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Abstract
AP-2β is a new mammary epithelial differentiation marker and its expression is preferentially retained and enhanced in 
lobular carcinoma in situ and invasive lobular breast cancer. In normal breast epithelium AP-2β is expressed in a scattered 
subpopulation of luminal cells. So far, these cells have not been further characterized. Co-expression of AP-2β protein and 
luminal epithelium markers (GATA3, CK8/18), hormone receptors [estrogen receptor (ER), androgen receptor (AR)] and 
candidate stem cells markers (CK5/14, CD44) were assessed by double-immunofluorescence staining in normal mammary 
gland epithelium. The subpopulation of AP-2β-positive mammary epithelial cells showed an almost complete, superimpos-
able co-expression with GATA3 and a peculiar intense, ring-like appearing immunoreactivity for CK8/18. Confocal immu-
nofluorescence microscopy revealed an apicobasal staining for CK8/18 in AP-2β-positive cells, which was not seen in in 
AP-2β-negative cells. Furthermore, AP-2β-positive displayed a partial co-expression with ER and AR, but lacked expression 
of candidate stem cell markers CK5/14 and CD44. In summary, AP-2β is a new luminal mammary epithelial differentiation 
marker, which is expressed in the GATA3-positive subpopulation of luminal epithelial cells. These AP-2β-positive/GATA3-
positive cells also show a peculiar CK8/18-expression which may indicate a previously unknown functionally specialized 
mammary epithelial cell population.

Keywords  AP-2β · TFAP2B · Normal breast · GATA3 · CK8/18

Introduction

TFAP2B/AP-2β is a member of the activator protein-2 (AP-
2) family of transcription factors, which comprises five 
members (AP-2α, -2β, -2γ, -2δ, -2ε), encoded by separate 
genes (TFAP2A, TFAP2B, TFAP2C, TFAP2D, TFAP2E) 
(Pellikainen and Kosma 2007). AP-2 proteins bind GC-rich 
DNA sequences and mediate both activating and repressive 
stimuli. AP-2 proteins function in a cell type-specific man-
ner and regulate embryonic organ development, differentia-
tion and tissue homeostasis. During embryogenesis, AP-2α, 
AP-2β and AP-2γ display partially overlapping expression 

patterns in the nervous system, the facial mesenchyme, the 
limbs and various epithelia (Martino et al. 2016; Moser 
et al. 1997; Pellikainen and Kosma 2007; Seki et al. 2015). 
AP-2δ and AP-2ε are restricted to the central nervous system 
(Hesse et al. 2011).

The human TFAP2B gene is primarily known for its 
association with the Char syndrome, an autosomal domi-
nant disorder characterized by patent ductus arteriosus, 
facial dysmorphism and anatomical abnormalities of the 
fifth digit (Satoda et al. 2000). More recently, TFAP2B has 
been implicated in neoplastic diseases (Ebauer et al. 2007; 
Grass et al. 2009; Ikram et al. 2016; Li et al. 2018; Wachtel 
et al. 2006). AP-2β is overexpressed in alveolar rhabdomyo-
sarcoma (aRMS), a rare childhood malignancy (Wachtel 
et al. 2006). Contrary to the results in aRMS, AP-2β seems 
to be a favorable prognostic marker in carcinomas such as 
endometrial cancer (Wu and Zhang 2018), cervical can-
cer (Wang et al. 2017), renal cell cancer (Oya et al. 2004), 
neuroblastoma (Ikram et al. 2016; Thorell et al. 2009) and 
breast cancer (BC) (Raap et al. 2018; Yoldi et al. 2016). 

 *	 M. Raap 
	 Raap.Mieke@MH-Hannover.de

1	 Institute of Pathology, Hannover Medical School, 
Carl‑Neuberg‑Str. 1, 30625 Hannover, Germany

2	 Department of Gynecology and Obstetrics, Hannover 
Medical School, Hannover, Germany

http://orcid.org/0000-0001-8338-6209
http://crossmark.crossref.org/dialog/?doi=10.1007/s10735-021-09980-2&domain=pdf


1258	 Journal of Molecular Histology (2021) 52:1257–1264

1 3

Regarding AP-2 transcription factors in the mammary gland 
and breast cancer, most studies have focused on TFAP2A/
AP-2α and TFAP2C/AP-2γ (Friedrichs et al. 2005; Gee et al. 
2009; Orso et al. 2004; Pellikainen et al. 2002; Shiu et al. 
2014; Turner et al. 1998; Williams et al. 2009). However, 
various prognostic BC gene expression signatures, such 
as the 496 intrinsic gene set, include TFAP2B as a classi-
fier gene (Guedj et al. 2012; Hu et al. 2006; Korkola et al. 
2003; Perou et al. 2000; Weigelt et al. 2010). Moreover, we 
have recently observed, that AP-2β-positivity is associated 
with favorable clinicopathologic factors such as a positive 
estrogen receptor (ER) and androgen receptor (AR) status 
and low Ki67 (Raap et al. 2018). Also AP-2β is associ-
ated with a prolonged event-free survival of BC patients 
and with the lobular BC subtype and its precursor lesion 
lobular carcinoma in situ (LCIS) (Raap et al. 2018). AP-2β 
expression can be observed in normal breast epithelium in 
a cell population with a nuclear localization between the 
luminal and the myoepithelial cell compartment (Raap et al. 
2018). This localization is different from the reported pat-
tern of AP-2α (entire luminal cell layer) and AP-2γ (entire 
myoepithelial cell layer) (Friedrichs et al. 2005). Fridriks-
dottir et al. showed AP-2β-expression in the ER-positive and 
estrogen-responsive epithelial cell compartment in normal 
human breast (Fridriksdottir et al. 2015). Furthermore, vari-
ous reactive and metaplastic mammary gland lesions show 
enhanced AP-2β expression in terms of an expansion of the 
AP-2β-positive cell population (Raap et al. 2018). The pecu-
liar AP-2β-staining pattern, the expression in non-neoplastic 
cell proliferations and the enhanced expression in ILBC and 
LCIS prompted us to further investigate the characteristics 
of AP-2β-positive cells in normal mammary epithelium, by 
analyzing the co-expression of AP-2β with luminal mam-
mary epithelial markers (GATA3 (Chou et al. 2010), CK8/18 
(Boecker et al. 2018)), hormone receptors (ER, AR) and 
candidate stem cell markers (CK5/14 (Boecker et al. 2018), 
CD44(Fillmore and Kuperwasser 2007)).

Methods

Patient characteristics

Formalin-fixed paraffin-embedded (FFPE) breast tissue 
specimens from 11 female patients were retrieved from the 
tissue archive of the Institute of Pathology of the Hannover 
Medical School (MHH) according to the guidelines of the 
local ethics committee. All specimens were made anony-
mous. Breast reduction surgery was the type of surgery per-
formed in all 11 patients. Two age-groups of patients were 
chosen. The age of the younger, presumably pre-menopausal 
patients was 21–27 (n = 5). The age of the older, presumably 
peri-/post-menopausal patients was 58–67 (n = 6) (Table 1). 

Information about hormonal factors and the menstrual cycle 
were not available. One patient with fibroadenoma and one 
patient with contralateral breast cancer but without systemic 
therapy prior to breast reduction were included. All cases 
were re-reviewed on HE-stained full sections to confirm nor-
mal lobular and ductular configuration and exclude neoplas-
tic, metaplastic or inflammatory changes. One representa-
tive tissue block from each patient was chosen for further 
analysis.

Immunohistochemistry, 
double‑immunofluorescence and confocal 
microscopy

For antigen-detection 4 µm sections of FFPE tissue blocks 
were mounted on superfrost slides (Thermo Fisher Scien-
tific, Waltham, MA, U.S.A.). Slides were deparaffinized and 
rehydrated conventionally. Immunohistochemistry staining 
was performed on a Benchmark Ultra (Ventana, Tucson, AZ, 
U.S.A.). Antibodies and staining protocols are detailed in 
Online Resource 1.

For double-immunofluorescence, different staining pro-
tocols were applied depending on the antibodies. For the 
rabbit polyclonal anti-ER antibody (1:100, Clone H-184, 
Santa Cruz Biotechnology, Dallas, TX, U.S.A.) slides 
were incubated with the primary antibody for 1 h at 37 °C. 
After washing, slides were incubated with secondary goat 
anti-rabbit antibody labeled with Cy3. After blocking with 
donkey-anti-goat serum for 30 min at 37 °C the second stain-
ing with the rabbit polyclonal anti-AP-2β antibody H-87 
(1:50, Santa Cruz Biotechnology) was performed for 1 h 
at 37 °C, followed by incubation with the secondary goat 
anti-rabbit antibody labeled with Cy2 or AlexaFluor488 
for confocal microscopy. Specificity and sensitivity of the 
H-87 antibody was confirmed previously (Raap et al. 2018). 

Table 1   Patient characteristics

a With contralateral breast cancer
b With fibroadenoma

Age Indication

Patient 1 27 Breast reduction
Patient 2 24 Breast reduction
Patient 3 21 Breast reduction
Patient 4 22 Breast reduction
Patient 5 23 Breast reductiona

Patient 6 67 Breast reduction
Patient 7 67 Breast reductionb

Patient 8 61 Breast reduction
Patient 9 58 Breast reduction
Patient 10 65 Breast reduction
Patient 11 66 Breast reduction
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For mouse antibodies the slides were incubated with the 
rabbit polyclonal anti-AP-2β antibody H-87 (1:50) and the 
mouse monoclonal antibodies anti-AR (1:50, Clone R441, 
Dako, Glostrup, Denmark), anti-CK5/14 (1:200, Clone 
XM26 + LL002, Diagnostics BioSystems, The Hague, 
Netherlands), anti-CK8/18 (1:300, Clone NCL-5D3, Leica 
Biosystems, Newcastle upon Tyne, UK) or anti-GATA3 
(1:100, Zytomed Systems, Berlin, Germany). After block-
ing for 5 min, slides were incubated with secondary goat 
anti-rabbit antibodies labeled with Cy2 and goat anti-mouse 
antibodies labeled with Cy3 or AlexaFluor647 for confo-
cal microscopy. Cells were counterstained with Hoechst 
33342 (1 μg/ml, Thermo Fisher Scientific). Visualization 
was performed using an Axio Imager Z1 fluorescence micro-
scope (Zeiss, Oberkochen, Germany). Confocal fluorescence 
microscopy was performed on a Leica SP8 inverted confocal 
microscope (Leica microsystems, Wetzlar, Germany) using 
a 63 × oil immersion objective. Fluorophores were excited 
using a 405 nm diode for DAPI, an Argon Laser (488 nm) 
for AlexaFluor488 (excitation 496 nm/emission 519 nm) and 
a HeNe laser for AlexaFluor647 (excitation 650 nm/emis-
sion 665 nm). Images were acquired by separate sequential 
imaging for each fluorophore at a resolution of 1024 × 1024 
pixel and a slice thickness of 0.2 µm. Maximum intensitiy 
projections and processing of the images were performed 
using FIJI (Schindelin et al. 2012).

To determine the fraction of mammary epithelial cells 
with co-expression of AP-2β and either of the five above 
mentioned markers, 100 cells in 10 spots (5 ducts, 5 lob-
ules) of each stained slide of the 11 patients were exam-
ined. The number of cells with expression of AP-2β only, the 
number of cells with expression of the second markers only 
(ER, AR, CK8/18, GATA3, CK5/14, CD44), the number of 

cells with co-expression of AP-2β and these markers and 
the number of cells without any marker expression were 
documented. The luminal and myoepithelial cell layers were 
distinguished by morphology. Screening by eye-balling for 
co-expression with further markers (Additional antibodies 
and staining protocols are detailed in Online Resource 2) 
was performed on tissue of patient 5.

Statistics

Statistical analysis of AP-2β co-expression with other immu-
nohistochemical markers was performed using the GraphPad 
Prism software (version 5.00) and unpaired t-test.

Results

Co‑expression of AP‑2β and luminal epithelium 
markers GATA3 and CK8/18

We have previously shown, that AP-2β is expressed in 
approximately 30% of luminal breast epithelial cells 
(Raap et al. 2018). The nuclei of positively labelled cells 
are localized below the luminal and above the basal cell 
layer of ductal epithelium (Fig. 1a) (Raap et al. 2018). 
For further characterization of AP-2β expressing cells, 
double-immunofluorescence staining with the luminal 
epithelial markers GATA3 and CK8/18 was performed. 
To determine the fraction of cells with co-expression of 
AP-2β and the above mentioned markers, 100 cells in 
10 spots (5 ducts, 5 lobules) of each stained slide of 11 
patients were examined and the number of cells with and 
without co-expression was documented. Approximately 

Fig. 1   AP-2β expression in the normal mammary gland. Immunohis-
tochemistry shows scattered AP-2β-positive cells in the epithelium of 
mammary gland lobules (a) and mammary gland ducts (b). c Analy-
sis of double-immunofluorescence staining of 100 cells in 10 spots (5 

ducts, 5 lobules) of each stained slide of 11 patients shows an expres-
sion of AP-2β in approximately 15% of mammary gland epithelial 
cells express with a slightly higher expression in the older patients 
group



1260	 Journal of Molecular Histology (2021) 52:1257–1264

1 3

15% of luminal mammary lobular and ductal epithelial 
cells stained positive for AP-2β with a slightly higher 
fraction of AP-2β-positive cells in the breast tissue of the 
older patients group (lobular P = 0.028, ductal P = 0.029, 
unpaired t-test) (Fig. 1a–c). Double-immunofluorescence 
staining showed an almost complete co-expression of 
AP-2β and GATA3 (Fig.  2a). As expected, double-
immunofluorescence staining with CK8/18 showed that 
AP-2β expression was restricted to cells expressing these 
luminal epithelial cytokeratins. Interestingly, in epiflu-
orescence-microscopy the AP-2β-positive cells did not 
show a cytoplasmic peripheral-predominant appearing 
CK8/18-staining pattern as the majority of luminal epithe-
lial cells, but a more intense cytoplasmic staining, which 
appeared ring-like and perinuclear (Fig. 2b, arrows). Con-
focal microscopy confirmed a more intense staining for 

CK8/18 in the AP-2β-positive cells, when compared to 
the AP-2β-negative cells. Furthermore, the AP-2β-positive 
cells showed an apicobasal staining for CK8/18, which 
was not seen in AP-2β-negative cells. These two staining 
patterns resulted in a ring-like appearance in the maxi-
mum intensity projection of all z-stacks, comparable to 
the staining pattern in epifluorescence-microscopy (Online 
Resource 3). This staining pattern was almost exclusively 
restricted to AP-2β-positive cells. It was reproducible with 
other antibodies against CK8 and CK18 (data not shown, 
for antibody information see Online Resource 2). No such 
staining pattern was found for other keratins such as CK19 
and CK7 (Online Resource 4). In bright field immunohis-
tochemical staining this intense, apicobasal and ring-like 
appearing staining pattern was difficult to retrace because 
of the high staining intensity for CK8/18 (Fig. 2b).

Fig. 2   Co-expression of AP-2β with luminal epithelial markers and 
hormone receptors in the normal mammary gland. The first column 
shows immunohistochemical staining; the second and third columns 
show double-immunofluorescence stainings; the fourth and fifth col-
umns show statistical results from double-immunofluorescence analy-
sis counting 100 cells in 10 spots (5 ducts, 5 lobules) of each stained 
slide of 11 patients; the last column shows Venn-diagrams, visualiz-
ing the proportion of morphological identified luminal mammary epi-
thelial cells with (co-)expression of AP-2β (green) and the depicted 

markers (red) a Results from double-immunofluorescence show 
an almost exclusive co-expression of AP-2β (green) and GATA3 
(red). b Double-immunofluorescence staining for AP-2β (green) and 
CK8/18 (red) reveal a peculiar intense and perinuclear appearing 
staining pattern (white arrow, pCK8/18) of the AP-2β- positive epi-
thelial cells in ducts and lobules (c, d). Double-immunofluorescence 
staining for AP-2β (green) and AR  or ER (red) show a partial co-
expression of these markers
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Partial co‑expression of AP‑2β 
and hormone‑receptors ER and AR

ER and AR are expressed by ductal and lobular epithelial 
cells depending on age, pregnancy status and phase of men-
strual cycle but constantly only in a minority of non-neo-
plastic breast epithelial cells (Hallberg et al. 2008; Kensler 
et al. 2018; Khan et al. 2002). Our data showed a higher 
fraction of ER-positive cells in breast epithelium of older 
patients (lobular: 17 ± 9%, ductal: 16 ± 14%) compared to 
the younger patients (lobular: 5 ± 7%, ductal: 4 ± 7%) (lobu-
lar and ductal P < 0.001, unpaired t-test) (Online Resource 
5). Likewise, a higher fraction of AR-positive cells was 
found in breast epithelium of the older patients (lobular: 
18 ± 9%, ductal: 19 ± 12%) compared to the younger patients 
(lobular: 10 ± 9%, ductal: 8 ± 8%) (lobular P = 0.004, ductal 
P < 0.001, unpaired t-test) (Online Resource 5). Double-
immunofluorescence staining showed a partial co-expression 
of AP-2β and AR. AR-positive cells showed an expression 
of AP-2β in a median of 78% of lobular and 76% of ductal 
cells. Conversely, AP-2β-positive cells showed an expression 
of AR in 75% of lobular and 70% of ductal cells (Fig. 2c). 
Double-immunofluorescence staining showed a partial co-
expression of AP-2β and ER. ER-positive cells showed an 
expression of AP-2β in a median of 67% of lobular and 62% 
of ductal cells. Conversely, AP-2β-positive cells showed 
expression of ER in 67% of lobular and 37% of ductal cells 
(Fig. 2d).

AP‑2β and potential stem cell markers CK5/14 
and CD44 are not co‑expressed

Various potential mammary epithelial stem cell markers 
have been suggested by earlier studies. Boecker et al. pos-
tulated that CK5/14-positive luminal cells might be breast 
epithelium stem-cells (Boecker et al. 2018). We observed no 
co-expression of AP-2β and CK5/14 (Fig. 3). Furthermore 
studies using fluorescence-activated cell sorting-analyses 
suggested high expression of CD44 in potential stem cells 
(Fillmore and Kuperwasser 2007). To our knowledge, an 
immunohistochemical identification of these cells has not 
been attempted so far. Using immunofluorescence staining 
a cell population with enhanced expression of CD44 was not 
readily discernable. Screening of the double-immunofluores-
cence staining did not identify a specific co-expression of 
AP-2β and CD44 (Online Resource 4).

Discussion

AP-2β is a transcription factor which is expressed in different 
ectodermal, neuroectodermal and mesenchymal cells. Epi-
thelial tissues with AP-2β expression include distal tubule 

epithelium of the kidney, salivary gland epithelium, the 
basal cell layer of the epidermis and squamous epithelium of 
the esophagus and mammary gland epithelium (Raap et al. 
2018). In breast cancer, AP-2β is associated with favorable 
clinicopathologic markers such as ER- and AR-positivity 
and low Ki67, with prolonged event-free survival and the 
lobular breast cancer subtype (Raap et al. 2018). In normal 
breast tissue, AP-2β-positive cells show a localization of 
the nucleus intermediate between the luminal and basal cell 
compartment. This peculiar localization and the results from 
breast cancer studies prompted us to further characterize 
this cell population in normal breast epithelium (Raap et al. 
2018). Samples from reduction mammoplasties were chosen 
for this purpose. In our study, approximately 15% of luminal 
mammary lobular and ductal epithelial cells stained posi-
tive for AP-2β, with a slightly higher percentage of AP-2β-
positive cells in the older presumably peri-/postmenopausal 
patients group. The distribution and proportion of epithelial 
cells in mammary ducts and lobules, which express factors 
such as AP-2β, GATA3 and hormone receptors differ widely 
on an inter-individual and also intra-individual basis. Infor-
mation about hormonal factors and the menstrual cycle were 
not available. Therefore, the percentage of positive cells and 
the differences between age groups, such as a slightly higher 
expression of AP-2β and a significant higher expression of 
the hormone receptors (ER, AR) in older patients, need to 
be interpreted with caution.

Earlier studies showed expression of AP-2β in the ER-
positive and estrogen-responsive epithelial cell compartment 
in normal human breast (Fridriksdottir et al. 2015) and no 
co-expression of AP-2β and p63 (Raap et al. 2018). This 
leads to the conclusion, that AP-2β is expressed in lumi-
nal differentiated epithelial cells. This conclusion is under-
scored by our findings of co-expression of AP-2β with the 
luminal epithelial markers GATA3 and CK8/18 and par-
tially with ER and AR. Comparable to AP-2β Fridriksdottir 
et al. showed expression of GATA3 in the ER-positive and 

Fig. 3   AP-2β and CK5/14 are not co-expressed in the human mam-
mary epithelium. Double-immunofluorescence staining for AP-2β 
(green) and the potential stem cell marker CK5/14 (red) of a mam-
mary gland lobule (a) and a mammary gland duct (b)
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estrogen-responsive breast epithelial cells (Fridriksdottir 
et al. 2015). Fridriksdottir et al. have not analysed the frac-
tion of cells showing co-expression of AP-2β and GATA3. 
Our analyses have revealed an almost complete overlap of 
AP-2β and GATA3 expression in a luminal epithelial sub-
population. These cells show a peculiar intense, apicoba-
sal and ring-like appearing immunoreactivity for CK8/18. 
This staining pattern is different from the adjacent AP-2β-
negative epithelial cells, which display a weaker basolateral 
staining. Other keratins (CK7, CK9/19) did not show that 
kind of expression. Interestingly, this CK8/18-staining pat-
tern can also be seen in images in earlier studies (Böcker 
et al. 2009), but to our knowledge has never been described, 
discussed or investigated. Unlike in normal breast tissue, a 
comparable CK8 staining pattern has been noticed in inva-
sive lobular breast cancer (ILBC) and its precursor lesion 
lobular carcinoma in situ (LCIS) (Lehr et al. 2000). This 
is of interest as AP-2β expression is enhanced in ILBC and 
LCIS (Raap et al. 2018). A relation between the AP-2β-
positive epithelial cells and lobular neoplasias could be 
suspected. Co-expression analyses with potential stem cell 
markers CK5/14 and CD44 did not provide any hint for a 
conceivable localization of AP-2β in a stem cell compart-
ment. However, the concept of breast epithelium and breast 
cancer stem cells is widely discussed and we have chosen 
only two of a wide variety of supposed stem cell markers. 
Yoldi et al. show in their supplemental data a potential regu-
latory function of AP-2β on CK8 expression in breast cancer 
cells (Yoldi et al. 2016). Accordingly, further analyses of 
the influence of AP-2β on CK8/18 and GATA3 could be of 
interest in ILBC and in the normal mammary gland.

In summary, AP-2β is a new luminal mammary epithelial 
differentiation marker, which is expressed in the GATA3-
positive subpopulation of luminal epithelial cells. These 
AP-2β-positive/GATA3-positive cells also show a peculiar 
intense, apicobasal and ring-like appearing CK8/18 expres-
sion which may indicate a previously unknown functionally 
specialized mammary epithelial cell population.
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