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Summary

CDI117 is a putative marker of luminal progenitor cells in the human breast. However, so far mapping the expression
pattern of CDI 17 within the normal gland has not been reported. Here, we examined the anatomical distribution of
CD 17-expressing cells in lobular and ductal structures by immunohistochemistry. The presence of CDI |7-positive
luminal cells could be divided into three distinct patterns: (1) contiguous, with coherent positive cells and rare negative cells
interspaced; (2) patched, with a roughly equal frequency of positive and negative cells distributed focally; or (3) scattered,
with few or no positive cells in the structure. Generally, a patched or scattered expression pattern was more frequent in
lobules compared with ducts. Furthermore, an age-correlated increase in heterogeneity was observed. When comparing
women below and above 21| years of age this heterogeneity was evident for both lobules and ducts. Although CDI17-
expression was generally segregated from luminal-lineage transcription factor GATA3-positive cells, some did co-express
both markers. Finally, co-staining with Ki-67 revealed that a prominent part of cycling cells belonged to the CD1 | 7-positive
population. Together these data demonstrate the presence of a CDI |7-expressing progenitor compartment with the
capacity to replenish the luminal lineage of the breast gland. (] Histochem Cytochem 66:879-888, 2018)
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among the different lineages in the normal breast.
Thus, a thorough characterizing of the luminal progen-
itor compartment of the normal human breast encour-
ages for new strategies that eventually allow for early
diagnosis and a more effective treatment.

CD117, also named c-Kit or stem cell growth factor
receptor, is a transmembrane receptor tyrosine kinase
which is activated when associating with its ligand,
stem cell factor (SCF).> CD117 is presumably

Introduction

Identifying the normal cell(s) of origin for breast carci-
nomas has implications both for prognosis and treat-
ment intervention. Recent data suggest that at least a
subset of breast carcinomas are initiated in progeni-
tors within the Iluminal epithelial compartment.
Molyneux et al. provided a new insight in to the cell of
origin concept by deletion of the BRCA71 gene in
murine models." Luminal cells, rather than basal cells
of BRCA1 mutation carriers were able to give rise to
estrogen receptor (ER)-negative basal-like tumors. In
humans, Lim et al. found that the breast gland epithe-
lium of BRCA1 mutation carriers was enriched for
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luminal progenitors.? Furthermore, they reported that
the gene expression profile of basal-like breast cancer
had most similarity to that of luminal progenitors
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expressed in progenitor cells of different tissues that
include the hematopoietical system, testis, myocar-
dium, lung, and breast.*® In the adult human breast, a
substantial number of luminal epithelial cells express
CD117."° Transcriptome analysis of populations iso-
lated by flow cytometry suggest that expression of
CD117 correlates to the luminal progenitor compart-
ment.? In support of this finding, the CD117-positive
compartment can be segregated from a CD166-
expressing population enriched for mature luminal
markers including steroid receptors.” Thus, currently
the proposed hypothesis dictates that early and late
luminal progenitors express significant levels of CD117,
which is reduced as the cells differentiate along the
luminal hierarchy. Regan and colleagues demon-
strated that knocking down CD117 reduced prolifera-
tion and increased the level of apoptosis of mouse
mammary epithelial cells.”> However, it is still not
known which functional role CD117 plays with regard
to sustaining cells in a progenitor-state, how the
expression is modulated during differentiation, and if
any changes in the balance between differentiation
states can affect the susceptibility to breast cancer ini-
tiation and progression.

To get more insight into the distribution and
dynamics of the CD117-positive luminal subpopula-
tion in the normal breast gland, here we have mapped
the expression pattern including the lobular and duc-
tal distribution of these cells in normal breast tissue
from a large selection of female individuals of differ-
ent ages.

Materials and Methods

Acquisition of Human Tissue Samples

Normal human breast specimens were obtained from
consenting patients that have undergone reduction
mammoplasty for cosmetic reasons. The operations
were performed at CFR Hospitaler, Lyngby, Denmark.
The only information that was passed on was the cur-
rent age. Material from some of the biopsies have
been included in previous studies. However, picking
the sample material was done randomly, and all rele-
vant tissue stainings were done specifically for this
study. Normal-derived tissue specimens from lactating
patients were obtained from mastectomies performed
at the State University Hospital, Copenhagen,
Denmark. The use of human material complies with
the ethical committee approval (Regional Scientific
Ethical Committees for Copenhagen and Frederiksberg
(KF) (11)263995 and for Region Hovedstaden H-2-
2011-052). Fresh tissue specimens were snap frozen
and conserved at —80C until sectioning. Material for

flow cytometric analysis was digested by collagenase
treatment and harvesting of epithelial organoids as
described previously™™ followed by preservation in
liquid nitrogen until use.

Immunohistochemistry

Cryopreserved tissue specimens were cut at 6 pm on
a cryostat (Microm HM560, Axlab, Vedbaek, Denmark)
and were subsequently fixed in 3.7% formaldehyde
(Merck, Darmstadt, Germany) followed by permeabili-
zation with 0.1% Tritin X-100 detergent (Sigma-Aldrich,
Sgborg, Denmark). For peroxidase stainings, sections
were incubated with primary antibody for 1 hr followed
by utilization of Ultravision ONE Detection System
according to the manufacturer’s instructions (Lab
Vision, ThermoFisher Scientific, Roskilde, Denmark).
Nuclei were stained with hematoxylin. For immuno-
fluorescence specimens were incubated for 2 hr with
primary antibody followed by incubation with isotype-
specific Alexa Fluor secondary antibodies (Life
Technologies, Roskilde, Denmark). Nuclei were
stained with DAPI (4;6-diamidino-2-phenylindole).
Antibody specificity was routinely controlled by incu-
bating with an irrelevant primary antibody or by omit-
ting primary antibody from the staining procedure.
Antibodies and dilutions are listed in Table 1.

Microscopy

Routine analysis by brightfield and fluorescence
were performed on a Leica DM550B microscope.
Peroxidase images were acquired on this micro-
scope equipped with a DFC550 camera (Leica
Microsystems, Copenhagen, Denmark). Fluorescent
images were captured using a confocal microscope
(Zeiss LSM 700) at the Core Facility for Integrated
Microscopy, Faculty of Health Sciences, University
of Copenhagen.

Flow Cytometry

Preparation of single cells from primary organoids and
staining with fluorescent-conjugated primary antibod-
ies were done as described previously." Analysis was
performed on a flow cytometer (FACSAria Il, Becton
Dickinson, Lyngby, Denmark).

Statistical Analysis

To evaluate a significant difference between two
groups of which variables were not fit into a normal
distribution, Mann—-Whitney was performed. Spearman
rank correlation test was performed to measure the
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Table I. Antibodies Used for Tissue Stainings and Flow Cytometry.

Dilution, Dilution, Dilution, Flow

Antibody Clone Isotype Company (Cat. No.) Peroxidase Fluorescence Cytometry
CAM5.2 CAM52  IgG2a BD Biosciences (345779) 1:25 I:10 —
CDI117 K45 1gG2a Thermo Scientific (MS-289-P) 1:100 1:50 —
CDI117 104D2 IgGl Aviva Systems (OAEE00056) 1:100 1:50 —
CD326 9C4 1gG2b BioLegend (324202) — 1:25 —
ERa ID5 IgGl Dako (M7047) 1:50 — —
ERa Spl Rabbit Thermo Scientific (RM-9101-S) 1:50 —

GATA3 HG3-31 IgGl Santa Cruz (sc-268) 1:200 1:50 —
Ki-67 MIB-1 IgGl Dako (M7240) 1:100 1:50 —
Ki-67 Spé Rabbit Thermo Scientific (RM-9106-S) 1:100 1:25 —
CDI17-PE 104D2 IgGl BD Biosciences (332785) — — 1:20
CDI66-Alexa Fluor 488  3A6 1gGl AbD Serotec (MCA1926A488) — — 1:20
CD271-APC ME20.4 1gGl Cedarlane (CLI00I3APC) — — 1:50
CD326-PerCP/Cy5.5 9C4 1gG2b BioLegend (324214) — — 1:20

degree of association between age and CD117-
expression. All the statistical analyses were tested
using a statistical computing and graphic program R
(version 3.3.2).

Results

CD I | 7-Positive Cells Are Distributed in Different
Patterns in Normal Human Breast Gland
Structures

Although expression of CD117 has been correlated to
a luminal progenitor compartment in the human breast,
a more detailed evaluation of the distribution of CD117-
positive cells in the normal human breast gland has
yet to be reported. Here we analyzed the expression of
CD117 by immunohistochemistry in tissue sections
from 57 female donors (age range 13-75 years) who
underwent breast gland reduction mammoplasty. A
total of 1209 individual lobules or ducts were evaluated
and we found three distinct patterns of CD117-
expression in the luminal compartment of these struc-
tures: (1) contiguous segments of positive cells
interspaced by infrequent negative cells; (2) patches
of CD117-positive mixed with patches of negative cells
at somewhat varying frequencies; and (3) infrequent
CD117-positive cells scattered as single cells or in
some cases completely missing (Fig. 1). We utilized
two different antibody clones for CD117 stainings, K45
and 104D2, and essentially they reacted identically
(Fig. S1). Overall, the majority of structures (77%)
were characterized by a contiguous expression pat-
tern (Table S1). However, a contiguous pattern was
more frequently observed in ducts (306 out of 361,
85%) compared with lobules (621 out of 848, 68%)
(p<0.001, Mann—Whitney test).

Thus, while CD117-expressing cells are widely pres-
ent throughout the breast gland, foci of CD117-negative
luminal cells are more frequently found in lobules com-
pared with ducts.

CD I | 7-Heterogeneity in Breast Gland
Structures Correlates With Age

Next, we analyzed flow cytometric data based on uncul-
tured breast epithelium derived from 11 female donors
(aged 18-45 years). Quantifying the subpopulations
within the total EpCAM-expressing luminal fraction by
FACS analysis revealed that CD117-positive cells con-
stituted a frequency ranging from 20% to 60% of the
luminal lineage, and did not show any significant age-
related correlation (Figs. 2A and S2A). However, when
correlating the percentage of immunostained structures
expressing CD117 in a contiguous pattern, a significant
age-related decrease was evident (Spearman rank cor-
relation p = —0.36, p<0.01, Fig. 2B). In particular, when
we compared contiguous CD117-expression in struc-
tures based on the anatomical location, an age-related
decrease was found to be statistically significant in lob-
ular regions (Spearman rank correlation p = -0.31,
p<0.05), but not in ducts (Fig. S2B). Apart from age, we
do not have access to any personal information on the
women that donate breast tissue, including parity.
However, based on data from Statistics Denmark, in a
previous study, we utilized the fact that less than 2% of
Danish women younger than 21 years of age have
given birth.” When comparing the expression pattern in
patients aged <21 years with those >21 years of age we
found significant differences in distribution for both lob-
ules and ducts (p<0.0005 and p<0.05, respectively, by
Mann-Whitney test, Fig. 2C). For lobules an average of
90% (median 100%) of structures were contiguous for
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Figure |I. CDI17 is expressed in different patterns in the breast gland. Representative images of immunohistochemically stained normal
breast tissue sections with luminal cells expressing CD 117 in different patterns from lobules and ducts: contiguous, patched, and scat-
tered. Bar, 50 ym.

women <21 years, while the corresponding average
was 61% (median 67%) for women >21 vyears.
Specifically, in 11 of 13 women (85%) <21 years of age
>80% of lobular structures were contiguous, while it
was only the case in 14 of 44 (32%) women aged >21
years. For ducts an average of 96% (median 100%)
were contiguous for women <21 years and 81% (median
89%) for women >21 years of age.

Thus, generally expression of CD117 becomes more
heterogeneous in the breast gland with increasing age
which is especially evident in lobular structures.

GATA3-Expression Defines a Luminal
Differentiation Stage That Is Mostly Segregated
From the CD | | 7-Positive Compartment

It has been previously shown that cells expressing CD117
and putative mature luminal ERa-positive cells generally
are mutually exclusive.'® However, ERa-positive cells
typically contribute with less than 15% of luminal cells''®
which means a segment of cells resides in between these
two subcompartments. GATAS is a transcription factor

that has been reported as a crucial regulator of luminal
epithelial differentiation.’® Analyzing the distribution of
CD117- and GATA3-positive cells in immunofluorescent
doublestainings in a selection of normal biopsies revealed
that while generally the two markers are segregated (Fig.
3A), in a distinct subset of cells CD117 and GATA3 are
co-expressed (Fig. 3B). The presence of luminal cells co-
expressing both markers was most prominent in ductal
structures in 5 of 8 normal biopsies examined. Although
ERa-expressing cells are also GATA3-positive, the latter
is more widely distributed than this steroid receptor (Fig.
S3A) indicating that GATA3 may mark a continuum of
luminal cells that have the capacity to mature into termi-
nally differentiated steroid receptor expressing cells.

Furthermore, to evaluate expression of CD117 in a
highly differentiated state of the breast gland, we ana-
lyzed three biopsies with lactating tissue. We found
that CD117-expression was highly diminished in all
three lactating biopsies (Fig. S3B).

Together this suggest that CD117-expression is
inversely associated with mature differentiation within
the luminal lineage.
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Figure 2. The pattern of CDI17-expression varies with age.
(A) Scatter plot showing the frequency of CDI17-positive cells
in || individuals by flow cytometry. (B) Scatter plot showing the
percentage of contiguous structures of all evaluated structures
according to age. Spearman correlation test revealing a significant
reduction of contiguous structures with increased age (p = —0.36,
p<0.01). (C) Box plots showing the distribution of glandular struc-
tures with a contiguous pattern of CD1|7-expression in lobules
and ducts, respectively, divided into two age groups: <21 and >21
years of age.*p<0.05, **p<0.0005.

The CD I | 7-Positive Luminal Compartment Is a
Proliferating Population

To demonstrate whether the putative CD117-positive
progenitor compartment has a capacity to be responsible

for tissue homeostasis processes in the resting gland,
sections from eight biopsies were analyzed by immuno-
fluorescent triple-stainings utilizing antibodies against
CD117 and proliferation marker Ki-67 together with either
CAM5.2 or EpCAM that targets the luminal cells in gen-
eral (Fig. 4A). Specifically, it was determined at which fre-
quency Ki-67-positive luminal cells were contained within
the CD117-expressing compartment. In all biopsies ana-
lyzed, the majority of luminal cycling cells were CD117-
positive, demonstrating that this compartment can
actively contribute to renewal of the luminal epithelium in
the resting breast gland (Fig. 4B).

To clarify whether CD117 can segregate from a pro-
liferative compartment, we selected three normal-
derived biopsies with aberrant proliferative structures
to test for expression of CD117 and Ki-67. In these
proliferative structures, Ki-67-expression mostly cor-
related to CD117-negative epithelial cells implicating a
role for a CD117-negative compartment in the devel-
opment of at least some preneoplastic structures
(Figs. 4C and S3).

Taken altogether, CD117-positive cells constitute a
proliferating luminal progenitor compartment with an
age-related change in cellular distribution in which a
contiguous pattern preferably is retained in ductal
structures.

Discussion

A major part of this study was to detail the anatomical
distribution of CD117-positive cells in the normal
human breast gland. This distribution of different sub-
populations in the luminal compartment may be of
importance both with regard to identifying the cells that
are actively contributing to tissue renewal, and to char-
acterize the cellular origin of breast carcinoma.

As of late breast gland lobules have been studied
with a renewed interest as the majority of breast car-
cinomas arise in these structures.’®?*?? Generally,
epithelial cells in lobules are more frequently
expressing CD117 in a patched or scattered pattern
compared with ducts, suggesting that the highest
frequency of CD117-positive luminal cells are located
in the latter structures. As CD117 is considered a
marker of progenitors this observation is in line with
our previous characterization of increased levels
of progenitor cell activity in ducts compared with
lobules.?® Comparably, ERa-positive cells are typically
more frequent in lobules,'” which correlates with the
observation that CD117-positive cells are generally
segregated from ERa-positive cells.”'® In support of
this we have previously suggested that a scattered
distribution with rare CD117-positive cells can coin-
cide with the presence of a contiguous pattern of
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Figure 3. CDI|17 and GATAS3 are segregated in to different luminal subcompartments in the majority of cells. Tissue sections stained
with antibodies against CD 117 (green) and GATAS3 (red). Nuclei were stained with DAPI. (A) Segregation of the two markers in differ-
ent luminal cells. (B) Example of cells expressing both markers. Bar, 50 um. Abbreviation: DAPI, 4',6-diamidino-2-phenylindole.

ERa-positive cells.’ Interestingly, a higher frequency
of ERa-expressing cells have been observed in nor-
mal-derived tissue of breast cancer patients, which
have led to the speculation that the presence of
larger numbers of steroid receptor-positive cells
contribute to an increased risk of developing breast
carcinoma.?*?’ Accordingly, a decreased frequency
of CD117-positive cells within the luminal compart-
ment may be an indicator of this risk. When analyz-
ing the frequency of CD117-positive cells in the
breast gland epithelium of 11 women, two stood out
with frequencies well below 25% of the luminal pop-
ulation. However, the material from breast reduction
mammoplasties was donated anonymously, so at
present we are not able to extrapolate on this.
Conversely, an increase in the frequency of CD117-
progenitors could potentially pose a higher risk for
developing other breast cancer subtypes. Lim et al.
demonstrated that CD117 mRNA expression was
significantly higher in normal breast tissue from
BRCA1-mutant carriers compared with tissue from
nonmutated women, indicating that an accumulation
of luminal progenitors could play a role as a target for
oncogenic events leading to BRCA1-associated
breast carcinoma.? Thus there is still a viable debate
with regard to the identity of the cell of origin for
breast cancer and it may vary with the type of tumor
that develops.?®?°

The presence of CD117-positive cells in the luminal
fraction did not correlate to age based on the flow
cytometry analysis on 11 women, of which only two
were <21 years of age and the oldest was 45 years of
age. Previously it has been reported that CD117-
expression in breast tissue does increase with age of
the women.”® Although the previous study also
includes the myoepithelial compartment, here we only
account for distribution within the luminal compart-
ment which may explain the apparent discrepancy.
Also, it should be taken into account that we have no
information on incidents that can affect the dynamics
of the breast gland, like phase in menstrual cycle, his-
tory of ingestion of contraceptives or parity of the
tested women. However, when analyzing the expres-
sion pattern of CD117 in a sample based on 57 women,
we did observe that young women, <21 years of age,
in general had a much higher frequency of contiguous
structures both in lobules and ducts than women >21
years of age. In women in their twenties and above the
expression pattern varied quite significantly. This could
mean that certain events, for example, repeated cycles
of menstruation or parity can affect the distribution of
CD117-positive and CD117-negative cells. Interestingly,
in Denmark less than 2% of women give birth before
the age of 21 years."

Although CD117 and GATA3 generally segregate
luminal cells into different subcompartments some
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Figure 4. CDI17-positive cells constitute a proliferative com-
partment in the normal breast gland. (A) Immunofluorescent

(continued)

Figure 4. (continued)

staining of normal breast tissue with CDI17 (green), cell cycle
marker Ki-67 (blue) and EpCAM (red). Bar, 100 pm. (B) Bar
graph showing the frequency of Ki-67-positive luminal cells also
expressing CD 117 in eight individuals counted on immunostained
sections. The individual counts for each biopsy are listed within
the bars. (C) Immunofluorescent staining of aberrant breast gland
structure from normal tissue with CDI17 (green), cell cycle
marker Ki-67 (blue) and CAMS5.2 (red). Bar, 50 pm.

CD117-positive cells also co-express GATAS.
Conditional deletion of GATA3 in mouse strains have
revealed that mammary gland development, in partic-
ular luminal differentiation, was severely compromised,
indicating that luminal cells were blocked in a progeni-
tor state.' As GATAS plays a crucial role for maturation
of cells in the luminal compartment it is feasible to sug-
gest that the two subcompartments are hierarchically
connected, with intermediate = CD117/GATA3-
expressing cells. This thesis is supported by recent
data, showing that CD117-positive luminal cells iso-
lated by FACS can be induced to differentiate into an
ERa-expressing state in culture. Thus, CD117-
expressing cells may designate early luminal pro-
genitors, CD117/GATAS3 intermediate cells, GATA3
late progenitors and GATA3/ERa mature luminal cells
(Fig. 5). As CD117-positive cells account for a distinct
number of cells in the gland it is quite possible that this
population can be subdivided even further, containing
a subset of luminal progenitors that are even closer to
the apex of the hierarchy. For example, putative lumi-
nal progenitor marker cytokeratin 14 is expressed in a
minor subset of luminal cells that may very well over-
lap with CD117-positive cells.?**%3' |t should also be
noted that a subset of luminal cells can be observed
expressing neither CD117 nor GATAS3, and these may
require further characterization.

How tissue homeostasis is maintained in the adult
human breast gland is still a matter of debate. Based
on lineage tracing experiments in mice Van Keymeulen
and colleagues have demonstrated the presence of
long lived unipotent lineage-restricted stem cells or
progenitors responsible for continuous renewal of the
luminal and myoepithelial lineages.* By utilizing cell
cycle marker Ki-67, we determined that typically the
majority of cycling cells within the luminal compart-
ment belonged to the CD117-positive population, argu-
ing that these cells contribute actively to tissue
homeostasis in the resting gland. However, staining of
a small sample of aberrant proliferative structures
derived from normal breast glands showed that largely
the proliferative cells are found outside the CD117-
expressing compartment. This indicate that either
these presumed preneoplastic aberrations arise in
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Figure 5. Proposed model of luminal lineage differentiation in the human breast gland implicating CD 117, GATA3, and ERo..

luminal epithelial cells that have differentiated further
along the luminal lineage, or they get primed to differ-
entiate as they enter a hyperproliferative state. A
deeper understanding of these dynamics can have
important implications for unraveling the basis for
breast cancer development.
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