., 2015, could degrade 2 mM TBP in 5 h [9].
Two process patents (USA) filed, show 0.6-0.7 mM TBP
degradation in 10-30 days using Acinetobacter sp. ATCC
55587 while a non-sulphur purple photosynthetic bacterium
degraded around 1.6 mM TBP in 3 weeks [10, 11]. As RSMS
strain showed excellent TBP degradation at lab-scale, we
attempted to develop processes at larger scales using this
strain. For scale up of TBP degradation to 30 litres, a fermenter
(SU1) made of a stainless-steel vessel with height-to-diameter
ratio of 3.2 and with multiple ports on the top was used (Fig. 3).
It had an agitator shaft connected to a top driven motor
(0.75 hp) and fitted with 3 six-bladed Rushton turbine
impellers. Different probes were inserted into the vessel for
monitoring pH, DO (dissolved oxygen) and temperature. SU1
fermenter was always maintained in sterile conditions. 400 ml
of overnight grown RSMS culture was added to the SU1

6 r 35
F 30
k25

F 20

Growth (OD at 600nm)
TBP degradation (mM)

0 1 2 3 4 5
Days
Fig.2: TBP degradation by RSMS strain at 30 litre scale. The growth (A) in
terms of cell density (ODy,,,,) and degradation of TBP (m) in terms of Pi
release is depicted. (Source: Rangu etal., 2022. Fig. 2).
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Fig.3: Pictorial depiction of 30 L fermenter (SU1) and 205 L (SU2) fermenter used in the study. (Source: Rangu et al., 2022. Modified Fig. 1).

Table 1: Various parameters of 30 mM TBP degradation at 30 litre scale.

Dissolved
oxygen (%)

Description

Inoculation 200
TBP added 100 150
Day 1 for TBP

degradation 100 150
Day 2 for TBP

degradation 100 150
Day 3 for.TBP 100 150
degradation

Day 4 for.TBP 100 150
degradation

fermenter containing 30 litres of sterile MMM supplemented
with 0.5 % glucose and 2 mM inorganic phosphate using a
peristaltic pump. Following conditions were maintained for 20
h of growth period- Agitator speed: 200 rpm; Fermenter
temperature: 30°C; Dissolved oxygen: 100 %; Aeration: 10 L
min-". After 20 h of growth, TBP was added to a final
concentration of 10, 20 or 30 mM. The growth was continued
with a reduced agitator speed of 150 rpm. The pH of the culture
was monitored and adjusted to about 7-7.5, if required, by
adding NaOH.

The almost complete degradation of 10 mM and 20 mM
of TBP was achieved in 30 and 54 hours respectively. In case of
30 mM TBP, a steady rate of TBP degradation was observed
over a period of 3 days. After 3 days, ~28 mM of TBP was
degraded, which was ~93 % of that seen at laboratory scale. No
further degradation of TBP (Fig. 2) was observed. The RSMS
strain showed growth as a function of TBP degradation,
suggesting utilization of TBP as the source of carbon. Table 1
summarizes the progress of TBP degradation as well as the
various parameters used in the standardised experiment.
During the growth, a decrease in the pH of the medium to 6.0-
6.5 was observed. The pH was adjusted to 7-7.5 by addition of
NaOH. The reduction in pH could be attributed to the release of
Pidue to TBP degradation.

TBP Degradation at 205 L Scale

After successful scale up at 30 litre, further scale up of
the process to 205 litre volume was carried out in a fermenter

Adjusted pH | TBPdegradation Growth

(ODgoonm)
7.5 (+) 0.1 NA 0.06 (+) 0.01
7.5(%)0.1 Nil 3.2 (+) 0.35
7.5(%)0.1 10.2 (£) 0.3 4.5 () 0.30
7.5(+)0.1 203(+)0.8  5.0(+)0.56
7.5(%) 0.1 28 () 0.45 3.5 (%) 0.05
ND 28.7 (+) 0.2 3.61 () 0.11

vessel (SU2) with 1 m height and 0.6 m diameter (Fig. 3). It had
three impellers mounted on a single shaft. Agitator shaft was
fitted with 3 six-bladed Rushton turbine impellers and
connected to a top driven motor. SU2 fermenter had a single
open window at the top for the addition of inoculum and
reagents. Air was injected from the bottom at the centre of the
fermenter. In SU2 probes were not available for monitoring pH,
DO, temperate or pressure. To achieve proper mixing, the
impeller tip speed was kept the same as in 30 litre reactor.
Changes in the fluid dynamics are an important consideration
as a process is scaled up. To determine the optimum operating
parameters to rule out non-idealities and to visualise the flow
patterns, computational fluid dynamics (CFD) modelling of the
process was carried out. The cut-section of the computational
domain used in CFD simulations, typical spatial variation of
velocity magnitude and the velocity vectors in a vertical central
plane and the path lines of the liquid in the stirred tank are
shownin Fig.4.

Freshly grown overnight culture (900 ml) was added to
SU1 fermenter containing 25 litres of sterile MMM
supplemented with 5 mM Pi and 1 % glucose. For this initial
culture build up, the conditions maintained were identical to
the 30-litre experiment. After 20 h of growth, 25 litres of the
culture was inoculated into SU2 fermenter containing 180
litres of non-sterile MMM supplemented with 30 mM TBP and
glucose. The following conditions were maintained during the
experiment (Agitator speed: variable between 44 rpm to 80
rom; aeration: 26 NI min-*, non-sterile). The process was
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(A) (B)

Fig.4: CFD simulation at 205 litre scale. A cut-section of the computational domain representing 205 litre stirred reactor used for CFD simulations (A).
Spatial variations of velocity magnitude, velocity vectors in a vertical central plane, path lines of the liquid in 205 litre stirred tank (B). (Source: Rangu et al.,

2022. Modified Fig. 2).
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Fig.5: TBP degradation by RSMS strain at 205 litre scale. MMM
supplemented with 30 mM TBP was used as medium. TBP degradation
(A) was estimated by measuring Pi by phosphomolybdate method. The
culture density (m) was measured spectrophotometrically at 600 nm
(ODgy0,)- (Source: Rangu etal., 2022. Fig. 4).

carried out at ambient temperature (24 to 27°C) under non-
sterile conditions. TBP degradation (as Pi release), growth of
the culture (OD,,.), temperature and pH were monitored over
a period of 20 days. The pH of the culture was adjusted to 7-7.5
by adding NaOH as necessary. Earlier attempt to achieve the
optimum cell density (ODy,,, ~3) by supplementing MMM with
glucose led to the contamination of the batch. As glucose is a
preferred carbon source for other microbes, non-sterile
conditions used would allow their growth. Some of the
contaminants were isolated and identified by 16S rDNA gene
sequencing (Table 2). Subsequently the process was run
without glucose supplementation in SU2.

In SU2 containing medium supplemented with only TBP
the degradation could be observed from 4" day onwards at a
steady rate up to 15" day. No increase in Pi levels was observed
after the 15" day. Between 4th to 15" day, an average TBP
degradation of ~1.68 mM/day was measured. Over 15 days, a
total of 21 mM TBP degradation was achieved, which was
approximately 70 % of the TBP degradation observed at
laboratory scale. The period of the active growth of the culture
coincided with the degradation of TBP (Fig. 5).

Increase in accumulation of bacterial mass during the
course of the experiment is shown in Fig. 5 & 6. A decrease in
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Fig.6: Growth of the Sphingobium sp. RSMS in 205 L tank. Left panel: The
colony forming units (cfu count) on Day O, 2, 8 and 15 respectively. Right
panel: A fixed volume of culture was taken from SU2 tank and centrifuged
to obtain the cell pellet.

pH each day from the fourth day onwards was observed and
this correlated with the release of Pi (Table 3). The pH of the
culture was maintained at 7-7.5 by adding NaOH. Details of the
conditions and parameters during the course of the
experimentis presented in Table 3.

As the 205-litre batch process was carried out under non-
sterile conditions and without regulation of the temperature, it
made the process less energy intensive and hence more
economical. In future, utilization of environmental waste or
industrial waste to generate biomass of RSMS strain, can be
explored to further economise the process. Recently, we have
assembled the complete genome sequence of this bacterium
[12] which will aid in identifying the genetic pathway of TBP bio-
degradation and in turn may open up the possibility of

Table 2: Contaminant strains identified in the 205 tank when glucose was
added along with TBP.

Strain identified

Percent identity

Paenibacillus sp. strain 99
n Paenibacillus xylanilyticus strain 93
“ Uncultured bacterium clone 069088 92
“ Pseudomonas sp. strain RP4 98
“ Uncultured gamma proteobacterium 83
“ Not identified No significant identity
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Table 3: Various parameters of TBP degradation at 205 litre scale.

Observed Aeration Observed
pH Temperature

26 24

metabolic engineering of the strain to further enhance its TBP
biodegradation efficiency.

Conclusion

TBP biodegradation processes reported earlier were
inefficient (degradation of 1-3 mM TBP). Sphingobium sp.
RSMS, a bacterium isolated from RSMS site BARC, showed
efficient degradation of TBP at lab scale (30 mM in 3 days). A
30 Lscale-up process was developed and optimised to achieve
28 mM TBP degradation in 3 days. Further scale-up to 205 L
volume was done and a more economic process was
developed. These processes are much more efficient than the
patented processes for TBP biodegradation.
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Immunomodulatory Property of ‘Gathuwan’ Rice
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Properties of an Indian Indigenous Rice
'‘Gathuwan’ and its Agronomic Improvement

Anjali Chauhan'®, Rahul Checker***, Deepak Sharma®®, Deepak Sharma* and B. K. Das™**
'Nuclear Agriculture & Biotechnology Division, Bhabha Atomic Research Centre, Trombay-400085, INDIA

Radiation Biology & Health Sciences Division, Bhabha Atomic Research Centre, Trombay-400085, INDIA

°*Homi Bhabha National Institute, Anushakti Nagar, Mumbai-400094, INDIA

ADepar‘[ment of Genetics and Plant Breeding, Indira Gandhi Krishi Vishwavidyalaya, Raipur-492012, Chhattisgarh, INDIA

Mutation breeding for agronomic trait
improvement of Gathuwan

ABSTRACT

The global scenario of current and potential challenges in the management of health and
diseases necessitates exploration and utilization of genetic diversity in edible parts of
plants. Rice crop offers a vast diversity of grain morphology and composition resulting from
their evolution in specific conditions. Gathuwan, a native rice of Chhattisgarh, has locally
been useful for the management of rheumatic arthritis. However, lack of scientific base and
limiting agronomic traits have confined its cultivation and the value of this traditional rice
remains unrecognized. The study aims to establish its functional roles in human health and

improve its agronomic traits, as an approach towards valuation and conservation of such
geneticresources.

KEYWORDS: Immune-suppressive, Traditional rice, Gathuwan, Mutation breeding,
Metabolomics
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Introduction

The global challenges posed by increased burden of non-
communicable diseases, limitations associated with the
treatment of several disorders and sudden emergence of novel
health threats have accelerated the adoption of 'food as
medicine'. Rice is a major food crop with abundant diversity in
plant and grain characters and hence, grown and consumed
over wide geographical dimensions. Diversity in rice forms
suiting different purposes has also been acknowledged in
traditional medicine systems, including Indian Ayurveda.
These traditional rice landraces/ farmers' varieties have
acquired the specialty as a result of evolution over a long period
of time in particular agroclimatic conditions. They constitute
enriched genetic resources for bio-active compounds, which
help in achieving better state of health and genes for
resistance to biotic and abiotic stresses, thereby, serving as
valuable assets in breeding programmes. However, lack of
adequate scientific data supporting their biological effects has
been a major limitation in the wider recognition of their values.
Also, their non-sustenance in present times, is a result of
inferior yield related traits. Scientific validation of their
functional roles in human health, along with subtle changes
leading to improved agronomic traits, is an effective approach
to address both these concerns. Gathuwan, an indigenous rice
variety native to Chhattisgarh, is characterized by purple
pigmentation in culm, leaf margins and reddish colour husk of
bold type grains. This local landrace of rice has been
considered to be effective in treating rheumatism (T3 in
Hindi). However, its tall stature, spreading plant type, high
tendency to lodge at maturity and long maturity duration,
makes it agronomically undesirable. Hence, these limiting
traits needed to be improved along with a thorough evaluation
of its medicinal property.

Materials and Methods

80% Methanolic Gathuwan brown rice extract (BRE) was
used for functional studies and metabolomics.

A. Murine splenic lymphocytes were used for in vitro studies.
Lymphocyte activation was studied using fluorescently
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Fig.1: Effects of Gathuwan BRE on lymphocyte proliferation.

labelled antibodies, proliferation was studied by CFSE dye
dilution method and cytokine levels were estimated using
ELISA.

B. For Graft versus host disease (GvHD) induction,
immunocompromised Balb/c mice were injected with
lymphocytes from C57BL/6 mice. The donor cells were treated
with BRE for one group of GvHD mice. A subset of each GvHD
group were fed with brown rice on alternate days.

C. Nrf2 nuclear localization was studied using FITC labelled
anti-Nrf2 antibody and nuclear staining using Hoechst dye.

D. Metabolomics data was obtained using Ultra-high
performance liquid chromatography-tandem mass
spectrometry (UHPLC-MS/MS) and analysed using
Metaboanalyst 5.0.

E. Gathuwan paddy was mutagenised using 250 Gy gamma
rays, with an objective to identify mutants with improved plant
stature/maturity duration.

Results and Discussion

Rheumatoid arthritis (RA) is an autoimmune disorder,
which renders body susceptible to attack by its own immune
system. Self-reactive activated T cells infiltrate into the synovial
fluid around the joints and activate macrophages/fibroblasts,
turning them into tissue destroying effector cells[1]. The
cascade of events includes activation of T cells by self-
antigens presented by DCs, clonal expansion and pro-
inflammatory cytokine secretion. The current treatment
options suffer limitations such as variable responses among
patients, drug resistance, side effects of long-term
administration and thus, necessitating the use of safer
alternatives with more uniform outcomes.

Immune-suppressive effects of BRE on T cell proliferation
and functions

Gathuwan BRE decreased mitogen induced proliferation
of T -cells (Fig.1) and prevented secretion of IL-2, IL-4, IL.-6 and
IFN-y cytokines in a dose-dependent manner, and without
imposing any significant cytotoxicity.
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Fig.2: Effects of Gathuwan BRE on mortality in GvHD mice.

Invivo activity of Gathuwan BRE

GvHDmice model represents a suitable method for in
vivo assessment of immune-suppressive potential towards
allograft mediated immune attack. Immunocompromised
mice, when grafted with donor T-cells treated with Gathuwan
BRE, showed reduced mortality compared to mice receiving
untreated T cells (Fig.2).

Gathuwan BRE exerts its effects through Nrf2 signalling
pathway

Nrf2 signalling pathway is a critical regulator of cellular
redox homeostasis and inflammatory responses. [2].Nuclear
translocation of Nrf2 and expression of Nrf2 dependent genes
was found enhanced in treated lymphocytes (Fig.3). Nrf-2
dependence of the effects were further confirmed in Nrf2
knockout mice.

Metabolomic foundation of Gathuwan brown rice
activity

Metabolic features determines the function of grain or
other plant parts. Ultra-high performance liquid
chromatography-tandem mass spectrometry (UHPLC-MS/MS)
data of Gathuwan brown rice featured abundance of
pryridoxamines, phytosphingosines, benzofurans, cyclic
ketones and hydroxycinnamic acids (Fig.4). Among the many
compounds that are reported to exhibit immune-modulatory
or redox altering properties, more than half are known to affect
Nrf2 signalling pathway[3].

Control BRE (0.6mg/ml;1h) BRE (0.5mgiml;2h)

BRE (0.6mg/ml;4h)
B ...-
N .. . .

Fig.3: Nrf2 nuclear translocation induced by BRE.
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Fig.4: Nrf2 nuclear translocation induced by BRE.

Mutation breeding for improvement of plant stature
and/maturity duration

Mutation breeding is a highly sought technique, in
present times, to introduce novel mutations or improve few
delimiting traits in otherwise highly useful genetic
backgrounds. The Gathuwan parent plant attains 140-160 cm
height and flowers in 130-140 days. M2 generation of
Gathuwan was screened and mutants with either reduced
plant height (<110 cm) and/or early maturity (20-25 days
earlier than parent) were isolated, followed by homozygosity
testing in subsequent generations. Some of the isolated
mutants also showed changed grain type and/ husk colour.
Mutants have been advanced up to M6 generations. Six
mutants have been evaluated for their effects on induced
cytokine production by lymphocytes. Two of these mutants
have been observed to be promising in terms of bio-activity.

Conclusion

The study highlights the immune-suppressive potential
of Gathuwan brown rice along with the mechanistic and
biochemical basis and complements traditional knowledge.

Gathuwan
- (Parent)
AROS

Gathuwan (P) Gathuwan mutants

Fig.5: Mutation breeding for agronomic trait improvement of Gathuwan.
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Agronomic improvement without compromising the health
benefit will not only help its conservation and wider
recognition, but will promote more explorations of rice
germplasm.
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Improvement of Traditional Rice Landraces

Improvement and Revival of Traditional Rice
Landraces through Radiation Induced
Mutation Breeding
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Comparative field view of Trombay
Chhattisgarh Vishnubhog Mutant (TCVM)
along with parent Vishnubhog

ABSTRACT

Traditional rice landraces have several invaluable traits which could be utilized to develop high yielding,
climate resilient and nutritionally enriched commercial varieties. However, due to tall plant stature, late
maturity duration, susceptible to lodging, grain shattering habit, and low yield potential, these have been
marginalised and are at the verge of extinction. Mutation breeding offers simple, cost effective and efficient
way to improve one or two major undesirable traits without altering the unique characters of these landraces.
BARC, Mumbai and IGKYV, Raipur, have undertaken collaborative R&D work for improvement and revival of
these landraces through radiation induced mutation breeding. Over 10 years of continuous R&D work, ~100
rice landraces have been undertaken for improvement and many promising mutants have been developed.
So far 5 rice mutant varieties (viz. TCDM-1, Vikram-TCR, CG Jawaphool Trombay, TCVM and TCSM) have been
released and gazette notified by Government of India for commercial cultivation. Many high yielding and
promising mutants are in pipe line and being evaluated at state and national level multi-location trials. Large
scale seed production programme for wide dissemination have been undertaken. Ostensibly, this is one of
the world's largest comprehensive rice mutation breeding programme being carried out in India. Improved
mutant rice landraces/ varieties with high yielding potential are getting wider acceptability among the
marginal and conventional farmers and will result in better socio-economic conditions and bring back the
traditional wisdom of combating malnutrition and hunger on sustainable basis.

KEYWORDS: Rice landraces, Radiation induced mutation breeding, Mutant rice varieties,
Farmers’ varieties, and Food security
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Introduction

Rice is the most important food crop of the developing world
and the staple food of more than half of the world's population.
In developing countries alone, more than 3.3 billion people
depend on rice for more than 20% of their calories. However, to
maintain future global rice supplies many challenges must be
addressed, which primarily include high nutrient content,
better grain quality, tolerance to different stresses and
improved yield. The rice landraces or farmers' varieties are a
rich source of several valuable and useful genes viz. resistance
to biotic and abiotic stresses (drought, salinity, toxic heavy
metals, herbicides), rich in essential micronutrients, premium
grain-quality attributes (viz. aroma) and health benefits
(medicinal properties). It is a fact that traditional
landraces/farmers’ varieties (with aroma and unique grain-
quality attributes) have great export potential, fetching
premium price (Rs. 100-150 per kg). These landraces are
being marginalized due to their tall stature, which makes them
prone to lodging, late maturity that results in more inputs and
time management in field operations, photoperiod sensitivity,
grain shattering habit, open plant canopy, non-synchronous
maturity in grains of the same panicles, and ultimately poor
yield potential. Hence, these are not preferred by the farmers
for commercial cultivations (Fig.1). Moreover, due to
introduction of high-yielding varieties and hybrids, area of
cultivation of these landraces has been significantly reduced. It
is a matter of concern that many of these landraces are at the
verge of extinction from the farmers' field resulting severe loss
of rich rice biodiversity. Such problems need to be addressed
carefully in asustainable manner.

Rectification of undesirable traits by altering few major
genes may bring these landraces back into cultivation. This will
help to improve the yield potential of these varieties without
compromising the premium grain attributes. Conventional
plant breeding methods have not been very successful in
improving these landraces due to genome-wide recombination
and alteration in their premium grain quality traits. However,
mutation breeding has been used as a potential tool for
rectifying a few defects such as tall stature, late maturity etc.
while keeping the original unique quality of the landraces
intact/ unaltered and bringing them back into channel of
commercial cultivation (Fig.1). High yielding and improved rice
landraces will result in wider acceptability among the marginal
and conventional farmers, resulting better socio-economic
conditions and help to bring back the traditional wisdom of
combating malnutrition and hunger on sustainable basis. This

will also ascertain national food and nutritional security and
gainforeign exchange in the country through worldwide export.

Advantages of Mutation Breeding

Plant mutation breeding accelerates crop improvement
through creation of genetic mutations leading to genetic
diversity that facilitates selection from a large mutant
population. It is a powerful technique to improve one or two
major defects in rice landraces by maintaining their original
qualities and unique features. It doesn't make huge changes in
the genome of plant. It enhances the variability by making
minor, random and reversible changes in the genome which
allows plant breeders to make efficient selection in the
segregating mutant populations. Till date, ~ 3406 mutant
varieties in more than 228 crop species have been developed
through induced mutagenesis by different countries and
registered in the FAO/IAEA Mutant Variety Database (MVD),
International Atomic Energy Agency, Vienna, Austria database
(FAO/ I AEAMVYVY D, 2 02 3,
https://nucleus.iaea.org/sites/mvd/SitePages/Search.aspx)
which has made significantimpact in assuring global food and
nutritional security. Moreover, the developed mutant varieties
enhance the crop biodiversity and offers useful breeding
material for further crop improvement.

BARC-IGKV Collaboration for Improvement & Revival
of Traditional Rice Landraces through Radiation
Induced Mutation Breeding

Chhattisgarh state of India is endowed with more than
23,250 traditional rice landraces which have several valuable
and useful genes for yield and attributing traits, resistance
against biotic and abiotic stresses, resistant to herbicides,
nutritional properties, medicinal properties, carrying low heavy
metal accumulation, micronutrient enrichments, premium
quality attributes (viz. aroma) and agronomic suitability etc.
These landraces were collected by Dr. R.H. Richharia, a
renowned rice breeder in the World during 1970 to 1985 from
Chhattisgarh (then Madhya Pradesh) and nearby districts. All
these traditional varieties are huge treasures which have
unique qualities which are not present in high yielding and
hybrid varieties. Mutation breeding is the only option to
improve and revive these traditional varieties. Currently, these
landraces are being conserved and maintained by Indira
Gandhi Krishi Vishwavidyalaya (IGKV), Raipur (C.G.) accounting
the largest collection in India and second largest collection in
the world after International Rice Research Institute, Manila,
Philippines. However, these landraces are not under the

e Landraces ?

Mutation Breeding 4

Main Defects

\
1. Tall Plant Height "h
= (150-160 cm)
> Weak Stem
= Prone to lodging

(150-170 days) {

Why to Improve the Traditional Ric

2. Late Maturity _7 "'

-
Improvement &
Revival of
Traditional Rice
Landraces

Utilization of Rice
Landraces for
Varietal
Development

Exploring the
Potential of
Mutagenesis for
Crop

Grain gquality and other
unigue features are
similar to original

parent

Improvement

=  Early to Mid Early

e (110-130 days) C_onse.rvz_illun _of
P i rice biodiversity
» Plant height (100- 3

" by returning the

115 cm)- Lodging : 5 ;
resistance mproved version

to farmers
Peaceful
- Application of

Radiation
Techniques

Fig.1: Problems associated with rice landraces and improvement through mutation breeding.

November-December 2024 BARC newsletter 83



Research & Development in BioScience

Table 1: Current Status of Rice Landraces Improvement Program under BARC-IGKV joint collaboration.

No. of landraces undertaken for improvement
till date

Rice Mutants Released and Notified by
Govt. of India

Rice mutant identified by UVIC for release
National AICRIP (MLT) Trials (2023)
National AICRIP (MLT) Trials (2022)
State Multi-Location Trials (2023)

State Multi-Location Trials (2022)

Station Trials (2023) of
Stable Mutants (M8 & above)

Special type mutants (Kharif 2023)

Other agronomic superior mutants (Kharif 2023)

Hybridization b/w Mutants & Parents for
developing mapping populations & molecular
studies

M1 population (Kharif 2022)

[y
w

M2 Population (Kharif 2022)
M3 Population (Kharif 2023)
M4 population (Kharif 2023)
M5 population (Kharif 2023)

M6 population (Kharif 2023)

Pl =] = - | = ~ w| N
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M7 population (Kharif 2023)

cultivation in farmers'field due to their pooryield potential, late
maturity duration and tall plant stature. Therefore, these are
almost at the verge of extinction from the farmers' field. To
utilize these available genetic resources of rice for the societal
benefits, IGKV, Raipur and BARC, Mumbai, have undertaken
collaborative R&D work for improvement and revival of
traditional rice landraces through radiation induced mutation
breeding since 2013.

Current Status and Achievements under BARC-IGKV
Collaboration

Our collaborative R&D work initially focused on
evaluating and characterizing ~300 popular and traditional
rice landraces with unique properties, which could be suitable
candidates for improvement through radiation-induced

Mutant Population/ Generation Number of Mutants/ Entries

100

1
5 in the background of 4 landraces

6 in the background of 5 rice landraces

8 in the background of 7 landraces
8 in the background of 7 rice landraces

33 mutants in the background of 30rice landraces

24 in the background of 12 landraces

49 in the background of 21 landraces

>50 crosses

13 M1 population in the background of 9 landraces

33 M2 population in the background of 29 rice landraces
116 lines in the background of 14 landraces

1 mutant line in the background of 1 landrace

108 mutant lines in the background of 24 landraces

56 mutant lines in the background of 3 landraces

63 mutant lines in the background of 13 landraces

mutation breeding. After 10 years of continuous and
systematic breeding efforts, ~100 rice landraces have been
undertaken forimprovement using radiation-induced mutation
breeding. These mutants, which may have agronomic or
academic significance, are at different developmental stages
and are maintained in a huge rice mutant repository (Table 1).
More than 80 advanced agronomically superior mutantlinesin
the background of 50 landraces have already been stabilized
and are in final stages of station trials. 24 unique mutant lines
such as extremely dwarf, high tillering, male sterile, red kernel,
disease resistant mutants have been developed, which can be
used as potential donor for future rice breeding programs. In
view of quantum of rice mutation breeding work being carried
out by BARC and IGKYV, this collaborative effort is envisaged as
the world's largest comprehensive radiation-induced mutation
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Fig.2(a): Rice mutants released under BARC-IGKV collaboration.
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Fig.2(b): Mutant Rice Varieites (released under BARC-IGKV collaboration) at

FAO/ IAEA Mutant Variety Database
(https://nucleus.iaea.org/sites/mvd/SitePages/Search.aspx)
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A

1. Trombay Chhattisgarh
Til Kormel Mutant (TCTM)

2. Trombay Chhattisgarh
Bhata Mahsuri Mutant (TCBM)

3. Trombay Chhattisgarh
Luchai Mutant (TCLM)

Fig.3: Rice mutants in pipeline of release under BARC-IGKV
collaboration.

breeding program for improvement and revival of traditional
rice varieties/landraces. It is worth to note that under this joint
collaborative effort, five rice mutant varieties viz.(1)Trombay
Chhattisgarh Dubraj Mutant-1 (TCDM-1), (2) Vikram-Trombay
Chhattisgarh Rice (Vikram-TCR), (3) CG Jawaphool Trombay
(CGJT), (4)Trombay Chhattisgarh Vishnubhog Mutant (TCVM)
and (5) Trombay Chhattisgarh Sonagathi Mutant (TCSM) All
these have been released and notified for commercial
cultivation by Government of India (Fig.2(a)). All the 5 rice
mutant varieites have been registered under the FAO/ IAEA
Mutant Variety Database
(https://nucleus.iaea.org/sites/mvd/SitePages/Search.aspx)
(Fig.2(b)). In addition, three mutant lines viz., Trombay
Chhattisgarh Til Kormel Mutant (TCTM), Bauna Luchai-CTLM
(Chhattisgarh Trombay Luchai Mutant) and Trombay
Chhattisgarh Bhata Mahsuri Mutant (TCBM) have been
developed. These lines are being evaluated in state and
national multi-location trials and are in pipeline for
identification and release (Fig.3).

Fig.4: Comparative field view of TCDM-1 along with parent Mai Dubraj.

Brief Description of the Released and Notified Mutant
Rice Varieties

TCDM-1

It is the first successful dwarf and high yielding mutant
derived from the rice landrace Mai Dubraj parent (Mai Dubraj is
very popular rice landraces of Chhattisgarh state and famous
as 'Basmati of Chhattisgarh'). It has fine aromatic grains.
TCDM-1 has -39.74% reduced plant height and -15.71%
reduced maturity duration as compared to Mai Dubraj whereas
it has 53.13% higher yield potential over the parent (Table 2;
Fig. 4). The average yield of TCDM-1is 45 g/ha whereas its
potential yield is about 55 g/ha. Most of the farmers prefer to
grow the mutant variety TCDM-1 developed from Mai Dubraj.
This variety was notified by Govt. of India [vide S.0. 1498(E),
Gazette of India No. 1326, dated 02 April 2019 for commercial
cultivation].

Vikram-TCR

It was developed from Safri-17, a traditional rice variety
from central Chhattisgarh, India. Safri-17 is very popular for

Table 2: Percentage change in flowering duration, plant height and grain yield of released rice mutant varieties over the original parent landraces.

Percentage
reduction in Days
to 50% Flowering

Days to 50%

Name of Genotypes {(Iig\;v;ring (%)over .
corresponding
parent

1. Mai Dubraj(Parent) 121

2. TCDM-1 102 -15.70
3. Safri-17(Parent) 110

4, Vikram TCR 84 -23.63
5. Jawaphool (Parent) 123

6. %O?T;;gyapmo' 114 7.31
7. Sonagathi (Parent) 118

8. TCSM 107 -9.32
9. Vishnubhog (Parent) 115

UF  TCVM 94 -18.26

Percetage
Percetage increase in Yield
Plant ret!uctlon inplant | G0 Yield | overParent
Height (cm) | height(%)over | (o/pq) (%)over
corresponding corresponding
parent parent
171.11 3236.11
103.11 -39.74 4955.56 53.13
195.11 3594.44
109.67 -43.79 5555.56 54.56
154.11 3058.33
125.89 -18.31 4080.78 33.43
121.56 4327.78
117.22 -3.57 6305.56 45.70
152.56 2783.22
114.44 -24.98 4312.44 54.94
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Fig.5: Comparative field view of Vikram-TCR (R) along with parent Safri-
17(L).

long slender grains, drought tolerance ability and good puffed
rice making quality. Vikram-TCR has all these traits along with
dwarf stature, early maturity habit and high yield potential. It
has 54.56% higher yield, -43.79% reduced plant height and -
23.64% reduced maturity duration over the corresponding
parent, Safri-17 (Table 2; Fig.5). Vikram-TCR name was given in
the honor of Professor Vikram Sarabhai (former Chairman,
Atomic Energy Commission, Government of India) to
commemorate his birth centenary year 2019-2020. This
variety was notified for commercial cultivation [vide S.O.
500(E), Gazette of India No. 456, dated on 02-February-2021].
The average yield of Vikram-TCR is 60-65 g/ ha whereas its
yield potential is up to75qg/ha with drought tolerance and
excellent puffed rice (murmura) making quality. This variety
has been widely cultivated by the farmers in Chhattisgarh and
adjoining states.

CG Jawaphool Trombay (CGJT)

It has aromatic short slender grains with semi-dwarf
stature and mid late maturity duration. It has very good grain
quality and Kheer making quality. It has 33.43% higher yield
potential, -18.35% reduced plant height and -7.31% reduced
maturity duration over the corresponding parent, Jawaphool
(Table 2; Fig.6), a very popular aromatic short grain variety in
Chhattisgarh. CG Jawaphool Trombay has yield potential of 40-
45 g/ ha; and has been notified for commercial cultivation
[vide S.0. 500 (E), Gazette of India No. 456, dated 02-
February-2021].

Trombay Chhattisgarh Vishnubhog Mutant (TCVM)

This is the improved mutant variety of a popular
traditional rice variety Vishnubhog of Chhattisgarh. It has
aromatic short grains (similar to Vishnubhog), semi-dwarf
stature (110-115 cm), and medium maturity duration (120-
125 days). Plant height and maturity duration of TCVM has
been reduced by -24.98% and -18.26%, respectively. Grain
yield potential (40-45 g/ha) of TCVM has been increased by

Y

Fig.7: Comparative field view of Trombay Chhattisgarh Vishnubhog
Mutant (TCVM) along with parent Vishnubhog.
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Fig.6: Comparative field view of CG Jawaphool Trombay (L) along with
parent Jawaphool (R).

~54.94% as compare to parent (27-30 g/ha) which made this
variety more preferable (Table 2; Fig.7). It has high head rice
recovery (61%) and intermediate amylose (25%) content which
indicated the excellent grain quality of the mutants.
Furthermore, it becomes very soft after cooking indicating its
good cooking quality. This variety is suitable as steam rice as
well as for Kheer making purpose. This has been notified for
commercial cultivation [vide S.0. 8(E), Gazette of India No. 8,
dated 03-January-2022].

Trombay Chhattisgarh Sonagathi Mutant (TCSM)

This is an improved mutant variety of a popular
traditional rice variety Sonagathi of Chhattisgarh. This mutant
has very high yield potential (60-65 g/ha) which is comparable
to yield potential of a hybrid rice variety. It has semi-dwarf plant
stature (110-115 cm) and late maturity duration (135-140
days). Its maturity duration has been reduced by -9.32% (10-15
days) days and grain yield has been increased by 45.70% over
the parental Sonagathi (Table 2; Fig. 8). TCSM plant type is
similar to most popular rice variety Swarna and has potential to
replace it. It is resistant to lodging and shattering and has dark
green and erect leaves and good culm strength. Grain type is
medium bold having dark straw-colored hull and brown spots
on husk. Moreover, it has high head rice recovery (56 %) and
intermediate amylose (22 %) content which indicated the
excellent grain quality of the mutants. This has been notified for
commercial cultivation [vide S.0.8(E), Gazette of India No. 8,
dated 03-January-2022].

Large-scale Seed Production & Popularization of
Mutant Rice Varieties among the Farmers

In addition to the development of rice mutants, both the
institutions are also working for wider dissemination through
demonstration of released rice mutant varieties at farmers'
field. During Kharif season 2022, mini kit seeds of TCDM-1,
Vikram-TCR, CG Jawaphool Trombay, Trombay Chhattisgarh
Vishnubhog Mutant (TCVM) and Trombay Chhattisgarh

Fig.8: Comparative field view of Trombay Chhattisgarh Sonagathi Mutant
(TCSM) along with parent Sonagathi.
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W Staff Reporter
RAIPUR, Aps 25

THE fragrance of mutant vari-
eties of aromatic paddy devel-
oped by Indira Gandhi Krishi
Vishwavidyalaya  (IGKV)
Raipur in association with
Bhabha Atomic Rescarch
Center (BARC) willsoonspread
inagriculturalfield across Stare.

During a workshop on
‘Popularization of Rice Mutant
Varieties throug] ced
distribution for Betterment of
Farmersof Chhartisgarh' joint:
Iy hosted by the universityand
BARC recently, Agriculture
Production Commissioner Dr
Kamalpreet Singh had distrib.
uted five new mutant varieties
of aromatic paddy developed

Agriculture Production Commissioner Dr Kamalpreet Singh alang
wimflGKV Vice Chancellor Dr Girish Chandel handed aver the seeds
to a farmer,

Improved mutant variety of seeds distributed

Chancellor D Girish Chandel
anddirector of BARC Dr Tapan
Kumar was present as special
invitee. Addressing the pro-
gramme, Dr Chandel said that
thousands of varieties of
paddy are found in separate
areas across Chhattisgarh and
these are popular for their
special features like aroma,
medicinal properties and oth-
ers. IGKV has stored the
germplasmaround 23,250such
Varicties of paddy.

The head of Department of
Genetics and Plant Breeding
Dr Deepak Sharma gave
about the

Mutant and Trombay
Chhattisgarh Sonagathi
These i di

by IGKV along with BARC
among the progressive farm-
ers fromseparate districts. The
mutant varieties are Trombay

tributed among progressive
farmers, who recently attend-

a programme in the uni-
wersity on April 23, Callingupon

state government will extend

project and also informed that
under this project, the works

every possibl t g
farmers he cultiva- ingon 300 traditional varieties
tion of aromatic varieties of  of Chhattisgarh. The pro-

paddy. On the occasion, the
‘Commissioner extended greet-
ings 1o the scientists of IGKV

gramme was attended by the
university's Registrar G K
Nirmam, Director {research)

Dr P K Chandrakar, Director
(extension) Dr R K Bajpai, Holy
of BARCDrP KMukherjec, and
others were present.

Chhattisgarh Dubraj Mutant- the farmers to step ahead in
1, Vikram TCR, Chhattisgarh production of aromatic vari-
lawaphool Mutant, Trombay eties  of  paddy the
Chhattisgarh  Vishnubhog Commissioner said that the

forsuccessfullydevelopingthe
muiantvarieties of pacdy. The
programme was presided over
by the university’s Vice

Fig.9: Front Line Demonstrations and organization of Field Days & distribution of mini-seed Kits for popularization of mutant varieties.

Table 3: Seed production (in q) of Mutant Varieties during Kharif-2022.

Year of Seed Kit Breeder Seed
Notification | Distribution production
il TCDM-1 2019 May-2019 27.00
& Apr-2022
Vikram TCR 2021 May-2019 39.00
& Apr-2022
CaIT 2021 Apr-2022 6.60
n TCVM 2022 Apr-2022 4.60
TCSM 2022 Apr-2022 5.25

Sonagathi Mutant (TCSM) were distributed to more than 200
farmers of Chhattisgarh and nearby states. During preceding
year (Kharif season 2021), mini-kit seeds of TCDM-1, Vikram-
TCR, TCVM and TCSM were distributed to the farmers of
Chhattisgarh, Uttar Pradesh and Maharashtra. Interestingly, all
the farmers were happy to grow those mutant varieties and
recorded an average yield 46 g/ha for TCDM-1 and 65 g/ha for
Vikram-TCR. Workshops-cum-Field demonstrations and Field
Days of mutant varieties are being organized every year for
popularization of released rice mutant varieties among the
farmers and also by distributing them mini kits of seeds (Fig.9).
Furthermore, hand ready pamphlets on cultivation practices
and unique features of mutants are also published and being
distributed among the farmers for their convenience.
Moreover, print media are also used for popularization of rice

Foundation Seed
production

Truthful Seed
production

303.11 92.00 This is the 1st mutant variety
developed through collaborative
R&D work
462.60 15805.00 The variety is spreading fast
among the farmers and may
cover 14-15 % rice area in coming
2 years
132.00 For popularisation, seed kit
distribution and Kisan Mela(s) will
= 145.00 be taken up in coming years along
- 210.00 with Frontline Demonstrations

mutants. Many local and national print media covered the
miracle of radiation techniques for development of rice
varieties. With the help of these activities, huge numbers of
farmers are benefitted and mutants are popularized among
the farmers in short period of time. All the 5 rice mutant
varieties are in National seed Chain(www.seednet.gov.in). The
breeder seed indent for Kharif-2024 is as follows: Vikram TCR
(45.05q), TCDM-1(25.00q), TCVM (21.00 q), CGJT (12.00q) &
TCSM (1.00 q). These new varieties account for ~3.15% of total
National seed indent; which is a good indication. Year after
year, the Breeders seed indent is increasing and much more
quantity of seeds are being produced and disseminated
through BARC-IGKYV collaboration. Looking at the huge demand
from the State Seed Corporations (through Govt. of India
national indent) and the farmers, in Kharif-2022, large scale

Fig.10: Field view of large scale breeder seed production of Vikram TCR & TCVM.
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seed production (Breeders Seed, Foundation Seed, Truthful
Seed) of mutant varieties were taken up (Table-2, Fig.10).
During the Kharif- 2022, Vikram-TCR was cultivated in more
than 1000 ha area of Chhattisgarh state. On the basis of
breeders' seed dissemination (Breeder Seed-to-Foundation
Seed-to-Certified Seed-to-Farmers Field), it is estimated that,
Vikram TCR' (mutant of Safri-17 rice landrace) may occupy
~14-15% of rice area in Chhattisgarh state within 2 years.
Within 4-5 years, this variety (due to its high yield potential,
lodging resistance, good grain quality, resistance to major
diseases) may replace MTU-1010 (a mega variety occupying
~30%rice area).

Future Road Map & Molecular Mapping/Molecular
Insights of Mutant Traits & Validation of Therapeutic
Properties of Medicinal Rice Landraces/Varieties

Rice mutation breeding is being practiced all over the
world. However, BARC-IGKV collaboration has given a new
dimension in improvement of traditional rice
landraces/farmer's varieties increasing rice biodiversity using
radiation induced mutation breeding. Our efforts have helped
to generate large number of mutant reservoirs which will be
tested and released for commercial cultivation in future. In
addition to this, identification and mapping of causal
mutations in the genome through advanced genomic
approaches viz. RNA sequencing and MutMap is also being
carried out. During Kharif season 2021, RNA sequencing of a
dwarf and high tillering mutant (Samundchini mutant S-49) of
Samundchini landrace along with corresponding parent and
TRR-4 & corresponding parent Mai Dubraj were performed to
identify the differentially expressed genes and to define the
causal mutations. Furthermore, large numbers of crosses
(~50) were attempted between mutants and corresponding
parents to generate F2& F2:3 mapping population for MutMap
studies. These populations will be used for MutMap studies in
future to map the mutant loci and to find out the causal
mutation. Also, genomic similarity study based on SSR and
SNP markers are also being studied to confirm the trueness of
mutants. Till now major focus were given for improvement in
grain yield potential by reducing their height and maturity
duration. Many dimensions are there to go with. Therefore,
both the institutions will soon start the mutation breeding for
developing disease resistant mutants, biofortified mutants,
mutants with medicinal values and climate resilient varieties.
Scientific validation of medicinal properties of a few traditional
rice varieties has been undertaken. Studies on ‘Gathuwan’ and
‘Layacha’ on animal models have been carried out (and
published in peer reviewed journals). Further clinical trials in
patients will be undertaken.

Conclusion

With this huge quantum of research work carried out
under BARC-IGKV collaboration, it is worthwhile to mention
that at present, this is ostensibly one of the world's largest
active & comprehensive radiation-induced mutation breeding
program for the improvement and revival of traditional rice
landraces/farmers' varieties. The development of improved
rice mutant varieties will not only help for improvement of the
socio-economic conditions of the poor and marginal farmers
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who have been preserving these varieties since generations,
but also will bring back the traditional wisdom of combating
malnutrition and hunger on sustainable basis.
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Radiation Treated Indian Mangoes

s

R&D Innovations Leading to Cost-Effective
Sea-Route Shipment of Radiation Treated
Indian Mangoes
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ABSTRACT

India is the world's largest producer of mangoes, and Indian mangoes are being exported to
many countries. To overcome quarantine barrier of trade radiation processing of mangoes is
a pre-requisite for USA and other importing countries like Malaysia, Australia and South
Africa. Air route is currently the only way to export the mangoes due to the highly perishable
nature of the fruit. The high transportation costs and limitations in cargo capacity
associated with current export methods act as a barrier to Indian mango exports the
nation's ability to capture market share and generate export revenue within the global
market. The R&D efforts at FTD, BARC has resulted in the development of a protocol which
results in the shelf life extension of mangoes upto 25-30 days. This extended shelf life
facilitates cost-effective sea route transportation of mangoes to international markets,
enabling feasibility of larger trade volumes. A commercial trial shipment of 16 ton mangoes
to the USA through sea-route was performed in 2022, which successfully reached and were
Dipping of mangoes in food preservatives sold in the USA market, with excellent overall consumer acceptability. This completely
indigenous technology has the potential of boosting the trade of mango to distant overseas
market.

KEYWORDS: Delayed ripening, Gamma radiation, International trade, Dip-treatment
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Introduction

Mango (Mangifera indica L.), belonging to the Anacardiaceae
family, constitutes the most economically important fruit crop
cultivated in India, which is the world's leading producer of
mangoes, contributing approximately 45% of global
production, which translates to roughly 18.5 million tons
annually (Fig. 1a) [1]. Indian mangoes constitute the most
extensive collection of delectable cultivars, distinguished by a
remarkable diversity in flavour and aroma; due to which it holds
asignificant position in the global fruit market. Indian mangoes
are currently exported to a wide range of countries, including
the United States (the world's leading importer of fresh
mangoes), the European Union, Japan, South Korea, New
Zealand, Australia, and numerous nations in Asia and the
Middle East. Indian mango imports to the United States
resumed in 2007, after the gap of 18 years, contingent upon
irradiation treatment due to phytosanitary restrictions [2-3]. In
2023, India exported approximately 3000 metric tonnes of
irradiated mangoes through air route to the USA.

The break-up of costing (including irradiation and air-
freight) involved in trade of mangoes in US market is displayed
in Fig. 1b. Current practices in Indian mango export to the USA
necessitate air freight following mandatory radiation treatment
in accordance with USDA regulations. Since this involves high
transportation cost and also limitation in the air cargo capacity,
it has resulted in comparatively restricted market share of
Indian mangoes and therefore lesser export revenue.

Employing transportation of mango through sea-route
presents a compelling alternative, offering significant cost
reductions and enabling larger export volumes. This shift in

logistics has the potential to facilitate wider market coverage
within the USA and other countries. The current findings deal
with a successful commercial scale trial for sea-route shipment
of Indian mangoes to the USA conducted in 2022. The trial was
performed with a protocol developed at Food Technology
Division, BARC resulting in delayed ripening of mangoes and
therefore extended shelf life.

The hard green ‘Kesar’ mangoes were harvested from
the Agricultural Produce Export Development Authority
(APEDA) registered ‘Mangonet’ orchards [5-6]. Healthy,
blemish-free fruits weighing between 220-300 g and total
soluble solids ranging between 8 to 10° Brix indicating
maturity: 65-70% were selected for the study (Fig.2 a).
Desapping was performed for 3 hours and the stalk length of
the desapped fruit was between 1-1.5 cm. It was ensured that
the fruits are free of pest infestation, sap induced damage,
microbial contaminations and any mechanical injury. Fruits
with sap oozing out were selectively removed from the lot to
avoid sap induced external blackening on the fruit itself and
also on the adjoining fruits. Besides, fruits that showed lenticel
browning and sap induced blackening were selectively
screened out. After desapping, the fruits were subjected to
sodium hypochlorite treatment (200 ppm at 52°C for 3 min) in
a customized pack house. Following the hypochlorite dip the
fruits were subjected to water dip treatment containing
Generally Recognized As Safe (GRAS) preservatives at ambient
temperature for 3 min. This step, was developed based on R&D
done at Food Technology Division, Bhabha Atomic Research
Centre, Mumbai, India. After the dip treatment, fruits were air
dried prior to packing in foam-nets in a card-board box.
Complete removal of moisture was ensured at this stage,
without abrasive rubbing of fruits.

(a) Nigeria Others
18% 16.3%
Bangladesh \

1.9%

Brazil

(b) I CM
. A
|___Li=
. iC
. FC

B.5%

3.5%
T4%

48.2%

Fig.1: (a) Leading Mango producing countries; (b) Breakup of mango cost (approx.) sold in US markets (Source: Economic Research Survey: USA Federal
Agricultural Agency report). [FC: Farm Cost; IrC: Irradiation Cost; IC: Inspection Cost; AF: Air Freight; CM: Cost & margins in the USA market] [4].

Fig.2: (a) Figure showing hard mature mango fruits which are fit for processing; (b) Dipping of mangoes in GRAS preservatives.
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Fig.3: Process flowsheet describing steps for post-harvest processing of mango.

Fig.4: (a) Loading of mango boxes inside the shipping container (b) Reefer controlled atmosphere container (10°C) at NEWARK Port. (c) Sea-route shipped
mangoes sold at the US market (d) Box showing mangoes after ripening sold at market.

The mango fruits were placed in boxes and subjected to
gamma radiation treatment (minimum absorbed dosage of
400 Gy & maximum 1000 Gy) at a USDA-APHIS certified
Cobalt-60 gamma irradiation treatment facility [7]. Dosimetry
was performed as per the set guidelines [8-9].

After radiation treatment, the fruit boxes were palletized,
followed by pre-cooling at 10°C for 6 hours. This was required
before stuffing the fruits in reefer container for transportation
at 10 to 11°C and RH >85%. The reefer container was provided
with ethylene absorber at the return air vent, with air circulation
rate of 30 cubic meter/hour. For a controlled atmosphere (CA)
container the oxygen and carbon dioxide conc. were 4% and
6%, respectively. A process flow sheet has been described in
Fig. 3.

Results and Discussion

The current protocol developed at FTD; BARC has
resulted in delayed ripening of hard mature 'Kesar' mango.
Now, the shelf life of this delicate and quickly perishable mango

variety has been extended upto 25-30 days under regulated
cold storage. The extended shelf-life makes it feasible to export
sizable quantum of ‘Kesar’ mango through sea-route shipment
to distant shores like the USA, which takes approximately
20-30 days. Thus, 16 tons of ‘Kesar’ mangoes treated with
developed protocol were successfully shipped through sea-
route to USA (Fig. 4a, b). Upon arrival at US port, after regulatory
approvals by the USDA-APHIS (United States Department of
Agriculture-Animal and Plant Health Inspection Service),
USFDA (United States Food and Drug Administration) and
US-CBP (Custom and Border Protection Force), the shipment
was successfully sold in the USA market Fig. 4c, d).

Apart from trade volume, the cost of transport has
drastically reduced to 1/8" of the prevalent air fare of the
cargo. So, this technology is going to encourage a number of
small and medium mango farmers as well as traders for
partaking in international trade. Parallelly, Indian mangoes are
likely to see a major boost in the global market coverage in near
future. Apart from the economical aspect; this treatment also
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retains the nutritional values, organoleptic qualities (flavor and
taste), firm texture, desirable color and excellent overall
consumer acceptability of the mangoes upon ripening. This
technology is a typical example of self-reliance as the
technology is completely indigenous and has the potential of
boosting the trade of mango to distant destinations overseas.
Moreover, the GRAS chemicals used in the newly developed
protocol have also been approved by the USFDA, USDA-APHIS,
FSSAI (Food Safety and Standards Authority of India), CODEX,
and EU (European Union) as food additives.

Conclusion

The commercial shipment trial amounting to 16 tons of
Indian mangoes through sea-route was successfully
accomplished, and the mangoes after ripening retained their
overall consumer acceptability as well as the shipment was
successfully sold in the USA market. The technology for sea
route transportation will result in substantial cost reduction,
enable export of larger trade volumes, and capture wider
international market.
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ABSTRACT

The long-term extended preservation of onions is limited owing to key post-harvest issues including weight
loss, microbial spoilage, rotting and sprouting leading to overall losses ranging from 35-40%. Onions that
are kept in routine and traditional storage facilities are highly vulnerable to these spoilage issues. In this
context, technological intervention is a pre-requisite to address this issue of immense concern. As an
outcome of the R&D efforts at the Food Technology Division, a technology has been developed which
involves an integrated approach comprising of radiation processing (Dose: D,,, 60 Gy) and specific storage
conditions (0.2-0.5°C; RH: 65-68%; CO,: 8000-9000 ppm). This ensures that radiation processed onion
can be practically stored for 7.5 months with minimal weight loss (< 5%) and retention of quality attributes.
With this approach, large scale successful commercial trials to the tune of 1200 Ton were also recently
conducted ascertaining the significance of the developed approach. The quality attributes of onion were
retained during extended storage in the case of irradiated onions. Transcriptome analysis of non-irradiated
Weight loss profile in non-irradiated and and radiation processed onions showed that major down-regulated genes included the ones involved in
radiation treated onions during storage cell division, cell cycle, cellular growth, development, cell wall modulation, DNA replication, and repair in
radiation treated onion bulbs compared to non-irradiated onions. The current investigation serves as a
technological solution for onion preservation as well as provides a mechanism contributing to radiation
mediated sprouting inhibition.

(A) Untreated (B) Radiation treated

KEYWORDS: Onion, lonizing radiation, Sprouting inhibition, Gene expression, Transcriptome
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Introduction

Onion (Allium cepa) is a highly consumed agri-produce known
for its culinary as well as industrial applications [1]. As per the
recent data (2020-2021), the annual onion production in India
is around 26.91 million MT and Maharashtra is the leading
producer followed by Madhya Pradesh and other states (NHB,
2019). Onion crop harvested during the Rabi season accounts
for ~65% of the onion production (Tripathy et al., 2014). Its
proper storage thus becomes extremely important and
relevant to ensure the crop’s sustainability as well as
fluctuations in onion market price.

However, approx. 35-40% of the onion crop undergoes
losses during storage due to weight loss, microbial spoilage,
rotting, and sprouting (Laferriere et al., 1988). As per the recent
data by the Ministry of Consumer Affairs, Government of India,
every year onion crop to the tune of Rs. 11,000 Crore is lost due
to improper storage. Therefore, technological interventions
specifically in the onion sector are very much essential not only
in ensuring a sustained supply of quality produce during the
lean period but also in effectively controlling the price
stabilization to a greater extent.

To address the issues of sustained availability of quality
onions and stabilized market price as well as to establish
economic viability, a meticulously designed large-scale study
of the most commonly consumed ‘Rabi’ cultivar was conducted
in association with various agencies. Additionally, to unravel
the underlying molecular mechanism behind gamma
radiation-induced inhibition of sprouting and to provide further
molecular insights, transcriptome analysis of onion bulbs was
also comprehensively undertaken.

Materials and Methods
Radiation processing and storage

Commercial storage trials were done in multiple batches
such as 15 tons (2021), 30 tons (2022), 30 tons (2023), and
1200 tons (2023). Properly cured Rabi onion was procured,
packed in mesh bags and radiation processed (D,,, 60 Gy) at
KRUSHAK facility, Maharashtra. Dosimetry was done using a
standard Fricke dosimeter. Irradiated onions were transported
to multiple cold storage facilities including the newly

commissioned cold storage facility at KRUSHAK, Lasalgaon as
well as cold storage facility located at Shahapur, Maharashtra
(0.2-0.5°C, 65+1% RH) in customized wooden bins with air
gaps for proper ventilation.

Quality assessment

Periodically during storage, weight loss, texture (using a
Texture Analyzer), and color (using a colorimeter) of onion
samples was evaluated. The nutritional profiling of the onion
samples was also done as per the standard procedures (BIS,
1984; AOAC, 2001). The onions were also evaluated by the
trained panellist for the organoleptic quality attributes on a
9-point hedonic scale.

Transcriptome analysis

To understand the underlying mechanism of gamma
radiation induced sprout inhibition in onion bulbs,
transcriptome analysis was performed. This involved RNA
isolation, library preparation (concentration assessed through
qPCR), sequencing (Illumina NovaSeq 6000 was utilized for
Paired End Sequencing ) and bioinformatics analysis.
Alignment of filtered reads was done using Hisat 2 (version -
2.1) genome assembler onto the Allium sepa reference
genome GCA_000226075.1 Functional annotation clustering
was done using DAVID bioinformatics tool (Database for
Annotation, Visualization and Integrated Discovery, LHRI). GO
enrichment analysis was based on Uniport database and GO
terms were placed under molecular function, biological
process and cellular compartmentalization.

Results and Discussion

Storage of onion was done in customized cold storage
having standardized storage conditions including
temperature: 0.2-0.5°C; RH: 65-68%; CO,: 8000-9000 ppm.
Inside the chamber, onion were placed in wooden bins in
stacked manner with a provision for proper ventilation (Fig. 1).

Retention of nutrients & sensory attributes during the
storage of irradiated onion bulbs

The initial energy content of the irradiated and non-
irradiated bulbs varied from 49 to 58 kCal/100 g. In irradiated
samples, this did not appear to change significantly throughout

Fig.1: Long term storage of onion in specific cold storage.
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the course of storage. Changes in non-irradiated tubers were
negligible for the first ninety days; however, because of
substantial sprouting, these onion bulbs were unfit for both
consumption and nutritional quality evaluation.

The color and texture of radiation treated onion samples
remained better as compared to the untreated onion samples.
After storage for 7.5 months also, the taste and overall
acceptability of radiation treated samples remained
unaffected ascertaining the efficacy of radiation processing.
Besides, radiation treated bulbs retained their natural internal
and external colour over long term cold storage.

Radiation processing mediated sprouting inhibition in
onion

Onion has a diploid genome (2n=16), with a genome size
of ~16.4 GB. Radiation processing led to sprouting inhibition in
onion during storage (Fig. 2). Transcriptome analysis of gamma
irradiated and non-irradiated onion bulbs showed total 1194
differentially expressed genes, out of which 862 genes were
annotated. Among these, 515 genes showed down-regulation,
while 347 genes showed up-regulation of transcript levels in
irradiated onion bulbs (depicted as Fig. 3).

The major down-regulated genes were found to be
associated with cell division, cell cycle, cellular growth as well
as development, cell wall modulation, DNA replication and
repair in radiation treated onion bulbs. In the group of cell wall
modulation, expansin was maximally down-regulated and
pectinesterase was found to have 14 exons down-regulated.
Decrease in the expression of these enzymes indicated
possible compactness of the cell wall being manifested as
unchanged texture parameters in irradiated onions. Auxin

responsive family proteins were also found to be down-
regulated which included 37 genes with log2 FC of -1.5t0-2.8,
while ethylene responsive transcription factors were also
found to be down-regulated showing log2 FC of -1.6 to -2.8.
Dormancy break in onion bulbs is triggered through
modifications in cell wall structure, cellular division and growth
which occur through the action of these phytohormones
(Puccio et al., 2022). Therefore, down-regulation of their
responsive factors will result in dormancy progression, as was
observed in the case of irradiated onion bulbs. Interestingly,
abscisic acid (ABA) biosynthesis gene, zeaxanthin epoxidases
showed up-regulation (log2 FC: 3.4 to 4.7). It has been
reported earlier that abscisic acid may serve as a plant growth
promoter or inhibitor which depends upon the circumstances.
In general, it is known to inhibit growth prior to plant
establishment (Chope etal., 2012).

Transcriptome analysis shows that five chalcone
synthase exons have been up-regulated in the radiated bulb
[Chalcone synthase A: log2 FC 1.8 and Chalcone synthase B:
log2 FC 2.0]. Anthocyanin 5-aromatic acyltransferase was
found to be up-regulated (log2 FC:1.9) as compared to the non-
irradiated onions, indicating the retention of the color pigment
in the scales of onion, which was also observed in the color
analysis of the irradiated bulb samples. Another very important
enzyme lachrymatory factor synthase (LFS) was found to be up-
regulated in irradiated bulbs (log2 FC: 6.0). Since LFS is the
enzyme responsible for pungency of onions (Imai, 2002; Eady
etal., 2008; Silvaroli et al., 2017), as it is known to catalyse the
production of lachrymatory factor, propanethial S-oxide, from
1-propenyl sulphenic acid. Up-regulated LFS will provide
pungency to onions and their characteristic flavour.

Internal sprout from the
base plate

Absence of internal sprout in
irradiated onions

Fig.2: Development of internal sprouting in onion bulb (non-irradiated) and non-occurence in irradiated onion bulbs.

No. of DEGs
gg=s

® Lachrymatory factor synthase = Sulfotransferase and sulphate tranport

» Aquaporin ABA biosynthesis
® Flavonoid biosynthesis = Ethylene responsive factors
® Stress response = Calvin cycle

= Cell wall modulation
® DNA replication and repair

= Auxin responsive factors
u Cell division, cell cycle and cellular growth

(B) Radiation treated

(A) Untreated

I Marketable bulb (%)
Total loss (%)

0 Weight loss (%)

B Loss due to rotting (%

Fig.3: Functional classification of differentially expressed genes in
radiation processed onion bulbs as compared to the non-irradiated control

bulbs.

Fig.4: Weight loss profile in non-irradiated and radiation treated onions
during storage.
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Significant reduction in post-harvest storage loss was
noted in radiation treated onion

A substantial 28% loss was noticed in non-irradiated
onions, the radiation processed onions suffered a meagre ~4%
weight loss. Reduction in bulb weight is a direct consequence
of sprouting where, the growing sapling metabolizes the
nutrition stored in the scales and thereby resulting in
shrinkage. At the end of the storage, 41% of the untreated
onion was lost while 95% radiation treated onion was
marketable (Fig. 4). These findings ascertain the potential of
application of gamma radiation at commercial scale as a
sprout suppressantin onion during extended storage.

Loss of firmness of onion bulbs during long term cold
storage was improved upon radiation treatment

No significant variation in texture was noted between the
untreated control and the radiation treated bulbs immediately
after gamma radiation. However, after ninety days of storage,
the firmness of non-irradiated control onion decreased
noticeably as the control bulbs became 32.9% softer. On the
contrary, the loss of firm texture of the radiation treated bulbs
over the storage period was not pronounced, as 1.3 and 5.8 %
reduction in maximum force were recorded at ninety days and
two hundred and twenty-five days respectively with respect to
itsinitial day’s value.

Un-irradiated control onion suffered significant moisture
loss due to actively transpiring sprouts compared to
irradiated bulbs

As discussed above, loss of moisture together with
sprouting are the major causes of weight loss and texture
deterioration in the stored onion. The loss of moisture became
pronounced with progression of storage in both the non-
irradiated and irradiated samples. The RH at 65 (£ 2) % exerts
an inhibitory effect on the mold growth, especially Aspergillus
growth in the cold storage and, thus higher RH is not conducive
for bulk storage at industrial scale. Hence, the difference in
moisture content between the control and the radiated
samples arises gradually during storage due to indirect effect
caused by the differential physiological changes. Suppression
of sprouting being the most prominent effect of radiation, it
seems that the non-irradiated bulbs underwent dormancy
break at an earlier stage and the enhancement in growth could
be associated with higher rate of transpiration in the control
bulb.

Industrial relevance of integrated approach for long
term extended preservation

Overall, it appears that success of long-term storage of
onion bulb at large scale depends upon careful regulation of
interplay among humidity, temperature and radiation
treatment as each of these factors could affect weight loss,
dehydration, sprouting, rotting and fungal contamination in a
different way. Cold temperature is an essential storage
condition for prevention of rotting of bulb and reducing physical
water loss by evaporation. Low moisture is a prerequisite for
restricting fungal growth while it compromises with
evaporation. Additionally, during gradual warming of the cold-
stored non-irradiated onion prior to market released resulted in
profuse sprouting.

This problem was circumvented by introducing gamma
radiation at low dose, which was capable of complete sprout
inhibition during long-term low temperature storage as well as
during gradual warming of the stored commodity for selling in
the market at ambient temperature. Thus, the current large-
scale trials indicated that properly cured onions, if treated with
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gamma radiation at D,,: 60 Gy and storage at specific
condition (RH 65-68%, temp: 0.2-0.5°C) retain the quality
attributes with reasonably low post harvest loss ~ 6 % i.e., 2%
rotting & 4% weight loss to thrive over the lean period, leading
to price stabilization and its market availability throughout the

year.
Conclusion

Post-harvest storage spoilage in onions is quite
significant and technological interventions are a pre-requisite
to provide sustainable solutions to this challenging concern.
The current study provides credible evidence ascertaining the
efficacy of gamma radiation processing in ensuring extended
preservation of onions based upon various commercial trials
with multiple agencies. The outcome of this study provides a
substantial basis for the further widespread adoption and
implementation of an integrated approach involving radiation
technology for the extended preservation of onion with quality
retention leading to sustained supply and better commercial
gains duringthe lean period.
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o ‘n This study focuses on the insilico analysis of the Ammonium Transporter (AMT) gene family
7 ‘ | 2 in Pearl millet (Pennisetum glaucum). We explore the genetic basis of nitrogen uptake and
Lok "L utilization, harnessing bioinformatics to predict gene structures, functions, and

evolutionary relationships. Understanding about AMT genes in Pearl millet will serve as
novel information forimproving nitrogen use efficiency (NUE).
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Introduction

Nitrogen (N), a macronutrient for plant growth and
development, exists in the form of organic nitrogen,
ammonium (NH,"), or nitrate (NO,’) in soil [1]. Plants have
preference for NH,” over NO,” due to its direct assimilation into
amino acids within plant cells, thus maximizing nutrient uptake
efficiency [2]. However, excessive NH," absorption can be toxic
to plants, necessitating precise regulation of NH," uptake
systems to optimize NUE and prevent growth inhibition.
Ammonium transporters play a crucial role in NH,” uptake and
function as NH,” uniporters, NH,”/H"symporters, or NH,/H" co-
transporters [4]. Pearl millet is a resilient cereal crop and
widely grown in arid and semi-arid regions. Understanding and
optimizing NUE in this crop is essential for maximizing its
productivity and ensuring global food security [6].
Advancements in computational biology have assisted
molecular understanding of genes. An in silico analysis of the
AMT gene family was carried out to unravel the genetic basis of
ammonium transport in Pearl millet, paving the way for
experimental validation and utilization of AMT genes for
enhancing nitrogen use efficiency.

Materials and Methods

For identification of AMTs, the protein, genomic and
coding sequences were downloaded from the IPMGSC
(https://cegsb.icrisat.org/ipmgsc/). A Hidden Markov model
search was done to obtain ammonium transporter genes. To
confirm the candidate gene sequences, belonging to the AMT
gene family, the NCBI database and HMM-BLAST scores were
used. The theoretical molecular weight and isoelectric point of
AMT proteins were calculated using the EXPASy server [4]. The
grand average of hydropathicity (GRAVY) of all the identified
proteins was evaluated (www.gravy-calcul-ator.de/). The
predictions of the subcellular localization of AMT genes were
verified using Plant-mPloc online tool [4]. The gene structure of
the AMTs were determined using the Gene Structure Display
Server (https://gsds.gao-lab.org/). Furthermore, the TMHMM
server (https://services.healthtech.dtu.dk/services/ TMHMM-
2.0/) was used for the prediction of transmembrane helices in
AMT proteins. Secondary (http://vadar.wishartlab.com/) and
tertiary protein (https://swissmodel. expasy.org/) structure
was predicted and verified by the PROCHECK test
(www.ebi.ac.uk/thorntonsrv/databases/pdbsum/Generate.h
tml), and visualized using Pymol software [4]. The phylogenetic
analysis was done by ClustalW and MEGA-XI [4].

Individually, the physical locations of PEGAMTs were
obtained from the database of Pearl millet genome and then,
the map of the chromosome location of genes was constructed
through the MG2C software (http://mg2c.iask.
in/mg2c_v2.1/). Further, Ks and Ka substitution rates of the
paralogs genes were investigated
(https://bio.tools/kaks_calculator). Syntenic relationships of
the AMT genes in Poaceae were determined
(https://bat.infspire.org/circoletto). To predict cis-regulatory
elements on the promoter regions of PSAMTs, 2 kb upstream
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Fig.1: (a) Physicochemical properties of P. glaucum AMT proteins;
(b) Chromosomes of P. glaucum showing distribution of PSAMT genes.

genomic DNA sequences were submitted to the PlantCARE
(https://bioinformatics.psb.ugent.be/webtools/plantcare/ht
ml/) and visualized using TBtools [4].

Results and Discussion

Among plants, AMT gene was first recognized in
Arabidopsis thaliana [2]. In this study, a total of 8 AMT protein
sequences were identified and termed as PgAMTs. The
physiochemical features of AMT proteins include: chromosome
location, strand orientation, protein length, molecular weight
(MW), isoelectric point (pl), hydrophobicity prediction (GRAVY),
subcellular localization, and family categorization were
assessed (Fig.1(a)). The length, MW and pl of AMT proteins
ranged from 334 (PGAMT1.1) to 492 amino acids (PGAMT2.1),
35.45 (PSAMT1.1) to 51.85kD (PEAMT3.3) and 5.97
(PEAMT3.3) to 7.15 (PgAMT2.3) respectively. Subcellular
localization found that of PEAMTs were primarily located in the
cell membrane. Predictions about the hydrophobic nature of
the deduced amino acid sequences indicated that all the AMT
proteins exhibit polar characteristics. Chromosomal
distribution revealed that PEAMTs were located on
chromosome 1, 3, 6 and scaffold 2474 (Fig.1(b)). Notably,
structural analysis revealed the presence of introns in both the
AMT1 and AMT2 subfamilies (Fig.2(a)). The occurrence of
introns in the AMT1 subfamily has also been reported in
rapeseed [7]. Domain analysis revealed ubiquitous existence
of ammonium transporter domain identified in all the queried
proteins.

Motif analysis showed that the AMT1 and AMT2
subfamilies had variable motif compositions. Proteins within
the same subgroup has identical motif components signifies
that differences in the motifs can differentiate subgroups and
has evolutionary significance (Fig.2(b)).

Transmembrane domain analysis of PEAMTs indicated
the presence of 6-11 conserved transmembrane domains
(Fig.3(a)). In the secondary structure, PSAMTs have shown 56-
60% helix, 1-6% beta, 33-40% coil, and 15-17% turn in their
structures. The 3D structure of PSAMT proteins were predicted
based on homology modelling (Fig.3(b)) and found to be
analogous to the AMTs analysis in S. lycopersicum reported by
Filiz and Akbudak (2020). Ramachandran plot was used for
validation of the protein 3D structures of PSAMT proteins for
exploring its biological functions (Fig.3(c)). In the Gene
Ontology (GO) study of predicted PSAMTs, the AMT1 and AMT2
showed GO terms related to ammonium transportation
(Fig.4(a)). The protein-protein interaction study (Fig.4(b-c)) has
shown that the proteins associated with PSAMT proteins in the
network comprise enzymes that participate in nitrogen
assimilation and comparable findings were found in the
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Fig.2: (a) Structure showing exons and introns with the green boxand
black lines, respectively; (b) lllustration of conserved protein motifs and
conserved domain of PSAMTs.

This paper received the best oral presentation award in the 'International Conference on Millets Cropping in Thar Desert of India and Role of Rural
Community in Sustainable Dry Ecology' held at HARSAC, Hisar, Nov. 9-11, 2023.
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Fig.3: (a) Representative figure of transmembrane structure prediction
of AMT proteins; (b) Predicted 3D structure and (c)Ramachandran plot of
PSAMT protein.

by Gese o
[T — — D
BAVTLL okl s anl
I HUEN
o Mol funtin Rz Ol
FATLY AT
Cehl worpnen P,
BT an
0T okopual s crpr e
PRAMIA, NP
L e awTenie AT}
am mumy bl N N
rngonc sy B
AT ax
Celulworeees - s
(a) BT " L (b) [

Fig.4: (a) Gene ontology (GO) enrichment analyses of PSAMT genes;
(b) List of protein- protein interaction network members of PSAMT
proteins; (c)Visualization Protein-Protein Interaction analysis.
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Fig.5: (a) Phylogenetic tree of AMTs of Poaceae; (b) Representation of
synteny of PSAMTs; (c)Synteny blocks in best match synteny analysis
parameter.
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Fig.6: (a) Ka/Ks ratios for paralogous PSAMT genes; (b) Chromosomal
distribution and inter-chromosomal relationships among AMT genes of P.
glaucum.
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Fig.7: Representation of promoter cis-element analysis of AMT genes in
P. glaucum.

analysis of SIAMT1 of S. lycopersicum [5] thus, elucidating an
active involvement of AMT proteins in the uptake and
assimilation of nitrogen in plants. The phylogenetic analysis
categorically separated all plant AMTs to two subfamilies,
AMT1 and AMT2 (AMT2/AMT3/AMT4) (Fig.5. a). Phylogenetic
grouping showed close association of AMTs in the Poaceae
family, which includes millets and other cereals. Some
similarities exist among AMTs of Poaceae with the AMT genes
from A. thaliana, however, form distinct cladeindicating the
divergence of AMTs of monocots from the dicot. The
phylogenetic grouping in this study is similar to findings
reported in other crops, Apple [1], Soybean [2], Wheat [3] and
Tomato [5]. Synteny analysis showed strong conservation

100 BARC newsletter November-December 2024

among the PgAMTs and AMTs of other Poaceae members
(Fig.5(b)). The best matched blocks were identified between
PgAMTs and other members (S. italica, S. viridis & P.
miliaceum) validating evolutionary similarities (Fig.5(c)).

The cis-elements of PGAMTs respond to signals related to
plant growth and development (zein metabolism, circadian
control), hormones (auxin, gibberellin, and abscisic acid), and
environmental stresses (light response, low-temperature,
defense, anaerobic conditions, and drought). All the AMT gene
promoters respond to light, thus, play role in plant growth. Each
promoter contains elements for different phytohormones,
implying hormone-mediated regulation (Fig.7). In similar
studies, Arabidopsis, Tomato and Wheat [3, 4] AMTs display
diurnal expression patterns, indicating increased ammonium
absorption during daylight hours. Rice AMTs are essential for
ammonium uptake under anaerobic conditions. Wheat and
rice AMTs are associated with defence response to pathogens
[3, 4]. Lotus japonicus and Medicago truncatula AMTs
facilitate ammonium transport in plant-microbe symbiosis [4].

Conclusion

Through in silico analysis, a total of eight AMT genes were
identified, categorized into AMT1 and AMT2 subfamilies.
Investigation of gene sequences, chromosomal locations, and
conserved motifs underscores their conservation. These
findings elucidate the role of AMTs in efficient ammonium N
utilization and stress adaptation paving the way for efficient
utilization of AMTs in Pearl millet.

Acknowledgment

Financial support provided to Dr. Tanushree Sarkar
(Research Associate) from Bhabha Atomic Research Centre,
India is gratefully acknowledged.

References

[1] Huang L., Li J., Zhang B., Hao Y., Ma F., Genome-wide
identification and expression analysis of AMT gene family in apple
(Malus domestica Borkh.), Horticulturae, 2022, 8, 457.

[2] YangW., Dong X., Yuan Z., Zhang ., Li X., Wang Y., Genome-
wide identification and expression analysis of the ammonium
transporter family genes in soybean. Int J MolSci., 2023, 24.

[3] Sarkar T., Bakshi S., Ammonium transporter gene family in
wheat (Triticum aestivum L.): Bioinformatics, physiological,
evolutionary and expression analyses under nitrogen stress, In
Jasrotia et al (Eds.), 5th International Group Meeting on Climate-
Proofing Cereal Agriculture: Strategies for Resilience and
Sustainability 2024, 2024, 76.

[4] Sarkar T., Bakshi S., Ammonium transporter genes in
millets: Insights into structure, function, evolutionary
conservation, divergence, and phylogenetic analysis, Genet
Resour Crop Evol., 2024. https://doi.org/10.1007/s10722-024-
02092-2

[5] Filiz E., Akbudak M. A., Ammonium transporter 1 (AMT1)
gene family in tomato (Solanum Lycopersicum L.): Bioinformatics,
physiological and expression analyses under drought and salt
stresses, Genomics, 2020, 112, 3773-3782.

[6] Shukla S.S., Panda S. K., Nitrogen Use Efficiency regulates
drought stress in Pearl Millet Genotypes: Morpho-Physiological
Evaluation, Agriculture, 2023, 13, 680.

[7]1 Dail.,Han P, WalkT.C.,YangL.,ChenL., LiY., GuC., Liao X.,
Qin L., Genome-Wide lIdentification and Characterization of
Ammonium Transporter (AMT) Genes in Rapeseed (Brassica
napus L.), Genes, 2023, 14, 658.
https://doi.org/10.3390/genes14030658.



Snapshots of Doctoral Theses

Understanding the regulation of human
Topoisomerase 1 (TOP1) dynamics and
devising TOP1-directed therapeutic

strategies

OP1-DNA covalent complexes (TOP1ccs) are transient DNA-

protein adducts arising from TOP1-mediated relaxation of

DNA supercoils during replication and transcription.

Pathological or drug-induced stabilization of TOP1ccs result

in accumulation of lethal (replication and transcription-
associated) DNA double strand breaks. Multiple cellular mechanisms
(viz., TOP1 phosphorylation, Poly-ADP-ribosylation, SUMOylation,
ubiquitination and NEDDylation) efficiently sense TOP1ccs and swiftly
degrade or remove the same. Cancer cells are hyper-dependent on
TOP1, making it an attractive target of anticancer therapy. Multiple
TOP1-targeting drugs (Topotecan, Irinotecan etc.) are in clinical use
against ovarian, cervical, lung and pancreatic cancers. TOPlcc
removal/degradation factors confer resistance to such drugs. The
foregoing work revolves around (a) discovery of CHK1 kinase as a
regulator of TOP1 catalysis, and (b) the development of a dual inhibitor
of TOP1 and poly-ADP-ribose polymerase (PARP) for efficient targeting
of cancer cells.

In order to discover novel TOP1 regulators, we screened 25 small
molecule kinase inhibitors (targeting ~42 cellular kinases) for their
potential to alter cellular TOP1cc levels. Our results revealed the
master checkpoint kinase CHK1 as a positive hit. We validated the
finding through biochemical and Fluorescence Recovery After
Photobleaching (FRAP) assays. We established the intracellular
interaction between CHK1 and TOP1 (through Proximity Ligation and
co-immunoprecipitation assays), and demonstrated that CHK1
phosphorylates TOP1 in vitro. Tandem mass spectrometric analysis of
catalytically engaged TOP1 from cells revealed that Serine 320, one of
the (in silico) predicted CHK1 target sites on TOP1 is phosphorylated
inside cells. A phospho-resistant mutant of TOP1 (TOP1S320A)
revealed that genetic ablation of CHK1-mediated TOP1
phosphorylation results in constitutive stabilization of TOP1S320A on
the genome. This was accompanied by copious induction of
replication and transcription-associated DNA damage, stabilization of
RNA-DNA hybrids (R-loops) and large-scale chromosomal
abnormalities. These, and multiple other observations established a
previously unreported role of CHK1 in suppression of genomic
instability through regulation of TOP1 catalytic activity inside cells.
Hence, our study revealed a novel pathway of CHK1-mediated
maintenance of genomic stability through regulation of TOP1 (Fig. 1,
Left panel).

Owing to the pivotal role of poly-(ADP-Ribose) polymerases (PARPSs) in
cellular resistance to TOP1 inhibitors, combinatorial inhibition of
PARPs and TOP1 inhibitors has been tested in multiple clinical trials.
However, pharmacokinetic incompatibilities and dose-limiting
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Fig.1: Left panel: A distinct role of CHK1 in prevention of stabilization of TOP1-
DNA covalent complex and genomic instability. Right panel: Development of
dualinhibitor of Top1 and PARP1 for effective killing of cancer cells.

toxicities have resulted in mixed outcomes. In order to circumvent such
issues, we envisaged the development of a single molecule dual
inhibitor of TOP1 and PARP, which would facilitate temporally coupled
inhibition of both enzymes. We developed 11 candidate inhibitors
involving active pharmacophores derived from Olaparib (an FDA
approved PARP inhibitor) and 1,8-naphthalimide (an investigational
TOP1 inhibitor). One candidate, DiPT-4, showed significantly higher
cytotoxic potential compared to both Olaparib as well as 1,8-
naphthalimide. DiPT-4 poisons TOP1 and inhibits PARP activity in vitro.
Further, DiPT-4 not only stabilizes TOP1ccs inside cells, but inhibits
PARP activation in response to same. Consequently, unlike classical
TOP1 poisons, DiPT-4 induces long-lived TOP1ccs without significant
degradation of cellular TOP1. Finally, theoretical calculations revealed
that DiPT-4 satisfies the majority of criteria for druggability. Our study
provided a proof-of-concept for the development of dual inhibitors of
TOP1 and PARP1 with significant clinical potential (Fig. 1, Right panel).

Taken together, our work reveals novel post-translational regulation of
TOP1, and how TOP1 post-translational modifications can be targeted
for efficientanticancertherapy.

Highlights of the work being carried out by Ananda Guha Majumdar under the
supervision of Dr. Mahesh Subramanian (Guide) and Dr. Birija Sankar Patro (Co-
guide) as a part of his doctoral thesis work. This work will be submitted for
Ph.D.degree ( Life Sciences) to Homi Bhabha National Institute in 2025.
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Premature Chromosome Condensation
based rapid biodosimetry strategies
for high doses and non-uniform

exposures

adiation biodosimetry is an essential part of regulatory
investigations, triage and medical management of
radiation overexposures. Chromosomal aberration
assessed in peripheral blood lymphocytes (PBL) are
classical and gold standard biodosimetry markers. To
assess the aberrations, PBLs which are usually at resting phase must
be stimulated and brought to metaphase for distinct visualization
under microscope. Dose estimation takes around 3-5 days for and may
require counting up to1000 metaphases. Further, high dose
exposures lead to poor metaphase yield due to cell cycle arrest,
interphase or mitotic death of heavily aberrated cells. Hence,
metaphases may not be available for dose assessment. Challenge
further grows when the exposures are localized to a part of the body
leading to dilution of cells from un-exposed cells in the blood and
resulting in underestimated doses.

Under this thesis, G,-PCC where mitotic cell fusion to PBLs is used to
induced chromosome condensation allowing microscopic
visualization at resting phase itself was proposed as alternative, and
extensively researched for high dose exposures. With this technique,
rapid biodosimetry within 4-6 hours post blood collection can be
carried out using quick counting of fragments after Giemsa staining
(G,-PCC-Fragments). It is suitable for high dose and partial body
exposure dosimetry as well. Inthe study, a refined SOP for G,-PCC was
developed, multi-faceted applications were showcased, calibration
curve were established to extrapolate dose estimates from an
unknown sample. Most importantly, a novel methodology was
formulated to distinguish partial exposures from whole body
exposures and to derive accurate dose estimations. The technique
was refined for the use of cryopreserved mitotic cells to avail them
instantly for G,-PCC upon receipt of accidental exposure case. Further,
it was combined with fluorescent in-situ hybridization to analyze
aberrations more accurately. G,-PCC-FISH with locus or chromosome
specific probes enabled identification of dicentrics (centromere-FISH),
chromosome specific breaks/interchanges (whole chromosome
painting and multiplex FISH) and within chromosome arrangements
like inversions and interstitial deletions (MBAND-FISH) at resting
phase stage of the PBLs. Broad range calibration curves (0-15Gy Co-
60 Gamma ray) were established for overall fragments and for breaks
combined with interchanges using GO-PCC-FISH for chromosome 1, 2
& 4. For the fragments a linear radiation response was found with a
slope of 1.09 + 0.031 fragments/cell Gy*(R°=0.999) with
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Fig.1: A pictorial diagram of GO-PCC technique and its extensions with FISH
(Yadav et.al. Scientific Reports, (2021) 11:13498).

intercept/background of 0.19 + 0.10 while for G,-PCC-FISH response
followed a linear quadratic curve with Y=aD+BD’+c where
o=0.28+0.037 Gy, f=0.039+0.004 Gy~ and c= 0.0568 respectively
(R?*= 0.985). The curves were validated with 5 dose blinded samples.
Further, no significant difference in the response was observed with
respect to age and sex which was evaluated for at 0, 2 & 4 Gy. Further,
partial body exposures were simulated ex-vivo with the dilution of
exposed blood samples with un-exposed ones. Dilution factors as well
as doses were varied among the simulations (8Gy 1:0, 1:1, 1:3 & 1:5
and 4Gy 1:1, 12Gy 1:1). Statistical distribution and dispersion
analysis were carried out with three individual donors for all the
simulations and compared with that of whole-body exposures. Finally,
multiple key features were identified which can distinguish partial
exposures from whole body exposures and derive accurate dose
estimations. The sensitivity and accuracy of the dose estimates were
compared with that of conventional dicentric assay and G,-PCC-
Fragment in all the donors and simulations. It was observed that
sensitivity and accuracy of Dicentric assay reduced with increasing
dilution and dose but not in PCC methods. G,-PCC-FISH was found to
be mostaccurate amongall.

Highlights of the work carried out by Usha Yadav under the supervision of Dr
Nagesh N Bhat as a part of her doctoral thesis work. She was awarded PhD
degree from Homi Bhabha National Institute in Life Sciencesin 2022.
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Studies on Tumor Microenvironment
Induced Changes in T Cell

Differentiation

ancer is the unregulated proliferation of transformed

cells that can invade nearby tissues. In addition to

transformed cells, the tumor microenvironment (TME)

includes innate immune cells, adaptive immune cells,

fibroblasts, stromal cells, and the extracellular matrix.
Cytokines in the TME have an important role in the communication
between different cell types, which influences tumor growth and
evasion. Transforming growth factor-g (TGF-B) and T regulatory cells
(Treg) play a significant role in tumor-induced immunosuppression.
Despite the fact that B cells are abundant in tumors, their role in tumor
regulation is little understood. Though the involvement of regulatory B
cells (Breg) in inflammatory and autoimmune disorders is known, its
role in cancer has not been fully investigated.

This thesis investigates Breg's role in Treg differentiation and
immunosuppression in cancer as well as the molecular mechanisms
of TGF-B-induced Treg generation. We identified that the fibrosarcoma
secreted prostaglandin E2 (PGE2), a signaling molecule produced by
the breakdown of membrane arachidonic acid by the action of the
cyclooxygenase (COX) enzyme, which conferred a Breg like
immunosuppressive function in B cells. This tumor-evoked regulatory
B cell (tBreg) subtype was found with a unique combination of surface
markers along with a TGF-B and IL-10 secretory phenotype not
previously reported. Blocking PGE2 synthesis by NS-398, a
pharmacological inhibitor of COX2 or PGE2 signaling in B cells with
PGE2 receptor antagonists, inhibited the generation of tBregs. The
administration of NS-398 to tumor bearing mice markedly reduced
tumor burden, lowered Breg and Treg production and rescued T cell
responses. These tBregs converted CD4" T cells to Treg cells,
suppressing T cell responses via TGF-3 release. SB431542, a small-
molecule inhibitor of TGF-B receptor, inhibited TGF-B signaling in T
cells, prevented the formation of tBregs, and rescued T cell responses
in vitro. The administration of SB431542 to tumor-bearing mice
significantly reduced tumor burden and increased T cell responses. To
identify inhibitors of Tregs, we screened 160 compounds from an
epigenetic inhibitor compound library, as epigenetic pathways are
involved in the differentiation of naive T cells to Tregs. Using an IFN-y
production-based functional screening strategy, we identified two
compounds, EPZ004777 and FG-2216, that lowered the expression of
Foxp3, the master regulator of Tregs, and its downstream target genes
andimpaired Treg’s suppressive capacity.

Epigenetic modifications are heritable alterations in gene expression
that are not attributable to changes in DNA sequences. The precise
epigenetic changes involved in TGF-B-induced Treg cells are not fully
understood. Using chromatin immunoprecipitation (ChiP) assays, we
performed epigenetic profiling of the Foxp3 locus in Tregs. TGF-B-
induced Tregs showed higher levels of H3K4me3, H3K27ac, and lower
levels of H3K27me3 and DNA methylation. In Treg generated by
physiologically relevant tBregs and PGE2Bregs, higher H3K4me3 and
lower H3K27me3 were observed. However, either DNA methylation

" BN P 3
® LT
EPZ004777/FG-2216 \\\

Fig.1: Immunosuppression in the tumor microenvironment: (1) NS-398, a
pharmacological inhibitor of COX2; (2) SB431542, a small-molecule inhibitor of
TGF-Breceptor; (3) EPZ004777 and FG-2216, epigenetic inhibitors of Tregulatory
cells; (4) Epigenetic landscaping of the Foxp3 locus in Tregulatory cells.

was significantly reduced with no change in H3K27ac or H3K27ac was
hyperacetylated with no alteration in DNA methylation. Epigenetic
profiling of the Foxp3 locus therefore indicate that increasing
H3K4me3 or decreasing H3K27me3 as well as increasing H3K27ac
or decreasing DNA methylation are the minimal epigenetic
requirements for Foxp3 expression and Treg phenotype.

Many researchers have elucidated the roles of several players in the
TME, including dendritic cells, macrophages, NK cells, etc., but the
role of B cells and tumor-evoked Bregs has received less attention. The
work described in this thesis addresses this critical aspect of the TME
and answers several key problems. This is the first-time epigenetic
landscaping of TGF-B-induced Tregs has been done to determine the
minimum needed modifications. This thesis has also identified two
promising epigenetic modifiers as well as COX-2 and TGF-BR inhibitors
as potentialimmunotherapeutics.

Highlights of the work carried out by Kavitha Premkumar under the supervision
of Dr. Bhavani S. Shankar (Guide) as a part of her doctoral thesis work. She was
awarded a Ph.D. degree from Homi Bhabha National Institute in Life Sciences
in2022.
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Studies on Macrophage Conditioned
Medium Induced Tunneling Nanotubes
and Microplasts Formation in Human

Breast Cancer Cells

Tumor-associated macrophages (TAMs) are major

infiltrating innate immune cells in the tumor

microenvironment (TME) and are associated with poor

prognosis in breast cancer patients. The complex milieu of

inflammatory cytokines, chemokines, and growth factors
secreted by infiltrating macrophages in the TME acts on cancer cells in
a paracrine manner and regulates several stages of cancer
progression. However, the effect of pro-inflammatory cytokines
secreted by macrophages on novel modes of communication via
tunneling nanotubes (TNTs) and microplasts in cancer remains
elusive. This thesis explores the impact of macrophage-conditioned
medium (M®CM) on breast cancer cells, revealing that MOCM mimics
the inflammatory TME, induces an epithelial-to-mesenchymal
transition (EMT) phenotype, and enhances cell migration in MCF-7
cells. Additionally, MOCM induces TNT formation and stimulates the
release of cytoplasmic fragments, referred to as microplasts.

M®CM-treated MCF-7 cells were found to be viable and migratory,
suggesting that microplasts derived from these cells are not apoptotic
bodies. Time-lapse microscopy reveals that microplasts exhibit
independent migration and also show the dynamic process of
microplast release from parent cancer cells through TNT-like
structures. In addition, the data also show novel modes of TNT
formation facilitated by migratory microplasts, leading to the formation
of a complex network of cells. The presence of metalloproteinases in
microplasts suggests their role in invasion and metastasis.
Furthermore, transcriptomic and proteomic analyses of isolated
microplasts reveal their similarity to parent cells in terms of mMRNA and
protein cargo, potentially serving as carriers of intercellular signalling.

Despite the known roles of TNTs and macrophages in cancer, the
impact of macrophage-induced TNTs on therapy resistance remains
unclear. Additionally, the mechanisms underlying macrophage-driven
TNT and microplast formation are not well understood. In this study, it
was shown that TNT formation in M®CM-treated MCF-7 cells
contributed to increased resistance to doxorubicin. Transcriptomic
analysis of these treated cells revealed activation of the NF-kB and
focal adhesion pathways, along with upregulation of genes involved in
epithelial-mesenchymal transition (EMT), extracellular remodeling,
and actin cytoskeleton reorganization. By using pharmacological
inhibitors targeting key proteins within these pathways, it was
demonstrated that TNT and microplast formation in MO®CM-treated
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Fig.1: Macrophage conditioned medium (M®CM) increased epithelial-to-
mesenchymal transition (EMT), migration, tunneling nanotube (TNT), and microplast
formation in MCF-7 cells via PKC, Src, NF B, and p38 signaling (Melwani et. al, BBA
Reviews on Cancer, 2023 and Melwani et. al, Cellular Signaling, 2024).

MCEF-7 cells was mediated by the PKC/Src/NF-kB and p38 signaling
pathways. These findings provide valuable insights into the complex
mechanisms of intercellular communication in breast cancer, driven
by TAMs, and highlight potential therapeutic targets for cancer
treatment.

Highlights of the work carried out by Dr. Pooja Kamal Melwani under the
supervision of guide Prof. B. N. Pandey as a part of her doctoral thesis work.
She was awarded PhD degree from Homi Bhabha National Institute in Life
Sciencesin 2023.
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Development of Peptides Targeting
HER2-Receptor Overexpression

in Breast Cancer

reast cancer has the highest global incidence amongst

all the cancer types. Early detection is the key for timely

intervention and proper treatment planning. Human

epidermal growth factor receptors (HER2) are over-

expressed in breast cancers and are associated with
poor prognosis and aggressively metastatic disease. The present work
focused on development of HER2-targeting ligands for breast cancer
detection and therapy. Towards this, peptides exhibiting attractive
advantages of high target affinity, specificity, favorable
pharmacokinetics, and ease of synthesis were chosen as suitable
ligands. A HER2-targeting A9 peptide was subjected to several
modifications (pegylation, cyclization, D-amino acid incorporation,
retro variant) to overcome the challenges of in vivo enzymatic
degradation.

The peptides were synthesized by solid phase synthesis methodology
manually (Fig. 1), purified and characterized. Peptides were then
radiolabeled with theranostic radionuclide, "LuCl,. “"Lu-labeled
original A9 peptide exhibited rapid blood clearance resulting in low
tumor uptake. It also underwent high metabolic degradation. The
pegylated variant, [*'Lu]Lu-DOTA-PEG,-A9 demonstrated improved
metabolic stability, tumor uptake and retention.

Further the peptide was cyclized on-resin by copper (l)-catalyzed azide-
alkyne cycloaddition (CuAAC) ‘click reaction’. The cyclic variant
[""Lu]Lu-DOTA-c[Tz]-A9 exhibited increased binding affinity towards
HER2-positive cells, high metabolic stability and tumor uptake. To
introduce changes in the backbone all the L-amino acids were
replaced by D-amino acids and thus inverso- and retro-inverso A9
peptides were synthesized. These peptides had enormously
enhanced metabolic stability, tumor uptake/retention was observed
to be higher for the retro-inverso variant. Another analogue studied
was the retro-variant where the C- and N-terminal were swapped and
the L-amino acids were arranged in reverse manner. The retro variant
showed most promising results with highest tumor uptake amongst
the six investigated A9 analogs (Fig. 2). SPECT/CT imaging studies
further demonstrated higher in vivo tumor retention of the retro
analogue (Fig. 3).

In conclusion arrangement of amino acid sequence in reverse manner
either D-amino acids (retro-inverso peptide) or L-amino acids (retro
peptide) conferred improved features to the A9 peptide. Swapping of
C- and N-terminal (retro) introduces significant changes in the
backbone of the peptide. In the case of presently studied HER2-
targeting A9 peptide, swapping imparted positive features suggesting
higher participation of backbone towards receptor interaction.

Highlights of the work carried out by Amit Kumar Sharma under the
supervision of Dr. Drishty Satpati (Guide) and Dr. Tapas Das (Co-guide) as a part
of his doctoral thesis work. He was awarded PhD degree from Homi Bhabha
National Institute in Chemical Sciencesin 2024.

Resin

Val
Ala

Trp
Deprotection

/'\ / SPPS
Coupling CYCLE

Cleavage

!

) Peptide

Fig.1:Solid phase peptide synthesis methodology scheme
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Fig.2: Tumor uptake of A9 peptide analogues.
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Fig.3: SPECT/CTimages of female SCID mice bearing SKBR3 tumor xenografts.
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Mechanistic Studies on Ubiquicidin-
Membrane Interaction & Development
of Infection Imaging Probes

he work presented in this thesis encompasses research

aimed at comprehending the interaction mechanism

between the antimicrobial peptide Ubiquicidin (UBI) and

bacterial membranes. Subsequently, infection imaging

probes were developed for detecting bacterial infections like
osteomyelitis and fever of unknown origin, which pose challenges for
conventional detection techniques.

Significantly, this thesis marks the first report providing a mechanistic
understanding of the antimicrobial action of ribosomal protein
S30/Ubiquicidin (UBI). Using phospholipid membrane models,
various biophysical studies i.e., Dynamic Light Scattering (DLS),
Circular Dichroism (CD), Infrared Spectroscopy (IR), and Quasielastic
Neutron Scattering (QENS) were conducted to unravel the intricacies
of UBI-membrane interactions. Additionally, microbiological
investigations were carried out to grasp the impact of UBI on bacterial
growth and survival. Overall, these findings revealed that UBI
selectively binds to bacterial membranes, inducing a conformational
change in this peptide. This interaction exerts a catastrophic effect on
the bacterial membrane by altering its fluidity, causing
permeabilization, and inducing depolarization, ultimately leading to
the loss of bacterial viability. Furthermore, it was demonstrated that
UBI fragments, i.e., UBI (29-41) and UBI(31-38), also retained their
binding and selectivity towards bacteria. Importantly, UBI and its
derivatives were shown to be non-toxic to human cells, through
haemolysis and cell toxicity studies.

Leveraging the mechanistic insights gained through biophysical and
microbiological methods, efforts were made to develop UBI-derived
peptide fragments into infection imaging radiotracers for SPECT
(Single Photon Emission Computed Tomography) and PET (Positron
Emission Tomography) imaging to detect S. aureus-driven focal
infections. UBI fragments, namely UBI (29-41) and UBI (31-38), were
labeled with “"Tc and **Ga for this purpose, and the resulting
radiotracers underwent in vitro and in vivo studies. UBI-derived
radiotracers were confirmed to be selective towards bacteria through
in vitro uptake in bacterial cells and in situ detection of S. aureus in
animal models of infection and sterile inflammation. Furthermore,
efforts were also made to enhance the detection sensitivity and salt
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Fig.1: PET/CTimages of patients injected with “Ga-UBI (31-38) at 1 h p.i.(a) lung
infection (true positive scan). (b) soft tissue infection in left knee (true positive
scan) joint. (c)image of a suspected left hip prosthesis infection (true negative
scan).

tolerance of UBI-based radiotracers by modifying UBI (29-41). The
introduction of the Lysyl-phosphatidyl-glycerol (Lys-PG) specific group,
2-APBA, at the C-terminal of UBI (29-41) resulted in an improved
infection imaging probe, which interacted synergistically via
electrostatic and covalent modification of Lysyl-PG via iminoboronate
with the bacterial membrane. Through this work, the conjugation of
2-APBA is demonstrated as an effective strategy for improving the
therapeutic potential of existing antimicrobial peptides (AMPs).
Remarkably, this work also resulted in the successful clinical
translation of *Ga-labeled UBI fragments as a PET-based radiotracer
for the early identification of bacterial focal infections. The formulated
radiotracers were evaluated at KMCH, Coimbatore, PGI, Chandigarh,
and MPMMRC, Varanasi, and could detect lung infection, soft tissue
infection, bone prosthesis, and spinal TB (tuberculosis) infections with
high sensitivity (Fig. 1).

Highlights of the work carried out by Jyotsna Bhatt under the supervision of
Dr. Archana Mukherjee (Guide) and Dr. Mukesh Kumar (Co-guide) as a part of
her doctoral thesis work. She was awarded Ph.D degree from Homi Bhabha
National Institute in Life Sciencesin 2023.
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Interplay Between DNA Damage Repair,
Replication Stress and Autophagy Under
the Functional Deficiency of

PARP in Cancers

mall molecule inhibitors of Poly (ADP-ribose)
polymerases (PARPI) are approved for clinical usage in
patients with hereditary breast and ovarian cancers with
compromised homologous recombination (HR) mediated
DNA repair, a strategy referred to as synthetic lethality
(Fig. 1A). However, therapeutic resistance remains a challenge, with
only about ~50% of the target cohort of patients (viz. 5-15% of the total
breast and ovarian cancer patients that harbour BRCA1/2 mutations,
orare HR deficient) responding well to this therapy (Fig. 1B).

Recent findings indicate that HR-proficient cancers can also be
targeted with the combination of PARP inhibitors and
chemosensitizing agents. This necessitates research into avenues
targeting cancers with PARP inhibitors along with targeting alternative
pathways in HR-proficient cancers. Moreover, why certain HR-
proficient cancers are de novo PARPI resistant, while certain others
are comparatively sensitive was envisaged in this thesis.
Understanding these mechanisms enable extension of PARPi therapy
to a wider set of patients with BRCA1/2-wild-type (WT) or HR-proficient
cancers.

Autophagy, a cellular process aiding in the removal of dysfunctional
and superfluous biomolecules and organelles, is implicated in
acquired chemoresistance and is recognized for its interplay with DNA
damage repair pathways. However, molecular underpinnings of this
interplay, and how and if this could be exploited for cancer therapy, is
unclear. In this work, we successfully demonstrated that autophagy
confers de novo resistance to PARP inhibitors in HR-proficient breast
cancers. Using chloroquine, an anti-malarial drug now repurposed as
an autophagy inhibitor, we show that combined PARP and autophagy
inhibition leads to better therapeutic outcome in breast cancer cells
and in SCID mice xenograft models. Mechanistically, DNA repair
switched from faithful HR pathway to deleterious 53BP1-mediated
NHEJ which further led to genomic instability and mitotic catastrophe
under this autophagy- and PARP inhibited condition (Fig. 1B,C).
Additionally, we showed synergistic induction of cancer cell death both
in vitro and in vivo, when resveratrol, natural molecule, was combined
with PARPI, talazoparib. This synergistic action of the combination was
attributed to the inhibition of late-stage autophagy and suppression
pro-survival pathways such as PI3K leading to p38 mediated
apoptosis and mitotic catastrophe (Fig. 1B,C).

DNA replication is a vulnerability in many cancers and replication
stress induction presents as an attractive therapeutic strategy that
can be harnessed for efficient cancer therapy. PARP inhibitors induce
replication stress mainly by trapping PARPs on DNA forming PARP-
DNA-PARPi ternary complexes, and dysregulating replication fork
speed. Resveratrol analogues are also reported to enhance
replication stress. In this regards, we have shown the combinatorial
therapies involving talazoparib with resveratrol analogue, 4,4'-
dihydroxystilbene (DHS), post screening a library of resveratrol
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Fig.1: Schematic of the PARP inhibitor combinatorial strategies used to sensitize
BRCA1/2 wild-type HR proficient cancers. (A, B, C and D represent different
outcomes of PARPi therapy as depicted).

analogues for DNA damage induction and HR downregulation.
Talazoparib (PARPi) plus DHS was found to induce extensive DNA
damage double strand breaks, and downregulate RAD51, a key
modulator of both DNA repair and replication, to induce extensive
replication stress and S-phase catastrophe (Fig. 1D). This suggests a
novel replication-dysfunction-mediated approach for enhancing PARPI
sensitivity in cancers.

In conclusion, we have identified that the combination therapies
involving PARP inhibition with agents that suppress/modulate
autophagy such as chloroquine and resveratrol, or those inducing
replication stress such as DHS show promise in sensitizing HR-
proficient cancers to PARPi induced cell death (Fig. 1A-D). This study
unravels the potential for the broadening of the limited scope of PARP
inhibitors to a larger population of patients with HR-proficient breast
cancers and fortumours resistantto PARP inhibitors.

Highlights of the work carried out by Ganesh Pai B under the supervision of
Dr. Birija Sankar Patro (Guide) as a part of his doctoral thesis work. This PhD
thesis was submitted recently (May, 2024) to Homi Bhabha National Institute
forthe PhD Award in Life Sciences.
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Advancing Retrospective, Cumulative and
Rapid Biodosimetry- Innovative Molecular
Cytogenetics Approach

s scientific advancements continue, the utilization of

radiation is becoming more prevalent in our daily lives,

thus increasing the likelihood of inadvertent exposures.

Biodosimetry serves as a crucial tool, providing accurate

dose measurements in the absence of physical
dosimetry methods or corroborating results obtained through physical
dosimetry, particularly in cases of exposures exceeding 100 mGy. This
study investigates various biodosimetry methods to address
dosimetry challenges across a wide range of radiation exposure
scenarios.

Radiation-induced phosphorylation of yH2AX and 53BP1 stands out
as reliable, reproducible, and highly sensitive markers for
biodosimetry. This study has meticulously characterized the decay
kinetics and dose-response curves essential for rapid biodosimetry,
offering a valuable resource for dose estimation within 96 hours of
exposure during radiological emergencies. Investigation into yH2AX
and 53BP1 foci induction, progression, saturation, and decay was
conducted using both microscopy and flow cytometry techniques.
Notably, a rapid exponential rise in foci induction was followed by an
exponential decay over 96 hours for both methods. Data analysis
revealed that the initial kinetics followed the function Y=A - Be"™ for
both techniques. Subsequent to saturation, microscopic foci detection
exhibited a bi-exponential decay pattern described by the function Y=A
+ Be™ + Ce™™, while flow cytometry followed a single exponential
decay pattern represented by Y= A + Be™. It is worth to note here is
that the foci formation rate (k) and decay rates (k1 and k2) showed no
dependency on the initial doses delivered. The established calibration
curves were rigorously validated using three blinded samples with
dicentric and Reciprocal-Translocation (RT), with results indicating
that the yH2AX assay via microscopy provided the closest estimate at
the lowest dose (0.5 Gy, 8% variation), while at higher doses (1 & 2 Gy),
all techniques performed almost equally well (maximum 14%
variation).

Translocations, considered as stable aberrations, are particularly
suitable for dosimetry of cumulative past exposures spanning months
to decades. This study focused on analyzing the yield and distribution
of translocations (both reciprocal and non-reciprocal), involving
painted chromosome pairs 1 and 2, subsequent to ex vivo irradiation
ranging from O to 4 Gy, using blood samples from three volunteers.
Approximately 21,000 metaphases were meticulously analyzed,
averaging around 7,000 metaphases per individual. All datasets
exhibited agreement with the Poisson distribution, facilitating the
utilization of Poisson weighted curve fitting. The data were fitted
utilizing a linear quadratic model of the form Y = C + aD + BD’. The
resulting fit yielded a linear coefficient o = 0.90 x 10” translocations
per cell per Gy and a quadratic coefficient B =3.58 x 10” translocations
per cell per Gy’. Given their stability, the Reciprocal-Translocation Dose
Response Curve is suitable for cumulative biodosimetry of both recent
and past exposures. Conversely, the Non-Reciprocal-Translocation
Dose Response Curve, pertaining to unstable aberrations, is
applicable solely for biodosimetry of recent exposures.
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Fig.1: lllustration depicting interstitial deletion of (A) blue and (B) light pink
bands from one homolog of the chromosome pair. (C) Represents a complex
intrachromosomal rearrangement.

Distinct chromosomal aberrations induced by low and high Linear
Energy Transfer (LET) radiations exhibit structural differences. Low LET
radiation predominantly induces inter-chromosomal changes,
whereas high LET radiation predominantly induces intra-
chromosomal rearrangements, which can be visualized and
quantified using advanced mBAND-FISH techniques (Fig. 1). Human
blood samples were subjected to doses ranging from 0 to 200 mGy of
14 MeV neutrons at the DT neutron facility, Purnima, BARC. Dose
Response Curves (DRCs) were generated for interstitial deletions,
intra-chromosomal rearrangements, and complex rearrangements,
revealing a linear nature with slopes of 2.33, 1.49, and 0.799
aberrations per cell per Gy for interstitial deletions, intra-chromosomal
rearrangements, and complex rearrangements, respectively.
Interstitial deletions were found to be predominant across all dose
points examined. Comparative analysis with low LET radiation (*Co-y-
rays) exposures revealed significantly lower frequencies of intra-
chromosomal changes, even at higher doses (0/310 for 2 Gy and
2/352for 4 Gy).

Utilizing established cytogenetic and immunofluorescence
techniques (specifically yH2AX & 53BP1), this study investigated
critical clinical cases to assess radiation sensitivity and genetic
instability. Genetic instabilities and chromosomal aberrations induced
by radiation were analyzed in the lymphocytes of a pediatric Wiscott
Aldrich Syndrome (WAS) patient, with a comparison to a healthy
volunteer (control). The irradiated WAS sample exhibited a significant
excess yield of dicentrics (51%), reciprocal translocations (59.1%), and
non-reciprocal translocations (80%) compared to the control sample,
indicating a notable increase (ranging from 51% to 80%) in misrepair
events. Moreover, analysis of yH2AX foci decay kinetics revealed a
sustained elevation in foci numbers up to 48 hours post-irradiation.
These results suggest that high radio-sensitivity and genetic instability
may predispose WAS patients to cell transformation and genetic
complications.

Highlights of the work carried out by Rajesh Kumar Chaurasia under the
supervision of Dr. N. N. Bhat (Guide) as a part of his doctoral thesis work. He
was awarded a Ph.D. degree from Homi Bhabha National Institute in Life
Sciencesin 2022.
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Detection and Mitigation of Intracellular

Labile Iron pool

ron overload in the human body, whether extracellular (labile

plasma iron, LPI) or intracellular (labile iron pool, LIP),

generates oxidative stress leading to cell death either via lipid

peroxidation and/or DNA damage and is associated with many

diseases viz. Heart failure, liver diseases, skin diseases,
diabetes, Alzheimer's disease, etc. Hence detection and mitigation of
intracellular labile Iron (primarily in Fe** form due to reductive cellular
environment) is important, not only for exploring various iron
dependent physiological processes but also for diagnosis and
treatmentof Iron overload.

Operationally simple, inexpensive, and highly sensitive turn-on
fluorescence probes to detect iron overload in living cells are rarely
reported. The present studies provided a unique, triplet-stable,
Fluorinated Boron-Dipyrromethene (BODIPY) based pro-fluorescent
nitroxide (PFN) probe with highly Fe™ selective, high-fold turn-on
fluorescence response towards Fe”. Moreover, the dye detected
different amount of intracellular iron in a variety of iron-overloaded
cells, which showcased its advantage over other similar probes.

Chelation therapy has emerged as a treatment of choice to mitigate
iron overload, and FDA approved chelators e.g. Desferioxamine (DFO)
have been the chelator of choice in clinics. However, the drawbacks of
DFO towards being cellimpermeable and low bio-availability along with
short systemic circulation time, have made the use of DFO difficult. In
this research, a nanoformulation of DFO was designed, synthesized,
characterized, and evaluated in a pre-clinical iron-overload mice
model, which demonstrated better iron mitigation along with
increased systemic circulation time. These studies will open up the
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Fig 1: Strategies for detection and mitigation of iron overload.

field of nanochelators that can be used as more effective drug
candidates for iron overload diseases.

Highlights of the work carried out by Ms. Pradnya K. Pachpatil under the
supervision of Dr. Dibakar Goswami (Guide) as a part of her doctoral thesis
work. She will be submitting her thesis in 2025 for a Ph.D. degree from Homi
Bhabha National Institute in Life Sciences.
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Understanding DNA Repair Pathways to
Sensitize Werner (WRN) RECQL Helicase

Deficient Cancers

utations in WRN protein (DNA helicase) leads to a

condition called Werner Syndrome (WS) where

patients are predisposed to cancer and premature

aging. Cancer patients harbouring tumors with

epigenetic inactivation of WRN showed better
response to DNA damaging drugs like camptothecin and its
derivatives. The present work has explored the novel role of WRN in
various compensatory DNA repair pathways and the potential
inhibition of these pathways to enhance the efficacy of widely used
cancer therapeutic such as radiation and chemotherapy.

We have established that WRN deficient cells are dependent on a
critical but compromised CHK1-mediated HR (homologous
recombination) pathway for repair of radiation induced DSBs. As, WRN
deficient cells (WRN-KD) were found to be hyper sensitive to ionizing
radiation in combination with CHK1 inhibitor. Similarto CHK1 inhibitor,
WRN-KD cells are also hyper sensitive to radiation in presence of p38
inhibitor. As p38-MAPK activation is regulated negatively by WRN in a
CHK1-dependent mannerforthe repair of IR induced damage. We also
showed that CHK1-p38-MAPK axis plays important role in RAD51
mediated HR repair in WRN-deficient cells. Hence, it has been
established that inhibiting HR repair pathway either by CHK1 or p38
inhibitor, WRN deficient cells become hyper-sensitive radiation, which
can enhance the therapeutic response of radiation treatment of
cancer (Fig. 1, left panel).

Our whole genome transcriptome analysis showed a robust
activation of NF-KB related gene expression in response to low dose of
camptothecin (CPT). CPT, topotecan and irinotecan are used as
chemotherapeutics to target Topoisomerase 1 (TOP1) to generate
TOP1-covalent complex (TOPZ1cc) to kill cancer cells. Upon unravelling
the detailed molecular mechanism of TOP1-CPT-DNA (TOP1cc)
complex formation and removal, we found that WRN is responsible for
TOP1cc complex degradation, which leads to activation of NF-KB
pathway. Mechanistically, WRN induced TOP1cc complex leads to
generation of ssDNA, which phosphorylates CHK1 and later on
activate NF-B pathway by increasing nuclear localization of p65. This
activation follows the canonical pathway of NF-B activation via ATM
and NEMO. Interestingly, neither helicase nor exonuclease activity of
WRN was involved in ssDNA generation and NF-KB activation,
establishing the non-enzymatic role of WRN in NF-KB activation Fig. 1,
middle panel). In preclinical studies, WRN proficient melanoma
tumors were highly resistant while WRN-deficient tumors were
sensitive to pharmacological treatment of CPT.

Success of cisplatin treatment is limited by its acquired drug
resistance and autophagy is one of mechanism responsible for it. In
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Fig.1: Schematic of the role of WRN in HR repair, DNA replication and NF-kB
pathway activation and autophagy by ATG7 gene regulation.

the present study, we revealed that WRN deficient cells are sensitive to
cisplatin treatment and increased ROS production, which causes the
mitochondrial dysfunction and induce mitophagy. Imperatively,
mitophagic clearance and lysosomal fusion with autophagosome were
severely impaired in WRN deficient cells. The key adaptor protein p62
was accumulated more while lipidation of LC3 were defective in these
cells, suggesting that autophagosome formation is impaired due to
lack of LC3 lipidation. ATG7, a key regulator of LC3 lipidation, was
significantly downregulated in WRN deficient cells, which further
substantiate the defective mitophagy process in these cells.
Mechanistically, our in-depth analysis showed that WRN regulates
ATG7 expression via resolving several DNA G4-quadruplex structures
in the ATG7 gene and assisting maturation of ATG7 mRNA. Together,
our study revealed hitherto an unknown function of WRN in mitophagy
and its regulation through ATG7 expression (Fig. 1, right panel).

In summary, this investigation highlights important role of WRN in
regulating multiple genes like CHK1, p38, p65 localisation and ATG7,
which contributes in cell survival pathways such as homologous
recombination, NF-B pathway and mitophagy (as shown in Fig. 1).
Inhibiting WRN in combination with cancer therapy can lead to better
outcome interms of cancer treatment.

Highlights of the above work was carried out by Pooja Gupta under the
supervision of Dr. Birija Sankar Patro (Guide) as a part of her doctoral thesis
work. She was awarded Ph. D degree from Homi Bhabha National Institute in
Life Sciencesin 2022.
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Studies on Development of
Radioimmunotherapy Agents and
Understanding their Mechanism of Action

reast, ovarian, and gastric cancers often exhibit
overexpression of Human epidermal growth factor
receptor 2 (HER2), leading to aggressive forms with poor
prognoses. Immunotherapy using monoclonal
antibodies against HER2, Trastuzumab and Pertuzumab
has revolutionized treatment of HER2 positive cancer. However, the
emergence of resistance poses a significant challenge, emphasizing
the urgency to explore alternative therapeutic approaches.
Radioimmunotherapy (RIT) utilizing radiolabeled antibodies has
gained significant attention in cancer management, however an ideal
radioimmunotherapeutic agent for solid cancersis still not available.

The work documented in the thesis encompasses the development of
Y"Lu labeled Pertuzumab as RIT agent for targeting HER2
overexpressing cancers. Procedure optimization for conjugating
chelators to antibodies,radiolabeling with therapeutic radioisotope
Lu-177, characterization by chromatography studies followed by
comprehensive biological evaluation in tumor cell lines and animal
tumor model was performed. Multiple batches of patient dose of “’Lu
labeled Pertuzumab were prepared to verify the reproducibility of
results. SPECT imaging studies indicated enhanced tumor uptake and
significant retention of the radioimmunoformulation when studied up
to 120 h p.i confirming its potential as a promising
radioimmunotherapy (RIT) agent. Additionally, the radioformulation
exhibited a robust tumor-inhibiting response in HER2 tumor-bearing
SCID mice. In addition, studies with “"Lu labeled F(ab'),-fragments
were performed to compare the difference inthe pharmacokinetics of
the radioformulations.

Understanding the molecular mechanisms responsible for the clinical
synergy observed during combination therapy involving Trastuzumab
and Pertuzumab is crucial for effectively managing breast and other
similar cancers. While computational models have proposed
mechanisms for the synergistic effects of Trastuzumab and
Pertuzumab, experimental evidence supporting these hypotheses
was lacking. To address this gap, experimental analyses were
conducted to assess the interactions of radiolabeled antibodies
(Pertuzumab/Trastuzumab) in the presence and absence of a second
unlabeled antibody. Furthermore, F(ab'),-fragments of both the
antibodies were produced and radiolabeled to investigate the role of
the Fcregion of the monoclonal antibody in these binding interactions.
The study revealed that the radioimmunoconjugates preserve the
existing binding synergism between Pertuzumab and Trastuzumab to
HERZ2 receptors and significant binding enhancement of radiolabeled
Pertuzumab and its fragments was observed in the presence of
Trastuzumab in both in-vitro and in-vivo testing conditions.

The existence and potential impact of radiation-induced biologic
bystander effects (RIBBEs) in radionuclide therapy is inadequately
understood. The studies on investigating the RIBBEs mediated by
Trastuzumab antibody radiolabeled with three therapeutic
radioisotopes , *°Y (a pure B emitter), *"Lu (a B/y emitter), and **°l (an
auger electron emitter) were performed. Treatment of cells with
radiolabeled formulations not only resulted in inhibitory bystander
effects in recipient (bystander) cells but also notable toxicity in
irradiated cells ( both directly irradiated and donor cell groups ) was
observed. Moreover, elevated levels of reactive oxygen species were

(A) (B)

24 hrs post injection 48 hrs post injection

% IA/g

Fig.1: ["LulLu-CHX-A"-DTPA-Pertuzumab injected in SK-OV-3 tumor bearing
SCID mice. SPECT/CT imaging studies (A) at 24 h post injection ,(B) 48 h post
injection.( C) Biodistribution data showing % Injected activity / gram of tissues
at120hp.i.

observed at higher doses in bystander cells, suggesting their
significant contribution in RIBBE. The thesis work led to the
development of radiolabeled formulations suitable for clinical
translation. Furthermore, these formulations were utilized to
investigate mechanisms aimed at enhancing their efficacy for cancer
management.

Highlights of the work carried out by Dr. Rohit Sharma under the supervision of
Dr. Archana Mukherjee (Guide) as a part of his doctoral thesis work. He was
awarded Ph.D degree (Life Sciences) from Homi Bhabha National Institute in
July 2024.
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Development of Targetable Radiolabeled
Self-assembly Structures for Combination
Cancer Therapychanism of Action

ombination radionuclide therapy (CRT) for cancer

treatment involves the use of radionuclide therapy in

combination with multiple therapeutic modalities, to

target cancer cells through different mechanisms. This

approach aims to maximize treatment efficacy while
minimizing the development of resistance and reducing the risk of
tumor recurrence.

Liposomal formulations have emerged as a powerful tool in cancer
management, offering unique advantages in drug delivery and
enhancing therapeutic efficacy. These lipid-based nanoformulations
can encapsulate a wide range of therapeutic agents, including
chemotherapeutic drugs, nucleic acids, and imaging agents, within
theiraqueous core or lipid bilayer. This encapsulation provides several
benefits, such as protecting the payload from degradation, prolonging
circulation time, and enabling controlled release at the tumor site.
Additionally, surface modifications of liposomes with targeting
ligands, such as antibodies or peptides, facilitate active targeting of
cancer cells, further enhancing specificity and therapeutic efficacy
(Fig. 1)

To leverage these unique strengths of liposomal nanoformulations,
work on development of targetable self-assembly structures was
undertaken.Liposomes of size < 100 nm were prepared by ethanol
injection method. Doxorubicin (Dox), an FDA-approved drug was
encapsulated into liposomes using the pH gradient method. These
liposomes encapsulating doxorubicin (Lip-Dox) were actively targeted
to the HER2 receptor overexpressed in breast cancer using the
monoclonal antibody trastuzumab. The conjugation of trastuzumab to
Lip-Dox was validated and Ab-Lip-Dox was radiolabeled with *"Tc and
“TLu using bifunctional chelator conjugated lipid moieties and were
characterized using chromatography techniques. The affinity of the
Ab-Lip-Dox for HER2 receptor was ascertained by confocal microscopy
and cell binding & inhibition studies. The *“"Tc labeled Ab-Lip-Dox
showed targeting to HER2 overexpressing SKBR3 xenograft tumor and
improved clearance from blood compared to **"Tc labeled Lip-Dox as
observed by SPECT imaging studies (Fig. 2).

Further, “"Lu-labeled Lip-Dox was formulated and evaluated for

combinatorial cytotoxicity of Dox and “"Lu at different doses for
treatment of breast cancer. The synergistic therapeutic effect was
observed at lower doses of Dox (5-50 nM) and “"Lu (1-25 uCi) when
used concurrently via radiolabeled Lip-Dox in breast cancer cells. The
synergistic effect of Dox and *’Lu was also observed in vivo in SKBR3
tumor bearing animals by tumor growth delay studies. The synergism
at lower doses of Dox and *’Lu with non-sphering toxicity will reduce
the side effects of the formulations resulting in enhanced therapeutic

index.
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Fig.1: A graphical representation of nanoliposomal formulation that can
encapsulate acombination of different anti-cancer therapeutic strategies.

SPECT imaging

Fig.2: SPECT images after injecting radiolabeled nano formulations in SCID
mice bearing SKBR3 tumors.

In this thesis work, radiolabeled nano liposomal formulations loaded
with a drug were successfully formulated and were actively targeted to
tumors using antibodies for imaging and therapy applications. These
formulations hold great promise for personalized cancer treatment
through combination radionuclide therapy.

Highlights of the work being carried out by Shishu Kant Suman under the
supervision of Dr. Archana Mukherjee (Guide) as a part of his doctoral thesis
work. This work will be submitted for Ph.D. degree ( Life Sciences) to Homi
Bhabha National Institute in 2025.
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Exploring the Potential of Novel Radiolabeled
Biomolecules and Biomolecule-Drug
Conjugates for Imaging and

Therapy of Cancers

uclear medicine, a specialized field of modern-day
medical sciences, uses radiolabeled drugs/
biomolecules, known as ‘Radiopharmaceuticals’, for
diagnosis and treatment of various types human
ailments. Radiopharmaceuticals play a pivotal role in
the management of many diseases, predominantly cancer. As a result,
there is a great interest in the development of novel target-specific
radiolabeled agents for diagnostic and therapeutic applications. A
radiopharmaceutical usually contains a radionuclide and a carrier
moiety, which determines the target-specificity of such agents.
Therefore, developing radiopharmaceutical requires careful selection
ofthe carrierligand.

Different carrier moieties, such as, peptides, antibodies, drugs, nano-
carriers exhibit preferential uptake in tumorous/cancerous lesions.
Porphyrins also exhibit similar tendency to preferentially accumulate
in the neoplastic tissues. However, undesired non-target
accumulation is one of prime reasons which limit their intended
clinical applications. Conjugation of the targeting vectors with suitable
secondary targeting moieties may help in circumventing this problem.
The work reported in this thesis is related to the development of
radiolabeled agents involving porphyrin conjugates and antibody-drug
conjugates having unique properties and potential for specifically
targetingthe tumorous lesions.

Present work involves syntheses of variety porphyrin derivatives and
theirthorough characterization by standard spectroscopic techniques,
such as, UV-Vis, FT-IR, *H- and “C-NMR spectroscopy as well as by
mass or MALDI-TOF spectrometry. One such porphyrin derivative
[5-carboxymethyleneoxyphenyl-10,15,20-tris(4-methoxyphenyl)
porphyrin, UTRIMA] was synthesized and radiolabeled with "Cu as well
as *Cu with an aim to explore the utility of such complexes in PDT
(Photodynamic Therapy) and PET (Positron Emission Tomography),
respectively. Detailed biological investigations carried out in healthy
as well as cancer cell lines demonstrated significant reduction in
photo-cytotoxic potential of porphyrin derivative upon complexation
with Cu. However, [**Cu]Cu-UTRiMA exhibited potential as an agent for
targeted radionuclide therapy.

In another work, an in-house synthesized porphyrin derivative namely,
5,10,15,20-tetrakis-(4-carboxymethyleneoxyphenyl)porphyrin was
conjugated with PAMAM [poly(amidoamine)] dendrimers and
subsequently radiolabeled with “’Lu, a well-established therapeutic
radionuclide. Biological studies performed with [*"Lu]Lu-labeled
porphyrin-PAMAM conjugate in tumor bearing small animal models
revealed significant accumulation of the radiolabeled particles in the
tumor, which was further corroborated through scintigraphic imaging.
However, lower retention of the radiolabeled agent in the tumorous
lesions at the longer time points may pose a limitation toward its
envisaged application as a radio-therapeutic agent.

With an aim to augment the tumor uptake and improve the
pharmacokinetic behavior of porphyrin, its conjugation with a cell
penetrating peptide (Transactivator of Transcription, TAT) was
attempted. Porphyrin-TAT conjugate was synthesized using solid phase
synthesis. MTT assay revealed preferential light dependent toxicity for
porphyrin derivative which was further enhanced upon peptide
conjugation. Fluorescence and flow cytometry studies revealed
relatively higher cellular internalization of porphyrin-TAT conjugate in
comparison to the porphyrin derivative. Porphyrin-TAT conjugate was
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Fig.1: Whole-body SPECT-CT images of the tumor (femur region) bearing Swiss
mice acquired after administration of [’Lul Lu-porphyrin-NLS conjugate at
differenttime-points.

further radiolabeled with *Ga, a generator produced radionuclide
used for PET imaging. Ex-vivo evaluation of [**Ga]Ga-porphyrin-TAT
complex in fibrosarcoma bearing Swiss mice model revealed higher
tumor uptake for [*Ga]Ga-porphyrin-TAT conjugate as compared to
[**Ga]Ga-porphyrin. However, observation of higher non-target
retention of both the radiolabeled agents during ex-vivo studies might
pose limitation towards their possible application in PET imaging.

To strike a balance between the hydrophilicity and lipophilicity for
obtaining an optimum pharmacokinetic behavior, a porphyrin
derivative (UTriMA) was conjugated with NLS sequence [PKKKRKV]
(synthesized via solid phase peptide synthesis method). Fluorescence
cell imaging studies carried out in HT1080 cancer cells revealed intra-
cellular accumulation for the NLS conjugated porphyrin, whereas
unconjugated porphyrin failed to reach inside the cells. Porphyrin-NLS
conjugate was radiolabeled with *"'Lu. Biological distribution studies in
fibrosarcoma bearing Swiss mice model revealed significantly higher
accumulation and prolonged retention of [*’Lu]Lu-porphyrin-NLS
conjugate in the tumorous lesion, which was further corroborated by
recording serial SPECT-CT images (Fig. 1).

In continuation with the aim of improving the uptake and
pharmacokinetic behavior of radiolabeled agents for cancer
management, radiolabeled antibody and antibody-drug conjugate
were also synthesized during the course of the present work.
Conjugation reaction between Rituximab (antibody) and Chlorambucil
(drug) was optimized and the resultant antibody-drug conjugate was
radiolabeled “’Lu with high radiochemical purity. Ex-vivo studies for
the radiolabeled antibody and antibody-drug conjugate, performed in
cancer cells and SCID mice bearing Non-Hodgkin’s lymphoma
xenografts showed significant improvement in the non-target uptake
of antibody post-conjugation with the drug (chlorambucil) without
compromising the tumor avidity.

Results obtained during above-mentioned studies revealed a definite
effect in the targeting ability of molecular cargo upon conjugation with
secondary targeting moieties. The studies indicate that this strategy
may be helpful in the preparation of radiolabeled biomolecule-drug
conjugates to obtain potent radiopharmaceuticals having high tumor
uptake and optimum pharmacokinetic behavior for applications in
cancer management.

Highlights of the work carried out by Shri Naveen Kumar under the supervision
of Prof. Tapas Das (Guide) as a part of his doctoral thesis work. Shri Naveen has
submitted his doctoral thesis (in Chemical Sciences discipline) to Homi Bhabha
National Institute in April, 2024.
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CRISPR Systems and Gene Modulation

in Anabaena

rchaea and bacteria possess the ‘CRISPR-Cas’ systems

to combat the invasion of external nucleic acids. CRISPR

stands for Clustered Regularly Interspaced Short

Palindromic Repeats and refers to the specific genetic

sequences found in these organisms. The proteins
involved in this defense mechanism are known as CRISPR-associated
proteins (Cas proteins). The regions, known as CRISPR loci, present on
bacterial genomes, contain repeats as well as short sequences
derived from phages or plasmids. Together, Cas proteins and CRISPR
loci provide a form of adaptive immunity, defending against external
nucleic acid invasions. Cyanobacteria also encode CRISPR systems in
their genome. Bioinformatic analysis using various tools and web
servers has revealed that Anabaena PCC 7120 genome harbors three
distinct CRISPR systems: two class 1 systems (type I-D and type IlI-D)
and one class 2 system (type V-K) and a total of eleven CRISPR loci.

In-depth in silico analysis of all the proteins related to type I-D locus
showed, this system to be the most complete CRISPR system present
in Anabaena PCC 7120. Genes related to expression, interference
module and adaptation components, were identified and found to
constitute a complete CRISPR system. 3-D models of all proteins
related to the type |-D system were generated using homology
modelling/ab initio/threading. Specifically focusing on the type I-D
system, we found that the Alr1562 protein played a crucial role, acting
as a backbone of the type I-D (CRISPR Associated Complex for Antiviral
Defense) CASCADE interference complex. When purified from E. coli,
Alr1562 exhibited the ability to exist in either a dimeric or higher
oligomeric form. Interestingly, Alr1562 showed a stronger binding
affinity towards repeat-spacer-repeat (RSR) RNA as compared to a
non-specific RNA. The residues essential for RNA binding were
identified and subsequently mutated using site-directed mutagenesis.
These mutated proteins, mostly existing in dimeric forms, exhibited
significantly reduced binding to RNA, demonstrating that dimer
formation is independent of RNA binding (Fig. 1A). This marks the first
documentation of a Cas7 protein characterization in a photosynthetic
organism.

Cyanobacteria, have developed intricate mechanisms to safeguard
themselves against oxidative stress caused by increased production
of reactive oxygen species (ROS). 2-Cysteine-Peroxiredoxins (2-Cys-
Prx), present in all organisms, utilize the two catalytic cysteine
residues at their active site to detoxify peroxides. The exogenous
CRISPR-dCas9 system from S. pyogenes was employed to generate a
knockdown (CRISPR interference, CRISPRI) strain for the Alr4641
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protein (Fig. 1B), which is a typical 2-Cys-Prx in Anabaena PCC 7120.
The growth of An-KD4641 (knockdown strain) was slower with smaller
filament size and reduced photosynthetic efficiency as compared to
the An-dCas9 (control strain). Ultrastructural analysis (TEM) revealed
the knockdown strain to have disrupted and discontinuous thylakoid
membranes, whereas the An-dCas9 strain had well-structured,
multilayered thylakoid membranes. Interestingly, the total ROS
content was higher in An-KD4641 under unstressed conditions.
Notably, the knockdown strain was more vulnerable to the oxidative
effects of H,0,. Furthermore, the knockdown strain exhibited a
significantly greater vulnerability to oxidative stress induced by H,0,
compared to the control strain.

In conclusion, the work described here has (a) identified the different
CRISPR-systems present in Anabaena PCC 7120 (b) thoroughly
characterized the Alrl562 protein, identifying the residues
responsible for binding to crRNA (c) successfully demonstrated the
use of CRISPRI technology in repressing genes in Anabaena, and (d)
revealed the vital role of the Alr4641 protein in defending this
ecologically significant cyanobacterium against oxidative stress.

Highlights of the work carried out by Prakash Kalwani under the guidance of
Dr. Anand Ballal (Guide) and Dr. Devashish Rath (Co-guide) as a part of his
doctoral thesis work. He was awarded a Ph.D. degree from Homi Bhabha
National Institute in Life Science in 2022.
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Understanding the Defence Response
to Stem Rust Disease of Wheat

heat is one of the important cereals contributing to
nutritional security of millions of people worldwide.
Wheat production is threatened by stem rust (black
rust) disease caused by fungal pathogen Puccinia
graminis f. sp. tritici (Pgt), which can cause 50-
100% loss in yield. In recent years, new pathogenic races of Pgt (e.g.
Ug99, Digalu race) have emerged overcoming resistance conferred by
important Sr genes. In the current study resistance response
conferred by Sr24 (major race specific Sr gene) was investigated in two
wheat Near Isogenic Lines (NILs) using phenotypic, microscopic and
transcriptomic analysis. In addition, these responses were also
examined in another Sr gene (Sr26) harbouring genotype. Results
showed that, in presence of Sr24 the resistant NIL showed low
infection type (IT) in seedling stage as well as reduced disease
coverage at adult plant stage. Time-course study of the disease
development showed induction of hypersensitive response (HR)-
based resistance within 2-3 days post inoculation (dpi) leading to
minute uredia pustule size inthe Sr24 carrier (Fig. 1A). The histological
studies showed post haustorial resistance to Pgt with restricted fungal
structures at early and late stages (Fig. 1B). Transcriptomics-based
analysis showed elevated levels of genes involved in pathogen
recognition, multiple signalling pathways involved in activation of
transcription factors (TFs) which activate the expression of multiple
defence pathways (Fig. 1C). The antifungal responses activated by R
gene included elevated ROS levels, synthesis of antifungal secondary
metabolites, activation of ion and solute transporters, PR protein
induction, cell wall fortification, and modulation of multiple metabolic
pathways. Certain antifungal response genes remained upregulated
at late stages, showing their sustained involvement in restricting the
Pgt growth. The DEGs identified in resistant NIL were mapped to the
donor genome (Thinopyrum elongatum) in vicinity of linked marker to
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Fig.1: A) Susceptible and resistant response of wheat NILs to Pgt. B) Restriction
of Germ Tube (GT) in resistant NIL. C) Expression profile of key genes in NILs
upon Pgtinfection. D) DEGs mapped on Sr24 donor species genome, in vicinity
of linked marker. E) Overall mechanism of resistance to Pgt in wheat.

Sr24 (Fig. 1D). The phenotypic, microscopic and gene-expression
study upon Pgt infection in an additional NLR type Sr gene (Sr26) also
showed similar trend, suggesting overlapping resistance mechanism
to Pgt with some variations (Fig. 1E).

This research work was carried out by Dr. Gautam Vishwakarma under the
supervision of Dr. B. K. Das (Guide) and Dr. Ajay Saini (Co-guide) as a part of his
doctoral thesis work. He was awarded a Ph.D. degree from Homi Bhabha
National Institute in Life Science in August, 2024.
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Forward Genetics of a Chickpea

(Cicer Arietinum L.) Mutant Identifies a

Novel Locus (CaEl) Contributing to Increased
Seed Size, Organ Elongation and Early Vigor

hickpea is one of the top three grain legumes (pulses)

grown worldwide. It is a good source of protein,

carbohydrates and dietary fibers. India is the largest

producer and consumer of chickpeas and contributes

more than 70% (13.54 Mt) of the total world production
(18.09 Mt). Chickpea production is challenged by various abiotic and
biotic stresses, causing significant yield losses. Trait-based breeding
approaches have been useful to counter these challenges. One such
trait is ‘early vigor’, characterized by fast seed germination, seedling
growth and early plant establishment with dense canopy. Such a
phenotype confers advantages such as reduction of competition from
weeds, reduction of direct evaporation, improving plant growth under
prevalent stresses etc. Combined with early maturity, plants with high
vigor are also suitable for terminal drought prone environments. In the
present study, through induced mutagenesis using gamma rays, a
novel chickpea mutant was isolated. The mutant showed a distinct
phenotype of elongation in vegetative and reproductive organs, than
the wild type (WT) (Fig. 1a) and was named “elongated mutant” (elm).
The elm also showed early emergence and early vigor that contributed
to more shoot biomass at the early vegetative stage. This also resulted
in a better performance of elm as compared to the WT in terms of
germination and growth under salinity stress. In addition, elm
accumulated less Na" in leaves and a higher proline content indicating
a better stress response as compared to WT under salinity stress. The
cellular morphology was altered in elm. The size of the pavement cells
was larger with lesser number of cells per unit area than the WT,
indicating that both cell division and cell expansion are affected in elm
(Fig. 1b). The inheritance study showed monogenic regulation of organ
elongation trait with incomplete dominance of WT allele over mutant
allele (Fig. 1c). Further, using a ‘Bulked segregant analysis’ approach,
molecular markers linked to this mutation were identified. Genetic
mapping study, mapped all markers to single linkage group on
chromosome 1 of chickpea genome with one marker (CaGM04793)
co-segregated with the mutant locus (el) (Fig. 1c). In-silico analysis
positioned this marker (CaGM04793) in the gene Ca_13541
(LOC101503252 in NCBI database) (Fig. 1d). Polymerase chain
reaction to amplify the full-length gene showed a complete deletion of
this gene in the mutant (Fig. 1d), with loss of expression in mutant as
well as in recombinantinbred lines having mutant phenotype (Fig. 1e).
The gene 101503252 showed homology to Arabidopsis AT1G79060,
which is annotated as Tetrapeptide Repeat Homeobox Like (TPRXL),
with no known function to date. Recently, AT1G79060 was shown to
correspond to STIGMA AND STYLE STYLIST 1 in A. thaliana regulating
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Fig.1: (a) Phenotype of WT and elm (b) Cellular morphology of pavement cells
in WT and elm (c) Genetics and mapping of elongation trait (d) Snapshot
showing genomic context of gene 101503252 (red box) at NCBI database and
PCR amplification showing deletion of gene 101503252 in elm (e). RT-PCR
showing loss of Cakl expression in elm (left) and in elmtype inbred lines (right),
GAPDH used as reference gene in RT-PCRs (f) Clustering of top 20 differentially
regulated transcripts between WTand elm.

structural patterning and functional specification in apical gynoecium.
Our in-silico analysis suggested that this gene is present as a single
copy in chickpea and related legumes and has possibly acquired a
broader function in regulating cell division and/or proliferation in
multiple tissue types. Transcriptomics of elm and WT, highlighted
possible role of gene 101503252 in cell division, mitotic cell cycle, cell
wall metabolism, carbohydrate metabolism, cell wall organization,
xyloglucan metabolic process and hemicellulose metabolic processes
(Fig. 1f).

The present work identified a previously uncharacterized gene
contributing to organ elongation and early vigor in chickpea that can
be further explored to gain mechanistic insights into regulation of
these traits and its exploitation in the breeding programs for
increasing seed size and plant vigor.

Highlights of the work carried out by Golu Misra under the supervision of
Dr. Archana Joshi-Saha (guide) as a part of his doctoral thesis work. This PhD
thesis was submitted recently (Nov, 2024) to Homi Bhabha National Institute
forthe PhD Award in Life Sciences.
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Genomic Basis of an Electron Beam
Induced Mutant of Groundnut

eed size plays an important role in groundnut (Arachis
hypogaea L.) as it directly influences seed yield and
market value. Being a quantitative trait, understanding
the genetic basis of seed size is complex. However, usage
of an induced mutant simplifies the approach of
identifying the key genes governing seed size variation in groundnut.
Towards this, we utilized an electron beam-induced large seed mutant,
TG 89, to locate the genomic regions contributing to the seed size. This
mutant has hundred kernel weight (HKW) of 75-82 g as compared to
40-48 g in its parent, TG 26. The histological analysis using
Environmental Scanning Electron Microscopy (ESEM) revealed that
the seed development in the mutant was primarily attributed to an
increase in cotyledonary cell area rather than cell number. To map the
genomic loci associated with the large seed size, a mapping
population was developed by hybridization of TG 89 with normal
seeded, genetically distant parent ICGV 15007 (Fig. 1A). A
comprehensive genetic analysis of F, mapping population was carried
out by utilizing simple sequence repeats (SSRs), miniature inverted-
repeat transposable elements (MITEs), allele-specific and single
nucleotide polymorphism (SNPs) markers. Initially, genotyping of the
F, mapping population with 85 MITEs and SSRs revealed a significant
QTL for seed size in the AO5 linkage group, indicating potential regions
for fine mapping. Towards fine mapping, 781 SNP markers were
developed from genomic DNA sequencing using ddRAD-seq, of which
297 were utilized to construct a genetic linkage map spanning 20
linkage groups. QTL analysis identified two major QTLs on
chromosomes AO5 and A02, explaining notable phenotypic variance
and two minor QTLs on BO1 and B10 chromosomes (Fig. 1B).
Interestingly, markers associated with the two major QTLs exhibited
additive effects from either of the parental alleles, with the major
positive additive effect contributed by the mutant allele in the
‘mutant_gHKW_1" (Fig. 1C). This primary QTL is originated from
mutant and was mapped at 229 cM, spanning the genomic region
99.2-103.7 Mbp on the AO5 chromosome (Fig. 1D). Markers flanking
this mutant allele were developed and utilized to validate the QTL in
other high yielding breeding lines. The analysis of candidate genes
within this QTL region revealed various genes potentially involved in
the regulation of seed size, including those coding for
pentatricopeptide repeat (PPR) proteins, receptor kinase proteins, and
notably, a gene, arahy.5M7JWE. Gene expression analysis with real-
time PCR revealed a significant down-regulation of this gene
arahy.5M7JWE in the mutant compared to the parent, suggesting that
a recessive mutation in arahy.5M7JWE may be the cause of the
observed phenotype in the mutant (Fig. 1E). This gene encodes the
protein Arahy.5M7JWE, which belongs to the AhTIFY family that is an
ortholog of BIG SEEDS1 (BS1), a plant-specific transcriptional
repressor (Fig. 1F). This TIFY protein is known to play a crucial role in
jasmonate signalling, a pathway well-known for its involvement in plant
stress responses and seed and leaf developmental processes. The
observed down regulation of arahy.5M7JWE in the mutant suggests
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Fig.1: A). The variation in seed size of mutant TG 89, its parent TG 26, and F2
mapping population derived from the cross of ICGV 15007 and TG 89. B). QTLs
detected for hundred kernel weight on the genetic linkage map. C). Allelic
classification for hundred kernel weight for markers flanking two major QTLs.
Solid line connecting box plots indicated additive effect while dotted line
indicated dominance effect of allele D). Physical map corresponding to
Mapped distance of mutant_HKWT1. E). Relative expression of arahy.5M7JWE
and other TIFY genes in mutant and parent. F). Schematic overview of the
putative role of Tify protein in seed size control. The downregulation of the Tify
protein, a transcriptional repressor, brings about the proteasome mediated
degradation of the repressor complex, leading to alleviating the suppression of
downstream pathways.

the suppression of transcriptional repression by TIFY family proteins,
thereby influencing seed size. These findings provide valuable insights
into the genetic architecture of large seed trait in groundnut and offer
potential target for future breeding efforts aimed at improving yield
and quality characteristics.

Highlights of the work carried out by Ms. Poonam Gajanan Bhad under the
supervision of Dr. Anand M. Badigannavar, Professor, HBNI (Guide) and
Dr. Suvendu Mondal (Technical Supervisor) as a part of her doctoral thesis
work.
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Molecular Mapping of Resistance Gene
to Bacterial Leaf Pustule in Soybean

oybean is the mostimportant grain legume in the world in

terms of production and international trade. It is an

economically important leguminous crop for oil, feed, and

soy food products. In India, soybean has become the

number one oilseed crop and occupies the largest crop
area in the rainfed kharif season. However, its continuous cultivation
with a simultaneous increase in the area has led to increased
incidences of several diseases, insects, and weeds. Among the various
bacterial diseases, Bacterial Leaf Pustule (BLP), caused by
Xanthomonas axonopodis pv. glycines (Xag), is a serious disease of
soybean, particularly in northern and central India. The disease
causes premature defoliation and consequent reduction in seed yield.
The use of resistant cultivars is a cost effective and ecofriendly
approach to minimize the losses due to disease. Progress in the
development and use of BLP resistant soybean genotypes is
hampered due to scarcity of high yielding BLP resistant soybean
genotypes and further, unavailability of molecular markers linked to
BLP resistance genes in Indian soybean genotypes. Keeping these
points in view, the present study was taken up with major objectives
including standardization of excised leaf technique and identification
of resistance sources against BLP, molecular mapping of BLP
resistance genes and their validation, biochemical changes in
response to BLP and development of high yielding BLP resistance lies.

An excised leaf technique was standardized and 310 soybean lines
were screened for BLP. The BLP resistant genotype (TS-3) identified in
the study was used in hybridization with the BLP susceptible genotype
(PK 472) and a segregating population was developed. Inheritance
studies indicated that two recessive genes governed BLP resistance in
soybean genotype TS-3.

Parental polymorphism followed by bulked segregant analysis
identified 12 SSR markers, of which five SSR markers are located on
chromosome 2 and seven SSR markers are located on chromosome 6,
putatively linked to BLP resistance genes. Linkage analysis mapped
the BLP resistance locus (r1) and five SSR markers (BARCSOYSSR_
02_1585, BARCSOYSSR_02_1589, BARCSOYSSR_02_1590,
BARCSOYSSR_02_1613 and Sat_183) on chromosome 2 with in a
map distance of 5.5 cM (centiMorgon). Two SSR markers namely
Sat_183 and BARCSOYSSR_02_1613 flank the rl locus at a distance
of 0.9 cM and 2.1 cM respectively. Similarly, second BLP resistance
locus (r2) and seven SSR markers (BARCSOYSSR_06_0013,
BARCSOYSSR_06_0024, BARCSOYSSR_06_0029,
BARCSOYSSR_06_0040, Satt681, AW734043 and TSSR_06_01)
were mapped on chromosome 6 (Fig.1). Two SSR markers
BARCSOYSSR_06_0024 and BARCSOYSSR_06_0013 flank the r2
locus at a distance of 1.5 cM and 2.1 cM respectively. All the flanking
SSR markers identified in the study were validated on the 24 soybean
genotypes, which included eight BLP resistant and fourteen BLP
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Fig.1: Genotyping of mapping population using SSR markers

Legend P1: PK472 (susceptible parent); P2: TS-3 (resistant parent); 1-25 F2
individuals; 1

Indicate resistant individuals.

susceptible soybean genotypes along with the mapping parents. The
SSR markers linked to resistance locus r1 (Sat_183 and
BARCSOYSSR_02_1613) and r2 (BARCSOYSSR_06_0024 and
BARCSOYSSR_06_0013) got amplified with the clear polymorphism
that distinguishes the BLP resistant soybean genotypes from BLP
susceptible genotypes. Biochemical studies indicated that the total
phenolic and total flavonoid contents were higher in resistant
genotype compared to the susceptible genotype. The total chlorophyll
content was found to decrease rapidly in PK472 (susceptible
genotype) compared to TS-3 (resistant genotype). Ten advanced
selections, showing high yield potential and BLP resistance reaction,
were identified. Among these, five resistant selections TSR-8, TSR-3,
TSR-19, TSR-1 and TSR-7 gave significantly higher yield over the best
check JS-335. The SSR markers tightly linked to BLP resistance loci
identified in this study will help soybean breeders in marker assisted
selection of BLP resistant sources.

Highlights of the work carried out by Sumit Prakashrao Totade under the
supervision of Prof. J. G. Manjaya (Guide) and Dr. S. K. Gupta as a part of his
doctoral thesis work. He was awarded PhD degree from Homi Bhabha National
Institute in Life Sciencesin 2023.
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Radiation Induced Value Addition

of Microalgae as Feed

icroalgae are sunlight-driven factories that can turn

fertilizer-rich water under sunlight into a vibrant

green lawn within a day or two. They have received

the most attention for their oil which can range from

50 to 60 % of their biomass. In the same area, the
theoretical yield of oil from microalgae can be 10 times more than oil
crop plants. Besides being bestowed with high photosynthetic rates,
rapid growth, and ability to grow on wastelands, sewage water, and
synthesize biomass rich in protein, carbohydrates, and oils, they can
be further tuned to produce more oil by exposing to stress conditions
(nutrient-limitation and high-salt condition) making them the ‘Green
gold’” of the future. Microalgae-based bioproducts exploitation is
limited to the production of fine chemicals such as carotenoids or as
an aquaculture feed. The major bottleneck for utilizing microalgal oil in
the fuel sector is the cost factor. The downstream applications such as
harvesting and extraction contribute to increased expenses, while the
use of PUFA from microalgae for food purposes is hindered by its low
content. Nevertheless, starting with an oil-rich microalga can mitigate
the above-listed drawbacks. Varying efforts have been made by
researchers to produce oil-laden microalgae. In this view, we
undertook the study to enhance oil production in microalgae using two
differentradiations (UV-and y-rays).

The optimum dose for rapid oil accumulation along with minimum cell
damage was finalized for both UV- (1 J/cm?) and y-radiation (1 kGy).
Within 48 h, more than 1.5-fold increase in oil content was observed.
Triacylglycerols were identified as one of the major constituents of
accumulated oil. Radiation causes ionization of the molecules, and
water constituting about 80 % of cytoplasm becomes the major target
resulting in the formation of Reactive Oxygen Species (ROS). Apart
from being highly reactive, ROS also serves as a secondary messenger
for counteracting the cascade of damage. ROS was immediately
measured after radiation and a more than 1.5-fold increase in ROS
fluorescence was observed. To justify the role of ROS as a messenger
towards enhancement in oil content, ROS formation was monitored
under ascorbic acid (a physiological ROS scavenger) supplementation.
UV- and y-radiation-induced lipid accumulation was significantly
reduced by 2.95-fold and 1.43-fold, respectively compared with their
respective controls, indicating ROS as one of the major drivers of lipid
accumulation. The molecular changes responsible for radiation-
induced oil accumulation were also studied at different organizational
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levels using a systems biology-based approach. In brief, whole
genome RNA-sequencing and SWATH-MS-based proteomics were
used to identify the global reprogramming in genes and proteins,
respectively. The integration of gene- and protein-level data as well as
protein suggested the increase in abundance of starch-degrading
enzymes, which implied the rerouting of carbon from starch towards
oil accumulation. GC-MS-based fatty acid profiling revealed that
UV-radiation favored the accumulation of saturated over unsaturated
lipids; while y-radiation treated lipids had a higher accumulation of an
essential omega-3 fatty acid. Taken together, this study highlighted UV-
and y-radiation for inducing rapid lipid accumulation, which can impart
value addition to microalgae-based “food-fuel” applications.

Highlights of the work caried out by Reema Devi Singh under the supervision
of Dr. Ashish Kumar Srivastava (Guide) as a part of her doctoral thesis work. She
was awarded a PhD. degree from Homi Bhabha National Institute in Life
Sciencesin 2023.
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Snapshots of Doctoral Theses

Salt Tolerance in Sugarcane: Lessons Learnt
from a Radiation-induced Mutant

ugarcane is a major food and biofuel crop of immense
socio-economic relevance, on both national and global
scale. Progressively increasing soil salinization in
sugarcane-cultivating regions causes 25-30% reduction
in cane yield and poor sugar recovery. This necessitates
the development of robust and sustainable approaches for improving
salt tolerance in sugarcane. However, due to its long life cycle and
genome complexity, salt-adaptive mechanisms in sugarcane remain
poorly understood.To address these lacunae, we characterized
M4209, a promising salt-tolerant sugarcane mutant, derived from
popular but salt-sensitive variety Co 86032, through radiation induced
in vitro mutagenesis (RiMu).

Compared with Co 86032, M4209 exhibited 30% higher yield under
saline field conditions, without significant yield penalties under control
field conditions. This ‘inducible salt tolerance’ trait was investigated
using a combination of transcriptomics and physio-biochemical
studies. M4209 exhibited improved growth and survival under both
moderate and severe salt stress, by maintaining ionic equilibrium,
redox homeostasis, and photosynthetic efficiency. The activation of a
chloroplast-centric transcriptional network in salt-stressed M4209
plants was suggestive of active nucleus-chloroplast communication.
Thus, M4209’s inducible salt tolerance was attributed to the salt-
responsive transcriptional reprogramming of ion transport and
antioxidant defense-related pathways, coupled with enhanced
photosystem efficiency. Among the core genes associated with salt
tolerance in M4209, a novel transcription factor, SOSATA (SALT-
ACTIVATED TRANSCRIPTION ACTIVATOR), was selected for further
characterization, due to its robust salt-responsive expression and
putative regulatory function. The overexpression of SoSATA in
Arabidopsis and soybean significantly improved plant growth under
salt stress, suggesting its putative role as a positive regulator of salt
tolerance.

At present, major sugarcane-cultivating states are facing the co-
occurrence of increasing soil salinity with rising temperatures.
However, the effect of combined heat and salt stress (HS-stress) and
corresponding adaptive responses have not been investigated in
sugarcane till date. Thus, a comparative evaluation of M4209 was
performed under HS-stress scenario, wherein it exhibited significantly
improved growth than Co 86032. In addition, M4209 exhibited lipid
reprogramming towards higher plastidic:non-plastidic lipid ratio and
lower root-to-shoot Na“ translocation. Interestingly, M4209 exhibited a
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Fig.1: Proposed model for physio-molecular adaptions mediating improved
tolerance to salt and HS stress in sugarcane mutant line M4209.

novel ‘OSD’ (Open Small Dense) stomatal phenotype, which was linked
to an inherent transcriptional shift within the EPF9 (EPIDERMAL
PATTERNING FACTOR 9)-EPF2 regulatory module. The OSD phenotype
facilitated transpirational cooling and gas-exchange under HS-stress.
This, coupled with enhanced photosynthetic assimilation, served as
the major determinants of M4209's improved performance under HS-
stress scenario. Our study demonstrates the enormous potential of
the RiMu approach for development of agronomically important
mutants in sugarcane, with the dual benefit of advancing fundamental
understanding and accelerating crop-improvement programs.

Highlights of the work carried out by Pooja Negi under the supervision of
Dr. Ashish K. Srivastava (guide) as a part of her doctoral thesis work. She was
awarded Ph.D. in Life Sciences from Homi Bhabha National Institute in 2024.
[Bestthesis award in SFRR-2024].
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Functional Characterization of Site
Specific Recombination System
in Deinococcus radiodurans

uring cell proliferation, the processes of DNA

replication, genome segregation and cell division must

be synchronized for stable inheritance of the genetic

material. This is achieved by multiple checkpoint

regulations in eukaryotes. But in prokaryotic cells, no
such temporal or spatial regulatory mechanisms exist which would
help in co-ordinating the various cellular processes together. Due to
this reason, the eukaryotes are well suited to harbour multiple
chromosomes whereas most bacterial cells harbour only a single
chromosome in order to avoid any further complexity. But, the
discovery of bacteria containing multiple chromosomes has raised
attention-grabbing questions regarding the mechanisms involved in
maintaining various genomic elements. One such bacterium is
Deinococcus radiodurans which is an extremophile. It is one of the
most radioresistant bacteria with a D,, value of 10 kGy i.e. about 3000
times the radiation tolerance of humans. It is a polyploid multipartite
genome containing bacteria with two chromosomes and two plasmids
which are tightly packed as compact doughnut shaped toroidal
structure. The extreme phenotype of D. radiodurans can be attributed
to its robust genomic structure, strong anti-oxidative stress response
and an efficient DNA damage repair mechanism. But, how this unique
genome architecture is maintained and segregated properly is still
unknown. Bacteria in general contain circular chromosomes and
chromosome dimers are formed after Bacteria in general contain
circular chromosomes and chromosome dimers are formed after DNA
replication. In D. radiodurans, the polyploidy increases the chances of
formation of chromosome dimers. So, how these dimers are resolved
and whether that has any significance to radiation resistance in this
bacterium are the most intriguing questions.

The present study focuses on finding whether any chromosome dimer
resolution system exists in D. radiodurans or not. The chromosome
dimer resolution involves the function of site-specific recombination
(SSR) system by tyrosine recombinases that could function
independently or by the activation from the FtsK protein.
Bioinformatics analysis has revealed that D. radiodurans encodes
FtsK and six putative tyrosine recombinases. In-vivo functional role of
FtsK in genome segregation and cell division is reported. For this, ftsK-
rfp knock-in mutant cells expressing fluorescently tagged FtsK protein
(FtsK-RFP) were generated. Time lapse imaging of live cells showed
the dynamic movement of FtsK-RFP foci on the membrane and the
nucleoid under normal conditions as well as post gamma irradiation
(Fig. 1). Different domains of FtsK were also deleted from the genome
which resulted in drastic changes in the nucleoid arrangement, cell
membrane structure and cell morphology. Deletion of Ftsk also
resulted in delayed growth under normal (Unirr) and irradiated (Irr)
conditions (Fig. 2A, B). All these results indicate towards an important
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role of FtsK in synchronizing the process of nucleoid separation with
early cell divisionin D. radiodurans.

The functional characterisation of one of the tyrosine recombinases of
D. radiodurans (Dr0513) was also done. Deletion of coding sequence
of Dr0513 leads to significant changes in the cells. In the absence of
Dr0513, D. radiodurans cells failed to maintain the compact genome
architecture. When both FtsK and DrO513 were deleted from the cells,
the growth was drastically reduced and various abnormal nucleoid
arrangement was seen (Fig. 2A, B). Recombination assay showed that
Dr0513 could perform SSR and FtsK could activate SSR.

All these results propose the functional significance of the site specific
recombination system consisting of DrO513 and DrFtsK in
maintaining the unique nucleoid compactness of D. radiodurans R1.
Lack of these proteins causes alterations in the nucleoid structure
which ultimately effects the growth and gamma radiation response of
the cells.

Highlights of the work carried out by Shruti Mishra under the supervision of
Dr. Swathi Kota (Guide) as a part of her doctoral thesis work. This PhD thesis was
submitted recently (Nov, 2024) to Homi Bhabha National Institute for the PhD
Award in Life Sciences.
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Selective Detection of Thorium (IV) in
Aqueous Systems Using Advanced AIE

Materials

Water-Soluble AIE Sensor for Thorium Detection

Madhusudan Ghosh®, Sachin S. Kadlag'?, Kallola K. Swain"?, Prabhat K. Singh®**
*Analytical Chemistry Division, Bhabha Atomic Research Centre, Trombay-400085, INDIA

’Homi Bhabha National Institute, Anushakti Nagar, Mumbai-400094, INDIA
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*E-mail for Correspondence: prabhatk@barc.gov.in

horium (Th), a naturally occurring radioactive element

critical to India's strategic nuclear energy programs, also

poses significant health risks due to its radiological and

chemical toxicity. Accurate detection of Thorium in water

is essential not only for environmental monitoring and
health safety but also for ensuring its safe and sustainable
utilization within the Department of Atomic Energy's initiatives.
Traditional detection methods like ICP-MS require complex setups,
while optical sensors offer cost-effective, simple, and selective
solutions. However, achieving effective aggregation-induced
emission (AIE)-based turn-on sensing for Th(lV) in 100% aqueous
media has been a challenge due to the need for water-soluble, low-
background fluorescence fluorophores.

A novel fluorophore, tetra(4-sulfophenyl) ethylene (SuTPE), was
developed, exhibiting significant emission enhancement upon
aggregation induced by Th(lV) in pure water. This fluorophore
demonstrated remarkable sensitivity with a limit of detection to
56 ppb and high selectivity, even in complex matrices such as tap
and seawater. The underlying sensing mechanism was thoroughly
validated using several techniques, including steady-state and
time-resolved fluorescence, FTIR, SEM, AFM, and DLS. The
aggregation of Th(lV) effectively restricts the intramolecular
rotation in SUTPE, thereby blocking nonradiative decay pathways
and significantly enhancing its fluorescence intensity.

This method establishes a significant precedent for
environmentally friendly, aqueous-phase detection of Th(lV),
effectively addressing the limitations of traditional organic solvent-
based sensors. The study also investigated dual-metal
interference and demonstrated very less impact from U(VI), a
common co-contaminant with Th(lV), thereby ensuring precise and
reliable detection. Advanced computational analysis further
validated the superior interaction of SUTPE with Th(IV) compared to
other metal ions, underscoring its high selectivity. This work not
only offers potential for monitoring natural radioactive elements in
environmental water bodies to enhance health safety standards
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Fig.. Schematic representation of Th (IV) induced aggregation of
SUTPE and the molecular structure of SUTPE (ACS Applied Materials &
Interfaces 16 (2024), 57004-57016)

but also paves the way for developing more robust
AlE-based sensors for detecting other toxic
elements.

Reference:

Advanced AIE Materials for Environmental Monitoring: Selective
Sensing of Thorium(1V) in Aquatic Systems, M. Ghosh, S. Kadlag, S.V.
Bhosale, S. V. Bhosale, K. K. Swain, A. Ghosh, P. K. Singh*, ACS Applied
Materials & Interfaces 16 (2024), 57004-57016.
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Evolution of International
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Safety Management Systems
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Health, Safety & Environment Group

Bhabha Atomic Research Centre (BARC), Trombay-400085, INDIA
E-mail for Correspondence: vsaxena@barc.gov.in

Introduction

A management system is a set of policies, processes, and
procedures that an organization utilizes to manage tasks such
as safe operation, product quality, legislative and regulatory
conformance, etc. to achieve its objectives. An Occupational
Health and Safety Management System (OHSMS) promotes a
healthy working environment by providing a framework to
identify, control, and manage Occupational Health and Safety
(OHS) risks and opportunities [Boyle, 2019]. Gallagher
describes Occupational Health and Safety Management
Systems (OHSMS) as “an integrated framework comprising
planning and review processes, organizational and
management structures, consultative mechanisms, and
specific program components, all working cohesively to
enhance health and safety performance” [Gallagher, 2003].
Implementation of an effective OHSMS aims at bringing down
workplace injuries and minimizing the accompanying costs.
Many studies have shown that safety management has a
positive influence not only on safety performance but also on
parameters like competitiveness and economic-financial
functioning [Fernandez-Muniz, 2009]. Occupational health
and safety management systems (OHSMS) have evolved
significantly over time, reflecting advances in industrial
practices, societal awareness, technological innovation, and
the identification of human factors as an important aspect in
relation to OHS [Cohelo, 2005]. This evolution has transitioned
from basic reactive measures to sophisticated, proactive, and
integrated systems aimed at preventing workplace incidents,
illnesses, and fatalities.

Occupational Health and Safety (OHS) practices were
rudimentary in the pre-industrial era. Workplaces, primarily
agricultural or artisanal, often relied on traditional methods
without formal systems for managing risks. Hazards such as
accidents or diseases were addressed reactively and
informally. The Industrial Revolution (18"-19" Century) marked
the beginning of large-scale factory systems, introducing
machinery and mass production. These advancements also
brought significant hazards such as exposure to harmful
substances (e.g., coal dust, lead), dangerous machinery
without safeguards, Poor ventilation and lighting, etc.
Governments responded with some early legislations, e.g., the
UK’s Factory Acts (1833, 1844) introduced basic safety
regulations, limiting working hours and mandating safeguards
for machinery. The U.S. implemented state-level laws
addressing workplace safety by the late 19" century [Manuele
2019].

The early 20" Century saw the emergence of Regulations
saw development of formal OHS standards (20" century) with

the establishment of formal health and safety standards.
Workers’ compensation laws were first introduced in Germany
in the late 19" century and adopted globally in the early 20"
century, these laws incentivized employers to reduce
workplace hazards. Occupational diseases were recognized
with Silicosis and asbestosis cases that highlighted the need
for exposure limits and preventive measures.
Institutionalization of OHS regulation began to take shape in
the Mid-20" Century after World War Il and subsequent
industrial expansion emphasized workplace safety. The U.S.
Occupational Safety and Health Act (1970) created OSHA,
setting enforceable standards for workplace hazards, and
organizations like the International Labour Organization (ILO)
and the World Health Organization (WHO) promoted global OHS
standards [ILO 2005].

Systematization of OHSMS started in the late 20"
Century with rapid industrialization that gave rise to the

Pre -Industrial Revolution
Rudimentary OHS practices in artisanal and agricultural work

v

Industrial Revolution
Introduction of machinery safety laws and ventilation

v

Early 20" Century
Emergence of compensation laws, occupational diseases recognition

v

Mid- 20" Century
Creation of OSHA, global standards by ILO and WHO

v

v

21" Century
Proactive systems (ISO 45001,45003), mental health

Late 20" Century
Introduction of systematic frameworks: BS 8800, OHSAS 18001

Fig.1: Evolution of systematization in Occupational Health
and Safety.
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Table 1: A comparison of various OHS management systems.

International Organization
for Standardization (ISO)

2018

Risk-based approach;
worker participation

Applicability Global

Certifiability Yes
o PDCA Cycle, leadership
Key Principle commitment, and worker
involvement
m Annex SL (10 Clauses)
Risk Emphasis on proactive risk
Management management
Wor!((.er ) Strongly emphasized
Participation

[ ET{EV RN Easily integrates with ISO
(o] ) TS ENGEIGEN 9001, 1SO 14001

Legislation Can be tailored to national
Alignment regulations
Context Organization -specific
context considered
Replaces OHSAS 18001
Certification Globally recognized;
Benefits enhances credibility
Major Requires significant
Limitation implementation effort

British Standards
Institution (BSI)

1999 (withdrawn 2021)

Hazard identification,
risk assessment

Global

Yes (until 2021)

PDCA Cycle

PDCA Cycle (non-
Annex SL)

Reactive focus on
hazard control

Limited emphasis

Limited integration

Broadly aligned with
existing laws

Limited focus on
organizational context
Superseded by ISO
45001

Previously widely
recognized

Limited flexibility

International Labour
Organization (ILO)

2001

Continuous improvement in
OSH performance

International

No

Tripartite approach
(employers, workers, and
government)

Flexible

Proactive and preventive
focus

Strongly emphasized

Not explicitly designed for
integration

Focused on ILO standards

Not explicitly considered
Standalone
Not certifiable

Non-certifiable; guideline-
based

American Society of

Safety Professionals(ASSP)

2005 (latest revision 2019)

Management systems for

improving OSH
Primarily US
No

Risk-based and
performance -oriented

High-level framework

Risk-based thinking and

reduction

Encouraged

Can be integrated with
other systems

Focuses on US regulations

and ANSI standards

Organizational factors
considered

Standalone

Improves safety culture

US-centric

1SO 45001 OHSAS 18001 ILO-OSH 2001 ANSI/ASSP 710 BS 8800

British Standards
Institution (BSI)
1996 (superseded by
OHSAS 18001)
Guidance framework
for OHSMS

UK (guidance-level,
non-certifiable)

No

Framework and
guidance

Guidance document

Hazard and risk
guidance

Encouraged

Limited integration

Aligned with UK
regulations

Limited contextual
consideration

Precursor to OHSAS
18001

Non-certifiable

Superseded and
outdated

concept of Management System Frameworks [Parvu, 2024].
The rise of total quality management (TQM) influenced OHSMS
development. Frameworks emphasized a systematic
approach, integrating health and safety into business
processes. The earnest efforts towards OHS management
systems were first attempted with the release of a guide to OHS
in 1996 based on Health and safety at Work Act 1996 of the
International Labour Organization. The British Standard BS
8800 (1996) and later the Occupational Health and Safety
Assessment Series (OHSAS 18001) in 1999 provided a
structured approach to implementing OHSMS globally
[McKinnon 2019].

The 21% Century is the era of Modern OHSMS which
emphasizes proactive risk management, employee
engagement, and integration with other business systems.
Modern systems focus on hazard identification, risk
assessment, and prevention rather than incident response
[Lynda, 2007]. The firstinternational standard for occupational
health and safety management systems came into being in
2007 as Occupational Health and Safety Assessment Series
18001 (OHSAS 18001). Over the past three decades, there
have been constant efforts to improve the OHSMS and to make
it more wide-ranging, realistic and comprehensive [Karanikas,
2019]. Fig. 1 depicts the evolutionary time chart on the
systematization and standardization in OHS.

Published in 2018, this international standard replaced
OHSAS 1800L1. It provides a risk-based approach aligned with
ISO management system standards (e.g., ISO 9001 for quality
management). ISO 45001, designed to drastically improve the
levels of workplace safety and productivity is the new standard
for management systems of OHS. It was first proposed in 2013
and the final document was published after many
deliberations and revisions in March 2018.1S045001 has now
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completely replaced the earlier international standard, OHSAS
18001. The OHSAS 18001-certified organizations had time till
September 2021 to migrate to ISO 45001. With an emphasis
on management commitment, worker involvement, and risk
control, ISO 45001 intends to prevent work-related injuries,
illnesses, and fatalities by specifying requirements for an
OHSMS [Lindholm 2023]. This new standard follows the
approach of other management systems such as ISO 14001
and ISO 90001. Although ISO 45001 draws on certain aspects
of OHSAS 18001, it is a new and distinct standard, not a
revision or update.

ISO 45001 significantly differs from its predecessor
OHSAS 18001 which focused more on controlling hazards and
provided a framework for the effective management of
occupational health and safety including risk management
and legal compliance. OHSAS 18001 had a reactive approach
that focussed solely on risks and not solutions, whereas ISO
45001 has a proactive and preventive approach requiring
hazard risks to be evaluated and remedied before they cause
accidents and injuries. ISO 45001 is process-based and
dynamic in all clauses whereas OHSAS 18001 is procedure-
based and static. Similarly, ISO 45001 considers both risk and
opportunities but OHSAS 18001 deals only with risk. Another
major difference is that unlike OHSAS 18001, ISO 45001
considers the views of interested parties too. Table 1 Highlights
the significant differences between Various international OHS
guidelines and management systems.

In the course of continual evolution, ISO 45003, the most
recent addition to OHSMS and the first global standard giving
in-depth practical guidance on managing psychological health
in the workplace was introduced in June 2021. An add-on
extension of ISO 45001, it provides guidance on the
management of psychosocial risks as part of the occupational
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1S0 45003
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1998 1999
BS 8800
guide to OHS

2018-2021
1S0 45001
replaces

15018001
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OHS 18001

2018
1S0 45001
published

2013
1S0 45001
initiated

2007
OHSAS 18001

Fig.2: Timeline of the evolution of systematic International OHS guidelines and management systems.

health and safety management system [Leka, 2010]. ISO
45003 is not an accreditation in itself but a proactive attempt
to encourage I1ISO 45001-certified organizations to consider
mental health as an integral part of their working lives. Fig. 2
gives the timeline of the integrated standards in OHS
culminating into OHS Management Systems (OHSMS).

Factors Influencing the present state of OHSMS
Evolution and the Challenges

Technological Advancements of the present times have
transformed the industry and workplaces like never before.
The rapid strides made in fields like information technology,
Automation, Digitalization, Robotics, and drone technology
have not only revolutionized the occupational space but also
the OHS facet. Real-Time monitoring is possible with loT
devices and sensors that allow continuous monitoring of
workplace hazards, such as noise, air quality, and ergonomics.
Predictive Analytics and Data-driven approaches can predict
potential hazards with great precision and guide preventive
actions. Digital Training Tools such as virtual reality (VR) and
augmented reality (AR) offer immersive training experiences.
However, the most unique feature of the latest OHSMS is its
Employee-Centric Approaches. odern OHS management
systems emphasize employee well-being and considers stress,
burnout, and mental health as workplace concerns [Gallagher,
2001]. It acknowledges diversity and inclusion as important
considerations to address unique risks faced by vulnerable
groups, including women and older workers.

Government regulations have been a primary driver of
OHSMS advancements, mandating compliance and setting
minimum standards. Major industrial accidents like the Bhopal
gas tragedy (1984) and the Chernobyl disaster (1986)
underscored the importance of robust safety systems, leading
to stricter regulations and better practices [Hale, 1998].
Globalization and the resultant global integration of supply
chains has prompted multinational organizations to adopt
consistent OHSMS frameworks across borders. Companies
increasingly view OHS as a part of their ethical responsibilities,
improving reputation and stakeholder trust. These influencing
factors and the concomitant challenges are presented in Fig. 3.

The integration of advanced technologies such as Al,
robotics, drones, and automation into workplaces brings
numerous occupational hazards that require careful
management. Al systems, while enhancing efficiency, can
perpetuate biases, create privacy concerns through extensive
data collection, and lead to overdependence, which may result

in operational failures or errors. Workers interacting with
robotics face risks of mechanical injuries, programming errors,
and electrical or hydraulic failures. Additionally, drones
introduce hazards like physical accidents, airspace
interference, noise pollution, and cybersecurity breaches,
while automation can lead to skill degradation, job insecurity,
system failures, and ergonomic issues from repetitive
monitoring tasks. These challenges are not only physical but
also psychological, as workers may experience stress over
adapting to these technologies or facing potential
displacement[Nuhu 2024].

To address these hazards, organizations must adopt
proactive safety measures. Training and awareness programs
can equip workers with the skills needed to manage and
mitigate risks associated with new technologies. Ergonomic
design and user-friendly systems can minimize physical strain
and errors. Conducting comprehensive risk assessments
ensures that potential hazards are identified and mitigated
early [Reese 2018]. Cybersecurity measures are crucial for
protecting sensitive data, especially in Al-driven and drone-
enabled environments. Furthermore, psychological support
systems can help workers cope with the stress and anxiety
arising from job insecurity and workplace changes. By
implementing these strategies, industries can cultivate a safer
and more inclusive environment, ensuring the benefits of
advanced technologies are harnessed without compromising
worker well-being.

Small and medium enterprises (SMEs) often face
significant challenges in implementing comprehensive
occupational health and safety management systems
(OHSMS) due to limited resources [Robson 2007]. Financial
constraints make it difficult for SMEs to invest in advanced
safety technologies, hire dedicated safety professionals, or
conduct regular risk assessments. Additionally, a lack of
technical expertise can hinder the development and
maintenance of systematic frameworks aligned with standards
like ISO 45001. SMEs also struggle with time constraints, as
small teams often prioritize operational demands over safety
initiatives. Compliance with complex regulations can be
overwhelming, especially in industries with stringent safety
requirements, leading to a reliance on reactive measures
rather than proactive systems. These constraints highlight the
need for tailored support, such as simplified guidelines,
affordable training programs, and government subsidies to
help SMEs enhance workplace safety effectively.
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Fig.3: The current Influencing Factors and the associated challenges for OHSMS.

Future Trajectory of OHSMS

Aligning Occupational Health and Safety Management
Systems (OHSMS) with Environmental, Social, and Governance
(ESG) goals represents a holistic approach to workplace safety
and sustainability. By integrating OHSMS with ESG
frameworks, organizations can address worker safety while
promoting environmental stewardship and social
responsibility. This alignment ensures that safety practices
consider environmental impacts, such as reducing waste or
emissions, and prioritize inclusivity and well-being for all
employees [Wang 2020]. Governance principles enhance
accountability, encouraging transparent reporting of health
and safety metrics alongside ESG performance. Such
integration not only boosts compliance and stakeholder trust
but also drives sustainable growth by embedding safety and
ethical considerations into core business strategies.

Leveraging big data and Al for predictive risk
management enables organizations to proactively identify and
mitigate potential workplace hazards. By analyzing vast
datasets from sensors, equipment logs, and employee
feedback, Al algorithms can detect patterns and predict risks
before incidents occur. For example, machine learning models
can forecast equipment failures or highlight high-risk areas
based on historical trends. This data-driven approach
enhances decision-making, allowing for timely interventions
and resource optimization. Additionally, predictive tools
improve compliance with safety regulations by providing
actionable insights in real time. Integrating big data and Al into
risk management systems not only enhances workplace safety
but also fosters a culture of continuous improvement and
innovation [Parvu 2024].

Occupational Health and Safety Management Systems
(OHSMS) can ensure psychological safety by creating an
inclusive, supportive, and mentally healthy work environment.
Key strategies include promoting open communication, where
employees feel safe to express concerns or ideas without fear
of retaliation or judgment. Incorporating mental health
initiatives, such as stress management programs, access to
counseling, and training managers to recognize and address
psychological stressors, helps mitigate burnout and anxiety.
OHSMS can also establish policies against workplace bullying,
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harassment, and discrimination, ensuring fairness and
respect for all employees. Regular assessments of workplace
culture, combined with feedback mechanisms, allow
organizations to identify and address psychosocial risks
proactively [Lindholm 2023]. By embedding psychological
safety into OHSMS, businesses not only enhance employee
well-being but also improve engagement, productivity, and
overall organizational resilience.

National Regulatory Frameworks
United States

Occupational Safety and Health Administration (OSHA)
primarily governs the United States' regulatory framework.
OSHA sets permissible exposure limits (PELs) for various
workplace hazards, including airborne contaminants, noise,
and exposures from various chemicals. organizations like the
American Conference of Governmental Industrial Hygienists
(ACGIH) Complement OSHA, and provide Threshold Limit
Values (TLVs) that often influence international standards.
Additionally, the National Institute for Occupational Safety
and Health (NIOSH) conducts research and issues
recommendations that guide OSHA's regulations [ILO 2024].

European Union

Occupational Health and safety standards in the
European Union (EU) are codified under the European
Framework Directive 89/391/EEC. This directive mandates
that employers assess and mitigate risks while advancing a
culture of preventive safety. The EU’s regulatory approach
often emphasizes worker participation in safety programs.
Additionally, the REACH (Registration, Evaluation,
Authorisation, and Restriction of Chemicals) regulation directly
impacts industrial hygiene by enforcing stringent controls over
chemical use and exposure [ILO 2024].

Japan

Japan’s industrial hygiene framework is regulated by the
Industrial Safety and Health Act (ISHA) which mandates
comprehensive risk assessments, regular health check-ups for
workers, and strict adherence to exposure limits for hazardous
substances. Japan’s emphasis on proactive measures,
including education and training, aligns closely with
international best practices [ILO 2024].



Popular Science

Australia

Australia’s Model Work Health and Safety (WHS) Act and
related codes of practice ensure robust industrial hygiene
measures. The Safe Work Australia agency supports
compliance through guidelines and exposure standards.
Australia's system is distinguished by its clear guidelines for
industries like mining, agriculture, and construction [Gallagher,
2001].

The Indian Regulatory Picture

India’s industrial hygiene regulations are governed by
multiple frameworks, including the Factories Act, 1948, and
the recently introduced Code on Occupational Safety, Health,
and Working Conditions (OSH Code), 2020. These regulations
mandate provisions for workplace ventilation, dust control,
chemical safety, and occupational health services. However,
significant challenges persist, including limited enforcement,
fragmented regulatory oversight, and lack of worker
awareness. The recent legislative framework, the OSH Code
2020 consolidates and simplifies existing labor laws, offering
an opportunity for streamlined implementation. Industries like
mining, chemicals, and construction are under stricter scrutiny
for compliance. However, Insufficient staffing and resources
forinspectorates hinder effective implementation [OSH 2020].

Conclusion

Occupational Health and Safety Management Systems
(OHSMS) have progressed from reactive, informal measures to
structured, proactive frameworks that prevent workplace
hazards. Early efforts, influenced by industrial milestones like
the Industrial Revolution, included legislation such as the UK’s
Factory Acts and U.S. safety laws. The 20" century formalized
OHS with global standards, such as BS 8800 and OHSAS
18001, emphasizing systematic integration into business
operations. Modern OHSMS, like ISO 45001, focus on
proactive risk management, employee engagement, and
addressing psychological health (ISO 45003). Technological
advancements, including loT, Al, and predictive analytics,
enable real-time monitoring and hazard prediction, while SMEs
face challenges due to limited resources. Future trends include
aligning OHSMS with Environmental, Social, and Governance
(ESG) goals, leveraging big data for predictive safety, and
fostering psychological well-being. Global regulations, tailored
to regional needs, continue to drive advancements. This
evolution highlights a growing commitment to safer, more
inclusive, and conducive workplaces.
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Awards & Honors

Homi Bhabha Science & Technology
Maanpatra — HBSTM

Recognizing Excellence in Science,
Engineering and Technology

he Department of Atomic Energy (DAE) introduced a one-time internal
recognition, with no cash component, in place of DAE Science and
Technology Awards, named the HBST - Maanpatra (HBSTM), to acknowledge
exceptional achievements and outstanding contributions in science,
engineering and technology. The age of the nominee shall not exceed 45 p
years on 01* January of the year for which he/she is being considered for HBSTM. |

Scientists and engineers from various DAE units i.e., AERB, AMDER, BARC, BHAVINI,
BRIT, DCSEM, DPS, ECIL, GCNEP, GSO, HWB, IGCAR, IREL, NFC, NPCIL, RRCAT, UCILand VECC are eligible for this honour.

The complete process, from nomination to declaration of winners, was paperless and handled through an online portal. The
Maanpatra(s) are presented annually on Founder's Day.

The Director, BARC invited nominations from all Units on August 5, 2024 for the HBST-Maanpatra. A total of 107 nominations were
received through the portal from various DAE units, which included 56 nominations in engineering category, 32 in science
category and 19 in technology category. These nominations were meticulously evaluated at two levels and the most deserving
candidates were shortlisted for their remarkable contributions. The fourteen selected officers which included five awardees in
science category, five awardees in engineering category and four awardees in technology category. List of awardees is presented
here.

The Maanpatra, were presented on October 30, 2024 at the Central Complex Auditorium, BARC. The Chairman, AEC & Secretary,
DAE conferred the winners with handcrafted Maanpatra and its scroll-box, recognising their dedication and achievements in
advancing science, engineering and technology.

The HBST-Maanpatra stands as a testament to DAE's commitment to fostering excellence and innovation within its scientific and
engineering communities, encouraging scientists and engineers to continue contributing to the nation's progress in field of
nuclear science and technology.

Awardees of maiden HBSTM

Science Category Engineering Category Technology Category
Dr. A. K. Srivastava Dr. V. P. Sinha Shri S. K. Vadali

BSG, BARC NFG, BARC NFG, BARC

Dr. Amit Kunwar Shri Alok Prakash Dr. Nafees V. Ahmed

CG, BARC RPG, BARC ChTG, BARC

Dr. Mohit Tyagi Shri Suneel Gattu Dr. Khageswar Sahu

PG, BARC NRB, BARC MSATG, RRCAT

Dr. P. C. Rout Dr. M. V. S. R. Ravi Kanth Dr. Diptimayee Samantaray
PG, BARC Zinc & Special Material, NFC MMG, IGCAR

Dr. Tapan Kumar Rana
Physics, VECC
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Shri Shrikant D. Mishra
Civil, NPCIL

% HBST Maanpatra: 2024 Awardees D[rector of BARC and-Chairman of AEC
pose for a group photograph in Central Complex Auditorium, BARC Trombay.



Awards & Honors

BARC Scientists Honoured

Carbon Materials Section, Glass & Advanced Material

Division, Materials Group, Bhabha Atomic Research Centre
and Professor, Homi Bhabha National Institute, has been awarded the
IIM-Hindustan Zinc Gold Medal 2024 in recognition of his significant
contributions to Non-Ferrous Metallurgical Industries. Dr. Dasgupta
was also conferred with the Indian Institute of Chemical Engineers’
Herdillia Award 2024 for Excellence in Basic Research in Chemical
Engineering, especially for his pioneering research in the field of
carbon materials.

Dr. Kinshuk Dasgupta, Scientific Officer and Head, Advanced

Dr. Dasgupta joined BARC as a Scientific Officer after
completing his Bachelors in Engineering (Metallurgy and Materials
Science) from Jadavpur University, Kolkata. He completed his PhD in

QU . . . . .
the lIM-Hindustan Zinc Gold Medal 2024. Chemical Engineering from the Institute of Chemical Technology,

Mumbai. He visited University of Cincinnati, USA as a Fulbright visiting

scholar during 2018-19. Dr. Dasgupta's research interest includes
carbon materials, composites and coatings. He has published more than 140 research papers in international journals,
90 conference papers, 3 book chapters and 3 patents. He has transferred several technologies to the industries. Dr.
Dasgupta has delivered many invited lectures.

Dr. Kinshuk Dasgupta has received many awards, including the most coveted Shanti Swarup Bhatnagar Prize in
Engineering Sciences in 2020. The Ministry of Steel, Govt. of India, bestowed upon him ‘Young Metallurgist of the Year’ in
2007. Further he received ‘Young Engineer Award’ in 2012 and ‘Scientific and Technical Excellence Award’ in 2017 from
Department of Atomic Energy, “N. J. Suchak Innovation Award 2019”, “Distinguished Alumnus Award 2022” from the
Institute of Chemical Technology, and “VASVIK Industrial Research Award” in 2020.

Section, GRAMD, Materials Group, BARC has been awarded the

Amar Dye-Chem Award 2024 for Excellence in Basic Research

and Development in Chemical Engineering, instituted by the Indian

Institute of Chemical Engineers (lIChE). The award recognises

(e Shri Kaushal for developing high-performance carbon nanotube fibres
e~/ : by floating catalyst chemical vapour deposition method.

Shri Amit Kaushal, Scientific Officer, Advanced Carbon Materials

Shri Kaushal began his career in BARC after earning a
Bachelor’s degree in Chemical Engineering from BIT Sindri, Dhanbad,
Jharkhand. Further, he pursued Masters in Chemical Engineering
] from the Homi Bhabha National Institute, Mumbai and is currently

i pursuing his PhD from the same institute. His research focuses on
sn mn Kaushal (centre) receiving honors from the office chemical_ process development and_ intensification _with_ a _s_trong
bearers of the Indian Institute of Chemical Engineers (IIChE).  €Mphasis on carbon nanomaterials. Among his significant

achievements, Shri Kaushal has successfully transferred two key
technologies to industry-Flexible and Freestanding CNT Sheets, and Bulk Production of CNT Powder. He has over
18 research papers published in reputed international journals. Additionally, he has received multiple best presentation
awards at prominent conferences.
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Technology Management

Industry

BARC’s Nuclear

On November 22, 2024, the Technology Transfer and Collaboration Division (TT&CD) of Bhabha Atomic
Research Centre (BARC) and Atal Incubation Centre (AIC-BARC) conducted a significant technology transfer
ceremony in Mumbai. The AKRUTI programme for propagation of BARC-DAE technologies among the rural
environs too witnessed significant new developments. The ceremony underscored BARC's commitment to
technological innovation and entrepreneurial support across multiple domains. A brief update on these

developmentsis presented here.

Technology Transfers Agreements

he event featured 16 technology transfer
agreements with notable companies. The
technologies transferred to the industry
encompass Pharmaceutical and Biotechnology
Innovations, Environmental and Sustainability
Technologies, Advanced Material and Manufacturing
Technologies, and Specialized Detection and Monitoring
Technologies.

In Pharmaceutical and Biotechnology Innovations
landscape, Asian Aerosol OAN Pvt. Ltd., Mumbai secured
the technology on Bio-available curcumin formulations with
significant applications in pharmaceutical and

Technology Transfer - AKRUTI Kendra - Incubation |

Agreement Signing
Q: and
AIC's Graduation Ceremony
s
——— Friday, November 22, 2024 |

Venue: Multipurpose Hall, Training School Hostel |

Signing of the technology transfer agreement with Pune based M/s. United
Bio Energy Pvt. Ltd., in presence of Shri Martin Mascarenhas, Director of the
Beam Technology Development Group, BARC and Dr. S Adhikari, Director of
the Knowledge Management Group and Dr. Padma Nilaya, Head of the Laser
&Plasma Division in BARC.
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Signing of the technology transfer agreement with M/s Okosu Industries LLP,
Surat (Gujarat) in presence of Dr. Raghvendra Tewari, Director of the Materials
Group, BARC and Dr. S. Adhikari, Director of the Knowledge Management
Group, BARC and Shri Daniel Babu P, Head, TT&CD, BARC and other high-
ranking officials.

nutraceutical sectors. The technology for synthesizing o-
Tolylbenzonitrile (OTBN) which functions as an advanced
intermediate for anti-hypertensive drugs was secured by
Prashant Industries, Ahmedabad. Enerchii Minchem Pvt.
Ltd., Bhubaneswar secured the technology of
Superabsorbent BARC-Hydrogel (MRIDAMRT) with potential
impact across advanced material sciences. The technology
of atmospheric pressure portable catalytic air plasma
system for fast synthesis of aqueous Nitrate & Nitrite
fertilizers was also transferred to industry partners,
including to a Pune-based firm M/s. United Bio Energy Pvt.
Ltd.

In Environmental and Sustainability Technologies
landscape, H,0 Dynamics India Limited, South Goa secured
the technology of Hybrid Granular SBR for Wastewater
Treatment as well as the Process system for cleaning
contaminated wastewater. The technology of Rapid
Composting for organic waste decomposition with



Technology Management

beckons

between
Bhabha Atomic Research Centre, Mumbai
eRs

M/s K&En{erpbscdPalghar

Technology Transfer - AKRUTI Kendra - Incubation
Agreement Signing

Q: and
= AIC's Graduation Ceremony
————

Friday, November 22, 2024
Venue: Multipurpose Hall, Training School Hostel

UL

AKRUTI Kendra-Tarapur Agreement with Palghar-based firm M/s.
K.K. Enterprises for transfer of 'Banana Health Drink' technologies.

applications in Municipal and temple waste management
has been transferred to Arihant Bioscience and Adrem
Solutions. Additionally, Radiation Assisted Adsorbent
Technology for Textile Effluent Decolouration, and Compact
Helical Biodegradable Waste Converter - SHESHA, was
alsotransferred to the industry partners.

In Advanced Material and Manufacturing Technologies
landscape, OKOSU Industries LLP, Surat secured the
technology of Titanium diboride (TiB2) powder production &
Zirconium diboride (ZrB2) powder fabrication with
significance in advanced materials engineering industries.

In Specialized Detection and Monitoring Technologies
landscape, Electronics Corporation of India Limited,
Hyderabad (a unit of DAE) secured the technology of
Portable Radio Isotope Detection with significant
applications in radiation monitoring & safety.

Start-up Incubation

In startup incubation and entrepreneurship landscape,
Team Cassion is incubating on developing an efficient
technology for extracting kokum butter which has the
characteristics of good taste, texture and flavor and can
become a potential alternative to vegetarian fat used in
cooking and confectionery.

The in-house technology incubation landscape, an
agreement was inked with Hyurja Fuel Systems and
Vasantdada Sugar Institute for incubation on Plasma
pyrolysis plant for low-carbon hydrogen production and

Gamma-irradiated chitosan crop production formulation,
respectively. For the technology of Bioavailable Cold Water
Dissolvable Formulation of Astaxanthin and Pomegranate
Peel Extract, an agreement was inked under Collaborative
Technology Incubation category with Pluviago Pvt. Ltd. Ace-
Ex Industries has successfully graduated from the
incubation program on the technology of Handheld Gamma
Spectrometer based on Cesium lodide (Csl) Single Crystal.

AKRUTI Programme Expansion

The Advance Knowledge and Rural Technology
Implementation initiative (AKRUTI) continued its mission of
encouraging entrepreneurship. Key developments in
AKRUTI landscape are as follows.

Four new AKRUTI Kendras established with academic
institutes viz., UBKV (Uttar Banga Krishi Vishwavidyalaya) at
Cooch Behar in West Bengal, DYPACSC (Dr. D. Y. Patil Arts,
Commerce and Science College) at Pimpri, Pune in
Maharashtra, MGU (Mahatma Gandhi University) at
Kottayam in Kerala, PAHSU (Punnyashlok Ahilyabai Holkar
Solapur University) at Solapur in Maharashtra.

Two new technology transfer agreements were inked with a
Pune-based firm M/s. Organic India, LLP for
'Micropropagation of Banana' and a Palghar-based firm
M/s. K.K. Enterprises for 'Banana Health Drink'
technologies through AKRUTI Kendra-Tarapur, established
in 2021 through NPCIL CSR funding arrangement and is
managed by Shree Vitthal Education and Research Institute
-SVERI, Pandharpur. The AKRUTI Kendra-Tarapur generated
a revenue of Rs.250,000 (70% of accrued through license
fee) inthe last trimester of 2024.

The agreement for establishing an AKRUTI Kendra at Mahatma Gandhi
University in Kottayam, Kerala MGU was inked in presence of Prof. Dr. Bismi
Gopalakrishnan, Registrar of MGU, Dr. S. Adhikari, Director of the KMG and Shri
Daniel Babu P, Head, TT&CD, BARC and other high-ranking officials.
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Connect

Reports from conferences, theme meetings, symposia, and outreach

ND=23
"TECHNOLOGIES

NDE-2024 5

The inaugural function of NDE- 20%l Rtk 3 Sl ‘

NON DESTRUCTIVE
EVALUATION & ENABLING

THEME

INE
NSPIRE

ISNT Conference and Exhibition on Non-Destructive
Evaluation & Enabling Technologies

Destructive Evaluation & Enabling Technologies (NDE-

2024) was organized by the Indian Society for Non-
Destructive Testing (ISNT) during 12-14 December, 2024 at
Chennai, Tamil Nadu and the conference was inaugurated
on 12" December, 2024 by Anil V. Parab, Sr. Executive Vice
President, L&T (Heavy Engg. & L&T Valves). More than 1000
delegates from national and international research &
development laboratories, academia and industries,
participated in the proceedings of the three-days
conference. Dr. V. H. Patankar, Head, UIEFS, Electronics
Division, BARC chaired a technical session on 'Applications
of NDE in Energy Sector' and he delivered an invited talk on

The 34" Annual Conference and Exhibition on Non-

'Ultrasonic Instrumentation for NDE of Components &
Structures and Way Forward', in the technical session on
'Advances in Ultrasonics: Instrumentation & Acquisition'.
Other officers from BARC who participated in the
conference and presented research papers include Manojit
Shaw, QAD; Roshan R. Sahu, CnID; Kum. Samadrita
Chakraborty, CDM; Dr. Lakshminarayana Yenumula, ITIS;
Sayan Banerjee, ED; Ashutosh Srivastava, CDM; Anant
Mitra, ITIS, and Rajesh V. Acharya, ITIS. NDE 2024
conference was aimed to address the specific needs and
challenges of a myriad of industries, including aerospace,
automobile manufacturing, power generation,
infrastructure, and others.

0 Komal Kapoor, Chairman, NDE 2024 & Chief Executive, Nuclear Fuel Complex,

Hyderabad speaking at the event.

9 Dr. V.H. Patankar, Head, UIEFS, Electronics Division, BARC speaking in the
technical session on 'Advances in Ultrasonics: Instrumentation &
Acquisition'.
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Reports from conferences, theme meetings, symposia, and outreach

DAE-SAACM-2024

Symposium on Advances in Atomistic and
Continuum Modeling

and Continuum Modeling (DAE-SAACM-2024) was

organized at the DAE Convention Center in BARC
Campus, Mumbai during 23-26 November 2024. The three-
days symposium was organized jointly by Chemical
Engineering Group (ChEG), BARC in association with the
Board of Research in Nuclear Sciences, DAE and the Society
for Atomistic and Continuum Modeling (SACM). During the
inaugural day of the symposium, the welcome address was
made by Dr. S. Mukhopadhyay, Head, ChED followed by
introductory remarks by Dr. R. Tewari, Director of the
Materials Group, BARC. In his speech, Shri K.T. Shenoy,
Director, ChEG and Chairman of the SAACM-2024
emphasized the need to work out a common platform that
will function as a bridge between atomistic and continuum
modeling research. Professor R.B. Grover, Member, Atomic
Energy Commission had been invited as the chief guest to
the symposium. In his inaugural speech, Prof. Grover
discussed the needs of the atomistic modeling based multi-
scale approach in advanced scientific research. The
proceedings of the workshop, presented in the form of a
souvenir, was released by him. The special issue of SACM
was released by Prof. E.D. Jemmis of 1ISc, Bangalore, who

The DAE-BRNS Symposium on Advances in Atomistic

= ~§

- Group photograph of delegates to
DAE-BRNS symposium SAACM-2024.

was the guest of honor to the symposium. The vote of
thanks was delivered by Dr. Sk. Musharaf Ali, Head, AMCAS,
ChED and Convener of the SAACM-2024. The symposium
saw participation of 300 delegates from both DAE units and
non-DAE institutes. A total of 185 abstracts were submitted
by the invited speakers and research scholars for the
symposium. A plenary lecture, invited lectures and short
lectures were delivered on varied topics, including on
electronic structure calculations such as density functional
theory, equilibrium and non-equilibrium statistical
mechanics, molecular dynamics and Monte Carlo
simulations and computational fluid dynamics. Machine
learning-driven atomistic modeling was also discussed. The
subject experts from several Pan-India institutes such as
lISc, TIFR, IACS (Kolkata), JNCASR, IITs (Mumbai, Chennai,
Patna, Hyderabad, Jodhpur), ICT (Bhubaneswar), [ISER
(Pune), CEBS (Mumbai), IGCAR (Kalpakkam) and from
BARC made their presentation on various aspects of
atomistic modeling. SAACM handed over the certificates of
participation to all participants. The Atomistic Modeler of
Year-2024 plaque was awarded to Dr. Arya Das of Nuclear
Recycle Board, BARC, Mumbai at the symposium.
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Scientific Social Responsibility in DAE

he Parmanu Jyoti Program, launched by the
Department of Atomic Energy (DAE), is designed to
foster awareness of atomic energy research and
development among school students throughout
India. The program aims to educate students about
the peaceful applications of nuclear technology, inspiring
interestin scientific careers, and enhancing scientific literacy.

Initiated in 2022, the program has already reached nearly
100,000 students across various Jawahar Navodaya
Vidyalayas (JNVs) by engaging over 100 young and experienced
scientists, referred to as 'Parmanu Mitras,' predominantly from
BARC, and other DAE units.

This initiative particularly targets JNVs, which are established
in every district of the country to provide quality education to
gifted children from rural backgrounds.

JNV BHOPAL, MADHYA PRADESH
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PARMANU JYOTI

Empowering Future Innovators
in Nuclear Scitech through Outreach

In November 2024, during its fourth campaign, the Parmanu
Jyoti Program expanded its outreach beyond JNVs to include
schools under the Atomic Energy Education Society,
particularly those in remote regions of central and eastern
India Chhattisgarh and Jharkhand.

This broadening of scope underscores DAE's commitment to
cultivating a scientifically informed society that recognizes the
potential of nuclear technology for sustainable development.
The program highlights the significance of outreach as part of
DAE's dedication to Scientific Social Responsibility (SSR) and
community involvement.

By engaging with students directly, the initiative not only
disseminates knowledge but also builds a bridge between
young minds and the scientific community, fostering a culture
of curiosity and innovation.

JNV SAHUKHANTA, ODISHA




Scientific Social Responsibility in DAE

JNV JHABUA, MADHYA PRADESH
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News & Events

Transforming Nuclear

Building

444

During  November-December =~ 2024, the
Human Resource Development Division of
BARC inaugurated a new digital studio
equipped  with  state-ofthe-art  facilities,
desighed to enhance training capabilities for
scientific  officers and technical manpower
across BARC and other DAE constituent units.
This initiative aligns with BARC's ongoing
commitment to providing advanced training
and knowledge transfer in nuclear sciences.
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News & Events

Education &

Scientific Future

444

The inauguration function of renovated BARC
Training School Hostel and Guest House in
Anushakti Nagar during December 2024 was
presided over by Dr. Ajit Kumar Mohanty
(Chairman AEC .&-Secretary DAE), Shri Vivek
Bhasin— (Director BARC), and other senior
officers from HRDD, HBNI, and DCSEM. The
infrastructure upgrade was aimed to modernize
the existing facilities to better support the
growing academic and training requirements of
the Homi Bhabha National Institute and BARC
Training School.
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