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Abstract
Purpose  Ductal carcinoma in situ (DCIS) is a non-invasive form of breast cancer which could progress to or recur as inva-
sive breast cancer. The underlying molecular mechanism of DCIS progression is yet poorly understood, and appropriate 
biomarkers to distinguish benign form of DCIS from potentially invasive tumor are urgently needed.
Methods  To identify the key regulators of DCIS progression, we performed gene-expression analysis of syngeneic breast 
cancer cell lines MCF10A, DCIS.com, and MCF10CA and cross-referenced the targets with patient cohort data.
Results  We identified ID2 as a critical gene for DCIS initiation and found that ID2 promoted DCIS formation by enhancing 
cancer stemness of pre-malignant cells. ID2 also plays a pivotal role in survival of the aggressive cancer cells. In addition, 
we identified INHBA and GJB2 as key regulators for the transition of benign DCIS to aggressive phenotype. These two 
genes regulate migration, colonization, and stemness of invasive cancer cells. Upregulation of ID2 and GJB2 predicts poor 
prognosis after breast-conserving surgery. Finally, we found a natural compound Helichrysetin as ID2 inhibitor which sup-
presses DCIS formation in vitro and in vivo.
Conclusion  Our results indicate that ID2 is a key driver of DCIS formation and therefore is considered to be a potential 
target for prevention of DCIS, while INHBA and GJB2 play vital roles in progression of DCIS to IDC and they may serve 
as potential prognosis markers.
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Abbreviations
DCIS	� Ductal carcinoma in situ
IDC	� Invasive ductal carcinoma
CI	� Confidence interval
ID2	� Inhibitor of DNA binding 2

INHBA	� Inhibin beta A subunit
GJB2	� Gap junction protein beta 2
SOX2	� SRY-Box 2
ZEB	� Zinc Finger E-Box Binding Homeobox
BMP7	� Bone Morphogenetic Protein 7
TGF-β	� Transforming Growth Factor Beta
TWIST	� Twist Family BHLH Transcription Factor
TCGA​	� The cancer genome atlas

Introduction

Ductal carcinoma in situ (DCIS) is a non-invasive form of 
breast cancer that accounts for 20–25% of all newly diag-
nosed breast cancers in the United States and 17–34% of 
mammography-detected cases [1]. The incidence of DCIS 
has risen from 5.8 to 32.5 per 100,000 women from 1975 
to 2003 primarily due to increased mammography screen-
ing [2]. Subsequently, the incidence from 2004 to 2014 
has been relatively stable, varying from 32.6 to 37.0 per 
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100,000 women [2]. DCIS is generally treated by surgical 
resection of the primary tumor followed by radiotherapy 
and tamoxifen treatment. Radiation after lumpectomy sig-
nificantly decreases ipsilateral recurrence rate, whereas 
tamoxifen treatment significantly decreases both ipsilat-
eral and contralateral recurrence [1, 3]. Unfortunately, 
disease recurrence develops in 30% of DCIS patients who 
undergo breast-conserving surgery without radiotherapy 
or tamoxifen treatment, with 20% ipsilateral recurrence 
and 10% contralateral recurrence [3]. Importantly, 50% 
of the recurrent DCIS are found to be invasive breast 
cancer [3].

One important goal of DCIS research is to develop 
effective measures to prevent DCIS progression and 
recurrence in high-risk populations and thus reduce 
overall breast cancer incidence. Only a few clinical tri-
als have focused on DCIS prevention in the past decades 
with limited outcomes [4, 5]. Tamoxifen can reduce ER-
positive breast cancer but not ER-negative breast cancer 
while raloxifene only works with postmenopausal patients. 
Aromatase inhibitors and NASID such as aspirin need to 
be evaluated further [6]. Moreover, recurrence of DCIS 
could progress from undetected lesions instead of residues 
or disseminated cells from the original tumor. To address 
these issues, it is critical to decipher the exact molecular 
mechanism by which normal epithelial cells progress to 
DCIS and malignant tumors. Compounds targeting such 
pathway will potentially prevent DCIS initiation and 
progression.

In this study, alteration of gene expression during DCIS 
formation and progression was characterized in two differ-
ent systems: syngeneic cell lines and patient cohort data 
consisting of normal, DCIS, and IDC tissue samples. The 
spontaneously immortalized human breast epithelial cell 
line MCF10A was established by S.C. Brooks and col-
leagues in 1990 [7]. The F.R. Miller group transfected 
constitutively activated HRAS into MCF10A cells and 
established the pre-malignant MCF10AT cell line [8]. 
MCF10AT cells are able to form small nodules in nude 
mice that progress to DCIS or IDC at low rates and after 
long lag periods in vivo. The DCIS.com cell line, which 
forms DCIS in vivo, was established after two passages 
of lesions formed by MCF10AT cells in nude mice [9]. 
Similarly, the MCF10CA cell line, which forms IDC and 
metastasizes to distant sites, was established after repeat-
edly passaging MCF10AT cells in nude mice [10]. There-
fore, these syngeneic cell lines, MCF10A, MCF10AT, 
DCIS.com, and MCF10CA, provide a unique set of tools 
for investigating the molecular signature of DCIS initiation 
and progression (Fig. 1a).

Methods

Cell culture and reagents

Human breast epithelial or carcinoma cell lines, MCF10A, 
MCF10AT, and MCF10CA1a were purchased from Amer-
ican Type Culture Collection. DCIS.com was purchased 
from Asterand, Inc. Human mammary epithelial cells 
(HMEC) cell line was purchased from Lonza. Sum225 was 
obtained from Dr. Fariba Behbod in university of Kansas 
medical center. MCF10AT, DCIS.com, and MCF10CA1 
were cultured in RPMI medium supplemented with 10% 
FBS, streptomycin (100 mg/ml), and penicillin (100 units/
ml). MCF10A and HMEC were cultured with human mam-
mary epithelial growth medium (Lonza). Sum225 was cul-
tured in DMEM/F12 medium supplemented with 5% FBS, 
streptomycin (100 mg/ml), penicillin (100 units/ml), insulin 
(5 µg/ml), Hydrocortisone (1 µg/ml), and HEPES (10 mM). 
All cells were grown at 37 °C in a 5% CO2 atmosphere.

Plasmids and reagents

Lentiviral vectors expressing shRNA for ID2, GJB2, 
and INHBA were obtained from Dharmacon (shID2-# 
RHS4533-EG3398, shGJB2-# RHS4533-EG2706 and shIN-
HBA-# RHS4533-EG3624). The plasmid expressing ID2 
was purchased from Origene. A mixture of 3 or 4 individual 
shRNA was used for each gene.

Western blot

Western blot analysis was performed as described previously 
(34), using antibodies against ID2 (1/200; Abcam), SOX2 
(1/1000, Cell Signaling Technology), Tubulin (1/1000, Cell 
Signaling Technology), and GAPDH (1/5000; Cell Signaling 
Technology).

Quantitative real‑time PCR

Total RNAs were isolated from cells and reverse transcribed as 
described previously [11]. The cDNA was then amplified with 
a pair of forward and reverse primers for the following genes:

ID2-F 5′ TCA​GCA​CTT​AAA​AGA​TTC​CGTG3′
ID2-R 5′ GAC​AGC​AAA​GCA​CTG​TGT​GG3′
INHBA-F 5′ GGA​GTG​TGA​TGG​CAA​GGT​CA3′
INHBA-R 5′ ACA​TGG​GTC​TCA​GCT​TGG​TG3′
GJB2-F 5′ CGG​TTA​AAA​GGC​GCC​ACG​G3′
GJB2-R 5′ ACG​GTG​AGC​CAG​ATC​TTT​CC3′
SOX2-F 5′ GGG​AAA​TGG​GAG​GGG​TGC​AAA​AGA​
GG3′
SOX2-R 5′ TTG​CGT​GAG​TGT​GGA​TGG​GAT​TGG​TG3′



79Breast Cancer Research and Treatment (2019) 175:77–90	

1 3

PCR array

The PCR array analysis was performed by following the 
manufacturer’s manual (Qiagen # PAHS-176Z). The PCR 
array contains 84 cancer stem cell-related genes and five 
housekeeping genes. Briefly, cDNA was prepared by RT2 
first strand kit (Qiagen # 330401) and subjected to PCR 
array analysis. Fold changes were calculated by following 

the manufacturer’s manual (http://www.SABio​scien​ces.
com/pcrar​rayda​taana​lysis​.php).

Clinical samples

Human serum samples were obtained from surgical pathol-
ogy archives of the, Wake Forest Baptist Comprehensive 
Cancer Center (WFBCCC). Human DCIS and breast cancer 
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Fig. 1   ID2 is upregulated in DCIS. a Summary of cell line used in 
this study and their tumorigenicity. b The expression profiles of 
syngeneic cell lines, MCF10A and DCIS.com were examined by 
the Affymetrix expression array. Differentially upregulated genes 
in human DCIS compared to normal cells were identified in the 
GSE7882 database. c ID2 expression was significantly upregulated 
in patients with DCIS examined by unpaired t test with Welch’s cor-

rection. d, e ID2 expression was examined in MCF10A, MCF10AT, 
DCIS.com, HMEC, and SUM225 cells by d qRT-PCR and e western 
blot. f ID2 expression was examined in normal tissues and in DCIS 
from patients with breast cancer by immunohistochemistry using an 
antibody against ID2. Two representative cases are shown (n = 19). 
Quantification of immunohistochemistry is shown in right panel. 
Scale bar, 50 µm. **p < 0.001
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samples were obtained from Cooperative Human Tissue 
Network (CHTN) and Tumor Tissue and Pathology Shared 
Resource at WFBCCC. All tissue sections were obtained by 
surgical resection.

Immunohistochemistry

Paraffin fixed tissues were cleared with xylene and ethanol, 
washed in water, and incubated in 2.5 µM sodium citrate in 
95 °C for 30 min. After cooling down, the sections were then 
washed with PBS and blocked with 2% BSA for 1 h and incu-
bated with anti-ID2 (1/500: Abcam) antibody for 12 h at 4 °C. 
Samples were then incubated with anti-rabbit IgG (Dako) for 
1 h at room temperature and stained with chromogen (Dako).

Mammosphere assay

1000 cells were plated in ultra-low attachment plate (Corn-
ing, 3473) in mammosphere forming medium containing 
DMEM/F12 supplemented with 2% B27 (Invitrogen), 20 ng/
ml EGF, and 4 µg/ml Insulin (Sigma). The numbers of mam-
mospheres were counted and images were taken at day 14.

3D colony formation assay

1000 cells were seeded on top of 5% soft agar and cultured 
in medium containing 0.2% soft agar. Colonies were counted 
after 1 week.

Induced‑Fit Docking

All the compounds were studied by Induced-Fit Docking 
(IFD) studies in Maestro (Schrodinger LLE) and their bind-
ing modes were analyzed. Compounds which block the 
hydrogen bonding interactions between Leu49β-Gln76α and 
Gln76α-Tyr 71β act could prevent dimer formation.

Gene‑expression microarray profiling

RNAs were extracted, labeled, and hybridized to Human 
Gene 1.0 ST array (Affymetrix) using the manufacturer’s 
protocol. Normalization of the data was performed using 
the RMA algorithm.

Animal experiments

All animal experiments were done in accordance with a 
protocol approved by the Wake Forest Institutional Animal 

Care and Use Committee. For mammary fat pad injection, 
106 cells were injected to the fourth mammary fat pad of 
nude mouse. Mice were imaged by IVIS twice a week after 
injection.

Statistical analysis

All analysis was calculated by GraphPad Prism. Data are 
presented as mean ± sd. The p-value is calculated by an 
unpaired Student’s t-test without special address. Signifi-
cance between each groups was represented as *p < 0.05, 
**p < 0.01.

Results

ID2 is upregulated in DCIS

To study the molecular mechanisms of DCIS initiation 
and progression, we performed comprehensive mRNA 
expression profiling of MCF10A, DCIS.com, and MCF-
10CA1a (MCF10CA) cell lines. First, we focused on 
genes that mediate DCIS initiation. We found 33 genes 
were upregulated in DCIS.com compared to MCF10A 
cells (fold change (FC) > 10, p < 0.05, FDR < 0.25). Of 
those genes, nine also showed increased expression lev-
els in MCF10CA cells (FC > 1, p < 0.05) and 24 showed 
decreased expression levels in MCF10CA cells compared 
to DCIS.com cells (FC < 1, p < 0.05). To further exam-
ine the expression of these genes in patients, a clinical 
cohort (GSE7882) that included expression profiles of 
51 DCIS patients and 7 healthy donors contributed by 
Davis SR et al. was used because they conducted their 
experiments using microdissected samples to minimize 
stromal component [12]. Only inhibitor of DNA binding 
2 (ID2) gene was found to be significantly upregulated 
(FC > 2, p < 0.05, FDR < 0.01) in DCIS patients compared 
to normal donors (Fig. 1b, c). We found a very consist-
ent low expression of ID2 in seven healthy breast tissue 
regardless of low sample number. ID2 is a well-known 
stem cell factor, which binds to DNA and regulates tran-
scription of target genes [13]. However, the role of ID2 in 
breast cancer has not been well understood and apparent 
conflicting reports exist [14–16]. Moreover, the role of 
ID2 in DCIS progression is virtually unknown. As our 
screening results showed that ID2 was upregulated in 
DCIS compared to normal, we first confirmed the expres-
sion of ID2 in MCF10A, MCF10AT, and DCIS.com cell 
lines by qRT-PCR and western blot (Fig. 1d, e). We also 
found that ID2 expression was upregulated in another 
DCIS cell line, Sum225, compared to HMEC (Fig. 1d, 
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e). In addition, ID2 expression was significantly elevated 
in human DCIS compared to paired normal gland when 
examined by immunohistochemistry (Fig.  1f). These 
results suggest that ID2 could play a role in the initiation 
of DCIS.

ID2 promotes proliferation and stemness 
of pre‑malignant cells in vitro

To investigate the roles of ID2 in DCIS formation, we 
overexpressed ID2 in MCF10A cells followed by injec-
tion of the established cell line into nude mice. However, 
MCF10A-ID2 cells failed to generate tumors (data not 
shown), suggesting that ID2 expression alone may not be 
enough to drive tumor initiation and that ID2 may need 
co-operation with other oncogenes to accelerate tumor 
progression. Therefore, we ectopically expressed ID2 in 
MCF10AT cells which derived from MCF10A by introduc-
ing constitutively activated RAS, and validated ID2 expres-
sion by qRT-PCR and western blot (Fig. 2a). The ectopic 
expression of ID2 significantly promoted cell prolifera-
tion of the pre-malignant MCF10AT cells (Fig. 2b). As 
ID2 is considered a stem cell factor, we also examined the 
effect of ID2 on the cancer stem cell population and self-
renewal ability of MCF10AT cells by FACS analysis and 
mammosphere forming assay, respectively. We found that 
the ectopic expression of ID2 significantly increased the 
CD24low/CD44high/ESAhigh cancer stem cell population and 
the number of spheres compared to control groups (Fig. 2c, 
d). In addition, we knocked down the ID2 genes in DCIS.
com and Sum225 (Fig. 2e), and examined their effects on 
cancer stem cells. As shown in Fig. 2f–h, knockdown of 
ID2 significantly decreased cell proliferation, cancer stem 
cell population, and mammosphere formation of DCIS.com 
cells. Because ID2 is considered to be one of the major 
regulators of dedifferentiation [17, 18], we performed 
a PCR array analysis to identify genes related to cancer 
stemness that are regulated by ID2. We found that several 
stem cell factors, including SOX2, SMO, and ZEB2, were 
upregulated in ID2 overexpressing cells (Fig. 2i) [19]. We 
further confirmed SOX2 upregulation by qRT-PCR and 
western blot (Fig. 2j).

Because DCIS is considered as the precursors of IDC, 
ID2 may also mediate progression of DCIS to IDC. There-
fore, we knocked down ID2 in MCF10CA cells and found 
that silencing ID2 decreased plating efficiency of MCF10CA 
cells but not their invasive ability (Fig. 2k, l). These results 
strongly suggest that upregulation of ID2 promotes the ini-
tiation of DCIS through expansion of the cancer stem cell 
population and that ID2 also required for cell proliferation 
of IDC.

ID2 promotes DCIS formation in vivo

To examine whether ID2 drives DCIS formation in vivo, 
we implanted MCF10AT and MCF10AT-ID2 cells into the 
mammary fat pad of nude mice (Fig. 3a). The MCF10AT 
cells failed to establish tumors in 3 weeks, whereas the 
MCF10AT-ID2 cells formed tumors efficiently with 100% 
incidence (Fig. 3b, c). H&E staining of tumors derived 
from MCF10A-ID2 revealed that tumors cells were con-
fined within the basement membrane and showed typical 
pathological features of DCIS (Fig. 3d, left). In addition, we 
found that ID2 was indeed highly expressed in rare tumor 
tissue formed by 10AT cells, indicating ID2 is required for 
the tumor initiation (Fig. 3d, right). In contrast, knockdown 
of ID2 in DCIS.com cells significantly suppressed overall 
tumor growth (Fig. 3e–g). Moreover, 4 out of 10 injected 
fat pads failed to form tumors even after 8 weeks. These 
results indicate that ID2 is a crucial factor in DCIS forma-
tion in vivo.

Aggressive genes are upregulated in invasive breast 
cancer

Although we have shown that ID2 plays a critical role in 
DCIS, our results suggest that other genes are involved in 
the progression of ID2-mediated DCIS to IDC. To eluci-
date the molecular mechanisms that promote the progres-
sion of DCIS to IDC, we compared the DCIS.com and 
MCF10CA for mRNA expression profiles and found that 
234 genes were upregulated in MCF10CA cells (Fig. 4a). 
We cross-verified expression of these genes in four clini-
cal cohorts, GSE26304, GSE59246, GSE14548, and 
GSE35019 individually and found that only gap junction 
protein beta 2 (GJB2) and inhibin beta A subunit (INHBA) 
were significantly upregulated in invasive breast cancer 
patients compared to DCIS patients in all four cohorts 
(Fig.  4a). We confirmed the expression of GJB2 and 
INHBA in DCIS.com and MCF10CA cells by qRT-PCR 
(Fig. 4b). GJB2 and INHBA are known key regulators 
of cancer progression (Fig. 4c) [20–22]. INHBA encodes 
the α chain of inhibin B, a hormone that is detectable in 
serum [23]. Therefore, we examined the level of INHBA 
in serum from healthy donors, DCIS patients, and invasive 
breast cancer patients. As shown in Fig. 4d, INHBA levels 
in invasive breast cancer patients were found to be sig-
nificantly higher than healthy donors and DCIS patients, 
suggesting that INHBA may serve as a non-invasive bio-
marker for detection of IDC.

To understand the function of INHBA and GJB2 genes 
in early-stage breast cancer progression, we knocked each 
gene down separately in MCF10CA cells by shRNA and 
examined the cancer-associated phenotypes, including 
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proliferation, 3D growth, invasion, anoikis resistance, and 
self-renewal. As shown in Fig. 5a–d, we found that knock-
down of INHBA and GJB2 significantly suppressed 3D 
growth, invasion, and mammosphere formation abilities. 
Consistent with previous finding that GJB2 regulates self-
renew ability, knockdown of GJB2 in MCF10CA cells 
dramatically decreased number of spheres. Of note, nei-
ther of these genes affected 2D growth (Fig. 5a). We also 
examined in vivo growth of these cell lines by transplant-
ing them into mammary fat pads of nude mice (Fig. 5e, 
f) and found that knockdown of either gene significantly 
suppressed in vivo growth of MCF10CA cells. Collec-
tively, these results suggest that INHBA and GJB2 are 
important aggressive driver genes of ID2-mediated DCIS 
into IDC.

ID2 and GJB2 expression predicts poor prognosis

Pre-malignant regulators are potential prognostic mark-
ers. Therefore, we examined prognostic values of ID2, 
INHBA, and GJB2 in a clinical cohort of 343 early-stage 
breast cancer patients of which 64% are DCIS (GSE30682). 
We found that patients with high expression of ID2 and 
GJB2 but not INHBA were more likely to have had recur-
rence after breast-conserving surgery (Fig. 6a). A recent 
study shows that GJB2, also known as CX26, drives self-
renewal in triple-negative breast cancer via NANOG and 
focal adhesion kinase (FAK) [24]. As ID2 and GJB2 both 

regulate stemness, patients with high expression of ID2 
and GJB2 are more likely to harbor a high population of 
cancer stem cell and may have a higher chance of recur-
rence and poor prognosis. Indeed, combination of ID2 
and GJB2 expression showed a higher predictive value of 
patient outcome than either ID2 or GJB2 expression alone 
(Fig. 6b, c). These results suggest that a patient with high 
expression ID2 and GJB2 has high risk of recurrence and 
those patients are candidates for preventive therapy after 
conserved surgery.

Helichrysetin inhibits DCIS formation

We have demonstrated that ID2 is a key initiating factor of 
DCIS and promotes the self-renewal of cancer stem cells, 
which is linked to poor prognosis. Interestingly, ID2 deple-
tion in an inducible whole-body ID2 knockout mouse is 
very well tolerated [25]. Therefore, ID2 is an excellent tar-
get for prevention of early-stage breast cancer among high-
risk populations. To identify a selective drug for ID2, we 
conducted an in silico screening of 650 natural products 
that were available at the National Center for Natural Prod-
uct Research at the University of Mississippi. The crystal 
structure of ID2 was previously determined [26]; therefore, 
we performed a virtual docking screening and identified 
two potential compounds that target ID2, Helichrysetin and 
Liquiritigenin (Fig. 7a). Our modeling indicated that these 
compounds dock in the pocket of ID2 at key residues (Leu 
49, Tyr 71 of the β-unit, and Gln 76 of the α-unit) that are 
involved in the dimerization of ID2 (Fig. 7b). We exam-
ined the effect of these compounds in DCIS.com cells and 
HMEC cells and found that only Helichrysetin significantly 
decreased colony forming ability in DCIS.com cells but 
not HMEC cells (Fig. 7c, d). Because ID2 promotes cancer 
stemness, we also evaluated the efficacy of Helichrysetin 
on the self-renewal ability of cancer stem cells and found 
that Helichrysetin significantly suppressed mammosphere 
formation and decreased the population of cancer stem cells 
in both DCIS.com and MCF10AT-ID2 cells (Fig. 7e, f). 
Moreover, we found that Helichrysetin significantly sup-
pressed DCIS growth in vivo with no significant side effects 
(Fig. 7g, h).

Discussion

We have shown that ID2 regulates initiation and progres-
sion of DCIS and that high expression of ID2 indicates 
poor survive in early-stage breast cancer. There are a few 
of research focus on role of ID2 in invasive breast cancer. 
Several groups reported that high ID2 level in breast can-
cer was correlated with non-invasiveness and a favorable 

Fig. 2   ID2 promotes stemness and proliferation of pre-malignant 
cells in  vitro. a Ectopic expression of ID2 in MCF10AT cells was 
confirmed by western blot (upper panel) and qRT-PCR (lower panel). 
b Cell proliferation was examined by MTS assay in MCF10AT and 
MCF10AT-ID2 cells. c The population of tumor-initiating cells in 
both MCF10AT and MCF10AT-ID2 cell lines were examined by 
FACS using the stem cell markers, CD24low/CD44high/ESAhigh. d 
Mammosphere formation assay of MCF10AT and MCF10AT-ID2 
cells. The number of mammospheres was counted under a micro-
scope. The test was performed for two cycles of the culture. Scale bar, 
100  µm. e ID2 expression was knocked down by shRNA in DCIS.
com and Sum225 cells and was confirmed by qRT-PCR and west-
ern blot. f Cell proliferation was examined by MTS assay in DCIS-
shCTRL, DCIS-shID2, Sum225-shCTRL, and Sum225-shID2 cells. 
g The population of tumor-initiating cells in DCIS-shCTRL, DCIS-
shID2, Sum225-shCTRL, and Sum225-shID2 cells cell lines were 
examined by FACS using the stem cell markers, CD24low/CD44high/
ESAhigh. h Mammosphere formation assay of DCIS-shCTRL, DCIS-
shID2, Sum225-shCTRL, and Sum225-shID2. The number of mam-
mospheres was counted under a microscope. Scale bar, 100  µm. i 
PCR array results MCF10AT-pCDH and MCF10AT-ID2 cells. j 
SOX2 expression in MCF10AT-pCDH and MCF10AT-ID2 cells was 
examined by qRT-PCR and western blot. k MCF10CA-shCTRL and 
MCF10CA-shID2 cells were seeded at 500 cells per well in a 6-well 
plate. Colonies were counted after 72  h. l MCF10CA-shCTRL and 
MCF10CA-shID2 cells were seeded at 1000 cells per well in inva-
sion chamber. Cells that invaded into matrix-gel were counted under 
microscope after 24 h

◂
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prognosis [14, 15, 27]. On the other hand, Kai L. et al. 
reported that ID2 predicted poor prognosis in breast cancer 
and inhibited E-cadherin expression [16]. However, these 
conclusions were not supported by paired clinical samples, 
statistical analysis, or in vivo experiments. In our study, we 
focused on ID2 expression in DCIS compared to normal and 
we found that ID2 expression was significantly upregulated 
in DCIS compared to adjacent normal. We also found that 
ID2 regulates tumor growth in vivo. These results strongly 
support that ID2 indeed drives early-stage breast cancer 
progression.

ID2 is known to be upregulated in cancer through mul-
tiple mechanisms [28–30]. In this study, we found that the 

RNA level of ID2 was highly upregulated, suggesting tran-
scriptional or mRNA level regulation of ID2 expression. It 
is known that ID2 can be upregulated by transcription fac-
tors, such as HIF1 and TWIST, and proteins, such as BMP7 
and TGF-β [31–33]. Interestingly, these factors are often 
upregulated in DCIS and IDC and may lead to upregulation 
of ID2 in breast cancer.

We found that two genes, GJB2 and INHBA, are upregu-
lated in breast cancer, and overexpression of these genes 
contributes to an aggressive phenotype. However, with the 
exception of the functional assays reported here, the roles of 
INHBA and GJB2 in breast cancer progression are not well 
studied. GJB2 and INHBA previously have been shown as 
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Fig. 3   ID2 promotes DCIS formation in  vivo. a MCF10AT-ID2 
and MCF10AT-pCDH (control) cells were implanted in the same 
mouse into the left and right side of the mammary fat pad, respec-
tively (n = 10, left panel). b Tumor growth was monitored with the 
IVIS imaging system for up to 3 weeks. Representative IVIS images 
on day 1 and day 21 are shown in the right panels. The growth kinet-
ics of tumor are shown in (c). d The tumors generated by MCF10AT-
ID2 cells in nude mice were sectioned and H&E stained (left panel). 

Tumor formed by MCF10AT showed strong ID2 expression. Scale 
bar, 100 µm. e DCIS-shCTRL and DCIS-shID2 cells were implanted 
into the mammary fat pad and monitored with the IVIS imaging sys-
tem for 3 weeks. Representative images of tumor signal at day 21. f 
Growth kinetic of tumors. g The tumors generated by DCIS-shCTRL 
and DCIS-shID2 cells in nude mice were sectioned and H&E stained. 
Scale bar, 100 µm
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one of the prognosis markers of the survival in pancreatic 
and colorectal cancer, respectively [22, 34]. Several stud-
ies have identified the association of INHBA expression 
with invasion or poor survival in cancer [22, 35, 36]. In 
this study, we not only found that INHBA level was asso-
ciated with cancer aggressiveness, but we also found that 
serum INHBA level may be a potential diagnostic marker 
of invasive breast cancer. In 88% of invasive breast cancer 
patients, the INHBA serum level was higher than 40 ng/
ml. However, only 23% of healthy donors or DCIS patients 
had serum INHBA levels higher than 40 ng/ml. Inhibin A 
and inhibin B levels have been used as clinical tumor diag-
nostic markers for ovarian cancer [37, 38]. Our results sug-
gest that INHBA may be a promising diagnostic marker for 
breast cancer progression. However, inhibin level is strongly 
affected by menstrual cycle [38, 39], and, therefore, large-
scale studies with known menstrual cycle status are needed 

to clarify the predictive value of serum INHBA level in 
breast cancer.

We also found that the cell adhesion protein GJB2 is 
upregulated in IDC compared to DCIS. Even though recent 
study has addressed the role of GJB2 on cancer stemness 
in breast cancer, our result suggests that GJB2 regulates 
a broad spectrum of biological process besides cancer 
stemness. It is noteworthy that a recent study has shown 
that metastatic cancer cells communicate with stroma cells 
through gap junctions [40] in which GJB2 plays an impor-
tant role. This finding suggests that upregulation of GJB2 
may enable cancer cells to communicate with stromal 
cells and aid cancer cell survival in the new microenviron-
ment. Additionally, enhanced gap junction communication 
between cancer cells could also be mediated by GJB2 to 
augment cancer invasion. Cancer cells are known to invade 
as a group, termed collective migration, rather than as a 
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Fig. 4   GJB2 and INHBA are upregulated in invasive breast can-
cer. a The expression profiles of syngeneic cell lines, DCIS.com 
and MCF10CA, were examined by the Affymetrix microarray. Two 
hundred and thirty-four genes were significantly upregulated in 
MCF10CA cells (p < 0.05). The expression status of these genes in 
human breast DCIS and invasive carcinoma were examined using 
the GSE26304, GSE59246, GSE14548, and GSE35019 cohorts. 

Among the 234 genes, two genes (GJB2 and INHBA) were sig-
nificantly upregulated in patients with invasive ductal carcinoma. b 
The expressions of INHBA and GJB2 were examined in DCIS.com 
and MCF10CA cells by qRT-PCR. c Summary of the functions of 
INHBA and GJB2. d Serum from normal subjects (n = 8), patients 
with DCIS (n = 5), and patients with invasive cancer (n = 9) were 
examined for the level of INHBA protein using ELISA assay kits
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single cell [41]. Gap junction communication established 
by GJB2 may enable multicellular organization and col-
lective migration.

Our results also suggest that ID2 is not a driver of tumor 
cell invasion, which is consistent with previously study 
[14, 15]. However, the knockdown of ID2 by shRNA led to 
growth retardation in aggressive breast cancer cells. Further-
more, treatment with Helichrysetin to target ID2 in a xeno-
graft model significantly suppressed or delayed breast cancer 
development. These findings suggest that targeting ID2-pos-
itive cells could prevent DCIS progression. Collectively, our 
results data suggest that suppression of ID2 by Helichryse-
tin is a feasible option for prevention of DCIS considering 
the minimum toxicity of the compound. Delivering drugs 

specifically to the tumor could further increase the specific-
ity and efficacy of treatment.

Conclusion

We have identified ID2 as a key factor of DCIS initiation and 
GJB2 and INHBA as aggressive factors during progression 
of ID2-mediated DCIS to IDC. ID2 is capable of promoting 
the cancer stem cell population in pre-malignant cells and 
leads to DCIS formation. Concomitant upregulation of GJB2 
further enhanced the stem cell population. High expression 
of ID2 and GJB2 indicates poor prognosis after conserved 
surgery in early-stage breast cancer.
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