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ABSTRACT

Background The development of cancer is largely
dependent on the accumulation of somatic mutations,
indicating the potential to develop cancer chemoprevention
agents targeting mutation drivers. However, ideal cancer
chemoprevention agents that can effectively inhibit the
mutation drivers have not been identified yet.

Methods The somatic mutation signatures and
expression analyses of APOBEC3B were performed in
patient with pan-cancer. The computer-aided screening
and skeleton-based searching were performed to identify
natural products that can inhibit the activity of APOBEC3B.
4-nitroquinoline-1-oxide (4-NQO)-induced spontaneous
esophageal squamous cell carcinoma (ESCC) and
azoxymethane/dextran sulfate sodium (AOM/DSS)-induced
spontaneous colon cancer mouse models were conducted
to investigate the influences of APOBEC3B inhibitor on the
prevention of somatic mutation accumulation and cancer
progression.

Results Here, we discovered that the cytidine deaminase
APOBEC3B correlated somatic mutations were widely
observed in a variety of cancers, and its overexpression
indicated poor survival. SMC247 (3, 5-diiodotyrosine),

as a source of kelp iodine without side effects, could
strongly bind APOBEC3B (K,=65nM) and effectively inhibit
its deaminase activity (IC,=1.69 uM). Interestingly, 3,
5-diiodotyrosine could significantly reduce the clusters of
mutations, prevent the precancerous lesion progression,
and prolong the survival in 4-NQO-induced spontaneous
ESCC and AOM/DSS-induced spontaneous colon cancer
mouse models. Furthermore, 3, 5-diiodotyrosine could
reduce colitis, increase the proportion and function of T
lymphocytes via IL-15 in tumor microenvironment. The
synergistic cancer prevention effects were observed when
3, 5-diiodotyrosine combined with PD-1/PD-L1 blockade.
Conclusions This is the first prove-of-concept study

to elucidate that the natural product 3, 5-diiodotyrosine
could prevent somatic mutation accumulation and cancer
progression through inhibiting the enzymatic activity of
APOBEC3B. In addition, 3, 5-diiodotyrosine could reduce
the colitis and increase the infiltration and function of

T lymphocytes via IL-15 in tumor microenvironment. 3,
5-diiodotyrosine combined with PD-1/PD-L1 blockade
could elicit synergistic cancer prevention effects,

1,2

WHAT IS ALREADY KNOWN ON THIS TOPIC

= A large proportion of human cancers are caused by
the accumulation of somatic mutations. However,
there are still no effective agents for inhibiting mu-
tation drivers due to the lack of therapeutic targets
and unclear mechanisms. This raises the question
whether it is possible to identify a major endoge-
nous driver and develop effective natural product
inhibitors to prevent somatic mutations and cancer
progression.

WHAT THIS STUDY ADDS

= In this study, we found that the overexpression of
APOBEC3B was positively associated with poor
prognosis, and its somatic mutation signatures were
widely observed in pan-cancer. Our in vitro and in
vivo studies demonstrated that the first natural
product 3, 5-diiodotyrosine from kelp could strong-
ly bind to APOBEC3B and inhibit its deaminase
activity, reduce colitis and increase the infiltration
and function of T lymphocytes via IL-15 in tumor
microenvironment.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= As such, for the first time, our study revealed a pre-
viously unrecognized function of 3, 5-diiodotyrosine
as an APOBEC3B inhibitor, which could be ex-
ploited to prevent cancer progression, potentially
enhanced antitumor immunity and reduced the
immune checkpoint inhibitors-associated colitis of
immunotherapy.

indicating a novel strategy for both prevent the somatic
mutation accumulation and the immune-suppressive
microenvironment exacerbation.

INTRODUCTION

Advances in next-generation sequencing
have determined that a large propor-
tion of human cancers are caused by the
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accumulation of somatic mutations.'™ Epidemiolog-
ical studies have shown that exogenous factors such as
radiation, alcohol consumption, smoking, exposure to
carcinogens and micronutrient deficiency may trigger
genetic mutation and cancer occurrence.! ° Although
some chemoprevention agents have been investigated,
the overall benefits remain controversial due to the lack
of therapeutic targets and unclear mechanism.®” Wang et
al reported that there was no significant effect on cause-
specific or total mortality during multivitamin supple-
mentation for Gyears or postintervention follow-up for
20years in Linxian, China.® Limburg et al found that the
intervention of selenomethionine or celecoxib for 10
months in subjects with esophageal squamous dysplasia
did not inhibit the occurrence of ESCC in the high-risk
subjects.” In addition, researchers have also tried to
target genomic instability and mutations in tumors to
prevent the progression of cancer. Poly (ADP-Ribose)
polymerase 1 (PARP1) inhibitors have been developed to
treat patients with breast cancer with somatic BRCA1/2
mutations. However, the clinical application of PARPi in
cancer therapy was limited due to their low selectivity,
weak affinity, adverse side effects, and so on." Jiang et al
summarized mechanisms of genomic instability induced
by DNA damage response (DDR) alterations, and thera-
peutic strategies targeting genomic instability including
the combination of DDR inhibitors with immune check-
point inhibitors (ICIs)."" However, these therapeutic strat-
egies have also encountered great challenges, including
immune-related toxicities, dose, and drug resistance.'
Therefore, it is considered impossible and undruggable
to prevent cancer progression through preventing the
somatic mutation.

Different mutation processes usually produce different
types of single base substitution (SBS) combinations,
which was called ‘SBS signature’."” The first major cate-
gory of endogenous factors that cause DNA damage or
mutation is the spontaneous deamination of methylcyto-
sine in presence of 5'-CG dinucleotides, results in cyto-
sine to thymine (C>T) mutations. The process occurs
naturally over time and is associated with aging.'* The
second largest endogenous source of somatic mutation
in cancer is attributed to the deamination of apolipopro-
tein B mRNA editing catalytic peptide family (APOBEC),
which catalyzes cytosine to uracil, results in C>Tor C>G
mutations through the DNA repair process."” APOBEC
family have 11 family members, including APOBECI
(A1), APOBEC2 (A2), APOBEC3A-3H (3A, 3B, 3C, 3D,
3F, 3G, 3H), APOBEC4 (A4) and activation-induced
cytidine deaminase (AID).'"® Although each member
has different hotspot recognition motifs and expression
profiles,'”” more and more genetic analysis results have
shown that APOBEC3B is a putative mutation driver to
initiate the main source of endogenous enzyme-driven
somatic mutations in several cancer types.' *'®

APOBECS3B is a cytidine deaminase located in human
chromosome 22p that catalyzes C>T conversion,'"
which is the only deaminase member mainly located

in the nucleoplasm.”” ' The ligand of APOBEC3SB is
the single-stranded DNA (ssDNA) that mainly caused
by DNA damage and replication fork interruption.*” *
APOBECS3B is rarely expressed in normal tissues, and its
highly efficient nucleic acid editing activity could induce
high frequency mutations in viral genes to resist retro-
viruses, retrotransposon and DNA viruses such as HIV,
MMTV, HBV and HPV."' * However, if APOBEC3B is
overexpressed or abnormally activated, a large number
of somatic mutations will occur, and lead to carcinogen-
esis.** Therefore, APOBEC3B may serve as a novel target
to prevent somatic mutation and cancer progression.
Barzak et al had designed ssDNA containing 2'-deoxy-
zebularine (dZCC-oligo) and its analogs, which are
similar to APOBEC3B substrate, could selectively inhibit
APOBEC3B, but the feasibility has not been verified at
cellular level and in vivo experiments.”” ** In addition,
oligonucleotide drugs still face the problems of plasma
membrane penetration, nuclease degradation, off-target,
chemo-dependent toxicity and effective delivery.”” More-
over, APOBEC3B is localized in the nucleoplasm, so the
development of small molecule inhibitors will be more
valuable. Unfortunately, up to now, there are no ideal
APOBEC3B small molecule inhibitors as cancer chemo-
prevention agents.

In the current study, we found that APOBEC3B was a
significant mutation driver and over-expressed in many
cancers. Computer-aided virtual screening was performed
to obtain small molecule inhibitors of APOBEC3B from
natural product library. Their APOBEC3B inhibition
activity and structure-activity relationships were investi-
gated. The antitumor activity and mechanism of these
compounds were investigated both in vitro and in vivo by
using 4-NQO-induced spontaneous ESCC and AOM/DSS-
induced spontaneous colon cancer mouse models.*® *
For the first time, our results discovered that the puta-
tive diet iodine supplement SMC247 (3, 5-diiodotyrosine)
from kelp could significantly inhibit the mutation-driving
activity of APOBEC3B, reduce the colitis, increase the
infiltration and function of T lymphocyte via IL-15 in
tumor microenvironment and prevent cancer progres-
sion, indicating that inhibition of APOBEC3B could be a
novel strategy for cancer chemoprevention. Furthermore,
considering the immune microenvironment exacerba-
tion as PD-L1 upregulated gradually in the precancerous
lesion aside from the mutation accumulation. In our
previous study, we discovered the first orally available
proteolysis-resistant D peptide OPBP-1, which could
selectively bind programmed cell death 1 ligand 1 (PD-
L1), block PD-1/PD-L1I interaction, and effectively inhibit
tumor growth.” Therefore, the synergistic effects of 3,
5-diiodotyrosine combined with PD-1/PD-L1 blockade
were also investigated.
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MATERIAL AND METHODS

Mutation signature and gene analysis

Mutational data of pan-cancer from The Cancer Genome
Adas (TCGA) (https://xenabrowser.net/datapages/)
were downloaded, and mutational signatures of pan-
cancer were analyzed using R package ‘MutationalPat-
terns’ (R V.4.0.1). Alexandrov et al proposed 96 distinct
signature patterns from the curated data generated by
TCGA and the International Cancer Genome Consor-
tium using non-negative matrix factorization.” The muta-
tion patterns were summarized and characterized using
96 Catalogue Of Somatic Mutations In Cancer (COSMIC)
mutational signatures (V.3.2) to identify specific activity
on the genome. The cancer types include Bladder Cancer
(BLCA), Cervical Cancer (CESC), Lung Squamous Cell
Carcinoma (LUSC), Lung Adenocarcinoma (LUAD),
Head and Neck Cancer (HNSC), Esophageal Squamous
Carcinoma (ESCC), Breast Cancer (BRCA), Esophageal
Cancer (ESCA), Kidney Clear Cell Carcinoma (KIRC),
Ovarian Cancer (OV), Uterine Carcinosarcoma (UCS),
Stomach Cancer (STAD), Sarcoma (SARC), Liver
Cancer (LIHC), Rectal Cancer (READ), Prostate Cancer
(PRAD), Large B-cell Lymphoma (DLBC), Bile Duct
Cancer (CHOL), Colon Cancer (COAD), Endometrioid
Cancer (UCEC), Glioblastoma (GBM), Adrenocortical
Cancer (ACC), Ocular melanomas (UVM), Testicular
Cancer (TGCT), Thymoma (THYM). and Thyroid
Cancer (THCA).

The National Institutes of Gene Expression Omnibus
(GEO) database (https://www.ncbi.nlm.nih.gov/
geo/) was utilized to obtain the gene expression data of
normal and tumor samples in ESCC. GSE20347 cohort
contained 17 paired tumor and peritumor ESCC samples
(probe set ID: 207158_at for APOBECI, 206160_at for
APOBEC2, 210873_x_at for APOBEC3A, 206632_s_at
for APOBEC3B, 209584_x_at for APOBEC3C, 214994 _
at for APOBEC3F, 204205_at for APOBEC3G and
219841_at for AICDA). GSE37182 cohort contained 88
tumor and 84 peritumor colon cancer samples (probe
set ID: TLMN_1813881 for APOBEC1, ILMN_1719143

for APOBEC2, ILMN_1680192 for APOBEC3A,
ILMN_2219466 for APOBEC3B, ILMN_1675684
for APOBEC3C, ILMN_1702706 for APOBECSF,

ILMN_2232478 for APOBEC3G and ILMN_2164164 for
AICDA).

Plasmid construction and protein purification

We constructed APOBEC3B into pET-28a-MBP vector.
The plasmid pET-28a-MBP-APOBEC3B was transformed
into the Escherichia coli (E. coli) competent cell BL21, and
was induced by 0.5mM Isopropyl-D-thiogalactoside
(IPTG) (Solarbio, 18070, China) and 100 pg/mL ampi-
cillin (Solarbio, A8180, China) at 16°C overnight. Cells
were collected and then suspended in a purification
buffer (h0mM Tris-Cl, 150mM NaCl, 1mM DTT, 1 mM
EDTA and ImM ZnCl,). After ultrasonic crushing,
protein in supernatant was separated by MBP separation

and purification column to obtain active APOBEC3B
protein (1.34mg/mL) for the following experiment.

Virtual screening

The crystal structure of APOBEC3B with resolution of
1.90A (PDB ID: 5TD5) was downloaded from the RCSB
Protein Data Bank (PDB) (https://wwwl.rcsb.org/).
Homology modeling was performed by using APOBEC3B
crystal structure as a template to complete missing
region and change mutation sites to obtain complete
wild-type structure in the Molecular Operating Environ-
ment (MOE) software (V.2019.08, Chemical Computing
Group, Canada). In homology modeling, model score
was GB/VI, and refinement parameter was gradient
limit to 0.5. Two structures were superimposed together
through the program ‘superimposition’ in MOE software,
and the total root mean square deviation (RMSD) value
as well as the RMSD value for each residue were gener-
ated and validated. The wild-type structure of APOBEC3B
was optimized by modifying amount of hydrogen, charge
and performing protonation by protonate 3D procedure
in MOE. The possible screening pocket and binding area
were operated and determined by the Site Finder options
in MOE. Natural compounds were selected as small mole-
cule screening library containing 638 well-described and
commercially available compounds. Before molecular
docking, compounds underwent energy minimization to
obtain 3D multiple conformers. Flexible docking (param-
eter: induced fit) was performed by MOE software. Then,
the optimal conformer of each compound was obtained
by screening program ‘unique filter’. According to the
overall score (S value), molecular weight, better docking
pose and so on, the top 30 compounds were obtained for
subsequent experimental verification. All compounds
were purchased from commercial supplier (TargetMol,
Shanghai, China), dissolved in DMSO (10mM), and
preserved at —80°C.

Fluorescence-based ssDNA cytosine deamination assay

To screen compounds which could inhibit the deam-
ination enzymatic activity of APOBEC3B, the cytosine
deamination assay was performed.” The substrate ssDNA
of APOBEC3B 5'-6-FAM-ATTATTATTATTCAAATGGA
TTTATTTATTTATTTATTTATTT-TAMRA-3" was synthe-
sized by GENEWIZ (Suzhou, China). Various diluted
compounds were added into a 384-well plate. Then, 15pL
of APOBEC3B protein diluted in 150mM NaCl, 50 mM
Tris, 1mM protease inhibitor (cOmplete, EDTA-free,
EASYpack, Roche, 04693132001, Switzerland) and 1 mM
PMSF (Solarbio, P0100, China) was added and mixed,
and then incubated for 15min at 37°C. The final concen-
tration of APOBECS3B protein was 0.04 pM. Then, 10 pmol
ssDNA substrate and 0.02 units E. coli uracil DNA glyco-
sylase (UDG) (NEB, M0280S, US) were added and then
incubated for 2hours at 37°C. 4 M NaOH was added into
the reaction system, followed by shaking for about 1 min
and incubating at 37°C for another 30 min. 2 M Tris-Cl
and 4 M HCI were then added to neutralize the reaction
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mixture. Deaminase activity was subsequently quantified
using fluorescence scores on multi-functional micropo-
rous plate detector with excitation wavelength at 485 nm
and emission wavelength at 525 nm. The negative control
used in this assay was solvent without compounds, or
compounds that have verified without inhibitory effects.
Dose-response curves and IC, values were determined by
the Graphpad Prism V.8.0 software.

Tris-boric-EDTA-urea gel-based ssDNA cytosine deaminase
activity assay

The Tris-boric-EDTA (TBE)-urea gel-based ssDNA cyto-
sine deaminase assay was performed as described.” 1x10°
KYSE70 cells were collected and then lysed by a nonde-
naturing cell lysate buffer supplementing 1mM PMSF.
The ssDNA (5-ATTATTATTATTCAAATGGATTTATTTA
TTTATTTATTTATTT-fluorescein-3") of APOBEC3B was
synthesized by Beijing Liuhe Huada Gene Technology.
A 2pL different concentration (0, 0.001, 0.01, 0.1, 1,
10, 100pM) of 3, 5-diiodotyrosine was mixed with 15pL
cell lysate and then incubated at 37°C for 15min. Then,
0.4pM ssDNA, 1.75 units RNase A, 0.025 units UDG and
2pL 10xUDG buffer were added into reaction system
and incubated at 37°C for 2hours. A 100mM NaOH was
added into above reaction mixtures and placed in the
thermostat at 95°C (HNDTC-100, China) for 10 min. The
reaction mixtures were separated using the 15% TBE-
urea gel electrophoresis. Results were visualized by ECL
system (Azure C600, USA).

Microscale thermophoresis

The affinity of 3, 5-diiodotyrosine to human APOBEC3B
was tested by Microscale thermophoresis (MST) (Nano-
Temper Technologies, Germany). Human APOBEC3B
protein was labeled using Red-NHS647 dye (NanoTemper
Technologies, L1001, Germany). 3, b-diiodotyrosine
was diluted into gradient concentrations. The equal
volumes of 0.05pM human APOBEC3B protein labeled
by Red-NHS647 dye and the gradient concentrations of
3, b-diiodotyrosine were mixed and incubated at room
temperature for 5min. Then, the mixture was loaded
onto capillary for further detection. Data were calculated
and estimated by analysis software (MO. Affinity Analysis,
V.2.2.4).%

Bacterial resequencing

The constructed prokaryotic vector of APOBEC3B was
transformed into Escherichia coli to induce the genetic
mutation during the proliferation. Considering the rapid
amplification of bacteria, they were treated with Vehicle
and 2pM 3, 5-diiodotyrosine for 3days, with the supple-
ment of 100pM zinc jon.* Finally, the genomic DNA
was extracted to perform the bacteria resequencing
(Shanghai Parsenol Biotechnology, Shanghai, China).

Real-time quantitative PCR

Total RNA was extracted from cultured cells or tissue
samples using the RNA Extraction Kit (MiniBEST
Universal RNA Extraction Kit, TaKaRa, 9767, Japan).

Purity and concentration of total RNA were evaluated by
nucleic acid analyzer called Nanodrop ND-2000 (Thermo
Fisher Scientific, USA). Then, RevertAid First Strand
c¢DNA Synthesis Kit (Themo Fisher Scientific, K1622,
USA) was used for RNA reverse transcription according
to manufacturer’s instruction. Finally, by using Light-
Cycler 480 SYBR Green I Master (Roche, 04707516001,
Switzerland), the real-time quantitative PCR (qRT-PCR)
assay was performed on the Roche LightCycler 480.% All
primers for qRT-PCR were listed in online supplemental
table S1. All results were normalized by GAPDH.

Animals and treatment

Spontaneous ESCC mouse model

Female C57BL/6] mice (6weeks) were purchased from
Vital River Laboratory Animal Technology (Beijing,
China). All mice were housed in the SPF animal facility
at room temperature with humidity of 40%—-60% and
light and dark cycle for 12 hours.” Experimental proce-
dures and ethical consent were approved by the Ethics
Committee Zhengzhou University (ZZU202003).

After mice acclimated for oneweek, they were given
drinking water containing 100pg/mL 4-NQO (N8141,
Sigma, USA). After induction for 16 weeks, mice were fed
with sterilized pure water to form ESCC spontaneously.
During the experiment, activity status, body weight, food
and water intake behavior, and survival status of mice
were observed and recorded every 2 days. At week 28, the
4-NQO-induced ESCC mice were randomly divided into
three groups. Mice were treated intraperitoneally (i.p.)
with 200pL normal saline (1% DMSO), 0.5mg/kg or
2mg/kg 3, 5-diiodotyrosine every 2 days for 2 weeks.

To study the chemoprevention effect of 3,
5-diiodotyrosine combined with peptide OPBP-1. At
week 28, the 4-NQO-induced ESCC mice were randomly
assigned, and were treated with 200pL normal saline
(1% DMSO), 0.5mg/kg 3, 5-diiodotyrosine, 0.5mg/kg
OPBP-1 and 3, 5-diiodotyrosine combined with OPBP-1
for 2 weeks (once every 2days, i.p.), respectively.

Atweek 30, the esophagus tissues of mice were harvested
and photographed under an anatomical microscope, and
the number and length diameter of tumor lesions were
recorded.

Spontaneous colon cancer mouse model

After mice acclimated for oneweek, a group of vehicle
mice were separated and other mice were injected (i.p.)
with 10mg/kg AOM (A5486, Sigma, USA). After 1week,
the injected mice were divided into four groups and
labeled as NS group, 3, 5-diiodotyrosine group, OPBP-1
group, and 3, 5-diiodotyrosine combined with OPBP-1
group. Above four groups of mice were given 2% DSS
(160110, MP Biomedicals) in drinking water for one week
and then normal water for 2 weeks. The cycle was repeated
three times. Vehicle mice drank normal water and were
not given AOM and DSS during the whole process. After
7 days of AOM administration in the firstround, mice in the
chemoprevention group were injected intraperitoneally
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with 200 pL. normal saline, 0.5mg/kg 3, 5-diiodotyrosine,
0.5mg/kg OPBP-1 and 3, 5-diiodotyrosine combined with
OPBP-1, respectively. At the end of experiment (10 weeks
after injection with AOM), all mice were euthanized, and
the colon tissues of mice were harvested and evaluated by
counting the tumor number and length diameter under
macroscopic observation.

In vivo toxicity analysis

At the end of in vivo experiment, serum samples of each
mouse were collected and used to test hepatic damage
by aspartate aminotransferase (AST) and alanine amino-
transferase (ALT) kit (Nanjing Jiancheng Biological Engi-
neering Research Institute, C010-2-1, C009-2-1, China)
according to the manufactures’ instructions. The heart,
liver, spleen, lung and kidney samples of each group were
collected and fixed by 4% paraformaldehyde solution,
and sent to the Wuhan Service Biotechnology company
in China for H&E staining assay.

Mouse whole exome sequencing

Genomic DNA was extracted from esophagus tissues
of naive mice, 4-NQO-induced ESCC mice treated with
200pL normal saline or 0.5mg/kg 3, 5-diiodotyrosine
(once every 2days for 2 weeks, .p.). All samples were used
to perform whole exome sequencing analysis. Esophagus
tissue DNA from naive mice was used to filter out the
background mutational noise, false positive mutations,
and age-related mutations. The qualified DNA samples
after verification were randomly broken into 150 bp-220
bp fragments by Covaris. SureSelect XT Mouse All Exon
kit was applied to build and capture library.

The Illumina NextSeq platforms, greater than 100x
sequencing depth, were used to perform sequencing. To
identify the multiple classes of genomic abnormalities,
genomic data were processed using a proprietary bioin-
formatics pipeline. Specifically, the BWA algorithm of the
haplotypecaller module of GATK4 software was adopted
to obtain the comparison results between the reference
genome and samples, and detected small insertions/
deletions (InDel) and single-nucleotide substitutions
(SNPs). The known InDel and SNP databases and the
BaseRecalibrator module of GATK4 software were used
to recalibrate the base quality to increase the accuracy of
mutation detection. Only the mutation site with QD (ie,
variation quality value divided by coverage depth) greater
than 2 were retained to decrease the error rates of InDel
and SNP detection. Finally, InDel and SNP results were
annotated to Refseq and other databases using Annovar
software. The genomic landscape of mouse treated with
NS or 3, 5-diiodotyrosine was summarized and visualized
using R package ‘maftools’. The mutation patterns were
fitted using R package ‘MutationalPatterns’ to identify
components matching to the 96 COSMIC mutational
signatures (V.3.2). The refitting procedure bootstrapped
1000 times to avoid signature misattribution. The relative
contribution of each COSMIC signature for each sample
was then plotted using the R package ‘ggplot2’. The

mouse whole exome sequencing was performed by OE
Biotech (Shanghai, China).

Ex vivo assays

For intracellular cytokine staining experiment, single
cells of spleen and lymph node of mice were stimulated by
20ng/mL phorbol 12-Myristate 13-acetate (PMA, Sigma,
P8139, USA) and 1 pM ionomycin (Sigma, 407952-5 MG,
USA) for 4hours.” Cells were collected and then incu-
bated with surface antibodies anti-CD3-PerCP-eFluor 710
(17A2) and anti-CD80-PE (53-6.7). After 30min, cells
were washed by PBS buffer (pH 7.2) and immobilizated at
room temperature. After another 30 min, 800 pL. perme-
abilization solution was added into cells. Antibody Anti-
IFN-y-APC (XMG1.2) was added and then incubated with
the cells for another 30 min. After the cells were washed,
the proportion of IFN-y'CD8" T cells was determined
by flow cytometry. All fluorescence activated cell sorter
(FACS) antibodies in our research are purchased from
eBioscience, USA.

Coculture assay

Human peripheral blood mononuclear cells (PBMCs)
from healthy honors were isolated using lymphocyte
separation solution (TBD, LTS1077, China) according
to the manufactures’ instructions.” PBMCs were stained
with 0.2pM  carboxyfluorescein succinimidyl esteracti-
vated (CFSE) (eBioscience, 65-0850-84, USA), and then
activated with 100 units IL-2 (PeproTech, 200-02-100,
USA), Ipg/mL anti-CD28 (CD28.2, eBioscience, USA),
and 1pg/mL anti-CD3 (OKT3, eBioscience, USA) stim-
ulatory antibodies. Subsequently, the activated PBMCs
were seeded into 48-well plates (4x10° cells per well)
and then cultured in vehicle medium and the superna-
tants of KYSE70 cells pretreated with or without 10 pM 3,
5-diiodotyrosine for 48 hours. Above medium was Roswell
Park Memorial Institute (RPMI) 1640 complete medium
(Gibco, Grand Island, USA) supplemented with 100 pg/
mL streptomycin (Solarbio, China), 100 U/mL penicillin
(Solarbio, China) and 10% fetal bovine serum (FBS, BI,
USA). After cells were cultured for 3days. The intracel-
lular cytokine staining experiment were performed as
described in ex vivo assay. The proliferation of CD8" T
cells and proportion of IFN-y*CD8" T cells were analyzed
by flow cytometry.

Transcriptome sequencing

The equal number of KYSE70 cells were seeded into
six-well plates. After cells were completely adherent,
cells were divided into two groups: vehicle group and 3,
5-diiodotyrosine treated group. Cells in vehicle group
were replaced with fresh RPMI 1640 complete medium,
and cells in 3, 5-diiodotyrosine treated group were
replaced with equal volume of RPMI 1640 complete
medium containing 10pM 3, b-diiodotyrosine. After 48
hours, cells were lysed, collected and sent to company
for transcriptome sequencing on Illumina NovaSeq6000
platform. The quality control, library preparation,
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sequencing and analysis processes were performed by OE
Biotech (Shanghai, China). Three independent samples
for each group were performed.

ELISA

The supernatants of KYSE70 cells treated with or without
10pM 3, 5-diiodotyrosine for 48 hours were collected,
respectively. Human IL-7 ELISA kit (DAKEWEI, 1110702,
China) and IL-15 ELISA kit (Invitrogen, 88-7620, USA)
was used to detect the secretion levels of IL-7 and IL-15.

Statistical analysis

GraphPad Prism (V.8) and R V.4.0.1 (https://cran.r-
project.org/) were applied for statistical analysis. All data
were displayed as means+SEM. The survival curves were
evaluated using the Kaplan-Meier method and the log-
rank test. The means among groups were determined
through Student’s #test or Wilcox test. Spearman’s
correlation analysis was adopted to evaluate the correla-
tion between continuous variables. *p<0.05, **p<0.01,
and ##¥p<0.001 were regarded as statistical significance.

RESULTS

APOBEGC3B was overexpressed in pan-cancer and positively
associated with poor prognosis

In order to investigate the SBS mutational landscape,
we analyzed the somatic mutation data of pan-cancer
patients from TCGA and fitted the mutational patterns
to 96 COSMIC mutational signatures. In addition to
the exposure of some exogenous carcinogens, endoge-
nous mutation drivers associated with single base substi-
tution played important roles in the development and
progression of cancer. As shown in figure 1A, besides the
age-related SBSI signatures, SBS2 and SBS13 closely asso-
ciated with APOBEC activity were the second and third
ranked frequent mutation signatures, respectively. These
results indicated that the APOBEC family might be the
potential pan-cancer mutation driver.

Considering that esophageal squamous carcinoma
(ESCC) and colon cancer belonged to typical epithe-
lial cancer types with obvious APOBEC-driven mutation
characteristics, we first analyzed the expression levels
of APOBEC family members by using GEO database.
Results in figure 1B showed that APOBEC3B expression
in tumor tissues was the highest among APOBEC family
members, and much higher than that in normal tissues.
Then, we found that APOBEC3B expression in tumor
tissues was higher than in normal tissues in other cancers
as well (online supplemental figure SI1). Furthermore,
the Kaplan-Meier survival curve showed that the high
expression of APOBEC3B was correlated with the poor
prognosis in pan-cancer cohort (figure 1C). Burns et al
reported that APOBEC3B was upregulated in multiple
cancer types, and its mutation form accounted for a large
proportion of both scattered and clustered mutations in
a variety of distinct cancers.! These results suggested that

APOBEC3B may serve as a potential target to develop
cancer chemoprevention agents.

Screening of natural products as APOBEC3B inhibitors

The crystal structure of APOBEC3B (5TD5)37 was used to
obtain the corresponding homology model of wild type
APOBEC3B structure by MOE software (online supple-
mentals table S2 and figure S2A), because there were lots
of mutation sites and missing regions in crystal structure
of APOBEC3B (online supplemental figure S2B). The
sequence identity was 87.9%, and the RMSD of overall
heavy atom value between aligned regions of two struc-
tures was 0.32A (online supplemental figure S2C, D).
RMSD values for each residue between homology model
structure and template structure were less than 1 A
(online supplemental figure 2E). These results indicated
that our homology modeling was successful and reliable,
and could be used for subsequent virtual screening.
Among proprietary druggable pockets predicted by Site
Finder in MOE, we chose a pocket with size of 70A to
screen compounds from natural product library (online
supplemental figure S2F). Since this pocket not only
demonstrated a standardized druggable size, but also
located in the interface between the catalytic activity area
and the substrate binding area of APOBEC3B. Finally, the
top 30 compounds were selected for the in vitro bioassay
test according to the process illustrated in figure 2A. The
docking results of 638 compounds with APOBEC3B were
shown in online supplemental file 2 and the comprehen-
sive workflow chart was summarized in online supple-
mental figure S3.

To evaluate whether these candidate compounds could
inhibit the cytosine deamination activity of APOBEC3B,
we performed fluorescence-based ssDNA cytosine deam-
ination assay”” and found that 10 compounds (100 M)
could inhibit the enzymatic activity with inhibition rate
over 20% (figure 2B,C and online supplemental table S3).
Furthermore, SMC130 was identified to effectively inhibit
APOBEC3B activity with a dose-dependent manner and
had a desired IC,; value of 6.93pM (figure 2D). Subse-
quently, we expected to seek compounds which are struc-
turally similar to SMCI130 and have stronger inhibitory
activity. Skeleton similarity searching was conducted with
SMC130 as the lead compound from the 638 natural
products described above (online supplemental table
S4). As a result, SMC247 (3, 5-diiodotyrosine) showed a
more promising dose-dependent inhibitory activity with
an IC,) of 1.69pM (figure 2E). After determining that
3, b-diiodotyrosine could inhibit the cytosine deamina-
tion activity of APOBEC3B, its affinity to APOBEC3B was
further detected by the MST assay. 3, 5-diiodotyrosine
could strongly bind human APOBEC3B with a K value of
65+40nM (figure 2F).

We also evaluate the interaction between 3,
5-diiodotyrosine and APOBECS3B in cancer cells. KYSE150
cell line with low expression of APOBEC3B was selected
(online supplemental figure S4A) for construction of a
doxycycline (dox) inducible APOBEC3B overexpression
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Figure 1 The landscape of mutational signatures, expression and prognosis of APOBEC3B in pan-cancer. (A) The mutational
signatures across pan-cancer from The Cancer Genome Atlas (TCGA) database. Cancer types were arranged as columns, and
mutation signatures were displayed as rows. ‘Unknown’ represented mutation signatures that were unknown, unverified, or
failed to be verified. MMR: mismatch repair. (B) Expression levels of APOBEC family members in normal and tumor tissues of
human esophageal squamous carcinoma and colon cancer from Gene Expression Omnibus (GEO) database were analyzed.
Data from GEO database have performed background correction and normalization by using the Robust Multiarray Average
(RMA) algorithm in Bioconductor of R package, *p<0.05, *p<0.01, **p<0.001. (C) Kaplan-Meier overall survival curve showed
the relationship between APOBECS3B expression and pan-cancer patients’ overall survival (n=4636 for APOBEC3B-low and
n=5905 for APOBEC3B-high based on receiver operating characteristic (ROC) curve analysis).
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Figure 2 Enzyme activity inhibitory of APOBECS3B and the structure and activity relationship of SMC247 (3, 5-diiodotyrosine).
(A) Flowchart of molecule docking and experimental design to obtain inhibitors targeting APOBECS3B. (B) The principle of
fluorescence-based DNA cytosine deamination assay. (C) The enzyme activity inhibitory rate (IR) of candidate compounds

(100 pM). Ten compounds with IR >20% were labeled as orange. (D) The dose-dependent assay of SMC130. SMC131
represented a negative control with no inhibitory effect (black symbols). (E) The dose-dependent assay of SMC245, SMC246
and SMC247 obtained by two-dimensional similarity searching from NCI and zinc databases. The arrow showed the IC,
concentration. (F) Dose response curve of SMC247 binding to APOBECS3B was examined by the MST assay. The k value

was calculated with analysis software (Mo. affinity analysis V.2.2.4). The arrow showed the k, concentration. (G) Analysis of
APOBEC3B deaminase activity in KYSE70 cells with different concentrations of 3, 5-diiodotyrosine (S, substract; P, product;

nt: nucleotide). The 15 L lysates of 1x10° KYSE70 cells were incubated with 2 uL different concentrations (0, 0.001, 0.01, 0.1,
1, 10, 100 uM) of 3, 5-diiodotyrosine. The ssDNA was added into above reaction system and used for substrate of APOBEC3B.
NaOH was used to break the phosphodiester bond on uracil created by APOBECS3B mutation function. The reaction mixtures
were separated and analyzed using the 15% TBE-urea gel electrophoresis. (H) The heat map of single nucleotide substitution
in bacterial genomes after 3, 5-diiodotyrosine treatment. (l) The binding pattern of 3, 5-diiodotyrosine (blue) and APOBEC3B
(green) was predicted by MOE software. The interactions were indicated in black dotted lines. The negative score indicated the
affinity energy (S scores). The lower the S score, the higher the affinity energy. (J) The structure and activity relationship analysis
of 3, 5-diiodotyrosine. Replaceable molecules were found based on the key groups (R, R,, R,, R,). Data are representative of at
least three independent experiments.
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cell line KYSEI50-APOBEC3B (online supplemental
figure S4B). A 4ng/mL dox could induce APOBEC3B
overexpression. Results in online supplemental figure
S4C showed that 3, 5-diiodotyrosine had high affinity to
KYSE150-APOBEC3B cells (K =6.14 + 7.93uM), but it had
no affinity to KYSE150-vector cells by MST assay. Further-
more, 3, 5-diiodotyrosine could strongly inhibit the deam-
inase activity of APOBEC3B in KYSE150-APOBEC3B cells
(online supplemental figure S4D). These results further
demonstrated that 3, b5-diiodotyrosine could interact
with APOBEC3B and inhibit the deaminase activity of
APOBEC3B.

Further, the TBE-urea gel-based ssDNA cytosine assay
was performed to evaluate the DNA-binding ability
after APOBEC3B interacted with 3, 5-diiodotyrosine. As
shown in figure 2G, the product amount was reduced
in a dose-dependent manner after treatment with 3,
5-diiodotyrosine, and the deaminase activity of APOBEC3B
was significantly inhibited when 3, 5-diiodotyrosine (1 pM)
incubated with KYSE70 cell lysates for 15min, which
further illustrated that 3, 5-diiodotyrosine could inhibit
the binding ability of APOBEC3B to substrate ssDNA and
inhibit the deamination function of APOBEC3B.

To validate the specificity of 3, 5-diiodotyrosine to
APOBEC3B, APOBEC3A, and APOBEC3G protein,
the homologous family members of APOBEC3B, were
randomly chosen. Results in online supplemental figure
S5A, C showed that 3, 5-diiodotyrosine weakly bound to
APOBEC3A and APOBEC3G. When the concentration of
3, b-diiodotyrosine reached 100 pM, the inhibition rates
of APOBEC3A and APOBEC3G deaminase activity were
still less than 50% (online supplemental figure S5B, D).
The detailed ssDNA sequences were shown in online
supplemental table S5. These results indicated that 3,
5-diiodotyrosine could specifically bind to APOBEC3B.
Interestingly, 3, 5-diiodotyrosine is a putative diet iodine
supplement with very good safety, indicating its unique
advantage as a cancer chemoprevention agent.

The somatic mutation inhibitory activity and structure-activity
relationship of 3, 5-diiodotyrosine

To further confirm whether 3, 5-diiodotyrosine
could inhibit the somatic mutation-driver function of
APOBEC3B, we tried to use APOBEC3B overexpressed
E. coli and performed bacterial resequencing assay to
determine whether 3,5-diiodotyrosine could reduce the
number of specific single-nucleotide polymorphisms
(SNPs), which mainly including single nucleotide substi-
tution. As shown in figure 2H, after 3, 5-diiodotyrosine
treatment, the C>T transversion driven by APOBEC3B
in E. coli genome was significant reduced, suggesting 3,
5-diiodotyrosine could effectively inhibit the cytosine
deaminase activity and attenuate the DNA mutation
driven by APOBEC3B. In addition, 3, 5-diiodotyrosine
could not inhibit the proliferation of KYSE70 cells (online
supplemental figure S6A), but could down-regulated the
expression of APOBEC3B (online supplemental figure
S6B). Taken together, these results suggested that 3,

5-diiodotyrosine could prevent the somatic mutation
through inhibiting the activity and the expression of
APOBEC3B.

Next, the detailed interactions between 3,
5-diiodotyrosine and APOBEC3B were simulated. 3,
5-diiodotyrosine located at the catalytic site of APOBEC3B
(figure 2I). Molecule docking showed that the affinity
of 3, b-diiodotyrosine to APOBEC3B was very strong (S
value -9.08). 3, 5-diiodotyrosine interacted with the resi-
dues of R211, R274, W277, and E241 in APOBECS3B, and
formed a covalent bond with zinc ion (active site). We
further obtained seven analogs after similarity searching
and investigated the structure-activity relationship of 3,
5-diiodotyrosine. As shown in figure 2], when one iodine
(I) atom at R, or R, was replaced, the bioactivity of 3,
5-diiodotyrosine was greatly reduced. When both of the
two iodine (I) atoms were replaced, the bioactivity was
totally impaired. While the amino group (NH,) at R, site
or carboxyl at R, site were replaced, the inhibitory activity
was also greatly reduced. These results suggested that
the structure of this natural product 3, 5-diiodotyrosine
was optimal to inhibit the enzyme activity of APOBEC3B,
especially the two iodine atoms were very important.

The chemoprevention effect of 3, 5-diiodotyrosine in 4-NQO-
induced ESCC mouse model

To investigate the chemoprevention effect and mecha-
nism, we chose the putative spontaneous ESCC mouse
model induced by 4-nitroquinoline l-oxide (4-NQO) as
the mouse model. Results in online supplemental figure
S7A-D showed that during the process of induction, the
water and food intake, body weight and activity status of
mice in 4-NQO-induced group were worse than those in
non-induced group. The H&E staining results confirmed
that esophagus tissues at week 28 were considered as
high-grade intraepithelial neoplasia, which indicated
that the ESCC mouse model was successfully established
(online supplemental figure S7E). Here, it was worth
mentioning that there was no subtype of APOBEC3
in murine.” * Therefore, the APOBECS expression
was verified in esophagus tissues at different stages of
4-NQO-induced ESCC mice by using qRI-PCR assay.
Result in online supplemental figure S7F showed that the
APOBECS3 expression in induced mice was increased from
week 20 and reached the highest level at week 28, which
was much higher than that of naive mice at the same age.
Furthermore, the protein level of APOBEC3 was highly
expressed in esophagus tissues of 4-NQO-induced mouse
(online supplemental figure S7G).

Next, 3, b-diiodotyrosine was used to treat ESCC mice
(i.p.) at a low dose (0.5mg/kg) and a high dose (2mg/
kg), respectively (figure 3A). Results showed that the
number and length of ESCC tumor tissue were signifi-
cantly reduced compared with normal saline (NS) group
(figure 3B). Both low and high dose of 3, 5-diiodotyrosine
group could significantly prolong the overall survival
of mice, and slow down the loss trend of body weight
(figure 3C and online supplemental figure S8A). H&E
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Figure 3 The chemoprevention effects of 3, 5-diiodotyrosine in 4-NQO-induced ESCC mouse model. (A) Schematic illustration
of the in vivo experiment. (B) Tissues appearance of the esophageal epithelium, number and long diameter of tumor tissues

in mice treated by normal saline, 0.5 mg/kg or 2mg/kg 3, 5-diiodotyrosine (n=5, **p<0.001). (C) Survival curve of mice (n=7,
*p<0.05, *p<0.01). (D) Analysis of hepatic damage by the level of AST and ALT in serum (n=5). ns, no statistical difference.

(E) The H&E staining of mice organs after treatment (scale bars: 100 um for heart, liver, lung and kidney, 50 um for spleen). The
data are presented as mean+SEM. ALT, alanine aminotransferase; AST, aspartate transaminase.

results in online supplemental figure S8B showed that
the epithelial layer of esophagus was thickened, the cell
polarity of mucosal layer was disappeared, and the nuclei
became larger and hyperchromatic in NS group, but
all of these symptoms resolved after 3, 5-diiodotyrosine
treatment.

To confirm the safety of 3, b-diiodotyrosine, experi-
ments were conducted both in vitro and in vivo. Serum
samples of each mouse in NS group and 0.5mg/kg 3,
5-diiodotyrosine group were collected and used to test
AST and ALT indexes representing hepatic damage.
Results suggested that there were no significant differ-
ences (figure 3D). The H&E staining assay for the main
viscera of each group showed that there were no obvious
toxic effects (figure 3E). Subsequently, the effect of 3,
5-diiodotyrosine on three non-tumoral cell lines was
detected by MTT assay. As shown in online supplemental
figure S9A-C, 3, 5-diiodotyrosine did not affect the viability
of these cells. Furthermore, naive female C57BL/6] mice

(7weeks) were randomly divided, and were i.p. injected
every 2days for 2 weeks with 200 pL. normal saline and
different dosages of 3, 5-diiodotyrosine. After treatment,
fresh anticoagulant whole blood was collected quickly for
blood routine analysis and the serum was obtained for
blood biochemistry analysis (online supplemental figure
S10A). Results showed that blood routine indexes (white
cell count (WBC), hemoglobin (HGB), platelet (PLT)
and red blood cells (RBC)), and blood biochemical (AST
and ALT) indexes of each group were within the normal
range, and has no significant differences (online supple-
mental figure S10B-G). These results suggested that low
dose of 0.5 mg/kg 3, b-diiodotyrosine was enough to effec-
tively inhibit the progression of ESCC, with no obvious
toxic effects.
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Effect of 3, 5-diiodotyrosine treatment on single base
mutations in 4-NQO-induced ESCC mice

Furthermore, we performed whole exome sequencing to
verify whether 3, 5-diiodotyrosine could inhibit the deam-
inase function of APOBEC3 in vivo. As shown in figure 4A,
after 3, 5-diiodotyrosine treatment, the number of muta-
tions at exome levels was significantly reduced compared
with NS group. Among the six types of single base muta-
tions, mutation counts of C>Tand C>G were reduced in
3, b-diiodotyrosine treatment group, which include CT
motifs preferred by APOBEC3 (figure 4B-D). Interest-
ingly, we also discovered that there was a reduction of
C>A mutation type in mice. More importantly, after 3,
5-diiodotyrosine treatment, the contribution of APOBEC
activity related signatures (SBS2 and SBS13) was weak-
ened, further suggesting that 3, 5-diiodotyrosine could
inhibit the enzyme activity of APOBEC3 (figure 4E).
Correlation analysis also showed that the correlation of
signature SBS2 and SBSI13 resulted by APOBEC3 was
significantly weakened (figure 4F).

Further, we investigated the significant mutant genes
(SMGs) and identified the genes with decreased muta-
tion in 3, 5-diiodotyrosine treatment group (figure 4G).
Subsequently, we analyzed the association of these genes
in the progression of ESCC. Most of these genes are tumor
suppressor genes in ESCC and their tumor suppressive
abilitywill be impaired or even be reversed once mutated.*’
Missense mutation of many genes, such as TTN (also
named cardiomyopathy, dilated 1G (CMDI1G)) was posi-
tively associated with the poor progression-free survival of
ESCC patients.41 Zinc finger homeobox 4 (ZFHX4) could
reduce the migration and invasion ability of ESCC cells,
but mutation of ZFHX4 was closely associated with poor
prognosis of ESCC patients."* Other genes, such as FAT
atypical cadherin 3 (Fat3), Dynein axonemal heavy chain
5 (DNAHb) and Netrin receptor DCC (DCC) were recur-
rently mutation genes in ESCC.* These results suggested
that 3, 5-diiodotyrosine could inhibit the enzyme activity
of APOBEC3 and reduce the mutation burden driven by
APOBECS3 in vivo, and thus achieved good chemopreven-
tion effects on ESCC.

The synergistic chemoprevention effect of 3, 5-diiodotyrosine

combined with PD-1/PD-L1 blockade on 4-NQO-induced ESCC

mouse model

Aside from the accumulation of somatic mutation, the
immune microenvironment also plays important role
during cancer occurrence. Therefore, we analyzed the
correlation between the expression of APOBEC3B and
the infiltration of CD8" T cell. Results shown in figure 5A
suggested that APOBEC3B expression was negatively
correlated with CD8" T infiltration. High expression of
APOBEC3B was found to be significantly associated with
decreased expression of CD8A and CD8B (figure 5B).
Furthermore, high expression level of APOBEC3B was
also significantly associated with reduced T cell effectors
IFNG, GZMH and GZMK, which were main factors for
tumor-killing (figure 5C,D). Surprisingly, we found that

3, b-diiodotyrosine could up-regulate the expression of
PD-L1 at the concentration of 10 pM and 100 pM (online
supplemental figure S11A).

Based on these results, we attempted to combine 3,
5-diiodotyrosine with a PD-1/PD-L1 inhibitor to treat
ESCC mice (figure 5E). Before that, we analyzed that
the PD-L1 expression in esophagus tissues of induced
mouse were increased continuously from week 20 to
week 28, which indicated that the microenvironment
of the precancerous lesion getting immune-suppressive
during cancer occurrence aside from somatic muta-
tion accumulation (online supplemental figure S11B).
Results in figure 5F showed that the number and length
of ESCC tumor tissues were significantly reduced in 3,
5-diiodotyrosine or OPBP-1 group. The synergistic cancer
prevention effects were observed in 3, 5-diiodotyrosine
and OPBP-1 combination group. Furthermore, the
proportions of IFN-Y"CD8" T cells in both spleen and
lymph node were increased in 3, 5-diiodotyrosine or
OPBP-1 group, and had synergistic enhancement effect
in combination group (figure 5G). Through anatomical
observation and H&E staining assay for esophagus tissues,
the epithelial layer of esophagus was thickened, the cell
polarity of mucosal layer was disappeared, and the nuclei
became larger and hyperchromatic in NS group. In
OPBP-1 alone group, esophageal tissues still had a certain
phenomenon of thickening. In 3, 5-diiodotyrosine alone
and combination intervention group, these symptoms
were effectively alleviated (figure 5H). Moreover, survival
experiment was conducted. Interestingly, 0.5mg/kg
OPBP-1 did not significantly prolong the survival of mice,
and the effect was much weaker than that of 0.5mg/kg
3, 5-diiodotyrosine group, but the survival times of 60%
mice in combination group was more than 50 days, which
was significantly higher than that of 3, 5-diiodotyrosine
monotherapy (figure 5I). These results showed that the
cancer prevention effects of 3, 5-diiodotyrosine could
be improved through combination with PD-1/PD-L1
blockade.

3, 5-diiodotyrosine combined with PD-1/PD-L1 blockade
elicits synergistic cancer prevention effects on AOM/DSS-
induced colon cancer mouse model
In order to further confirm the cancer prevention effect of
3, b-diiodotyrosine combined with PD-1/PD-L1 blockade,
we examined the effect of 3, b-diiodotyrosine on PD-L1
expression in colon cancer cell RKO. Consistent with the
results in ESCC, 3, 5-diiodotyrosine could up-regulate the
expression of PD-L1 (online supplemental figure S12).
Subsequently, we established the AOM/DSS-induced
colon cancer mouse model, which could simulate the
whole process from normal mucosa, precancerous lesions
to tumor formation (figure 6A). The pathological charac-
teristics were similar to human colon cancer, and could
reflect the development pattern from colitis to tumor
in human. First, we analyzed the APOBEC3 expression
and PD-L1 expression in colon tissues at different stages
of AOM/DSS-induced colon cancer mouse using GEO
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dataset, and found that the mRNA expression levels of
APOBEC3 and PD-L1 in colon tissues increased contin-
uously with the colon cancer occurrence (online supple-
mental figure S13A, C). Then we confirmed the expression
profile of APOBEC3 and PD-L1I in colon tissues in AOM/
DSS-induced mouse model (online supplemental figure
S13B, D). In AOM/DSS-induced mouse model, both 3,
5-diiodotyrosine group or OPBP-1 group could signifi-
cantly slow down the trend of body weight loss, decreased
the disease activity index (DAI) of mice, and significantly
reduced the number and size of tumors in colonic epithe-
lial tissues without changing the length of colon basically.
The detailed assessment standard of DAI was shown in
online supplemental table S6. All these effects were
more pronounced in 3, 5-diiodotyrosine and OPBP-1
combination group (online supplemental figure S14A-C,
figure 6B). Moreover, the proportions of IFN-y'CD8" T
cells in both spleen and lymph node were increased in
3, 5-diiodotyrosine or OPBP-1 group, especially in combi-
nation group (figure 6C), with no obvious toxic effects
(online supplemental figure S14D, E).

Through the anatomical observation and H&E staining
assay of colon tissue, results showed that the epithelium
of colon tissues was eroded and thickened, epithelial
cells were destroyed, crypts were destroyed, goblet cells
were lost, and a large number of tumor cells appeared in
NS group (figure 6D). After 3, 5-diiodotyrosine or/and
OPBP-1 intervention, these symptoms were effectively
alleviated. In the OPBP-1 alone group, the colonic epithe-
lium showed atypical hyperplasia and inflammatory cell
infiltration. In the 3, 5-diiodotyrosine alone group, the
colonic mucosa was intact and the glandular cells were
basically arranged in order. In combination group, it
could be observed that the villi in the colonic epithe-
lial tissue were orderly and complete. Furthermore, we
observed that OPBP-1 could prolong the survival of mice
to some extent, and the effect was much weaker than that
of 3, 5-diiodotyrosine group, but more than 80% of mice
survived for than 170 days in combination group, with a
more significant effect (figure 6E). Collectively, the above
results proved that 3, 5-diiodotyrosine could prevent the
development and progression of tumor by inhibiting
APOBEC3B mutation-driving activity, and showed syner-
gistic effects with PD-1/PD-L1 blockade.

3, 5-diiodotyrosine promotes the proliferation and function of
CD8* T cells via IL-15 in tumor microenvironment

In 4NQO-induced ESCC and AOM/DSS-induced colon
cancer mouse model described above, the tumor infiltra-
tionand function of CD8" T cells was significantlyincreased
in the 3, b-diiodotyrosine group. Thus, we sought to inves-
tigate the mechanism involved. First, human PBMCs were
treated with 10pM 3, 5-diiodotyrosine for 3days, result
suggested that 3, 5-diiodotyrosine did not directly affect
the function of CD8" T cells in the absence of tumor
cells (online supplemental figure S15A). Then, activated
PBMCs were cocultured with KYSE70 cells treated with
or without 10pM 3, 5-diiodotyrosine, results showed that

3, 5-diiodotyrosine promoted the proliferation of CD8" T
cells and proportion of IFN-y'CD8" T cells (online supple-
mental figure S15B, C). To further confirm this promo-
tion effect is caused by direct interaction between T cells
and tumor cells, or cytokines secreted by tumor cells after
3, 5-diiodotyrosine treatment, the supernatants of KYSE70
cells pretreated with or without 10 pM 3, 5-diiodotyrosine
for 48 hours were collected and cultured with human
PBMCs for 3days. Results showed that the promotion
effect on CD8" T cells in the 3, 5-diiodotyrosine group
was still existed (figure 7A,B).

The increased count of CD8" T cells in tumor may be
due to the recruitment or proliferation of CD8" T cell. So,
the chemotaxis of CD8" T cells were performed. Results
showed that 3, 5-diiodotyrosine could not promote
the migration of CD8" T cells (online supplemental
figure S15D). Therefore, we think that some secretory
proteins associated with T cell proliferation played a
vital role. Subsequently, transcriptome sequencing on
KYSE70-vehicle cells and KYSE70 cells treated by 10 pM
3, b-diiodotyrosine for 48 hours were performed to find
the candidate secretory protein. Through analyzing the
upregulated secretory genes that affecting T cell func-
tion, results showed that IL-7 and IL-15 were significantly
upregulated in the 3, 5-diiodotyrosine group (figure 7C).
After qRT-PCR verification, the changes of IL-7 and IL-15
expression levels in two groups were consistent with the
above sequencing results (figure 7D). ELISA assay was
further performed to measure the secretion levels of IL-7
and IL-15, results showed that the secretion level of IL-7
and IL-15 in the supernatants of KYSE70 treated with
10pM 3, 5-diiodotyrosine was significantly greater than in
vehicle supernatants (figure 7E), but the IL-7 expression
level was too low.

To further confirm the key role of IL-15, IL-15
neutralizing antibody was added into above coculture
system. Interestingly, IL-15 neutralizing antibody could
neutralize the function of 3, 5-diiodotyrosine on CD8" T
cells in terms of the proliferation and function of CD8"
T cells (figure 7F,G). These results suggested that 3,
5-diiodotyrosine could enhance the tumor infiltration
and function of CD8" T cells by stimulating tumor cells
to secrete IL-15.

In summary, normal epithelial cells, in certain cases,
would gradually develop into the precancerous lesions
during the transformation, and eventually develop into
invasive carcinoma without intervention. We observed
that the expression of APOBEC3B was elevated and
functioned as mutation driver during the development
and progression of cancer (figure 8). By screening
the natural product library, we discovered for the first
time that 3, 5-diiodotyrosine from kelp could serve as
a promising candidate for the chemoprevention of
cancer through inhibiting the effect of cytosine deam-
ination on ssDNA and genomic instability caused by
APOBEC3B, and enhancing the tumor infiltration and
function of CD8" T cells via IL-15 in tumor environment.
Moreover, 3, b-diiodotyrosine could achieve synergistic

Chen C, et al. J Immunother Cancer 2022;10:e005503. doi:10.1136/jitc-2022-005503

15


https://dx.doi.org/10.1136/jitc-2022-005503
https://dx.doi.org/10.1136/jitc-2022-005503
https://dx.doi.org/10.1136/jitc-2022-005503
https://dx.doi.org/10.1136/jitc-2022-005503
https://dx.doi.org/10.1136/jitc-2022-005503
https://dx.doi.org/10.1136/jitc-2022-005503
https://dx.doi.org/10.1136/jitc-2022-005503
https://dx.doi.org/10.1136/jitc-2022-005503
https://dx.doi.org/10.1136/jitc-2022-005503
https://dx.doi.org/10.1136/jitc-2022-005503
https://dx.doi.org/10.1136/jitc-2022-005503
https://dx.doi.org/10.1136/jitc-2022-005503

Open access 8

A Medium KYSE70 supernatant 50 Cc
Vehicle Vehicle SMC247 (10uM) = = Vehicle
o 40 SMC247
©
. o % 1T M Type P-value!
c c
3 41.2% 16.3% 32.8% 'g 20 ‘ IL-1A 0.10 15
e £ 0 LB 048 4
e IL-6 0.65
AN L & 9 " 0.5
T ) o IL-7 0.02
PBMCs + + + IL-8 083 0
KYSE70 supernatant - + +
SMC247 - - + IL-11 040 45
IL-15* 0.03
B Medium KYSE70 supernatant 15 IL-16 0.42 -1
i i _— ' IL17D  0.87 p
Vehicle Vehicle SMC247 (10 uM) i 15
8.06% | 2.17% |] 578% | £ IL-18 042
IL-23A  0.26
IL-32 0.50
IL-36B 0.61
IL-36G  0.73
IL-37 0.78
0 1 2 3 4 5 0 1 2 3 4 5 o o
W e W e paa e
KYSE70 supernatant - + +
SMC247 - - +
3 g 45 - 5 g 4 200 I Vehicle
Sa T 1 5o — - — SMC247
sg eI 3 5 3 150
L0 39 c O = £
] ‘8 E <
L S5 2 g £ 100
s o 50 = o
< 15 = 5 <
g5 1 85 = 2 50
2 E ¢ E =
52 52
& = 0.0 E, <0 0
F
Medium KYSE70 supernatant 60
. Vehicle Vehicle SMC247 (10 pM) Anti-IL-15 g '&“ﬂl
b 1 ] ] @
o ] E 40
€ | 551% 30.1% 48.2% 1 15.4% o
= ] ] ] =
S g 20
| i s
B e e S e S - e 9
PBMCs + + + o+
KYSE70 supernatant -+ o+ o+
SMC247 - -+ o+
G Anti-IL-15 - - -+
Medium KYSE70 supernatant
10
Vehicle Vehicle SMC247 (10 uM) Anti-IL-15
' 7.36%|4 2.24%|4 6.08%|4 1.91%| 9 8 .
' : % 6
£
T 4
a
o 2
A 0
' PBMCs + + + o+
KYSE70 supernatant -+ o+ 4
SMC247 - -+ o+
Anti-IL-15 - - -+

Figure 7 3, 5-diiodotyrosine promotes the proliferation and function of CD8" T cells via IL-15 in tumor microenvironment. (A,
B) PBMCs from human volunteers were isolated and stained with 0.2 uM CFSE. Then, PBMCs were activated with 100 units IL-
2, 1ug/mL anti-CD3, and 1 pg/mL anti-CD28 stimulatory antibodies, and cultured in the supernatant of KYSE70 cells pretreated
with or without 10uM 3, 5-diiodotyrosine. After 3days, the proliferation of CD8" T cells and proportion of IFN-y"CD8" T cells
were analyzed by flow cytometry. (C) KYSE70 cells with and without 3, 5-diiodotyrosine treatment for 48 hours were analyzed by
whole transcriptome sequencing. The upregulated inflammatory factors in 3, 5-diiodotyrosine treatment group were analyzed.
(D, E) The mRNA and protein expression levels of IL-7 and IL-15 in vehicle group and 3, 5-diiodotyrosine treated KYSE70

cells group were further verified by gRT-PCR and ELISA. Mean+SD were shown for triplicate reactions normalized to GAPDH.
(F) The proliferation of CD8* T cells and proportion of IFN-y*CD8" T cells in PBMCs treated with IL-15 neutralizing antibody
were analyzed by flow cytometry. Data and representative figures are representative of at least three independent experiments,
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DISCUSSION

More and more patients developed early-stage carcinoma
or precancerous lesions in areas with high tumor inci-
dence.** * Unfortunately, because of lacking promising
drug targets, there are no effective prevention and ther-
apeutic drugs for these cases up to now. Therefore, it is
urgent to develop potential chemoprevention agents to
prevent the occurrence and development of cancer.

The next-generation sequencing studies indicated
that there were multiple mutations in human cancers.*
However, the dominant endogenous mutation driver is
still unclear. Some studies have shown that APOBEC3B,
a member of APOBEC family, is a major source of muta-
tion driver in a variety of cancer types."” ** Here, we found
that SBS characteristics associated with SBS2 and 13
signatures resulted from APOBEC3B were widespread in
pan-cancer based on TCGA dataset. We also found that
APOBEC3B was overexpressed in many cancers, its high
expression was correlated with poor prognosis in cancer
patients. Moreover, it was reported that APOBEC3B could
lead to chromatin variation, DNA damage, and genome
instability through its strong nucleic acid editing ability,
and further promoted the occurrence and progression of
cancer.” Thus, it will be of great clinical significance to
study the mutation-driven mechanism of APOBEC3B and
discover its inhibitors for the cancer chemoprevention.
Although oligonucleotide drugs targeting APOBEC3B
have been reported, APOBEC3B is mainly localized in
the nucleoplasm and has the good stability in vivo. So, the
development of small molecule inhibitors will be more
valuable.

Natural products which are mainly derived from
plants, animals and microorganisms, have a wide range
of biological activities and low toxicity, which make them
as ideal cancer chemoprevention agent candidates.” *'
Up to now, there are no natural compound inhibitors
of APOBEC3B have been reported yet. In this study, we
found that 3, 5-diiodotyrosine was located in the active
pocket of APOBEC3B and effectively inhibited deami-
nase function of APOBEC3B. Besides, results of bacterial
resequencing and whole exome sequencing showed that
3, b-diiodotyrosine could reduce clusters of mutations
and C>T mutation type driven by APOBEC3B. Further-
more, the mutations of genes TTN, ZFHX4, and FAT3
were prevented after 3, b-diiodotyrosine treatment, most
of them were tumor suppressor genes and with missense
mutations frequently occurring in cancer.*”** All these
results suggested that 3, 5-diiodotyrosine slowed down the
development of cancer by reducing the somatic mutation
accumulation caused by APOBEC3B. More importantly,
3, b-diiodotyrosine has been reported as a major compo-
nent from the extract of kelp and be used as the resource
of dietary iodine with very good safety.”* Nelson et al
suggested that long-term intake of iodine-rich seaweed
and kelp could inhibit the development of tumors, but the
mechanisms remain unclear.”>® Therefore, our studies
not only revealed the possible chemoprevention mech-
anism of kelp, but also proposed the novel aspect to the
reposition of 3, b-diiodotyrosine. As 3, 5-diiodotyrosine
is also involved in the biosynthesis of T4 or T3 thyroid
hormones, the evaluation of APOBEC3B expression and
function in the thyroid cancer cells (THCA) was also
performed. We found that APOBEC3B expression level
was much higher in tumor tissues than in normal tissues
in anaplastic thyroid cancer, and was correlated with poor
prognosis of THCA (online supplemental figure S16A-
D). Furthermore, there was no significant difference
in the expression of thyroid-stimulating hormone, free
triiodothyronine (fT'3) and free thyroxine (fT'4) between
3, b-diiodotyrosine group and NS group (online supple-
mental figure S17A-D).

The immune microenvironment also plays important
role during cancer occurrence. Aydin et al reported that
the expression levels of immune checkpoints such as
PD-1 and PD-L1 continuously increased in precancerous
lesions that developed to malignancies.”®®” Mascaux et al
reported that immune escape through immune check-
point was found in early lung squamous carcinogen-
esis.”® Wang et al reported that anti-PD-1 treatment could
prevent the progression of oral premalignant lesions.™
In the current study, we found that PD-L1 expression
in esophagus tissues of 4-NQO-induced ESCC and in
colon tissues of AOM/DSS-induced colon cancer mouse
models were increased continuously during the progres-
sion of precancerous lesions. All these results indicated
that the immune-suppressive immune microenvironment
of the precancerous lesion during cancer occurrence
also played an important role aside from the accumula-
tion of somatic mutation. Here, we found that the high
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expression of APOBEC3B was associated with reduced
CD8 T cell genes (CD8A, CD8B) and T cell effectors
(IFNG, GZMH and GZMK) in ESCC patients, this result
was consistent with the reports in hepatocellular carci-
noma and gastric cancer.”” ** 3, 5-diiodotyrosine could
significantly upregulated the expression of PD-L1 in
tumor cells, which suggested that 3, 5-diiodotyrosine
may be more effective in combination with inhibitors of
immune checkpoint PD-L1.

Immune checkpoint blockade therapy has made break-
through in clinical, but immune-related adverse effects
(irAEs) are still a challenge, one of the most common
toxicities is ICIs-associated colitis.? ! Furthermore, fatal
toxic events most often occurred in the early stages after
treatment initiation. ESMO Clinical Practice Guidelines
recommend that the high-dose systemic corticosteroids
could be used to treat colitis induced by ICIs at the initial
stage,”” but this will also bring more life-threatening
complications, such as serious infection, thromboembo-
lism, sleep disturbances, reduced bone mineral density
and so on.” Alexander et al team used oral beclometh-
asone dipropionate to treat mild to moderate colitis
induced by ICIs, with fewer side effects.®* In addition,
ongoing studies are evaluating the immunosuppression
effect on antitumor efficacy. In colon cancer mouse
model induced by AOM/DSS, the enteritis phenomenon
was significantly relieved in mice of 3, 5-diiodotyrosine
treatment group and 3, b-diiodotyrosine combined
with PD-1/PD-L1 blockade, which suggested that 3,
5-diiodotyrosine may be a promising candidate for colitis.
Of course, more tumor models are needed to confirm
this effect. Overall, we think that 3, 5-diiodotyrosine
could effectively prevent the further deterioration of
precancerous tissues by inhibiting the deaminase activity
of APOBEC3B, reducing colitis and increasing the infil-
tration and function of IFN-y*CD8" T cells. Therefore, 3,
5-diiodotyrosine combined with PD-1/PD-L1 blockade
could also exert good synergistic cancer prevention
effects and significantly prolonged the survival of mice.
All results suggested that 3, 5-diiodotyrosine could not
only prevent the occurrence of cancer, but also reduce
the enteritis caused by current clinical treatment therapy
such as ICIs. So, 3, 5-diiodotyrosine will have better and
broader clinical perspectives combined with PD-1/PD-L1
blockade.

Aside from the accumulation of somatic mutation
and the immunosuppressive microenvironment, there
are some other carcinogenic factors, such as ROS
production, side effects caused by chemotherapy drugs,
and UV light exposure.” ® Studies have shown that
the thioredoxin (TXN) and glutathione-related drugs
could Erevent the carcinogenesis caused by oxidative
stress.’ Dietary supplements such as vitamin B group
and vitamin E played unique roles in cancer preven-
tion, but the mechanism was still unclear.® Therefore,
studying carcinogenic factors to discover novel chemo-
prevention drug targets and therapeutics may be the
way forward.

CONCLUSION

In conclusion, APOBEC3B was overexpressed in many
cancers and acted as a somatic mutation driver. We first
discovered that the natural product 3, 5-diiodotyrosine
from kelp could be used as an ideal cancer chemopre-
vention agent by inhibiting the deaminase activity of
APOBEC3B. Besides, 3, 5-diiodotyrosine could reduce
the colitis and increase the infiltration and function of
T lymphocytes via IL-15 in tumor microenvironment. 3,
5-diiodotyrosine combined with PD-1/PD-L1 blockade
could elicit synergistic cancer prevention effects, indi-
cating a novel strategy for both prevent the somatic
mutation accumulation and the immune-suppressive
microenvironment exacerbation. The good safety of 3,
5-diiodotyrosine makes it a very promising cancer chemo-
prevention agent.
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