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Stiff stroma increases breast cancer risk by inducing
the oncogene ZNF217
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Women with dense breasts have an increased lifetime risk of malignancy that has been attributed to a higher epithelial
density. Quantitative proteomics, collagen analysis, and mechanical measurements in normal tissue revealed that stroma

in the high-density breast contains more oriented, fibrillar collagen that is stiffer and correlates with higher epithelial cell
density. microRNA (miR) profiling of breast tissue identified miR-203 as a matrix stiffness-repressed transcript that is
downregulated by collagen density and reduced in the breast epithelium of women with high mammographic density. Culture
studies demonstrated that ZNF217 mediates a matrix stiffness- and collagen density-induced increase in Akt activity and
mammary epithelial cell proliferation. Manipulation of the epithelium in a mouse model of mammographic density supported
a causal relationship between stromal stiffness, reduced miR-203, higher levels of the murine homolog Zfp217, and increased
Akt activity and mammary epithelial proliferation. ZNF217 was also increased in the normal breast epithelium of women with
high mammographic density, correlated positively with epithelial proliferation and density, and inversely with miR-203. The
findings identify ZNF217 as a potential target toward which preexisting therapies, such as the Akt inhibitor triciribine, could be

Introduction

High mammographic density (MD) associates with elevated life-
time risk of malignancy (1-4). Every 3% to 6% increase in MD cor-
responds to a 10% increase in relative risk for breast cancer (5, 6).
Nevertheless, the molecular mechanisms whereby MD promotes
breast cancer risk remain unclear. High breast density correlates
with an increase in glandular epithelial content (7-13). The pres-
ence of more epithelial cells representing units of oncogenesis is
proportional to the enhanced risk documented for women with
high MD (14, 15). Estrogenic hormones regulate epithelial prolif-
eration and systemically elevated estrogen is causally linked to
increased breast cancer incidence (16, 17). Consistently, tamoxi-
fen treatment, which interferes with estrogen function, decreases
breast cancer risk while concomitantly reducing MD and epitheli-
al density (18, 19). Although studies have shown that the propor-
tional risk reduction for invasive breast cancer is almost 50% with
5 years of tamoxifen or raloxifene use, the use of these agents for
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used as a chemopreventive agent to reduce cancer risk in women with high mammographic density.

chemoprevention is less than 0.1% (20, 21). This minimal uptake
of potentially effective chemoprevention can be directly attributed
to poor risk stratification tools that do not allow for identification
of those patients likely to benefit most from chemoprevention.
Better discrimination of MD-associated risk could also reduce
unnecessary tamoxifen treatment and its associated potential for
long-term toxicity. Nevertheless, breast cancer risk conferred by
MD exceeds that of all other known risk factors aside from age and
genetic mutation. Paradoxically, while a large fraction of breast
cancer patients also have dense breasts, so do many women (30%)
who do not get cancer (4, 22). The ability to discriminate between
these populations based on an understanding of the biological
mediators that comprise the risk associated with MD would meet
an imperative clinical need to stratify breast cancer risk and would
in the future allow improved decision making for patients contem-
plating risk reduction strategies.

MD is a heritable trait. Approximately 60% of the MD phe-
notype of breast tissue can be attributed to systemic or tissue-
specific intrinsic genetic factors (23-26). One inherited phenotype
associated with MD is a dense interstitial stroma characterized by
abundant type Iinterstitial fibrillar collagen (9, 13, 27-29). Intersti-
tial collagen contributes to the mechanical integrity of the tissue
and higher levels of fibrillar and cross-linked collagen increase the
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Figure 1. Quantitative proteomics reveal that breast density correlates
with more abundant fibrillar collagens. (A) Mammography showing

the 4 categories of mammographic density (MD) as measured using the
Breast Imaging Reporting and Data System (BIRADS). (B) A multivar-
iate analysis (partial least squares-discriminant analysis, PLS-DA) of
proteomic data using the indicated prophylactic mastectomy tissues
(MD1, n = 6; MD2, n = 4; MD3, n = 4; MD4, n = 8 for all panels). (C) Variable
of importance (VIP) plots were generated to rank the collagens most
associated with high MD. (D) Analysis examining the correlation between
MD and the levels of different collagens presented as a heatmap and
accompanied by a graph of correlation coefficients (E). Dark blue to dark
red shades represent weaker to stronger correlations.

stiffness of the tissue stroma (30-32). Computational analysis of
a large cohort of mammographic images suggested that the colla-
gen-rich breast tissue of women with high MD is stiffer than that
of the women with low MD (28). Invasive ductal carcinoma (IDC)
is characterized by higher amounts of remodeled and stiffened
collagen that increases with tumor aggression (30). Experimental
models causally implicate a stiffened extracellular matrix (ECM)
in malignant transformation and metastasis through mechano-
signaling-mediated enhancement of cell growth, survival, and
migration (31, 33-35). A stiff ECM can also induce molecular and
epigenetic changes in cells that include altering levels of microR-
NAs (miRs) and tumor suppressors and stimulating developmen-
tal programs that lead to sustained phenotypic changes associated
with tumor aggression, including a mesenchymal-like transition
(33,36-39). Thus, a stiffer breast tissue stroma could increase risk
of malignancy by increasing epithelial density and reprogram-
ming the breast epithelium toward a preoncogenic high-risk state.

We analyzed the biochemical and biophysical properties of
the ECM in normal, primarily healthy human breast tissue rep-
resenting the range of MDs and linked these measurements to
biological and molecular features in the stroma and epithelium.
Causal associations between ECM stiffness and epithelial geno-
type and phenotype were established using mammary organoids
and a mouse model that recapitulates features of a high-density
collagen-rich breast stroma. The studies further identified a ten-
sion-mediated mechanism that fosters mammary epithelial cell
(MEC) growth and predisposes the epithelium to transformation
by regulating levels of an oncogene implicated in breast tumor
aggression and for which an antitumor treatment already exists.
The work has led us to conclude that the mechanically primed
high-MD breast stroma can alter both the nature and the abun-
dance of the breast epithelium. We contend that understanding
the contribution of tissue tension to breast cancer risk constitutes
an alternative paradigm that could allow for the identification of
additional biomarkers of risk, and importantly, the development
and/or application of novel chemoprevention targets.

Results

The high-MD breast stroma is stiffer and contains more linearized
and bundled fibrillar collagen. To assess the relationship between
MD, the ECM, and breast cancer risk, we analyzed the ECM pro-
tein composition, organization, and mechanical properties from
normal female breast tissue. Histologically normal breast tissue
(n = 22) was collected from premenopausal women undergoing
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prophylactic mastectomy (n = 16) and contralateral prophylactic
mastectomy (n = 7) (Supplemental Table 1; supplemental mate-
rial available online with this article; https://doi.org/10.1172/
JCI129249DS1). These tissue samples were selected to represent
the spectrum of the Breast Imaging-Reporting and Data System
(BIRADS) used to classify MD. Prior to surgery, the tissues were
classified as MD1 (almost entirely fatty; n = 6), MD2 (scattered
density; n = 4), MD3 (heterogeneously dense; n = 4), and MD4
(extremely dense; n = 8; Figure 1A). Pathological examination con-
firmed that the majority of these breast tissues were disease-free
(no atypia, dysplasia, premalignancy, invasive carcinoma, fibro-
cystic disease, or infection [68.3%]; with 3/22 from women with
verified BRCA1 germline mutations [13.6%]). Two of the women
had either adjacent adenocarcinoma or IDC (9%), and 5 of the
women had IDC or ductal carcinoma in situ (DCIS) in the contra-
lateral breast (22.7%), conditions that could present an abnormal
baseline breast tissue phenotype.

To analyze the ECM proteins differentially expressed in these
tissues, the samples were subjected to mass spectrometry-based
proteomic analysis to profile the insoluble ECM and the chao-
trope-soluble matrisome of ECM-associated proteins. Multivari-
ate evaluation of the resultant proteomics data using partial least
squares-discriminant analysis (PLS-DA) distinguished the tissue
classified within each of the 4 BIRADS MD categories according to
their ECM quantity and composition (Figure 1B and Supplemental
Table 2). Visualization of the variable of importance (VIP) was used
to highlight the extracellular collagens identified by the PLS-DA
analysis. Several fibrillar collagens (COL1A2, COL1A1, COL5A1)
and COL12A], a fibril-associated collagen with interrupted triple
helices (FACIT), were abundantly expressed in tissues from the
highest MD group (MD4; Figure 1C). Correlation analysis of the
proteomics data revealed that the structural collagens (COL1A2,
COL1A1, COL5A1, and COL12A1) and injury-associated collagens
(COL5A2, COL6A1, and COL6A2) were the ECM proteins that
correlated the most significantly with the high-MD classification
(Figure 1, D and E). Consistent with an injury-primed ECM, the
high-MD breast tissue also contained more of the glycoproteins
ECM1, MGP, and dermatopontin (DPT), as well as the proteogly-
cans lumican (LUM) and biglycan (BGN) (Supplemental Figure 1).

Noticeably, ECM quantity and quality strongly distinguished
the tissue classified as MD1 from the MD4 tissue. The biospeci-
mens classified as MD3 clustered more closely with MD4, and the
MD2 group clustered more closely with the MD1 group, echoing
prior studies that grouped MD1 and MD2 specimens as low MD
and MD3 and MD#4 as high MD.

Further analysis of the collagen ECM supported differences
based on MD. Trichrome staining confirmed that the breast stro-
ma classified as MD3 and MD4 (high MD) contained more total
stromal collagen than either of the breast tissue specimens classi-
fied as MD1 and MD2 (low MD) (Figure 2, A and B). The levels of
the fibrillar collagens COL1A1, COL1A2, and COL5A1 were also
greater in the high-MD tissue than in the low-MD breast tissue
(Figure 2, C-E). Quantification of polarized images of picrosirius
red-stained tissue revealed that the high-MD tissue contained
more fibrillar collagen than the low-MD tissue (Figure 2, F and
G). Second harmonic generation (SHG) imaging of tissues using
2-photon microscopy and Imaris image analysis further revealed
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Figure 2. Tissues with high breast
density exhibit elevated levels of
linear and dense fibrillar collagens.
(A) Trichrome staining of human
breast tissue sections to visualize
overall collagen matrix abundance
(blue) (low MD, n = 4; high MD, n = 9).
Scale bars: 100 um and 50 pm (inset).
(B) Quantification of trichrome
staining represented as percentage
positive (blue) area per field of view.
(C-E) Quantification of levels for the
indicated fibrillar collagens from the
proteomic analysis (MD1-MD4; see
Figure 1B). (F) Picrosirius red staining
of human breast tissue sections and
imaging with polarized light to visual-
ize dense collagen fibers (low MD, n =
6; high MD, n = 9). Scale bars: 100 um
and 100 um (inset). (G) Quantification
of dense collagen (mean intensity

of red fibers) visualized by polarized
light. (H) Representative images
obtained using second harmonic
generation (SHG) imaging to visualize
the collagen of human breast tissues.
Red identifies thicker collagen

fibers (bottom). Scale bar: 100 pm.

(1) Quantification of collagen fiber
orientation using a model approxima-
tion (major/minor axis ratio of a fast
Fourier transform-fitting [FFT-fitting]
ellipse) (low MD, n = 8; high MD, n =
8). (J) SIM-POL imaging of breast tis-
sues with MD1and MD4 to measure
tissue birefringence. Blue—red color
indicates increasing birefringence.
Scale bar: 20 pm. (K) Quantification
of SIM-POL imaging showing mean
birefringence (low MD, n = 3, high
MD, n = 3). Data are represented as
mean + SEM. ¥P < 0.1; *P < 0.05;

**p < 0.01; ***P < 0.001 by 2-tailed
unpaired Student’s t test (G and I),
2-tailed Mann-Whitney U test (B and
K), or 1-way ANOVA with Tukey's
multiple-comparison test (C-E).
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that the fibrillar collagens in the stroma of the high-MD groups
was thicker and more linear than in the low-MD groups (Figure
2, H and 1, and Supplemental Figure 2, A and B). Structured-illu-
mination polarized microscopy (SIM-POL), which concentrates
and aligns light images to quantify the birefringence of materials,
similarly indicated that the high-MD tissue had significantly more
birefringence as compared with the low-MD tissue (Figure 2, ] and
K). These findings not only confirm prior studies that have report-
ed increased fibrillar collagen in high-MD breast tissue (29), but
also suggest there exist substantial structural differences.

We further explored the organization and mechanical phe-
notype of the fibrillar collagens in the high- and low-MD tissue.
Scanning electron microscopy (SEM) revealed that the periductal
ECM fibers in the intralobular stroma in the high-MD tissue were
not only thicker but were also more densely packed (Figure 3A).
Our data suggest that the denser, thicker collagen bundles could
reflect the high level of FACIT COL12A1 protein expressed in
the high-MD tissue (Figure 3, B and C), which is an ECM protein
known to organize type I collagen fibrils into bundles by linking
them to the surrounding ECM (40, 41). The thickened, linearized
collagen bundles in the high-MD tissue could also be due to the
greater frequency of contractile a-smooth muscle actin-positive
(a-SMA-positive) stromal fibroblasts or more ECM remodel-
ing linked to the higher number of fibroblast activation protein-
positive (FAP-positive) stromal fibroblasts we detected in these
tissues (Figure 3, D and E, Supplemental Figure 2, C and D, and
refs. 42, 43) Moreover, more cross-linked collagen mediated by
elevated levels of stromal fibroblast lysyl oxidase (LOX) and lysyl
hydroxylase 2 (LH2), which enzymatically induce posttranslation-
al hydroxylation and covalently cross-link lysine residues in the
collagens to stabilize and strengthen the fibers, could also account
for the thicker, linearized collagens in the high-MD tissue (Figure
3, F-1, and refs. 31, 44, 45). Regardless of pathogenesis, abundant
linearized, oriented, collagen bundles enhance the mechanical
property of a collagenous matrix (30-32), as confirmed by atom-
ic force microscopy (AFM) indentation of nonfixed breast tissue,
which revealed that indeed the periductal intralobular stroma in
the high-MD breast tissue was stiffer (Figure 3, ] and K).

In agreement with prior studies linking epithelial and stro-
mal cell density to high MD, and a stiffened ECM with enhanced
MEC growth and survival, pathological analysis of H&E-stained
tissue revealed higher epithelial and stromal cell density in the
stiffer, high-MD tissue (Figure 3, L and M, and Supplemental
Figure 3, A-C). The stiffer, high-MD tissue also exhibited an ele-
vated number of terminal ductal lobular units (TDLUs) with a
significantly greater TDLU area and average number of acini per
TDLU (Figure 3N and Supplemental Figure 3, D and E). Nota-
bly, an increase of percentage in epithelial area in breast tissues
correlated positively with elevated stromal ECM stiffness (Fig-
ure 30). The findings demonstrate that pathologically normal
human breast tissue with high MD not only contains more fibril-
lar collagen that is thicker and more linearized, but also reveal
that this phenotype associates with a stiffer, periductal stroma
containing more MECs and stromal fibroblasts.

To more directly interrogate the relationship between col-
lagen architecture, stromal stiffness, and epithelial density, as
well as to rule out potentially confounding effects of age, parity,
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and hormonal status, we collected additional patient samples for
analysis of these same organizational and mechanical features
within the same breast. We imaged tissue from 2 pathological-
ly confirmed healthy, normal, postmastectomy breasts by whole
breast x-ray imaging (Figure 4A). Multiple regions representing
high- and low-density regions from within the same postmastecto-
my breast were then excised and analyzed. Birefringence imaging
confirmed that the regions of the microdissected, normal, healthy
breast tissue that corresponded to high-density breast tissue con-
tained more aligned stromal components than the tissue regions
excised from the low-density regions, echoing the high tissue
alignment observed previously in the breast tissue classified as
high-MD breast tissue premastectomy (compare Figure 4, B and
C, to Figure 2, ] and K). AFM indentation confirmed that the peri-
ductal stroma in the excised high-density regions of these normal,
healthy breast tissues was significantly stiffer than that measured
in the regions corresponding to the low-density breast tissue (Fig-
ure 4, D and E). Moreover, the epithelial concentration (percent-
age epithelium) per tissue area was greater in the high-density
regions and data analysis revealed that this positively correlated
with stromal stiffness, which is consistent with a causal relation-
ship between the 2 parameters (Figure 4, F-H).

miR-203 is repressed by ECM stiffness and decreased in tissues
with high MD. miRs are noncoding RNAs with abnormal expression
in breast cancer (46). Dysregulation of miRs has been implicat-
ed in breast cancer aggression, and miRs are potential biomarkers
that could predict risk and progression (47, 48). Profiling of miRs
expressed in nonmalignant, immortalized human MECs embedded
within soft and stiff ECMs and in vivo in mouse mammary tumors
treated with and without a LOX inhibitor (B-aminopropionitrile,
BAPN) to repress collagen cross-linking and prevent stromal stiffen-
ing, identified conserved groups of miRs induced and repressed by
tissue tension (33). We screened a curated list of these tension-regu-
lated miRs against a list of compiled miRs implicated in breast cancer
and interrogated several prospective candidates for tension-modu-
lated expression in the nonmalignant human MECs using qRT-PCR
(vef. 49 and Supplemental Table 3). We then experimentally evaluat-
ed whether ECM stiffness could modulate the expression of miR18a,
miR-203, and miR-149 in cultured murine and human MECs. The
expression of the tumor-promoting miR-18a reproducibly increased
in nonmalignant human MCF10A MECs plated either on stiff base-
ment membrane-conjugated (BM-conjugated) polyacrylamide
(PA) gels or as preassembled acini within 3-dimensional (3D) BM/
collagen gels non-cross-linked (SOFT) or cross-linked and stift-
ened with L-ribose (STIFF) to achieve previously reported rheome-
try values (Figure 5, A and B, and ref. 33). Freshly isolated normal,
healthy, primary murine mammary organoids embedded within the
3D ribose-stiffened BM/collagen gels similarly showed a significant
increase in miR-18a expression as compared with the lower levels
expressed in the MECs embedded within soft BM/collagen gels
(Figure 5C). Nevertheless, although miR-18a stimulates Wnt signal-
ing to promote breast tumor aggression and its expression was found
to be significantly increased in the breasts of women with breast
cancer (33), we did not detect any increase in miR-18a levels in the
normal healthy breast tissue of women with high MD as compared
with those with low MD (Figure 5D). By contrast, both miR-203
and miR-149%, 2 miRs previously shown to repress the malignant
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Figure 3. Tissues with high mammographic density are characterized by
stiffened collagen fibers, elevated stromal and epithelial density, and
expression of collagen cross-linking enzymes. (A) Representative images
from scanning electron microscopy (SEM; n = 5 each for low and high MD).
Scale bar: 2 um. (B) Quantification of levels for COL12A1 from proteomic
analysis (MD1-MD4; see Figure 1). (C) Representative images showing
immunofluorescence staining of frozen breast tissue sections with
antibodies against keratins 8 and 18 (K8+18, green) and COL12A1 (red) (low
MD, n = 5, high MD, n = 6 total). Cell nuclei were stained with 4',6-diamid-
ino-2-phenylindole (DAPI, blue). Scale bar: 50 pm. (D-F) Immunohisto-
chemical (IHC) staining of human breast tissues using antibodies against
a-smooth muscle actin (a-SMA) (D), lysyl oxidase (LOX) (E), and lysyl
hydroxylase 2 (LH2) (F). Scale bar: 100 pm. (G-1) Quantification of positive
IHC staining for D-F as indicated (low MD, n = 5; high MD, n = 15 for G; low
MD, n = 5; high MD, n =12 for H; low MD, n = 6; high MD, n =13 for ). ())
Quantification of atomic force microscopy (AFM) measurements of the
mean elastic modulus (ECM stiffness) of human breast tissues (low MD,

n =10; high MD, n = 12). (K) A histogram displaying the top 20% of AFM
stiffness values measured in J. (L) Representative images of hematoxylin
and eosin-stained (H&E-stained) human breast tissue sections. (M) Quan-
tification of epithelial density expressed as a percentage of epithelial cell
area over total area per field of view (low MD, n = 20; high MD, n = 20). (N)
Quantification of the average number of acini per terminal ductal lobular
unit (TDLU) using the same tissues analyzed in Supplemental Figure 3. (0)
A correlation plot of measured epithelial cell density (percentage epitheli-
um in a field of view) versus measured ECM stiffness for a selection of
human breast tissues (n = 7). Data are represented as mean + SEM.
#P < 0.1; *P < 0.05; **P < 0.01; ***P < 0.001 by 2-tailed unpaired Student’s
t test (H-) and N), 2-tailed Mann-Whitney U test (M and G), or Krus-
kal-Wallis test followed by Dunn’s multiple-comparison test (B).

behavior of human breast cancer cells, were repressed both in the
MCF10A MECs cultured on the stiff PA gels and as 3D preassembled
acini embedded within a ribose-stiffened BM /collagen gel (Figure 5,
E-H). We focused on miR-203 for further analysis because of'its pri-
or role in restricting breast cancer progression and its implicated role
in breast cancer risk (38, 50-54). Consistently, miR-203 expression
levels significantly decreased in the freshly isolated primary murine
mammary organoids embedded within the ribose-stiffened BM/col-
lagen gels (Figure 5I). Furthermore, qRT-PCR analysis revealed that,
on average, miR-203 expression was significantly lower in the nor-
mal high-MD breast tissue examined (Figure 5]). In situ hybridiza-
tion verified that miR-203 expression was substantially lower in the
epithelium of the human breast tissue that was classified as high MD,
as compared with the high levels detected in the low-MD tissue (Fig-
ure 5K). Importantly, miR-203 expression also negatively correlated
with the high stromal stiffness quantified in the regions within the
normal human breast tissue radiologically classified as high and low
MD (Figure 5L). The findings identify the tumor suppressor miR-203
as a tension-regulated molecule that could modulate the elevated
lifetime breast cancer risk associated with high MD.
miR-203-mediated targeting of ZNF217 is repressed by ECM
stiffness. To clarify whether and how the low levels of miR-203
in the epithelium of the high-density, stiff breast tissue could
increase breast cancer risk, we used online tools (miRWalk2.0,
miRTarBase) (55, 56) to generate a list of predicted miR-203
targets, and identified several previously implicated in breast
cancer for further scrutiny (Supplemental Table 4). ZNF217 was
selected for further investigation because of its known role in
enhancing MEC and breast cancer cell growth, expanding breast
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progenitor frequency and promoting a mesenchymal transition,
and its demonstrated impact on breast cancer progression and
aggression (57-59). Furthermore, ZNF217 was previously vali-
dated as a miR-203 target in colon cancer cells (60).

We first assessed whether a stiff ECM could modulate the
expression of the oncogene ZNF217 in cultured MECs and if this
correlated with miR-203 expression. Immunoblot analysis revealed
that human immortalized, nonmalignant MCF10A MECs plated on
a stiff, BM-conjugated PA gel had higher levels of ZNF217 as com-
pared with the same cells plated on soft PA gels (Figure 6A). We also
confirmed that several known ZNF217-influenced gene targets such
as SFRP1 and DNMT1 were lower and another, SNAII, was higher
in the same MECs cultured within the stiff ECM gels, indicating
that ZNF217 transcriptional regulating activity was also enhanced
(Supplemental Figure 4, A-F). We next compared expression levels
of Zfp217, the murine homolog of ZNF217, in freshly isolated pri-
mary mouse MEC organoids embedded within soft BM/collagen
gels (non-cross-linked) as compared with those that were embed-
ded within stiff BM/collagen gels (L-ribose cross-linked). gRT-PCR
analysis confirmed that Zfp217 was indeed significantly increased
in the organoids embedded within the stiffened BM/collagen gels
as compared with within the softer BM/collagen gels (Figure 6B).
Correlation analysis revealed an inverse relationship between high
Zfp217 and low miR-203 expression in the same acini (Figure 6C).

To directly test for a causal relationship between tension-
regulated miR-203 and ZNF217 expression and activity, we gen-
erated nonmalignant human MCF10A MECs that overexpressed
miR-203, and MECs expressing either a scrambled or a miR-203-
targeting antagomir. Immunoblot analysis showed that the high
expression of ZNF217 detected in the MECs cultured on stiff 2D
PA gels (6 kPa) could be overridden either by increasing miR-203
levels to reduce ZNF217, or by increasing ZNF217 levels using the
miR-203 antagomir (Figure 6A). Moreover, although the MEC
acini that were embedded within ribose cross-linked, stiffened
BM/collagen gels that expressed a control miR (CTL) had high
levels of ZNF217, those that expressed high miR-203 (203°F)
had significantly lower levels of ZNF217 (Figure 6, D and E).
Consistently, knocking down miR-203 (203%P) in the MCF10A
MEC acini increased ZNF217 expression, even when the acini
were grown within the soft BM/collagen hydrogels (Figure 6, F
and G). Increasing, or decreasing, ZNF217 levels by modulating
miR-203 in MECs within soft or ribose cross-linked, stiffened
BM/collagen gels, also altered the expression of ZNF217 targets
(Supplemental Figure 4, A-F). We observed similar changes in
the activity of the known ZNF217 target PI3K/Akt in the MECs
with altered ZNF217 levels, as revealed by immunoblot analysis
of phosphorylated Akt substrates (Figure 6A).

ZNF217 activates PI3K/Akt to promote MEC proliferation
(57, 61, 62). Immunofluorescence staining for the proliferative
marker phosphorylated histone H3 (p-HH3) as well as phosphor-
ylated Akt substrates revealed that those MEC acini expressing
high ZNF217 and low miR-203 were also the most proliferative
and had the highest Akt activity (Figure 6, H-M, and Supple-
mental Figure 4, G and H). Reducing ZNF217 by overexpressing
miR-203 simultaneously repressed cell growth and reduced the
level of phosphorylated Akt substrates as detected by immuno-
fluorescence staining (Figure 6, H, J, and L, and Supplemental
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Figure 4. Regions of high mammographic density within the same breast correlate with increased ECM stiffness and epithelial density. (A) Mammogra-
phy of a whole breast with demarcations highlighting regions of high and low density used for subsequent analysis. (B) SIM-POL imaging of the low-
density region selected in A to measure tissue birefringence and approximate ECM tension. Blue—red indicates increasing birefringence. Scale bar: 20 um.
(C) The same as in B for the high-density region selected in A. (D) A representative histogram of SIM-POL measurements for the tissue regions selected in
A (low MD, n = 5; high MD, n = 5 total). (E) Quantification of AFM measurements of human breast tissues isolated from multiple regions of high and low
density (low MD, n =10; high MD, n = 10) from within the same breast. Individual ECM stiffness measurements from several regions are plotted (n = 100
each for low and high MD). (F) The low-density region from A was stained with propidium iodide to permit visualization of cell density by fluorescence.
Scale bar: 20 um. (G) The same as in F for the high-density region selected in A. (H) A correlation plot of epithelial cell density (percentage epithelium,
percentage of propidium iodide stained epithelial nuclei per field of view) versus ECM stiffness from human breast tissues (n = 3) with multiple regions of
low and high MD from within the same breast (n = 12). Data are represented as mean + SEM. ***P < 0.001 by 2-tailed Mann-Whitney U test (E).

Figure 4G). By comparison, expressing the antagomir of miR-203
concomitantly increased ZNF217 expression, MEC proliferation,
and Akt activity (Figure 6, I, K, and M, and Supplemental Figure
4H). In agreement with prior data supporting a role for miR-203
and the ZNF217 target PI3K/Akt in MEC invasion (38), MEC
acini expressing low miR-203 and high ZNF217 were more inva-
sive, as compared with control MEC acini cultured in soft BM/
collagen gels, and MEC acini cultured in stiff BM/collagen gels
in which ZNF217 levels were reduced by overexpressing miR-203
(Supplemental Figure 5, A-D). To further implicate ZNF217 in
mediating the phenotypes of proliferation, Akt activity and inva-
sion, we generated an shRNA-mediated knockdown of ZNF217
in the MCF10A MECs expressing the scrambled (Scr) or miR-
203-targeting (203*P) antagomirs. Immunoblot analysis was
used to validate 3 shRNAs (F7, F9, and G4) targeting ZNF217
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for knockdown compared with cells expressing a vector con-
trol (VC) (Supplemental Figure 6A). The shRNA G4 exhibit-
ed the most efficient knockdown and was used for subsequent
analyses of MCF10A MECs cultured in BM/collagen hydrogels
with or without L-ribose-mediated cross-linking and stiffening.
ZNF217 knockdown abrogated the increase in proliferation and
Akt activity induced by a stiff ECM, as assessed by immunoflu-
orescence staining for p-HH3 and phosphorylated Akt substrates
in both MCF10A MECs expressing the scrambled and miR-203-
targeting antagomirs (Supplemental Figure 6, B-I). These findings
demonstrate that a stiff ECM can enhance MEC proliferation and
invasion by reducing levels of miR-203 to elevate expression of the
oncogene ZNF217 and thereafter to increase PI3K/AKkt activity.

We next asked whether the increased expression of ZNF217
stimulated by a stiff ECM also promoted MEC proliferation and
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Figure 5. ECM stiffness represses the expression of miR-203, which exhibits reduced expression in tissues with high mammographic density. (A, E, and
G) gRT-PCR analysis for the indicated microRNAs using RNA isolated from MCF10A cells cultured on basement membrane-conjugated (BM-conjugated)
polyacrylamide (PA) gels of varying stiffness (140 Pa and 6 kPa). Results are normalized to U6 RNA and plotted relative to the 140-Pa condition (n = 3
replicates each for 140 Pa and 6 kPa). (B, F, and H) gqRT-PCR analysis for the indicated microRNAs using RNA isolated from MCF10A acini cultured in SOFT
(non-cross-linked) or STIFF (L-ribose cross-linked) BM/collagen gels. Results are normalized to U6 RNA and plotted relative to the SOFT condition (n = 3-4
replicates for SOFT and STIFF). (C and 1) gRT-PCR analysis for the indicated microRNAs using RNA isolated from mouse mammary epithelial acini cultured
as in B. Results are normalized to U6 RNA and plotted relative to the SOFT condition (n = 3-4 replicates for SOFT and STIFF). (D and J) gRT-PCR analysis
for the indicated microRNAs using RNA isolated from human breast tissues with low and high MD. Results are normalized to U6 RNA and plotted as
individual data points (low MD, n = 8, high MD, n = 14 for D; low MD, n = 13, high MD, n = 28 for ]). (K) Representative images of in situ hybridization (ISH)
analysis for miR-203 expression (purple) in breast tissues (low MD, n = 3; high MD, n = 3 total). Scale bar: 50 um. (L) Correlation between relative miR-203
expression levels and ECM stiffness for human breast tissue specimens (n = 6). Data are represented as mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001
by 2-tailed unpaired Student’s t test (A, E, and I) or 2-tailed Mann-Whitney U test (F and }).

increased MEC density in the mammary gland in vivo. We stud-
ied this relationship in the CollaI™”* mouse, which has been used
previously as a murine model of collagen density (35, 63). Hetero-
zygous Collal™Js« (COL*") mice carry a transgene with mutations
in a highly conserved MMP cleavage domain of Collal that leads
to accumulation of collagen surrounding the mammary epithelial
ducts. The elevated collagen levels in the COL*- mouse result in
an increase in the tensile properties of the mammary gland tissue
that mimic the stiffer breast stroma we quantified in the high-MD
human breast stroma (ref. 35 and Figure 3, ] and K). Consistent with
an association between high collagen density, stromal stiffness,
and elevated risk of malignancy, we observed an almost 2-fold
increase in p-HH3 staining in the MECs of the ducts of 10-week-old
COL*" mice (Figure 7, A and B), that qRT-PCR revealed correlated
with reduced levels of miR-203 (Figure 7C). Immunohistochemical

staining also detected more than 2-fold higher nuclear Zfp217 in
the MECs in the COL"" mice (Figure 7, D and E), and higher levels
of phosphorylated Akt substrates, presumably reflecting elevated
activity of the Zfp217 target Akt (Figure 7, F and G). Consistently,
when the COL*~ mice were treated with the ZNF217/Akt inhibitor
triciribine, the level of phosphorylated Akt substrate and p-HH3
immunohistochemical staining were significantly diminished
in the mammary epithelium (Figure 7, A, B, F, and G). The find-
ings are consistent with prior studies, which showed that when
Collal™Je mice were crossed with PyMT mice they exhibited
accelerated mammary tumor progression (35). The data obtained
in the Collal™/* mice suggest that the reduced miR-203 and high
ZNF217 and epithelial proliferation observed in the breast tissue of
the women with high MD is likely mediated by the increased colla-
gen density and stromal stiffness. The findings could also explain
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Figure 6. The proliferative factor ZNF217 is regulated by ECM stiffness

in a miR-203-dependent manner and high ZNF217 levels correlate with
increased MEC proliferation and Akt activity. (A) MCF10A acini over-
expressing a scrambled nontargeting antagomir (Scr) or an antagomir
targeting miR-203 (203%°) (lanes 1-4) or MCF10A acini overexpressing a
control microRNA (CTL) or miR-203 (203°) (lanes 5-8) were cultured on
soft (140 Pa) or stiff (6 kPa) PA gels conjugated with BM. Cells were cul-
tured for 24 hours and harvested forimmunoblot analysis using antibodies
against ZNF217, phosphorylated Akt substrate, or 3-actin (representative
of 2 experiments). (B) qRT-PCR analysis for Zfp217 using RNA isolated
from mouse mammary epithelial acini cultured as in Figure 5B. Results
are normalized to Gapdh levels and plotted relative to the SOFT condition
(SOFT, n = 4, STIFF, n = 3). (C) A correlation between measured Zfp217
levels from B with miR-203 levels from Figure 5. (D) gRT-PCR analysis for
miR-203 using RNA isolated from CTL or 203° MCF10A acini and cultured
as in B. Results are normalized to U6 RNA and plotted relative to the SOFT
CTL condition (n = 3-4 replicates). (E) gRT-PCR analysis for ZNF217 using
RNA isolated from the same MCF10A acini cultured as in D. Results are
normalized to 78S RNA and plotted relative to the SOFT CTL condition (n =
3-5 replicates). (F) gRT-PCR analysis for miR-203 using RNA isolated from
Scror 203° MCF10A acini and cultured as in B. Results are normalized as
in D (n = 4-5 replicates). (G) gqRT-PCR analysis for ZNF217 using RNA iso-
lated from the same MCF10A acini cultured as in F. Results are normalized
as in E (n = 4 replicates). (H) MCF10A acini manipulated and cultured as in
D were fixed and stained by immunofluorescence with antibodies against
phosphorylated histone H3 (phospho-histone H3, red) and phalloidin-488
(green). Quantification of the average number of phospho-histone H3-
positive nuclei expressed as a percentage of total nuclei per field of view
(n = 4-5 replicates). (I) MCF10A acini manipulated and cultured as in F
were analyzed and quantified as in H (n = 5-6 replicates). (J) MCF10A acini
manipulated and cultured as in D were fixed and stained by immunoflu-
orescence with antibodies against phosphorylated Akt substrate (red)

and phalloidin-488 (green). Representative images are presented. (K)
Representative images of MCF10A acini manipulated and cultured as in F
and processed as in J. (L) Quantification of the average corrected total cell
fluorescence per field of view for MCF10A acini prepared as in J (n = 3-7 rep-
licates). (M) Quantification of the average corrected total cell fluorescence
per field of view for MCF10A acini prepared as in K (n = 3 replicates). Data
are represented as mean + SEM. ¥P < 0.1; *P < 0.05; **P < 0.01; ***P <
0.001 by 2-tailed unpaired Student’s t test (B), 1-way ANOVA with Tukey's
multiple-comparison test (E, F, I, L, and M), or Kruskal-Wallis test followed
by Dunn’s multiple-comparison test (D, G, and H).

why the breast cancers that develop in women with high MD are
often more aggressive (64-66).

Mammary tissues with high collagen density display elevated
ZNF217 expression, epithelial proliferation, and epithelial density.
We next examined the relationship between MD, stromal stiff-
ness, epithelial proliferation, and miR-203-regulated ZNF217 in
human breast tissue. Immunohistochemical staining revealed a
significant increase in nuclear staining for ZNF217 in the MECs
within the high-MD breast tissue, and quantitative analysis
revealed that this staining correlated positively with high nuclear
staining for p-HH3 (Figure 8, A-D). In agreement with our find-
ings in the COL*~ mice, ZNF217 protein levels correlated posi-
tively with epithelial density (percentage epithelium) and nega-
tively with miR-203 expression (Figure 8, E and F). The findings
suggest that a stiffer, high-density breast stroma could increase
epithelial density to enhance breast cancer risk by elevating levels
of ZNF217 to foster MEC proliferation.

miRs including miR-203 have many targets, including gene
products that both promote and inhibit transformation and
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tumor aggression (e.g., refs. 38, 50, 60, 67). Accordingly, the
risk of breast cancer induced by high-MD-associated, tension-
induced miR-203 loss should reflect the combined effect of its
pro- and antitumor molecular targets on the breast tissue’s phe-
notype. Consistently, we showed that a stiff ECM reduces miR-
203 in murine MECs and a nonmalignant human MEC cell line to
induce the tumor suppressor ROBO1 (38). High levels of ROBO1
reduce MEC invasion in culture and blunt branching morpho-
genesis of the murine mammary gland in vivo (38). qRT-PCR
analysis revealed that ROBOI levels were significantly higher in
the breast tissue from the women with high MD, consistent with
a compensatory ROBO1-dependent repression of malignancy
in these breast tissue epithelia (Figure 8G). Critically however,
analysis of the ZNF217/ROBOI expression ratio in individual
breast tissue specimens revealed that 4 out of 14 of the high-MD
tissues had a ZNF217/ROBOI expression ratio that exceeded
one, and that 2 of the biospecimens showed a more than 5- to
10-fold disproportionately elevated ZNF217/ROBOI ratio (Fig-
ure 8H). The findings not only suggest that the collagen-dense,
stiff stroma in the high-MD breast could expand the mammary
epithelium to increase breast cancer risk, but that it simultane-
ously increases expression of key tumor suppressors and onco-
genes, the ratio of which will ultimately dictate predisposition of
the epithelium to malignant transformation. The findings are all
the more compelling given prior evidence showing that ROBOI
is methylated in over 45% of human breast tumors (68-71). As
such, the stiffer stroma could be instrumental in establishing the
biological basis for many of the phenotypes classically associated
with high MD and suggest that the paradigm may impart a gen-
eral qualitatively greater risk for the development of breast can-
cer by modulating expression of key oncogenes and tumor sup-
pressors. If true, treatments aimed at inhibiting tension-induced
oncogene expression would constitute novel chemoprevention
modalities, and assessment of methylation and/or mutations
in tension-modulated tumor suppressors could help to identify
patients at higher risk for developing breast tumors.

Discussion

Our studies established a causal association between collagen
density, breast stroma stiffness, and epithelial density. We iden-
tified a tension-mediated mechanism that both fosters MEC
growth and predisposes the epithelium to transformation by reg-
ulating levels of a key oncogene and tumor suppressor. Exper-
imental data revealed that a stiff ECM represses levels of the
tumor suppressor miR-203, whose tension-induced loss increases
expression of the oncogene ZNF217 to increase epithelial density
by promoting epithelial proliferation. The stiff, high-MD breast
tissue expressed elevated levels of ZNF217 that correlated with
lower miR-203 and higher epithelial proliferation and density.
The results agree with previous data showing that high-MD breast
tissue contains a higher density of MECs (7-13). Importantly, our
studies indicated that there is a significant correlation between
MEC proliferation, epithelial density, and MD (Figure 4), consis-
tent with some prior published reports but contradictory to others
(9,10, 13, 72-76). We analyzed high- and low-MD tissue obtained
exclusively from premenopausal women (Supplemental Table 1)
where estrous cycling stimulates MEC proliferation. Importantly,
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Figure 7. ZNF217 inhibition with triciribine abrogates stiff collagen matrix-induced mammary epithelial cell proliferation and Akt activity in vivo.

(A) Immunohistochemical (IHC) staining of paraffin sections from the mammary glands of heterozygous Col1a7™e (COL*/~; n = 3) and WT (n = 3) mice
using a phospho-histone H3-specific antibody. Selected mice were treated with the ZNF217/Akt inhibitor triciribine (TRIC; n = 3 each for WT and COL*/-
mice). Scale bar: 50 um. (B) Quantification of positive phospho-histone H3 staining from A expressed as the percentage of highly positive nuclei area per
total epithelial area (n = 14-16). (C) gRT-PCR analysis for miR-203 using RNA isolated from the mammary glands of 10-week-old COL*- mice and age-
matched WT counterparts. Results are normalized to U6 RNA levels and plotted relative to WT (n = 4). (D) IHC staining of paraffin sections as in A using

a ZNF217-specific antibody. Scale bar: 50 um. (E) Quantification of positive ZNF217 staining from D expressed as the percentage of high positive staining
in MECs (n = 15). (F) IHC staining of paraffin sections as in A using a phosphorylated Akt substrate-specific antibody. Selected mice were treated with tri-
ciribine as in A. Scale bar: 50 um. (G) Quantification of positive phosphorylated Akt substrate staining from F expressed as the percentage of high positive
staining in MECs (n = 12-15). Data are represented as mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001 by 2-tailed unpaired Student's t test (C and E) or

Kruskal-Wallis test followed by Dunn’s multiple-comparison test (B and G).

larger cohort studies that included pre- and postmenopausal
breast tissue also established associations between MD and epi-
thelial density but did not observe a correlation with proliferation,
likely because the postmenopausal breast is essentially quiescent
(9, 13, 74-76). Accordingly, our data confirm that a correlation
exists between high MD and epithelial density and, furthermore,
suggest this might be due to higher overall proliferation of the
premenopausal mammary epithelium. The findings thus pre-
dict that having more epithelial targets for oncogenesis is likely a
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major contributing factor that would proportionately increase the
risk of breast cancer in these women.

Our rigorous quantitative proteomic analysis of the insoluble
ECM and imaging assessment of predominantly healthy human
MD1, MD2, MD3, and MD4 breast tissue confirm prior immu-
nostaining studies reporting increased fibrillar collagen and pro-
teoglycans in the high-MD breast tissue (13, 27-29, 77-80). The
findings also extend prior studies to identify unique structural
collagens implicated in collagen bundling such as COL12A1, and
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increased expression of collagen cross-linking enzymes such as
LOX and LH2, that could provide a tractable explanation for the
thicker, bundled fibrillar collagens surrounding the periductal
epithelium (27, 29, 40, 81). Importantly, quantitative mass spec-
trometry analysis of the insoluble ECM and associated matrisome
distinguished all 4 MD groups but could not detect any distinct
qualitative differences between the groups, suggesting percentage
stromal ECM and its posttranslational organization, as opposed to
ECM specificity per se, likely distinguish these groups. Indeed, the
prevalent morphological stromal traits associated with the high-
er-MD tissue included abundant fibrillar collagen, as detected
by polarized imaging of picrosirius red-stained tissue; increased
ECM orientation, as indicated by 2-photon and SIM-POL birefrin-
gence imaging; and increased collagen bundling and thickness,
as revealed by SEM. Oriented, thicker, and more abundant fibril-
lar collagen contributes to ECM stiffness (30-32). Consistently,
AFM indentation showed that the periductal breast stroma in the
high-MD tissue was significantly stiffer than that measured in the
low-MD tissue stroma. More importantly, analysis of high- versus
low-MD tissue regions within the same normal, healthy human
breast confirmed that a high-MD stroma is indeed significantly
stiffer and contains a more oriented stromal ECM. The findings

-
w OB
& T

T T staining quantified in B and epithelial density
Low MD  High MD (n =12). (F) Correlation between ZNF217 and
miR-203 levels determined by gRT-PCR from
the same human breast specimens (n = 11). (G)
gRT-PCR analysis for ROBO1 using RNA isolated
from human breast tissues (low MD, n = 9; high
MD, n =18). Results are normalized to 785 RNA.
(H) The ratio of relative ZNF217/ROBO1 gene
expression for 14 individual patient specimens
with high MD. The dashed line represents a
ratio of 1. Data are represented as mean + SEM.
*P < 0.05; **P < 0.01; ***P < 0.001 by 2-tailed
Mann-Whitney U test (B, D, and G).
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confirm prior studies in which a small cohort of high versus low
(n = 3) tumor-associated breast tissue stroma was determined to
be relatively stiffer and to contain thicker collagen bundles. Our
studies extend these observations to include normal healthy tis-
sue with the magnitude of the values showing better concordance
with AFM measurements made by other investigators in normal
and malignant human breast tissue (29). Accordingly, our results
definitively establish that the stroma in the normal, healthy, high-
ly mammographically dense breast contains more ECM proteins,
including fibrillar collagens, that are organized into thicker and
more oriented bundles and that confer greater mechanical prop-
erties and stiffness to the ECM.

We found that the mammary epithelium in the high-MD breast
tissue expressed low levels of the tumor suppressor miR-203 and
demonstrated how this could be mediated by the stiffer periductal
stroma. The molecular mechanisms whereby a stiff ECM represses
miR-203 remain unclear, but is likely mediated through pathways
linked to integrin signaling and cytoskeletal tension such as p-cat-
enin, myc, and TGF-f (33, 82). Indeed, we previously showed that
a stiff ECM disproportionately increases the fraction of precursor
miRs (33), and we recently determined that this effect can be ame-
liorated by reducing integrin signaling and actomyosin tension,
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suggesting cytoskeletal tension could influence the efficiency of
miR processing (unpublished observations, Janna Mouw and Val-
erie Weaver). Alternately, ECM stiffness and cytoskeletal tension
similarly regulate the levels and subcellular organization of several
heterogeneous nuclear ribonucleoproteins (unpublished observa-
tions, Janna Mouw and Valerie Weaver) implicated in miR expres-
sion and processing (83, 84). Regardless of pathological origin, in
the current study we showed that loss of miR-203 leads to a con-
comitant elevation of its target oncogene ZNF217 (60). We and
others showed that ZNF217 activates PI3K/Akt to stimulate cell
proliferation and motility and regulates the expression of TGF-
and Wnt signaling pathway regulators that promote epithelial pro-
genitor activity (refs. 57, 58, Figure 6, and Supplemental Figures
4 and 6). Not surprisingly, high ZNF217 levels promote breast
tumor progression and metastasis in experimental mouse models
of mammary cancer and its high expression in breast cancer asso-
ciates with poor patient prognosis (57, 59, 85). Our culture studies
established a causal relationship between a highly fibrillar, stiff
ECM BM/collagen gel, low miR-203, elevated MEC proliferation
and high ZNF217/Zfp217 expression and PI3K/Akt activity (Figure
6 and Supplemental Figures 4 and 6). Indeed, Z{p217 levels were
also elevated in the proliferating, epithelia-dense, collagen-en-
riched mammary glands of a murine model of high MD that exhib-
its high tissue tensile strength, and epithelial proliferation could
be reduced by inhibiting Akt activity (ref. 35 and Figure 7). Consis-
tently, we observed that the elevated expression of ZNF217 in the
human breast tissue with higher MD correlated positively with epi-
thelial cell proliferation and high epithelial density and negatively
with miR-203 levels (Figure 8). Although a stiff ECM may influence
other proproliferative pathways or alter cell phenotypes through
additional miR-203-targeted transcripts, these results identify
ZNF217 as a potential mediator of the increased epithelial density
associated with high-MD tissue and suggest that the stiffer stroma
in these women induces qualitative changes in the epithelium that
could contribute to their elevated lifetime risk of breast cancer.
Importantly and not surprisingly, given the large number
of predicted miR targets, we determined that the stiffness-stim-
ulated loss of miR-203 induced a concomitant increase in levels
of one of'its other validated targets, the tumor suppressor ROBOI
(38). High levels of ROBO1, which inhibits cell motility and inva-
sion, would oppose the ZNF217-induced malignant phenotype
and help to maintain tissue homeostasis (38). In fact, the relative
ratio of the expression levels of miR-203 targets, such as ZNF217
and ROBOI, may ultimately govern the risk of malignancy in these
high-MD breast tissues. Indeed, the tumor suppressor ROBOI was
deleted or methylated in 68 of 150 primary breast cancer cases
(45.3%) and mutated in a further 3% of breast cancers (cbiopor-
tal.org) (68-71). We observed a significantly elevated ZNF217/
ROBOI ratio in 24% of the high-MD human breast tissues exam-
ined, suggesting they may harbor MECs with methylated or mutat-
ed ROBOI. Interestingly, the Akt inhibitor triciribine can inhibit
the protumor, proliferative effect of ZNF217 and induces death in
chemoresistant breast cancer cells (57). Therefore, triciribine or a
similar compound could be a component of a new chemopreven-
tion therapy to treat women with high MD that also have an abnor-
mally elevated ZNF217/ROBOI ratio. Collectively, these findings
illustrate how the mechanically primed high-MD breast stroma
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could alter both the nature and the abundance of the breast epi-
thelium to increase breast cancer risk. We also identify ROBOL1 as
a key tumor suppressor whose reduced expression could identify
in women with increased mammographically dense breast tissues
those who are at highest risk for malignant transformation and are
therefore ideal candidates for increased monitoring.

Methods

Human breast tissue and experimental design. Tissue specimens were
collected from prophylactic mastectomy and either formalin-fixed and
paraffin-embedded (FFPE) or flash frozen in OCT (Tissue-Tek), as
described previously (30). Human patient samples were randomized
and blinded for all analyses using deidentified patient B-numbers. All
data, such as MD, were acquired without prior knowledge of patient
information, which was only revealed following analysis.

Animals, animal care, and drug treatment. Animal husbandry for
mice was carried out in Laboratory Animal Resource Center (LARC)
facilities at UCSF. Mammary glands were harvested from euthanized 8-
to 10-week-old mice for the isolation of MECs for subsequent analysis.
Mammary gland tissues from 10-week-old Collal"™V* mice (63) were
provided as FFPE blocks by the Department of Cell and Regenerative
Biology, University of Wisconsin-Madison. Collal"™V* mice (B6;129S4
background) were obtained from The Jackson Laboratory. Triciribine
(APEXBIO, catalog A8541) was diluted in DMSO and administered by
intraperitoneal injection to 8-week-old Collal"™V* mice at a dosage of 1
mg/kg, 5 times per week, for a total of 2 weeks.

Proteomic sample preparation and analysis. See Supplemental
Methods for details.

Immunohistochemistry. Immunohistochemical staining of FFPE
human and mouse tissue specimens was performed as described pre-
viously (36). See Supplemental Methods for more details.

Immunofluorescence, image acquisition, and analysis. Immuno-
fluorescence staining of human breast tissue specimens was per-
formed as described previously (34, 37). See Supplemental Meth-
ods for more details.

Immunoblotting. Immunoblotting was performed as described
previously (86) using the following antibodies: ZNF217 (MilliporeSig-
ma, catalog HPAO51857; 1:1000), phosphorylated Akt substrate
(RXXS*/T*) (110B7E) (Cell Signaling Technology, catalog 9614;
1:1000) and B-actin (MilliporeSigma, catalog A5441;1:5000).

Picrosirius red and trichrome staining and quantification. Picrosiri-
us red and trichrome staining of human breast tissues was performed
as described previously (30, 87). Quantification of staining was done
using specific Image] (NIH) macros written to identify and quantify
blue color for trichrome staining, or red in picrosirius-stained sections
illuminated with polarized light to visualize fibrillar collagens.

Two-photon microscopy image acquisition and analysis. Two-pho-
ton microscopy, image rendering, and calculation of collagen fiber
volumes and orientation was performed as previously described using
Imaris (Bitplane AG) and MATLAB (MathWorks) (30, 82).

SIM-POL imaging and analysis. SIM-POL Imaging was performed
as previously described (30, 88). Retardance maps were obtained
using custom-written MATLAB programs to analyze tissue images
acquired by an Olympus microscope (IX81) with x10 objective accord-
ing to methods previously described (89).

AFM. AFM indentation maps were obtained as described previ-
ously (30, 90) using an MFP3D-BIO inverted optical atomic force


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/11
https://www.jci.org/articles/view/129249#sd
https://www.jci.org/articles/view/129249#sd
https://www.jci.org/articles/view/129249#sd

The Journal of Clinical Investigation

microscope mounted on a Nikon TE2000-U inverted fluorescence
microscope (Asylum Research). AFM maps were generated for a maxi-
mum of 40 minutes before tissues were fixed and stained for alternate
analyses. Periductal ECM-rich regions were selected to generate all
force maps and several maps were obtained for each patient specimen.

Cell culture, DNA constructs, and lentiviral transduction of cells.
MCF10A cells (ATCC) were cultured as described previously (34) with
the exception that acini in collagen gels were cultured with reduced
levels of horse serum (2%) and epidermal growth factor (EGF; 5 ng/
mL). Lentiviral constructs for miR-203 manipulations were prepared
as described previously (37, 91, 92). Lentiviral sShRNA constructs tar-
geting ZNF217 have been previously described and were provided
by the Harper Cancer Research Institute, University of Notre Dame
(57). Lentivirus was produced using 239-T cells and viral packaging
vectors as described previously (37). MCF10A cells were infected with
virus-containing media and either selected with 1 ug/mL puromycin
(for miR antagomir expression) or sorted by midrange or high levels
of green fluorescent protein (GFP) with a BD FACSAria II cell sorter
(for CTL and miR-203°F vectors [lentiviral pLKO.1 puro vector, Milli-
poreSigma]) and ZNF217-shRNA vectors (57).

Mouse mammary organoid isolation. Mammary glands were har-
vested from 10- to 12-week-old WT FVB/n mice and chopped manually.
Fragments were then transferred into 10 to 20 mL of Dulbecco’s modi-
fied Eagle medium (DMEM, Gibco) supplemented with 2% fetal bovine
serum (FBS), 2 mg/mL collagenase (MilliporeSigma), and 0.1 mg/mL
hyaluronidase (MilliporeSigma) for a 1-hour incubation with shaking at
37°C. Following digestion, fragments were subjected to a short (3 minute)
digestion with 0.2% trypsin/EDTA. The resulting mammary organoids/
spheroids were washed with DMEM before their resuspension in BM/col-
lagen hydrogels. Organoids were cultured in DMEM/F12 supplemented
with 20 ng/mL EGF, 10 pg/mL insulin, and 2 ug/mL hydrocortisone.

PA gels for cell culture. PA hydrogels were prepared as previously
described (93, 94). Following functionalization with succinimidyl
ester, hydrogels were conjugated overnight with 1 pg/mL BM (BD) at
4°C and rinsed with PBS/DMEM before cell plating.

Collagen hydrogel preparation, cell culture assays, and RNA iso-
lation. Collagen hydrogels were prepared from rat tail collagen I
(Corning, catalog 354249). To cross-link and stiffen the BM/colla-
gen, it was incubated for more than 10 days with 0.1% acetic acid
containing 500 mM L-ribose (STIFF) or 0.1% acetic acid alone
(SOFT). BM/collagen was then mixed with 20% BM, DMEM, PBS
and 1 pg/mL fibronectin. IN NaOH was added to achieve a neutral
pH and a thin base layer of 100 puL volume was added to the well of
a 48-well tissue culture plate. MCF10A or mouse mammary acini
were resuspended in the SOFT and STIFF BM/collagen prepara-
tions and plated as a top layer of 100 pL and allowed to solidify for
30 minutes at room temperature followed by 30 minutes at 37°C.
Cell medium was then added and gels were detached from the wells
to float. Hydrogels and cells were resuspended in TRIzol/chloro-
form (Invitrogen) for subsequent RNA extraction using the Ambion
mirVana kit (AM1560) per manufacturer’s instructions.

qRT-PCR (miRs and mRNAs). Quantitative PCR (qPCR) analysis of
miRs and mRNA was performed as previously described (33, 37). For
mRNA analysis, 18S primers were used to control for cDNA concentra-
tion in separate PCR reactions for each sample. LightCycler Fast Start
DNA Master SYBR Green Mix (Roche) was added to each PCR reaction
along with cDNA and 1 pmol primer in a total volume of 10 pL.
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In situ hybridization. In situ hybridization was performed accord-
ing to the manufacturer’s protocol for miRCURY LNA miR Detection
Probes and ISH Optimization Kit, as previously described (95).

SEM. Glass slides were cleaned using 0.1 M HCL, followed by 0.1
M NaOH and washed with water. OCT sections (20 um) of breast tis-
sue were cut and allowed to adhere to glass slides. Immediately before
use, sections were warmed to room temperature and fixed and dehy-
drated as previously described (96, 97). Sections were dried using a
critical-point dryer, followed by 8-nm sputter coating with either gold
or gold/platinum before image acquisition on a Zeiss Ultra55 FE-SEM
in the San Francisco State University Electron Microscopy Facility.

Statistics. Statistical calculations were performed using Graph-
PadPrism 8 software and assessed by 2-tailed unpaired Student’s ¢
test, and 1-way or 2-way ANOVA (with Tukey’s or Holm-Sidak’s mul-
tiple-comparison correction) for grouped analyses after confirming
that the data met appropriate assumptions. Nonparametric, 2-tailed
Mann-Whitney U tests or Kruskal-Wallis tests followed by Dunn’s
multiple-comparison test were used where appropriate. A P value less
than 0.05 was considered significant.

Study approval. All human breast tissue specimens were collected
prospectively from informed and consenting patients undergoing sur-
gery at UCSF or Duke University Medical Centers between 2010 and
2018. Samples were stored and analyzed with deidentified labels to
protect patient data in accordance with the procedures outlined in the
IRB protocol 10-03832, approved by the UCSF Committee of Human
Resources and the Duke University IRB (Pro00034242). Animals
were housed in the Laboratory Animal Resource Center (LARC) facil-
ities at UCSF Parnassus in accordance with the guidelines stipulated
by the Institutional Animal Care Use Committee (IACUC) protocols
AN133001-03 and AN179766-01, which adhere to the NIH Guide for the
Care and Use of Laboratory Animals (National Academies Press, 2011).
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