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Abstract
Background: Both BRCA1 and epidermal growth factor receptor (EGFR) play a critical role in ovarian cancer progression.
However, the crosstalk between BRCA1 and EGFR signaling pathways in ovarian cancer remains largely unknown.
Methods: The effect of BRCA1 on EGFR was assessed in 146 serous ovarian cancer patients (28 pairs of BRCA1-mutated
or not, 23 pairs of BRCA2-mutated or not, and 22 pairs with hypermethylated BRCA1 promoter or not). BRCA1 promoter
methylation was analyzed by bisulfite sequencing using primers flanking the core promoter region. Expression levels
of BRCA1 and EGFR were assessed by immunohistochemistry and real-time PCR. The knockdown and overexpression of
BRCA1 were achieved using a lentiviral vector in 293 T cells, SKOV3 ovarian cancer cells, and primary non-mutated and
BRCA1-mutated ovarian cancer cells.
Results: EGFR expression was increased in all cancer tissues compared to normal tissues. Additionally, EGFR expression
was higher in normal tissues of BRCA1-mutated patients, and was further increased in cancer tissues; EGFR levels were
also significantly elevated in ovarian cancer with promoter hypermethylation-mediated inactivation of BRCA1. BRCA1
knockdown was an effective way to activate EGFR expression in ovarian cancer cells.
Conclusions: These results indicate that BRCA1 may be a potential trigger in transcriptional regulation of EGFR in the
development of ovarian cancer.
Keywords: BRCA1, BRCA2, Epidermal growth factor receptor, Ovarian cancer

Background
Ovarian cancer is characterized by a high rate of mortality among gynecologic oncology patients [1]. To date, although the exact cause of ovarian cancer remains largely
unknown, BRCA mutations are known hereditary factors, and the risk of ovarian cancer conferred by BRCA
mutations can be regulated by both genetic and environmental components [2]. The epidermal growth factor
receptor (EGFR) is a member of the ErbB family of receptor tyrosine kinases that exert a direct effect on ovarian cell proliferation, migration, and invasion, as well as
angiogenesis [3]. The overexpression of EGFR frequently
occurs in ovarian cancer tissues [3,4] and correlates with
poor prognosis of the patients [5,6]. Notably, emerging
evidence has established that: (i) EGFR is a potential
link between genetic and environmental interactions [7];
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(ii) EGFR and BRCA1 can be found in the same protein
complex, and convergence exists between EGFR- and
BRCA1-related signaling pathways [8,9]; and (iii) BRCA1
mutations are vulnerable to the development of EGFRpositive cancers [10]. Therefore, insights into the complex interrelationship between BRCA and EGFR might
improve our understanding of the basic molecular mechanism of ovarian cancer. For this reason, the present study
was undertaken to investigate EGFR expression after
BRCA inactivation events (mutation, promoter methylation, or knockdown), and to provide novel insights into
the regulatory mechanism of EGFR.

Methods
Patients and tissue collection

This study was approved by the Institutional Review
Board at China Medical University. Serous ovarian cancer patients (28 pairs of BRCA1-mutated or not, 23 pairs
of BRCA2-mutated or not, and 22 pairs with hypermethylated BRCA1 promoter or not) were enrolled between
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2010 and 2012, and all patients gave informed consent.
Fresh tumor samples, adjacent normal ovarian tissues,
ascites, and blood samples were obtained at the time
of primary surgery before any chemotherapy or radiotherapy. Hematoxylin and eosin staining of the samples
for histopathological diagnosis and grading were performed by three staff pathologists using the World
Health Organization criteria. All patients were screened
for BRCA1 and 2 mutations by multiplex polymerase
chain reaction (PCR) with complete sequence analysis, as
previously reported [11]. Their characteristics are given
in Additional file 1.
Cell culture and lentiviral transfection

Primary ovarian cancer cells were obtained from the
ascites of patients undergoing surgery for ovarian cancer
and cultured in RPMI 1640 with 10% fetal bovine serum
(Invitrogen, CA, USA) as described previously [12]. Human 293 T cells and SKOV3 ovarian cancer cells were
maintained in DMEM with 10% fetal bovine serum
(Invitrogen). Lentiviral vectors expressing short hairpin
RNAs (shRNAs) against BRCA1 (NM_007299) were
obtained from Genechem Co., Ltd (Shanghai, China),
and synthesized as follows: forward, 5′-CCGGAACCT
GTCTCCACAAAGTGTGCTCGAGCACACTTTGTGG
AGACAGGTTTTTTTG-3′, and reverse, 5′-AATTC
AAAAAAACCTGTCTCCACAAAGTGTGCTCGAGCA
CACTTTGTGGAGACAGGTT-3′. The non-silencing
shRNA sequence was used as a negative control and
synthesized as follows: forward, 5′-ccggTTCTCCGA
ACGTGTCACGTctcgagACGTGACACGTTCGGAGAA
tttttg-3′, and reverse, 5′-aattcaaaaaTTCTCCGAACG
TGTCACGTctcgagACGTGACACGTTCGGAGAA-3′.
For overexpression of BRCA1, the open reading frame of
BRCA1 (NM_007299) was cloned into the lentiviral vector GV287 (Ubi-MCS-3FLAG-SV40-EGFP) (Genechem).
Transfections were performed using polybrene and enhanced infection solution (Genechem) according to the
manufacturer’s recommended protocol.
Real-time PCR and immunohistochemical analysis

Real-time PCR and immunohistochemistry were performed as previously described [11]. The specific primer
sequences for real-time PCR were as follows: EGFR, 5′GCGAATTCCTTTGGAAAACC-3′ (F) and 5′- AAGG
CATAGGAATTTTCGTAGTACA-3′ (R); BRCA1, 5′GGCTATCCTCTCAGAGTGACATTT-3′ (F) and 5′-GC
TTTATCAGGTTATGTTGCATGG-3′ (R); GAPDH, 5′AGGTGAAGGTCGGAGTCA-3′ (F) and 5′-GGTCATT
GATGGCAACAA-3′(R). The primary antibody for immunohistochemistry was rabbit anti-EGFR of human origin
(1:250; Santa Cruz Biotechnology, CA, USA). Immunostaining was evaluated by two independent pathologists, blinded to the identity of subject groups. Area
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quantification was performed with a light microscope at a
magnification of 400× and analyzed by Image-Pro Plus 6.0
(Media 2 Cybernetics, USA). The intensity of staining was
divided into 10 units.
Bisulfite sequencing

Genomic DNA extracted from ovarian cancer and normal ovarian tissue with a TIANamp Genomic DNA kit
(Tiangen Biotech, Beijing, China) was subjected to bisulfite conversion using the EZ DNA Methylation-Direct kit
(Zymo Research, Orange, USA) following the manufacturer’s instructions. The conversion efficiency was estimated to be at least 99.6%. The DNA was then amplified
by nested PCR. After gel purification, cloning, and transformation into Escherichia coli Competent Cells JM109
(Takara, Tokyo, Japan), 10 positive clones of each sample
were sequenced to ascertain the methylation patterns of
each CpG locus. The following primers were used: round I,
5′-TTGTAGTTTTTTTAAAGAGT-3′ (F) and 5′-TACT
ACCTTTACCCAAAACAAAA-3′ (R); and round II, 5′GTAGTTTTTTTAAAGAGTTGTA-3′ (F) and 5′-ACC
TTTACCCAAAACAAAAA-3′ (R). The conditions were
as follows: 95°C for 2 min, 40 cycles of 30 s at 95°C, 30 s at
56°C, and 45 s at 72°C, then 72°C for 7 min.
Statistical analysis

The data are presented as mean ± standard deviation
(SD). Statistical differences in the data were evaluated
by a Student’s t-test or one-way analysis of variance
(ANOVA) as appropriate, and were considered significant at P < 0.05.

Results
Differences in expression patterns of EGFR in non-mutated
and BRCA1- or BRCA2-mutated ovarian cancer

Real-time PCR and immunohistochemical analysis showed
that the levels of EGFR mRNA and protein were increased
in non-mutated and BRCA1-mutated ovarian cancer compared with their adjacent normal tissue. It is interesting
to note that BRCA1-mutated ovarian cancer showed
dramatically increased expression of EGFR compared
with the remaining three groups (Figure 1A and B).
However, although the levels of EGFR mRNA and protein
were increased in non-mutated and BRCA2-mutated ovarian cancer compared with their adjacent normal tissue,
there was no significant difference in the expression of
EGFR between the non-mutated and BRCA2-mutated
groups, including ovarian cancer and normal ovarian
tissue (Figure 1C and D).
Reduced expression of BRCA1 mediated by BRCA1 promoter
hypermethylation is inversely correlated with EGFR levels

In mammals, promoter methylation is an epigenetic
modification involved in regulating gene expression [13].
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Figure 1 EGFR expression patterns in non-mutated and BRCA1- or BRCA2-mutated ovarian cancer. A and C, relative EGFR mRNA levels
were measured in non-mutated and BRCA1- or BRCA2-mutated ovarian cancer, and their adjacent normal tissue. Bar graphs show mean ± SD.
B and D, EGFR protein levels assessed by immunohistochemistry in non-mutated and BRCA1- or BRCA2-mutated ovarian cancer, and their
adjacent normal tissue. The intensity of staining was divided into 10 units.

Consistent with this idea, we showed that ovarian cancer
tissue with a hypermethylated BRCA1 promoter (Figure 2B
and D, P < 0.05) displayed reduced expression of BRCA1
(Figure 2E, P < 0.05) compared with adjacent normal
tissue. However, no significant BRCA1 expression differences (Figure 2H, P > 0.05) were observed in ovarian cancer with an unmethylated BRCA1 promoter
(Figure 2C and G, P > 0.05) compared with adjacent
normal tissue. Based on these considerations, the low
levels of BRCA1 mediated by promoter hypermethylation was an appropriate model for investigating the
physiological relationship between BRCA1 and EGFR.
Notably, the expression levels of EGFR were markedly

increased (Figure 2F, P < 0.05), along with a hypermethylated promoter-mediated BRCA1 deficiency in ovarian
cancer (Figure 2E, P < 0.05). However, although the expression of EGFR was also increased in ovarian cancer
tissue (Figure 2I, P < 0.05) along with no significant difference in BRCA1 promoter methylation or expression
(Figure 2G and H, P > 0.05), the increased levels of EGFR
was not significant compared with ovarian cancer with
BRCA1 deficiency.
BRCA1 can regulate EGFR expression in ovarian cancer cells

To further confirm the role of BRCA1 in the regulation
of EGFR, the effects of overexpression or knockdown of
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Figure 2 EGFR expression patterns in ovarian cancer with hypermethylated promoter-mediated BRCA1 inactivation. A, the location of
CpG sites in the core promoter region of the BRCA1. Genomic coordinates are shown, along with the primer-amplified fragments, GC percentage,
location of individual CpG dinucleotides (dashes), and BRCA1 RefSeq gene (exon 1 is shown as a blue box and the intron is shown as an
arrowed line). The arrow indicates the direction of transcription. B and C, comparative analysis of methylation patterns in the core promoter
region of BRCA1 in ovarian cancer and adjacent normal tissue. The circles correspond to the CpG sites denoted by black dashes in A. Closed
circles, methylation; open circles, unmethylated. Ten individual clones were sequenced for each sample. D and G, summary of the methylation
levels of BRCA1 core promoter from the measurements shown in B and C, respectively. E and H, relative BRCA1 mRNA levels were measured in
ovarian cancer with identified hypermethylated or unmethylated BRCA1 promoter, compared with their adjacent normal tissue. F and I,
relative EGFR mRNA levels were measured in ovarian cancer with identified BRCA1 inactivation or not, respectively. Bar graphs show mean ± SD.
* P < 0.05 vs. normal.

BRCA1 were evaluated in 293 T cells, human ovarian
cancer cell line SKOV3, and primary ovarian cancer cells
with identified BRCA1 mutations or no BRCA1 mutations. The results indicated that there were no significant changes in the expression of EGFR after the
overexpression or knockdown of BRCA1 in 293 T cells
(Figure 3A). Interestingly, we observed that the knockdown
of BRCA1 was an effective way to induce an increase
of EGFR levels in SKOV3 and non-BRCA1-mutated

ovarian cancer cells (Figure 3B and C). In addition,
the overexpression of BRCA1 can effectively reduce the
expression of EGFR in BRCA1-mutated ovarian cancer
cells (Figure 3D).

Discussion
In this study, we report an association between BRCA1
and EGFR status in ovarian cancer cells: (i) although
EGFR expression was increased in BRCA1- and BRCA2-
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Figure 3 Effects of BRCA1 on EGFR expression. A–D, relative EGFR mRNA levels after the overexpression or knockdown of BRCA1 in 293 T
cells, human SKOV3 ovarian cancer cells, and primary non-mutated and BRCA1-mutated ovarian cancer cells. Bar graphs show mean ± SD. * P < 0.05 vs.
normal. Sh, short hairpin RNAs; Op, overexpression.

mutated ovarian cancer, only the BRCA1-mutated group
exhibited dramatically increased expression of EGFR compared with the non-BRCA1-mutated group; (ii) BRCA1
inactivation (BRCA1 mutation or promoter hypermethylation) dramatically increased the expression of EGFR;
and (iii) BRCA1 knockdown was an effective way to activate the EGFR gene. These results suggest that BRCA1
may be a potential regulator of EGFR in ovarian cancer,
although a similar phenomenon has even been observed
in breast cancer [14]. It appears that BRCA1 rather
than BRCA2 may be a potential regulator of EGFR
expression. In agreement with these findings, Nisman
suggested that the concentration of soluble EGFR was
significantly higher in women with BRCA1 mutations
than in controls and women with BRCA2 mutations
[8]. Interestingly, the activation effect due to the loss of
BRCA1 was primarily observed in cells originating from
ovarian cancer, while 293 T cells were insensitive to the
overexpression or knockdown of BRCA1. Hence, the
induced expression of EGFR was likely to be the result
of a complex interaction of special factors in ovarian cancer cells. Notably, several studies suggest that BRCA1
haploinsufficiency is more likely to become cancerous
compared with the non-BRCA1-mutated group, due to
an extraordinary ability for clonal growth and proliferation [15]. EGFR also plays an important role in regulating cell proliferation and resistance to cell apoptosis
during cancer development [3]. As shown in Additional
file 2 (methods shown in Additional file 3), BRCA1
knockdown-mediated EGFR overexpression is associated with increased proliferation, and proliferative effects were reversed by the EGFR inhibitor erlotinib.
Moreover, patients with low BRCA1-related high levels
of EGFR showed a trend for poor survival (Additional

file 4, methods shown in Additional file 3). Therefore,
it can be predicted that BRCA1 inactivation-related
high levels of EGFR may be involved in promoting
ovarian cancer progression. To date, it is not fully
understood how BRCA1 represses EGFR gene expression at the molecular level. However, is it possible that
the repression takes place at the transcriptional level?
Some insight was gained by a study demonstrating that
BRCA1 is an important transcriptional regulator, which
modulates the translational efficiency of approximately
7% of the mRNAs expressed in human breast cancer cell
line MCF-7 [16]. A growing body of evidence suggests
that BRCA1 has extensive cellular effects on hormone
receptor signaling pathways. For example, BRCA1 can
inhibit progesterone receptor (PR) activity in the PRpositive human breast cancer cell line T47D [17,18] and
repress estrogen receptor-alpha activity in MCF-7 cells
[19]. BRCA1 may also be a potential regulator of the
insulin-like growth factor 1 receptor in human breast
cancer cell line HCC1937 [20]. However, to date, there
have been few reports about the interactions between
BRCA1 and EGFR in ovarian cancer.

Conclusions
The present study supports the theory that the EGFR
gene is also a physiologically relevant downstream target
for BRCA1. The data presented in this study emphasize
the convergence of the EGFR-mediated cell proliferation
pathway and BRCA1-mediated antitumor mechanism.
Clarifying the complex interactions between BRCA1 and
EGFR signaling pathways at the transcriptional, posttranscriptional, and epigenetic levels may improve our understanding of the basic molecular mechanism of ovarian
cancer.

Li et al. Journal of Experimental & Clinical Cancer Research 2013, 32:102
http://www.jeccr.com/content/32/1/102

Page 6 of 6

Additional files
Additional file 1: Table S1. Clinical characteristics for the 28 BRCA1mutated serous ovarian cancer patients. Table S2: Clinical characteristics
for the 23 BRCA2-mutated serous ovarian cancer patients.

9.

10.

Additional file 2: Cell proliferation after the overexpression of
BRCA1, or knockdown of BRCA1 plus erlotinib or not.
Additional file 3: Supplementary methods.
Additional file 4: Univariate analysis of overall survival for ovarian
cancer patients with low BRCA1-high EGFR expression and high
BRCA1-low EGFR expression.

11.

12.
Abbreviations
ANOVA: Analysis of variance; EGFR: Epidermal growth factor receptor;
PCR: Polymerase chain reaction; PR: Progesterone receptor; shRNAs: Short
hairpin RNAs; SD: Standard deviation.

13.

Competing interests
The authors declare that they have no competing interests.

14.

Authors’ contributions
DL and QY conceived of the study, participated in its design and drafted the
manuscript. DL, FFB and JMC carried out data acquisition and interpretation.
CC and CYL participated in the design of the study and performed the
statistical analysis. All authors read and approved the final manuscript.

15.

Acknowledgements
This work was supported by the 973 Program of China (No. 2011CB933504),
Natural Science Foundation of China (No. 81071072) and the Higher
Specialized Research Fund for Doctoral Program of Ministry of Education of
China (No. 20122104110027).

16.

Author details
1
Department of Obstetrics and Gynecology, Shengjing Hospital, China
Medical University, No. 36, Sanhao Street, Heping District, Shenyang 110004,
China. 2Department of Physiology and Pathophysiology, Institute of Basic
Medical Sciences, Chinese Academy of Medical Sciences, School of Basic
Medicine Peking Union Medical College, Beijing 100005, China. 3Department
of Pathology, Chinese PLA General Hospital, Beijing 100853, China.
4
Department of Histology and Embryology, Institute of Basic Medical
Sciences, Chinese Academy of Medical Sciences, School of Basic Medicine
Peking Union Medical College, Beijing 100005, China.

18.

Received: 24 September 2013 Accepted: 5 December 2013
Published: 9 December 2013
References
1. Kim A, Ueda Y, Naka T, Enomoto T: Therapeutic strategies in epithelial
ovarian cancer. J Exp Clin Cancer Res 2012, 31:14.
2. Werner H, Bruchim I: IGF-1 and BRCA1 signalling pathways in familial
cancer. Lancet Oncol 2012, 13:e537–e544.
3. Gui T, Shen K: The epidermal growth factor receptor as a therapeutic
target in epithelial ovarian cancer. Cancer Epidemiol 2012, 36:490–496.
4. Sheng Q, Liu J: The therapeutic potential of targeting the EGFR family in
epithelial ovarian cancer. Br J Cancer 2011, 104:1241–1245.
5. Alberti C, Pinciroli P, Valeri B, Ferri R, Ditto A, Umezawa K, Sensi M, Canevari S,
Tomassetti A: Ligand-dependent EGFR activation induces the co-expression
of IL-6 and PAI-1 via the NFkB pathway in advanced-stage epithelial ovarian
cancer. Oncogene 2012, 31:4139–4149.
6. Bull Phelps SL, Schorge JO, Peyton MJ, Shigematsu H, Xiang LL, Miller DS,
Lea JS: Implications of EGFR inhibition in ovarian cancer cell proliferation.
Gynecol Oncol 2008, 109:411–417.
7. Wei Y, Zou Z, Becker N, Anderson M, Sumpter R, Xiao G, Kinch L, Koduru P,
Christudass CS, Veltri RW, Grishin NV, Peyton M, Minna J, Bhagat G, Levine B:
EGFR-mediated Beclin 1 phosphorylation in autophagy suppression, tumor
progression, and tumor chemoresistance. Cell 2013, 154:1269–1284.
8. Nisman B, Kadouri L, Allweis T, Maly B, Hamburger T, Gronowitz S, Peretz T:
Increased proliferative background in healthy women with BRCA1/2

17.

19.

20.

haploinsufficiency is associated with high risk for breast cancer.
Cancer Epidemiol Biomarkers Prev 2013, 22:2110–2115.
Nowsheen S, Cooper T, Stanley JA, Yang ES: Synthetic lethal interactions
between EGFR and PARP inhibition in human triple negative breast
cancer cells. PLoS One 2012, 7:e46614.
Burga LN, Tung NM, Troyan SL, Bostina M, Konstantinopoulos PA, Fountzilas H,
Spentzos D, Miron A, Yassin YA, Lee BT, Wulf GM: Altered proliferation and
differentiation properties of primary mammary epithelial cells from BRCA1
mutation carriers. Cancer Res 2009, 69:1273–1278.
Bi FF, Li D, Yang Q: Promoter hypomethylation, especially around the E26
transformation-specific motif, and increased expression of poly (ADP-ribose)
polymerase 1 in BRCA-mutated serous ovarian cancer. BMC Cancer 2013,
13:90.
Szlosarek PW, Grimshaw MJ, Kulbe H, Wilson JL, Wilbanks GD, Burke F,
Balkwill FR: Expression and regulation of tumor necrosis factor alpha in
normal and malignant ovarian epithelium. Mol Cancer Ther 2006,
5:382–390.
Varley KE, Gertz J, Bowling KM, Parker SL, Reddy TE, Pauli-Behn F, Cross MK,
Williams BA, Stamatoyannopoulos JA, Crawford GE, Absher DM, Wold BJ,
Myers RM: Dynamic DNA methylation across diverse human cell lines
and tissues. Genome Res 2013, 23:555–567.
Burga LN, Hu H, Juvekar A, Tung NM, Troyan SL, Hofstatter EW, Wulf GM:
Loss of BRCA1 leads to an increase in epidermal growth factor receptor
expression in mammary epithelial cells, and epidermal growth factor
receptor inhibition prevents estrogen receptor-negative cancers in
BRCA1-mutant mice. Breast Cancer Res 2011, 13:R30.
Samani AA, Yakar S, LeRoith D, Brodt P: The role of the IGF system in
cancer growth and metastasis: overview and recent insights. Endocr Rev
2007, 28:20–47.
Dacheux E, Vincent A, Nazaret N, Combet C, Wierinckx A, Mazoyer S, Diaz JJ,
Lachuer J, Venezia ND: BRCA1-Dependent Translational Regulation in
Breast Cancer Cells. PLoS One 2013, 8:e67313.
Calvo V, Beato M: BRCA1 counteracts progesterone action by ubiquitination
leading to progesterone receptor degradation and epigenetic silencing of
target promoters. Cancer Res 2011, 71:3422–3431.
Katiyar P, Ma Y, Riegel A, Fan S, Rosen EM: Mechanism of BRCA1-mediated
inhibition of progesterone receptor transcriptional activity. Mol Endocrinol
2009, 23:1135–1146.
Ma Y, Fan S, Hu C, Meng Q, Fuqua SA, Pestell RG, Tomita YA, Rosen EM:
BRCA1 regulates acetylation and ubiquitination of estrogen receptor-alpha.
Mol Endocrinol 2010, 24:76–90.
Maor S, Yosepovich A, Papa MZ, Yarden RI, Mayer D, Friedman E, Werner H:
Elevated insulin-like growth factor-I receptor (IGF-IR) levels in primary
breast tumors associated with BRCA1 mutations. Cancer Lett 2007,
257:236–243.

doi:10.1186/1756-9966-32-102
Cite this article as: Li et al.: Effect of BRCA1 on epidermal growth factor
receptor in ovarian cancer. Journal of Experimental & Clinical Cancer
Research 2013 32:102.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

