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ABSTRACT
Tumor hypoxia-induced downregulation of DNA repair pathways and enhanced replication stress are
potential sources of genomic instability. A plethora of genetic changes such as point mutations, large
deletions and duplications, microsatellite and chromosomal instability have been discovered in cells
under hypoxic stress. However, the influence of hypoxia on the mutational burden of the genome is not
fully understood. Here, we attempted to elucidate the DNA damage response and repair patterns under
different types of hypoxic stress. In addition, we examined the pattern of mutations exclusively induced
under chronic and intermittent hypoxic conditions in two breast cancer cell lines using exome sequen-
cing. Our data indicated that hypoxic stress resulted in transcriptional downregulation of DNA repair
genes which can impact the DNA repair induced during anoxic as well as reoxygenated conditions. In
addition, our findings demonstrate that hypoxic conditions increased the mutational burden, character-
ized by an increase in frameshift insertions and deletions. The somatic mutations were random and non-
recurring, as huge variations within the technical duplicates were recognized. Hypoxia also resulted in
an increase in the formation of potential neoantigens in both cell lines. More importantly, these data
indicate that hypoxic stress mitigates DNA damage repair pathways and causes an increase in the
mutational burden of tumor cells, thereby interfering with hypoxic cancer cell immunogenicity.
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Introduction

Immune checkpoint blockade (ICB) has a significant impact
on the way cancer is being treated, yet, only a fraction of
patients benefits from this treatment. The efficacy of the ICB
depends on several factors that influence the tumor micro-
environment. Tumor mutational burden and neoantigen sta-
tus have been recognized as prognostic indicators for durable
ICB response.1 An important factor that contributes to ICB
resistance is the hypoxic tumor microenvironment which
contributes to tumor development by driving heterogeneity,2

stemness, invasiveness, and metastases.3 Hypoxic stress also
leads to the escape of tumor cells from immune surveillance
by the acquisition of phenotypic diversity, regulating the
cytotoxic activity of T-cells and promoting immune tolerance
through myeloid-derived suppressor cells.3 Most solid tumors
experience variation in the oxygen flux with regions that are
well oxygenated, poorly oxygenated and anoxic regions char-
acterized by necrosis.4 Chronic hypoxia is noticed during the
initial phases of tumor development and is caused by the
limitation in the oxygen diffusion. However, as the tumor

grows, perturbations in microvessel development and flux
can lead to cycling or intermittent hypoxia.5 Both these
hypoxic mechanisms play a distinct role in tumor develop-
ment including angiogenesis, stemness, and metastases.6

The DNA damage response (DDR) plays an important role in
maintaining genome integrity by transmitting precise genetic
information to the daughter cells.7 Hypoxia remains a threat to
genome integrity and has been shown to down-regulate DNA
damage response and repair mechanisms.7 Base excision repair,
mismatch repair, DNA double-strand break repair pathways
(Non-Homologous End joining and Homologous
Recombination) have been shown to be downregulated at both
transcriptional and translational levels by hypoxia.8 In addition,
severe hypoxia can lead to replication stress and can impact the
efficient replication of the genome.9 Longer periods of severe
hypoxia lead to stalled replication forks which can then lead to
over-replication of DNA.9 In addition, reoxygenation during
intermittent hypoxic conditions can lead to increased Reactive
Oxygen Species (ROS) and ATP deprivation and can induce
reprogramming in the DNA repair gene expression.10 Further,
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increase in ROS is directly associated with increased DNA
damages.11 Faulty DNA repair mechanisms and/or inactivation
of DNA repair pathways can have important consequences on
the genome stability of the cell. Classical examples of tumors
with defective DNA repair pathways such as mismatch repair
defects in colorectal cancer and BRCA1 deficiency have demon-
strated increased tumor mutational burden (TMB) in human
tumors.12,13

Several studies have shown some specific mutations arising
under hypoxic conditions by combining the assessment of DNA
repair capacity and mutational analysis using reporter assays.14

However, our knowledge about the type of somatic mutations
across the genome and tumor mutational burden evoked by the
hypoxic stress remains fragmented. Classification of somatic
variants that arise exclusively under hypoxic conditions has
implications in understanding the genetic heterogeneity of
tumors, mutational burden, and neoantigen profile of hypoxic
tumors and ICB response. Here, we aimed to understand the
influence of two most common forms of hypoxia (chronic and
intermittent) on the DNA damage response and subsequent
tumor mutational burden analysis using breast cancer cells.
Toward this, we performed DNA damage repair analysis, gene
expression changes in all the DNA repair pathways through
microarray and exome sequencing to identify the somatic muta-
tions arising from hypoxic stress. Further, we attempted to
predict the neoantigens arising exclusively due to hypoxia. Our
data suggest that hypoxia-induced genetic heterogeneity through
random and non-recurrent somatic mutations may have impli-
cations in tumor immunogenicity and immune evasion strate-
gies adapted by cancer cells.

Materials and methods

Cell lines, maintenance, and hypoxic conditions

Breast cancer cell lines MCF-7 (NCI-DTP Cat# MCF7, RRID:
CVCL_0031) cells were maintained in RPMI-1640 supplemen-
ted with 10% FBS, 1% Sodium pyruvate, 1% Pen-Strep. MDA-
MB-231 (NCI-DTP Cat# MDA-MB-231, RRID:CVCL_0062)
cells were cultured and maintained in DMEM supplemented
with 10% FBS, 1% Sodium pyruvate, 1% Pen-Strep in
a humidified 5% CO2 incubator (ESCO Cell Culture incubator,
USA). For all hypoxic exposure, cells were maintained under 1%
oxygen using Whitley H35 Hypoxystation (Don Whitley
Scientific Limited). For chronic hypoxia, the cells were main-
tained under hypoxia for 9 continuous days and for intermittent
hypoxia, the cells were cyclically maintained in 1% oxygen for 24
h followed by maintenance in 21% oxygen for 24 h. After the
fifth cycle of hypoxia, cells were collected for all experiments.

Alkaline Comet Assay

The alkaline comet assay was performed following the proto-
col of Olive and Banath.15 The hypoxic cells were reoxyge-
nated for different time points before proceeding for the
comet assay. Briefly, after trypsinization, approximately 5000
cells per slide was considered for preparing the second agar-
ose layer. After preparation of sandwich agarose layers, the
slides were immersed overnight in lysis buffer followed by

alkaline unwinding (30 min) and electrophoresis at 0.65 V/cm
for 35 min. The slides were visualized and imaged at 20X on
a confocal microscope. The comet images were analyzed for
the presence of comets using an open-source software –
OpenComet16 tool on ImageJ software (NIH, USA).
Hydrogen peroxide treated cells (200 µM for 30 min) were
used as positive control.

Immunoblotting

Cell lysates were prepared by using standard ice-cold RIPA
lysis buffer containing 1X protease inhibitor cocktail (Sigma,
USA). The protein content in the lysates was quantified using
Pierce BCA protein estimation kit (ThermoFisher, USA) and
12–20 μg of proteins were separated on 8 – 12% SDS-
polyacrylamide gels and electroblotted on to a Nitrocellulose
membrane (Amersham, GE Healthcare Lifesciences, USA).
Membranes were stained with Ponceau to analyze the effi-
ciency of transfer. Blocking was performed with 5% Bovine
Serum Albumin (Sigma, USA) in PBS (pH 7.4) containing
0.1% (v/v) Tween-20. We probed with the membrane with
appropriate primary antibody (Rabbit HIF-1α antibody
#14179, Cell Signaling Technologies/Rabbit RPA32/RPA2,
#2208, Cell Signaling Technologies/Rabbit Anti-Histone
H2AX antibody, #168-10574, RayBiotech, Mouse Anti-
phospho-Histone H2A.X (Ser139), #05-636, Millipore,
Mouse β-Actin, #sc-47778, SantaCruz Biotechnology) fol-
lowed by secondary antibody conjugated with HRP.
Membranes were developed using chemiluminescence detec-
tion kit (SuperSignal West Pico PLUS Chemi-luminiscence
Substrate, Pierce, ThermoFisher Scientific, USA) and the sig-
nals were captured using iBright CL 1000 (Invitrogen,
ThermoFisher Scientific, USA) documentation system.

Immunofluorescence

Following the hypoxia treatment, the cells were reoxygenated
and trypsinized to proceed for immunofluorescence studies.
Hydrogen peroxide treated cells (200µM for 30 min) was used
as positive control and were collected along with other treat-
ment groups. Briefly, the cells were collected and washed with
PBS and fixed for 30 min (4% paraformaldehyde in PBS).
Eventually, the cells were permeabilized (100 mM Tris,
50 mM EDTA, 0.5% Triton X-100) for 30 min and blocked
(3% Bovine Serum Albumin in PBS) for 1 h. Between each of
these steps, cells were washed with washing solution (5% Fetal
Bovine Serum in PBS) and stained overnight with 1:1000
dilution of Mouse anti-phospho H2AX antibody MAb (#05-
636, EMD Millipore Corp, Merck, USA) and Rabbit anti-
53BP1 antibody pAb (#4937, Cell Signaling, USA).
Secondary staining was performed using Alexa fluor 488
conjugated goat anti-mouse antibody (# A11001, Invitrogen,
ThermoFisher Scientific, USA) and Alexa fluor 568 conju-
gated goat anti-rabbit antibody (# A11004, Invitrogen,
ThermoFisher Scientific, USA) for 1 h. Cells were stained
with DAPI (# D1306, Life Technologies, ThermoFisher
Scientific, USA) and mounted on a slide with ProLong Gold
Antifade reagent (# P10144, Invitrogen, ThermoFisher
Scientific, USA). The slides were visualized on a confocal
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microscope (Zeiss LSM 800 with Airyscan, Germany) and the
foci were analyzed using plan apochromat 63X objective with
oil immersion.

Exome Sequencing

Genomic DNA extraction was performed using QiaAmp DNA
Mini Kit (Qiagen, Germany). Exome library was prepared from
100 ng of genomic DNA using Ion AmpliSeq™ Exome RDY kit
(ThermoFisher Scientific, USA) with exome enrichment in 12
primer pools. This kit approximately covers >97% of the exonic
regions with 293903 total amplicons. The amplicons for each
sample were pooled and subjected to partial restriction digestion.
Sample barcoding was performed using Ion Express Barcode
Adapter 1–16 kit. After ligating the adapters, the libraries were
purified using CleanPCR (Clean NA, GC Biotech, The
Netherlands). Each library was then quantified using Ion Library
TaqMan Quantitation Kit (#4468802, ThermoFisher Scientific,
USA). Emulsion PCR was performed using automation (Ion
Chef System, Life Technologies, Thermo Fisher Scientific, USA)
by utilizing Ion 540 Chef Reagents Kit and Ion 540 Control Ion
Sphere Particles. Two samples per chip was loaded in equimolar
concentrations (100 picomolar) and was sequenced on Ion S5 XL
sequencer (Thermo Fisher Scientific, USA).

Bioinformatic analysis of WES data

The raw data was aligned with the hg38 version of the genome
using Ion Torrent Suite software and the bam files were pro-
cessed as follows. Pileup of normoxia-hypoxia pairs of samples
was obtained by samtools mpileup and followed by Varscan2
somatic variant and indel calling,17 where normoxia sample was
considered as a reference/control sample, while Intermittent or
Chronic hypoxia as a case sample. Varscan2 called variants only
in the regions where coverage was above 10 reads. Only High
confidence (hc) as marked by Varscan2 in its default settings was
taken in subsequent analysis. Obtained vcf files were subse-
quently processed to filter out variants with strand bias. Ratio
of variant supporting reads coming from different strands had to
be within 0.5–2 range, all remaining variants were filtered out.
Next, the maf object was created by vcf2maf tool. Variants from
the vcf files were in the process annotated by Variant Effect
Predictor (VEP).18 MAF objects were created separately for
MCF7_Chronic, MCF7_Intermittent, MDA_MB_231_Chronic,
and MDA_MB_231_Intermittent groups. MAF objects were
subsequently analyzed by maftools.19 The neoantigen profile
from the exome data was analyzed using NeoPredPipe.20

NeoPredPipe adapts the guidelines set in the NetMHC-4.0
wherein peptides with a netMHCpan percentile rank ≤0.5 were
considered as strong binders and peptides with a netMHCpan
percentile rank ≤2 were considered as weak binders.21

Whole transcript expression analysis by microarray

Cells were lysed in easy-BLUE reagent and RNA extraction was
performed according to manufacturer’s protocol (easy-BLUE
total RNA Extraction Kit, Intron Biotechnologies). The quality
of the RNA was analyzed by gel electrophoresis and was quanti-
fied by Nanodrop as well as Qubit (Qubit® RNA HS Assay Kit,

Invitrogen, ThermoFisher, USA). For the transcriptome profil-
ing, 100 ng of RNA was processed using GeneChip™ WT PLUS
Reagent Kit (Affymetrix, Applied Biosystems, USA). The bioti-
nylated DNA was then hybridized on the Human Clariom™

D Arrays (Affymetrix, Applied Biosystems, USA). The array
typically includes 6.7 million probes to identify genes (coding
and multiple complexes) and non-coding regions (small RNA,
precursor microRNA, ribosomal RNA, and tRNA). After wash-
ing and staining the arrays (GeneChip Fluidics Station 450,
Affymetrix, ThermoFisher, USA), they were scanned on
GeneChip™ Scanner 3000 7G (Affymetrix, ThermoFisher,
USA). The CEL files were processed on Transcriptome
Analysis Console (TAC, Applied Biosystem) to compare the
fold change in gene expression between hypoxic versus the
normoxic samples. We used the default setting for calculating
the relative gene expression levels of each transcript, with the
EBAYES (Empirical Bayes Statistics for Differential Expression)
ANOVAmethod for statistical testing. With the filtering criteria
(fold change of ≤−2 and ≥2 and p-value of <0.05), the volcano
plots were graphed. Considering only the probes for coding and
multiple complex genes (genes containing coding and non-
coding loci), the genes (upregulated and down-regulated as
separate) were analyzed for the pathways using Gene Set
Enrichment Analysis (Hallmark gene set and KEGG gene set
in Mutational Signature Database). Further, considering
a stringent parameter of p < .01, the heat maps were generated
on Heatmapper.22 Hierarchical clustering was done using com-
plete linkage with Euclidean distance. Only themultiple complex
and the coding loci were considered for further analysis.

RNA isolation, cDNA synthesis, and quantitative
Polymerase Chain Reaction (qPCR)

One microgram of RNA was used for cDNA synthesis using
High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, ThermoFisher). The qPCR for the selected genes
was performed using the SYBR Green PCR Master Mix Kit
(Applied Biosystems, ThermoFisher). The list of primers for
all the genes studied is supplied in the supplementary infor-
mation (Supplementary Table 15).

Statistical analysis

For all the statistical analysis related to comet and immuno-
fluorescence analysis, one-way analysis of variance with
Bonferroni’s post hoc test, was performed on GraphPad
Prism, version 5.0 (GraphPad Software, San Diego, CA).
A p-value of <0.05 was considered statistically significant.
All the results were represented as mean ± SEM (standard
error of mean) for three independent experiments.

Results

Tumor hypoxia and reoxygenation increases the DNA
damage susceptibility and activates DNA damage
response in breast cancer cells

To determine whether hypoxic culture conditions favor the
production of new antigens, we first investigated the
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induction or accumulation of DNA breaks in two breast
cancer cell lines proficient for DNA damage response and
DNA repair, the lines MCF7 and MDA-MB-231. We mea-
sured the extent of gross DNA damage in chronic and inter-
mittently exposed hypoxic cells by performing alkaline comet
assay. As previously reported, hypoxia alone would not cause
any measurable amount of DNA damage.23 Hence, we reox-
ygenated both the chronic and intermittent hypoxic cells for
up to 4 h and the olive tail moment was measured. In MCF-7
cells, 2-h post reoxygenation, the intermittent hypoxic cells

start to accumulate DNA damage (Figure 1a). Also, we
observed a significant increase in DNA damage post the
reoxygenation of both chronic and intermittent hypoxic
MDA-MB-231 cells (Figure 1b).

In order to further validate these data, we next evaluated
the phosphorylation of histone H2A variant H2AX (γ-H2AX)
at Ser139 along with the co-localization of 53BP1 which has
been widely used as a sensitive marker for DNA damage
especially double-stranded breaks (DSBs), as well as the
expression of RPA32- a single-strand DNA binding protein

Figure 1. Chronic and intermittent hypoxia decreases the DNA damage repair capability in breast cancer cells. The extent of gross DNA damage is represented as
Olive tail moment (OTM) for MCF-7 (a) and MDA-MB-231 (b) as measured by comet assay. DNA double-strand breaks were assessed by the formation of γ-H2AX
/53BP-1 co-localized foci. The percentage of cells having at least one co-localized foci is plotted (c and d). The results are represented as mean ± SEM from three
independent experiments. The significance is represented as P < .05 (indicated by *) for the treatment groups in comparison with the normoxia. Hydrogen peroxide
treated cells (200 µM for 30 min) were used as positive control. H2AX, HIF1-α, RPA, and β-actin were analyzed through immunoblotting and the fold change is
represented as values (e). Fold change in gene expression of phosphorylated H2AX was calculated by normalizing to the total H2AX and HIF1-A and RPA fold change
values were calculated by normalizing to β-actin.
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used as a marker for replication stress through immunofluor-
escence (Supplementary figures 1 and 2). We screened at least
50 cells for at least one co-localizing foci in all the groups. The
number of γ-H2AX foci alone was higher than the 53BP1 foci,
irrespective of the time-points analyzed or the hypoxia treat-
ment groups. Although we noticed an increasing trend of foci
formation in chronic and intermittent hypoxia groups in
comparison to normoxia, the increase was statistically insig-
nificant (Figure 1c and d). Even after reoxygenation, there was
no measurable increase in the foci.

In order to check the presence of replication stress and DNA
damage in chronic and intermittent hypoxic cells in the absence
of reoxygenation, we evaluated the phosphorylation of H2AX
and RPA32 through immunoblotting. There was no significant
increase in γ-H2AX in MCF-7 as well as MDA-MB-231. Both
cell lines demonstrated an increase in RPA32 (ssDNA binding
proteinmarker for replication stress) in chronic and intermittent
hypoxia samples (Figure 1e). Together, these results confirmed
that chronic and intermittent hypoxia increase replication stress
in breast tumor cells.

Chronic and intermittent hypoxia downregulate DNA
replication and repair pathways

We next examined the transcriptome profile of cells under
hypoxia by microarray. Fold change of ≤–2 and ≥2 with
p-value of <0.05 was considered and volcano plots were gener-
ated (Supplementary Figure 3). Further, considering a stringent
parameter of p < .01 and only the probes for coding andmultiple
complex genes (protein complex), the heat maps were generated
(Figure 2a and b). Hierarchical clustering analysis separated the
samples based on hypoxic status.

Both cell lines demonstrated genes related to hypoxia as
the most significantly expressed pathways. Furthermore, we
analyzed the expression of these genes specific to hypoxic
exposure for validating our experimental hypoxic condition
by analyzing the hypoxia hallmark gene set in Gene Set
Enrichment Analysis database. In MCF-7, we noticed that
48/200 and 66/200 genes were differentially expressed under
chronic and intermittent hypoxic conditions, respectively
(Supplementary Tables 1 and 2). Similarly, in MDA-MB-231
cells, we noticed that 48/200 and 69/200 genes were differen-
tially expressed under chronic and intermittent hypoxic con-
ditions, respectively (Supplementary table 3 and 4). We also
validated the microarray gene expression data for a selected
panel of hypoxia genes (VEGFA, PDK1, PGK1, CA-IX) by
quantitative real-time PCR (Figure 2c and d). Hypoxia led
to an increase in two folds or higher for VEGFA, three folds
higher for PDK1, greater than five folds increase in PGK1 and
significantly higher folds of expression for CA-IX.

More importantly, we analyzed the expression of genes
related to DNA damage response and repair from the hall-
mark DNA repair gene set (Supplementary table 5, 6, 7
and 8). Importantly, we noticed that the gene expression
pattern differed remarkably between chronic and intermittent
hypoxia for both the cell lines. As per the hallmark DNA
repair gene set, we saw a total of 41 genes in MCF-7 and 42
genes in MDA-MB-231 affected by hypoxic exposure with
fold change of ≤-2 or ≥2 (Figure 2e and f). We found 7 and

12 genes common between chronic and intermittent groups in
MCF-7 and MDA-MB-231. We analyzed the expression pat-
tern of genes specific to DNA replication and DNA repair
pathways by separating the upregulated and down-regulated
genes using KEGG (Supplementary table 9, 10 and 11) and
observed that most of the DNA replication and repair path-
ways were downregulated (Table 1). Furthermore, and as
expected, reoxygenation-induced upregulation of Reactive
Oxygen Species (ROS) pathway was observed only in inter-
mittent hypoxic samples of both cell lines (Supplementary
table 12 and 13).

Finally, we performed quantitative PCR analysis of a set of
DNA repair genes (FEN1, MCM7, PCNA, RFC4) retrieved as
downregulated through microarray analysis. Such an
approach failed to fully recapitulate the previously observed
variations. However, even if the observed differences are not
statistically significant, chronic hypoxia affects at least FEN1
and PCNA expression in both cell lines. (Figure 2g and h).
Collectively, chronic and intermittent hypoxia leads to the
upregulation of ROS, induction of replication stress and
downregulation of DNA repair, thus contributing to genomic
instability.

Hypoxia leads to an increase in somatic insertions and
deletions in a random manner

Since the preceding observations suggest that hypoxic condition
alter DNA-repair pathways, we evaluated the “competence” of
DNA repair mechanisms in hypoxic conditions, by whole exome
sequencing (WES) to map the mutational landscape in hypoxic
MCF-7 andMDA-MB-231 cells. Exome sequencing analysis iden-
tified an average of 91 and 79 somatic mutations in chronic and
intermittent hypoxic MCF-7 cells. Similarly, in MDA-MB-231
cells 61 and 85 protein damaging somatic variants were detected
following chronic and intermittent hypoxia (Supplementary fig-
ure 5). It was also interesting to note that the culture under hypoxic
conditions, regardless of the cell line used or the experimental
setting, was associated with a significant increase in nucleotide
insertions/small deletions (Figure 3a –d). The mutational events
were randomandwere of non-recurrent type as evidenced by large
variation between the difference in variant number and variant
types in triplicate samples (Supplementary figure 5). Together,
these data indicate that hypoxia increases the mutational load of
tumor cells by inducing frameshift deletion and insertion.

Of the total variants identified, the number of non-
synonymous mutations was less than 10% in both chronic and
intermittent hypoxia treated samples across both cell lines. As the
number of nonsynonymousmutations were low, it was difficult to
identify the mutational signature for our data set. Oncogenic
pathway analysis revealed that Ras-RTK was majorly affected in
MDA-MB-231 while Hippo-signaling pathway was affected in
MCF-7. As the DNA repair variants were associated with
increased tumor mutational burden, we analyzed the mutations
in DNA repair genes. Of the 47 mutated genes recognized for
DNA damage and repair, PRDKC (DNA-dependent protein
kinase) and FANCM (Fanconi Anemia Complementation Group
M) were the commonly affected gene in both chronic and inter-
mittent hypoxia (supplementary table 14).
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Figure 2. Chronic and intermittent hypoxia-induced gene expression profiles in breast cancer cell lines. The heat maps represent the common genes in chronic and
intermittent hypoxia with significant changes in expression (p < .01) for both the cell lines (a and b) with complete linkage and hierarchical clustering. Hypoxia-
induced fold change in gene expression for HIF-1A downstream genes was assessed by quantitative PCR from three independent experiments (c and d). The Venn
diagrams (e and f) represent the number of DNA repair gene expression that are unique to chronic and intermittent hypoxia as per the GSEA hallmark dataset
Hypoxia-induced fold change in gene expression for DNA repair genes as measured by real-time quantitative PCR from three independent experiments for MCF-7 (g)
and MDA-MB-231 (h). The significance is represented as P < .05 for the treatment groups in comparison with the normoxia (indicated by *).
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Chronic and intermittent hypoxia increase the number of
potential neoantigens

Since our data point out an alteration of DNA repair and an
increase of somatic mutations in hypoxic breast carcinoma
cells, we finally investigated whether hypoxic conditions lead
to the generation of neoantigens. Neo-antigen predictions

were performed using the exome sequence data using
NeoPredPipe. We observed a global increase in the number
of neoantigen in both hypoxic MCF-7 and MDA-MB-231
cells (Figure 4a), regardless of the binding. The number of
neoantigen generated from the frameshift mutations was
higher in MDA-MB-231 in comparison to MCF-7, irrespec-
tively of the hypoxic exposure. Further, the number of weakly

Table 1. The DNA repair pathways downregulated under chronic and intermittent hypoxia. This table represents the list of DNA repair pathways from the KEGG
dataset – C2 that are downregulated in chronic and intermittent hypoxic conditions in both the cell lines.

Downregulated DNA repair and replication pathways under hypoxia

MCF-7 MDA-MB-231

Chronic hypoxia Intermittent hypoxia Chronic hypoxia Intermittent hypoxia

Pathway p-value Pathway p-value Pathway p-value Pathway p-value

BASE EXCISION REPAIR 8.37e−06 - DNA REPLICATION 7.02e−11 DNA REPLICATION 1.64e−06

DNA REPLICATION 1.02e−05 – NUCLEOTIDE EXCISION REPAIR 4.32e−04 MISMATCH REPAIR 4.84e−04

NUCLEOTIDE EXCISION REPAIR 7.28e−04

Figure 3. Exome data analysis indicated an increase in frameshift deletions and insertions in both MCF-7 (a and b) and MDA-MB-231 cells (c and d) under chronic and
intermittent hypoxic conditions. The data represent the total number of mutations identified from three independent experiments.
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binding neoantigens were much higher in comparison to
strong-binding across chronic and intermittent hypoxic con-
ditions in both cell types (Figure 4a). Among the total neoan-
tigens (includes weak- and strong-binding), all of them were
of the clonal type. Furthermore, our microarray analysis
demonstrated the upregulation of antigen processing and
presentation pathway, in MDA-MB-231 cells with respect to
chronic and intermittent hypoxia (Figure 4b). Validation
through quantitative PCR also showed an increase in expres-
sion of TAP1 and TAP2 genes in MDA-MB-231 cells
(Figure 4c).

Discussion

Genomic instability is considered as a hallmark of cancer –
enabling and driving force of tumorigenesis. The hypoxic
downregulation of DNA repair pathways along with increased
susceptibility to DNA damage during re-oxygenation and
replication stress leads to increased genetic instability in
tumor cells. Our hypothesis was that hypoxia directly contri-
butes to an increase in the tumor mutational burden which
can impact the immunogenicity of the tumor. In this regard,

we considered two cell lines with different cell type (epithelial
and mesenchymal) and rate of growth (MCF-7 has slow
growth rate and MDA-MB-231 has faster growth rate), vary-
ing degree of aggressiveness (MCF-7 – ER, PR and HER2
positive and MDA-MB-231 triple negative) and analyzed the
effect of chronic and intermittent hypoxic conditions. As the
genetic alterations that confer selective advantage for the
growth of tumors happen over a period, we analyzed all the
parameters after nine consecutive treatment days.

Our studies were in line with the findings from other
report23 that hypoxia alone is not sufficient to induce DNA
double-strand breaks. However, we noticed the upregulation
of ROS pathway specifically in intermittent hypoxic cells in
both cell lines. Earlier studies have demonstrated that the
hypoxia and reoxygenation after hypoxic stress is one of the
key factors for replication stress in tumor cells.24,25 Further,
the increase in RPA32 was higher in intermittent cells in both
cell types, indicating the presence of higher replication stress.
Increase in RPA32 levels can be attributed to the increase in
ROS levels. Replication stress is characterized by the presence
of stalled forks with long stretches of ssDNA.9 Replication
Protein A is one of the initial responders to replication stress

Figure 4. Effect of hypoxia on potential neoantigen expression. (a): Increased clonal neoantigen load due to insertion-deletion mutations in the breast cancer cell
lines under hypoxic conditions. (b): Microarray analysis indicated that chronic and intermittent hypoxia led to the upregulation of antigen processing and
presentation pathway in MDA-MB-231 cells. (c): Chronic and intermittent hypoxia-induced fold change in gene expression for TAP1 and TAP2 as measured by
quantitative PCR from three independent experiments. The significance is represented as P < .05 for the treatment groups in comparison with the normoxia
(indicated by *).
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and binds to ssDNA for stabilization. Despite the replication
stress, some cells can bypass genetic lesions and continue
replicating by repriming the lesion. Cells that proliferate
even in low oxygen levels, with compromised DNA repair
mechanisms acquire increased genetic instability.14 Together,
reoxygenation induced DNA damage, hypoxic replication
stress, increase in ROS levels, and downregulation of DNA
repair pathways contribute to the genomic instability in breast
cancer cells.

Accumulating evidence indicates that genomic instability
correlates with immunogenicity and mutational load is
a predictor of response to immunotherapy.26 Tumors with
mutations in DNA repair genes or inactivated DNA repair
pathways have demonstrated high mutational burden. We
therefore analyzed the somatic mutations accumulated in the
common cancer-related genes and DNA repair genes that are
exclusively arising from hypoxic treatment. From our find-
ings, we have seen that hypoxia induces unique mutations and
can be a cause of divergence within the hypoxic regions
against the non-hypoxic zones. The non-synonymous muta-
tions were rather low to comprise a meaningful mutational
signature. However, a recent study suggested that large num-
ber of mutations were identified in patients with hypoxic
tumors with higher incidence in deletions, duplications, and
single nucleotide changes.27 The authors also identified muta-
tional signatures from single base substitutions and frameshift
mutations correlating with defective DNA repair (homolo-
gous recombination and mismatch repair), suggestive of
hypoxic contribution to such genotypes.27 An increase in
insertions and deletions was observed in comparison to single
nucleotide variations. Rospo and coworkers demonstrated
that the incidence of insertions and deletions was much
more prevalent in colorectal cancers having DNA repair
defects like polymerase E mutations and high microsatellite
instability.28 Turajlic and coworkers demonstrated that inser-
tions and deletions can produce neoantigens that have higher
immunostimulatory effect in comparison to SNPs.29 Rospo
and colleagues also demonstrated that DNA repair defects
give rise to neoantigen profile that are dynamic and evolving
with time.28 Paradoxically, genetic instability in tumors can
pose as an obstacle for a successful ICB.30,31 Recent studies
have also demonstrated that tumors with chromosomal
instability suppress antigen-presenting mechanisms leading
to immune evasion.28 Further, the expression of clonal neoan-
tigens rather than just high tumor mutational burden results
in a durable response to immunotherapy.32

Cancer cells undergo selective pressure in the presence of
stromal cells (vascular endothelial cells, pericytes, adipocytes,
fibroblasts), immune cells, hypoxia, and a cocktail of pro-
tumorigenic factors33 which lead to tumor heterogeneity and
subclonal evolution. On the other hand, cancer cell lines
undergo very little or no selective pressure in the 2D
environment.28 Cell lines demonstrate high degree of clonality
with respect to the variants maintaining high similarity of
allele frequency when subcultured over a period of time.28

From our study using the two-dimensional cell culture model,
we found that the neoantigen was of mostly the clonal type.

We also noticed that neoantigen levels were high in cells
(MDA-MB-231) with higher levels of reoxygenation induced

DNA damage. However, the tumor microenvironment and the
heterocellular crosstalk of cancer cells with the immune cells
shape the neoantigen landscape of a tumor.34,35 Hence, studying
the hypoxic zones in in-vivo tumor models will be of major
interest to understand the immunogenicity of a tumor in the
context of its microenvironment.

Further, hypoxic treatment resulted in the upregulation of
antigen processing and presentation only in MDA-MB-231
with an increase in the expression of genes related to MHC
Class I pathway. MDA-MB-231 has aggressive metastatic
phenotype with higher rate of proliferation (supplementary
Figure 4). The accumulation of mutations could be higher in
cells with faster proliferation rate, as the cells can bypass DNA
damage checkpoints.36

The current study further confirms the complexity of
hypoxia in shaping the biology of cancer cells. Our data
showed the capacity of hypoxic stress to drive genomic
instability and alter DNA damage repair pathways. This
might have a direct effect on the design of new therapies
and the targeting of hypoxic tumors. They support the con-
cept that hypoxia can drive cancer progression through its
impact on genetic heterogeneity. Although the clonality of
neoantigens can render immunogenic phenotype, hypoxic
induction of dynamic and non-recurrent mutations can also
regulate the immune evasion strategies adapted by cancer
cells.
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