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Predictive and prognostic value of EPIC1
in patients with breast cancer receiving
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Abstract

Background: EPIC1 is an oncogenic long non-coding ribonucleic acid (RNA] that promotes cell
growth and cell-cycle progression and inhibits apoptosis in several cancer cell lines. However,
clinical studies on EPIC1 in breast cancer, specifically in the neoadjuvant setting, are relatively
few.

Methods: Patients treated with weekly paclitaxel-cisplatin-based neoadjuvant chemotherapy
after core-needle biopsy were included in the study. Real-time quantitative polymerase chain
reaction assays were performed to detect EPIC1 expression.

Results: Among all patients included in this study (n=111], higher EPIC1 expression was
associated with estrogen receptor negativity, human epidermal growth factor receptor 2
positivity, higher Kié7 index, and higher histologic grade. Multivariate analysis suggested that
EPIC1 expression was an independent predictive factor for pathological complete response,
with a significant interaction between EPIC1 expression and age. The Kaplan-Meier Plotter
dataset suggested that the EPIC1 high-expression group showed a worse 10-year distant
metastasis-free survival and post-progression survival when compared with the EPIC1 low-
expression group. The Cancer Genome Atlas dataset suggested that the overall survival in

the EPIC1 high-expression group was inferior to that in the EPIC1 low-expression group,
specifically in hormone receptor (HorR]-positive patients and patients aged <50years.
Pathway analysis revealed the top pathways that indicated the potential mechanisms of EPIC1
in chemoresistance, including the daunorubicin and doxorubicin metabolic processes.
Conclusions: Our study suggests that EPICT may be a promising biomarker for both
neoadjuvant chemosensitivity and long-term clinical outcomes in breast cancer, specifically

in the HorR-positive premenopausal subgroup. It may also help identify candidate responders
and determine treatment strategies.
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Introduction

Breast cancer is the leading cause of cancer deaths
among women, and newly diagnosed cases of this
cancer have been increasing significantly world-
wide over the last few decades. Among them,
approximately 8-10% of American women are
diagnosed with locally advanced breast cancer
(LABCQ) atfirst visit, while this number approaches

60% in countries with limited resources.!:? In
recent years, neoadjuvant chemotherapy has been
the standard treatment for LABC to effectively
downstage tumors, and subsequently facilitating
surgical treatment. Reportedly, patients who
achieved pathological complete response (pCR)
following neoadjuvant chemotherapy had signifi-
cantly improved disease-free survival and overall
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survival (OS).3-5 To date, there have been several
successful neoadjuvant treatment regimens, one
of which includes the dual blockade of human
epidermal growth factor receptor 2 (HER2). The
NeoSphere study demonstrated that the combi-
nation of chemotherapy with trastuzumab and
pertuzumab favored a higher pCR rate of 45.8%,
when compared with chemotherapy with trastu-
zumab for HER2-positive breast cancer.® The
NeoALTTO trial showed an even more pro-
mising pCR rate of 51.3% with trastuzumab and
lapatinib combined with chemotherapy.” However,
almost half of the patients failed to achieve pCR.
Patients with other breast cancer subtypes were
faced with more discouraging therapeutic sce-
narios. Therefore, distinguishing patients who
experience the clinical benefits of neoadjuvant
chemotherapy from those who do not is consid-
ered necessary before the initiation of chemother-
apy. This suggests a need to identify biomarkers
to evaluate individual chemosensitivity and even
survival outcomes.

Long non-coding ribonucleic acids (IncRNAs)
are RNA transcripts longer than 200 nucleotides
and are not translated into proteins. Emerging
data on IncRNAs suggest that these are important
players in gene expression, epigenetic regula-
tion, maintenance of genome stability, aging,
and disease development.8-10 The dysregulation
of IncRNAs is a recently discovered mechanism
of chemoresistance.!! Epigenetically induced
IncRNA 1 (EPIC1, also identified as ENSGO00
000224271) is an intergenic IncRNA located on
chr22:q13.31. Data from the University of
California Santa Cruz (UCSC) Genome Browser
revealed that EPIC1 displays a relatively high
level of sequence conservation throughout 30
mammalian species (Supplemental Figure 1).12
Wang et al. demonstrated that EPIC1 is epige-
netically activated in breast cancer and is associ-
ated with poor survival.!?> This oncogenic nuclear
IncRNA directly interacts with MYC proto-
oncogene (MYC) and subsequently promotes
cell-cycle progression in breast cancer.!> Known
as a family of regulator genes and proto-onco-
genes, MYC is associated with various biological
processes, including cell proliferation, differentia-
tion, apoptosis, and stem-cell self-renewal.l4
Amplification of MYC was found in the breast
tissues after neoadjuvant chemotherapy in
patients with triple-negative breast cancer
(TNBC), which indicates that MYC may con-
tribute to chemotherapy resistance in TNBC.!>
However, it remains unclear whether EPICI1

expression level influences individual Cclinical
benefit from neoadjuvant chemotherapy.

In the light of the above background, we aimed to
investigate the predictive and prognostic value of
EPICI1 in the neoadjuvant setting for breast can-
cer. We proposed that the overexpression of EPIC1
might be associated with reduced sensitivity to
neoadjuvant chemotherapy, leading to worse sur-
vival. This was validated by our prospective data.

Materials and methods

Patients and study design

We conducted a retrospective study of patients
enrolled between April 2014 and October 2018 in
two prospective neoadjuvant clinical trials, which
were separately registered in the ClinicalTTrials.
gov website as SHPDO0O01 [ClinicalTrials.gov
identifier: NCT02199418] and SHPDO002
[ClinicalTrials.gov identifier: NCT02221999].
The study protocols of both trials were approved
by the Ethics Committee of Renji Hospital,
School of Medicine, Shanghai Jiaotong University
[SHPDO0O01, approval ID (2014)14K; SHPDO002,
approval ID (2017)088]. All participants involved
in this study provided written informed consents
covering biomarker research. A total of 111
patients from these two trials, with adequate and
qualified tissue samples for the detection of
EPIC1 expression, were enrolled in this study.

Details of the treatment protocols have been
reported previously.!® For all patients, paclitaxel
at 80mg/m? was intravenously administered
weekly starting on days 1, 8, 15, and 22, and cis-
platin at 25 mg/m? was administered on days 1, 8,
and 15, every 28days for four cycles. HER2-
positive patients were allowed treatment with
trastuzumab concomitantly, at a loading dose of
4 mg/kg, followed by a maintenance dose of 2mg/
kg on day 1, weekly, for 16 weeks. For hormone
receptor (HorR)-positive patients in SHPDO002,
endocrine therapy with an aromatase inhibitor or
a gonadotropin-releasing hormone agonist was
randomized together with chemotherapy accord-
ing to the patients’ menopausal status. The
patients underwent surgery sequentially after
receiving neoadjuvant chemotherapy.

Tissue samples and clinical data collection
All clinical data were prospectively collected upon
enrollment of patients (Table 1). Fresh cancer
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Figure 1. Associations between EPIC1 expression and clinicopathological characteristics of all patients.
Associations between EPIC1 expression and ER (a), Ki67 (b}, molecular subtype (c), T stage (d), N stage (e, and PR (f). The p

values are calculated using the Mann-Whitney U test.

ER, estrogen receptor; N stage, nodal stage; ns, not significant; PR, progesterone receptor; T stage, tumor stage.

tissue samples were collected from the patients
using core-needle biopsy before they underwent
neoadjuvant treatment at the Department of Breast
Surgery, Renji Hospital, School of Medicine,
Shanghai Jiaotong University. The samples were
obtained immediately after biopsy, frozen in liquid
nitrogen, and stored at —80°C until RNA extrac-
tion. All tissues were histologically diagnosed as

invasive breast cancer by the Department of
Pathology, Renji Hospital. Estrogen receptor
(ER) and progesterone receptor (PR) status was
considered positive if 1% or more of tumor cells
exhibited positive nuclear staining by immuno-
histochemistry (IHC). HER2 positivity was
defined as 3+ by IHC or amplification by fluores-
cence in situ hybridization according to the
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Table 1. Associations between EPIC1 expression level and baseline clinicopathological characteristics.

Characteristics EPIC1 low (n=27) EPIC1 high (n=84) p value
Age lyears) 0.299
~50 14 (51.9%) 53 (63.1%)
=50 13 (48.1%) 31 (36.9%)
Median (range) 50 (26-70) 53 (31-69)
Menopausal status 0.207
Premenopausal 15 (55.6%) 35 (41.7%)
Postmenopausal 12 (44.4%) 49 (58.3%)
T stage 0.792
T2 6 (22.2%]) 14 (16.7%)
T3 13 (48.2%) 45 (53.5%)
T4 8(29.6%) 25 (29.8%])
N stage 0.268
NO 1(3.7%) 9 (10.7%)
N1-N3 26 (96.3%) 75 (89.3%)
ER status 0.381
ER positive 18 (66.7%) 48 (57.1%)
ER negative 9 (33.3%) 36 (42.9%)
PR status 0.822
PR positive 18 (66.7%) 54 (64.3%)
PR negative 9 (33.3%) 30 (35.7%)
HER2 status 0.001
HER?2 positive 4 (14.8%) 42 (50.0%)
HER?2 negative 23 (85.2%) 42 (50.0%)
Kié7 index 0.226
=20% 24 (88.9%) 78 (92.9%])
<20% 3(11.1%) 6 (7.1%)
Histologic grade 0.034
G2 13 (48.1%) 21 (25.0%)
G3 14 (51.9%) 55 (65.5)
Unevaluable 0 (0%) 8 (9.5%)
Molecular subtype 0.149
Luminal-A like 3(11.1%) 3 (3.6%)
Luminal-B like 17 (63.0%) 58 (69.0%])
HER2 positive 1(3.7%) 12 (14.3%)
Basal like 6 (22.2%]) 11 (13.1%)

The p values are calculated using the chi-squared test.
ER, estrogen receptor; HER2, human epidermal growth factor receptor 2; N stage, nodal stage; PR, progesterone receptor;
T stage, tumor stage.
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recommendations of the American Society of
Clinical Oncology/College of American Pathologists
in 2013.17 We used a Ki67 index value of 20% to
separate the groups. The molecular subtype was
categorized into luminal-A like (ER or PR posi-
tive, HER2 negative, and Ki67 index <20%),
luminal-B like (ER or PR positive; HER2 nega-
tive, and Ki67 index =20% or HER2 positive and
any Ki67 index), HER2 positive (ER and PR
negative, and HER2 positive), and basal like (ER,
PR, and HER2 negative), according to the St
Gallen International Expert Consensus.!8

Ribonucleic acid extraction and reverse
transcription quantitative polymerase chain
reaction assays

Total RNA was extracted from tissues using
TRIzol reagent (Molecular Research Center,
Ohio, USA) and subsequently reverse transcribed
to complementary deoxyribonucleic acid (cDNA)
using PrimerScript™ RT Master Mix (Takara,
Shiga, Japan) on a SimpliAmp™ Thermal Cycler
(Applied Biosystems, Massachusetts, USA) fol-
lowing the manufacturer’s instructions. Obtained
cDNAs were quantified with a reverse transcrip-
tion quantitative polymerase chain reaction
(RT-gPCR) test labeled with SYBR® green
(Invitrogen, California, USA) on LightCycler® 96
(Roche, Mannheim, Germany). The gene-specific
primers used were as follows: glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) forward,
GGTGAAGGTCGGAGTCAACG; GAPDH
reverse, TGGGTGGAATCATATTGGAACA;
EPIC1 forward, TATCCCTCAGAGCTCCT
GCT; and EPIC1 reverse, AGGCTGGCAAG
TGTGAATCT. Gene expression levels were nor-
malized to GAPDH expression!® using the 2-4CT
method. Each ¢cDNA sample was triplicated in
96-microwell plates.

Gene ontology, Kyoto encyclopedia of genes

and genomes pathway, and protein-protein
interaction network analyses

The RNA-binding proteins (RBPs) were predicted
from starBase (http:/starbase.sysu.edu.cn/) and
subsequently used to perform Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways using
DAVID (https://david.ncifcrf.gov/), gene ontology
(GO) categories, and protein—protein interaction
(PPI) network by STRING (https://string-db.
org/). The RNA-Seq data (GSE98538) of MCF-7
cells after EPIC1 knockdown were downloaded
from the Gene Expression Omnibus (GEO), and

the downregulated genes with a fold change
(FC) =2.0 were used to analyze GO categories and
KEGG pathways.

Statistical analyses

The expression of EPIC1 was calculated as
log(EPIC1 X 10%). High EPIC1 expression was
defined as its relative expression =2.3, which was
the lower quartile of all expression data. The
associations between all the baseline clinico-
pathological characteristics [age, =50 wersus
<50years; premenopausal versus postmenopau-
sal; tumor (T) stage, 3—4 wversus 2; nodal (N)
stage, 1-3 wersus 0; ER positive versus negative;
PR positive versus negative; HER2 positive versus
negative; Ki67 index =20% wersus <20%; histo-
logic grade, 3 wersus 2 versus unevaluable; and
molecular subtype, luminal-A like versus luminal-
B like versus HER2 positive versus basal like] and
EPIC1 expression levels (high versus low) were
calculated using the chi-squared test, and EPIC1
expression value as a continuous variable was fur-
ther compared by subgroups (T stage, 2 versus 3
versus 4; N stage, 0 versus 1 versus 2 wversus 3;
molecular subtype, luminal-A like versus luminal-
B like versus HER2 positive versus basal like; ER
positive versus negative; PR positive versus nega-
tive; and Ki67 index =20% wversus <20%) using
the Mann—Whitney U test.

The endpoint of this study was pCR, which was
defined as the absence of invasive cancer in the
breast and no residual cancer cells in lymph node
samples obtained at the time of surgery. Univariate
and multivariate logistic regression models were
used to evaluate the associations between EPIC1
expression levels (high versus low) and pCR, and
to investigate the potential interactions between
EPIC1 expression and clinicopathological char-
acteristics (age, menopausal status, T stage, N
stage, ER status, PR status, HER2 status, Ki67
index, histologic grade, and molecular subtype)
for pCR.

The receiver operating characteristic (ROC)
curves were generated to identify whether EPIC1
combined with important clinicopathological
characteristics or American Joint Committee on
Cancer (AJCC) stage (8th edition)?° could better
predict the patients’ responses to therapy. The
following four models were used through logistic
regression: model 1, incorporating EPIC1 expres-
sion, age, T stage, N stage, ER status, PR status,
HER?2 status, and Ki67 index; model 2, including
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Figure 2. Clinicopathological features of pathological complete response (pCR; n=39) and no-pCR (n="72) patients.
Two-category data (EPIC1 expression high versus low, age =50 versus <50vyears, T stage 3-4 versus 2, N stage 1-3 versus 0,
ER positive versus negative, PR positive versus negative, HER2 positive versus negative, and Kié7 index =20% versus <20%)

are shown with values 1 and 0, respectively.

ER, estrogen receptor; HER2, human epidermal growth factor receptor 2; N stage, nodal stage; PR, progesterone receptor;

T stage, tumor stage.

all the factors in model 1 except EPIC1 expres-
sion; model 3, integrating EPIC1 expression and
AJCC stage; and model 4, AJCC stage alone. The
areas under the curve (AUCs) were compared
using the z-test.

The estimated median follow-up time was calcu-
lated using the reverse Kaplan—Meier method. The
Kaplan—Meier Plotter website (http://kmplot.com/
analysis/) was used to verify the prognostic value of
EPIC1 expression in distant metastasis-free sur-
vival (DMFS), post-progression survival (PPS),
and OS. The Cancer Genome Atlas (TCGA) data-
set was downloaded (https:/portal.gdc.cancer.
gov/) and normalized to estimate OS by EPICI1
expression levels using the Kaplan—Meier survival
curves examined by the stratified log-rank test,
where median EPIC1 expression was used to sepa-
rate groups. Further, patients were stratified
according to HorR status (positive versus negative),
HERR?2 status (positive versus negative), and patho-
logical T stage (pT3-pT4 versus pT1-pT2).

All statistical analyses were performed using
GraphPad 8.0 (GraphPad Software LLC,
California, USA) or R language version 3.5.1
(www.r-project.org). The results were considered
significant when the p value was <0.05.

Results
Baseline characteristics

Of the 111 patients, 84 (75%) were classified into
the high-expression group and 27 (25%) into the

low-expression group. Above all, we investigated
the associations between baseline clinicopatho-
logical characteristics and EPIC1 expression as
categorical variables. Patients with high EPIC1
expression were more likely to be HER2 positive
(»p=0.001) with higher histologic grade
(p=0.034), when compared with patients with
low EPIC1 expression (Table 1). To further
determine the associations between EPICI1
expression and other clinicopathological features,
we compared the EPIC1 expression value as a
continuous variable according to different sub-
groups. Higher EPIC1 expression was associated
with ER negativity [p=0.048; Figure 1(a)] and
higher Ki67 index [p=0.040; Figure 1(b)].
Additionally, HER2-positive patients exhibited
higher EPIC1 expression with marginal signifi-
cance, compared with that of luminal A-like
patients [p=0.053; Figure 1(c)]. However, sig-
nificant differences regarding T stage [Figure
1(d)], N stage [Figure 1(e)], or PR status [Figure
1(f)] were not observed between groups.

EPIC1 expression and pCR outcomes

Patients with high EPIC1 expression achieved a
lower pCR rate (33.3%) compared with patients
with low EPIC1 expression (40.7%; Figure 2),
although the difference was not significant [odds
ratio (OR) =0.727; 95% confidence interval (CI)
0.298-1.774; p=0.484; Table 2]. Multivariate
analysis suggested that EPIC1 expression was
an independent predictive factor for pCR
(OR=0.278; 95% CI 0.082-0.935; p»p=0.039;
Table 2). Additionally, T stage (OR=0.241;
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Table 2. Univariate and multivariate analyses for the predictive factors of pathological complete response.

Variables Comparison for OR Univariate analysis (n=111) Multivariate analysis (n=111)
OR 95% CI pvalue OR 95% CI p value

EPIC1 High versus low expression 0.727 0.298 1.774 0.484  0.278 0.082 0.935 0.039
Age =50 versus <50years 1.512 0.671 3.410 0.319  0.679 0.227 2.031 0.489
T stage T3-T4 versus T2 0.364 0.136 0.976 0.045 0.241 0.071 0.814 0.022
N stage N1-N3 versus NO 0.795 0.210 3.007 0.736  0.495 0.085 2.896 0.435
ER status Positive versus negative 0.179 0.077 0.418 <0.001 0.132 0.039 0.446 0.001
PR status Positive versus negative 0.480 0.214 1.079 0.076  1.088 0.345 3.431 0.886
HER2 status  Positive versus negative 3.636 1.606 8.232 0.002  6.482 2.254 18.639  0.001
Ki67 index =20% versus <20% 2.313 0.466 11.471 0.305 1.230 0.171 8.833 0.837

Bold numerals indicate statistical significance.

Cl, confidence interval; ER, estrogen receptor; HER2, human epidermal growth factor receptor 2; N stage, nodal stage; OR, odds ratio;

PR, progesterone receptor; T stage, tumor stage.

95% CI 0.071-0.814; p=0.022), ER status
(OR=0.132; 95% CI 0.039-0.446; p=0.001),
and HER2 status (OR=6.482; 95% CI 2.254—
18.639; p=0.001) were also independent predic-
tive factors for pCR (Table 2). No significant
association was observed between pCR and any
other potential factors including age, N stage, PR
status, or Ki67 index.

Furthermore, we compared the accuracy of dif-
ferent models using the ROC curves to evaluate
the predictive value of EPIC1 for pCR. The larg-
est AUC was 0.812 when combining EPICI1
expression with clinicopathological variables.
Moreover, the AUCs of the considered clinico-
pathological variables, EPIC1 expression com-
bined with AJCC stage, and AJCC stage alone
were 0.795, 0.644, and 0.630, respectively
(p=0.033; Figure 3).

Subgroup analysis of the pCR outcome

According to age, the subgroup analysis showed
that the pCR rate was significantly lower (19.4%)
with high EPIC1 levels than that with low EPIC1
levels (53.8%) in patients aged <50years
(OR=0.206; 95% CI 0.050-0.841; p=0.028;
Figure 4), whereas the pCR rates for high and low
EPIC1 levels were 41.5% and 28.6%, respec-
tively, in patients aged =50years (OR=1.774;
95% CI 0.492-6.393; p=0.381; Figure 4). A sig-
nificant interaction between EPICI1 expression

and age was observed (p=0.027; Figure 4), which
remained significant after adjustment (adjusted
p»=0.008). Similarly, subgroup analysis by meno-
pausal status showed that the pCR rates were
22.9% with high EPICI1 levels and 53.3% with
low EPICI1 levels in premenopausal patients
(OR=0.259; 95% CI 0.072-0.937; p=0.040;
Figure 4), whereas the corresponding rates were
40.8% and 25%, respectively, in postmenopausal
patients (OR=2.069; 95% CI 0.497-8.606;
p=0.317; Figure 4). A significant interaction
between EPICI1 expression and menopausal sta-
tus was observed (p=0.034; Figure 4), which was
marginally significant after adjustment (adjusted
»=0.091).

To further investigate this phenomenon, we calcu-
lated the interaction in the HorR-positive and
HorR-negative subgroups separately. The results
showed that the interaction between age and EPIC1
expression was observed in the HorR-positive sub-
group (adjusted p=0.036) rather than in the HorR-
negative subgroup (adjusted p=0.996).

Moreover, the pCR rate of HER2-negative
patients was 14.3% in the EPIC1 high-expression
group, which was significantly lower than that in
the EPIC1 low-expression group (39.1%)
(OR=0.259; 95% CI 0.078-0.864; p=0.028;
Figure 4). This remained significant after adjust-
ment (OR=0.225; 95% CI 0.056-0.909;
p»=0.036; Table 3).
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Figure 3. Receiver operating characteristic curves of different predictive models for pathological complete

response.

The blue line exhibits model 1 (AUC 0.812, incorporating EPIC1 expression, age, T stage, N stage, ER status, PR status,
HER2 status, and Kié7 index). The green line shows model 2 (AUC 0.795, including all the factors in model 1 except EPIC1
expression). The red line represents model 3 (AUC 0.644, integrating EPIC1 expression and AJCC stage). The pink line is
presented with model 4 (AUC 0.630, AJCC stage alone). The AUC values are compared using the z-test.

AJCC, American Joint Committee on Cancer; AUC, area under the curve; ER, estrogen receptor; HER2, human epidermal
growth factor receptor 2; N stage, nodal stage; PR, progesterone receptor; T stage, tumor stage.

EPIC1 expression and survival

The median follow-up time of all patients
(n=111) was 16.4months. Since the follow-up
time was considered insufficient to perform sur-
vival analysis, we performed Kaplan—Meier esti-
mates of survival according to EPIC1 expression
level using the Kaplan—Meier Plotter website, in
all available breast cancer patients.2! Compared
with the EPIC1 low-expression group, the over-
expression group showed a significantly worse
10-year DMFS [#n=553; log-rank p=0.021; haz-
ard ratio (HR)=1.49; 95% CI 1.06-2.1; Figure
5(a)] and 10-year PPS [#=169; log-rank
p»=0.024; HR=1.56; 95% CI 1.06-2.3; Figure
5(b)]. However, a significant difference in 10-year
OS was not observed between the two groups
[n=514; log-rank p=0.16; HR=1.28; 95% CI
0.91-1.8; Figure 5(c)]. Additionally, in the group
of HER2-negative patients, EPIC1 high-expres-
sion patients had a worse 10-year DMFS than
EPIC1 low-expression patients [n=82; log-rank
$»=0.035; HR=3.49; 95% CI 1.01-12.06; Figure
5(d)]. However, significant differences in PPS
[n=27; log-rank p=0.51; HR=1.54; 95% CI
0.42-5.62; Figure 5(e)] or OS [rn=57; log-rank
p»=0.33; HR=0.49; 95% CI 0.11-2.17; Figure
5(f)] were not observed between the two groups.

Among the 607 patients with breast cancer in the
TCGA cohorts, we observed that the OS in the
EPIC1 high-expression group was significantly

inferior to that in the EPIC1 low-expression
group [stratified log-rank p=0.042; Figure 6(a)].
In HorR-positive patients, a significantly worse
OS was observed in the EPIC1 high-expression
group compared with that in the EPIC1 low-
expression group [7=479; stratified log-rank
p»=0.029; Figure 6(b)], whereas a significant dif-
ference was not observed between the two groups
in HorR-negative patients [n=128; stratified log-
rank p=0.784; Figure 6(c)]. Moreover, for
patients aged <50years, the EPIC1 high-expres-
sion group derived a significantly poorer OS
[#=160; stratified log-rank p=0.018; Figure
6(d)], while no difference was detected between
EPIC1 high- and low-expression groups for
patients aged =50years [r=447; stratified log-
rank p=0.437; Figure 6(e)].

GO, KEGG, and PPI network analyses

To investigate the potential mechanism of action
of EPIC1 in response to neoadjuvant chemother-
apy, we downloaded RNA-Seq data GSE98538
in MCF-7 cells after EPIC1 knockdown from
GEO and analyzed the downregulated genes with
an FC =2.0 using GO categories?? and KEGG
pathways.23:2¢ The enriched GO terms were
related to cellular component (CC), molecular
function (MF), and biological process (BP)
[Figure 7(a)]. The BP of EPIC1 in daunorubicin
and doxorubicin metabolism highlighted its

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam

Y Xu, Y Wang et al.

Subgroup Events(n)/patients(N) OR (95% ClI) p value p value
EPIC1 low EPIC1 high Interaction

Overall 11/27 28/84 —a— 0.727  ( 0.298 — 1.774 ) 0.484

Age (years) 0.027
<50 7113 6/31 HE—H 0.206 ( 0.050 — 0.841 ) 0.028
250 4/14 22/53 L 1774 ( 0.492 - 6.393 ) 0.381

Menopausal status 0.034
Premenopausal 8/15 8/35 Hit 0.259 ( 0.072 - 0.937 ) 0.040
Postmenopausal 3/12 20/49 L 2.069  ( 0.497 — 8.606 ) 0.317

T stage 0.639
T2 4/6 714 —i 0.500 ( 0.068 — 3.675 ) 0.496
T3-T4 7/21 21/70 i 0.857 ( 0.303 —2.428 ) 0.772

N stage 0.992
NO 0/1 4/9
N1-N3 11/26 24/75 ——— 0.642 ( 0.257 — 1.605 ) 0.343

ER status 0.857
ER negative 6/9 20/36 — A 0625 ( 0.135 - 2.898 ) 0.548
ER positive 5/18 8/48 —i 0.520 ( 0.144 - 1.871 ) 0.317

PR status 0.235
PR negative 6/9 12/30 i 0.333  ( 0.070 — 1.597 ) 0.169
PR positive 5/18 16/54 - 1.095 ( 0.335 - 3.582 ) 0.881

HER2 status 0.234
HER2 negative 9/23 6/42 HE— 0259  ( 0.078 — 0.864 ) 0.028
HER2 positive 2/4 22/42 1 1.100  ( 0.141 — 8.556 ) 0.927

Ki67 index 0.934
<20% 1/4 1/6 I—l:L 0600 ( 0.027-13.582 ) 0.748

|

220% 10/23 27/78 ——— 0.688  ( 0.267 — 1.775 ) 0.439

Histologic grade 0.516
G2 4/13 2/21 Hik 0.237 ( 0.036 — 1.542 ) 0.132
G3 7114 25/55 — 0.833  ( 0.257 — 2.697 ) 0.761
Unevaluable 0/0 1/8

Molecular subtype 0.376
Luminal A-like 0/3 0/3
Luminal B-like 6/17 17/58 — 0.760  ( 0.242 - 2.387 ) 0.639
HER2-positive 17 9/12
Basal-like 4/6 21 L 0.111 ( 0.011 - 1.094 ) 0.060

0.000 1.000 2.000 3.000

Favors EPIC1 low

Favors EPIC1 high

Figure 4. Subgroup analysis for pathological complete response according to EPIC1 expression levels.
ORs are derived from the logistic regression model. Interaction p values are presented between different subgroups and the expression level of EPIC1.
Cl, confidence interval; ER, estrogen receptor; HER2, human epidermal growth factor receptor 2; OR, odds ratio; PR, progesterone receptor.

potential effects on chemotherapy resistance.
Here, we identified the top 10 KEGG pathways,
including cell cycle, DNA replication, p53 signal-
ing, homologous recombination, base excision
repair, and mismatch repair [Figure 7(b)].

To further determine the potential role of EPIC1,
we also predicted its RBPs?> and subsequently

performed GO analysis and KEGG pathway
analysis to annotate the function of RBPs. The
significant GO terms related to BP were RNA
processing, RNA localization, messenger RNA
(mRNA) metabolic process, and mRNA splicing
via spliceosome. The significant terms related to
CC were ribonucleoprotein complex, nuclear
lumen, nucleoplasm part, small nucleolar
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Table 3. Univariate and multivariate analyses for the predictive factors of pathological complete response in human epidermal
growth factor receptor 2-negative patients.

Variables Comparison for OR Univariate analysis (n=65) Multivariate analysis (n=65)
OR 95% CI pvalue OR 95% CI p value

EPIC1 High versus low expression 0.259 0.078 0.864 0.028 0.225 0.056 0.909 0.036
Age =50 versus <50years 0.688 0.216 2.189 0.526 0.257 0.051 1.292 0.099
T stage T3-T4 versus T2 0.244 0.066 0.901 0.034 0.238 0.047 1.215 0.084
N stage N1-N3 versus NO 1.556 0.167 14.455  0.698 1.109 0.093 13.256  0.935
ER status Positive versus negative 0.259 0.078 0.864 0.028 0.177 0.029 1.066 0.059
PR status Positive versus negative 0.490 0.150 1.596 0.236 1.161 0.213 6.326 0.863
Ki67 index =20% versus <20% 1.909 0.211 17.243  0.565 1.563 0.097 25.113 0.753

Bold numerals indicate statistical significance.
Cl, confidence interval; ER, estrogen receptor; N stage, nodal stage; OR, odds ratio; PR, progesterone receptor; T stage, tumor stage.

ribonucleoprotein  complex, and nucleus.
Additionally, the significant terms of MF were
RNA binding, nucleic acid binding, heterocyclic
compound binding, organic cyclic compound
binding, and ER binding [Figure 8(a)]. The key
KEGG pathway of RBPs was ribosome biogene-
sis in eukaryotes [Figure 8(b)]. We also identified
PPIs between the RBPs of EPIC1 based on
STRING?2 [Figure 8(c)].

Discussion

To the best of our knowledge, our study is the
first to identify EPIC1 as a predictive biomarker
of the efficacy of neoadjuvant chemotherapy for
LABC, specifically in HorR-positive premeno-
pausal and HER2-negative patients. Additionally,
we first demonstrated the associations between
EPIC1 expression and aggressive baseline tumor
features. Moreover, we revealed, for the first time,
the prognostic value of EPICI1 for long-term out-
comes in premenopausal, HorR-positive, and
HER2-negative breast cancer patients.

We observed that EPIC1 expression was posi-
tively associated with baseline HER2 expression,
Ki67 index, and histologic grade, but negatively
associated with ER expression in breast cancer
patients. The malignant biological behavior of
EPICIl-overexpressed tumors is supported by
previous basic studies to a certain extent. Wang
et al. revealed that EPIC1 knockdown resulted in
a decrease in cell proliferation, and G0/G1 arrest
in MCF-7 and ZR-75-1 breast cancer cells.!®> The

same phenomenon was observed in other tumors.
Zhang et al. reported that silencing EPIC1 in the
lung-cancer cell line A549 inhibited cell growth
and proliferation and induced G1/S cell-cycle
arrest and apoptosis in these cells.2® Li ez al. con-
firmed that EPIC1 knockdown in cholangiocarci-
noma KKU-214 cells suppressed cell growth and
colony formation and elicited cell apoptosis.?” To
further investigate the association between tumor
characteristics and EPIC1, we performed GO
analysis and KEGG pathway analysis of its RBPs.
This suggests that two of the RBPs, DEAD-box
helicase 54 (DDX54) and FUS RBP (FUS),
could function in the process of ER binding.
While DDX54 binds to ERa and represses its
stimulation,?® the inability to transactivate estro-
gen response element because of the (-catenin-
induced change in the splicing of ERB can be
repressed by FUS.?° This implied potential path-
ways between EPIC1 and ER. Additionally, the
PPI network may offer potential associations
between RBPs of EPICI1 in carcinogenesis, which
requires further validation.

In parallel, our clinical data revealed for the first
time that EPIC1 is an independent predictive
factor for pCR, with its low expression contribut-
ing to a significantly higher pCR rate. To date,
few clinical studies have focused on the predic-
tive value of EPIC1 for neoadjuvant chemother-
apy in breast cancer. However, several basic
studies theoretically support our study. We know
that in breast cancer, EPIC1 directly interacts
with MYC through the 129-283 nt region.!3 Sun
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Figure 5. Kaplan-Meier survival curves according to EPIC1 expression in Kaplan-Meier Plotter datasets.
Kaplan-Meier estimates of distant metastasis-free survival [(DMFS] (a); post-progression survival (PPS) (b]; and overall
survival (0S] (c) for all patients; and DMFS (d); PPS (e); and 0S (f) for human epidermal growth factor receptor 2-negative
patients.

The p values are calculated using the log-rank test. Hazard ratios are derived from the Cox proportional hazards regression
model.
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Figure 6. Kaplan-Meier estimates of overall survival according to EPIC1 expression in The Cancer Genome

Atlas cohorts.

Kaplan-Meier estimates of overall survival for all patients (a); hormone receptor (HorR]-positive patients (b); HorR-negative
patients (c); patients aged <50 years (d]; and patients aged =50 years (e).

The p values are calculated using the stratified log-rank test.

et al. indicated that c-Myc was activated in cispl-
atin-resistant ovarian cancer patients and was
associated with poor prognosis.3® Moreover,
Wang et al. demonstrated that the overexpression
of EPIC1 led to resistance to targeted therapy
with bromodomain and extra-terminal motif
inhibitors iBET762 and JQ-1 in the breast cancer
cell lines MCF-7 and A549 through increased

transcriptional activity of MYC.3! On the other
hand, GO categories indicated that the aldo-keto
reductase (AKR) family, a protein family down-
regulated after silencing EPICI, participates in
the cellular metabolism of daunorubicin and
doxorubicin. Zhong et al. reported that the over-
expression of AKR1B10, a member of the AKR
family, caused resistance to daunorubicin in the
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lung-cancer cell line, NCI-H460,32 and
Matsunaga ez al. found that colorectal cancer
(LoVo) cells and gastric cancer (MKN45) cells
developed resistance to doxorubicin because of
the autophagy suppressed by AKR1B10 upregu-
lation.3®> Thus, the potential pathway between
EPIC1 and the AKR family might be crucial in
the development of resistance to chemotherapeu-
tic drugs. Furthermore, the RBP DDX54 exerted
a significant impact on DNA damage response-
related pathologies through the regulation of

transcriptome dynamics,3* which may also be the
potential mechanism by which EPIC1 weakens
individual responses to chemotherapy. It may be
important to determine the mechanism of EPIC1
in chemoresistance in future studies. Therefore, i
vivo and in vitro experiments are required to vali-
date these hypotheses.

Additionally, the current study identified a sig-
nificant interaction between age, as well as meno-
pausal status of patients, and EPIC1 expression
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for pCR. We postulated that this phenomenon
might be associated with the different estrogen
levels between younger and older individuals. To
investigate this phenomenon, we further calcu-
lated the interaction in the HorR-positive and
HorR-negative subgroups. The results showed
that the interaction between age and EPICI
expression was also observed in the HorR-positive
subgroup, but not in the HorR-negative sub-
group. Therefore, the improved efficacy of chem-
otherapy for EPIC1 low-expression patients is
probably associated with estrogen levels, the
HorR pathway, or both.

Although our neoadjuvant trials have an insuffi-
cient follow-up period to perform survival analy-
sis, the results from the Kaplan—Meier Plotter
analyses indicated a significantly better DMFS
and PPS, with decreased expression of EPICI,
and the analyses of TCGA dataset demonstrated
a significantly better OS with low EPIC1 expres-
sion, which may provide some clinical signifi-
cance. These findings are supported by those of
Wang er al., where hypomethylation induced by
the increased EPIC1 expression was consistently
associated with poor survivals, in six independent
cohorts of 905 patients with breast tumors.!3
Notably, we first demonstrated the prognostic
value of EPIC1 in premenopausal breast cancer
patients, since the TCGA dataset suggested that
patients aged <50 years achieved a better OS with
low EPIC1 expression than did patients with high
EPIC1 expression. We also first identified its
prognostic value in both HorR-positive and
HER2-negative breast cancer patients, since the
results of the TCGA dataset suggested that HorR-
positive patients had better OS and the Kaplan—
Meier Plotter showed that HER2-negative
patients had higher DMFS, for those with low
EPIC1 expression. All survival results were con-
sistent with the pCR rates in our study. Longer
follow-up periods are required in future studies.

Our study has several limitations. First, the sam-
ple size was relatively small. Nevertheless, our
study performed a retrospective analysis based on
prospective trials, providing a hint for the underly-
ing rules. Validation in independent cohorts and
functional analyses will be necessary to provide
insight into the biomarker potential of EPIC1 in
breast cancer in future research. Second, the fol-
low-up time was not mature to perform survival
analysis for our patients. However, we obtained a
supportive result for survival using public data-
bases with a 10-year follow-up time, though it

may not completely represent the prognosis of
patients treated with neoadjuvant therapy. Thus,
prolonged follow-up periods in the future may
help to achieve long-term clinical outcomes.

Conclusion

In summary, our study revealed that EPICI1 is not
only a novel biomarker for predicting pCR in
patients receiving neoadjuvant chemotherapy,
but also a prognostic indicator for breast cancer,
specifically in HorR-positive premenopausal
patients. The potential pathways of chemoresist-
ance between EPIC1 and ER, DDX54, or AKR
family are indicated. Our results may help to fur-
ther identify candidate responders and guide
treatment strategies. The mechanisms of EPIC1
in chemoresistance need to be elucidated by fur-
ther studies.
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