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Abstract Recurrence and death in a significant number of
patients with ERo-positive breast cancer occurs
10-20 years after diagnosis. Prognostic markers for late
events have been more elusive. TFAP2C (AP2y) regulates
the expression of ERa, the ERa pioneer factors FOXAI
and GATA3, and controls ERa-dependent transcription.
The purpose of this investigation is to determine the long-
term prognostic value of TFAP2C. A tissue microarray
(TMA) consisting of breast tumors from 451 patients with
median follow-up time of 10.3 years was created and tested
for the expression of TFAP2C by immunohistochemistry.
Wilcoxon Rank-Sum and Kruskal-Wallis tests were used
to determine if TFAP2C H-scores correlate with other
tumor markers. Cox proportional hazards regression mod-
els were used to determine whether TFAP2C H-scores and
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other tumor markers were related to overall and disease-
free survival in univariate and multivariable models.
TFPAC?2 overexpression did not impact overall survival
during the first 10 years after diagnosis, but was associated
with a shorter survival after 10 years (HR 3.40, 95 % CI
1.58, 7.30; p value = 0.002). This late divergence persisted
in ER-positive (HR 2.86, 95 % CI 1.29, 6.36;
p value = 0.01) and endocrine therapy-positive subgroups
(HR 4.19, 95 % CI 1.72, 10.23; p value = 0.002). For the
ER+ and endocrine therapy subgroup, the HR was 3.82
(95 % CI 1.53, 9.50; p value = 0.004). TFAP2C H-scores
were not correlated with other tumor markers or related to
disease-free survival. In this hypothesis-generating study,
we show that higher TFAP2C scores correlate with poor
overall survival after 10 years of diagnosis in ERa-positive
and endocrine therapy-treated subgroups.

Keywords TFAP2C - Estrogen receptor - Breast cancer -
Outcome
Introduction

Breast cancers that express estrogen receptor alpha (ERo)
are dependent on estrogen (E2) for growth and are
responsive to anti-estrogen treatment [1]. The E2:ERa
signaling network plays a role in breast cancer initiation
and proliferation; however, that same network potentially
prevents metastatic progression [2, 3]. 30-40 % of patients
develop resistance to anti-estrogen treatment and these
resistant tumors preferentially metastasize to bone [4, 5].
RNA-based intrinsic subtype classification and genome
aberration-based integrative cluster analysis have subclas-
sified ERa-positive breast cancers into multiple subtypes
each with differing outcome [6, 7]. Thus, ERa-mediated
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signaling is not uniform across all ERa-positive breast
cancers and tumor-specific genomic aberrations collude
with ERo to confer diversity to ERo signaling and to
overcome the effects of anti-estrogens. Recent studies have
demonstrated that ERo itself undergoes mutations in
metastatic lesions and these mutants are hypersensitive to
E2 and/or resist the actions of ERa antagonists [8—10].
Apart from mutation in ERo, which is observed in
15-20 % of metastatic breast cancers [11], very limited
data are available on the other genomic aberrations that
collaborate with ERa to confer resistance to anti-estrogens.

Three distinct classes of signaling proteins control the
function of ERa and aberrations in these proteins may
provide an additional avenue for tumors to escape the
actions of anti-estrogen. (1) Pioneer factors such as FOXAI,
GATA3, TLE family members, and PBXI1 enable the
recruitment of ERa to chromatin [12, 13]. Transcriptional
signatures that are dependent on ERa and specific pioneer
factors identify tumors with differing response to endocrine
therapy. For example, we, amongst others, have shown that
elevated FOXA1 expression correlates with better response
to anti-estrogen treatment [14—16]. However, there is some
evidence for deleterious effects of FOXA1 if expressed in
metastatic lesions and/or in tumors that have acquired anti-
estrogen resistance [17, 18]. ERa-PBX1-dependent signa-
ture is associated with poor outcome [19]. (2) Co-activators
and co-repressors. Among them, overexpression of AIB1 is
linked to anti-estrogen resistance and metastatic progres-
sion in a subset of breast cancer [20]. (3) Kinases that
phosphorylate ERa, which include AKT/PKB, ERK, SRC,
PLK, and PKA [21]. However, elevated activity of these
kinases is not always associated with poor outcome; ele-
vated nuclear phospho-AKT(S473) correlates with better
outcome in ERa-positive breast cancer [22]. There are
conflicting reports on the role of ERo:PLK1 axis in anti-
estrogen response and outcome [23, 24].

The focus of this study was on the pioneer factor
TFAP2C, which regulates ERa activity at multiple levels.
First, TFAP2C is required for the expression of ERa and its
pioneer factors FOXA1 and GATA3 [25, 26]. Second, it is
an E2-inducible gene [27]. Third, it is required for long-
distance chromatin interaction and ERa-regulated gene
expression including the genes that characterize ERa-pos-
itive breast cancer [28]. Regulatory regions of genes that
are dependent on chromatin looping for expression are
typically enriched for binding sites for ERo, FOXAT1, and
TFAP2C. Fourth, it controls luminal cell-specific unli-
ganded ERa cistrome [29]. Fifth, it governs luminal
epithelial phenotype of the breast by suppressing epithelial
to mesenchymal transition [25]. ERa is expressed pre-
dominantly in luminal cells. Thus, TFAP2C is an integral
part of the ERoa::E2-mediated signaling in luminal breast
epithelial cells.
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Prognostic value of TFAP2C in breast cancer remains
controversial. By analyzing 75 breast tumor tissues, Gee
et al. reported poor outcome and anti-estrogen resistance in
patients with TFAP2C overexpressing tumors [30]. Similar
analysis of 54 tamoxifen-sensitive and 38 tamoxifen-re-
sistant tumors revealed a role of elevated TFAP2C in
tamoxifen resistance [31]. Friedrichs et al. reported no
prognostic value for TFAP2C by analyzing 70 cases [32].
In animal models, TFAP2C has been shown to reduce
ERBB2-mediated mammary tumor incidence but promote
tumor progression [33]. Given the conflicting data, we
sought to explore the prognostic value of TFAP2C in a
large and well-annotated tissue microarray with long-term
follow-up. We were particularly interested in the impact of
TFAP2C on outcome 10 or more years after diagnosis
given the paucity of biomarkers that can be used for pre-
dicting late recurrence and death [34, 35].

Materials and methods

REMARK guidelines for tumor biomarker reporting stud-
ies were followed in this study [36].

Patients, specimen characteristics and TMA
construction

The TMA is composed of duplicate cores from 460 cases
of breast cancer in 453 patients. Patients with duplicate
cases, seven instances total, include two women with
multiple primaries, four with lumpectomy and mastectomy
tissue, and one with bilateral/synchronous disease. These
samples were obtained from archival cases at Indiana
University Health (University and Methodist Hospitals)
between 1989 and 2003. Patient medical records were
reviewed for demographics, pathology, treatment, and
recurrence/follow-up information and are described in
Table 1. For this study, we excluded males (n = 2). The
Indiana University IRB approved this project.

Assay methods/immunostaining of TMA

Antibody against TFAP2C was purchased from Epitomics-
Abcam (Cat#EP2692Y, Eugene, USA). The slides were
deparaffinized in xylene and rehydrated through graded
alcohols to water. Antigen retrieval was performed by
immersing the slides in DAKO’s EnVision FLEX low pH
target retrieval solution for 20 min. @ 100 °C., cooling to
85° and placed in Dako wash buffer. A 1:250 dilution of
the primary antibody was added to the slides and incubated
20 min at room temperature. Following washing in TBST,
visual detection was performed with DAKO Envison Plus
Polymer Link and DAB chromogen (DAKO). The slides
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Table 1 Description of the patients and characteristics of their tumors (n = 451)
Characteristic Have TFAP2C (N = 385) Missing TFAP2C (N = 66) p value®
Age at diagnosis, y 0.0891
Mean (SD) 58.60 (14.86) 61.9 (13.53)
Median 58.00 64.00
Range 27.00-94.00 34.00-90.00
Race, n (%) 0.8800
White 306 (79.48 %) 55 (83.33 %)
African American 74 (19.22 %) 11 (16.67 %)
Asian 4 (1.04 %) 0
Other 1 (0.26 %) 0
PR status, n (%) 0.0637
Negative 120 (31.17 %) 14 (21.21 %)
Positive 227 (58.96 %) 48 (72.73 %)
Unknown 38 (9.87 %) 4 (6.06 %)
ER status, n (%) 0.0995
Negative 79 (20.52 %) 8 (12.12 %)
Positive 284 (73.77 %) 55 (83.33 %)
Not done 22 (5.71 %) 3 (4.55 %)
HER-2/neu, n (%) 0.1165
Negative 160 (41.56 %) 30 (45.45 %)
Positive 50 (12.99 %) 4 (6.06 %)
Unknown/not done® 175 (45.45 %) 32 (48.48 %)
Tumor grade, n (%) 0.0778
I 100 (25.97 %) 24 (36.36 %)
1T 159 (41.30 %) 27 (4091 %)
I 94 (24.42 %) 9 (13.64 %)
Unknown 32 (8.31 %) 6 (9.09 %)
T stage, n (%) 0.0684
TO 2 (0.52 %) 1 (1.52 %)
Tl 212 (55.06 %) 46 (69.70 %)
T2 131 (34.03 %) 14 21.21 %)
T3 29 (7.53 %) 2 (3.03 %)
T4 10 (2.60 %) 2 (3.03 %)
TX/unknown 1 (0.26 %) 1 (1.52 %)
N stage, n (%) 0.3587
NO 233 (60.52 %) 38 (57.58 %)
N1 101 (26.23 %) 21 (31.82 %)
N2 25 (6.49 %) 1(1.52 %)
N3 9 (2.34 %) 1 (1.52 %)
NX/Unknown 17 (4.42 %) 5 (7.58 %)
M stage, n (%) 0.1429
MO 291 (75.58 %) 48 (72.73 %)
Ml 16 (4.16 %) 0
MX/unknown 78 (20.26 %) 18 (27.27 %)
Endocrine therapy, n (%)
Yes 243 (63.12 %) 36 (54.55 %) 0.2308
No 138 (35.84 %) 29 (43.94 %)
Unknown 4 (1.04 %) 1 (1.52 %)
Follow-up, y, median (95 % CI) 10.3 (0.04, 21.8) 10.3 (1.1, 17.5) 0.2421

@ Springer



522

Breast Cancer Res Treat (2015) 152:519-531

Table 1 continued

Characteristic Have TFAP2C (N = 385) Missing TFAP2C (N = 66) p value®
Recurrence, n (%) 0.1027
Yes 126 (32.73 %) 15 (22.73 %)
No 258 (67.01 %) 51 (77.27 %)
Unknown 1 (0.26 %) 0
Death, n (%) 0.1081
Yes 163 (42.34 %) 21 (31.82 %)
No 222 (57.66 %) 45 (68.18 %)
Overall survival, y, median (95 % CI) 11.8 (11.2, 12.5) NE (10.7, NE) 0.2117
Disease-free survival, y, median (95 % CI)° 10.8 (10.2, 11.9) 11.4 (10.2, NE) 0.2311

NE not estimable

* T test for age; Chi-square or fisher’s exact test, where appropriate, for categorical; log-rank for time to event; unknown values were not

included in tests

" All unknown/not done values were prior to April 2001, when testing became fully integrated as standard of care at our institution

¢ Excludes M1

were washed and cover slipped. Control sections were
treated with an isotype control using the same concentra-
tion as primary antibody to verify the staining specificity.

Whole slide digital imaging

The Aperio whole slide digital imaging system was used
for imaging. The Aperio Scan Scope CS system was used
(360 Park Center Drive, Vista, CA 92081, USA). The
system imaged all slides at x20. The scan time ranged
from 1'2 min to a maximum time of 2.25 min. The whole
images were housed and stored in their Spectrum software
system and images were shot from the whole slides.

Automatic image quantitation

The positive pixel count algorithm was used to quantify the
amount of a specific stain present in a scanned slide image.
A range of color (range of hues and saturation) and three
intensity ranges (weak, positive, and strong) were masked
and evaluated. The algorithm counted the number and
intensity-sum in each intensity range, along with three
additional quantities: average intensity, ratio of strong/total
number, and average intensity of weak positive pixels.

The algorithm had a set of default input parameters
when first selected—these inputs have been pre-configured
for Brown color quantification in the three intensity ranges
(220-175, 175-100, and 100-0). Pixels, which were
stained, but did not fall into the positive-color specification,
were considered negative stained pixels—these pixels were
counted as well, so that the fraction of positive to total
stained pixels was determined.

The algorithm was applied to an image using ImageS-
cope TMA Lab. This program allowed us to cover each
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tissue core in the array, specify the input parameters, run
the algorithm, and view the results. Using the Aperio
Positive Pixel algorithm, only staining classified as “posi-
tive” or “strong positive” was used to calculate positivity;
regions classified as “weak positive” were mostly cyto-
plasmic and background staining, and were not counted.

Statistical methods

REMARK guidelines were followed for reporting study
results [37]. For the seven subjects with multiple tumor
samples available, we included only the sample with the
highest TFAP2C H-score. T tests, Chi-square tests, Fisher’s
Exact tests, or log-rank tests were used to compare patient
and tumor variables between those with TFAP2C H-scores
and those without. Wilcoxon Rank-Sum and Kruskal-
Wallis tests were used to determine if TFAP2C H-scores
were correlated with other tumor markers. Cox propor-
tional hazards regression models were used to determine
whether TFAP2C H-scores and other variables were related
to overall and disease-free survival either univariately or in
multivariable models. In these analyses, TFAP2C H-scores
were divided into low and high categories at the score of
15.9858 for overall survival (time from surgery to death or
censoring) and a score of 12.952 for disease-free survival
(time from surgery to first recurrence or censoring,
excluding patients with M1 stage at surgery). These cutoff
values were determined using the maximum Chi-square
value for all score values between the 25th and 75th per-
centile [38]. TFAP2C high/low was included in all multi-
variable models. Other tumor markers were included in
multivariable models only if significant using a o level of
0.05 in the univariate models and to preserve the overall
sample size we included missing as a separate category for
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PR status, tumor grade, and tumor stage. To assess non-
proportional hazards, the AIC criterion was used to com-
pare non-nested models. Using this criterion, the cutoff for
choosing Model 1 over Model 2 is that the AIC for Model 1
is lower than that of Model 2 by at least 2.0. Overall and
disease-free survival curves were generated for a priori
specified subgroups (by ER status and endocrine therapy
use) using the Kaplan—-Meier Method and compared using
log-rank tests. Analyses were conducted using SAS Ver-
sion 9.4. A o level of 5 % was used to determine statistical
significance.

To further extend observations made at protein levels to
mRNA levels, we determined prognostic relevance of
TFAP2C on overall and metastatic-free survival in various
publicly available gene expression array datasets using our
recently developed prognostic database PROGgene V2
[39]. The cBioportal database was used to determine
genomic aberration in TFAP2C in various cancers [40].

Results

Of the 451 subjects in the study, 385 (85 %) had TFAP2C
values available. Clinical parameters of the subjects
included in the study are summarized in Table 1 with
subgrouping of TFAP2C-positive and TFAP2C-negative
cases. There were no differences in the characteristics of
the patients or their tumors based on whether or not
TFAP2C values were available. Median (range) follow-up
from time of surgery was 10.3 years (0.04-21.8) for those
with TFAP2C values and 10.3 years (1.1-17.5) for those
without (p = 0.2421).

In the TFAP2C-positive group, there were 126 recur-
rences (33 %) and 163 deaths (42 %) during follow-up.
The large number of HER-2/neu Unknown/Not Done was
due to HER-2/neu testing not being fully integrated into
institutional standard of care until April of 2001. There
were no Unknown/Not Done values on or after that date.
Also of note, 62/284 (22 %) of TFAP2C-postive ER-pos-
itive subjects did not receive endocrine therapy. The
majority of these women (n = 46, 74 %) were diagnosed
prior to 2000 when ER-positive disease was not well
understood and aromatase inhibitors were unproven [41].
Tamoxifen was the only available treatment and often not
prescribed to elderly women, those with small T1 tumors,
or with other contraindication. Additionally, for pre-
menopausal women diagnosed prior to 1998, tamoxifen
was incorrectly thought not to be efficacious [42]. Specific
reasons for lack of endocrine therapy in ER-positive group
in this study include: patient refusal (n =3, 5 %);
comorbid condition (n =4, 6 %); Tl tumor (n = 17,
28 %) age 70+ with or without T1 tumor or comorbidity

(n =23, 37 %); weakly staining tumor (n =4, 6 %);
premenopausal (n = 4, 6 %); and unknown (n = 7, 11 %).
Endocrine therapy was primarily adjuvant treatment; only
4 9% had known metastatic disease.

TFAP2C staining pattern in breast cancer

Representative TFAP2C immunostaining of breast tumors
is shown in Fig. 1. The expression ranged from no
expression to high expression and staining was restricted to
nucleus. Interestingly, expression in normal breast was
mosaic and staining intensity was similar to that of high
expressing tumors. Thus, it is likely that tumors that
express higher levels of TFAP2C have emerged from cells
that naturally express higher levels of TFAP2C.

Correlation of TFAP2C H-score with other tumor
markers

We generated TFAP2C H-score as described in the mate-
rials and methods and compared expression with ER, PR,
HER-2/neu, Nodal stage and Grade. TFAP2C levels were
not correlated with ER, PR, HER-2/neu, Nodal Stage, or
Grade (Table 2).

Overall survival analysis
Univariate

In univariate analyses, variables significantly related to
overall survival in the Cox proportional hazards regression
models were PR status, tumor grade, tumor stage, and
nodal stage (Table 3). PR—, higher tumor grade, higher
tumor stage, and nodal stage-positive were correlated with
lower survival. TFAP2C H-score was not related to overall
survival (Fig. 2a, log-rank test p value 0.107); however,
examination of the survival curve revealed that the survival
curves for high and low TFAP2C were not parallel, indi-
cating non-proportional hazards. The curves diverged at the
10-year mark. Cox models were compared that allowed for
different hazard ratios for the time periods before or at
10 years and after 10 years verses proportional hazards
using the AIC criterion, where it was found non-propor-
tional hazard ratio provided a better fit. The results from
these models (both univariate and multivariable adjusting
for significant other tumor markers) indicated that the
hazard ratio prior to or at 10 years was non-significant, but
that the hazard ratio greater than 10 years was significantly
different between the TFAP2C H-score categories. See
Table 4 for multivariable model results. After 10 years, the
hazard ratio as 3.40 (95 % CI 1.58, 7.30) when comparing
High versus Low TFAP2C H-score categories.
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Normal breast 10X

Fig. 1 Immunostaining pattern of TFAP2C in breast cancers and normal breast

Table 2 Bivariate analysis of
TFAP2C H-score with other
tumor markers

@ Springer
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Variable TFAP2C H-score median (25th percentile, 75th percentile) p value*
n Values n Values n Values
Negative Positive
ER 79 109 (0,59.2) 284  12.6 (0, 40.9) 0.9097
PR 120 119 (0, 53.5) 227  13.3 (0, 38.6) 0.9958
HER-2/neu 160  10.8 (0, 48.2) 50 010,312 0.5646
ER+/PR+/HER— 73 0(0, 62.5) 134 0 (0, 42.0) 0.6318
Nodal status 233 125(0,36.3) 135 122 (0, 46.6) 0.9539
Grade 1 Grade 2 Grade 3
Tumor grade 100 10.8 (0,24.8) 159 12.6(0,41.0)0 94 163 (0,65.8) 0.1135

* From Wilcoxon rank-sum test for hormone receptor status and Kruskal-Wallis test for tumor grade
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Itililgetgmgrnglzgfetres ;}zilzilzrgﬁ Variable n Comparison® HR (95 % CI) P value®
survival ER 426 ER-— versus ER+ 1.18 (0.82, 1.71) 03874
PR 409 PR— versus PR+ 1.59 (1.16, 2.17) 0.0041
HER-2/neu 244 HER-2/neu- versus HER-2/neu+ 0.66 (0.41, 1.06) 0.0832
ER+/PR+/HER— 240 No versus yes 1.48 (0.94, 2.33) 0.0946
Tumor grade 413 Grade 1 versus grade 2 0.78 (0.53, 1.15) <0.0001
Grade 1 versus grade 3 0.41 (0.27, 0.62)
Grade 2 versus grade 3 0.53 (0.37, 0.75)
T stage 449 TO/1 versus T2 0.59 (0.43, 0.82) <0.0001
TO/1 versus T3/4 0.31 (0.20, 0.47)
T2 versus T3/4 0.52 (0.33, 0.80)
N stage 429 N+ versus NO 1.62 (1.19, 2.19) 0.0020

# Referent group listed last

® From Wald Chi-square test

Subgroup analysis

We conducted subgroup analyses on overall survival using
the ER-positive subgroup, endocrine therapy group, ER-
positive on endocrine therapy, ER-negative, and ER+-/
PR+/HER2— (Fig. 2b—f). For ER-positive, endocrine
therapy, and ER-positive on endocrine therapy, the results
were similar to the overall results. Whether adjusted for
covariates or not, hazard ratios were not significantly dif-
ferent from one prior to or at 10 years and were greater
than one after 10 years. For ER-positive, HR 2.86 (95 %
CI 1.29, 6.36). For endocrine therapy HR 4.19 (95 % CI
1.72, 10.23), and for ER-positive on endocrine therapy, HR
3.82 (95 % CI 1.53, 9.50). Results for ER-negative and
ER+/PR+4-/HER2— were not significant.

Disease-free survival (DFS) analysis
Univariate

In univariate analyses, variables significantly related to
disease-free survival in the Cox proportional hazards
regression models were Tumor Grade, Tumor Stage, and
Nodal Stage (Table S1). Higher Tumor Grade, Higher
Tumor Stage, and Nodal Stage-positive were correlated
with lower survival. TFAP2C H-score was not related to
disease-free survival (log-rank test p value 0.2481,
Fig. Sla).

Multivariable
In the multivariable analysis, Tumor Grade, Tumor Stage

and Nodal Status were independently related to disease-
free survival. Higher Tumor Grade and higher or unknown

Tumor Stage were correlated with lower disease-free sur-
vival (Table S2).

Subgroup analysis

We conducted subgroup analyses on disease-free survival
using the ER-positive subgroup, endocrine therapy group,
ER-positive on endocrine therapy, ER-negative, and ER+/
PR+/HER2— (Fig. S1b—f) but the results were not statis-
tically significant (log-rank test p value 0.1097 for ER+,
0.1111 for those on endocrine therapy, 0.0707 for ER-
positive on endocrine therapy, 0.8465 for ER-negative, and
0.1063 for ER+/PR+/HER2-).

Prognostic value of TFAP2C at mRNA level

Results of four mRNA analyses from public data are pre-
sented in Fig. 3a—d. In the gene expression array dataset
described by Clarke et al., elevated expression of TFAP2C
in grade 3 tumors was associated with poor overall survival
[43]. Similarly, in Miller et al. dataset, elevated expression
of TFAP2C in PR-negative tumors is associated with poor
overall survival [44]. In the node-negative breast cancer
dataset by Schmidt et al., TFAP2C overexpression was
associated with poor metastasis-free survival and in the Loi
et al. dataset, TFAP2C overexpression was associated with
poor metastasis-free survival [45, 46].

cBioportal database analysis revealed TFAP2C ampli-
fication in a variety of cancers including 8 % of breast
cancer [40]. Curiously, 28 % of primary breast cancers that
were adapted grow as xenografts showed amplification
(Fig. 3e). Thus, it appears that TFAP2C-overexpressing
tumor cells are selected during tumor establishment/pro-
gression, at least under immunosuppressed condition.
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Fig. 2 Relationship between A Al Patients, n=385 B ER+, n=284
TFAP2C H-scores and overall 10 -
survival of all patients or
patients subdivided based on 08 -
tumor characteristics and/or :
treatment. A blue line represents
high TFAP2C H-score, whereas 0.6 -
a red line represents low
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0.2 -
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Discussion

Although ERa-positive breast cancer is associated with
better outcome compared with ERo-negative breast cancer,
fear of recurrence is always in the minds of many patients.
Since recurrence can occur even after 15 years of initial
diagnosis, development of predictive biomarkers has pro-
ven difficult because of challenges in assimilating follow-
up information for a considerably longer time. Having
overcome this limitation, we present the role of TFAP2C in
predicting recurrence and overall survival post-10 years of

@ Springer

+ censored

initial diagnosis. We saw no relationship between TFAP2C
and disease recurrence. For overall survival, we saw no
relationship between TFAP2C prior to or at 10 years
(essentially negative results). After 10 years, the data
suggests that higher TFAP2C was predictive of greater
hazard of death. We do note that number of events is small
in both High (n = 16 deaths) and Low (n = 12 deaths)
TFAP2C H-Score groups after 10 years of diagnosis. In
addition, because of lower number of events after 10 years,
we were unable to divide our TMA into training and val-
idation sets. For a simple log-rank test, 21 deaths total
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frl(‘)?b(::e‘:all;/[:ulﬁjgigf l()[l\(]t :n;é}(l)s)ls Variable Comparison® HR (95 % CI) P value®
PR status Negative versus positive 1.25 (0.86, 1.84) 0.4312
Not done versus positive 1.29 (0.70, 2.36)
Tumor grade Grade 1 versus grade 2 0.75 (0.47, 1.20) 0.0463
Grade 1 versus grade 3 0.48 (0.28, 0.81)
Grade 1 versus unknown 0.70 (0.35, 1.39)
Grade 2 versus grade 3 0.64 (0.42, 0.97)
Grade 2 versus unknown 0.94 (0.51, 1.72)
Grade 3 versus unknown 1.46 (0.78, 2.76)
T stage TO/1 versus T2 0.80 (0.54, 1.18) 0.0898
TO/1 versus T3/4 0.53 (0.31, 0.93)
TO/1 versus TX 0.21 (0.03, 1.71)
T2 versus T3/4 0.67 (0.40, 1.12)
T2 versus TX 0.27 (0.03, 2.10)
T3/4 versus TX 0.40 (0.05, 3.28)
N stage N+ versus NO 1.56 (1.07, 2.27) 0.0211
TFAP2C H-score Category <10 years high versus low 1.01 (0.69, 1.47) 0.9662
>10 years high versus low 3.40 (1.58, 7.30) 0.0018

# Referent group listed last
" From Wald Chi-square test

would be needed to have 80 % power to detect a hazard
ratio of 3.4 using a two-sided test and 0.05 level of sig-
nificance. Using a standard 50/50 split for the training and
validation sets, we would only have 14 events per set.
Therefore, results presented above should be considered
“hypothesis generating” and need to be verified in a large
TMA dataset with extensive follow-up as we have with our
TMA. Few such TMAs have been published, which we
hope to analyze in future [14, 47]. Inclusion of proliferation
markers such as ki67 may allow us to determine whether
TFAP2C expression is correlated with proliferation, and
potentially luminal B phenotype, which is planned in
future. However, the above limitation of the study is not
due to quality of our TMA because in univariate and/or
multivariate analysis, markers such as Tumor Grade,
Tumor stage, and Nodal metastasis status were associated
with overall survival and/or disease-free survival similar to
many other published TMAs [16, 48, 49] (Tables 3, 4, S1,
S2).

Amongst ERa pioneer factors examined for prognostic
utility, PBX1 mRNA overexpression has been previously
linked to poor outcome [19]. We had previously demon-
strated better outcome in all and ERa-positive breast can-
cer patients with tumors that express higher levels of
FOXAL1 protein [16, 48]. Unlike the results of TFAP2C,
differences in outcome between high and low FOXAI1
expressers were evident as early as four-year post-diag-
nosis [16]. However, similar to TFAP2C, FOXA1 had no
prognostic value in ERa-negative breast cancers. Thus, it is

likely that prognostic utility of both FOXA1 and TFAP2C
is linked to their pioneer factor activity on ERa. This is not
unexpected based on intricate link in the expression/ac-
tivity of ERa, TFAP2C, and FOXA1 with TFAP2C being
the regulator of both ERa and FOXA1 [25]. However,
downstream of this link, signaling by ERa:FOXA1 and
ERo:TFAP2C may differ, which contributes to differences
in tumor cell behavior. In this respect, TFAP2A, a closely
related member of TFAP family, opposes the action of
TFAP2C [50]. Balance between these two family members
may ultimately determine the ability of TFAP2C in regu-
lating ERa activity. An alternative possibility exits where
TFAP2C and FOXA1 cooperate with each other in anti-
estrogen-resistant breast cancers to afford distinct growth
signaling pathway that does not require estrogen. Recent
studies have demonstrated that the genomic activity of
FOXA1 differs between tamoxifen-sensitive and tamox-
ifen-resistant breast cancer cells suggesting that tamoxifen-
resistance mechanism involves switch in the activity rather
than loss of FOXA1 expression [18, 51]. Since majority of
TFAP2C:ERa regulated genes are also enriched for
FOXA1 binding sites [28], it will be interesting to compare
TFAP2C:FOXA1:ERo cistrome and transcriptome in anti-
estrogen-sensitive and anti-estrogen-resistant cells.
Although chromosome 20ql13.2 where TFAP2C is
located is amplified in breast cancer [52], TFAP2C protein
does not appear to be overexpressed in majority of breast
cancer as we observed mosaic expression in normal breast
and the expression levels in normal breast appear to be
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similar to that in cancers with highest TFAP2C H-score.
Thus, it is likely that most of the cancers with elevated
TFAP2C have originated from normal cells that naturally
express higher levels of TFAP2C. Indeed, Oncomine
database analysis did not reveal cancer-specific upregula-
tion of TFAP2C except one study showing 1.2-fold
increase in ductal carcinoma (data not shown). Different
outcome observed in patients with tumors with higher and

@ Springer

lower TFAP2C H-score or TFAP2C mRNA levels could be
related to how ERa activity differs between TFAP2C-high
and TFAP2C-low cells. To get insight into this possibility,
we did coexpression analysis using Oncomine and cBio-
portal. Both databases revealed a network comprising
TFAP2C, CITED1, CITED2, CITED4, and UBE2IL
Among these genes, CITEDI is a co-activator of ERa
activity and is required for mammary gland development
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[53, 54]. Thus, ERa:CITEDI1 transcriptional axis could
differ in cells expressing higher levels of TFAP2C com-
pared to cells with lower TFAP2C.

In vitro studies in cell lines have revealed a role for
TFAP2C in inducing the expression of proto-oncogene
RET independent of ERa [55]. TFAP2C has also been
shown repress p21 in cooperation with cMyc oncogene
[56]. Thus, tumors originating from cells with higher
TFAP2C may be intrinsically more proliferative than
tumors with lower TFAP2C. Tumors with higher prolifer-
ative rate usually respond initially to chemo or hormonal
therapy but eventually recur. Future studies focusing on
association between TFAP2C and proliferation markers
such as ki67 may help establish a link between TFAP2C
expression, proliferation, recurrence, and outcome.
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