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Abstract
Background—In luminal breast cancer cell lines, TFAP2C regulates expression of key genes in
the estrogen receptor–associated cluster and represses basal-associated genes including CD44. We
examined the effect of TFAP2C overexpression in a basal cell line and characterized the
expression of TFAP2C and CD44 in breast cancer specimens to determine if expression was
associated with clinical response.

Methods—MDA-MB-231 breast cancer cells were treated with a TFAP2C-containing plasmid
and evaluated for effects on CD44 expression. Pretreatment biopsy cores from patients receiving
neoadjuvant chemotherapy for breast cancer were evaluated for TFAP2A, p53, TFAP2C, and
CD44 expression by immunohistochemistry.

Results—Overexpression of TFAP2C in MDA-MB-231 cells resulted in decreased expression of
CD44 mRNA and protein, P< 0.05. A pathologic complete response (pCR) following neoadjuvant
chemotherapy was achieved in 17% of patients (4/23). Average expression for TFAP2C by
immunohistochemistry in patients with a pCR was 93%, compared with 46% in patients with
residual disease, P= 0.016; and in tumors that stained at ≥80% for TFAP2C, 4 of 9 (44%) achieved
pCR, compared with 0 of 14 below 80%, P= 0.01. Additionally, in tumors that stained ≤80% for
CD44, 4 of 10 (40%) achieved pCR, compared with 0 of 13 >80%, P = 0.02. In tumors that
stained high for TFAP2C (≥80%) and low for CD44 (≥80%), 4 of 7 (57%) achieved pCR,
compared with 0 of 16 in all other groups (P= 0.004).

Conclusions—TFAP2C repressed CD44 expression in basal-derived breast cancer. In primary
breast cancer specimens, high TFAP2C and low CD44 expression were associated with pCR after
neoadjuvant chemotherapy and could be predictive of tumors that have improved response to
neoadjuvant chemotherapy.
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1. Introduction
Breast cancer is the most common cancer in women, with an estimated 227,000 new cases in
the United States in 2012. Despite high rates of long-term survival, breast cancer remains
second only to lung cancer as the most common cause of cancer death in women [1].
Because of the continued high level of mortality from this disease, new markers of tumor
behavior and treatment strategies are being investigated. Currently, much debate exists over
the role of neoadjuvant chemotherapy in breast cancer [2]. Although traditionally used only
for patients with inoperable disease, primary chemotherapy has been investigated in
resectable tumors for the past 20 y. Multiple studies have shown that neoadjuvant
chemotherapy is effective to reduce local tumor burden and increase patient eligibility for
breast-conserving treatment [3–9]. Additionally, the triple-negative molecular subtype has
been identified as having improved response to neoadjuvant chemotherapy in reduction of
locoregional recurrence, higher rates of pathologic complete response (pCR), and improved
survival after pCR [10–12]. Based on these findings that molecular expression patterns can
be indicative of biologically distinct tumors with differential response to neoadjuvant
chemotherapy, we sought to investigate markers of response in our patient population.

Transcription factor activating protein 2-gamma (TFAP2C) is a DNA-binding transcription
factor that we have previously shown to be involved in regulation of estrogen receptor (ER)
and ER-associated genes [13–15]. TFAP2C provides direct transcriptional regulation of the
RET proto-oncogene [16], expression of which has been linked to reduced survival and
hormone sensitivity in breast cancer [17]. TFAP2C also regulates glutathione peroxidase,
which in vitro influences breast cancer sensitivity to doxorubicin [18]. Additionally, in
breast cancer TFAP2C expression is predictive of response to hormone therapy and high
expression of TFAP2C correlates to shortened patient survival [19]. TFAP2A is a TFAP
family member with a similar DNA binding pattern to TFAP2C, but with distinct
transcriptional regulatory activity in both ER-positive and ER-negative breast cancer cell
lines [15,20].

Studies examining binding sites by chromatin immuno-precipitation with direct sequencing
(ChIP-seq) and expression changes suggested a role for TFAP2C in repression of CD44 by
TFAP2C in the luminal breast cancer cell line MCF-7 (A. Cyr et al., unpublished data, 2013)
[15]. Transient or stable knockdown of TFAP2C in MCF-7 cells resulted in increased CD44
expression and an increase in the population of CD44+/CD24– cells (A. Cyr et al.,
unpublished data, 2013). Cells with the expression pattern of CD44+/CD24– defines the
breast cancer stem cell population, which are thought to drive tumor initiation and represent
a population more likely to develop metastatic disease and be resistant to chemotherapy [21–
24]. Because TFAP2C is involved in regulation of proliferation and oxidative associated
genes, and CD44 is a possible TFAP2C target believed to be a marker of chemotherapy
resistance, we sought to characterize TFAP2C and CD44 levels to determine if expression
correlated to response to neoadjuvant chemotherapy.

2. Methods
2.1. Cell lines

The MDA-MB-231, MCF-7, and BT-474 cell lines were obtained from the American Type
Culture Collection (Manassas, VA). MCF-7 and MDA-MB-231 cells were cultured using
Dulbecco’s modified Eagle medium and BT-474 were cultured using Dulbecco’s modified
Eagle medium/F12. All media were supplemented with 10% fetal bovine serum, 100 units/
mL penicillin, and 100 μg/mL streptomycin and all cultures grown at 37°C and 5% CO2.
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2.2. Chromatin immunoprecipitation sequencing
ChIP-seq was performed as previously described [15]. TFAP2C binding to the CD44
promoter was assessed by searching the University of California Santa Cruz genome
browser (http://genome.ucsc.edu/cgi-bin/hgTracks?org=human) with our ChIP-seq tracks
overlaid.

2.3. Gel shift assay
Gel shift was performed using the Gel Shift Assay Core System E3050 (Promega, Madison,
WI). A 150-bp oligonucleotide probe was created from the sequence underlying each of the
two highlighted ChIP-seq peaks using MDA-MB-231 template DNA, and probes were
labeled with 32P according to manufacturer protocol. TFAP2C protein was synthesized from
pcDNA3.1-AP2C using TNT T7 Quick Coupled Transcription/Translation System 1170
(Promega) [20]. Probe and competitor design are graphically represented in Figure 1 and
sequences are provided in Supplemental data. Supershift was performed with TFAP2C
antibody SC-12762 (Santa Cruz Biotechnology, Santa Cruz, CA).

2.4. TFAP2C overexpression transfections
TFAP2C was overexpressed using a pcDNA 3.1 plasmid containing a full-length TFAP2C
cDNA construct (TFAP2C) and compared with transfection with an empty pcDNA 3.1
plasmid (empty vector). Transfection was performed according to the manufacturer’s
protocol using Lipofectamine LTX reagent (Invitrogen, Carlsbad, CA).

2.5. Real-time polymerase chain reaction
Total RNA was isolated using the RNeasy Mini kit (Qiagen, Valencia, CA) 48 h after
plasmid transfection. Total RNA was converted to cDNA using the Superscript III kit
(Invitrogen) utilizing random hexamer primers. Quantitative polymerase chain reaction
(PCR) was performed according to standard TaqMan Fast protocol (Applied Biosystems,
Carlsbad, CA). TaqMan primer/probe combinations used were TFAP2C (Hs00231476) and
CD44 (Hs01075861). GAPDH (Hs02758991) and 18s (Hs99999901) were used as
endogenous controls. real-time polymerase chain reaction (RT-PCR) was performed in
technical triplicate and averages, standard deviations, and statistical calculations were made
using three biologic replicates.

2.6. Western blot
Total protein was isolated 48 h after plasmid transfection using RIPA buffer with Halt
protease inhibitor cocktail (Thermo Scientific, Rockford, IL). Antibodies used were
TFAP2C (Santa Cruz Biotechnology), CD44 (R&D Systems, Minneapolis, MN), and
GAPDH (Santa Cruz Biotechnology). Protein levels were quantified using ImageJ (http://
rsb.info.nih.gov/ij/) and statistical calculations were made using three biologic replicates.

2.7. Patients
Twenty-three consecutive patients who underwent neoadjuvant chemotherapy for primary
breast cancer and had archived formalin-fixed paraffin-embedded tissue from diagnostic
core biopsy specimens were retrospectively enrolled. The institutional review board at the
University of Iowa approved this study. Patients with stage IV disease and inflammatory
cancer were excluded because they could not be evaluated for pCR and only patients with
stage II or stage III disease according to the American Joint Committee on Cancer manual
were enrolled. Chemotherapy regimen was determined by the treating medical oncologist in
collaboration with the institutional tumor board and was based on clinical trials and national
standards at the time of treatment. All data in this study were obtained retrospectively and
the decision to undergo neoadjuvant chemotherapy, the treatment regimen, and other clinical
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and operative decisions were not influenced by this study. The majority of patients were
given combination therapy with adriamycin, cyclophosphamide, and paclitaxel. Patients
received endocrine therapy and trastuzumab according to institutional standards and receptor
status. Chemotherapy regimen, demographic information, and response to neoadjuvant
chemotherapy were determined by retrospective chart review. Patients were categorized as
having a pCR if on resection they had no evidence of malignant disease, including ductal
carcinoma in situ, at the primary tumor site or lymph nodes.

2.8. Immunohistochemistry
Archived formalin-fixed paraffin-embedded pretreatment biopsy specimens were obtained
for the enrolled patients and analyzed by our institutional pathology research laboratory.
Tissue blocks were sectioned and stained for p53 (Santa Cruz Biotechnology), TFAP2A
(Santa Cruz Biotechnology), TFAP2C (Santa Cruz Biotechnology), and CD44 (R&D
Systems) with appropriate positive and negative controls. Samples were interpreted by an
attending pathologist (R.W.A.) and scored according to percentage of positive cells. Staining
intensity was also recorded but was not used in the final analysis.

2.9. Statistical analysis
Univariate statistical analysis was performed on continuous data using the two-sided Student
t-test, and for categorical variables frequency association was performed using the two-sided
Fisher exact test. All statistical calculations were made using R (www.r-project.org).
Significance was defined as P < 0.05.

3. Results
3.1. Identification of TFAP2C binding sites in the CD44 regulatory region

Chip-seq data for the genomic binding locations of TFAP2C in the CD44 regulatory region
in MCF-7 and BT-474 ER-positive breast cancer cell lines and SKBR-3 ER-negative breast
cancer cell line were compared. Figure 1 demonstrates two main binding peaks within the
first intron at CD44+1kb and at CD44+30kb in the CD44 gene relative to the transcriptional
start site in ER-negative SKBR-3 breast cancer cells. In ER-positive cells, only the +1kb
peak was observed in BT-474, and only the +30kb peak was found in MCF-7. To confirm
that TFAP2C bound directly to the DNA at those locations, gel shift assay was performed
with probes underlying each peak. Gel shift confirmed that cloned TFAP2C protein bound
to both sites, with cold competitors localizing TFAP2C binding to consensus AP-2 family
binding sequence. These data confirm that TFAP2C binds directly to two locations in the
first intron of the CD44 gene, consistent with known mechanisms of TFAP2C direct
transcriptional regulation.

3.2. Overexpression of TFAP2C represses CD44 expression
Based on our observations that knockout of TFAP2C in a luminal cell line (high TFAP2C,
low CD44–expressing cell line) resulted in increased expression of CD44 and established
mechanisms of TFAP2C action through direct DNA binding, we hypothesized that TFAP2C
directly represses CD44 expression. To investigate the role of TFAP2C in a basal cell line,
we performed a transient overexpression of TFAP2C in a TFAP2C-negative, high-CD44-
expressing basal cell line, MDA-MB-231. Transfection of a TFAP2C expression plasmid
resulted in a 700-fold increase in TFAP2C mRNA (Fig. 2) and a 20-fold increase in
TFAP2C protein expression (Fig. 3) compared to empty vector transfection, showing
successful TFAP2C over-expression. At 48 h post transfection, overexpression of TFAP2C
resulted in an 80% reduction in CD44 mRNA (Fig. 2) and a 60% reduction in CD44 protein
(Fig. 3) compared to empty vector transfection. These results demonstrate that transient
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TFAP2C expression caused repression of CD44 expression in MDA-MB-231 breast cancer
cells.

3.3. Patient demographics
In order to investigate the potential role of expression of TFAP2C and target genes on
response to neoadjuvant chemotherapy, 23 patients treated with neoadjuvant chemotherapy
followed by surgical resection for stage II and III breast cancer and for which archived
pretreatment core biopsy tissue was available were analyzed. Four of 23 patients (17%)
achieved a pCR following neoadjuvant chemotherapy. Patient demographics, tumor receptor
status data, and staging are listed in the Table and were significant only for a negative
correlation between ER-positive tumors and achieving a pCR.

3.4. TFAP2C and CD44 expression were associated with pCR
Scored immunohistochemistry data were analyzed according to tumor receptor status and
response to chemotherapy. Expression of p53, TFAP2A, TFAP2C, and CD44 was not
statistically different in ER-positive (luminal), HER2-overexpressing, or triple-negative
(basal) tumors. Expression data for p53, TFAP2A, TFAP2C, and CD44 separated by
response to chemotherapy is shown in Figure 4. Expression of p53 and TFAP2A did not
differ between the partial response and pCR groups. However, mean TFAP2C expression
was significantly higher in the pCR group (92.5%) compared with the partial response
(46.3%, P =0.02), and pCR tumors were significantly more likely to have ≥80% cells
positive for TFAP2C (4/4, 100%) compared with partial response tumors (5/19, 26%, P =
0.01). There was additionally a trend in the patients that converted from a positive to a
negative axilla following neoadjuvant chemotherapy for higher mean TFAP2C expression
(65%) compared with patients with residual axillary disease (38%, P = 0.06), further
indicating an association between increased TFAP2C expression and improved response to
neoadjuvant chemotherapy.

Mean CD44 expression did not differ statistically between the two groups; however, in the
pCR group, tumors were more likely to have ≤80% CD44 positivity (4/4, 100%) compared
with partial response tumors (6/19, 31%, P = 0.02). When combined, seven tumors stained at
or above 80% positive for TFAP2C and at or below 80% for CD44. Of those seven, 4 (57%)
achieved a pCR, compared with none of the 13 tumors (0%) with other expression patterns,
P = 0.004, Figure 5.

4. Discussion
TFAP2C is a key transcription factor involved in the regulation of many genes associated
with the luminal phenotype in breast cancer. We identify TFAP2C to also be a direct
repressor of the stem cell marker CD44 in both ER-positive and ER-negative breast cancer
cell lines, further identifying a key role for TFAP2C in regulating gene expression in breast
cancer. Interestingly, in this study, in which three of the four pCR tumors were ER-negative,
we have identified an important role for TFAP2C in defining a subset of nonluminal cancers
that are more likely to respond to neoadjuvant chemotherapy. Our findings indicate that
increased expression of functional TFAP2C is associated with pCR following neoadjuvant
chemotherapy in breast cancer. Additionally, high-TFAP2C-expressing tumors become even
more strongly associated with pCR when they concurrently express low levels of CD44.
This finding is interesting for two reasons, the first being that concurrent high TFAP2C and
low CD44 expression is consistent with transcriptional repression of CD44 by TFAP2C,
indicating functional TFAP2C with chromatin structure that is accessible to TFAP2C at that
location. Next, this finding is consistent with the hypothesis that CD44 expression is
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associated with cancer stem cells and that decreased populations of cancer stem cells result
in tumors that are more responsive to neoadjuvant chemotherapy.

Current indications for neoadjuvant chemotherapy for locally advanced breast cancer are not
well defined and represent an evolving field of intense investigation [2]. Improved delivery
of neoadjuvant chemotherapy will require stratification to identify tumors that have a worse
prognosis and require more aggressive treatment, as well as tumors that have a molecular
expression profile that indicates improved responsiveness to chemotherapy. Triple-negative
tumors are clinically more aggressive and have better neoadjuvant response outcomes
compared to other tumor subtypes. This has led to increased selection of triple-negative
tumors for neoadjuvant chemotherapy, and this approach has shown improved survival in
patients having achieved a pCR [12].

Based on those findings, research is being directed at finding markers that identify distinct
tumor phenotypes within the current receptor classifications that predict tumor behavior and
response to chemotherapy. High expression of TFAP2C has been identified in multiple
studies as being linked, both directly and indirectly through target genes, to decreased
survival [19,25]. Our findings indicate, however, that although these tumors have a distinct,
more aggressive behavior, they also could have an improved response to neoadjuvant
chemotherapy. Potentially, identifying aggressive high-TFAP2C-expressing breast cancers
that also express low levels of CD44 could identify tumors that have lower populations of
cancer stem cells and are therefore more responsive to neoadjuvant chemotherapy.
Functionally, measurement of these two markers could identify a distinct tumor biology,
which is more likely to achieve a pCR with neoadjuvant chemotherapy.

Our study characterized only 23 patients from a single institution. These results need to be
validated in a larger study with a more diverse patient population. However, our results
indicate that high TFAP2C and low CD44 expression could represent a distinct biology with
functionally intact TFAP2C. With further study, identification of high-TFAP2C-expressing/
low-CD44-expressing tumors could indicate tumors with more pronounced response to
neoadjuvant chemotherapy, which could improve outcomes with this treatment strategy for
select patients.
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Fig. 1.
(A) Graphical representation of ChIP-seq data demonstrating locations of TFAP2C binding
in the CD44 promoter. Two peaks are identified in the ER-negative SKBR-3 cell line within
the first intron at CD44 +kb and CD44 +30kb relative to the transcriptional start site. In ER-
positive MCF-7 only the +30kb site is present, and in ER-positive BT-474 only the +1kb site
is present. (B) Gel shift assay confirms localization of TFAP2C biding sites at both ChIP-
seq peaks. Both probes shift with synthesized TFAP2C protein, demonstrating TFAP2C
binding, and supershift with TFAP2C antibody, confirming the specificity of the complex.
Beneath each gel shift image is a graphical representation of the probe and competition
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oligonucleotides. For oligonucleotides found to compete for TFAP2C binding, the sequence
is provided with the consensus AP-2 family binding sequence underlined.
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Fig. 2.
Overexpression of TFAP2C transcriptionally represses CD44 expression. RT-PCR
demonstrated the effects of TFAP2C plasmid transfection on TFAP2C and CD44 mRNA
expression in the triple-negative breast cancer cell line MDA-MB-231. mRNA levels were
normalized to GAPDH and 18s rRNA levels and to empty vector (EV) transfection. RT-
PCR was performed in triplicate and averages and standard deviations were calculated using
three biologic replicates. Statistical P values are shown using brackets.
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Fig. 3.
Overexpression of TFAP2C in MDA-MB-231 cells reduces CD44 protein levels. Western
blot test demonstrated the effects of TFAP2C plasmid transfection on TFAP2C and CD44
protein levels in MDA-MB-231 cells. Overexpression of TFAP2C was associated with a
significant reduction in CD44 levels. Western blots were performed in biologic triplicate and
protein levels quantified using ImageJ.
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Fig. 4.
Immunohistochemistry expression patterns of patients treated with neoadjuvant
chemotherapy. Samples were scored by percentage of cells staining positive for p53,
TFAP2A, TFAP2C, and CD44 and compared in patients having a pCR (n = 4) versus a
partial response (n = 19) to chemotherapy. Increased TFAP2C expression and decreased
CD44 positivity were significantly associated with a pCR. TFAP2A and p53 expression
were not associated with response to neoadjuvant chemotherapy. Horizontal bars represent
the mean and error bars standard deviation. Data points with identical values are overlaid
and each point might not be visible for all tests.
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Fig. 5.
pCR following neoadjuvant chemotherapy is associated with high TFAP2C and low CD44
expression. Data points represent patients graphed according to TFAP2C and CD44
positivity on immunohistochemistry. Patients with high TFAP2C (≥80%) and low CD44
(≤80%) were significantly more likely to achieve a pCR (57%) compared with all other
expression patterns (0%, P = 0.004).
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Table

Patient demographics, receptor status, and stage as a function of response to neoadjuvant chemotherapy.

Partial response pCR P value

Patients 19 4

Age 50.7 ± 11.5 40.0 ± 10.7 0.14

ER positive 16 (84%) 1 (25%) 0.04

Her2 positive 3 (16%) 2 (50%) 0.19

Triple negative 2 (11%) 1 (25%) 0.45

Stage II 9 (47%) 2 (50%) 1.0

Stage III 10 (53%) 2 (50%) 1.0

Adriamycin-based chemotherapy 16 (84%) 3 (75%) 1.0
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