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Abstract

Ductal carcinoma in situ (DCIS) is a non-obligate precursor of invasive breast cancer. The current
recognition that DCIS lesions exhibit inter- and intra-lesion diversity suggests that the process of
evolution to invasive breast cancer is more complex than previously recognized. Here we
demonstrate the reproducible growth of primary DCIS cells derived from patient’s surgical and
biopsy samples by the mouse intraductal (MIND) model. MIND involves injection of cells into the
NOD-SCID IL2Rgamma™!! (NSG) mouse mammary ducts. Twelve (8 unique and 4 repeats)
DCIS and 2 atypical hyperplasia specimens, heterogeneous with respect to biomarker expression
and histology, were injected into 48 mouse mammary glands and analyzed for successful
xenotransplantation. Overall, 14/34 and 11/14 of MIND xenotransplanted glands contained human
DCIS and atypical hyperplastic cells, respectively, after 8 weeks, which formed single and multi-
layered epithelium inside the ducts, and were heterogeneous with respect to expression of human
cytokeratins, estrogen receptor a (ER), and HER2. ER protein expression was recapitulated in
MIND xenografts at ratios similar to the corresponding patient biopsies. In both patient biopsies
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and corresponding MIND xenografts HER2 protein expression and nuclear HERZ gene over-
expression was restricted to the DCIS lesions and were not found in the surrounding stroma or
normal ducts. The xenografted DCIS lesions recapitulate the pathology and heterogeneity of
human disease thus providing a powerful tool for the characterization of the distinct cellular and
molecular basis of inter- and intra-tumoral heterogeneity and the processes of DCIS to early
invasive breast cancer progression.
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Introduction

Ductal carcinoma in situ (DCIS) is characterized by the presence of hyperplastic epithelial
cells within the ducts of the breast, contained by an unperturbed myoepithelial cell layer and
intact basement membrane [1-3]. DCIS, while nonlethal, is an immediate precursor of
invasive breast cancers (IBC), making the characterization of DCIS of critical importance
[4-6]. Currently, the ability to predict the clinical outcome, with respect to progression or
recurrence, of women with DCIS based on tumor characteristics, such as size, grade,
estrogen receptor a (ER) or HER?2 status, is hampered by the ability of these biomarkers to
predict DCIS or IBC recurrence [7]. Clinically, similar prognostic approaches are employed
for DCIS and IBC, and DCIS is, in fact, frequently over-treated. Supporting this, autopsy
studies have shown that up to 16% of asymptomatic women have DCIS [8]. Additionally, in
patients who were misdiagnosed with benign breast disease, untreated, and subsequently
revealed to have had DCIS, 43% on average developed invasive cancer [9].

In recent years, several studies have improved our current understanding of the molecular
mechanism underlying DCIS and its relationship to IBC [10, 11]. In 2000, Perou et al.
published a transcriptional profiling study that classified most breast cancers into one of four
distinct subtypes, including two ER-positive (luminal A and B) and two ER-negative (HER2
and basal) [12]. More recently gene expression analyses have compared profiles of normal
breast tissue, DCIS and IBC [13-17]. Independent proteomic, SAGE, and microarray
analyses, while failing to identify a universal gene signature of DCIS, do support the idea
that the transition to DCIS is a critical switch in the tumorigenesis pathway [14, 15, 18]. Ma
et al. demonstrated that these alterations in gene expression are not isolated to the epithelial
compartment, but are also taking place in the surrounding stroma, even before invasion
occurs [19]. However, while dramatic alterations occur in gene expression during the
transition from normal tissue to DCIS, the molecular profiles of DCIS and IBC of the same
histological subtype are remarkably similar, but not identical. This suggests that there may
be distinct pathways of progression for each of the four subtypes. Unlike IBC, however,
DCIS lesions often display significant intratumor heterogeneity, and evidence suggests that
higher intratumor diversity may be associated with increased risk of invasive progression
[13, 20]. Recently, Kerlikowske et al. published perhaps the most promising study
identifying a biomarker expression pattern of DCIS invasion potential using a model
emphasizing expression of p16, COX-2, and Ki67, as opposed to histopathology [21]. This,
and studies looking closely at the role of the microenvironment in malignant progression,
are areas of research that warrant considerable study [22, 23].

Compared to IBC, the study of DCIS has been greatly inhibited by the lack of suitable
experimental models. Existing models employ xenografts of DCIS cells placed outside of
their normal microenvironment, which is not ideal for examining the molecular alternations
that occur within the DCIS lesion and the surrounding microenvironment during invasion
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progression [24-28]. Further progress in understanding the molecular mechanisms

underlying DCIS invasion potential requires better models of early breast cancer that
represent the heterogeneity of human disease within the innate microenvironment, i.e.
surrounded by the myoepithelial cells and basement membrane of the mammary duct.

Recently, we presented a novel xenograft model of DCIS: the mouse intraductal, or MIND,
model which utilizes a unique intraductal transplantation approach to developing DCIS in
immunocompromised mice [29]. This model offers a novel microenvironment (i.e. within
the mammary ducts) for growth of human malignant lesions and is a suitable tool with
which to study the molecular and biologic mechanisms of breast noninvasive-to-invasive
progression. The aim of the current study was to demonstrate the feasibility of growing
primary human DCIS utilizing MIND xenografts. The DCIS xenograft lines form single and
multi-layered epithelial cells inside the mouse ducts thus recapitulating the human disease,
histologically. Furthermore, the expression of biomarkers, ER and Her-2, and nuclear HERZ?
gene amplification are similar to the original patient’s biopsy samples. While we have not
shown progression to invasion in any of the xenografts eight weeks following
transplantation, there is the potential for this model to mimic human DCIS heterogeneity and
that a fraction of DCIS lesions may progress to invasion with longer time follow up. If
progression to IBC is validated with a longer time study, the model would provide a realistic
tool for studying the sequence of early events in the epithelium and the stromal
microenvironment that orchestrate the process of DCIS to malignant breast cancer
progression. Furthermore, the hypothesis that DCIS lesions are unique and each follow a
distinct evolutionary path to malignancy may now be tested.

Materials and Methods

Animals

Recipients were 8- to 10-week-old virgin female SCID-beige or NOD-SCID IL2Rgamman!!!
(NSG) mice which were either bred or purchased from Jackson Laboratories. Animal and
human experiments were conducted following protocols approved by the University of
Kansas School of Medicine Animal Care and Use and Human Subjects Committee.

Specimen collection and transplantation

All patients gave written informed consent for participation in this research. Subject recruits
included patients undergoing image-guided core needle biopsy or surgical excision due to
suspicion of DCIS. In all cases, research specimens were obtained only after acquisition of
diagnostic specimens. Following collection, biopsy tissue was placed in preservation media
(LiforCell, Liféblood Medical, Inc., Freehold, NJ) and stored at 4°C on ice until processing.
Biopsy tissue was transferred to a Teflon block, finely minced with scalpels, and transferred
to a 50 ml conical tube containing digestion media (per 100 mg of tissue: 5 mg collagenase
(Roche Applied Science, Indianapolis, IN), 0.24 mg hyaluronidase (2140 units/mg; Sigma-
Aldrich St. Louis, MO), 200 mg BSA, 100 .l Antibiotic-Antimycotic, 10 ml DMEM/F12)
incubated 16 h at 50 rpm at 37°C. The specimens were removed, shaken briefly by hand and
centrifuged 80 x g for 30 s. Pre-warmed Trpsin-EDTA (1ml; Stem Cell Technologies,
Vancouver, BC) was added to the resulting pellet and gently pipetted up and down for 1
min. Cold HF (10 ml; HBSS, 2% FBS) was added and specimens were centrifuged at 350 x
g for 5 min. The supernatant was removed and 2 ml pre-warmed 5 mg/ml Dispase (Stem
Cell Technologies) and 200 .l of 1 mg/ml DNase | (Stem Cell Technologies) were added to
the pellet. To resuspend the pellet the specimen was pipetted up and down for 1 min. An
additional 10 ml cold HF was added to the cell suspension, which was filtered through a 40
pm cell strainer. The cell suspension was centrifuged at 350 x g for 5 min and the resulting
cell pellet was resuspended in 200 .l PBS and counted. A 30-gauge Hamilton syringe, 50-pl
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capacity, with a blunt-ended 1/2-inch needle was used to deliver the cells as previously
described [29]. Two .l of PBS (with 0.04% trypan blue) containing 25,000-35,000 cells
were injected. A slow-releasing pellet containing 50pLg estradiol and 20 mg progesterone
was placed subcutaneously. After eight weeks, mice were sacrificed and mammary tissue
was processed for embedding as previously described [29].

Immunofluorescent (IF) staining

Fluorescent

IF was performed after tissue deparaffinization by clearance in xylene and hydration through
graded ethanol series. Microwave antigen retrieval in Tris-HCI buffer (100 mM Tris-HCI,
0.1% Tween-20) was performed for 20 min. Washes were performed in IF buffer (130 mM
NaCl, 7 mM NayHPOy, 3.5 mM NaH,POy4, 7.7 mM NaN3, 0.1% bovine albumin, 0.2%
Triton X-100, 0.5% Tween-20). Antibodies and dilutions are listed in supplementary table 1.
Nuclei were counterstained with 4”,6-diamidino-2-phenylindole (DAPI; Vector
Laboratories, Burlingame, CA. Confocal microscopy was performed by using a laser-
scanning confocal microscope (model 510; Carl Zeiss Microlmaging, Inc., Thornwood,
NY). The acquisition software used was LSM image browser (Carl Zeiss Microlmaging,
Inc.).

in Situ Hybridization (FISH)

Mouse and human DNA probes were prepared using Cot-1 DNA (Invitrogen, Carlsbad, CA)
and the FISH Tag DNA Kit per protocol (Molecular Probes). The labeled DNA probes were
resuspended in Tris-EDTA buffer at a concentration of 4 ng/pl. Hybridization and washes
were carried out as previously described [29]. Slides were coverslipped with mounting
media containing DAPI, and imaged as described above.

HER2 ImmunoFISH

Results

HER2FISH pharmDx™ Kit (Dako) staining was performed according to manufacturer’s
recommendation with the following modifications. Following final wash in Wash Buffer
(Dako), tissue sections were covered with Blocking Reagent (MOM Kit, Vector
Laboratories) diluted in IF buffer for 60 min. Tissue sections were incubated for 5 min in
MOM Diluent Working Solution (MOM Kit, Vector Laboratories) before being covered in
primary antibodies (anti-HER2 and anti-human CK 19) diluted in MOM Diluent. Sections
were incubated overnight with primary antibodies at room temperature. Slides were washed
3 times for 10 min each in IF buffer. Dilute fluorescently conjugated secondary antibodies
(supplementary table 1) in MOM Diluent working solution were added to each section and
incubated 1 h at room temperature. Slides were washed 3 times for 10 min in IF buffer,
counterstained with DAPI (Vector laboratories) and coverslipped.

Patient and biopsy characteristics

The 12 DCIS biopsies came from 8 unique patients, with 4 having repeated procedures at
later dates. Patients with biopsies containing hyperplasia and DCIS were younger compared
to patients with normal biopsies (44 and 48 vs. 58, respectively; p< 0.05). Of the 36 biopsies
received, 22 were considered normal, 2 had atypical hyperplasia and 12 had DCIS, based on
the pathology report of adjacent biopsies (table 1). The DCIS biopsies weighed more than
the normal biopsies (464 vs. 184 mg; p< 0.05) and yielded significantly more cells
compared to normal biopsies (1,385,015 vs. 14,218; p< 0.05) (table 1). The biopsy samples
containing DCIS were heterogeneous with respect to ER, PR, Ki67, HER2 and histological
grade (table 2 and figure 1). Seven of these were ER+ and PR+, including one specimen
from a patient with a BRCA2 mutation (Case 5). Two biopsies (Cases 2 and 4), taken from
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the same patient at different dates, were ER+, PR+, and HER2+. One biopsy was only ER+,
and two were only HER2+. No biopsies collected were negative for all three of these
biomarkers, ER, PR, and HER2. All but one DCIS biopsy had nuclear grades of 2 or 3.
While 10/12 of the DCIS biopsies contained more than one histological pattern, a testament
to the heterogeneous nature of DCIS, 7/12 exhibited at least some area of cells with a
comedo pattern of growth.

Intraductal transplantation of primary human specimens

MIND xenotransplanted glands were collected after eight weeks and processed for
assessment of successful transplantation. Overall, 14/34 (cases 1-5, 7-12, and 14) and 11/14
(cases 6 and 13) mouse mammary glands contained human DCIS and hyperplastic cells,
respectively, within the mammary ducts at eight weeks post transplantation, as shown by IF
staining for human cytokeratin 5 or 19 and smooth muscle actin (table 2 and figure 2). None
of the five glands from case 1, which were transplanted into SCID-beige mice, showed
evidence of growth (tables 2 and 3). When only MIND transplants that utilized NSG mice
are considered the ratio of successful growth of human DCIS increases to 14/29 (tables 2
and 3). The other three cases of DCIS which did not grow tended to yield a lower number of
cells following digestion of the corresponding biopsy compared to the DCIS cases which did
grow (827 vs. 3212 cells/mg of tissue, respectively), including the case from the patient with
a BRCA2 mutation (table 3). Human cells formed single and multi-layered epithelium inside
the ducts and were heterogeneous with respect to the expression of human specific
cytokeratins 5 and 19 (figure 2A). The flattened myoepithelial cell layer, which contains
smooth muscle action, appears to be comprised of mouse cells, as evidenced by the lack of
human cytokeratin staining and FISH staining (figures 2A and B). The specificity of the
human specific cytokeratins is evident by the presence of unstained mouse mammary duct,
as seen in each case.

Biomarker expression

The MIND xenografts recapitulated the patient’s original DCIS as evidenced by IF staining
and immunoFISH for the biomarkers ER and HER2 in the primary human biopsies and
MIND xenografts (figures 3 and 4). Overall, 3/7 ER+ and 1/3 HER2+ cases which did
successfully transplant had expression of these biomarkers in the MIND transplanted
mammary glands. For Case 4, in which 10% of cells in the original patient biopsy were ER+
(figure 3A), expression was found in the MIND xenograft in approximately 20% of the
human cytokeratin expressing cells (figure 3A,D,G). ER expressing cells in this xenograft
did not express human cytokeratin 5, as many of the transplanted cells did, but did co-stain
with human cytokeratin 8 (figure 3D, inset image). In xenografts from cases 7 and 10, of
which 98% and 99% of cells were ER+ in the patient biopsies (figure 3B—C), nearly 100%
of transplanted cells retained ER expression (figure 3E-F). These cells also co-stained with
human cytokeratin 19. Normal mouse ducts that did not contain human cells within each of
the xenotransplanted glands did not stain for ER, demonstrating the specificity of the
antibody for human ER (figure 3G-I).

MIND xenografts of the HER2+ case 4 exhibited cell membrane staining of HER2+ and
HERZ gene amplification in approximately 25% of engrafted human cells. In the patient
biopsy sections both HER2 protein expression on the cell membrane and nuclear HER2 gene
over-expression within the nuclei is restricted to the DCIS lesions and is not found in the
surrounding stroma (figures 4A-B) or normal ducts within the same tissue section (figure
4C). Similarly, in the MIND xenograft the HER2+ cells, which also co-stained for
cytoplasmic human cytokeratin 19, were not found in normal mouse ducts within the
transplanted gland. The HERZ2 FISH data on the xenografted DCIS case 4 is a strong
indication that the cells were truly DCIS. Genomic DNA analysis (by Affymetrix’s
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Oncoscan) is currently being performed to confirm that the remaining non-HER?2 positive
cells are also truly DCIS and not hyperplastic or normal human cells.

Discussion

We have demonstrated the creation of a novel model of DCIS that closely mimics the human
disease. Our results indicate that these human DCIS cells are capable of growing within the
mouse mammary ducts and retain the pattern of biomarker expression observed in original
human biopsy. Immunofluorescent staining with antibody specific to human cytokeratins
and FISH analysis indicates the presence of human DCIS cells within the mammary ducts.
Our success in view of past failed attempts to transplant DCIS cells was likely due to several
different factors, including the strain of the recipient mice and the method of isolation of the
primary human cells. The use of the NSG mice appears to be essential for successful MIND
xenotransplantation of primary DCIS cells. Both in our hands and others (personal
correspondence, DM) use of other immunocompromised mice, including SCID-beige and
NOD-SCID has not provided a suitable microenvironment for the growth of these cells. The
NSG mice have targeted mutations in the common cytokine-receptor interleukin-2 receptor
(IL-2R), which appears essential for the development of a permissive environment for
engraftment of primary human DCIS cells. The NSG mice have also successfully been used
to develop an assay for quantification of the mammary stem cell population [30]. However,
to our knowledge, we are the first to engraft human cells directly into the mammary ducts of
NSG mice.

In the past, human DCIS research has been limited due to the absence of a suitable model
system to study morphological and biological qualities of the DCIS lesions. Previous DCIS
studies have utilized a method in which DCIS cell lines or tissue fragments are implanted
subcutaneously or into cleared mammary fat pad in nude mice, and thus do not effectively
mimic the microenvironment [25-27, 31, 32]. In the current study, primary human DCIS
cells were injected through the nipple into the network of mammary ducts, based on the
concept that DCIS initiates inside the ducts and therefore this will provide a natural
microenvironment for DCIS cell growth. Thus, the MIND model mimics human DCIS in the
mouse to the closest condition that it is found /n vivo and has the potential to allow
examination of processes involving the progression of human breast cancers from the initial
growth as carcinoma /n situto invasion through the myoepithelial cell layer and basement
membrane.

None of the MIND xenografts of primary human DCIS in this study appeared to become
invasive after 8 weeks, a time point that was chosen based on our previous experience with
immortal DCIS cell line transplantations to allow enough time for detectable engraftment
[29]. Future studies will allow growth to continue over an extended time course up to 1 year,
and we predict that at least a subset of the MIND xenografts will become invasive over time.
Additionally, using the methods established by Farnie et al [33], mammosphere culture will
be used to enrich for the stem cell population prior to intraductal xenotransplantation,
allowing the characterization of these cell and their role in DCIS progression.

The potential of the MIND model for facilitating the elucidation of the mechanisms
underlying DCIS progression is tremendous. While there is obvious clinical and genetic
heterogeneity among patients with respect to risk for malignant progression of DCIS lesions,
as well as response to treatment, currently we are unable to identify the subset of
premalignant lesions that will progress to invasion [34, 35]. Therefore currently all patients
diagnosed with DCIS are treated similarly. If left untreated, it is predicted that only a small
subset of patients with premalignant changes will evolve to invasive breast cancer [34-36].
The long-term goal of our research is to develop xenograft lines which can be used to
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characterize and classify various subtypes of DCIS by immunoassay, gene profiling,
expression of markers of stem and progenitor cells, histopathology, and invasive potential.
Additionally, the role of the microenvironment and factors influence cell growth and
apoptosis can be examined. The molecular and cellular characterization of DCIS subtypes,
as the temporal events leading to invasive progression unique to an individual patient’s
tumor type, may offer new tailored preventive strategies and spare many patients from the
development of invasive and metastatic breast.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

H&E staining of patient biopsies of DCIS. Numbers indicate the case designation. Cases 2
and 4, 8 and 10, 9 and 12, and 11 and 14 each were from the same patients collected on

different procedure dates.
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Figure 2.

Staining techniques were used to confirm the presence of primary human cells within the
transplanted mouse mammary glands. 2A: Numbers correspond to the case numbers which
successfully transplanted. Representative immunofluorescent staining of human CK 5 (K5)
or 19 (K19), smooth muscle actin (SMA), and DNA. K5 and K19 are conjugated to Alexa-
fluor 594, shown in red, and SMA is conjugated to Alexa-fluor 488, shown in green. Nuclei
are counterstained with DAPI. 2B: Representation fluorescent /i situ hybridization (FISH)
analysis of a MIND xenograft using probes labeled for mouse DNA, human DNA, and
DAPI. The human DNA specific probe was conjugated to Alexa-fluor 594, shown in red,
and the mouse DNA specific probe was conjugated to Alexa-fluor 488, shown in green.
Images Bi-ii are with only the 488 and 594 signal on, while images Biii-iv additionally have
the DAPI and DIC signals on.
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Case 10

Patient biopsies

MIND xenograft

Adjacent mouse duct

Figure 3.

Immunofluorescent staining of human ER, human cytokeratin 5 or 19, and DNA in patient
biopsies (A-C) and MIND xenograft transplanted with DCIS cells (D-I) from the
corresponding patient after 8 weeks. Human K5 and K19 were conjugated to Alexa-fluor
595, shown in red, and ER and HER2 were conjugated to Alexa-fluor 488, shown in green.
Nuclei are counterstained with DAPI. G-I are mouse mammary ducts from the transplanted
gland which did not stain with the human specific antibodies demonstrating the human
specificity of the cytokeratin antibodies.
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Patient biopsy

MIND xenograft

Figure 4.

ImmunoFISH staining of human HER-2 (FISH and immuno) and human cytokeratin 19 (IF),
and DNA in the patient biopsy (A—C) and MIND xenograft transplanted with DCIS cells
(D-F) from Case 4 after 8 weeks. All images are from Case 4 with high magnification in
panels A and D. Human K19 was conjugated to Alexa-fluor 595, shown in red, and HER-2
was conjugated to Alexa-fluor 488, shown in green. The Texas Red-labelled DNA probe
covering a 218 kb region of human chromosome 17 including HERZ2 appears as red
(indicated by white arrows) in the nuclei of cells with amplified HER2 gene. Nuclei are
counterstained with DAPI. Shown in panel C is a normal duct within the same tissue section
as panel A and B, and shown in panel F is a mouse mammary duct from the same tissue
section as panel D and E, neither of which stained with the human specific antibodies or the
FISH HERZ probe, demonstrating the human specificity of the antibodies and probe.
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Table 1
Characteristics of patient biopsies. Data is presented as mean + standard error. Numbers without similar letters
differ (p< 0.05)
Pathology Normal Hyperplasia DCIS
No. of specimens 22 2 12
Age of patient 57 + 22 44 +1b 47+ 3P
Weight of specimens (mg) 184+ 272 279 + 180% 464 + 135°

No. of cells recovered

14,218 + 4788% 1,768,000 + 1,432,000 1,385,015 + 1,432,000
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Table 3

Summary of successful MIND xenotransplantation characteristics. Cases are grouped based on the success of
engraftment and strain of mouse used for transplantation. Data is presented as mean + standard error

Case no. 2,3,4,7,8,10,12,14 59,11 1 6,13
Pathology DCIS DCIS DCIS Hyperplasia
No. of cases 8/11 (73%) 3/11(25%)  0/1(0%)  2/2 (100%)
No. recovered cells/mg tissue 3489+ 1653 8274631 1159 5166+1806
Mouse Strain NSG NSG SCID-Beige NSG
Growth Yes No No Yes
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