Related Commentary, page 478 Re S e a I’C h a I’t | C | e

Taxonomy of breast cancer based
on normal cell phenotype predicts outcome
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Accurate classification is essential for understanding the pathophysiology of a disease and can inform thera-
peutic choices. For hematopoietic malignancies, a classification scheme based on the phenotypic similarity
between tumor cells and normal cells has been successfully used to define tumor subtypes; however, use of
normal cell types as a reference by which to classify solid tumors has not been widely emulated, in part due to
more limited understanding of epithelial cell differentiation compared with hematopoiesis. To provide a bet-
ter definition of the subtypes of epithelial cells comprising the breast epithelium, we performed a systematic
analysis of a large set of breast epithelial markers in more than 15,000 normal breast cells, which identified
11 differentiation states for normal luminal cells. We then applied information from this analysis to classify
human breast tumors based on normal cell types into 4 major subtypes, HRO-HR3, which were differentiated
by vitamin D, androgen, and estrogen hormone receptor (HR) expression. Examination of 3,157 human breast
tumors revealed that these HR subtypes were distinct from the current classification scheme, which is based
on estrogen receptor, progesterone receptor, and human epidermal growth factor receptor 2. Patient outcomes
were best when tumors expressed all 3 hormone receptors (subtype HR3) and worst when they expressed none
of the receptors (subtype HRO0). Together, these data provide an ontological classification scheme associated

with patient survival differences and provides actionable insights for treating breast tumors.

Introduction

Common classification terminology is necessary for medical prog-
ress. Over the past 2 centuries, normal tissue morphology and func-
tion has been successfully used as a reference point to define various
diseases. Most notably, such an approach has been used to classify
hematopoietic tumors, such as lymphomas and leukemias (1).
The discovery of the morphologic and molecular resemblance of
various subtypes of leukemias and lymphomas to particular nor-
mal hematopoietic cell types was critical in this process.

Based on this insight, hematopoietic malignancies have been
classified as B cell and T cell neoplasms (e.g., small lymphocyrtic,
large B cell, lymphoblastic, follicular, and mantle cell) that resem-
ble specific normal cell types. Similarly, myeloproliferative dis-
eases are classified as neutrophilic, granulocytic, lymphoblastic,
prolymphocytic, myeloid, promyelocytic, monocytic, erythrocytic,
basophilic, and megakaryoblastic neoplasms. Some of the most
notable and earliest strides against cancers have been made in the
treatment of hematopoietic malignancies (2). While many fac-
tors have contributed to this success, the accurate classification
of hematopoietic malignancies played an important role. The
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identification of cell-type specific cluster of differentiation (CD)
markers on the surface of these cells permitted efficient immu-
nophenotyping (3). These CD markers were later used to identify
lymphomas and leukemias with a phenotype nearly identical to a
specific normal cell type, allowing the development of the current
classification system of these diseases (4). Despite major successes
in rationally classifying and treating hematological malignan-
cies, the use of normal cell types to classify solid tumors has not
been widely emulated. A major reason for this has been our lack of
understanding of the diversity of cell types in most solid tissues.
Characterization of normal cell subtypes in solid tissues has
been challenging. Until recently, only 2 cell types have been mor-
phologically described in the human breast: the inner luminal cells
and the outer myoepithelial cells (5). This limited understanding
of the cell types comprising the breast ducts has precluded the
development of a normal cell type-based classification system.
While there has been more recent interest in normal breast cell
subtypes, this research has been difficult to correlate with exist-
ing human breast tumor phenotypes (6). Numerous markers have
been used to describe normal human mammary stem/progenitor
cells, including CD44h"CD24°, aldehyde dehydrogenase-high
(ALDHM), CD10*, Ep-CAM*MUC1", and Ep-CAMMCD49f".
Whether these stem/progenitor cell markers identify the same cell
populations remains unknown. Furthermore, Tlsty and colleagues
discovered that human breast cells can exhibit extensive lineage
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plasticity (7), which may explain why marker profiles have been
difficult to associate with distinct tumor subtypes.

Clinically, human breast cancers are grouped into 3 categories
based on the presence of estrogen receptor (ER"), progesterone
receptor (PR"), and human epidermal growth factor receptor 2
(HER2"), or by their absence in triple-negative breast cancers
(TNBCs; i.e., ER PR-HER2").

In the research setting, mRNA profiles have been used to define
prognostic subtypes of breast cancer: luminal A, luminal B, basal-
like, claudin-low, and HER2-like (8). DNA methylation patterns
have also been used to identify 5 distinct DNA methylation groups
(9), and 10 different breast cancer clusters have been identified in
a genome-driven integrated classification system, each associated
with distinct clinical outcomes (10, 11). Several additional mRNA
expression-based molecular prognostic panels, such as Oncotype
Dx, PAM50, and MammaPrint, have also emerged with potential
clinical utility (12).

The main evidence supporting the importance of each of these
molecular subtypes has been identification of patient groups
with different outcomes. Hence, it is important to recognize that
these molecular subtypes are prognostic categories, different
from disease taxonomy. Therefore, while these molecular prog-
nostic tools have been useful in the research setting, they have
not produced a commonly agreed-upon new system of classifica-
tion that is uniformly used in the clinic. This is partly because
each molecular platform appears to produce a different prognos-
tic classification. A breast cancer task force recently concluded
that at the moment, molecular tools do not provide sufficiently
robust information beyond histological type, grade, and ER/PR/
HER?2 status (13). Thus, these molecular tests are not routinely
performed at most institutions (14).

Itis increasingly becoming clear that a more fundamental breast
cancer classification system, one that does not conflate prognos-
tic categories with diagnostic categories, is needed. Ideally, such
a system should be robust and not change depending on which
technological platform is used to classify breast cancer. Inspired by
the classification of hematopoietic malignancies, we hypothesized
that differentiation states of normal cell populations in normal
human breast may provide such a reference classification system
for human breast tumors.

Results

The normal human breast is composed of milk-producing lobules
and interlobular ducts that transport the milk to the nipple (Sup-
plemental Figure 1A; supplemental material available online with
this article; doi:10.1172/JCI70941DS1). This anatomical distinc-
tion is important for understanding breast cancer, because in addi-
tion to ER/PR/HER?2 status, human breast tumors are classified by
pathologists on morphological grounds, either as ductal carcinomas
or as lobular carcinomas, for reasons unrelated to their cell of origin.
This arcane terminology has resulted in a common misconception
that ductal and lobular breast cancers initiate in the normal ducts
and lobules, respectively. However, despite their names, almost
all of the early progression steps for both tumor types almost
exclusively involve the breast lobules. Thus, in the present study,
we specifically examined the normal cells in the lobules using
immunohistochemical (IHC) staining, which preserves tissue archi-
tecture and allows for discrimination of ducts, lobules, and differ-
ent layers of the epithelium (see below). For a list of the 37 primary
antibodies used in these studies, see Supplemental Table 1.
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Analysis of CD markers and intermediate filaments in normal human
breast. An ideal cell type-specific immunostain marker should have
a bimodal expression pattern (i.e., one subpopulation is clearly
negative, and the other strongly positive). While CD markers have
been useful in isolating breast cell types using FACS, we found that
they had a gradient-type expression pattern in situ that limited
their utility to define cell subtypes using semiquantitative meth-
ods such as IHC (Supplemental Figure 1).

In an attempt to identify molecules with bimodal expression
patterns in normal human breast, we examined the expression
of intermediate filaments. These molecules are differentially
expressed in distinct cell types, and their expression is both
tissue- and cell type-specific. Furthermore, it has been well recog-
nized that cell type-specific expression of intermediate filaments
is preserved in tumors and can be used to determine the tissue
origin of tumors (15). We found that keratin 5 (KS), K7, K8, K14,
K17, K18, and K19 were useful in identifying subpopulations of
human breast cells, because they were expressed in a bimodal pat-
tern (Supplemental Figure 2).

Next, we subjected normal breast tissues from 36 breast reduc-
tion mammoplasty procedures to IHC with K5, K7, K8, K14, K17,
K18, K19, CD10, SMA, and p63. Normal breast lobules and ducts
are lined by a bilayer epithelium, consisting of an inner layer of
milk-producing luminal cells and an outer layer of supportive
myoepithelial cells. As previously shown (16), we found that K7,
K18, and claudin-4 (Cld-4) were expressed in all luminal cells, but
not in myoepithelial cells (Figure 1A and Supplemental Figure 2A).
In contrast, CD10, SMA, and p63 were expressed in all myoepithe-
lial cells, but not in luminal cells (Supplemental Figure 2). Thus,
these markers constitute a pan-luminal versus pan-myoepithelial
panel. Interestingly, in some lobules, luminal cells were K19-
(Figure 1B); thus, K19 was not a pan-luminal marker.

In human skin, K5/14/17 are exclusively expressed in the basal
layers; in mouse mammary tissue, they are expressed in the myo-
epithelial layer (Supplemental Figure 2C). Hence, these keratins
are usually referred to as basal keratins. However, in normal human
breast tissue, K5/14/17 were expressed in both luminal and basal
layers, depending on location. In the interlobular ducts, K5/14/17
were expressed in the myoepithelial (basal) layer, as expected (Sup-
plemental Figure 1B and Supplemental Figure 2, D-F). However,
in the lobules, the site where precursor lesions develop, K5/14/17
were expressed in the luminal layer (Figure 1, C-E, Supplemental
Figure 1], Supplemental Figure 2, G-1, and ref. 6). We confirmed
the luminal nature of these cells with double IHC, which demon-
strated that the K5, K14+, or K17* cells were Ki67/ER- (Figure 1,
G-J) and CD10/SMA/K17- (Supplemental Figure 2, J-L) and were
located above the CD10/SMA/K17* myoepithelial cell layer (Sup-
plemental Figure 2,J-L). We did not find luminal K5+ cells in the
mouse breast (Supplemental Figure 2C).

We identified luminal K5, K14*, or K17+ cells in all 36 patients
examined; thus, this was a robust and highly reproducible lumi-
nal cell subpopulation. Interestingly, while some lobules had a
small percent of luminal KS*, K14*, or K17* cells, adjacent lob-
ules were entirely composed of K5*, K14*, or K17* luminal cells
(Supplemental Figure 2, M-P).

When 2 different cell lineages are defined by mutually exclu-
sive expression of markers, coexpression of these markers in the
same cell has been used as evidence of “stemness.” Previously,
coexpression of K5/14/17 with K7/8/18 has been interpreted as
evidence for bipotential cells. Here, however, some lobules were
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entirely composed of K14°K18* or K5*K18* double-positive cells in
nearly every tissue section examined (Figure 1F and Supplemental
Figure 2, Q-U). On average, 36% of luminal cells were K14*K18*
(n=746), and 16% were K5*K18* (n = 1,339). Importantly, K5/14*
cells also expressed MUC1, a marker of luminal differentiation
(Supplemental Figure 2V). It would be extremely unusual to find
an epithelial tissue entirely composed of progenitor/stem cells.
Thus, our results indicated that the luminal layer cells coexpress-
ing K5/14/17 with K18/19 are more consistent with a differenti-
ated luminal cell variety (6, 17).

Analysis of hormone receptors in normal human breast. Having identi-
fied 2 subtypes of luminal layer cells based on K5/14/17 expres-
sion, we next characterized the expression of hormone receptors
(HRs) in these cells, because they are involved in differentiation
and some have a bimodal expression pattern.

In an initial survey, 3 receptors — ER, androgen receptor (AR),
and vitamin D receptor (VDR) — stood out with distinct bimodal
expression patterns. Many of the other HRs (i.e., TRHa, TRH,
PTHIR, OXTR, SSTR1, SSTR2, SSTR3, SSTRS, RARc, RARB,
RXRa, and RXRp) did not appear to have a bimodal expression
pattern. Because PR expression tracks with ER expression, we did
not include PR in this study.

Next, we carried out double IHC on normal breast sections and
counted cells in 5 different sections for coexpression of various
markers (Supplemental Table 2). Double IHC demonstrated that
all ER* cells were luminal and did not overlap with K5/14/17* lumi-
nal cells (<0.3% overlap, n = 3,313) or with Ki67* proliferating cells
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Figure 1

Expression of intermediate filaments and ER in normal
human breast. Single and double IHC with immunoperoxi-
dase (A-E, G, |, and K) and merged IHC images (F and J) of
normal human FFPE sections are shown. (A) K7/18 (brown).
(B) K18 (red) and K19 (brown). (C) K5/14 (brown). (D) CD10
(red) and K14 (brown). (E) K5/14 (brown) and SMA (red).
(F) K18 (green) and K14 (red). Merged K14+K18+ appears
yellow. (G) K5/14 (red) and ER (brown). We designated
this population of cells K5/14/17+ because the tissue sec-
tions were not stained simultaneously with these markers.
(H) Differentiation states of normal luminal epithelial cells,
based on expression of ER and keratins. (I) Ki67 (brown) and
K5/14 (blue). (J) ER (green) and Ki67 (red). (K) K18 (red)
and Ki67 (brown). (L) Differentiation states of normal luminal
epithelial cells, based on ER, keratins, and Ki67. Represen-
tative images were selected from multiple patient samples
(n=236). Original magnification, x20 (A); x40 (B); x200 (F); x400
(C, G, and I-K); x600 (D and E). See http://sylvester.org/ince
for additional high-resolution images.

(0.1% overlap,n=1,206) (Figure 1, GandJ,and Supplemental Table 2).
Nearly all proliferating Ki67* cells were K18* luminal cells that
were negative for the myoepithelial markers CD10 (0.5% overlap,
n=1,084) and K5/14/17 (0%-1.9% overlap, n = 1,078) (Figure 1K
and Supplemental Table 2). These results allowed us to define
4 mutually exclusive subsets of luminal cells in normal human
breast that were all positive for the pan-luminal markers K7 and
K18 (Figure 1L): (a) ER" cells, (b) K5/14/17" cells, (c) ER°'K5/14/17~
cells, and (d) Ki67* cells.

Double IHC demonstrated that all AR cells were luminal, and
they were also mutually exclusive with K5/14* cells (0.0% overlap,
n="789) and Ki67* cells (0.0% overlap, n = 698) (Figure 2, A and B,
and Supplemental Table 2). AR cells partially overlapped with ER*
cells (44% overlap, n = 429) (Figure 2C and Supplemental Table 2).
These results allowed us to describe 3 subsets of HR* cells: ER",
AR*, and ER*AR* (Figure 2D). Double IHC demonstrated that
VDR cells were exclusively in the luminal layer as well, with no
overlap with CD10" myoepithelial cells or proliferating Ki67* cells
(0.0% overlap, n = 179), but they did partially overlap with K5/14*
cells (15%-23% overlap, n = 266), AR cells (16%-35% overlap,
n =835), and ER" cells (22%-74% overlap, n = 749) (Figure 2, E-I,
and Supplemental Table 2).

Triple IHC also demonstrated the presence of triple-HR" cells
(i.e., ER'AR'VDR’; Figure 2, K and L). These results allowed us
to describe 7 subsets of HR" cells in the luminal layer of human
breast lobules: ER*, AR*, VDR* ER*AR*, ER*VDR*, AR*"VDR*, and
ER'AR*VDR' (Figure 2N). Interestingly, only VDR cells substan-
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