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A TFAP2C Gene Signature Is Predictive of Outcome in
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The AP-2y transcription factor, encoded by the TFAP2C gene,
regulates the expression of estrogen receptor-alpha (ERot) and
other genes associated with hormone response in luminal breast
cancer. Little is known about the role of AP-2y in other breast
cancer subtypes. A subset of HER2" breast cancers with ampli-
fication of the TFAP2C gene locus becomes addicted to AP-2y.
Herein, we sought to define AP-2y gene targets in HER2™" breast
cancer and identify genes accounting for physiologic effects of
growth and invasiveness regulated by AP-2y. Comparing HER2*
cell lines that demonstrated differential response to growth and
invasiveness with knockdown of TFAP2C, we identified a set of
68 differentially expressed target genes. CDH5 and CDKNIA
were among the genes differentially regulated by AP-2y and
that contributed to growth and invasiveness. Pathway analysis
implicated the MAPK13/p388 and retinoic acid regulatory nodes,

Introduction

The AP-2 transcription factor family plays a critical role in estab-
lishing clinically relevant patterns of gene expression in breast cancer.
Expression of estrogen receptor-alpha (ERa; encoded by the ESRI
gene) is transcriptionally regulated in breast cancer (1), and AP-2y
(encoded by the TFAP2C gene) was identified as one of the key factors
controlling ESRI/ERa gene transcription (2-6). In addition, AP-2y
regulates the expression of many other genes associated with the
luminal breast cancer phenotype (4, 6, 7) and collaborates with FOXA1
and ERo in the transcriptional regulation of genes in hormone-
responsive breast cancer (8). Within ERo.-positive breast cancers,
high levels of AP-2y expression have been associated with poor patient
survival and resistance to hormonal therapy (9, 10). Knockdown of
TFAP2C in ERo-positive breast cancer cell lines repressed expression
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which were confirmed to display divergent responses in different
HER2" cancer lines. To confirm the clinical relevance of the
genes identified, the AP-2y gene signature was found to be
highly predictive of outcome in patients with HER2" breast
cancer. We conclude that AP-2y regulates a set of genes in
HER2" breast cancer that drive cancer growth and invasiveness.
The AP-2y gene signature predicts outcome of patients with
HER2" breast cancer and pathway analysis predicts that subsets
of patients will respond to drugs that target the MAPK or retinoic
acid pathways.

Implications: A set of genes regulated by AP-2y in HER2™ breast
cancer that drive proliferation and invasion were identified and
provided a gene signature that is predictive of outcome in HER2*
breast cancer.

of ERol and other markers of luminal breast cancer and induced
markers associated with epithelial-mesenchymal transition (EMT)
and the cancer stem cell phenotype (11). The highly homologous AP-2
family member, AP-20. (encoded by the TFAP2A gene), was shown to
regulate the expression of HER2 (12), which may function through
several regulatory regions (13). Subsequent work suggested that AP-2y
contributes to HER2 gene regulation (14, 15), and an enhancer element
has been described in the HER2 gene that is activated by AP-2y (16).
The HER2" breast cancer subtype lacks ERo and progesterone
receptor (PgR) expression with amplified HER2 expression and has a
worse clinical course compared with the luminal breast cancer sub-
types. However, even within the HER2™" subtype of breast tumors,
there is a high degree of heterogeneity (17). Detailed genetic analysis of
HER2" breast cancers identified a subset displaying an addiction to
TFAP2C gene amplification (18). For example, knockdown of TFAP2C
in SKBR3 HER2" breast cancer cells reduced cell growth, and this
dependency was associated with amplification of the TFAP2C gene
locus. In contrast, other HER2-amplified cell lines failed to demon-
strate reduced growth with knockdown of TFAP2C, suggesting a
significant diversity in the pattern of genes regulated by AP-2y in
HER2" breast cancer. We sought to examine the regulation of genes by
AP-2y in HER2" breast cancers with the goals of characterizing
differential AP-2y target genes and defining pathways of gene regu-
lation by AP-2y that modulate cancer growth and progression.

Materials and Methods

Cell culture

Cell lines HCC1954, SKBR3, MCF-7, HCC202, HCC1569, and
MDA-MB-453 were purchased from the ATCC, used at low (<10)
passage number without further authentication or Mycoplasma test-
ing, and propagated in the appropriate medium as recommended by
the manufacturer. For experiments with all-trans-retinoic acid
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(ATRA; Sigma, catalog no. 302-79-4), cells were grown in red-free
media containing 10% charcoal-stripped FBS (Gibco, catalog no.
F6765) to remove endogenous steroids. Cells were subsequently
treated for 48 hours with concentrations 0.1 and 0.5 umol/L of ATRA
or DMSO as a negative control.

Gene knockdown

Cells were transfected using siRNA directed toward nontargeting #1
(NT Thermo Fisher Scientific, 1D:4390843), TFAP2C (TFS,
ID:107041), CDH5 (TFS, ID:10509), CDKNIA/p21 (TFS, ID:
HSS173521), and MAPK13 (TFS, ID: VHS40525) with Lipofectamine
RNAiIMAX reagent (Thermo Fisher Scientific, catalog no. 13778150),
as per manufacturer's instructions. After 72 to 96 hours of incubation,
cells were immediately analyzed or used in subsequent experiments.
Cell clones of HCC1954 lines with stable knockdown of TFAP2C
(Sigma, catalog no. TRCN0000019745) and negative control (Sigma,
catalog no. SHC002) were generated using lentivirus-mediated shRNA
cassette as described previously (11).

Expression analysis
RNA

mRNA from cell lysates were obtained from cell lines using the
RNeasy Mini Kit (Qiagen, catalog no. 74104) and converted to cDNA
by quantitative PCR (qQPCR) using random hexamers (Thermo Fisher
Scientific) method. Using the AAC, method of qPCR, relative gene
expression was calculated using TaqMan primers to TFAP2C (TFS,
catalog n0.4331182, ID: Hs00231476_m1), CDH5 (TFS, catalog no.
4331182, ID: Hs00901465_m1), CDKNIA (TFS, catalog no. 4331182,
ID: Hs00355782_m1), MAPKI1 (TFS, catalog no. 4331182, ID:
Hs00177101_m1), MAPKI2 (TFES, catalog no. 4331182, ID:
Hs00268060_m1), MAPKI3 (TFS, catalog no. 4331182, ID:
Hs00234085_m1), and MAPKI4 (TFS, catalog no. 4331182, ID:
Hs01051152_m1) with GAPDH (TFS, catalog no. 4331182, ID:
Hs02758991_g1), and 18s rRNA subunit (TFS, catalog no. 4331182,
ID: Hs03003631_g1) used as an endogenous control.

Western blots

Protein was isolated in RIPA lysis buffer (Millipore, catalog no.
20-188), supplemented with protease inhibitor (Roche, catalog no.
11836170001) and PhosSTOP (Roche, catalog no. 4906845001). The
following primary antibodies were used according to the manufac-
turer's recommendations: AP-2y 1:700 (Abcam, catalog no. ab76007),
VE-cadherin 1:1,000 (Cell Signaling Technology, catalog no. 2500),
p21 1:700 (Cell Signaling Technology, catalog no. 2946), p38 MAPK
1:850 (Cell Signaling Technology, catalog no. 8690), p388/MAPK13
1:1,000 (Cell Signaling Technology, catalog no. 2308), HER2/ErbB2
1:700 (Cell Signaling Technology, catalog no. 2165), and ERa. 1:700
(Millipore, catalog no. 04-820). GAPDH 1:2,000 (Santa Cruz
Biotechnology, catalog no. sc-32233) was used as a loading control.
Secondary antibodies were used according to the manufacturer's
specification: anti-rabbit horseradish peroxidase (HRP) 1:5,000 (Cell
Signaling Technology, catalog no. 7074), anti-mouse HRP 1:2,000
(Cell Signaling Technology, catalog no. 7076), and anti-goat 1:2,000
(TFS, catalog no. 31402). Protein was visualized with SuperSignal
West Dura extended duration substrate (TFS, catalog no. 34075) and
SuperSignal West Femto maximum sensitivity substrate (TSF, catalog
no. 34095).

RNA sequencing

Experimental setup and analyses were performed in accordance
to ENCODE Guidelines and Best Practices for RNA sequencing
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(RNA-seq). TFAP2C knockdown was completed on HCC1954,
SKBR3, and HCC1569 cell lines (biologic triplicates) using 96-hour
siRNA transfection. RNA (100-200 ng/uL) was harvested, knockdown
confirmed with RT-PCR and protein Western blot analysis, frozen,
and sent to the University of Nebraska (Omaha, NE) for further
processing. The RNA quality was confirmed by the receiving facility
and was subsequently sequenced (technical replicates specified by
facility) with specifications for gene differentiation (50 base pair,
single-end reads). Sequencing depth was adequate (~50 million
reads). Lentiviral shRNA knockdown of TFAP2C (Sigma, catalog no.
TRCN0000019745) in HCC1954 was completed with RNA being sent
to the same facility for sequencing (50 base pair, paired-end reads; ~75
million reads). The RNA-seq analysis of the raw data was performed
using the Galaxy web platform at usegalaxy.org with the built-in tools:
Bowtie2 for mapping and Cuffdiff for differential gene expression
analysis, as recommended. For gene expression comparisons, genes
with significant expression changes as determined by Cuffdiff data
analysis were included. RNA-seq data are available at the GEO
database (National Center for Biotechnology Information, Bethesda,
MD) under accession number GSE126898.

Chromatin immunoprecipitation sequencing

Chromatin immunoprecipitation sequencing (ChIP-seq) was
accomplished with AP-2y antibody (Santa Cruz Biotechnology, cat-
alog no. sc-12762) as described previously (7). ChIP-seq data are
available in the GEO database (National Center for Biotechnology
Information, Bethesda, MD) under accession number GSE126898.

Cell viability assay

Cells were plated on 96-well plates in technical quadruplicates.
Ninety-six hours after siRNA transfection, cells were incubated with
MTT (Thermo Fisher Scientific, catalog no. M6494) according to the
manufacturer's recommended. Measurements were obtained on an
Infinity 200 Pro (Tecan) plate reader at an absorbance of 570 nm. For
cell counting, cells were plated on 96-well plates in technical quintu-
plicate. Ninety-six hours after siRNA transfection, cells were dyed with
Trypan blue and counted using a hemacytometer.

Invasion assay

Invasion assay was performed using 24-well Transwell polycarbon-
ate membranes (8.0-wm pores; Corning Inc., catalog no. 353097),
coated with 100 uL Matrigel for 30 minutes at 37°C, washed with
500 uL PBS, and 1 x 10° cells plated in serum-free media 96 hours after
siRNA transfection. Cells were loaded into an invasion chamber with
growth factor-reduced Matrigel (Corning catalog no. 354230) diluted
1:10 in appropriate medium. After the 24-hour incubation, migrated
cells were fixed and stained with 0.5% crystal violet for 20 minutes. The
cells that had penetrated through the membrane were quantified under
a microscope at x40 magnification.

Regression analysis and model

Cox regression analysis was performed on expression values for
41-gene, 16-gene, and 3-gene panels from the Yau and colleagues (19)
dataset. Expression values were obtained from the Xena cancer
browser (20). Cox regression was performed using the “survival”
package (version 2.38) in R (21). The Cox coefficients were used to
determine “recurrence scores” (RS) as described by Paik and collea-
gues (22). Using the mean RS to separate patients into “low RS” and
“high RS,” we generated Kaplan-Meier (KM) survival curves to
evaluate whether a combination of 41-gene, 16-gene, 3-gene panels,
or “significant” (P < 0.05) genes from the Cox regression conferred
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similar hazard or protection. The “survminer” package (version 0.4.3)
in R was used for KM plots (23).

Statistical analysis
Parametric data analysis and graphs were completed using the
Student ¢ test with GraphPad Prism 8.

Results

As a first step to examining the role of AP-2y in HER2" breast
cancer, a panel of breast cancer cell lines was screened for the
expression of AP-2y with focus on HER2' breast cell lines
(Fig. 1A). HCC1569, HCC202, SKBR3, HCC1954, and MDA-MB-
453 were all confirmed to be ERai-negative with amplified expression
of HER2. All of these cell lines expressed AP-2y protein, although
HCC202 had a significantly reduced level of expression. TFAP2C was
knocked down in a panel of breast cancer cell lines using siRNA
compared with a nontargeting (NT) siRNA (Fig. 1B) and was found to
repress cell growth in MCF-7, HCC202, HCC1569, and SKBR3
(Fig. 1C). Although the effect on proliferation was significant in
HCC202, the decrease in proliferation was modest, possibly due to
the relatively low expression of AP-2y. The findings in SKBR3 were

consistent with previously published data (18); however, knockdown
of TFAP2C increased proliferation in HCC1954, consistent with
previously published data that knockdown of TFAP2C in HCC1954
failed to repress proliferation (18). To confirm this finding, stable
knockdown of TFAP2C was performed in HCC1954 using a lentiviral
delivered shRNA, which significantly reduced expression of AP-2y
(Fig. 1B). HCC1954 cells with stable knockdown of TFAP2C
(shHCC1954) were confirmed to have a significantly increased pro-
liferative rate compared with cells with a NT shRNA (Fig. 1C).
Previous studies in lung cancer reported that knockdown of TFAP2C
enhanced cancer cell migration and invasion (24). Whereas knock-
down of TFAP2C increased invasiveness in HCC1954, invasiveness
was not significantly altered in SKBR3 (Fig. 2). These findings
demonstrate that AP-2y has differential effects on cell growth and
invasiveness in HCC1954 and SKBR3 cell lines.

To identify the key AP-2y target genes mediating cell growth and
invasiveness, RNA-seq was used to characterize significant changes in
gene expression with knockdown of TFAP2C. By RNA-seq analysis,
knockdown of TFAP2C in HCC1954 with siRNA (compared with NT
siRNA) identified 364 genes with significantly altered expression
(Fig. 3). To further create specificity for AP-2y-regulated genes and
reduce possible “off-target” effects, RNA-seq analysis was performed
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Proliferative response with knockdown of TFAP2C. A, A panel of breast cancer cell lines was screened for expression of AP-2y, ERa, and HER2. B, Knockdown of
TFAP2C with siRNA and stable knockdown of TFAP2C with shRNA in HCC1954 cells. C, Proliferative response to knockdown of TFAP2C using MTT assay in cell lines

indicated. *, P < 0.05.
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Figure 2. 4
Invasion assay in HCC1954 and SKBR3 with TFAP2C
Knockdown. Graph showing relative cell invasiveness
after knockdown of TFAP2C compared with NT siRNAin
HCC1954 (top) and SKBR3 (bottom). Right, examples of
cell invasion assay with knockdown of NT and TFAP2C.
*, P<0.001
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comparing expression in shHCC1954 with shTFAP2C versus shNT;
this analysis identified 8,986 genes with significantly altered expres-
sion. A comparison of the two datasets yielded 152 AP-2y target genes
that were consistently altered with knockdown of TFAP2C by siRNA
and shRNA in HCC1954 cells. Because HCC1954 demonstrated
opposite growth regulation and invasiveness with knockdown of
TFAP2C compared with SKBR3, we hypothesized that the AP-2y
target genes responsible for growth and invasion would be differen-
tially regulated with knockdown of TFAP2C in HCC1954 versus
SKBR3. Hence, RNA-seq analysis was performed in SKBR3 after
knockdown of TFAP2C with siRNA; in this analysis, a total of
3,814 genes were significantly altered. The pattern of expression for
the 152 AP-2y target genes identified in HCC1954 was subsequently
compared with expression changes in SKBR3. Of note, only 79 of the
152 TFAP2C target genes in HCC1954 were found to change expres-
sion significantly in the RNA-seq dataset from SKBR-3. However,
important physiologic differences could be due to genes that display
significant changes in HCC1954 only. When examining the pattern of
expression for all 152 AP-2y target genes in HCC1954 and SKBR3,
84 genes were noted to change in the same direction (Similarly
Regulated Genes, Fig. 3, left). Within the set of similarly regulated
genes, 38 genes increased and 46 genes decreased with knockdown of
TFAP2C. Particularly reassuring was the finding that expression of the
TFAP2C gene demonstrated the third most significant decrease in
expression in both cell lines. Differential regulation was found for
68 genes; 46 genes had increased expression in HCC1954 and
decreased in SKBR3, whereas 22 genes had decreased expression in
HCC1954 and increased in SKBR3.

More detailed analysis was focused on the 68 AP-2y target genes
that changed in different directions (differentially regulated
genes, Fig. 3, right) in HCC1954 compared with SKBR3 with knock-
down of TFAP2C. Selected Western blots were performed to demon-
strate changes in protein levels that confirmed the RNA-seq data
(Fig. 4 A-C). Within the dataset for HCC1954, CDKNIA had the
greatest increase in expression and CDH5 had the greatest decrease.
Western blots confirmed that vascular endothelial cadherin (VE-
cadherin; encoded by the CDH5 gene) decreased in HCC1954 and
increased in SKBR3, whereas, p21 (encoded by the CDKNIA gene)
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increased in HCC1954 and decreased in SKBR3 with knockdown of
TFAP2C. Identical changes in VE-cadherin and p21 were found in
shHCC1954 cells with TFAP2C knockdown compared with shNT
(Fig. 4B). Additional Western blots for IGFBP5 and HMGA2 with
knockdown of TFAP2C in HCC1954 cells further confirmed the
validity of the RNA-seq results (Fig. 4C); these proteins were not
consistently identified in protein extracts from SKBR3 (data not
shown). Immunofluorescence staining with anti-p21 confirmed cyto-
plasmic localization (Fig. 4D), which is consistent with previous
findings in HER2-positive cell lines (25).

Further attempts were made to establish the role of specific AP-2y
target genes in regulating cell growth and invasion. Because CDKN1A
was induced by knockdown of TFAP2C in HCC1954, TFAP2C was
knocked down with or without coknockdown of CDKNIA and
proliferation was assessed by counting viable cells (Fig. 5). Knockdown
of CDKNIA reduced cell growth and partially reversed the growth-
stimulatory effects of TFAP2C knockdown. Assessment of prolifera-
tion in parallel experiments using MTT assay gave identical results
(Supplementary Fig. S1A). Because knockdown of TFAP2C in
HCC1954 was associated with increased cell invasiveness, the role
of p21 in altering invasiveness was also assessed. Knockdown of
CDKNIA alone did not alter invasiveness; however, knockdown of
CDKNIA reversed the increase in invasiveness noted with knockdown
of TFAP2C (Fig. 5). In parallel experiments in SKBR3 cells, CDH5 was
knocked down with and without coknockdown of TFAP2C. Interest-
ingly, knockdown of CDH5 alone had no significant effect on cell
proliferation (Fig. 5) and similar findings were demonstrated when
proliferation was assessed by MTT assay (Supplementary Fig. S1B).
However, knockdown of CDH5 partially rescued the reduction in cell
proliferation induced by knockdown of TFAP2C. This finding suggests
that part of the growth-suppressive effects induced in SKBR3 through
loss of AP-2y is mediated by CDH5 upregulation. Knockdown of
TFAP2C with coknockdown of CDH5 in SKBR-3 confirmed no
significant effect on invasion, though there was a slight reduction in
invasiveness with knockdown of CDHS5 that failed to reach statistical
significance (P = 0.12; Fig. 5). These findings support the conclusion
that regulation of CDH5 and CDKNIA contribute to alterations of
proliferation and invasiveness induced by knockdown of TFAP2C.
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Figure 4.

Expression of proteins of differentially regulated AP-2y-
responsive genes. A, Western blots for AP-2y, VE-
cadherin and p21in HCC1954 and SKBR3 with knockdown
of TFAP2C compared with NT. B, Western blots for
protein expression in HCC1954 with stable knockdown
comparing shRNA for NT versus TFAP2C. C, Select
Western blots of additional AP-2y-responsive genes
in HCC1954. D, Immunofluorescence staining for p21
in HCC1954 and SKBR3 demonstrates cytoplasmic
localization.
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Response of proliferation and invasiveness to CDKNIA and CDH5. HCC1954 cells (top) with knockdown of TFAP2C, CDKNIA or both; Western blots confirm
knockdown of proteins (left); proliferation determined by counting viable cells (Trypan blue, middle); bar graph showing relative invasiveness in HCC1954
with knockdown of TFAP2C with or without knockdown of CDKNIA (right). Parallel experiments in SKBR3 cells (bottom) with knockdown of TFAP2C, CDH5 or
both; Western blots confirm knockdown (left); proliferation measured by viable cell counts (Trypan blue, middle); bar graph shows relative cell invasiveness (right).

*, P<0.001.

Mechanisms of gene regulation by TFAP2C

Because AP-2y is a transcription factor, many of the changes in
gene expression identified are thought to occur through altered
transcription of AP-2y target genes. The findings, however, may be
due to genes that are both primary gene targets and secondary gene
targets regulated through intermediary factor(s). ChIP-seq was
performed in SKBR3 and HCC1954 to define potential differences
in AP-2y genomic occupancy. Most of the similarly regulated genes
have patterns of occupancy that indicate primary targeting by
AP-27 in both SKBR3 and HCC1954. For example, the regulatory
regions for SI00A7, CCL2, KRT15, and GDF15 demonstrate com-
parable patterns of AP-2y occupancy (Supplementary Fig. S2). In
evaluating the 68 differentially expressed genes, 31 (46%) had
differential patterns of occupancy that could explain differences
in regulation by TFAP2C knockdown. Examples of genes with
differential occupancy of AP-2y include E2F2, RTN4R, RASLIIA,
and UST (Supplementary Fig. S3). These differences in patterns of
occupancy could be due to variations in epigenetic chromatin
structure at regulatory regions that block AP-2y occupancy, as
previously demonstrated for the GPX1 gene (26). On the other
hand, 37 (54%) of the differentially regulated genes had patterns of
AP-27 occupancy that were comparable. For example, the regula-
tory regions of CDKNIA, CDH5, IGFBP5, and S100A9 all have
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similar patterns of AP-2y occupancy in HCC1954 and SKBR3
(Supplementary Fig. S4). Although there were examples of slight
differences in the comparative peak height in certain cases, the
differences in patterns of occupancy were unlikely to account for
differences in expression. Hence, differences in occupancy alone
would not explain differential response to TFAP2C knockdown. To
determine additional regulatory nodes that may be involved in the
transcriptional pathways differentially regulated by AP-2y in
HER2" cell lines, the differentially regulated AP-2y target genes
were analyzed using the Ingenuity Pathway Analysis software
(Supplementary Figs. S5 and S6). Two regulatory nodes were
identified as potentially contributing to differential expression of
the AP-2v target genes: p38/MAPK and retinoic acid (Supplemen-
tary Figs. S5A and S6).

Regulation by p385/MAPK13

p38/MAPKs are a group of MAPKs that regulate responses to
inflammation, oxidative stress, and several oncogenic properties
involving tumor progression, including angiogenesis, invasion,
and metastasis. The p38/MAPK family is composed of four isoforms
encoded by separate genes: p38a/MAPKI4, p38B/MAPKII,
p38y/MAPKI2, and p385/MAPK13 (27). To determine which isoform
may be involved in differential response to AP-27, the expressions of
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all four isoforms were examined in HCC1954 and SKBR3 with
knockdown of TFAP2C (Supplementary Fig. S5B). Interestingly, the
expression of MAPKI3 increased in HCC1954 and decreased in
SKBR3 with TFAP2C knockdown, whereas, the other p38/MAPKs
demonstrated no significant change (Supplementary Fig. S5B).

In HCC1954 knockdown of MAPKI3 repressed expression of
VE-cadherin and increased that of p21, and these effects were com-
parable with the effects of TFAP2C knockdown (Fig. 6). These data
suggest that effects on CDH5 and CDKNIA expression with TFAP2C
knockdown may be mediated through repression of MAPKI3 in
HCC1954 cells. Conversely, knockdown of MAPKI3 in SKBR3 cells
failed to demonstrate any effect on VE-cadherin expression; similar to
effects in HCC1954, knockdown of MAPK13 induced p21 expression
in SKBR3, but this effect was opposite to knockdown of TFAP2C
(Fig. 6). Overall, the data support the conclusion that in HCC1954,
p380 represents a regulatory node that contributes to the regulation of
CDH5 and CDKNIA with knockdown of TFAP2C. However, in
SKBR3, knockdown of MAPKI3 does not reproduce the effect of
TFAP2C knockdown, indicating that either p388/MAPKI3 is not
involved or p383 activity is upregulated by knockdown of TFAP2C.
In either case, activity of p388 appears to be a candidate regulatory
node contributing to the differential expression of CDH5 and
CDKNIA in HER2" cell lines.

Regulation by retinoic acid/ATRA

To examine the potential role of retinoic acid signaling, the effect of
ATRA was examined in the HER2" cell lines with and without
knockdown of TFAP2C (Fig. 6). In SKBR3, ATRA induced VE-
cadherin levels by 35-fold and repressed p21 expression, responses
that were similar to the effects of TFAP2C knockdown, which signif-
icantly blunted the response to ATRA treatment. In HCC1954 ATRA
had insignificant effects on VE-cadherin and p21 expression, although
with TFAP2C knockdown, there was a modest induction of VE-
cadherin from the lower baseline expression. Therefore, SKBR3 cells
were more responsive to ATRA with significant changes in the
expression of both VE-cadherin and p21 that mirrored the effects of
TFAP2C knockdown. Retinoic acid response in HCC1954 was neg-
ligible in the presence of TFAP2C expression. The findings suggest that
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p383 is an important regulatory node for the AP-2y pathway in
HCC1954 cells and that retinoic acid is a more important regulatory
node in SKBR3 cells. Differences in the involvement of these two
regulatory nodes may account for differential effects of TFAP2C
knockdown.

Use of the gene signature to predict outcome in HER2 breast
cancer

The set of genes differentially expressed with knockdown of
TFAP2C comparing HCC1954 and SKBR3 are implicated in the
growth and invasiveness of HER2" breast cancer. The clinical
importance of the gene signature based on the differentially
expressed genes was analyzed by examining an association between
the expression of the gene set and outcome in patients with breast
cancer. Regression analysis was used to establish a correlation
between expression of the differentially regulated genes and out-
come using datasets with gene expression data linked to clinical
outcome. The Yau and colleagues (19) dataset had data for 69
patients with HER2" breast cancer with distant metastasis-free
survival (DMFS) that included expression data for 41 of the 68 genes
in our gene signature. Using regression analysis, there were 10 genes
that demonstrated HRs with statistical significance (Supplementary
Fig. S7), with 7 genes associated with a low HR (ACSLI, CDH5,
DCBLD2, FOXD1, KCNK5, MGP, RHEB) and three genes associated
with a high HR (CDC42EPI1, HOXBY, STEAP4). A model was
developed to create a recurrence score (RS) using the expression
of all 41 genes with high or low RS based on values above or below
the median (Supplementary Data; Supplementary Table S1). There
was a striking difference in DMFS comparing high versus low RS in
ER™/HER2" tumors (Fig. 7). When the model was applied to other
tumor subtypes, patients with ER*/HER2" tumors also demon-
strated a significant predictive capacity for high versus low RS.
However, when applied to HER2™ tumor subtypes, the model failed
to demonstrate significant differences for high versus low RS
(Fig. 7). Although the regression model was developed on the basis
of the expression of the gene set, the expression of individual genes
(e.g., CDH5 and STEAP4) was examined on the basis of relative gene
expression level above (high) or below (low) the median. As
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Figure 7.

Kaplan-Meier Plots for DMFS based on recurrence score model. A, Using the model with the 41-gene panel, Kaplan-Meier plots for DMFS for patients with each tumor
subtypes as shown. For ER™/HER2" n =37, ER"/HER2" n =32, ER"/HER2™ n =119, ER"/HER2™ n = 266. B, Examples of Kaplan-Meier plots for DMFS for individual
genes, CDH5 and STEAP4, for HER2 " and HER2 ™ tumors (with any ER status). C, Kaplan- plots for DMFS using the model with 16-gene and 3-gene panels for ER™/

HER2" and ER"/HER2™ patients, as indicated.

predicted by the model, high CDH5 expression was associated with
better outcome, whereas, high STEAP4 expression was associated
with worse DMFS in patients with HER2" tumors (Fig. 7). On the
other hand, no differences in DMFS were found in patients with
HER2™ tumors (Fig. 7).

In an attempt to further reduce the number of genes in the
regression model, AP-2y target genes were identified in a third HER2*
breast cancer line, HCC1569. As described above, siRNA was used to
knockdown TFAP2C expression compared with NT siRNA and RNA-
seq analysis was used to identify significant changes in gene expression.
Genes with significant changes in expression with TFAP2C knock-
down in HCC1569 were compared with the 68 differentially expressed
TFAP2C target genes; 32 of the 68 AP-2y target genes were found to be
significantly altered in HCC1569. Of these 32 genes, 16 genes were
contained within the 41 genes available in the Yau and colleagues (19)
dataset. A regression model was built based on these 16 AP-27 target
genes (Supplementary Data; Supplementary Table S2). The RS based
on the 16-gene model was highly predictive of DMFS in ER"/HER2™"
patients (Fig. 7, bottom row); however, there was no difference in
DMES in ER"/HER2™ patients. Regression analysis indicated that
three genes (ICK, KCNGI, and STEAP4) in the 16-gene panel were
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independently significant (Supplementary Table S2). A model
built using these three genes was also highly predictive of DMFS in
ER"/HER2" patients but not in ER”/HER2™ patients. These findings
provide additional evidence that the AP-2y target genes identified
in the HER2" breast cancer model as likely involved in growth
and invasion are predictive of outcome in patients with HER2"
breast cancer.

Discussion

Several previous studies of breast cancer have developed gene
signatures that are predictive of outcome and in some cases can predict
response to chemotherapy (22, 28). In addition, molecular profiling
has been able to select patients that are less likely to benefit from
adjuvant chemotherapy, thus avoiding unnecessary treatment (28, 29).
Many of the gene signature models developed have been focused on
ERo-positive breast cancer. In some cases, gene signature models that
perform well in ERo./HER2 ™" patients do not have predictive capacity
in the ERo. /HER2™ breast cancer subtype (30). The HER2" breast
cancer subtype has a poor prognosis relative to other intrinsic breast
cancer subtypes (31). Hence, development of molecular profiles for the
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HER2" breast cancer subtype will help to stratify patients more likely
to benefit from additional therapy and will further define pathways
that can be targeted by directed therapy. This study is unique from
several perspectives. Previous gene expression signatures were devel-
oped by using unsupervised hierarchical clustering algorithms to
define similarities in patterns of expression to create associations with
clinical phenotypes. This model was developed by defining a gene
signature based on a set of genes likely to be associated with growth and
invasion in HER2™" breast cancer cell lines. Furthermore, other models
in common use are more appropriate for ERo.” tumors, whereas, the
current model was developed specifically for application to the HER2*
breast cancer subtype. The associations between outcome in patients
with the HER2" breast cancer subtype and the gene expression
signature described herein support the clinical relevance of the gene
signature and the likelihood that the identified genes drive cancer cell
growth and invasiveness.

Studies examining cell growth and invasiveness indicate that VE-
cadherin/CDH5 and p21/CDKNIA influence the growth and progres-
sion of HER2" breast cancer. Within the normal mammary gland,
CDHS5 is expressed in the basal cell lineage within the quiescent
mammary stem cell population that demonstrate multipotency and
the capacity to develop mammary ducts (32). Studies of the role of
VE-cadherin in cancer have resulted in conflicting findings, suggesting
that VE-cadherin may have opposing effects depending upon the
cancer type. In melanoma, VE-cadherin is overexpressed in aggressive
subtypes and is involved in angiogenesis and formation of vascular-like
networks mimicking embryonic vascular networks (33, 34). EMT is
associated with “cadherin switching” characterized by downregulation
of E-cadherin/CDHI and upregulation of both N-cadherin/CDH2 and
VE-cadherin/CDH5 (33, 35). High expression of VE-cadherin/CDH5
was reported to be associated with recurrence and the development of
metastatic disease in breast cancer (36) and gastric cancer (37).
However, knockdown of CDH5 in MCF-7 luminal breast cancer cells
increased cell invasiveness, suggesting that VE-cadherin suppresses
metastatic potential (38). Our data support the finding that VE-
cadherin/CDH35 reduces cell growth and invasiveness in the HER2"
breast cancer subtype.

P21 is a cyclin-dependent kinase inhibitor and induction of p21
normally leads to cell-cycle arrest and inhibition of proliferation (39).
However, p21 can also inhibit apoptosis and, within certain contexts,
p21 can paradoxically promote cell proliferation and tumor
growth (40, 41). The paradoxical effects of p21 promoting cell pro-
liferation, tumorigenicity, and invasiveness have been attributed to
either its subcellular localization or deficiency of p53 (42, 43). Our
findings that knockdown of CDKNIA repressed cell growth in certain
HER2™" breast cancer cells were corroborated by published experi-
ments in AU565 cells (44). The potential role of p21 inducing cell
proliferation and invasiveness in breast cancer is further supported by
clinical studies showing that high p21 expression is associated with
high tumor grade and advanced stage in patients with breast can-
cer (45). Also consistent with our findings, the worst 5-year survival
rate was associated with high HER2 expression and cytoplasmic p21
localization (46).

The differential effects of AP-2y in HCC1954 and SKBR3 were
mirrored by a divergence in response to key regulatory pathways. In
HCC1954 cells, knockdown of TFAP2C and MAPKI3 induced iden-
tical changes in the expression of CDH5 and CDKNIA. Emerging data
indicate an important role for MAPK13/p389 in several physiologic
processes and oncogenesis. Studies in different cancer models have
uncovered both oncogenic and tumor-suppressor functions of p38d
dependent on the cell type. In breast cancer, overexpression of p383 is
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associated with a worse prognosis, and knockdown of MAPKI13 in
MCEF-7 and MDA-MB-231 breast cancer cells reduced proliferation
and decreased cell detachment (47). High expression of MAPK13/p383
was identified in a variety of cancer cell types, including gynecologic
cancers where expression of p383 was required to maintain the cancer
stem cell (CSC)/tumor-initiating cell (TIC) population (48). In con-
trast, the opposite findings were described in non-small cell lung
cancer where p380 repressed cancer stem cell markers and inhibited
the tumor cell-initiating ability (49). In this study, knockdown of
MAPKI3 in HCCI1954 cells induced alterations in CDH5 and
CDKNIA expression that mirrored changes with knockdown of
TFAP2C, supporting a tumor inhibitory role in this cell line.

The retinoic acid pathway was identified as an important reg-
ulatory node that demonstrated differential activation in HER2*
breast cancer cell lines. In SKBR-3 cells, ATRA induced CDH5 and
repressed CDKNIA, which mirrored effects of TFAP2C knock-
down. Furthermore, the effects of ATRA were significantly depen-
dent upon AP-2y, because knockdown of TFAP2C blunted the
effects of ATRA. These findings are in agreement with previous
studies reporting that ATRA reduced proliferation and invasiveness
of SKBR3 and MCF-7 cells (50, 51). In SKBR3 cells, ATRA activates
a mammary epithelial differentiation program that decreased
migration of cells with increased formation of adherens junctions
involving upregulation of CDH5, whereas HCC1954 cells are
relatively resistant to the action of ATRA (52). The current findings
demonstrate that response to ATRA in SKBR3 cells is dependent
upon AP-2y, consistent with earlier findings that AP-2y regulates
genes in the retinoic acid response pathway in MCF-7 cells (7).

In conclusion, TFAP2C knockdown in the HER2™" breast cancer
subtype demonstrated cell-specific differences that were characterized
by a set of differentially regulated AP-2y target genes, which are
involved in cell proliferation and invasion. Retinoic acid and
MAPKI3/p388 represent two regulatory nodes that demonstrated
differential responses that mirror knockdown of TFAP2C. These
findings suggest that HER2" breast cancers may be characterized by
their sensitivity to retinoic acid and MAPK inhibitors, which may offer
new therapeutic options for different subsets of patients with HER2*
breast cancer. Further work will be needed to define patterns of
expression that might predict response to either retinoic acid or MAPK
inhibitor.
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