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Abstract: The phosphorylated histone variant, y-H2AX, is known to play a key role in DNA damage repair. However,
the clinical significance of H2AX mRNA expression in breast cancer remains unclear. Utilizing a bioinformatical ap-
proach, a total of 3594 breast cancer patients with clinical and transcriptomic data were investigated. Bioinformatical
analysis showed that high expression of H2AX is associated with worse disease-free, disease-specific, and overall
survival consistently in two independent cohorts. High H2AX expressing tumors were associated with upregulated
DNA repair gene sets. Although H2AX was not predictive of chemotherapy response, it was significantly downregulat-
ed after effective chemotherapy or radio-chemotherapy. Notably, tumors with high H2AX expression were enriched
for DNA replication and MYC targets gene sets, and associated with increased MKIG7 expression, suggesting altera-
tions in cell proliferation machinery. H2AX knockdown cells showed decreased cell proliferation as compared to the
control cells. Finally, H2AX mRNA expression was higher in the metastatic clones as compared to the parental cells
and in the metastatic tumors as compared to the primary tumors in patients, with higher H2AX mRNA expression
found in advanced stage cancer patients. In conclusion, high H2AX mRNA expression is associated with increased
DNA repair, cell proliferation, metastasis, and worse survival in breast cancer patients.
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Introduction clinical relevance of these mechanisms is
important to apply the knowledge to clinical

Breast cancer is the second leading cause of
cancer-related death among women both in the
United States and worldwide [1]. Despite a
5-year survival rate of 90%, 40,000 women still
die from breast cancer every year in the US [2,
3]. These facts tell us that further investigation
of cancer recurrence and metastasis is the key
to improve breast cancer survival. In this
regard, remarkable progress in genomic analy-
ses during the last decade now allows research-
ers to link cancer biology with its clinical rele-
vance utilizing bioinformatical analyses [4]. In
addition to experimental approach which is
essential for deeper understanding in mecha-
nisms of cancer biology, investigation of the

practice that may have a direct impact on
patient outcome.

H2AX is a variant type of one of a core histone
H2A. H2AX is phosphorylated to form y-H2AX,
which plays a key role in DNA damage repair
when DNA double-strand breaks occur [5, 6],
thus it is often used as a marker of DNA dam-
age and repair. A prior study has shown that
upregulation of H2AX is associated with gener-
ation of reactive oxygen species (ROS) [7-10]. It
was also reported that increased cell prolifera-
tion by activated MYC signaling-induced DNA
damage correlated with increased levels of ROS
[11]. High expression of y-H2AX was observed
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in various types of cancer as compared to nor-
mal tissue [12]. High expression of y-H2AX,
which accounts for 5-20% of the each cohort,
are associated with patient prognosis and
treatment response in some types of cancer
[13], where it is associated with early metasta-
sis in breast cancer [12]. However, the clinical
relevance of H2AX mRNA expression in breast
cancer remains unclear. Compared to immuno-
histochemical detection of y-H2AX expression,
assessment of H2AX mRNA expression is less
subjective and cost effective with less profi-
ciency bias. In this study, we hypothesized that
extremely high H2AX mRNA expression is
associated with DNA repair, cancer aggressive-
ness and patient poor prognosis similar to
y-H2AX in breast cancer.

Materials and methods

Data acquisition and pre-processing

We used publicly available cohort, The Cancer
Genome Atlas (TCGA) [14], as a discovery
cohort. Out of 1098, 1093 patients have both
MRNA expression from RNA sequence and
clinical data. Among them, 1090 and 999
patients have overall survival (OS) and disease-
free survival (DFS) data, respectively. As a vali-
dation cohort, we obtained Molecular Taxono-
my of Breast Cancer International Consortium
(METABRIC) cohort [15]. Out of 1904 patients
which have both clinical and gene expression
data, 481 patients who died of other cause
were excluded from disease-specific survival
(DSS) analysis. The clinical data and gene
expression level quantification data (mMRNA
expression Z-score from RNA sequence) were
downloaded through cBioPortal [16, 17] for
both TCGA and METABRIC cohorts. As chemo-
therapy cohorts, we obtained datasets from
the Gene Expression Omnibus (GEO) database
and gene expression data was analyzed after
log2 transformed. As a chemotherapy cohort,
we used GSE28844 [18], in which there are
28 breast cancer patients who treated with
anthracycline based regimen with tumor gene
expression data of before and after chemo-
therapy. Out of 28 patients, 5, 10 and 13
patients were diagnosed pathologically good
(Miller & Payne grade 4 or 5), mid (Miller &
Payne grade 3), and bad response (Miller &
Payne grade 1 or 2) to the chemotherapy [18].
We analyzed GSE25066 [19] as another neo-
adjuvant cohort. Out of 488 patients treated by
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neoadjuvant taxane-anthracycline chemother-
apy, 99 and 389 patients were diagnosed as
pathological complete response (pCR) and
residual disease (RD). As a neoadjuvant radio-
chemotherapy cohort, GSE15781 [20] was
analyzed. Among 21 resectable rectal cancer
patients, 10 and 11 patients were undertaken
surgery with or without neoadjuvant radio-
chemotherapy. As a neoadjuvant radio-chemo-
therapy breast cancer cohort, GSE22513 [21]
was analyzed. Out of 14 patients treated with
paclitaxel followed by concurrent paclitaxel
and radiation therapy, 4 and 10 patients were
diagnosed as pCR or non-pCR. As a metastatic
breast cancer cohort, GSE110590 [22] was
analyzed. There were 13, 14, 12 and 10 tumors
from primary, liver, lung and brain metastatic
lesions of 16 metastatic breast cancer patients.

Cell culture and reagents

Human breast cancer cell lines, MCF7 and
MDA-MB-231 were obtained from ATCC
(Manassas, VA). The lung metastatic clone of
MDA-MB-231, LM2-4 was kindly provided by
Prof. Robert S. Kerbel of Sunnybrook Research
Institute, University of Toronto [23]. Murine
breast cancer cell line, 4T1 was obtained from
Caliper Life Science (Hopkinton, MA) and its
bone metastatic clone, 4T1.2 was kindly pro-
vided by Prof. Cheryl L. Jorcyk of Boise State
University. All cell lines were cultured in
RPMI-1640 (Gibco, Gaithersburg, MD) with
10% fetal bovine serum (FBS) (Gibco) in a
humidified incubator at 37°C in 5% CO,. All
cell lines were used within 20 passages after
revival and were shown to be mycoplasma free
using the PlasmoTest kit (InVivoGen, San Diego,
CA). For H2AX knockdown experiments, MCF7
and 4T1 cells were transduced with shNT (non-
targeting) or shH2AX and selected under either
2 pg/ml of puromycin (Gibco) for MCF7 or 200
pug/ml of G418 (Sigma) for 4T1 to establish sta-
ble knockdown cells. shRNA sequences are
shown in Table S1.

Western blot

Cells were lysed with NP40O cell lysis buffer
(Invitrogen, Carlsbad, CA), and lysates were
separated by electrophoresis and transferred
onto a nitrocellulose membrane. Membranes
were blocked with 5% milk for 1 h at room tem-
perature, and then incubated with primary anti-
body (H2AX; 1:500, from Cell Signaling
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Technology (Danvers, MA), Actin; 1:40,000
from Millipore Sigma (Burlington, MA)) at 4°C
overnight. Blots were developed with HRP-
labelled secondary antibodies, followed by
Clarity Western ECL detection system (BioRad,
Hercules, CA). Chemiluminescence signals
were acquired using a ChemiDoc MP imager
(BioRad).

Cell proliferation

3,000 cells were seeded per well of a 96-well
plate and incubated overnight. Cell prolifera-
tion was measured at the indicated time point
using either Cell Counting Kit-8 (Dojindo, Japan)
or CellTiter 96 AQueous One Solution Cell
Proliferation Assay Kit (Promega, Madison, WI),
according to the manufacturer’s protocols.

Gene expression analysis of cell lines with
RNA sequence

Gene expression of human breast cancer cell
line MDA-MB-231 comparing with its highly
lung metastatic clone LM2-4 (n=3, each) [24],
and murine mammary adenocarcinoma cell
line 4T1 comparing with its highly bone meta-
static clone 4T1.2 (n=3, each) [25] were ana-
lyzed by RNA sequence using the TruSeq
Stranded Total RNA kit (Illumina). Data was nor-
malized as Reads Per Kilobase of transcript,
per Million mapped reads (RPKM) and then
log2 transformed.

Mice experiment

Approval from the Roswell Park Comprehen-
sive Cancer Center Animal Care and Use
Committee was obtained for all experiments.
Female BALB/c mice were obtained from
Jackson Laboratory. 1x10° of either control or
H2AX knockdown 4T1 cells were inoculated
into the #2 mammary fat pad. Radical ma-
stectomy was performed 8 days after cell inoc-
ulation as described before [26, 27]. Total bio-
luminescence was measured at 5 minutes
intervals up to 40 minutes by IVIS spectrum
(PerkinElmer), then determined by the peak
value over this time frame.

Statistical analysis

For gene expression comparison, statistical
analyses were performed using Student t-tests.
The prognostic differences between H2AX high
and low expression tumors, including OS, DFS
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and DSS, were analyzed using Kaplan-Meier
curve with log-rank test. The patients were
dichotomized based on H2AX expression and
cutoff points were determined as top 5 per-
cent in TCGA and METABRIC cohorts. Gene set
enrichment analysis (GSEA) was performed by
comparing H2AX high and low expressing
tumors using software provided by the Broad
Institute. False discovery rate (FDR) <0.25 was
considered as statistically significant. All
statistical analyses were performed using R
software (http:///www.r-project.org/) together
with Bioconductor (http://bioconductor.org/)
and GraphPad Prism (GraphPad).

Results

High H2AX expression is associated with
worse survival in breast cancer patients

Based on previous reports that y-H2AX expres-
sion is elevated in 5-20% of tumors in a given
cohort [13], we defined the top 5% as H2AX
high expression group in the each cohort.
Patients with high expression of H2AX tumor
showed significantly worse DFS (Figure 1A,
5-year DFS rates; 65.0% vs 82.4%, P=0.010)
and OS (Figure 1B, 5-year OS rates; 68.6% vs
82.7%, P=0.032) in TCGA cohort. These results
were validated in the METABRIC cohort, where
high expression of H2AX was associated with
significantly worse DSS (Figure 1C, 5-year DSS
rates; 70.8% vs 85.6%, P=0.002). These find-
ings suggest that extremely high expression of
H2AX is associated with poor survival of breast
cancer patients.

When we stratified breast cancer patients into
subtypes, H2AX expression was higher in the
ER-negative tumors as compared to the
ER-positive tumors in both TCGA (Figure S1A,
P<0.001) and METABRIC (Figure S1D, P<
0.001) cohorts. However, the survival differ-
ence was not consistent in TCGA and META-
BRIC cohorts (Figure S1B, S1C, S1E, SiF).
Similar findings were seen in triple-negative
breast cancers (TNBCs), in which H2AX expres-
sion was significantly higher in TNBC as com-
pared to non-TNBC in both TCGA (P<0.001)
and METABRIC (P<0.001) cohorts (Figure S2A,
S2D), but there was no consistent survival dif-
ference in H2AX high expressing tumor be-
tween TCGA and METABRIC cohorts (Figure
S2B, S2C, S2E, S2F). H2AX expression was sig-
nificantly higher in the HER2-positive tumors as
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Figure 1. Breast cancer patient survival by H2AX expression. A. Disease-free survival by H2AX expression in TCGA
breast cancer cohort. H2AX high: n=51, H2AX low: n=947. B. Overall survival by H2AX expression in TCGA breast can-
cer cohort. H2AX high: n=55, H2AX low: n=1034. C. Disease-specific survival by H2AX in METABTIC breast cancer
cohort. H2AX high: n=72, H2AX low: n=1351. Red and blue lines represent H2AX high and low expression patients.
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Figure 2. The association of H2AX with DNA repair and reactive oxygen species pathway in breast cancer. A. Gene
set enrichment analysis (GSEA) of DNA repair and base excision repair pathway with respect to high and low H2AX
levels in breast cancers in TCGA (upper) and METABRIC (lower) cohort. B. GSEA of reactive oxygen species pathway
with respect to high and low H2AX levels in breast cancer in TCGA (upper) and METABRIC (lower) cohort. H2AX high:
n=55, H2AX low: n=1034 for TCGA, H2AX high: n=72, H2AX low: n=1351 for METABRIC.

compared to HER2-negative tumors in both hypothesized that tumors that express extre-
TCGA (P=0.048) and METABRIC (P<0.001) co- mely high levels of H2AX represent high y-H2AX
horts (Eigure S3A, S3D). There was no signifi- to promote DNA repair. As we expected, GSEA
cant difference in survival by H2AX expression revealed that H2AX high breast cancer patients
in HER2-positive or negative tumors in both show significant enrichment in DNA repair and
TCGA and METABRIC cohorts (Figure S3B, S3C, base excision repair gene sets consistently in
S3E, S3F). These findings imply that the impact both TCGA (DNA repair; normalized enrichment
of H2AX expression on patient survival is not score (NES) =2.00, FDR=0.009, Base excision
affected by subtype. repair; NES=1.87, FDR=0.024) and METABRIC

cohorts (DNA repair; NES=1.44, FDR=0.130,
High H2AX expressing tumor is associated Base excision repair; NES=1.82, FDR=0.025)
with DNA repair (Figure 2A). Although high y-H2AX was reported

to be associated with increased reaction oxy-
Since y-H2AX indicates an early cellular gen species (ROS) in cancer [11], H2AX high
response to DNA double-strand breaks [28], we expressing tumor showed enrichment of ROS
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Figure 3. Association between H2AX levels and chemotherapy in breast cancer. (A) H2AX expression assessment
in pre-chemotherapy tumors by treatment response in GSE28844 breast cancer cohort. Good response: n=5, mid
response: n=10, bad response: n=13. (B) H2AX expression comparison between pathological complete response
(pCR) and residual disease (RD) groups in GSE25066 breast cancer cohort. pCR: n=99, RD: n=389. H2AX expres-
sion comparison between pre- and post-chemotherapy tumors in (C) whole cohort (n=28), (D) good (n=5), mid
(n=10), and bad (n=13) response group in GSE28844 breast cancer cohort.

gene set only in TCGA (NES=1.81, FDR=0.038),
but not in METABRIC (NES=0.84, FDR=0.823)
(Figure 2B). These findings suggest that H2AX
high expressing tumor is associated with DNA
repair and base excision repair, which is in
agreement with elevated y-H2AX.

H2AX expression decreases with effective che-
motherapy

Since H2AX high expressing tumors were asso-
ciated with activation of DNA repair pathway,
we investigated changes in H2AX mRNA
expression with DNA damaging chemotherapy
treatments. H2AX expression levels in breast
cancer before the treatment did not predict
response to epirubicin or doxorubicin in
GSE28844 cohort (Figure 3A). In another neo-
adjuvant cohort (GSE25066), the expression
levels of H2AX were trend to be higher in pCR
patients as compared to RD patients, however,
it did not reach the statistical difference
(P=0.065) (Figure 3B). Interestingly, we found
that H2AX expression level was significantly
downregulated after neoadjuvant chemothera-
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py as compared to the pre-treatment tumor
(Figure 3C, P=0.004), particularly in the tumor
with good response to chemotherapy (P<
0.001), but not in the mid (P=0.384) or bad
(P=0.151) response (Figure 3D). On the other
hand, the expression levels of other H2A cod-
ing genes, HISTAH2AB, HIST1IH2AC and HIST-
1H2AE did not show the difference before and
after treatment (Figure S4). These findings sug-
gest that H2AX level does not predict chemo-
therapy response, however, its decrease was
associated with good response to chemothera-
py independent of H2A.

H2AX expression decrease with radio-chemo-
therapy

It is reported that high y-H2AX expression
tumor shows resistance to radiation therapy in
colorectal cancer [29]. Thus, we investigated if
H2AX mRNA expression is also associated with
radiotherapy response. We found that H2AX
expression in the tumor after radio-chemother-
apy (RCT) was significantly lower as compared
to the non-treated tumors in rectal cancer

Am J Cancer Res 2022;12(2):793-804
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Figure 4. Association between H2AX and radiation therapy. A. H2AX expression analysis of post-treatment normal
and tumor tissues with and without neoadjuvant radio-chemotherapy (RCT) in rectal cancer cohort GSE15781.
Non-RCT normal: n=10, RCT normal: n=10, non-RCT tumor: n=13, RCT tumor: n=9. B. H2AX expression comparison
in pre-RCT treatment tumors between pathological complete response (pCR, n=8) and non-pCR (n=20) tumors in

breast cancer cohort GSE22513.

cohort, GSE15781 (Figure 4A, P<0.001). This
change in H2AX expression by RCT was not
seen in the normal tissue (Figure 4A, P=0.293).
Interestingly, the H2AX level trended to be high-
er in the tumors achieved pCR after RCT as
compared to the non-pCR tissues among the
breast cancers treated by paclitaxel chemo-
therapy followed by concurrent paclitaxel/radi-
ation. However, it did not reach a statistically
significant difference (Figure 4B, P=0.188).

H2AX high expressing tumor is associated with
increased cell proliferation

Given that increased cancer cell proliferation
induce DNA damage [11], we hypothesized that
high H2AX expressing tumor with enhanced
DNA repair reflects enhanced cell proliferation.
As expected, H2AX high expressing tumor
enriched DNA replication gene sets consistent-
ly in both TCGA (NES=1.84, FDR=0.030) and
METABRIC (NES=1.77, FDR=0.037) cohorts
(Figure 5A). As shown in Figure 5B, H2AX high
expressing tumor significantly enriched MYC
targets gene sets consistently in both TCGA
(targets v1; NES=2.06, FDR=0.007, target v2;
NES=2.07, FDR=0.008) and METABRIC (tar-
gets v1; NES=1.34, FDR=0.174, target v2;
NES=1.81, FDR=0.002). In agreement, high
H2AX expressing tumors were associated with
significant increase in MKI67 gene, which
encodes cell proliferation marker Ki-67, as
compared to H2AX low expressing tumor con-
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sistently in both TCGA (P<0.001) and METABRIC
(P<0.001) (Figure 5C).

Next, we generated H2AX knockdown cells of
human breast cancer cell line, MCF7 and
murine breast cancer cell line, 4T1 using differ-
ent shH2AX. We found that knockdown of H2-
AX gene not only suppressed H2AX, but also
y-H2AX protein expression as well in both MCF7
and 4T1 cells (Figure 5D). H2AX knockdown
suppressed cell proliferation as compared to
the control shNT cells in both MCF7 and 4T1
cells (Figure 5E), implying that H2AX high
expressing tumor has increased cell prolifera-
tion, which is not independent of yH2AX.

H2AX level is associated with metastasis in
breast cancer

Since H2AX mRNA level was linked with cancer
aggressiveness such as cell proliferation, we
investigated whether H2AX mRNA expression
is associated with breast cancer progression
and metastasis. We compared H2AX mRNA
expression between primary and metastatic
cancer in both cell lines and patient samples.
H2AX mRNA expression was significantly high-
er in the lung metastasis clone, LM2-4 as com-
pared to its parental MDA-MB-231 cells in
human breast cancer cell line (Figure 6A,
P=0.042). Consistently, bone metastatic clone,
4T1.2, showed significantly higher H2AX
expression as compared to its parental 4T1

Am J Cancer Res 2022;12(2):793-804
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Figure 5. H2AX dependent proliferation rate in breast cancer. A. Gene set enrichment analysis (GSEA) of DNA rep-
lication pathway in comparison to high and low H2AX breast cancer in TCGA (upper) and METABRIC (lower) cohort.
B. GSEA of MYC target genes in H2AX high and low breast cancers in TCGA (upper) and METABRIC (lower) cohort.
C. MKIG7 expression levels H2AX low and high breast cancer in TCGA (upper) and METABRIC (lower). H2AX high:
n=55, H2AX low: n=1034 for TCGA, H2AX high: n=72, H2AX low: n=1351 for METABRIC. D. Immunoblot analysis of
H2AX knockdown MCF7 and 4T1 cells. E. Cell proliferation rate of control and H2AX knockdown MCF7 and 4T1 cells
(n=6, each). """P<0.001.
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Figure 6. Association between H2AX and metastasis in breast cancer. A. H2AX expression comparison between
parental (MDA-MB-231) and lung metastatic clone (LM2-4) in human breast cancer cell line (n=3, each). B. H2AX
expression comparison between parental (4T1) and bone metastatic clone (4T1.2) in murine breast cancer cell line
(n=3, each). C. H2AX expression comparison between primary (n=13) and metastatic breast cancers (liver: n=14,
lung: n=12, brain: n=10) in breast cancer cohort GSE110590. D. H2AX high expressing tumor fraction by stage in
TCGA breast cancer cohort. Stage I: n=180, stage Il: n=618, stage IllI/IV: n=269. E. H2AX high expressing tumor
fraction by stage in METABRIC breast cancer cohort. Stage I: n=368, stage Il: n=604, stage Ill/IV: n=105.

cells in murine breast cancer cell line (Figure
6B, P<0.001). On the other hand, we were
unable to obtain reproducible data on correla-
tion of H2AX protein expression and metastatic
clones (Figure S5). Similar findings were seen
in the patient samples where H2AX mRNA
expression was significantly higher in the meta-
static tumors as compared to the primary
tumors from same patients in GSE110590
cohort (Figure 6C, P<0.001). All of metastatic
sites, including liver, lung and brain metastases
showed higher H2AX expression as compared
to the primary breast cancer (Figure 6C,
P<0.001). Further, the proportion of patient
with high H2AX expression showed higher in
the advanced stage disease consistently in
both TCGA and METABRIC cohorts (Figure 6D,
6E). We tested if H2AX knockdown impairs
metastatic capability using mouse mastectomy
model. Interestingly, H2AX knockdown reduced
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tumor growth in primary tumor before mastec-
tomy (Figure S6A); however, there was no sig-
nificant difference neither in metastatic burden
which was quantified by the bioluminescence
or mice survival (Figure S6B, S6C). These find-
ings suggest that high expression of H2AX
MRNA is associated with breast cancer pro-
gression and metastasis, however, the causali-
ty and mechanisms need to be further
elucidated.

Discussion

In the current study, we demonstrated that
H2AX expression was associated with not only
cancer recurrence, DFS, but also actual surviv-
alsuch as DSS and OS in breast cancer patients
using two independent large patient cohorts.
Similar to y-H2AX, high H2AX tumor was associ-
ated with increased DNA repair. Although H2AX

Am J Cancer Res 2022;12(2):793-804
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expression did not predict the chemotherapy
response in pre-treatment tumors, it was sig-
nificantly downregulated after effective chemo-
therapy and radiotherapy. We further found
that high H2AX tumors were enriched for DNA
replication and MYC targets gene sets, and
showed increased MKIG7 expression, which
suggest enhanced cell proliferation. H2AX
knockdown breast cancer cells demonstrated
decreased cell proliferation as compared to the
control cells, which further suggest that H2AX
expression promotes cell proliferation. H2AX
MRNA expression was higher in the metastatic
clones of MDA-MB-231 and 4T1 cell lines as
well as in the metastatic tumor compared to
the primary breast cancer in the patient sam-
ples. Finally, high H2AX tumor proportion was
higher in advanced AJCC cancer stage consis-
tently in both TCGA and METABRIC cohorts,
which implies that H2AX is associated with can-
cer progression and metastasis.

Phosphorylation of Ser-139 residue of H2AX
generates y-H2AX, which is a sensitive marker
of DNA double-strand breaks and DNA repair.
As we expected, H2AX high expressing tumors
were enriched for DNA repair gene sets, which
might be the result of increased y-H2AX. The
presence of double-strand break represents
genomic instability; thus, it contributes to can-
cer progression [6]. Since cancer cells prolifer-
ate much faster than normal cells and results
in damaged DNA accumulation, cancer cells
need to repair the damaged DNA continuously,
therefore, levels of H2AX mRNA or protein may
be higher than normal cells. The level of H2AX
may be critical for proliferation of cancer cells,
but not for normal cells since normal cells do
not increased damaged DNA burden. Indeed,
higher y-H2AX level predicts patient survival in
several types of cancer [30-33], including
breast cancer [12]. However, measurement of
y-H2AX levels require immunohistochemistry
that is less objective, labor and cost intensive
compared from H2AX mRNA expression analy-
sis. Recently, we found that H2AX mRNA
expression is associated with ovarian cancer
patient prognosis [34]. To our knowledge, cur-
rent study is the first to report that H2AX mRNA
expression can predict patient survival in
breast cancer.

Previously we found that DNA damage increas-
es levels of ROS through increased H2AX [7],
which is in agreement with other reports that

801

show upregulation of H2AX is associated with
ROS generation [8-10]. While the others report-
ed that increased ROS reduces H2AX level
[35], enhanced cell proliferation by activated
MYC signaling induces DNA damage that cor-
related with increased levels of ROS [11]. In this
study, we demonstrated that higher expression
of H2AX was associated with enhanced MYC
signaling, however, the association of H2AX
with ROS was seen only in one cohort, implying
that the relationship between H2AX and ROS
may be context dependent in clinical setting.

We also investigated the association of H2AX
MRNA expression level with DNA damaging
chemotherapy as well as radiation sensitivity,
because H2AX level may reflect genomic in-
stability. We expected that higher H2AX
expressing tumor shows higher sensitivity to
chemotherapy and radiotherapy; however,
H2AX mRNA expression level did not predict
the response of anthracycline or taxane based
chemotherapy or radiotherapy. On the other
hand, H2AX expression was downregulated
after effective chemotherapy or radiotherapy.
H2AX high expressing tumor represents highly
proliferating tumor; thus, we cannot help but
speculate that chemotherapy selectively Kill
these highly proliferating H2AX high expressing
cells among heterogenous cancer cells, result-
ing in low H2AX after chemotherapy or
radiotherapy.

We demonstrated that H2AX mRNA expression
level is associated with cancer progression and
metastasis. This finding is supported by previ-
ous reports in which it was shown that H2AX
promotes metastasis through HIF1x activation
[12], and metastatic tumor is known to have
genomic instability [36]. Cancer cells with high-
er genomic instability may possess higher
metastatic potential, which eventually forms
metastasis. However, to our surprise, H2AX
MRNA expression did not correlate with protein
expression in 2 metastatic cell lines examined.
We speculate that discrepancies in mRNA and
protein data may possibly be due to protein sta-
bility and post transcriptional modifications.
Further, H2AX knockdown did not change met-
astatic capability in mice model. This warrants
further investigation for the elucidation of the
detailed mechanism of H2AX mRNA expre-
ssion and breast cancer progression and
metastasis.
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This study has limitations. Most of analyses
were conducted through bioinformatics, thus,
the exact mechanisms of how H2AX is associ-
ated with worse prognosis are not fully eluci-
dated. Further experimental approach is need-
ed to investigate H2AX roles in breast cancer.
In addition, while it is interesting to examine
whether the impact of H2AX mRNA expression
on breast cancer cell proliferation and metasta-
sis is independent of y-H2AX, we were unable
to show this since we do not have access to a
tool that inhibits the production of y-H2AX with-
out disturbing H2AX mRNA expression.

In conclusion, extremely high expression of
H2AX is associated with increased DNA repair,
MYC signaling, cell proliferation, metastatic
capability, and poor prognosis in breast
cancer.
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Table S1. Sequence of shRNA for H2AX

Clone ID Target Sequence
Human shH2AX pGIPZ_V2LHS_191495 CCGTTGGCTTCTGAACTGGAAT
Mouse shH2AX TRC_TRCNOOOO097005 CGAGTACCTCACTGCCGAGAT
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Figure S1. Impact of H2AX expression on breast cancer patient survival by ER status. (A) H2AX expression compari-
son between ER+ (n=804) and ER- (n=237) breast cancers in TCGA. Overall survival by H2AX expression in (B) ER+
(n=804) and (C) ER- (n=237) TCGA breast cancer cohort. (D) H2AX expression comparison between ER+ (n=1042)
and ER- (n=381) breast cancers in METABRIC. Disease-specific survival by H2AX expression in (E) ER+ (n=1042)
and (F) ER- (n=381) METABRIC cohort.
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Figure S2. Impact of H2AX expression on breast cancer patient survival in triple-negative breast cancer (TNBC).
(A) H2AX expression comparison between TNBC (n=160) and non-TNBC (n=860) breast cancers in TCGA. Overall
survival by H2AX expression in (B) TNBC (n=160) and (C) non-TNBC (n=860) TCGA breast cancer cohort. (D) H2AX
expression comparison between TNBC (n=365) and non-TNBC (n=1058) breast cancers in METABRIC. Disease-
specific survival by H2AX expression in (E) TNBC (n=365) and (F) non-TNBC (n=1058) METABRIC cohort.
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Figure S3. Impact of H2AX expression on breast cancer patient survival by HER2 status. (A) H2AX expression com-
parison between HER2+ (n=185) and HER2- (n=766) breast cancers in TCGA. Overall survival by H2AX expression
in (B) HER2+ (n185) and (C) HER2- (n=766) TCGA breast cancer cohort. (D) H2AX expression comparison between
HER2+ (n=205) and HER2- (n=1218) breast cancers in METABRIC. Disease-specific survival by H2AX ex-pression in
(E) HER2+ (n=205) and (F) HER2- (n=1218) METABRIC cohort.
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Figure S4. The association of other H2A1 coding genes and chemotherapy in breast cancer. H2A1 coding gene ex-
pression comparison between pre- and post-chemotherapy tumors in (A) whole cohort (n=28), (B) good (n=5), mid
(n=10), and bad (n=13) response group in GSE28844 breast cancer cohort.
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H2AX - — -
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Figure S5. Immunoblot of H2AX and Actin in MDA-MB-231 and its metastatic clone, LM2-4, as well as 4T1 and its
metastatic line 4T1.2.
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Figure S6. H2AX knockdown 4T1 syngeneic tumor with mastectomy. A. Primary tumor growth before mastectomy. B.
Total bioluminescence after mastectomy. C. Survival curve of mice (n=8, each group).



