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ABSTRACT

Objective: Triple-negative breast cancer (TNBC), which has no expression of estrogen receptor, progesterone receptor and HER2,
is an aggressive subgroup. Molecular differences between TNBC and non-TNBC should be better understood to develop tailored
treatment strategies.

Materials and Methods: The expression of the most frequently mutated genes, and of genes for which copy number variation
events are observed in the highest percentage of breast cancer patients, was compared between TNBC and non-TNBC samples, in
R programming environment, using TCGA-BRCA transcriptomics dataset.

Results: 70% of the most frequently mutated genes in breast cancer (CDHI, GATA3, MLL3 (KMT2C), MAP3K1, PTEN, NCORI,
FAT3, MAP2K4, NF1, ARIDIA, LRPIB, RUNXI, MLL2 (KMT2D) and TBX3) was found to have decreased expression in TNBC
compared to non-TNBC. The expression of 40% of the genes with the highest frequency of copy number gain events in breast
cancer (SLC45A3, PTPRC, ELF3, FCGR2B, AKT3, FH, TPM3 and SETDBI) was increased in TNBC compared with non-TNBC.
The half of the genes with the highest percentage of copy number loss events in breast cancer (CBFA2T3, CDHI, ZFHX3,
CDHI1, MAP2K4, GAS7, PERI, RABEPI1, NCORI and PCM1) was observed to have decreased expression in TNBC compared
to non-TNBC. Lastly, the expression of BRCA2, but not of BRCA1, was found to be higher in TNBC than in non-TNBC.

Conclusion: This study provides further evidence in support of previous research, which show the presence of a large number of
molecular differences between TNBC and non-TNBC, pointing to the need for more tailored treatment strategies for patients with
TNBC.

Keywords: Breast cancer; Estrogen receptor; Progesterone receptor; HER2; Copy number variation; Transcriptomics; Triple-
negative breast cancer.

INTRODUCTION mediate need to develop novel targeted therapy modalities that
) ) are matched to the particular molecular and cellular changes in
Breast cancer is the most common cause of cancer-associated  ; preast tumor, with the ultimate purpose of achieving improved

deaths in female patients, with an estimate of more than  .oatment benefits and avoiding excessive therapy.>
2,000,000 new cases and approximately 700,000 deaths each

year worldwide.!> This malignancy has been classified into
different subgroups, mainly based on the presence/absence of
the expression of three receptors: estrogen receptor (ER), pro-
gesterone receptor (PR), and human epidermal growth factor -
receptor (HER2/ERBB2). Despite the presence of high levels 10-15% of all tumors of the breast, with an unfavorable prog-
of heterogeneity at the molecular and cellular levels in breast tu- O8I at the clinic compared with non-TNBC.G‘Q Using cur-
mors, the majority of the patients with breast cancer are treated €0t standard treatment options, the median overall survival
with untailored therapies with certain chemotherapeutics or for patlents V.Vlth TNBC is around 10.2 n.10nths. The 5-year
hormone therapies, including tamoxifen, a selective ER mod- survival rate is approximately 65% for patlepts whose tumors
ulator, neglecting the molecular diversity and heterogeneity have spread to ne'arby lymph n9des, local tissues, or organs,
between the subgroups of the disease. Therefore, there is an im- and 11% for patients whose disease has metastasized from

Triple-negative breast cancer (TNBC), which does not have
hormone receptor (ER and PR) and HER2 expression, is an
aggressive subtype of breast cancer for which novel therapy
strategies need to be developed.*> TNBC represents around
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breast tissue to distant organs in the body.!®!! In addition to
the aggressive characteristics of this subtype, the limited tar-
geted therapy options and insensitivity to endocrine agents con-
tribute significantly to poor disease-free and overall survival in
this patient group.®® Although therapeutic strategies such as
immune checkpoint inhibitors and PARP (Poly (ADP-ribose)
polymerase) inhibitors (also known as PARPi) including ola-
parib are changing the treatment landscape!?, TNBC currently
has the worst prognosis among all breast cancer subtypes. This
indicates an urgent need for a more complete understanding
of TNBC which might help researchers develop therapeutic
strategies with higher efficacy for patients with this subtype of
breast cancer.

In the present study, molecular differences at the transcript
level between TNBC and non-TNBC were studied. Between
TNBC and non-TNBC samples, the expression of the most
frequently mutated genes and of genes for which copy num-
ber variation (CNV) events (gain and loss) are observed in
the highest percentage of breast cancer patients, were com-
pared to identify essential genes that possibly contribute to
clinical differences between TNBC and non-TNBC. Seventy
percent of the most frequently mutated genes (CDHI, GATA3,
MLL3 (KMT2C), MAP3K1, PTEN, NCORI, FAT3, MAP2K4,
NFI1,ARIDIA, LRPIB, RUNXI, MLL2 (KMT2D) and TBX3) in
breast cancer was found to have decreased expression in TNBC
compared to non-TNBC. Forty percent of the genes with the
highest frequency of copy number gain events in breast cancer
(SLC45A3, PTPRC, ELF3, FCGR2B, AKT3, FH, TPM3 and
SETDBI) was shown to have increased expression in TNBC
compared with non-TNBC. The half of the genes with the
highest frequency of copy number loss events in breast cancer
(CBFA2T3, CDHI, ZFHX3, CDH11, MAP2K4, GAS7, PERI,
RABEPI, NCORI and PCM1) was observed to have decreased
expression in TNBC compared to non-TNBC. Lastly, the ex-
pression of BRCA2, but not of BRCA I, was found to be higher
in TNBC than in non-TNBC. This study points to the presence
of many molecular differences between TNBC and non-TNBC
at the expression level of genes of clinical importance, point-
ing to the need for more tailored treatment strategies for breast
cancer patients with triple-negative status.

MATERIALS AND METHODS

Datasets

In the present study, mutation percentage and copy number
variation (CNV) data were obtained from the Genomic Data
Commons (GDC) Data Portal of The National Cancer Institute,
which can be accessed at https://portal.gdc.cancer.gov/, which
includes data from TCGA (The Cancer Genome Atlas)-BRCA
project in addition to other projects.!3!” The most frequently
mutated genes were defined as genes with the highest percent-
age of cases affected by mutations in these genes (for instance,

442 out of 1387 patients with breast cancer have a mutation
in the TP53 gene, the most frequently mutated gene in breast
cancer). Only the top 20 most commonly mutated genes were
included in this analysis.

For transcriptomic analysis, processed and compiled RNA
sequencing and clinical data for breast cancer patient samples
from the TCGA project (GSE62944) were used.'®2° In more
detail, in the construction of datasets, authors aligned the fastq
files.'® First, they aligned the reads with the align function to
the UCSC hgl19 reference genome. Second, they used the fea-
tureCounts function to summarize the gene expression values
as integers. Lastly, these summarized gene values were nor-
malized to FPKM and TPM values.'® The total sample size
(n) for the number of patients after the filtering steps is 703.
Sample sizes (i.e., number of patients) for subgroups are as
follows: non-TNBC (non-triple negative breast cancer): 591;
TNBC (triple-negative breast cancer):112. TNBC is defined as
ER- (estrogen receptor-negative), PR- (progesterone receptor-
negative), and HER2- (human epidermal growth factor recep-
tor 2-negative). This dataset can also be accessed in Summa-
rizedExperiment format through Bioconductor (in Experiment
Packages » GSE62944).2123 This dataset also includes clini-
cal variables for patients other than those used in the present
study. Raw data for this dataset can be found at GEO using
the given accession ID. In this dataset, ER, PR, and HER?2 sta-
tus from patient breast tumor samples were determined using
immunohistochemistry.!”

Data Analysis and Visualization

Analysis and visualization of the obtained data in the
present study were conducted in R statistical program-
ming environment (R version 4.2.1 (2022-06-23)) us-
ing R Studio IDE from posit.>* These R/Bioconductor
packages (https://bioconductor.org/) were used through-
out the analysis’>?3: tidyverse (a collection of R
packages written for data science applications includ-
ing ggplot2 and tidyr)>2’, readxl’®, ExperimentHub?’,
SummarizedExperiment®®, ggpubr’! (for statistical tests),
rmarkdown®? and knitr.33 After processing, TCGA gene ex-
pression data (GSE62944) was accessed using the Experimen-
tHub package for all cancer types with the query function from
the AnnotationHub package; as the “CancerType” variable,
“BRCA” was selected (CancerType=="BRCA"), which is short
for breast cancer. R script used in the analysis is available as a
supplementary document for reproducibility purposes.

The Wilcoxon test was performed when the expression data
was not normally distributed.?! Otherwise (when we can as-
sume normality, i.e., p-value> 0.05 for Shapiro-Wilk test of nor-
mality), the ¢-test was used in the comparison of group means.
Functions (ggqqplot for quantile-quantile plot and shapiro.test
for Shapiro-Wilk normality test) from stats and ggpubr pack-
ages were used in the analysis of the distribution (normal dis-




Berkel, Transcriptomic Differences between TNBC and non-TNBC

Figure 1. The list of the top 20 genes with the highest percentage of mutations (first panel), the highest percentage of copy number gain events (middle panel), or
copy number loss events (last panel) in breast cancer. The x-axis in the first panel shows the number of cases in which a gene is mutated divided by the number of
cases investigated for the presence of simple somatic mutations. CNV: copy number variation.

tribution or not).>* Relative expression values shown in plots
are log10 transformations of read counts from the dataset. Data
analysis and visualization were performed as reported in our
previous studies.>*3

RESULTS

Seventy Percent of the Most Frequently Mutated Genes in
Patients with Breast Cancer Shows Decreased Expression
in TNBC compared to Non-TNBC.

Firstly, the transcript levels of the top 20 most frequently mu-
tated genes in breast cancer (namely, TP53, PIK3CA, CDHI,
MUCI16, GATA3, MLL3, MAP3KI, PTEN, NCORI, FATS3,
CSMD3, MAP2K4, NFI1, FATI, SPEN, ARIDIA, LRPIB,
RUNXI, MLL2 and TBX3) (Figure 1) were compared between
tumors from breast cancer patients with triple negative sta-
tus (ER-, PR-, HER2-) and non-TNBC. Fourteen genes out of
these 20 genes (70%) were found to have decreased expres-
sion in TNBC compared to non-TNBC (Figure 2). These 14
genes are: CDHI, GATA3, MLL3 (KMT2C), MAP3K1, PTEN,
NCORI, FAT3, MAP2K4, NFI, ARIDIA, LRPIB, RUNXI,
MLL2 (KMT2D) and TBX3 (Figure 2). In contrast, PIK3CA,
MUC16 and FAT1 showed increased expression in TNBC com-
pared to non-TNBC (Figure 2). TP53, CSMD3, and SPEN
expression did not change between patients with TNBC and
non-TNBC at the transcript level (Figure 2).

Forty Percent of the Genes with the Highest Percentage of
CNYV Gain Events in Breast Cancer Shows Increased
Expression in TNBC compared to Non-TNBC.

Next, mRNA levels of the top 20 genes for which the highest
percentage of CNV gain events are observed in patients with
breast cancer (namely, MDM4, SLC45A3, ELK4, CDC73, PT-
PRC, ELF3, TPR, H3-3A (H3F3A), FCGR2B, SDHC, AKT3,
ABL2, DDR2, FH, MUCI, RGS7, PBX1, PRRX1, TPM3 and
SETDBI) (Figure 1), were compared between tumors from pa-
tients with TNBC and non-TNBC (Figure 3). The expression
of 5 genes (MDM4, MUCI1, RGS7, PBX1, and PRRX1) (25%)
was found to be decreased in TNBC compared to non-TNBC
(Figure 3). In contrast, the expression of SLC45A3, PTPRC,
ELF3, FCGR2B, AKT3, FH, TPM3, and SETDBI (8 genes out
of 20; 40%) was shown to be higher in breast tumors with
triple-negative status than in those with non-triple negative sta-
tus (Figure 3). The other seven genes did not show signifi-
cantly different expression between patients with TNBC and
non-TNBC (Figure 3).

Half of the Genes with the Highest Percentage of CNV
Loss Events in Breast Cancer Shows Lower Expression in
TNBC than in Non-TNBC.

Then, the expression levels of the top 20 genes for which
the highest percentage of CNV loss events are observed in
breast cancer patients (that are CBFA2T3, FANCA, MAF, CTCF,
CBFB, CDHI, ZFHX3, CDH11, RFWD3, HERPUDI, TP53,
MAP2K4, GAS7, PERI, RABEPI, USP6, YWHAE, NCORI,
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Figure 2. Comparative expression of the most frequently mutated genes in breast cancer between triple-negative breast cancer (TNBC) and with non-TNBC. The
following convention of star symbols for statistical significance was used in the comparison of group means: ns (non-significant): p > 0.05; *: p < 0.05; **: p <

0.01; ***: p < 0.001; ****: p < 0.0001.

Figure 3. Comparative expression of the genes with the highest percentage of copy number gain events in breast cancer between triple-negative breast cancer
(TNBC) and non-TNBC. The following convention of star symbols for statistical significance was used in the comparison of group means: ns (non-significant): p

> 0.05; *: p < 0.05; **: p < 0.01; **¥*: p < 0.001; ****: p < 0.0001.

CYLD and PCM1) (Figure 1), were comparatively analyzed be-
tween tumors from patients with TNBC and non-TNBC (Figure
4). The half of these genes (CBFA2T3, CDHI, ZFHX3, CDHI 1,
MAP2K4, GAS7, PERI, RABEPI, NCORI] and PCM1) was
observed to have decreased expression in TNBC compared to
non-TNBC (Figure 4). FANCA, CBFB, RFWD3, and YWHAE

expression were higher in breast tumors with triple-negative sta-
tus than in those with non-TNBC (Figure 4). The other six genes
(30%) (MAF, CTCF, HERPUDI, TP53, USP6, and CYLD) did
not exhibit differential expression in breast cancer based on
triple negativity status (TNBC vs non-TNBC) (Figure 4).
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Figure 4. Comparative expression of the genes with the highest percentage of copy number loss events in breast cancer between triple-negative breast cancer
(TNBC) and non-TNBC. The following convention of star symbols for statistical significance was used in the comparison of group means: ns (non-significant): p

> 0.05; *: p < 0.05; #*: p < 0.01; ***: p < 0.001; ****: p < 0.0001.

The Expression of BRCA2, but not of BRCA1, Is Higher in
TNBC than in Non-TNBC.

Finally, the expression of the two most essential genes in the
context of breast cancer (BRCAI and BRCA2) was compared
between TNBC and non-TNBC samples (Figure 5). The ex-
pression of BRCA2 was higher in TNBC than in non-TNBC (p
=2e-05) (Figure 5). However, the expression of BRCA I did not
change between breast tumors depending on triple negativity
status (TNBC vs. non-TNBC) (p = 0.16) (Figure 5).

DISCUSSION

The treatment of TNBC, the subtype with the least favorable
outcome with an early tendency to metastasize to other tis-
sues and an increased recurrence rate, remains challenging.36-37
A better understanding of the molecular differences between
TNBC and non-TNBC might contribute to the development
of more targeted and molecularly guided treatment modalities
with improved efficacies.

The most frequently mutated genes in patients with breast
cancer are already known based on previous research; however,
differential expression of these genes based on triple-negativity
status has not been studied previously in a comprehensive man-
ner. Here, 70% of the most frequently mutated genes in patients
with breast cancer was first found to have decreased expres-
sion in TNBC than in non-TNBC. One of the genes whose
expression was decreased in TNBC is GATA3. The GATA3
functions to limit epithelial-mesenchymal transition (EMT) and
metastasis in breast cancer, supporting previous observations

Figure 5. The expression of BRCA2, but not of BRCAL, is higher in triple-
negative breast cancer (TNBC) than in non-TNBC. The following convention
of star symbols for statistical significance was used in the comparison of group
means: ns (non-significant): p > 0.05; *: p < 0.05; **: p < 0.01; ***: p <
0.001; ****: p < 0.0001.

that GATA3 loss is associated with aggressive breast cancer
de:ve:lopmf:nt.38’39 In more detail, it was found that the GATA3-
UTX-Dicer axis can inhibit EMT, invasion, and metastasis of
breast cancer cells in vitro and the dissemination of breast can-
cer in vivo.3%3% Therefore, its decreased expression (or loss)
in TNBC might contribute to, at least to a certain level, poor
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prognosis observed in patients with TNBC by limiting the inhi-
bition of EMT, invasion, and metastasis of breast cancer cells.
One of the other genes whose expression was lower in TNBC
than in non-TNBC is PTEN. Li et al. reported that PTEN loss
might be associated with more aggressive characteristics and
worse outcomes in breast cancer patients*’, again showing that
decreased PTEN expression in TNBC might influence prog-
nosis in this patient group. They found that PTEN loss is as-
sociated with larger tumor size, lymph node metastasis, high
TNM stage (stage III-1V), and poor differentiation. Most im-
portantly, their analysis showed that PTEN loss is associated
with a triple-negative phenotype, supporting our findings.*
RUNXI transcript levels were lower in TNBC than in non-
TNBC. Since RUNXI1 limits aggressiveness in most subtypes
of breast cancer, and RUNX1 was identified to have a role in
the repression of epithelial-to-mesenchymal transition in breast
cancer*!, its decreased expression in TNBC might potentially
lead to increased metastatic events in this subtype of breast
cancer, leading to poor prognosis. More recent studies showed
that RUNXI1 can repress cancer stem cells and tumorsphere
formation in breast cancer.*! Decreased RUNX1 expression in
TNBC might lead to higher numbers of cancer stem cells and
increased tumorsphere formation, negatively influencing prog-
nosis in TNBC. MUC16 expression was also observed to be
higher in patients with TNBC compared with those with non-
TNBC. In a very recent study, MUC16 was shown to promote
triple-negative breast cancer metastasis to the lung; thus, in-
creased levels of MUC16 might contribute to worse outcomes
in patients with TNBC.*? Besides, although p53 is a known ge-
netic marker for TNBCs (as the most frequently mutated gene),
there was no difference in its expression between TNBC and
non-TNBC at the transcript level, possibly pointing to other
levels of regulation, such as protein activity or functionality or
this non-significance observed can be caused due to the short
half-life of p53 mRNA. Here, it also should be stated that al-
though the difference in mean expression values for some genes
between TNBC and non-TNBC is higher compared to some
others, no statistically significant difference was observed as
opposed to others due to the high range of distribution of ex-
pression values in each group (in TNBC and non-TNBC) for
the former case.

Next, 40% of the genes with the highest percentage of
copy number gain events in breast cancer showed increased
expression in TNBC compared to non-TNBC. One of these
genes, whose expression was increased in TNBC, is SETDBI1.
SETDBI, a histone methyltransferase, is known to regulate and
support breast cancer metastasis.*>** SETDBI is a target of
miR-381-3p, whose overexpression suppresses cell prolifera-
tion, cell cycle progression, and migration in breast cancer.*
Increased expression of SETDB1 in TNBC might contribute
to disease progression into advanced tumor stages and even to
endocrine therapy resistance in breast cancer.*> Besides, the ex-
pression of MDM4 was found to be lower in TNBC compared

with non-TNBC. Swetzig et al. showed that estrogen receptor
alpha (ERa; ESR1) promotes the upregulation of MDM4 in
breast cancer cells, and the expression of MDM4 is associated
with ERa-positive disease?®; therefore, decreased expression
of MDM4 in TNBC might be in part due to the absence of
ERs in this subtype. Furthermore, ELF3 expression was ob-
served to be slightly increased in TNBC. Zhang et al. showed
that ELF3 is associated with a worse prognosis in patients with
breast cancer.*’ Therefore, its higher levels in TNBC might
influence survival negatively in patients with TNBC. Mecha-
nistically, miR-320 (functioning as a tumor suppressor) might
downregulate ELF3 by directly binding to its 3’ untranslated
regions in non-TNBC cells, in addition to its function in the
inhibition of the EMT and the PI3K/AKT signaling pathway in
breast cancer.*’

The half the genes with the highest percentage of copy num-
ber loss events in breast cancer was found to have decreased
expression in TNBC compared to non-TNBC. The expression
of CBFA2T3 was found to be lower in TNBC. CBFA2T3 was
previously proposed as a gene with breast tumor suppressor
activity.* ZFHX3 transcript levels were also lower in TNBC
than in non-TNBC. Dong et al. reported that ZFHX3 promotes
the proliferation of breast cancer cells with ER-positive status
(i.e., non-TNBC), leading to tumor growth*’, possibly explain-
ing its increased expression observed in non-TNBC. In more
detail, authors showed that ZFHX3 promotes the proliferation
and tumor growth of ER-positive breast cancer cells, likely by
enhancing stem-like features and MYC and TBX3 transcrip-
tion, since they found that ZFHX3 transcriptionally activates
these two genes via promoter binding.* mRNA levels of GAS7
were similarly shown to be decreased in TNBC. Since GAS7
was shown to reduce the number of metastatic events in par-
ticular breast cancer cells (mechanistically, GAS7 blocks CY-
FIP1 and Racl protein interaction, actin polymerization, and
B1-integrin/FAK/Src signaling, leading to the suppression of
breast cancer metastasis), its lower levels in TNBC might
conversely increase the number of metastatic events in patients
with TNBC, due to the absence (or decreased activity) of this
suppression axis. CBFB expression was found to be higher in
TNBC. Hsu et al. found recently that circulating exosomes iso-
lated from patients whose breast cancer has metastasized to the
bone were rich in CBFB, and that this protein promotes more
aggressive behavior in breast cancer.’! The authors found that
silencing CBFB in metastatic cells suppresses migration and
invasion and downregulates vimentin, CXCR4, Snaill, Runx2,
CD44, and OPN. Conversely, CBFB overexpression increases
Runx2, vimentin, Snaill, CD44, and OPN in nonmetastatic
cells.’! Thus, it can be suggested that increased levels of CBCF
in TNBC might influence prognosis negatively by at least pro-
moting metastasis to the bone via the upregulation of spe-
cific genes involved in cell migration.’! Besides, this analysis
showed that NCORI expression is lower in TNBC compared
to non-TNBC. Since the level of NCORI gene expression is an




independent prognostic factor for patients with breast cancer,
and patients with high mRNA levels of NCORI have a more
favorable prognosis compared to those with low expression’?,
its lower expression in TNBC might contribute, at least in part,
to the unfavorable prognosis observed in patients with TNBC.
In support, Zhang et al.’? reported that NCOR1 mRNA is ex-
pressed at significantly higher levels in patients without axillary
lymph node involvement, with a tumor size less than 2 cm, with
alow or intermediate histological grade, and with ER-alpha/PR-
positive and with HER2 negative tumors (i.e., non-TNBC).

Here, it should be noted that although only some of the
genes studied in the present work were discussed, future work
is required to better understand the functional and mechanistic
details of the most of the genes covered in the context of breast
cancer. Currently, studies on the most of these genes in breast
cancer are highly limited. Lastly, the expression of BRCA2, but
not of BRCA 1, was shown to be higher in TNBC than in non-
TNBC. In breast cancer patients, the tumor phenotype differs
depending on the status of BRCAI or BRCA2 germline mu-
tations. Patients who carry BRCAI mutations mainly develop
TNBC, whereas patients who carry BRCA2 mutations are more
likely to have ER- and/or PR-positive breast tumors.>>->® There-
fore, it can be speculated that non-functional BRCA2 (for in-
stance, mutant BRCA?2) might be associated with ER- and/or
PR-positivity in breast cancer, in parallel to the observation
made in the present study that BRCA2 transcript levels are
lower in breast cancer cells with ER- and/or PR-positive status.
However, these inferences should be experimentally tested to
make stronger assumptions.

CONCLUSION

This study provides a better understanding of the molecular
differences between TNBC and non-TNBC, highlighting the
need for further research to characterize the functional and
clinical outcomes of these changes at the expression level be-
tween these two groups of breast cancer patients to be able
to develop more personalized treatment strategies based on
ER, PR and HER?2 status. However, as a limitation, it should
be noted that TNBC tumors also display high heterogeneity
within themselves, and they can be further sub-classified based
on specific driver signaling pathways, which should be taken
into account when assigning TNBC patients to appropriate tar-
geted therapies.”®>® In other words, in addition to identifying
molecular differences between TNBC and non-TNBC, deter-
mining the molecular differences within TNBC might also be
of high clinical importance, considering the presence of high
heterogeneity within this subtype of breast cancer.
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