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Abstract

Molecular mechanisms mediating the progression of ductal carcinoma in situ (DCIS) to invasive
breast cancer (IBC) remain largely unknown. We used gene expression profiling of human DCIS
(n=53) and IBC (n=51) to discover uniquely expressed genes that may also regulate progression.
There were 470 total differentially expressed genes (= 2 fold; p<0.05). Elevated expression of
genes involved in synthesis and organization of extracellular matrix was particularly prominent in
the epithelium of IBC. The degree of overlap of the genes with nine similar studies in the literature
was determined to help prioritize their potential importance, resulting in 74 showing overlap in = 2
studies (average 3.6 studies/gene; range 2-8 studies). Using hierarchical clustering, the 74-gene
profile was able to correctly categorize 96%, 93%, and 85% of samples in this study and two
similar independent studies, respectively. To study the progression of DCIS to IBC in vivo, we
introduced human DCIS cell lines engineered to express specific genes into a “mammary
intraductal DCIS” (MIND) xenograft model. Progression of xenografts to IBC was dramatically
increased by suppressing four genes that were usually elevated in clinical samples of DCIS,
including a protease inhibitor (CSTA) and genes involved in cell adhesion and signaling (FATL,
DST, and TMEMA45A), strongly suggesting that they normally function to suppress progression. In
summary, we have identified unique gene expression profiles of human DCIS and IBC, which
include novel genes regulating tumor progression. Targeting some of these genes may improve the
detection, diagnosis, and therapy of DCIS.
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Introduction

The majority of human invasive breast cancer (IBC) is the end result of a usually decades-
long evolution of increasingly abnormal premalignant stages (1, 2). Ductal carcinoma in situ
(DCIS) is a late stage and the immediate precursor of most IBCs. Approximately 60,000
new cases of DCIS were diagnosed in the US in 2011 (3). Undetected, at least a third would
progress to IBCs during an average lifespan (4-6). About 200,000 new cases of IBC were
also diagnosed (3), and a large majority evolved from pre-existing DCIS which were not
detected. Ten percent of DCIS which are detected still recur and/or progress to IBC despite
modern therapy (4, 6). The incidence of IBC could be dramatically reduced by improving
our abilities to detect, diagnose, and treat DCIS. Progress will be based on detailed
understanding of molecular mechanisms responsible for the development and progression of
DCIS to IBC, which is currently quite limited (4, 7).

This study used microarray technology to identify differentially expressed genes in clinical
samples of human DCIS and IBC which might be involved in tumor progression. The genes
were compared to results from previous studies comparing DCIS to IBC to help prioritize
potential importance in tumor progression based on the degree of overlap (8-16). The ability
of selected genes to influence tumor progression was evaluated in a novel xenograft model
involving injecting human DCIS cells into the primary duct of intact mammary glands of
immune-suppressed mice, referred to as the “mammary intraductal DCIS” (MIND)
model(17). Cells were genetically modified prior to injection to mimic changes in gene
expression observed in clinical samples. The cells grow within ducts in a manner
histologically very similar to human DCIS, and may progress to IBC depending on the
function of the modulated genes.

Methods

Human Tumor Samples

The human samples used in this study are summarized in Supplementary Table S1. Samples
were harvested anonymously with appropriate IRB approvals (Baylor College of Medicineg;
H-10493 and H-12585).

Evaluation of Gene Expression by Microarrays

RNA from each sample was extracted, purified, amplified, and evaluated for gene
expression as previously described (2, 18). Affymetrix U95Av2 microarrays were utilized
with samples in groups 1, 2, and 3, and U133-X3P microarrays with samples in groups 4e
and 4s.

Validation of Gene Expression by qRT-PCR

Selected genes (n=12) differentially expressed between DCIS and IBCs by microarray
analyses were validated by gRT-PCR as previously described (2, 18), using new samples of
total RNA from group 4e. Sequences for the probes and primers were designed using Primer
Express Software v2.0 (Applied Biosystems), and synthesized by a commercial vendor
(Eurogentec, San Diego CA).

Cancer Res. Author manuscript; available in PMC 2014 January 23.
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This study used three DCIS-like human breast epithelial cell lines. One, referred to as
DCIS.COM, is widely available to the research community and has been used in nearly all
previous functional studies of human DCIS (17, 19, 20). It was developed from ras-
transformed MCF10AT cells originally cultured from benign breast tissue (fibrocystic
disease). The second, referred to as SUM225, was developed from a primary culture of a
chest wall recurrence in a patient with a history of DCIS treated by mastectomy (21). The
third, referred to as h.DCIS.01, was developed in our laboratory from a primary culture of
hyperplastic breast epithelial cells (columnar cell hyperplasia), which is an important early
precursor of breast cancer (22). Early passages (<25) developed into small hyperplastic
lesions in MIND xenografts. The cells spontaneously transformed in culture and later
passages (>30) developed into DCIS in MIND xenografts, similar to DCIS.COM. The
related identity of early and late passages was confirmed by array CGH. All cell lines were
maintained in humidified incubators at 37°C and 5% CO2 in Dulbecco’s modified Eagle’s
medium (DMEM)/F12 (50%:50%) media with 5% horse serum and 1% penicillin/
streptomycin. 293T cells were grown in DMEM media containing 10% fetal-calf serum and
1% penicillin/streptomycin.

Inhibiting Gene Expression with shRNAi

Transductions of sShRNAI against selected genes were performed as described by Stewart
(23), utilizing an RNA. vector (pLKO.1puro) containing an RNA. library against the entire
human genome. Briefly, 293T cells were infected with a lentiviral vector containing the U6-
driven stem-loop directed against candidate genes, and red fluorescent protein (RFP), using
TransIT-LT1 (Mirius, Madison, WI). Virus was harvested 48 hours later and DCIS cells
were infected with virus in the presence of 10 pg/ml of protamine sulfate overnight, and re-
infected 24 hours later. Transduced cells were selected for in 2 pug/ml puromycin. The
pLKO.1 bearing short hairpins targeting genes of interest and RFP, were produced by co-
transfection with pPCMVDRS8.2 and pPCMV-VSV-G (8:1 ratio). Knockdown efficiency was
assessed by gqRT-PCR and western blot (when suitable antibodies were available)
(Supplementary Figure S2). To control for off-target effects, three or more separate hairpins
were transduced independently for each gene, and identical results were obtained with at
least two.

MIND Xenografts

The MIND xenograft studies were performed as recently described (17). Briefly, 20,000
cells were injected through the nipple into the primary duct of intact mammary glands (2 per
animal) of 6-8 week old female SCID-Beige mice. Over a period of 10 weeks, variable
proportions (depending on the cell line) develop intra-ductal tumors which are histologically
very similar to human DCIS, and a proportion progress to IBCs. The developing tumors
were measured weekly, and all animals were euthanized by 10 weeks. Immediately after
being euthanized, mammary glands were excised and processed for further study (including
whole-mounts, routine histology, immunohistochemistry, and stored fresh frozen for later
use).

In Vitro Analyses of Cell Growth, Migration, and Invasion

Cell Proliferation: Proliferation was measured as previously described by Pazolli (24).
Briefly, DCIS cell lines (xshRNAI) cells were seeded into 96-well plates in culture media.
At 24, 48, 72 and 96 hours, the cells were washed with PBS, and re-suspended in cell-lysis
buffer with luciferase substrate (Promega, Madison, WI). Relative luminescence was
measured 5 minutes later.
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3-Dimensional (3D) Cell Cultures: 3D growth was evaluated in 24-well culture plates coated
with Matrigel (100%) or Matrigel:collagen-1 (200 ul at 1:1 ratio) seeded with 5000 DCIS
cells (xshRNAI) in regular culture media, and allowed to grow for 2-4 weeks (re-fed with
fresh culture media every 2 days). These assays are not easily quantified, and the
characteristics and changes in cell growth were described in a qualitative manner, including
formation of multi-cellular spheres and tubules; attachment, growth, and spreading on the
gel surface; and invasion into the gels (subjective scale relative to control: “-” = none; “+” =
low; “++” = intermediate; “+++” = high). Cultures were photographed at 1, 3, 5, 8, and 15
days, after which gels were fixed and processed for histological evaluation in a routine
manner.

In vitro cell migration and invasion were also measured with the HTS FluoroBlok chamber
assay (BD Biosciences, Bedford, MA), following manufacturer’s instructions. Briefly, cells
suspended in serum-free media were seeded onto the porous membrane of the upper
chamber. The bottom chamber was filled with serum-containing media and the cells were
incubated for 48 hours. Cells migrating and/or invading through the membrane into the
bottom chamber were stained with Calcein AM dye (Invitrogen, USA) and quantified using
a bioluminescence reader. Traversing a bare membrane was defined as migration.
Traversing a membrane coated with 50 I Matrigel or Matrigel + COL1 (1:1) was defined as
invasion

Data Analyses

Microarray results were evaluated using dChip software (http://www.dchip.org) for
estimating gene expression and class comparisons as previously described (2, 18).
Normalization of raw data at PM- and MM-probe level was by the invariant set
normalization method and expression was estimated by the perfect match only model.
Differentially expressed genes were identified using the t-test and the empirical false
discovery rate (FDR) was estimated by permutation. The filtered genes have the “value of
standard deviation/mean” of expression intensity between 0.5 and 1000 (default setting in
dChip software). On average, about 2,500 genes in each group of samples met these criteria.

Each of the five groups of samples was evaluated by unsupervised hierarchical clustering
utilizing dChip software and large numbers of genes (average = 2866) expressed in the
samples selected by identical normalization and filtering criteria (20% present calls;
0.5<standard deviation/mean<1000 variation across samples).

Gene ontologies (GO) associated with the progression of DCIS to IBC were inferred from
differentially expressed genes utilizing Ontologizer 2.0 software (25). The hierarchical tree
of GO terms were ranked Term-for-Term, and by the Bonferonni method to correct to
multiple comparisons. Details are available on the Ontologizer website URL : (http://
compbiol.charite.de/index.pht/ontologizer2.html).

Differences in the size of MIND xenografts were determined by averaging tumor size along
the seven time points (week 0 35 6 8 9 10), after square root transformation, was then fitted
by a mixed model for repeated measure, with Group (gene knockout), time (centered at the
mid time point, week 6) and their interaction in the model. In the mixed model, the tumor
size under each experiment condition (gene knockout) over time was each modeled as a
linear line with its own intercept and slope. To test if a mean growth line under a gene knock
out differs from that of the reference (RFP), we tested if the slope of each line was different
from that of the reference group (RFP) and similarly on the intercept. As time is centered at
week 6, the comparison of a group’s intercept will indicate any difference between the group
and the reference at week 6 while the difference in slopes indicates different tumor growth
rate.
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Results

Gene Expression Profiles of DCIS and IBC

There have been several hundred studies profiling gene expression in fully-developed IBCs,
providing many insights into important molecular and clinical features of the disease. Our
goal was to determine whether expression profiling could provide similar insights into the
progression of DCIS to IBC, which represents a critical step in the evolution of a non-lethal
to potentially lethal disease. Therefore, we performed comprehensive expression profiling
on clinical samples of DCIS and IBC, including separate samples of tumor epithelium and
adjacent stroma prepared by laser-capture micro-dissection (LCM).

Briefly, samples were obtained from clinical cases of DCIS and IBC, distributed in five
groups, which were profiled independently (Supplementary Table S1). Group 1 consisted of
26 samples of DCIS and 24 samples of IBC enriched for tumor epithelial cells (>75% total
cells) by manual macro-dissection. Groups 2, 3, and 4e consisted of 7, 9, and 11 samples
each of DCIS and IBCs enriched for tumor epithelial cells (>95%) by LCM (Figure 1).
Group 4s was composed of samples of near-pure (>95%) stroma immediately adjacent to
tumor epithelium in 4e, also prepared by LCM (Figure 1). The samples of DCIS in groups 1,
2, and 4 were harvested from breasts without IBC. The samples of DCIS in group 3 were
harvested from breasts with adjacent IBC.

The results from each group were evaluated by unsupervised hierarchical clustering using
variably expressed genes selected by identical normalization and filtering criteria, averaging
2866 genes/group. As shown in Figure 2 (top row), there was a wide range in the degree that
similar types of tumors clustered together between groups. For example, in group 3,
composed of DCIS and IBC isolated from the same breasts, analysis categorized patients,
but not tumor type, suggesting that synchronous DCIS and IBC are more similar than
different, which might be expected since the former evolved directly into the latter. In
contrast, analysis of group 4e revealed that pure DCIS and IBC harvested from separate
patients are very different (100% and 91% clustering accuracy, respectively), indicating that
there are also unique patterns of gene expression in these two stages of breast cancer.

Differentially Expressed Genes Between DCIS and IBC

To identify differentially expressed genes that may be associated with and/or regulate the
progression of DCIS to IBC, the microarray results were evaluated by supervised
hierarchical clustering at a threshold of = 2 fold/p < 0.05. The numbers of genes meeting
these criteria were 117, 76, 30,165, and 184 in groups 1, 2, 3, 4e, and 4s, respectively
(Supplementary Table S2). These results were distilled to 470 genes differentially expressed
in at least one group, which was further refined to 74 genes showing similar profiles in 2 or
more groups (Table 1). The 74 genes were then compared with results of nine similar studies
in the literature to help prioritize potential importance based on degree of overlap (8-16, 26).
Forty-nine of the 74 genes (66%) overlapped with one or more previous study (range 2 to 8
studies/gene; average = 3.7 studies/gene). The relative expression levels of selected genes
(n=12) were evaluated by gRT-PCR in the same study samples, validating the original
microarray results for all of the genes tested (Supplementary Figure S1). The majority (78%)
of the 74 genes have not been studied in the progression of human DCIS to IBC beyond the
original microarray studies mentioned above. The exceptions include genes previously
shown to be expressed at different levels in DCIS and IBC by other techniques (COL1AZ2,
MMP11, THBS2, VCAN, CTSK, FN1, FAP, GJB2, CCL5, MYH11, TP63, KRT14,
CASP8, NGFR, CAV1, and FAT1), and/or functionally involved in the progression of DCIS
to IBC (MMP11, CTSK, TP63, and CAV1) — the latter providing some reassurance that this
vetting strategy is helpful in identifying potentially important genes.

Cancer Res. Author manuscript; available in PMC 2014 January 23.
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Classification of DCIS and IBC Based on Differentially Expressed Genes

Each group of tumor samples was re-analyzed by hierarchical clustering using the 74-gene
profile to determine its ability to classify DCIS and IBC (Figure 2, middle row). There was
considerable improvement over initial analyses based on all filtered genes expressed within
each group (Figure 2, top row). The 74-gene profile correctly categorized 97% of all DCIS
and 95% of all IBCs. A high degree of accuracy was expected because the 74 genes were
derived from analysis of the same samples considered collectively. However, each group
contributed only a subset of the genes, ranging from 28% (21/74) in group 3 to 62% (46/74)
in group 4e (average = 47%; 34/74).

The ability of the 74-gene profile to classify DCIS versus IBC was further evaluated in
cohorts from three similar independent studies (14, 16, 26) (Figure 2, bottom row). In the
study by Scheutz (14), which involved 7 paired samples of DCIS and IBC epithelium
(purified by LCM) from the same breasts, 100% and 86% of the samples were classified
accurately, respectively - which is promising considering how similar gene expression
profiles are in samples of this nature (8-10). In the study by Knudsen (16), involving 10
samples of DCIS and IBC from different breasts, accuracy was 100% and 90% in the
epithelial samples, and 90% and 70% in the stromal samples (both independently purified by
LCM). Classification of DCIS and IBC in the study by Kretchmer (26), was 100% accurate
for both types of samples. However, the sample (9 DCIS and 5 IBC) in the latter study were
not micro-dissected and, therefore, each contained varying unknown amounts of tumor
epithelium and stroma. The expression profile (heat map) of up-regulated genes from the 74-
gene profile in this analysis showed some inconsistencies with the other cohorts (e.g.,
elevation and suppression of several collagens in three DCIS and two IBC samples,
respectively), although the majority were consistent (especially involving down-regulated
genes). Overall, the combined results strongly suggest that some of these genes may be
useful clinically for molecular classification and diagnostic targeted imaging of DCIS,
which will require additional studies.

Ontologies and Pathways Associated with Differentially Expressed Genes

To gain a general sense of biological processes, molecular functions, and cellular structures
involved in the progression of DCIS to IBC, ontologies and pathways associated with
differentially expressed genes were evaluated using Ontologizer 2.0 software (Table 2 and
Supplementary Table S3) (25). Analysis of the 470 unique differentially expressed genes
revealed many highly significant associations (adjusted p-value <0.01), including migration,
proliferation, cell-cell adhesion, cell-substrate adhesion, angiogenesis, response to
wounding, synthesis of extracellular matrix (ECM), organization of ECM, skin
development, and response to glucocorticoids. Analysis of the 74-gene signature re-enforced
many of the same functions. Based on analyses of groups 4e and 4s, ECM-related ontologies
were primarily restricted to tumor epithelial cells, and a majority of genes involved were
significantly elevated in IBCs versus DCIS. In contrast, genes involved in skin development
were suppressed in the epithelium of IBCs. Changes in genes involved in angiogenesis and
response to gluccocorticoids were primarily restricted to tumor stroma, and the majority of
genes were suppressed in IBCs.

In Vivo Functional Studies of Differentially Expressed Genes

The high degree of overlap between studies, impressive classification accuracy, and types of
ontologies associated with the 74-gene profile suggest that some of the genes may be
functionally important in the progression of DCIS to IBC. We investigated the function of
selected genes using human DCIS-like cell lines and the MIND xenograft model (17). In this
model, the cells grow as authentic DCIS (i.e. growing within ducts of intact mammary
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glands), whereas most previous studies utilized subcutaneous xenografts to draw
conclusions about DCIS (12, 19).

Our initial studies focused on genes expressed at relatively high levels in samples of DCIS
versus IBCs, hypothesizing that they normally suppress tumor progression. Ten total
candidate suppressor genes from chosen for these studies, taken from the 74-gene profile
(CHD1, CSTA, FAT1, DST, SERHL2, SYNM) or 470 gene list (KRT10, PHLDA2, SFN,
TMEMA45A). All have known functions which could reasonably be involved in the
progression of DCIS (proteases, adhesion molecules, etc) and none except SFN and CDH1
have been studied in DCIS. The latter have both been shown to be suppressed in clinical
IBC versus DCIS (27, 28). The DCIS-like cell lines we utilized included DCIS.COM and
SUM225, which are the only widely available to the research community (20, 29), and a
third, referred to as h.DCIS.01, which we recently developed in a manner similar to that
used to develop DCIS.COM. DCIS.COM has been used almost exclusively in previous
studies addressing gene function in human DCIS (20).

DCIS.COM cells expressed relatively high levels of all 10 candidate suppressor genes, and
we predicted that knockdown would promote the progression of DCIS.COM to IBC MIND
xenografts. Therefore, the cells were independently transduced with shRNAI corresponding
to each gene (3 to 5 hairpins/gene), which decreased expression averaging about 80% for all
genes (demonstrated with = 2 hairpins/gene) compared to control cells (Supplementary
Figure S2). Controls were transduced with shRNAI to red fluorescent protein (RFP), which
was not expressed in the cells, to partially control for off-target effects, and to facilitate in
vitro bioluminescence growth assays. As shown in Figure 3 and Supplementary Table S4, all
transduced cell lines were able to grow and progress from DCIS to IBC in MIND
xenografts, although at varying rates compared to control cells (parental and shRFP): two
(shSFN and shCDHZ1) showed similar rates as controls; four (ShKRT10, shSYNM,
shPHLDAZ2, and shSERHL2) showed moderately increased rates; and four (ShCSTA,
shDST, shFAT1, and shTMEMA45A) showed highly increased (p < 0.001) rates at 10 weeks.
Xenografts < 5 mm were about equally divided between DCIS alone and DCIS+IBC. All
xenografts > 5 mm were composed of DCIS+IBC.

Similar experiments were conducted using h.DCIS.01 and SUM225 DCIS cells lines (Figure
4). h.DCIS.01 expressed high levels of CSTA, FAT1, and DST. It was transduced with the
single most suppressive hairpin observed for each gene in DCIS.COM cells, which
significantly reduced expression (average about 80%), and significantly (p<0.001) increased
the growth and progression of DCIS to IBC xenografts, nearly identical to the results
obtained with DCIS.COM. SUM225 cells expressed very low levels of CSTA, FAT1, and
DST, and we predicted that further suppression would not influence tumor progression.
Transducing shFAT1 and shDST was lethal in SUM225, so they could not be further
evaluated. However, ShCSTA resulted in about 50% suppression and, as predicted, growth
and progression were not increased, although we cannot exclude the possibility that the level
of suppression was inadequate.

Collectively, our microarray results in clinical samples, and in vivo results with human
DCIS cell lines, provide compelling evidence that CSTA, FAT1, and DST normally
suppress the progression of DCIS to IBC.

In Vitro Functional Studies of Suppressor Genes

The progression of DCIS to IBC is a complex process involving many types of cell
behaviors, including growth, migration, and invasion. To further characterize the functions
of CSTA, FATL, and DST observed in MIND xenografts, DCIS.COM.sh cells were
evaluated in 3-dimensional cultures composed of Matrigel £ COL1 (Figure 5). All cells on
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Matrigel alone grew as small spheres. Control cells on Matrigel + COL1 formed small
spheres which were occasionally connected by branching tubules. In contrast, ShCSTA,
shFATL, and shDST cells spread and piled up on the gel surface, and invaded into the gels.
Interestingly, COL1, which was necessary to reveal these altered behaviors, was expressed
at highly elevated levels in clinical samples of human IBC versus DCIS, suggesting that it
may be particularly important in enabling or promoting tumor invasion.

Other more quantifiable methods were also utilized to assess the growth (2-dimension
culture), migration and invasion (both in Boydon chambers assays) of DCIS.COM and
h.DCIS.01 cells transduced with shCSTA, shFATL, and shDST (Supplementary Figure S3).
Migration and invasion were significantly increased in both cell lines transduced with
shFATL. All other results were similar to controls, or highly variable and difficult to
interpret. However, despite the negative or ambiguous results of some of these in vitro
studies, especially involving shCSTA and shDST cells, tumor cell growth, migration, and
invasion were unequivocally elevated in all corresponding MIND xenografts.

Discussion

Gene expression profiling has taught us a great deal about the progression of fully-
developed IBC, and our study used this approach as a starting point to learn more about the
progression of DCIS to IBC. We are aware of at least nine previous studies comparing
expression between DCIS and IBC, publishing results which could be compared to ours
(8-16, 30). Collectively, these studies included 130 cases of DCIS and 126 of IBC, which
pales in comparison to previous expression profiling studies IBC alone involving thousands
of cases. Our study increases the number of samples comparing DCIS to IBC by about 50%,
which is a meaningful contribution given the relatively small numbers of cases overall
addressing this important question.

A proportion of samples from this (17%) and the previous (37%) studies were paired DCIS
and IBC from the same breasts, which may not be the ideal setting (at least exclusively) to
identify invasion-regulating genes because some portion of these DCIS have already
progressed to IBC, and may already possess some alterations associated with progression.
Consistent with this, unsupervised hierarchical clustering based on expressed filtered genes
of Group 3 in our study, composed of paired samples of DCIS and IBC from the same
breasts, was able to distinguish the pairs, but not tumor type. A majority of samples from
this (83%) and previous (63%) studies were IBC and DCIS from different breasts, and the
DCIS were not associated with IBC in the same breast. Similar analyses of the samples in
our study from different breasts (groups 1, 2, and 4) were more accurately categorized,
presumably due to biological differences which may be related to tumor progression. The
74-gene profile was able to correctly classify 96% of all samples in this study, and about
90% of samples from two independent studies. Thus, some of these genes are promising
targets for the development of improved methods of detection and diagnosis of DCIS (e.g.
targeted imaging).

Identifying genes important in tumor progression from static measurements of expression by
microarrays is challenging. The main criterion defining “important” in this study was the
degree of overlap of specific genes between multiple studies comparing DCIS and IBC.
Similarly, inferring ontologies and pathways important in tumor progression from
differentially expressed genes is also challenging. Analyses of the 470 unique differentially
expressed genes across all groups in this study, and the refined subset of 74 overlapping
genes, converged on essentially the same ontologies and pathways. Nearly all have been
implicated in the progression of many types of cancers over the years, including growth,
adhesion, and maotility. Our results support the obvious importance of these behaviors in the
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progression of DCIS to IBC, and point to many new genes which may be involved in these
behaviors

Group 4 in this study enabled independent analyses of tumor epithelium and adjacent
stroma, and both tissue compartments were implicated in many of the same ontologies - with
a few interesting exceptions. For example, changes in genes associated with synthesis and
organization of extracellular matrix (especially fibrillar collagens) were particularly
prominent in IBC epithelial cells, consistent with epithelial-to-mesenchymal transformation
(EMT), and adding to the molecular definition of EMT. Previous similar studies by Emory
(31) and Knudsen (16) also observed elevated expression of ECM-related genes in IBC
epithelium (31). In particular, the Knudsen study, identified and prioritized important
ontologies in a manner almost identical to our study, which is scientifically reassuring,
although the specific genes utilized for identification overlapped with our group 4 only
about 20% and 10% in the epithelium and stroma, respectively.

Skin development was another prominent ontology restricted to epithelium, and genes
regulating terminal differentiation and polarity of epidermal cells (e.g. SFN and TP63) were
suppressed in IBCs. Breasts arise from budding skin appendages during embryonic
development (32), and invasion of many types of solid cancers involves re-activation of
embryonic pathways. Changes in genes responsive to glucocorticoids were prominent in
stroma, and nearly all were suppressed in IBC versus DCIS, although the consequence of
these changes on tumor progression is unclear. Angiogenesis as a GO term was restricted to
stroma, but many genes regulating growth of endothelial cells were suppressed in IBCs (e.g.
VEGFA, FLT1, LMO2, PDGFA, ROBO4), which runs counter to previous studies
demonstrating increased angiogenesis in IBCs (33). However, most previous studies
observed increased vascular density predominately at the leading edge of IBCs (34). The
stroma in this study was adjacent to clusters of invasive epithelium primarily from the
interior of tumors (each case was a single piece of tissue harvested prior to the study, so only
a single edge, at best, could represent the leading edge) - and perhaps the regulation of
angiogenesis is different in these locations. Regardless, this interesting issue requires further
study.

Group 4s in this study, and the studies by MA (15) and Knudsen (16), are the only directly
comparing transcriptomes of stroma immediately adjacent to tumor epithelial cells of DCIS
and IBC. The samples in 4s were from different breasts, while those of Ma were pairs from
the same breasts, and there was relatively little overlap of differentially expressed genes
(12%), emphasizing the difference in study design. A study by Allinen (12) evaluated
stromal gene expression by SAGE in samples from different breasts, and there was also little
overlap with 4s (5%). However, this study is difficult to compare because expression was
evaluated in purified subtypes of stromal cells rather than intact stroma. Like our study,
Knudsen compared purified samples of stroma from IBC and pure DCIS in different breasts.
However, based on published results, overlap of specific differentially expressed stromal
genes was only about 10%, including COL11A1, TP63, MYH11, FABP4, and ENPP2,
which are the only overlapping with our 74-gene profile. The reasons for the low level of
overlap overall are unknown at the moment.

Overall, there are relatively few in vivo functional studies addressing the progression of
human DCIS to IBCs, and all utilized DCIS.COM cells (20), primarily as subcutaneous
xenografts in mice (12, 19). Our study also utilized DCIS.COM to study tumor progression,
but in MIND xenografts, which more closely resemble human DCIS (17). In particular, the
microenvironment in the mouse mammary ducts (myoepithelial cells, intact basement
membrane, vasculature, etc.) is structurally similar to ducts in human breasts. The basement
membrane may be particularly important. Interestingly, all 3 cell human DCIS cell lines
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used in this study somehow displaced the mouse myoepithelial cells, and made their own
(Supplementary Figure S4). It is important to keep in mind, however, that all currently
utilized human xenografts models have limitations in terms of relevance to human disease.
Within these limitations, our studies based on three human DCIS-like cell lines strongly
suggest that CSTA, FATL, and DST normally function to suppress the progression of DCIS
to IBC, which underscores the complexity of progression of human DCIS, given the diverse
functions of these genes.

CSTA is a protease inhibitor which is thought to primarily inhibit cathepsin B activity (35).
A previous study by Kleer (36) showed that in vitro invasion of DCIS.COM cells was
significantly increased by co-culturing with fibroblasts expressing high levels of cathepsin
K, which is closely related to cathepsin B. Low levels of CSTA, and elevated levels of
cathepsin B, have been associated with poor prognosis in prostate (37) and head/neck
cancers (35). Zajc (38) observed direct and indirect associations with cathepsin B and CSTA
levels, respectively, with the degree of invasiveness of breast cancer cells lines in vitro. Our
findings suggest that unchecked cathepsin activity (through loss of CSTA) is important in
the progression of clinical DCIS.

DST is a cytoplasmic protein involved in cell adhesion and cytoskeletal organization (39). It
regulates the polarity of squamous epithelium and auto antibodies against DST result in
bullous pemphigoid, a blistering skin disease (40). DST expression is directly regulated by
p63 in normal keratinocytes (41). Myoepithelial cells, which express high levels of p63, play
an important role in maintaining differentiation and polarity of luminal epithelial cells in the
breast. Hu (42) demonstrated that inhibiting the differentiation of myoepithelium in
subcutaneous xenografts of DCIS.COM promoted progression to invasive cancer. Together
with our results, this suggests that there may be an important link between p63 and DST in
the progression of DCIS.

FATL1 encodes a surface membrane protein involved in cell adhesion, polarity, and signaling
(43). It regulates cell proliferation and has tumor suppressor activity in Drosophila (43).
Homozygous deletions of the FAT1 gene, and loss of protein expression, are common in
human squamous cell carcinomas (44), in line with our results suggesting that suppression
of FAT1 promotes the progression of DCIS.

In conclusion, new more effective methods of detecting, diagnosing, and treating DCIS
could be developed based on targeting some of the genes identified in this study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. LCM of samplesin Group 4
Tumor epithelial cells and immediately adjacent stroma were independently isolated by
laser-capture micro dissection (LCM) to a purity of about 95%.
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Hierarchical clustering based on expressed filtered genes in each group in this study (average = 2866 per group)
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Figure 2. Hierarchical clustering

The top row shows dendrograms from unsupervised hierarchical clustering analyses based
on genes expressed within each group of samples in this study (average=2866). The center
row shows results from hierarchical clustering of the same samples using the refined profile
of 74 differentially expressed genes determined in this study. The bottom row show results
(dendrograms, heat maps, and genes) using the 74-gene profile in two independent cohorts
from previous gene expression profiling studies comparing human DCIS and IBC. Note:
analysis of the Scheutz study was restricted to 7 of the 9 total samples each of DCIS and
IBC that were all evaluated using the same platform (U133A Plus 2.0 microarray chips).
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Figure 3. Effect of Modulating Gene Expression in DCIS.COM Cellson MIND Xenogr afts
DCIS.COM cells were transduced with shRNAI corresponding to ten candidate invasion-
suppressor genes (the cells originally expressed high levels of all genes). Four of the most
efficiently suppressed genes (CSTA, DST, FAT1, TMEMA45A) resulted in a highly
significant increase in the progression of DCIS to IBC, consistent with the hypothesis that
these genes function normally to suppress tumor invasion.
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Figure 4. Effect of Modulating Gene Expression in h.DCIS.01 and SUM 225 Cellson MIND

Xenografts

h.DCIS.01 cells expressed high levels of CSTA, DST, and FATL, and were transduced with
the corresponding shRNAI which were most effective in suppressing expression in
DCIS.COM cells. All three genes were highly suppressed, which resulted in significantly
increased progression of DCIS to IBC xenografts, confirming results obtained with
DCIS.COM. SUM225 cells expressed very low levels of all three genes. Further suppression
using the same hairpins for CSTA and FAT1 were lethal, and further analysis was not
possible. Further suppression of DST was not lethal and did not increase in the progression

of DCIS to IBC xenografts.
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Figure5. Effects of Modulating Gene Expression in DCIS.COM Céllsin 3-Dimensional (3D)

Culture

To further characterize the functions of CSTA, FAT1, and DST observed in MIND
xenografts, DCIS.COM.sh cells were evaluated in 3-dimensional cultures composed of
Matrigel £ COL. All cells on Matrigel alone grew as small spheres. Control cells on
Matrigel + COL1 formed small spheres which were occasionally connected by branching
tubules. In contrast, ShCSTA, shFAT1, and shDST cells spread and piled up on the gel

surface, and invaded into the gels.
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