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cancer treatment.

Abbreviations: AP-2y = activator protein-2 gamma, CDKN1A = cell cycle inhibitor p21, EGFR = epidermal growth factor
receptor, ER = estrogen receptor, HER2 = human epidermal growth factor receptor 2, PR = progesterone receptor, RET =
receptor tyrosine kinase, TFAP2C = transcription factor-activating enhancer-binding protein 2C, TGFBR1 = transforming growth
factor-3 receptor type 1, TNM = tumor-node-metastasis, Wwox = WW domain containing oxidoreductase.
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Activator protein-2 gamma (AP-2y) is a crucial transcription factor involved in breast cancer development. Abnormal expressi$
and activity of AP-2y have also been identified as important markers of malignancy. In the last decade, the importance of AP-2y
in breast cancer progression has been widely studied. In this review, we summarize the current knowledge on the regulatory roles
of AP-2y in breast cancer oncogenesis and progression and its potential as a diagnostic biomarker and drug target in breast

1. Introduction

Breast cancer is the most common type of cancer among
female.l"! A range of modern lifestyles have been identified as
risk factors contributing to the increased incidence of breast
cancer, including overweight, sedentary lifestyle, processed food
consumption, tobacco use, and alcohol abuse. Therefore, there
is an urgent need to explore novel strategies for diagnosing and
treating breast cancer. Breast cancer is a highly heterogeneous
disease with various molecular features that determine its clin-
ical response to different treatment.”’ According to the gene
expression profiles, breast cancer can be divided into 4 major
subtypes: luminal A (estrogen receptor [ER] positive, human
epidermal growth factor receptor 2 [HER2] negative, and pro-
gesterone receptor [PR] high), luminal B (ER positive, HER2
negative, and PR low), HER2 overexpression, and triple-nega-
tive/basal-like.B! Transcription factors that control gene expres-
sion, especially the signature genes for each subtype, are thought
to play a critical role in the development of breast cancer and
might possess great diagnostic merit.

Activator protein-2 gamma (AP-2vy) belongs to the AP-2 fam-
ily of transcription factors and consists of 5 discovered mem-
bers: AP-2a0 AP-23, AP-2y, AP-28, and AP-2¢.*! The amino acid
sequences of AP-2a, AP-2f3, and AP-2y shared >75% similarity,
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whereas AP-26 and AP-2¢ exhibited more distinct features.>!
Furthermore, the regulatory roles of AP-2vy transcription fac-
tors in tumor progression have been extensively investigated
in many cancer types. For example, AP-2y promotes lung tum-
origenesis via inducing transforming growth factor-p receptor
type 1-mediated p21 protein (Cdc42/Rac)-activated kinase
1 activation’® and the miR-183/miR-33a pathway.”’ miR-214
contributes to melanoma tumor metastasis and progression by
targeting AP-2v,'% whereas miR-200a inhibits neuroblastoma
cell proliferation by suppressing AP-2vy.['!l Recently, AP-2y was
found to regulate doxorubicin resistance in osteosarcoma by
forming an AP-2y/IncRNA(LINC00922)/miRNA(miR-424-5p)
feedback loop.!"?l AP-2y has also been proposed as a diagnostic
and prognostic marker for several types of cancer, such as ade-
nocarcinomas, primary melanomas,!’¥ germ cell tumors (includ-
ing testicular carcinoma,!'* seminomatous germ cell tumors!'>!¢;
and malignant ovarian germ cell tumors.!'”! Recently, the role of
AP-2y in breast cancer has been investigated extensively. For
instance, the aberrant expression of AP-2vy (as well as AP-20 and
AP-2p) has been reported in breast cancer."$! Particularly, AP-2y
are believed to play complex roles in the development of breast
cancer."” In this mini review, we summarize the current knowl-
edge about the role of AP-2y in breast cancer progression and its
potential as a drug target in breast cancer treatment.
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2. Structure of AP-2y protein

Full-length AP-2y protein in humans is a 48kDa transcrip-
tion factor encoded by the transcription factor-activating
enhancer-binding protein 2C gene, which can bind to a range
of G/C-rich elements such as DNA sequences containing a
GCCNNNGGC motif.?T AP-2vy protein contains a unique con-
served helix-span-helix motif at the C-terminus shared by all
members of the AP-2 family, which confers the principal DNA-
binding activity with an adjacent basic domain in front."! This
helix-span-helix motif also mediates homodimerization and
heterodimerization between AP-2y and other members of the
AP-2 family. AP-2y dimerization is also necessary for UBC9 (a
SUMO-conjugating enzyme)-mediated sumoylation at Lysine
10 in vivo. Interestingly, this sumoylation site (at N-terminus)
is far from the UBC9 interaction site (DNA-binding domain at
the C-terminus), suggesting that the N-terminus of AP-2y folds
back toward the C-terminus during this posttranslational mod-
ification.”?'! Furthermore, the sumoylation at Lysine10 was also
found to decrease the transcription activation potential of AP-2y,
highlighting the complex regulation of AP-2y activity via multi-
ple mechanisms, such as posttranslation modification. In addi-
tion, analysis of the AP-2y protein revealed that its N-terminus
contains a proline- and glutamine-rich activation domain. In
attempts to elucidate the promoter of AP-2y in mammary car-
cinoma cells, the results revealed that its promoter lacks the
TATA-box and canonical binding sites for general transcription
factors.”?? Instead, Sp1 and Sp3 were identified to determine the
transcription of AP-2y via binding to 3 Sp1/SP3-binding sites in
the CpG island in the AP-2y promoter region!®! (Fig. 1).

2.1. The role of AP-2v in the development of normal breast
tissues

Previous studies have suggested that AP-2y is an essential
transcription factor in normal breast development. The AP-2y
expression pattern is strongly associated with the mam-
mary gland at developmental stages, which could be initially
detected in the embryonic mammary gland and continued to
increase during puberty. AP-2y levels are further augmented
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Figure 1. Structure of AP-2y protein. AP-2y protein contains a unique
conserved helix-span-helix motif at the C-terminal, which mediates the
dimerization of the proteins and DNA-binding together with the basic domain.
Meanwhile, a proline- and glutamine-rich activation domain locates at the
N-terminus of the AP-2y protein. AP-2y = activator protein-2 gamma.
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during pregnancy and return to low levels in lactating mam-
mary tissue. Evidence from immunohistochemistry results
also demonstrated that AP-2y was strongly expressed in the
myoepithelial precursors during the budding and branching
processes in fetal breast development in mice, suggesting the
necessity of AP-2vy in the formation of fetal breast anlage.’?*
Using the AP-2y conditional knockdown model, it was also
shown that decreasing AP-2y in mouse mammary epithelium
caused a lower ratio of luminal cell population to basal cell
population and aberrant growth of the mammary tree.l’!
Likewise, lactation deficiency caused by impaired mammary
gland development was observed in transgenic mice over-
expressing AP-2y in the mammary gland. The underlying
mechanism involves hyperproliferation, enhanced apoptosis,
and repressed differentiation of epithelial cells in transgenic
mammary glands.*) Recently, mammary stem cell-specific
conditional transcription factor-activating enhancer-binding
protein 2C knockout mice also demonstrated loss of AP-2y
impaired mammary ductal outgrowth due to decreased mul-
tipotency of mammary stem cells.*”? Taken together, these
findings highlight the indispensable role of AP-2y in normal
mammary gland development.

2.2. AP-2vy as a diagnostic and prognostic indicator in
breast cancer

Alterations in AP-2y expression have been determined in several
clinical studies searching for novel breast diagnostic markers
(Table 1). The obtained evidence showed that aberrant eleva-
tion of AP-2y expression was observed in both luminal-like and
basal-like subtypes breast cancer.?$3%l Indeed, frequent amplifi-
cation at regions of chromosome 20q13 where the AP-2y gene
is located is commonly found in primary breast tumors,’+%!
which is believed to contribute, at least partly, to the elevated
expression of AP-2y.

Moreover, AP-2y was also found to be an important prog-
nostic indicator for breast cancer. A number of studies have
highlighted the prognostic implication of AP-2y expression level
in hormone receptor-positive breast cancer. For example, high
expression of AP-2y was reported to be associated with reduced
disease-free survival®®! and overall survival 10 years after diag-
nosis in ERa-positive and endocrine therapy-treated patients.?’!
In another prognostic study to search for novel markers other
than PR and HER2 for the prediction of tamoxifen response,
significantly increased AP-2y and reduced WW domain con-
taining oxidoreductase (Wwox) expressions were observed in
tamoxifen-resistant tissue sections. Particularly, the nuclear
AP-2y and Wwox expression levels even showed advantages
over HER2 and PR in predicting resistance in low-risk and high-
risk patients.’! Considering that Wwox can inhibit AP-2y from
entering the nucleus by physically binding to AP-2vy,13?I these
results may indicate that AP-2y cell distribution mediated by
Wwox also plays a crucial role in determining the tamoxifen
response in breast cancer. Recently, genome-wide transcriptomic
analysis in 134 patients with metastatic ERa-positive breast
cancer also revealed that AP-2vy levels demonstrated a strong

The association between AP-2y expression levels and outcomes of patients with breast cancer.

AP-2v level Type of BC Outcomes Reference

1 ERa-positive and endocrine therapy-treated Disease-free survival| and overall survival after 10 yr| 2829]
patients

1 ERa-positive with fulvestrant-treated patients Response to fulvestrant treatment | (50

Twith Wwox) Tamoxifen-resistant patients Response to tamoxifen| 181,32

T(with CD44]) Patients with basal-derived breast cancer Reaching pathologic complete response upon neoadjuvant chemotherapy? 9

AP-2y = activator protein-2 gamma, BC = breast cancer, ER = estrogen receptor, Wwox = WW domain containing oxidoreductase.
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negative correlation with the response to fulvestrant treat-
ment.B% The evidence together strongly suggests AP-2y expres-
sion levels possess great prognostic value for antihormone
treatment. Notably, another study revealed that AP-2y regu-
lated epidermal growth factor receptor and receptor tyrosine
kinase (RET) expressions mediate the response to vandetanib
in luminal breast cancer. Since vandetanib may provide a ther-
apeutic effect in luminal breast cancer, AP-2y may also be used
to predict the response to vandetanib treatment, together with
epidermal growth factor receptor and RET.5¢

In addition, AP-2y was also found to predict the outcome
in patients with HER2-positive breast cancer. The AP-2vy gene
signature (16-gene panel) was found to be highly predictive of
distant metastasis-free survival in patients with ERa-negative,
HER2-positive breast cancer.?”!

Interestingly, in basal-derived breast cancer, high levels of
AP-2y (together with low levels of CD44) seem to be associated
with a higher chance of reaching pathologic complete response
after neoadjuvant chemotherapy. Using the triple-negative cell
line MDA-MB-231, it was further revealed that overexpression
of AP-2vy can suppress the transcription of CD44, indicating that
AP-2y may also be an important prognostic indicator for neoad-
juvant chemotherapy.?®*!

2.3. The role of AP-2v in breast cancer

Besides its crucial role in embryonic development, AP-2y also
regulates a range of cellular events in breast cancer cells. For
instance, the regulatory effects of AP-2y on the cell cycle have
been well studied in breast cancer cells. Silencing of AP-2y in
MCF-7 cells caused partial G1/S arrest, the underlying mecha-
nism of which may involve AP-2y silencing induced active chro-
matin conformation at the cell cycle inhibitor p21 (CDKN1A)
locus and increased CDKN1A (a cell cycle regulator) expres-
sion.B¥! Consistent with these results, another study conducted
by Wong et al also demonstrated that MCF-7 cells with stable
AP-2y knockdown showed increased CDKN1A transcription.
The AP-2y might repress CDKNTA expression in conjunction
with the oncoprotein Myc proto-oncogene, BHLH transcription
factor, and lysine-specific demethylase 5B, which could form a
ternary complex containing AP-2vy locating at the AP-2y-bind-
ing site in the CDKN1A promoter and collaborate for opti-
mal CDKNT1A repression. Overexpression of these 3 proteins
induced MCEF-7 cells to enter the S-phase even in the presence
of chemotherapy drugs with attenuated checkpoint activation,
strongly suggesting that aberrant AP-2y activity may contribute
to the failure of chemotherapy in breast cancer.®”! In contrast,
in triple-negative MDA-MB-231 cells, overexpression of AP-2y
led to cell cycle arrest with induced CDKN1A expression,*!
highlighting the AP-2y might exert different (even contradic-
tory) functions in cell cycle regulation in different breast cancer
subtypes.

Consistently, AP-2y was also reported to play complex roles
in cell proliferation. For example, it was revealed that AP-2y
plays dual roles in HER2-positive breast cancer cell proliferation
depending on its progression stages: proliferation was enhanced
at early stages but reduced in advanced stages in comparison
to control tumors.!"”! Recently, a study using a tissue-specific
transgenic mouse model demonstrated overexpression of AP-2y
in mammary glands resulted in hyperproliferation of epithelial
cells,?¢ also indicating the potential important role of AP-2y in
breast carcinoma in vivo.

In addition, as an important transcription factor in breast
cancer cells, AP-2y directly regulates the transcription of a num-
ber of genes associated with histopathological, molecular and
prognostic features of breast cancer, including ERa, HER2, RET,
Forkhead Box A1, GATA-Binding Protein 3 (GATA3), Myb pro-
to-oncogene, transcription factor, e-cadherin, integrins, matrix
metalloproteinases, cytokeratins, fructose-1,6-bisphosphatase,
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and heparanase.*'*! Interestingly, because AP-2y recognizes
GC-rich sequences, CpG islands located around the promoters
of AP-2vy target genes appear to play important roles in the reg-
ulation of transcription. For example, differences in CpG island
methylation between ERa-positive and ERa-negative breast
cancer cells led to different accessibility of the ERa promoter
for AP-2y binding.*¥! Similarly, glutathione peroxidase 1, a key
factor influencing the oxidative stress response in breast cancer,
is mainly controlled by AP-2y and the methylation status of the
promoter. Indeed, methylation of the glutathione peroxidase 1
promoter has been identified in approximately 20% of primary
breast cancers.*) RET is another good example of AP-2vy regu-
lated proto-oncogene in breast cancer. Studies have identified §
AP-2v binding sites in the RET promoter which mediate AP-2y
induced RET expression.* Interestingly, CpG island methyla-
tion of the RET promoter and decreased RET expression have
been linked to poor prognosis in tumor-node-metastasis (TNM)
stage II colorectal cancer patients,*”*®! suggesting that epigene-
tic modification of CpG islands may also influence RET expres-
sion in breast cancer. Considering that promoter CpG hyper/
hypomethylation is often observed in cancer, it may provide
a possible explanation for why aberrance of AP-2y mediated
genes expression is common in breast cancer. Meanwhile, the
interacting partners of AP-2y in the transcription factor com-
plex would also significantly affect the regulation of its target
genes transcription. For example, the DNA repair protein Ku70
is recruited to the proximal promoter of the HER2 gene, where
Ku70 physically interacts with AP-2y to increase HER2 mRNA
and protein levels in breast cancer cells.!*3!

AP-2v also plays an important role in the maintenance of the
luminal phenotype of human breast cancer cells. Knockdown
of AP-2y in luminal breast carcinoma cells induces epithe-
lial-mesenchymal transition with morphological and phe-
notypic changes as well as a decrease in luminal marker gene
expression (including CD44 and E-cadherin) and an increase
in basal marker gene expression (such as CD24, vimentin, and
N-cadherin).!! In addition, AP-2y represses CD44 expression
in basal-derived breast cancer cells.>* Notably, AP-2y-mediated
repression of CD44 expression seems to be mediated by AP-2y
binding to the first intron of CD44, showing that AP-2y can
also regulate gene transcription in addition to binding to the
traditional promoter region. Recent evidence also showed that
carbonic anhydrase XII is regulated by AP-2y by binding to its
promoter region in both luminal A and luminal B breast cancers,
while carbonic anhydrase XII expression is silenced in basal
breast cancer via both CpG methylation and histone deacetyl-
ation. This finding highlights the crucial role of AP-2vy in the
maintenance of the luminal breast cancer phenotype.*’

2.4. Crosstalk between AP-2y and ERa in breast cancer

It is widely accepted that estrogen-dependent gene regulation
plays a vital role in breast tumor progression, especially in hor-
mone-dependent breast cancer. ERa is the key receptor trans-
ducing estrogen signals into the nucleus, whose activity is also
profoundly regulated by other co-factors.’” Indeed, crosstalk
between AP-2y and ERa has received significant attention in
recent decades. By comparing the epigenetic chromatin struc-
ture of the ERa promoter region in ERa-negative cell lines
(MDA-MB-231, MCE-10A, and MCF-7:5C) with ERa-positive
cell lines (MCF-7 and T47D), we found that chromatin accessi-
bility (measured as CpG island methylation and H3K9 deacetyl-
ation) in this region was significantly lower in ERa-negative cell
lines. Furthermore, treatment with AZA/TSA in ERa-negative
cell lines increased chromatin accessibility for AP-2y and poly-
merase II binding at the ERa promoter, which consequently
allows AP-2y-driven ERa expression in ERa-negative cells, sug-
gesting that AP-2vy is a crucial transcription factor for ERa gene
expression in breast cancer cells.*¥ AP-2y might also regulate
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ERa expression and activity via forming complexes with other
proteins. AP-2y interacts with nucleophosmin 1 to act as a tran-
scriptional repressor of ERa in endometrial cancer cells.*! The
same mechanism has not been confirmed in breast cancer cells,
considering the existence of an association between endometrial
and breast cancer.’? These findings also suggest that the nucleo-
phosmin 1 and AP-2y complex may function similarly in breast
cancer.

AP-2v has also been found to be a primary estrogen-respon-
sive gene. Estrogen treatment significantly increased AP-2y
levels in breast tumor-derived cell lines, whereas antiestrogen
4-OH-tamoxifen or ICI 182,780 completely blocked this effect.
Analysis of the 5’-UTR of the human AP-2y gene revealed 1
consensus and 1 degenerate estrogen-responsive element, which
could be recognized by ERa upon estrogen treatment.!3!

This mutual induction of AP-2y and ERa gene expression
may indicate a mechanism that can amplify abnormal ERa
signaling after perturbation of either ERa or AP-2y expression
when oncogenesis occurs in breast tissue.

Most recently, it was demonstrated that AP-2y can bind to
ERa at binding sites in a ligand-independent manner to pro-
mote ERa transcription, showing that it might function as a
pioneer factor that facilitates the efficient recruitment of ERa.
Furthermore, AP-2y binding modulates ERa-mediated long-
range chromatin interactions.¥ These results further highlight
the involvement of AP-2y in the regulation of ERa-mediated sig-
naling in breast cancer cells. Collectively, the crosstalk between
AP-2y and ERa may play an important role in breast cancer
progression and may be a drug target for novel breast cancer
treatment.

2.5. AP-2v based therapies

Although no commercial drug targeting AP-2+y has been reported,
given the evidence that AP-2y regulates a range of pathological
processes associated with the breast cancer phenotype, AP-2y is
a promising drug target for breast cancer treatment. For exam-
ple, AP-2vy greatly affects ERa expression levels as well as ERa
signaling pathways in breast cancer and is a predominant factor
in the oncogenesis and progression of breast cancer. In addition,
the AP-2v target gene RET proto-oncogene has been linked to
poor prognosis in ER-positive breast cancers, and blocking the
RET signaling pathway has been shown to increase sensitivity
to tamoxifen in ER-positive breast cancer. Based on these find-
ings, modulation of AP-2y activity may provide an alternative
to hormone therapy for treating hormone-dependent breast
cancers. Notably, considering the complex regulatory network
in breast cancer, caution should be exercised when interpret-
ing the efficacy of interfering with AP-2y. For example, a recent
study demonstrated that decreasing AP-2vy levels in breast can-
cer cells resulted in high fucosyltransferase 8 expression, which
significantly increased the migration ability and chemotherapy
susceptibility of breast cancer cells, while AP-2y overexpression
suppressed in vivo tumor growth.!

3. Discussion

AP-2y was initially identified as an important regulator of
embryonic development, including in the mammary gland,
and studies have also revealed its involvement in breast can-
cer. Several clinical studies have proposed that AP-2y is a good
diagnostic and prognostic biomarker for breast cancer patients,
especially for hormone therapy and neoadjuvant chemotherapy.

Although the precise function of AP-2vy in breast cancer pro-
gression remains unclear, efforts have been made to understand
its regulatory roles. Thus far, it has been clearly demonstrated
that as a key transcription factor, AP-2y may regulate the tran-
scription of genes that fundamentally influence cellular events
in breast tumor progression. However, further investigation is

Medicine

needed to fully understand the gene expression profiles regu-
lated by AP-2y as well as their significance in breast cancer.

Furthermore, recent findings also imply a possible link
between AP-2y and ERa-regulated signaling pathways, which
further highlights the crucial role of AP-2y in the oncogenesis
and progression of breast cancer, especially in hormone-depen-
dent breast cancer.

In conclusion, further investigation is needed for a more com-
prehensive understanding of the mechanism underlying the reg-
ulation of AP-2v in breast cancer, which would present AP-2y as
a potential therapeutic target for breast cancer treatment.
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