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Abstract: Neoadjuvant Chemotherapy (NAC) is not frequently used in ER-positive/HER2-negative breast cancer (BC)
because around 10% patients achieve pathological complete response (pCR). Since NAC can result in cancer down-
staging both in the breast and axilla and prevent a morbid surgery, thus a score to predict pCR in this population will
be crucial to identify patients who can benefit from this approach. A total of 4038 patients from cohorts; GSE25066,
GSE20194, Hess, GSE20181, TCGA-BRCA and METBRIC were analyzed. The score was generated by the 5 most
highly expressed genes in the Hallmark E2F targets gene set amongst patients in the GSE25066 cohort with ER-
positive/HER2-negative BC who achieved pCR. The area under the curve was significantly higher in the score than
that for the E2F targets score. High score ER-positive/HER2-negative BCs were significantly associated with higher
Nottingham pathological grade, AJCC cancer stage, MKI67 expression levels, intratumor heterogeneity, homolo-
gous recombination defects, mutation burden, neoantigen load, and infiltration of anti-cancer immune cells (CD4*,
T helper typel, plasmacytoid dendritic cells, M1 macrophages). They also expressed lower abundance of stromal
cells including fibroblasts, lymphatic endothelial cells, pericytes and adipocytes consistently in GSE25066, TCGA
and METABRIC cohorts. All cell proliferation-related gene sets, G2M checkpoint, E2F targets, MYC targets v1 and v2,
Mitotic Spindle, were strongly enriched in high score BCs consistently in 3 cohorts. The gene score was significantly
associated with high pCR rate consistently in the GSE25066 (38%, P < 0.001), GSE20194 (16%, P = 0.006), and
Hess cohort (23%, P = 0.037). In conclusion, the 5-gene score reflects cancer cell proliferation and immune cell
infiltration, and predicts pCR after NAC in ER-positive/HER2-negative breast cancer.

Keywords: 5-gene, ER-positive/HER2-negative breast cancer, predictive biomarker, neoadjuvant chemotherapy,
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Introduction

Breast cancer is one of the most common types
of cancer among women in the world [1]. The
most abundant subtype is Estrogen receptor
(ER)-positive/human epidermal growth factor
receptor 2 (HER2)-negative accounting for
approximately 70% of all breast cancers [2].

Compared to the other subtypes, this subtype
is generally less aggressive. Given the mecha-
nism that cytotoxic chemotherapy is effective
against highly proliferative cells, around 10% of
patients with this subtype are likely to achieve
complete pathological response (pCR) after
neoadjuvant chemotherapy (NAC) [3-5]. Attain-
ment of pCR after NAC is important since it is
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currently considered to be a surrogate marker
for survival [6]. Recently, tumor infiltrating lym-
phocytes (TIL) in the tumor microenvironment
have been reported to correlate with NAC
response [7]; however, currently no establish-
ed universal predictive biomarker for NAC
response exists that can be readily used in clin-
ical practice. Certain tumor characteristics may
decrease the likelihood of response to chemo-
therapy, in which case, attempting NAC even for
bulky disease may not be the correct approach
due to low chemosensitivity and would only
result in unnecessary toxicities. Therefore,
given poor response rate to chemotherapy, sur-
geons usually hesitate to consult medical
oncology for NAC for this less aggressive
ER-positive/HER2-negative subtype even when
the tumor is relatively large. As expected, this
results in these patients undergoing an exten-
sive operation with significant morbidity.
Therefore, identification of a reliable biomarker
to predict the response of ER-positive/HER2-
negative tumors to NAC will have a huge clinical
benefit as it would emphasize the need for NAC
to downstage patients with bulky disease prior
to taking them for surgery, by converting lymph
node-positive to lymph node-negative disease
avoiding an axillary lymph node dissection, and
resulting in higher rate for breast conserving
surgery compared to mastectomy. This would
be particularly true, especially when there is
evidence that NAC would be clinically useful
due to upfront knowledge that the tumor is
chemo sensitive, an indication where currently
other genomic tests like Mamma Print and
Oncotype Dx that predict chemotherapy benefit
are not approved.

Recent advances in comprehensive profiling of
transcriptome by gene expression microarray
or RNA-sequencing technologies have revolu-
tionized how we understand the cancer biology.
Many computational algorithms that analyze
the entire gene expressions in the bulk tumor
allow the researchers to understand not only
the biology of the cancer cells but also every
single cell that is transcribed in that tumor
microenvironment. The researchers can inves-
tigate the clinical relevance of a gene expres-
sion when transcriptomic profile is associated
with clinical parameters such as cancer stag-
ing, pathological results, and survival. Yet, it is
a challenge to interpret the biological meaning
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of a single gene expression change, and it is
known to often have limited reproducibility
across independent cohorts. Cancer response
to drugs are concerted maneuver of multiple
gene expressions [8], and a score that captures
multiple gene expressions can provide a more
accurate value than that of a single gene [9].
Our group has utilized pathway based approach-
es that considered such coordination of genes,
simplified the model, and improved the inter-
pretation of the results [10, 11]. We previously
reported that E2F pathway score, calculated by
gene set variation analysis (GSVA) algorithm,
have a potential as not only a prognostic but
also a predictive biomarker for treatment
response after NAC in ER-positive/HER2-
negative breast cancer [11]. The E2F pathway
score consist of expression data of E2F target
pathway-related 200 genes. Scoring by GSVA is
a useful method for investigating the relation-
ship between various pathways and clinical out-
comes [12-16]; however, it requires compre-
hensive gene expression analysis and a score
with single genes will be much practical from
cost stand point.

In this study, we hypothesized that there are
some genes among E2F gene sets that are
strongly associated with pCR after NAC. There-
fore, we aimed to develop a novel gene expres-
sion-based score utilizing those genes that
strongly predict pCR after NAC in ER-positive/
HER2-negative breast cancer patients, and
examined its biological features.

Materials and methods
Data collection

The Gene Expression Omnibus (GEO) reposi-
tory was used to access the tumor gene ex-
pression and clinical data from the Symmans et
al. (GSE25066; n = 508) [17], Shi et al.
(GSE20194; n = 248) [18], and Hess et al. (n =
133) [19] cohorts. GSE25066 cohort was cho-
sen as the testing cohort because of large sam-
ple number. Other two cohorts were used as
validation cohorts for the NAC response- pre-
dictive biomarker value of the 5-gene score.
Furthermore, data of gene expression and clini-
cal data of the TCGA-BRCA (n = 1069, female)
[20] and METABRIC (n = 1904) [21] cohorts
were also obtained as validation cohorts for the
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association of the 5-gene score with clinical
and molecular features through cBio Cancer
Genomics Portal [22] in late 2017. Interferon
(IFN)-y response, tumor infiltrating lymphocyte
(TIL) regional fraction, T cell receptor (TCR) and
B cell receptor (BCR) shannon, silent and non-
silent mutation rate, fraction altered, single
nucleotide variant (SNV) and indel neoantigens,
intratumor heterogeneity, homologous recom-
bination defects, and proliferation score were
calculated as described by Thorsson et al. [23].

Gene expression analyses

For the analysis, we used limma package in R.
False discovery rate (FDR) < 0.001 after adjust-
ment for multi-testing was considered as differ-
entially expressed. For multiple testing adjust-
ments, the FDR < 0.001 was chosen as the
cut-off to identify the candidate genes. For
gene set enrichment analysis, GSEA software
and MSigDB Hallmark gene set collections [24]
were used. A nominal p value threshold of 0.05
and a FDR of 0.25, as recommended by the
GSEA software, was used to deem signi-
ficance.

Statistical analysis

Comparison between groups were performed
using the Mann-Whitney U test or Kruskal test.
Limma models were used to investigate the
impact of various genes on the risk of residual
disease (RD) after NAC. P values were consid-
ered significant when less than 0.05. All statis-
tical analyses were performed by R software
(version 4.0.1).

Others

The gene set variation analysis (GSVA) algo-
rithm [25] was utilized with the GSVA Bio-
conductor package (version 3.10) to determine
the E2F pathway score from the “HALLMARK_
E2F targets” gene sets of the MSigDB Hallmark
collection (Table S1) [24]. Gene set enrichment
analysis were performed with Gene Set Enri-
chment Analysis (GSEA) software (Java version
4.0.1) with MSigDB Hallmark gene sets.
Statistical significance was set with a false dis-
covery rate (FDR) of 0.25, as recommended by
the GSEA software. The fraction of infiltrating
cells in bulk tumor was calculated by xCell algo-
rithm [26], as we previously reported [27-30].
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Results

Establishment of a novel 5-gene score to pre-
dict pathological complete response (pCR)
after neoadjuvant chemotherapy (NAC) in ER-
positive/HER2-negative breast cancer

To identify the genes that associate the stron-
gest with NAC response among genes in
Hallmark E2F target gene set that we pre-
viously reported as a predictive biomarker in
ER-positive/HER2-negative breast cancer [11],
differential gene expression analysis (DGEA)
that compared the gene expressions bet-
ween groups that did and did not completely
respond (pCR vs non-pCR) to NAC was conduct-
ed among ER-positive/HER2-negative breast
cancer in GSE25066 cohort. Of the 200 genes
in E2F target gene sets, expressions of 184
genes were identified in the GSE25066 cohort.
We found that among those 184 genes, the
expression of 20 genes was significantly higher
with false discovery rate (FDR) < 0.001. No
genes were highly expressed with FDR < 0.001
among the patients that did not respond to
NAC. We identified five genes, CDCA8, MCM2,
MCM6, MELK and DEK, that were highly associ-
ated with response to NAC (Figure 1A). We gen-
erated a multivariate 5-gene score using tumor
gene expressions and log, (fold change) was
calculated as: 1.522 x (expressiontPcA®) +
0.780 x (expressionMt™2) + 0.708 x (expres-
sionMCcMé) + 1.089 x (expressionVE) + 0.694 x
(expressionPEX),

Next, we tested the predictive accuracy of the
score by receiver operating characteristic-area
under the curve (ROC-AUC) analysis. The AUC of
5-gene score was higher than any other 184
genes in the GSE25066 cohort (Table S2) as
well as that of E2F pathway score itself consis-
tently in three cohorts (Figure 1B; AUC = 0.813,
and 0.759, respectively, P = 0.0002 in the
GSE25066, AUC = 0.75 and 0.69, respectively,
P =0.0318 in the GSE20194, and AUC = 0.84
and 0.76, respectively, P = 0.2749 in the HESS
cohort).

A 5-gene score was significantly associated
with clinical aggressiveness in ER+/HER2-
breast cancer

We expected that the 5-gene score is associat-

ed with aggressive cancer biology because the
score is generated by the genes included in cell
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Figure 1. Establishment and association of the 5-gene score with pathological complete response (pCR) after neoadjuvant chemotherapy (NAC) in ER-positive/
HER2-negative breast cancer. A. Volcano plots illustrating the differentially expressed mRNAs between pCR (n = 30) and non-pCR groups (n = 248) of ER-positive/
HER2-negative breast cancer in the GSE25066 cohort. X-axes; log, (fold change), Y-axes; - log, P-value from limma analysis. mRNA with adjusted p-value < 0.05
are marked in blue, and top five gene of p-vale are marked in red. B. Receiver operating characteristic (ROC) curve of 5-gene score and E2F targets score with area
under the curve (AUC) in the GSE25066, GSE20194, and HESS cohorts. 5-gene score is in bold lines, and E2F targets score in dotted lines.
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proliferation-related E2F targets gene set. We
found that the 5-gene score was highest in tri-
ple-negative breast cancer (TNBC), which is the
most aggressive subtype, consistently in all
GSE25066, TCGA, and METABRIC cohorts
(Figure 2A; all P < 0.001). Within ER-positive/
HER2-negative breast cancer, higher cancer
stage by American Joint Committee on Cancer
(AJCC) cancer staging and Nottingham histo-
logical grade were both significantly associated
with elevated 5-gene score consistently in all
the three cohorts (Figure 2B; all P < 0.03).
Further, the 5-gene score strongly correlated
with MKI67 gene expression, which is the most
commonly used marker for cell proliferation in
clinical practice, consistently in three cohorts
(Spearman rank correlation (r) = 0.715, 0.878,
and 0.705, respectively, all P < 0.01). These
results suggest that the 5-gene score was sig-
nificantly associated with clinical parameters of
cancer aggressiveness in ER-positive/HER2-
negative breast cancer.

High 5-gene score ER-positive/HER2-negative
breast cancer enriched cell proliferation-
related gene sets and other pro-cancer-related
gene sets

Using Gene Set Enrichment Analysis (GSEA)
with MSigDB hallmark gene, we investigated
the association of the 5-gene score with can-
cer biology of ER-positive/HER2-negative brea-
st cancer in three independent cohorts (GSE-
25066, TCGA, and METABRIC). The top one-
third was defined as high and the rest to be low
score. High 5-gene score ER-positive/HER2-
negative breast cancer significantly enriched
all of the cell proliferation-related gene sets in
Hallmark collection (E2F targets, G2M check-
point, MYC targets v1, MYC targets v2, and
Mitotic spindle), and other pro-cancer-related
gene sets (DNA repair, mtorcl signaling, and
unfolded protein response) consistently in all
three cohorts (Figure 3). These results suggest
that the 5-gene score strongly reflects cell pro-
liferation, which agrees with the notion that
highly proliferative cancer responds to neoadju-
vant cytotoxic chemotherapy better than the
ones that do not.

High 5-gene score was significantly associated
with high mutation load, intratumor heteroge-
neity, homologous recombination deficiency
(HRD) as well as proliferation

Previously we have shown that breast cancer
with high mutation is highly proliferative [31],
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and vice versa [11, 32]. Taken together with the
above result that high 5-gene score cancer
enriched DNA repair gene set, we expected the
5-gene score to associate with mutation rate,
intratumor heterogeneity, and HRD. We utilized
several scores previously reported on TCGA
cohort by Thorsson et al. High score was signifi-
cantly associated with high level of mutation-
related scores (silent and non-silent mutation
rate, fraction altered, SNV and indel neoanti-
gens), intratumor heterogeneity, and HRD score
(Figure 4, all P < 0.001).

High 5-gene score tumors were infiltrated with
high fractions of anti-cancer immune cells

Since it has been reported that several type of
cells in the tumor microenvironment (TME) are
strongly associated with drug response in
breast cancer [33, 34], we examined the asso-
ciation of the b5-gene score with immune
response in ER-positive/HER2-negative breast
cancer in the GSE25066, TCGA, and METABRIC
cohorts. High 5-gene score was significantly
associated with high level of immune-related
scores; interferon (IFN)-y response, tumor infil-
trating lymphocyte (TIL) regional fraction, and T
cell receptor (TCR) as well as B cell receptor
(BCR) Shannon, calculated by Thorsson et al. in
the TCGA cohort (Figure 5A; P < 0.001, < 0.001,
= 0.020, and < 0.001, respectively). Next, we
examined the association of the 5-gene score
with fraction of each immune cell in TME using
xCell algorithm. High score tumors were signifi-
cantly associated with high infiltration of anti-
cancer immune cells, including CD4* memory T
cells, T helper type 1 (Th1) cells, and M1 macro-
phages consistently in three cohorts (Figure
5B). Th2 cells and B cells were also highly infil-
trated in high score tumors consistently in
three cohorts (Figure 5B).

High 5-gene score tumors were infiltrated with
low fraction of several stromal cells

Given our previous studies that demonstrated
that infiltrations of stromal cells reflect less
aggressive cancer [35-37], we investigated the
association of the score with stromal cells in
TME in the GSE25066, TCGA and METABRIC
cohorts. We found that high 5-gene score
tumors were significantly associated with low
fraction of several stromal cells; lymph endo-
thelial (IlyE) cells, pericytes, and adipocytes
consistently in three cohorts (Figure 6; P <
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Figure 2. Association of the 5-gene score level with clinical characteristics in the GSE25066, TCGA, and METABRIC cohorts. A. Boxplots of the 5-gene score level by
subtype in whole cohort. B. Boxplots of the 5-gene score level by AJCC cancer staging and Nottingham histological grade, and correlation plots between 5-gene score
and MKI67 expression in ER-positive/HER2-negative breast cancer. Kruskal-Wallis test and spearman correlation test were used accordingly.
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Figure 3. Gene set enrichment analysis (GSEA) of high 5-gene score ER-positive/HER2-negative breast cancer in the GSE25066, TCGA, and METABRIC cohorts. En-
richment plots with normalized enrichment score (NES) and false discovery rate (FDR) of Hallmark gene sets, which were significantly enriched in high 5-gene score
ER-positive/HER2-negative breast cancer consistently in three cohorts; E2F targets, G2M checkpoint, MYC targets v1 and v2, mitotic spindle, DNA repair, Mtorc1
signaling, and unfolded protein response gene sets. NES and FDR were determined with the classical GSEA method, where FDR < 0.25 is considered significant.
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Figure 5. Association of the 5-gene score with tumor infiltrating immune cells. A. Boxplots of level of immune-related scores; interferon (IFN)-y response, tumor infil-
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TCGA, and METABRIC cohorts. Mann-Whitney U test was used to calculate p values.
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Figure 6. Association of the MELK expression with the fraction of stromal cells in the tumor microenvironment in
ER-positive/HER2-negative breast cancer. Boxplots of the fraction of several stromal cells, including fibroblasts,
endothelial cells, lymphatic endothelial (IyE) cells, micro vessel endothelial (mvE) cells, pericytes cells, and adipo-
cytes cells by high and low 5-gene ER-positive/HER2-negative breast cancer groups in the GSE25066, TCGA, and
METABRIC cohorts. P values were calculated by Mann-Whitney U test.

GSE25066
p <0.001
50 20
40 15
£ 30
= 10
9 2
10 >
0 0
Low High
5/181 25/67

GSE20194 HESS
p = 0.006 p =0.037
30
25
20
15
10
5
0
Low High Low High

1/86

6/43

1/45 4122

Figure 7. Association of the 5-gene score with pathological complete response (pCR) after neoadjuvant chemo-
therapy (NAC) for ER-positive/HER2-negative breast cancer patients. Bar plots of the comparison of pCR rate after
NAC between the 5-gene score low (blue) and high (red) ER-positive/HER2-negative breast cancer groups in the
GSE25066 (n = 278), GSE20194 (n = 129), and HESS (n = 67) cohorts. Fisher’s exact test was used for the analy-

sis. Group sizes are shown underneath the bar.

0.05). High 5-gene score tumors were also sig-
nificantly associated with low fraction of fibro-
blasts, endothelial cells, and micro vessel
endothelial (mvE) cells consistently in the two
cohorts.

A high score was significantly associated with
high rate of pCR for neoadjuvant chemothera-
py in ER+/HER2- breast cancer

Finally, we tested the utility of the score as pre-
dictive biomarker for drug treatment therapy.
High score was significantly associated with
high rate of pCR after NAC compared to low
score group (Figure 7; n = 289, pCR rate =
37.3% and 2.8%, respectively, P < 0.001) in the
GSE25066 cohort. The result was validated by
two other cohorts, GSE20194 (Figure 7; n =
129, pCR rate = 16.2% and 1.2% respectively,
P = 0.006), and HESS (Figure 7; n = 67, pCR
rate = 22.2% and 2.3%, respectively, P =
0.037).

Discussion

In the current study, we established a novel
5-gene score as a strong predictive biomarker
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for pCR after NAC in ER-positive/HER2-negative
breast cancer. The score is calculated by the
expressions of CDCA8, MCM2, MCM®6, MELK,
and DEK genes that were most elevated
among the 200 genes in E2F target gene sets
in ER-positive/HER2-negative breast cancer
patients that achieved pCR compared to those
who did not in the GSE25066 cohort. AUC of
the 5-gene score was significantly higher than
that for the E2F pathway score as well as any
genes in the GSE25066 cohort, and was also
higher than the E2F pathway score in other two
cohorts (GSE20194 and HESS). Among breast
cancer subtypes, the score of ER-positive/
HER2-negative breast cancer was lowest com-
pared to other subtypes in the GSE25066,
TCGA, and METABRIC cohorts. In ER-positive/
HER2-negative tumors, the 5-gene score was
significantly associated with higher Nottingham
pathological grade, AJCC cancer stage, and
highly correlated with MKIB7 expression in
three cohorts. Biologically, high-score ER-posi-
tive/HER2-negative cancer enriched all 5
Hallmark cell proliferation-related gene sets
(E2F targets, G2M checkpoint, MYC targets v1
and v2, and Mitotic spindle) as well as DNA
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repair, Mtorc1 signaling, and unfolded protein
response gene sets, consistently in three
cohorts. The high-score tumors also had great-
er mutation rates, neoantigen load, intratumor
heterogeneity, and HRD, compared to low-score
tumors in the TCGA cohort. They also had high-
erimmune response, and had more abundance
of anti-cancer immune cells, including CD4*
memory T cells, Thl cells, and M1 macro-
phages, as well as Th2 cells and B cells, and
less abundance of stromal cells (fibroblasts,
lymphatic endothelial cells, pericytes, and adi-
pocytes) consistently in three cohorts. Finally,
the 5-gene score was significantly associated
with high pCR rate after NAC consistently in
three cohorts.

Among the 5 genes that consist the score,
CDCAS8 was reported to be a key mediator of
estrogen-stimulated breast cancer cell growth.
And some suggested it to be a therapeutic tar-
get in breast cancer [38]. Gene silencing of
CDCAS8 suppressed cancer cell growth by pro-
moting G1 arrest of the cell cycle that coordi-
nated with a decrease in E2-induced mole-
cules, Cyclin D1 (CCND1) and B-Cell CLL/
Lymphoma 2 (BCL2) [38]. Minichromosome
maintenance protein 2 (MCM2) and MCM6 are
members of the MM protein family that plays
an important role in DNA replication and in cell
cycle progression. MCM2 expression was
reported to have a significant correlation with
worse patient survival, and MCM6 was also
reported to associate with MKI67 expression
and prognosis in breast cancer. Maternal and
embryonic leucine zipper kinase (MELK) is
overexpressed in breast cancer [39] and was
reported to suppress breast cancer cell prolif-
eration by arresting different cell cycle phases
that is mediated by different mediators, which
may be involved in the crosstalk between MELK
signaling and the estrogen receptor signaling
pathway [40]. DEK is an oncogene and its
expression in breast cancer creates an immune
suppressed tumor microenvironment by induc-
ing M2 tumor associated macrophage polariza-
tion [41]. DEK expression was reported to be
associated with pCR [42].

Although initial intention of NAC was to
decrease the size and extent of locally advanced
cancer to become operable, currently it is used
to predict the ultimate course of cancer pro-
gression. The extent of response to NAC not
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only reveals tumor response to a given therapy
independent of other prognostic features of
cancer, but it also is a surrogate marker for sur-
vival [17, 43]. It is important to remember that
NAC is not always helpful for patients with ER
positive breast cancer where tumors have low
chemosensitivity, on the contrary, use of
anthracyclines and taxanes, the standard che-
motherapy used for ER positive breast cancer,
may result in unnecessary immediate and long-
term toxicities like, increased risk of infections,
cardiac morbidity, debilitating neuropathy, and
in rare cases leukemia several years later with-
out any clinical benefit. Thus, a predictive bio-
marker is expected to maximize the treatment
benefit, minimize the physical and financial tox-
icities, and improve quality of life by precise
patient selection for NAC. At the same time,
bulky disease where the biomarker suggests
poor response to chemotherapy may help us
prioritize clinical trials for this patient popula-
tion with novel agents with the ultimate aim to
improve responses. Given that NAC is most
effective against highly proliferative cells [42],
we have previously generated scores that
reflect cell proliferation and predict NAC
response to breast cancer as biomarkers. We
found that the E2F target genes play a critical
role in the cell cycle and the score predicted
NAC response in ER-positive/HER2-negative
breast cancer patients [11]. In the current
study, we investigated the key genes in the E2F
targets gene set that is most relevant to NAC
response. We found that 5-gene score reflect-
ed the cell proliferation activity, which also
showed correlation with clinical aggressive-
ness and MKI67, as well as gene set enrich-
ment analysis in ER-positive/HER2-negative
breast cancer. Furthermore, high score was
associated with presence of more anti-cancer
immune cells as well as low fraction of stromal
cells in TME. Many studies have been reported
on the association between tumor immunity
and NAC response [33, 34]. We have previously
reported that tumor immune cells, especially
Tregs, are involved in NAC response [44], but
the 5-gene score had even higher predictive
value. In fact, the 5-gene score has stronger
predictive value than the E2F pathway score
(using 200 genes) as well as other several sin-
gle gene expressions. Genomic signature profil-
ing, such as Oncotype Dx and MammaPrint,
has been used in the clinical practice to predict
the benefit of adjuvant chemotherapy in hor-
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mone-positive breast cancers, but are not yet
approved to predict NAC response prior to
definitive surgery. Since the 5-gene score pre-
dicts the NAC response, it does not overlap with
the current setting in which the existing genom-
ic signature profiling is utilized. Further, it only
uses 5 genes, which is far more clinically appre-
ciable in terms of cost and simplicity. We can-
not help but speculate that the 5-gene score
may have a clinical utility to be used for patient
selection and as a predictive biomarker for NAC
in ER-positive/HER2-negative breast cancer
patients Knowledge of this predictive biomark-
er in the upfront setting would let clinicians con-
fidently treat high risk ER positive breast can-
cer patients in the neoadjuvant setting with
chemotherapy with the expectation of a good
treatment response, downstaging of tumor
which would eventually lead to a less morbid
surgery.

Although we found a novel 5-gene score in
ER-positive/HER2-negative breast cancer using
multiple large human sample data, our study
has limitations. This is a retrospective study,
and due to the lack of a per-regiment cohort
with enough sample numbers, the association
between each regimen-specific response and
the 5-gene score has not been investigated.
For clinical application, appropriate cut-off val-
ues need to be evaluated under a prospective
study. Furthermore, the impact of the 5-gene
score on neoadjuvant treatment deserves fur-
ther studies, with a specific evaluation in a pro-
spective setting.

In conclusion, the 5-gene score reflects cell
proliferation and has the potential to predict
pCR after NAC in ER-positive/HER2-negative
breast cancer.
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Table S1. Member genes of the Hallmark E2F Targets pathway gene set

E2F Targets

AK2, ANP32E, ASF1A, ASF1B, ATAD2, AURKA, AURKB, BARD1, BIRC5, BRCA1, BRCA2, BRMS1L, BUB1B, CBXS5,
CCNB2, CCNE1, CCP110, CDC20, CDC25A, CDC25B, CDCA3, CDCAS, CDK1, CDK4, CDKN1A, CDKN1B, CDK-
N2A, CDKN2C, CDKN3, CENPE, CENPM, CHEK1, CHEK2, CIT, CKS1B, CKS2, CNOT9, CSE1L, CTCF, CTPS1, DCK,
DCLRE1B, DCTPP1, DDX39A, DEK, DEPDC1, DIAPH3, DLGAP5, DNMT1, DONSON, DSCC1, DUT, E2F8, EED, El-
F2S1, ESPL1, EXOSC8, EZH2, GINS1, GINS3, GINS4, GSPT1, H2AFX, H2AFZ, HELLS, HMGA1, HMGB2, HMGBS3,
HMMR, HNRNPD, HUS1, ILF3, ING3, IPO7, JPT1, KIF18B, KIF22, KIF2C, KIF4A, KPNA2, LBR, LIG1, LMNB1, LU-
C7L3, LYAR, MAD2L1, MCM2, MCM3, MCM4, MCM5, MCM6, MCM7, MELK, MKI67, MLH1, MMS22L, MRE11,
MSH2, MTHFD2, MXD3, MYBL2, MYC, NAA38S, NAP1L1, NASP, NBN, NCAPD2, NME1, NOLC1, NOP56, NUDT21,
NUP107, NUP153, NUP205, ORC2, ORC6, PA2G4, PAICS, PAN2, PCNA, PDS5B, PHF5A, PLK1, PLK4, PMS2,
PNN, POLA2, POLD1, POLD2, POLD3, POLE, POLE4, POP7, PPM1D, PPP1RS, PRDX4, PRIM2, PRKDC, PRPS1,
PSIP1, PSMC3IP, PTTG1, RACGAP1, RAD1, RAD21, RAD50, RAD51AP1, RAD51C, RAN, RANBP1, RBBP7, RFC1,
RFC2, RFC3, RNASEH2A, RPA1, RPA2, RPA3, RRM2, SHMT1, SLBP, SMC1A, SMC3, SMC4, SMC6, SNRPB,
SPAG5, SPC24, SPC25, SRSF1, SRSF2, SSRP1, STAG1, STMN1, SUV39H1, SYNCRIP, TACC3, TBRG4, TCF19,
TFRC, TIMELESS, TIPIN, TK1, TMPO, TOP2A, TP53, TRA2B, TRIP13, TUBB, TUBG1, UBE2S, UBE2T, UBR7, UNG,
USP1, WDR9O, WEE1, XPO1, XRCC6, ZW10

Table S2. Top 15 area under the curve (AUC)
value of the 184 genes composed of E2F
targets gene set in GSE25066 cohort

Gene AUC
CDCA8 0.78
MELK 0.78
MCM2 0.78
HMMR 0.77
KIF2C 0.77
MCM6 0.76
MKI67 0.76
DEK 0.75
DLGAP5 0.75
KIF18B 0.75
ANP32E 0.75
CDC20 0.75
EZH2 0.75
PLK1 0.74
CDK1 0.74




