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Mesenchymal stem cells in mammary adipose
tissue stimulate progression of breast cancer
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Data are accumulating to support a role for adipose-derived mesenchymal stem cells (MSCs) in breast cancer progression;
however, to date most studies have relied on adipose MSCs from non-breast sources. There is a particular need to
investigate the role of adipose MSCs in the pathogenesis of basal-like breast cancer, which develops at a disproportionate
rate in pre-menopausal African-American women with a gain in adiposity. The aim of this study was to better understand
how breast adipose MSCs (bMSCs) contribute to the progression of basal-like breast cancers by relying on isogenic HMT-
3255 S3 (pre-invasive) and T4-2 (invasive) human cells that upon transplantation into nude mice resemble this tumor
subtype. In vitro results suggested that bMSCs may contribute to breast cancer progression in multiple ways. bMSCs
readily penetrate extracellular matrix components in part through their expression of matrix metalloproteinases 1 and
3, promote the invasion of T4-2 cells and efficiently chemoattract endothelial cells via a bFGF-independent, VEGF-A-
dependent manner. As mixed xenografts, bMSCs stimulated the growth, invasion and desmoplasia of T4-2 tumors, yet
these resident stem cells showed no observable effect on the progression of pre-invasive S3 cells. While bMSCs form
vessel-like structures within Matrigel both in vitro and in vivo and chemoattract endothelial cells, there appeared to be
no difference between T4-2/bMSC mixed xenografts and T4-2 xenografts with regard to intra- or peri-tumoral vascularity.
Collectively, our data suggest that bMSCs may contribute to the progression of basal-like breast cancers by stimulating
growth and invasion but not vasculogenesis or angiogenesis.

Introduction

It has long been appreciated that stromal cells within the breast
tumor microenvironment contribute to mammary carcinogen-
esis."? Even though adipose tissue is the most abundant stromal
constituent in the breast, little is known about the involvement
of resident adipose-derived cells in the development of breast
cancer.’ Increased adiposity and obesity are associated with an
elevated risk of developing the most prevalent form of breast can-

4-6

cer (luminal type A) in post-menopausal women,*¢ an associa-

tion assumed to be largely due to adipose tissue being a primary
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extra-gonadal source of estrogen.* Basal-like breast cancers are
unique in that both pre- and post-menopausal women with
elevated waist-hip ratios and body mass indices are at increased
risk, with the prevalence being highest among premenopausal
African-American women.”®

Since the majority of basal-like breast cancers do not express
estrogen receptor, progesterone receptor or Her-2, targeted thera-
peutic options are limited and prognosis is usually poor.”® This
absence of hormone receptors suggests that adiposity contributes
to the development of basal-like breast cancer via a hormone-
independent mechanism(s). Data supporting a role of adipokines

Volume 13 Issue 9



RESEARCH PAPER

(cytokines secreted by adipose tissue) in promoting
breast cancer cell growth and angiogenesis®” is certainly
consistent with this idea. Moreover, recent studies'
suggest that mesenchymal stem cells from mammary
fat depots differentiate into carcinoma-associated fibro-
blasts in response to breast cancer-derived soluble medi-

bMSC1

ators and promote cancer cell invasion. The observations
that (1) breast cancers often develop in close association

with fat," (2) during the aging process mammary tissue
tends to become fattier and less dense'? and (3) age is a

risk factor for breast cancer'® make the study of adipose-
derived cells as they relate to mammary carcinogenesis
of particular interest.

Stromal cells within adipose tissue have tradition-
ally been called “pre-adipocytes,” based on observations
that these cells can accumulate lipid droplets in vitro as
well as revert to a more fibroblastic appearance.' It was
first reported in 2001 that these adipose stromal cells
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(ASCs) are not limited to adipocytic differentiation;
they can also differentiate along osteogenic, chondro-

genic, endothelial and perhaps even neural cell lineages,
thus making them indistinguishable in this regard from
MSCs from bone marrow.”'® Consequently, ASCs are
also referred to as MSCs, multipotent mesenchymal

Figure 1. Breast MSCs secrete MMP1, MMP2 and MMP3. (A and B) Conditioned me-
dia was collected and concentrated from the respective MSC cultures, monolayers
were lysed and samples were analyzed by SDS-PAGE. Here we show bMSC donor
strains 1 and 2 as representative data. Two additional bMSC strains (including
donor no. 3) yielded similar high levels of the respective MMPs.

stromal cells and mesenchymal stem-like cells.”" Here,
we use the MSC designation or bMSC if derived from
breast adipose tissue.

Adipose tissue throughout the body, including within the
breast, is an abundant source of MSCs.*” Experimental data
demonstrate that MSCs from bone marrow and adipose tissue

2022 where

can efficiently home to tumors, including breast cancer,
they can stimulate breast cancer growth and invasion,?**% mod-
ulate inflammatory cells within the tumor microenvironment,*
and give rise to carcinoma-associated fibroblasts.!”*”** But only
recently have investigations focused on the role of local adipose
MSC:s on the progression of breast cancer.** And no study has
specifically evaluated the effects of adipose MSCs on the progres-
sion of breast cancer resembling the basal-type, which arguably
has the most intriguing and complex association with adipos-
ity. Here, we generate experimental data to support the mid-late
stage involvement of resident adipose MSCs in the progression of
basal-type breast cancer and, in doing so, we establish a mixed
xenograft model for future elucidation of molecular mechanisms
contributing to this promoting effect.

Results

bMSC immunophenotyping. Within seven population doublings
of isolation, bMSCs were immunophenotyped in order assess cell
purity using BM-MSCs as a comparison, as recently described
in reference 3. We observed intense and widespread expression
of all MSC markers tested (CD29, CD73, CD90 and CD105)
yet undectable immunolabeling for CD31, an endothelial-specific
marker and CD45 and CD14, which would identify lymphocytes
and monocytes, respectively (data not shown). This was the case
for the four strains of bMSCs and the two strains of BM-MSCs.
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bMSCs express multiple matrix metalloproteinases and
pro-angiogenic mediators. Since few studies have used breast
adipose-derived MSCs to study mammary cancer progression,
we performed gene expression profiling to begin to appreciate
similarities and differences between MSCs from local fat depots
and bone marrow. A comparison of the gene expression profiles
of 3 bMSC and 2 BM-MSC cell strains identified 79 unique
probe sets (GEO accession number: GSE24433).? Seventeen of
the differentially expressed genes were expressed at significantly
higher levels in bMSCs relative to BM-MSCs with MMP3
(stromelysin 1) being at the top of the list with a geometric
fold change of +147.7 (Table S1). To validate our global gene
expression analysis data, we selected 3 genes [MMP3 (+147.7);
ILIRA (+6.0); and IGF2 (-48.8)] and confirmed their differ-
ential expression by qRT-PCR (Fig. S1). 254 highly expressed
probe sets were identified for both bMSCs and BM-MSCs and
overlayed onto a global molecular network (Ingenuity software,
IPKB) (Table S2). Western blotting confirmed that bMSCs
express the cleaved forms of MMP1, MMP2 and MMP3 pro-
teins and secrete these proteases into culture media, whereas
only MMP2 was detectable in whole cell lysates or conditioned
media from BM-MSC cultures (Fig. 1A and B). Casein- and
gelatin-based zymography further demonstrated that MMDP3
and MMP2, detected in abundance in bMSC conditioned
media, were enzymatically active (data not shown). Through
our gene expression analysis and confirmatory assays, it also
became apparent that bMSCs express numerous pro-angiogenic
mediators including MMPs, bFGF, VEGF-A (Fig. 1, Fig. S1
and Table S3) and multiple integrins (a5p1, o231 and a5B5)
(qRT-PCR data not shown).

783



A C MMP1
* g = expression
700 “I‘= 1.5
[m]
2 600 R o 1.0
E 500 * 0] 0.5
o
8 400 ¥ - scram 1- 2- ' 3 | 1-2- | 13- 23 1-2:3-
§ 300 g :: MMP?
-2+ expression
2 200 = D
0O 0.8
100 @ 06
0 <T .4
bMSC1 bMSC2 bMSC3 BM-MSC MDA-MB231 O] 0.2
0
- scram 1- 2- 3- 1-2- 1-3-  2-3-  1-2-3-
B MMP3
g 1.54 expression
120 - » T 1.0
o m Media [m]
o QbMSCE3 [
E 1004 |@bmsces g L
TJ n_
O 8o - scram  1- 2- 3 1-2- 13- 23 1-2:3-
o bMSC MMP knockdown
c |
8 60 - D
@ 160
2" 5
o = [f—f 12
§ 20 1 E‘J
© 80
= o O
S3 T4 =
HMT3522 Breast Cancer Cells §

Figure 2. Breast MSCs readily penetrate extracellular matrix viaa MMP 1-

scram  1- 2- 3- 1-2- 1-3-

bMSC w/ MMP knockdown

2-3-11-2-3-

and 3-dependent mechanism. (A) A standard transwell invasion assay was

performed to compare the ability of MSCs (BM: bone marrow; b: breast) to penetrate a Matrigel barrier relative to a highly invasive breast cancer cell

line (MDA-MB231). Values reflect mean + SD from triplicate wells with stat

istical comparisons to BM-MSC (*p < 0.05). (B) A standard transwell inva-

sion assay was performed to test the ability of bMSCs (in the lower chambers) to facilitate the invasion of S3 and T4-2 breast cancer cells. (C) gRT-PCR

demonstrates that all MMP siRNA constructs efficiently and specifically kn

ock-down the respective genes. (D) Transient MMP knock-downs reveal that

the ability of bMSCs to degrade Matrigel is dependent in part on MMP1 and MMP3. *p value < 0.05 based on a 2-tailed Student’s t-test compared with

untransfected controls. **p value < 0.05 when compared with the scramb
from triplicate inserts per culture. *p value < 0.05 based on a 2-tailed Stud

bMSC:s readily degrade extracellular matrix components and
promote the invasion of HMT-3522 T4-2 breast cancer cells in
vitro. The expression of multiple MMPs by bMSCs prompted us
to test whether these local stem cells may contribute to mammary
carcinogenesis, in part by degrading extracellular matrix and facil-
itating cancer cell invasion. Using a transwell assay approach, we
demonstrated that bMSCs readily penetrate basement membrane
Matrigel at levels significantly greater than BM-MSCs and at lev-
els more comparable to the highly invasive breast cancer cell line,
MDA-MB231 (Fig. 2A). bMSCs also penetrated a polymerized
type I collagen barrier, the major component of interstitial matrix
(data not shown). siRNA-based technology was used to tran-
siently knock-down the expression of MMP1, MMP2 and MMP3
in various combinations in bMSCs. All siRNA constructs effi-
ciently and selectively reduced mRNA expression of the respective
MMP genes (Fig. 2C); yet single MMP gene knock-down did not
affect the ability of bMSCs to penetrate Matrigel-coated transwell
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led control. Values represent the mean + SD based on three random fields
ent’s t-test compared with the respective media only controls.

inserts (Fig. 2D). The only combinations of MMP knock-down
to significantly reduce the number of MSCs invading through
the Matrigel-coated barrier were double knock-down of MMP1
and MMP3 and triple knock-down (Fig. 2D). Having demon-
strated that bMSCs possess potent matrix degrading potential,
we employed an alternative transwell assay configuration to test
whether bMSCs are able to promote the invasion of breast can-
cer cells of the basal-type. HMG-3522 S3 cells and the isogenic
derivative, T4-2, were seeded on top of Matrigel-coated inserts
with tissue culture media or bMSCs in the lower well. The mean
number of breast cancer cells penetrating the Matrigel barrier
was greater for two different bMSC cell strains, but only bMSC4
resulted in a statistically significant difference (Fig. 2B). In con-
trast, bMSCs did not potentiate the invasion of S3 cells, but rather
one strain caused a statistically significant reduction in invasion
frequency while the other had no effect. Since bMSC4 had the

most pronounced effect on promoting the invasion of T4-2 cells,
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Figure 3. Breast MSCs chemoattract human endothelial cells via a bFGF independent, VEGF-A dependent pathway. (A) Transwell migration data dem-
onstrate that bMSCs from four individual donor strains chemoattract endothelial cells at a similar frequency. In all cases, the chemoattraction efficien-
cy was statistically different than the media controls (*p < 0.05). (B) Efficient knock-down of bFGF in bMSCs as determined by qRT-PCR. Untransfected
cells and a scrambled si-RNA construct were included as baseline controls. (C) bFGF knock-down has no significant effect on the ability of bMSCs to
chemoattract endothelial cells. *p values < 0.05 when compared with media only controls. (D) Knock-down of VEGF-A in bMSCs as determined by qRT-
PCR. As expected, the presence of neutralizing antibody or IgG had no affect on relative quantitation (RQ) of VEGF-A mRNA. (E) Inhibition of VEGF-A
by siRNA and neutralizing antibody results in a statistically significant (*p < 0.05) reduction in the ability of bMSCs to chemoattract human endothelial
cells. IgG1 served as a negative control for VEGF-neutralization. All values represent the mean number of cells per microscopic field based on three

fields/insert and three inserts per condition.

this strain was used for MMP knock-down experiments. Unlike
the matrix degrading potential of bMSCs, which was dependent
on expression of MMP 1 and 3, their ability to potentiate the
invasion of T4-2 cells through Matrigel was independent of MMP
function (Fig. S2).

bMSCs chemoattract human endothelial cells and exhibit
branching morphogenesis in vitro and in vivo. Since bMSCs
express numerous pro-angiogenic mediators, we hypothesized
that these local adult stem cells may contribute to the vascular-
ization of breast cancers. Using a transwell migration assay, we
demonstrate that bMSCs consistently and efficiently chemoat-
tract human endothelial cells (Fig. 3A), suggesting that bMSCs
may play a role in angiogenesis. Based on high levels of expression
of bFGF and VEGF-A by bMSCs (Table S3), we selected these
two factors as possible mediators of endothelial cell chemotaxis.
While efficient knock-down of bEGF in bMSCs was consistently
achieved (Fig. 3B), there was no significant difference between
the number of endothelial cells migrating to the lower surface
of the transwell insert whether bMSCs in the lower wells were
untransfected, transfected with a scrambled si-RNA, or bFGF

www.landesbioscience.com

si-RNA (Fig. 3C). At best, we were only able to consistently
knockdown VEGEF-A via si-RNA by ~60% in bMSCs (Fig. 3D),
necessitating a dual inhibition strategy of si-RNA plus a neutral-
izing antibody. Our finding that dual inhibition of VEGF-A in
bMSCs correlates with a significant reduction in the number
of migrating endothelial cells implicates VEGF-A as a positive
mediator of endothelial cell recruitment by bMSC (Fig. 3E).
Recognizing that MSCs from non-breast sites have been
reported to undergo endothelial differentiation, we tested whether
bMSC could directly differentiate into vascular networks (vascu-
logenesis), thus potentially providing an additional mechanism by
which bMSCs could contribute to breast cancer vascularity. When
cultured within growth factor-reduced Matrigel, bMSCs assem-
bled into branching structures as early as 2 d in culture (data not
shown) with an extensive vascular-like network forming by day 4
(Fig. 4A). Following subcutaneous injection within Matrigel into
athymic nude mice, bMSCs arranged into numerous small vessel-
like structures with many containing red blood cells within the
lumen, suggesting a connection to the existing murine blood sup-
ply (Fig. 4B, top parts). BJ fibroblasts were similarly inoculated

Cancer Biology & Therapy 785



A in vitro
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bMSCs promote the growth and invasion
but not the vascularity of basal-like breast
cancers in vivo. Having generated in vitro
data suggesting the involvement of bMSCs in
degrading extracellular matrix components,
facilitating the invasion of basal-like T4-2
breast cancer cells, recruiting endothelial cells
and perhaps forming blood vessels de novo,
we next tested the effects of bMSCs on breast
cancer progression as mixed xenografts with
S3 or T4-2 cells. We transplanted pre-invasive
S3 cells and T4-2 cells, which are invasive with
the ability to form slow growing tumors with
squamous and basal metaplastic histology,*® in
the absence vs. presence of bMSCs into cleared
mammary fat pads. Since the individual donor
strains were virtually indistinguishable regard-
ing their immunophenotypes, gene expres-
sion profiles and differentiation potential,’> we
selected one (bMSC3) for the animal studies.
Pure $3 and S3/bMSC mixed xenograft tumors

were undetectable at necropsy 8 weeks after
mammary fat pad transplantation (Table 1).

Figure 4. Evidence supporting breast MSC endothelial differentiation. (A) bMSCs form ex-
tensive vascular-like structures 4 d after culturing within Matrigel (20x light and fluorescent
images). DAPI (lower part) allowed the visualization of nuclei. (B) bMSCs also form vessel-like
structures when subcutaneously injected within Matrigel into athymic nude mice. Masson
Trichrome and H&E histochemical staining permitted the identification of numerous small

Only upon careful microscopic evaluation did
we observe focal/residual tumor cells in two
of six 83 xenografts and four of six S3/bMSC

mixed xenografts (data not shown).

vessel-like structures with red blood cells within lumens (upper parts), suggesting a connec-
tion to the host’s vascular system. Shown are specimens obtained 2 weeks after subcutane-
ous inoculation, however vascular networks were observed as early as 4 d (data not shown).
No evidence of vascular-like structures in xenografts following the subcutaneous injection
of BJ fibroblasts within Matrigel (bottom panels). Shown is a 6-d xenograft, however, similar
negative findings were observed at days 2, 4, 9 and 14 post-injection. (C) qRT-PCR data
comparing eNOS expression levels in subcutaneous xenografts 6 d after inoculation with BJ

Inoculation of T4-2 cells into cleared mam-
mary fat pads resulted in a high (10/10) tumor
incidence (Table 1 and Fig. 5A), as reported
previously in reference 30. These pure xeno-
grafts were all slow growing, moderate-to-
well-differentiated carcinomas with squamous

fibroblasts, bMSCs or HUVECs all within Matrigel.

metaplasia (Fig. 6). For some T4-2 pure xeno-

Table 1. Summary of fat pad xenograft tumor frequencies and volumes

Cells inoculated Tumor incidence Tumor volume (mm?)

S3 0/10 na
S3 + bMSC3 0/10 na
T4 10/10 29.8 £5.1
T4 + bMSC3 7/10 88.9 + 19.6*
bASC3 0/12 na

*Indicates that the tumor volumes for T4/bMSC#3 mixed xenografts
were statistically (p = 0.019) larger than the pure T4 xenografts. na: not
applicable.

for comparison, however, retrieval of these xenografts proved
challenging due to their small size. Upon microscopic evaluation,
there was no evidence of vessel-like structures within the BJ xeno-
grafts (Fig. 4B, bottom parts). Expression levels of endothelial-
specific nitric oxide synthase (eNOS) was ~3-fold higher in bMSC
xenografts compared with BJ xenografts (Fig. 4C), further sug-
gesting a possible role for bMSCs in promoting vascularity.
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grafts, we observed histologic evidence of
invasion, but it was predominantly limited to
small, focal areas (Fig. 6, middle three parts). When T4-2 cells
were orthotopically coinjected with bMSCs the effects on breast
cancer progression were striking. Mean tumor volumes were
significantly larger than the pure T4-2 xenografts (p = 0.019)
(Table 1 and Fig. 5A), the desmoplastic response, as assessed
by Masson Trichrome histochemical staining, was much more
pronounced (Fig. 6 bottom parts) and the Ki-67 labeling indi-
ces were significantly higher (Fig. 5B). Areas of marked prolif-
eration were observed exclusively in the mixed xenografts and
typically adjacent to stromal cells and the associated fibrosis
(Fig. 5B). In contrast, Ki-67-positive cells within the pure T4-2
xenografts were rare and sporadic in their distribution. Moreover,
the mixed xenografts were not as well-circumscribed as T4-2
xenografts, typically displaying more extensive invasion (Fig. 6,
bottom parts). Of note, the areas of T4-2 invasion in the mixed
xenografts were generally in close association with desmopla-
sia (Fig. 6, middle and right lower parts) and readily evident,
whereas additional sectioning was often necessary to detect evi-
dence of invasion in the pure T4-2 xenografts. While we observed
a trend toward increased intra-tumoral vascularity in the bMSC/
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T4-2 mixed xenografts relative to pure T4-2 specimens, the dif-
ferences were not statistically significant (Fig. 5C, patterned
bars). There was also no significant difference in the peri-tumoral
vascularity between the pure vs. mixed orthotopic xenografts. In
order to more closely recapitulate our Matrigel branching mor-
phogenesis assays (shown in Fig. 4A), we subcutaneously injected
T4-2 cells + bMSC3 within Matrigel into the flanks of athymic
nude mice and determined the mean number of vessels per low
power field. We found that both the pure and mixed subcutane-
ous xenografts were more vascular within and around the tumors
than the respective orthotopic tumors (Fig. 5C, solid bars).
However, despite testing a second injection site and the addition
of Matrigel, there was still no statistically significant difference in
the vascularity of T4-2 and T4-2/bMSC mixed xenografts.

Discussion

Here, we provide data that are consistent with MSCs from breast
adipose tissue contributing to the progression of basal-like breast
cancer. Using a human pre-invasion (S3) to invasion (T4-2) pro-
gression model allowed us to elucidate when during the multi-
step process of carcinogenesis resident MSCs could have their
promoting influence. Both in vitro and mammary fat pad xeno-
graft data suggest that bMSCs are unable to progress HMT-3522
S3, even though these cells display a partial loss of tissue polarity
and a higher potential for acquiring invasive properties than its
original cell population.’® Since S3 cells adopt an invasive phe-
notype when exposed to conditioned media containing multiple
T4-2 derived MMPs,* we were somewhat surprised that bMSCs,
which express high levels of multiple, active MMPs, did not lead
to the in vivo progression of S3 cells. Recognizing that S3 cells
are very sensitive to their microenvironment, we tested the ability
of bMSC to progress these pre-invasive cells at a second inocula-
tion site: under the skin and together with Matrigel. Again, there
was no evidence to support disease progression (data not shown).
Therefore, we conclude that bMSCs are unable to complement
the pathways that are still deficient in S3 cells for conferring a
stable malignant phenotype.

Once HMT-3522 cells transition to an invasive phenotype
(as represented by T4-2 cells in this progression model), bMSCs
appear to contribute to basal-like breast cancer progression by
stimulating tumor growth, triggering desmoplasia and poten-
tiating invasion. Microarray data revealed that bMSCs are high
expresser of several members of a cell growth and proliferation
network, and they express numerous matrix proteins and multiple
MMPs, hinting that MSC from local fat depots may contribute to
breast cancer progression via multiple mechanisms. Precisely how
bMSCs promote the growth of T4-2 xenografts is an area of cur-
rent investigation. In the mixed xenografts, we observed focal areas
of T4-2 proliferation in close proximity to prominent desmoplasia
suggesting that bMSCs and their associated fibrogenic response
exert a growth stimulatory effect on the cancer cells. Since bMSCs
express high levels of multiple MMDPs, it is reasonable to speculate
that these resident stem cells could indirectly contribute to breast
cancer cell growth by triggering the proteolytic release of growth
factors tethered to extracellular matrix.*
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Figure 5. Breast MSCs promote the growth but not vascularity of HMT-
3522 T4-2 cells. (A) Eight-week HMT-3522 T4-2 (T4-2) + bMSC3 fat pad
xenografts (scale bar: 3 mm). (B) Determination of the percent of Ki-67
positive cells per microscopic field revealed a statistically significant dif-
ference (p < 0.011) between the pure and mixed xenografts. Represen-
tative immunohistochemical staining reveal that pure T4-2 xenografts
contained only rare Ki-67 positive cells (@arrows in top parts), whereas
T4-2/bMSC xenografts often contained focal areas of active prolifera-
tion in close association with fibrosis (F = fibrosis). Primary antibody
was omitted as a negative control for all specimens (left parts). Values
indicated in the right parts represent mean percent Ki-67 positivity
and were calculated based on counting the number of immunolabeled
cells and then dividing by the total number of cells in three random
fields per xenograft. (C) Intra- and peri-tumoral vascularity was not
significantly different in T4-2 vs. T4-2/bMSC mixed xenografts whether
injected orthotopically (patterned bars) or subcutaneously within
Matrigel (solid bars). Vascularity was determined on H&E stained tissue
sections as described in Materials and Methods. LPF: low power field.

In vitro, bMSCs readily degrade extracellular matrix
(Matrigel) and potentiate the invasion of T4-2 breast cancer
cells. Relying on multiple transwell assay configurations, we have
examined potential mediators of these activities, focusing on two
MMPs (MMP1 and MMP3), that are expressed at high levels
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Figure 6. Representative histologic features of pure HMT-3522 T4-2 vs. mixed T4-2/bMSC fat pad xenografts. H&E staining demonstrated that pure
T4-2 and T4-2/bMSC xenograft tumors formed well-differentiated mammary carcinomas displaying squamous and basal-like features. Masson’s
trichrome staining revealed that the desmoplastic response was much more pronounced in the mixed xenografts. Pure T4-2 xenografts tended to be
relatively small lesions encased in a minimal amount of fibrotic stroma (upper parts), with additional tissue sectioning often being required to obtain
evidence of invasion (middle parts). In contrast, invasion through and beyond the cyst wall or pseudocapsule was often observed in a single H&E tis-
sue section of T4-2/bMSC mixed xenografts (lower parts). Arrows indicate areas of superficial invasion into fat. M, muscle.

by bMSCs but not BM-MSCs and MMP2, which is expressed
at high levels in both bMSCs and BM-MSCs. Using si-RNA
technology, we demonstrate that while expression of MMP1
and MMP3 is critical for bestowing bMSCs with their potent
matrix degrading potential, this alone does not explain how local
MSCs facilitate T4-2 invasion, as this potentiation effect is not
dependent on bMSCs expressing MMP 1, 2 and/or 3. Transwell
invasion assays, while a simple and rapid approach for assessing
invasive potential of cells, are unable to faithfully recapitulate the
dynamic interactions among cells of the tumor microenviron-
ment. Therefore, we extended our studies into immunodeficient
nude mice and have presented histologic evidence that T4-2 cells
when co-injected with bMSCs into mammary fat pads tend to
invade more frequently and to a greater depth compared with
T4-2 only xenografts, further suggesting that bMSCs contribute
to the progression of basal-like breast cancers in part by facilitat-
ing invasion.

Our Affymetrix data and confirmatory assays also revealed
that bMSCs express a number of pro-angiogenic mediators, as
has been reported previously for MSCs from multiple tissue
sites.**% We demonstrate that bMSCs consistently and efficiently
chemoattract human endothelial cells in vitro, suggesting their
potential involvement in promoting tumor angiogenesis. We also
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show that expression of VEGF-A, but not bFGF, by bMSCs is
necessary for chemoattracting endothelial cells. Our observation
that bMSCs assemble into vessel-like structures within Matrigel
in vitro and in vivo, suggest that perhaps bMSC promote tumor
vascularity by a second (and not necessarily mutually exclusive)
mechanism: rather than recruiting endothelial cells to the tumor
microenvironment, they incorporate into vessels within the tumor
by directly differentiating into endothelial cells, as previously
reported for adipose MSCs in an ischemic injury model***¢ and
the 4T'1 murine model of breast cancer progression.” Despite our
in vitro data favoring the potential involvement of bMSCs in pro-
moting breast cancer vascularity, we did not observe a significant
difference in capillary density either within or around the tumor
when comparing T4-2 vs. T4-2/bMSC xenografts at two (fat
pad and subcutaneous) inoculation sites. The precise molecular
mechanism triggering the formation of cancer-associated blood
vessels is unclear; however, hypoxia appears to be a critical media-
tor.”” Since T4-2 and T4-2/bMSC xenografts are relatively slow
growing it is possible that following an 8-week latency period
these tumors had not yet become sufficiently hypoxic to trigger
neo-angiogenesis. In this study, not a single xenograft displayed
evidence of necrosis at necropsy or upon histological analysis, a
finding that is at least consistent with this possibility.
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Here, we have established a mixed xenograft model that will
provide a useful tool for better understanding how MSCs within
local fat depots contribute to the progression of basal-like breast
cancers, with the ultimate goal of developing targeted therapeutic
options for this aggressive variant. In this study, bMSCs were iso-
lated from adipose tissue from residual reduction mammoplasty
specimens, which were deemed cancer-free following gross and
microscopic evaluations. Since most individuals undergoing this
surgical procedure have an elevated body-mass index, adipose tis-
sue may not be “normal” per se. Obesity is associated with sys-
temic inflammation and pro-inflammatory proteins are secreted
by hypertrophic adipocytes and stromal cells within adipose tis-
sue,® which could contribute to bMSC-mediated breast cancer
progression. It is important to now use this orthotopic mixed
xenograft model to test adipose MSCs (breast vs. abdominal) iso-
lated from individuals with elevated as well as normal body-mass
indices.

Materials and Methods

Cell isolation and monolayer culturing. Breastadipose tissue was
obtained from patients undergoing elective reduction mammo-
plasty procedures in the Department of Plastic Surgery, Virginia
Commonwealth University. Five hundred to seven hudred grams
of adipose tissue was obtained per case, processed essentially as
described previously in reference 39, and then cultured in low
glucose DMEM medium supplemented with 10% FBS, 10 ng/ml
epidermal growth factor and 1.0% antibiotic-antimycotic solu-
tion. Bone marrow-derived MSCs (BM-MSCs) were obtained
from the iliac crest of normal donors in accordance with our
institutional Internal Review Board using a standard isolation
procedure. BM-MSCs were maintained in high glucose DMEM
supplemented with 10% FBS, 1.0 ng/ml basic fibroblast growth
factor (bFGF) and 1.0% penicillin/streptomycin. HMT-3522 S3
and T4-2 cells were maintained in chemically-defined media on
type I collagen-coated tissue culture dishes (PureColCollagen,
Advanced BioMatrix), as described previously in reference 30.
MDA-MB231 cells were propagated in RPMI media 1640
(+L-glutamine) supplemented with 10% FBS and 1.0% anti-
biotic-antimycotic solution. Human umbilical vein endothelial
cells (HUVEC) were purchased from Lifeline Cell Technology
and cultured in Vasculife VEGF complete media (Lifeline Cell
Technology), as recommended by the manufacturer. BJ fibro-
blasts were cultured as previously described in reference 40. All
cultures were kept in a humidified 37°C incubator in 5.0% CO,.

Flow cytometry. Cells were immunolabeled according to a
standard protocol using the following monoclonal antibod-
ies (Millipore): CD14 (macrophage/monocyte marker); CD29
(marker of MSCs, endothelial cells, monocytes and platelets);
CD31 (marker of endothelial cells); CD45 (general leukocyte
marker); CD73 (expressed on MSCs, epithelia and endothe-
lial cells and mature lymphocytes); CD90 (MSC marker); and
CD105 (marker of MSCs, endothelial cells and presumably some
stem/progenitors). A no primary antibody control was included
for each cell strain tested. Alexa 488 anti-mouse (Molecular
Probes) was used at a 1:400 dilution as a secondary antibody
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for each sample. The following cells provided positive controls:
HUVEC (CD31 and CD105); a lymphoblastic cell line (CD45);
and HL-60 (CDI14). A standard cytometric analysis was per-
formed using a Coulter Epics XL-MCL (Beckman Coulter) in
our institution’s core facility.

Expression analysis using oligonucleotide (Affymetrix)
microarrays. Total cellular RNA was isolated using Trizol
reagent (Life Technologies, Inc.) from three bMSC and two
BM-MSC strains (all PD 8-9) representing five different donors.
Four micrograms of total RNA from each sample was used to
generate double-stranded cDNA using a 24-mer oligodeoxythy-
midylic acid primer with a T7 RNA polymerase promoter site
added to the 3" end (Superscript cDNA Synthesis System; Life
Technologies, Inc.). Second strand ¢DNA synthesis, cleanup
and biotinylation were conducted according to our standard
protocol.” Fragmented cRNA (10 pg) was hybridized on the
GeneChip Human Genome U133A 2.0 (HG-U133A 2.0) array
and analyzed as described previously in reference 41.

RT-PCR. For Affymetrix validation studies, qRT-PCR was
used to assess expression levels of selected genes using TagMan
chemistry. Probes and primer sets for detection of MMPI,
MMP3, IGF2 and IL1RA transcripts were obtained from inven-
toried assays (Applied Biosystems). Gene-specific probes labeled
in the 5' end with FAM (6-carboxyfluorescein) and in the 3'
end with a dark quencher were used for all the target genes of
interest. For all of the samples, cyclophilin A (PPIA) from the
Predeveloped TagMan Assay reagents (Applied Biosystems) was
used as an endogenous control. The experiments were performed
in the ABI Prism 7500 Sequence Detection System (Applied
Biosystems) using the TagMan One-Step PCR Master Mix
Reagents Kit and analyzed as described previously in reference
41. SYRB green-based qRT-PCR was used to assess the efficiency
of si-RNA knock-down for the respective genes: MMP1 (forward
ACA CAT CTG ACC TAC AGG ATT GA, reverse GTG TGA
CAT TAC TCC AGA GTT GG); MMP2 (forward CTT CCA
AGT CTG GAG CGA TGT, reverse TAC CGT CAA AGG
GGT ATC CAT); MMP3 (forward ATG GAC AAA GGA TAC
AAC AGG GA, reverse TGT GAG TGA GTG ATA GAG TGG
G); bFGF (forward ATC AAA GGA GTG TGT GCT AAC C,
reverse ACT GCC CAG TTC GTT TCA GTG); and VEGF-A
(forward CAA CAT CAC CAT GCA GAT TAT GC, reverse
CCCACAGGGATTTTICTTGTCTT).

Functional network analyses. A data set containing
Affymetrix probe set IDs as gene identifiers and corresponding
normalized unlogged expression summaries was uploaded into
the Ingenuity Pathways Analysis (Ingenuity Systems, www.inge-
nuity.com) application. Each gene identifier was mapped to its
corresponding gene object in the Ingenuity Pathways Knowledge
Base (IPKB). These genes, called Focus Genes, were overlaid
onto a global molecular network developed from information
contained in the IPKB. Networks of these Focus Genes were then
algorithmically generated based on their connectivity, or interac-
tions between one another. Biological networks were ranked by
score, where the score corresponds to the likelihood of a set of
genes being found in the networks due to random chance. The

254 highly expressed probe sets (BM-MSCs and bMSCs) were
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overlaid onto a global molecular network developed from infor-
mation contained in the IPKB. Networks of these genes were
then algorithmically generated based on their connectivity. The
79 differentially expressed genes were similarly analyzed.

MMP western blotting. MSCs were cultured overnight
in serum-free media. Five hundred microliters of conditioned
media was collected, concentrated 10-fold using Microcon cen-
trifugal filter devices (Millipore) and resolved on an 8% SDS
polyacrylamide gel. A standard RIPA buffer was used to lyse the
monolayer cultures and protein concentrations were measured
by the Bio-Rad D_ protein assay, according to the manufac-
turer’s protocol. Twenty-five micrograms of each lysate was sub-
jected to SDS-PAGE. Following electrotransfer, nitrocellulose
membranes were probed with 1.0 pg/ml of antibodies gener-
ated against MMP1, MMP2, MMP3 (R&D Systems), or actin
(Sigma Chemical Company) as a loading control and processed
as described previously in reference 42, using goat anti-mouse
horseradish peroxidase-conjugated secondary antibody (Bio-
Rad) followed by chemoluminescent detection using SuperSignal
Pico Chemiluminescent Substrate (ThermoScientific).

Gelatin and casein zymography. Conditioned media from
1-day, near confluent bMSC cultures was collected and concen-
trated as described above for western blotting and then analyzed
by SDS-PAGE zymography relying on precast 12% casein and
10% gelatin gels (Biorad) to demonstrate MMP3 and MMP2
activity, respectively.*?

Antibody arrays. Forty-eight hour conditioned media was
collected from near confluent bMSCs cultures and sent to the
antibody array testing service at Ray Biotech. A customized
Quantibody array was designed to measure levels of eight soluble
proteins, including MMP1, MMP2, MMP3, bEGF and VEGF-A
in the media samples.

si-RNA knock-down. Transient knock-down of MMPI,
MMP2, MMP3, bFGF and/or VEGF-A in bMSCs was accom-
plished using small interfering RNA (siRNA) constructs from
Ambion (MMP1: ID s8849; MMP2: s8851; MMP3: s8853;
bFGF: $223531; VEGF-A: S460) and Lipofectamine RNAIMAX
reagent (Invitrogen), according to the manufacter’s recommen-
dation. Silencer Select negative control #1 siRNA (Ambion no.
4390843) was used as a negative control. Forty-eight hours after
transfection, cells were harvested for qRT-PCR validation and
transwell invasion assays.

Transwell assays. Three transwell assay configurations were
used: (1) bMSCs seeded on top of either polymerized collagen®
or Matrigel,” to assess the interstitial and basement membrane
matrix degrading potential of these resident MSCs, respectively.
As a reference, highly invasive MDA-MB231 human breast can-
cers cells were included in the assays; (2) HMT-3522 S3 or T4-2
breast epithelial cells seeded on top of an insert coated with base-
ment membrane Matrigel (1 h at room temperature with 7.0%
growth factor-reduced Matrigel, BD Biosciences, in a total media
volume of 20 pl),*® and either media or bMSCs in the bottom
well to determine whether bMSCs promote the invasion of breast
cancer cells of the basal-type and (3) HUVEC seeded on top of
uncoated transwell inserts with bMSCs in the bottom chamber
to assess the ability of local MSCs to chemoattract endothelial
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cells. MSC cells with transient knock-down of candidate media-
tors (as described above) or scrambled controls were seeded on
either the top or bottom chambers depending on the particular
transwell assay configuration. In the case of VEGF-A, where the
efficiency of knock-down was typically 65-70%, bMSCs were
incubated with a neutralizing antibody for VEGF-A (R&D
Systems, MAB293; 10 g/35 mm dish) or IgG1 (R&D Systems,
MABO002; 10 pg/35 mm dish) 24 h after transient transfection
and subjected to an endothelial migration assay (described below)
in the continued presence of either VEGF-A antibody or IgGl.
For all transwell assays, samples were tested in triplicate tran-
swell inserts (24-well format; 8-microns; BD Biosciences), seed-
ing 100,000 cells in 200 pl media on the top of the inserts and
250,000 of the respective cells (or just media) in the lower wells
of a multi-cluster dish. Inserts for endothelial migration assays
were processed after 18-24 h and for invasion assays processing
was at 44—48 h using a standard procedure.’

Branching morphogenesis assay. bMSCs, HUVECs (positive
control) or BJ fibroblasts (negative control) were cultured on a
Matrigel overlay® using their respective growth media. Cultures
were monitored daily under light microscopy for vessel-like struc-
tures. At end points of 2, 4 and 6 d, cells were fixed for 10 min
in 4.0% paraformaldehyde at room temperature and then nuclei
were labeled with DAPI for fluorescent imaging. These three
cell types were also subcutaneously injected within Matrigel into
athymic nude mice (3 million cells in a 150 I volume of Matrigel
diluted 1:1 in media/injection x2 injections per mouse). Two,
four, six and fourteen days post-injection, mice were sacrificed,
xenografts excised and then specimens were either processed for
routine histology or used for RNA isolation. To confirm differ-
entiation along an endothelial lineage, gRT-PCR was conducted
to measure mRNA levels of e-NOS (forward primer: TGA TGG
CGA AGC GAG TGA AG; reverse primer: CTG CTG TGC
GTA GCT CTG G), as described above.

Analysis of tumor formation. Female Hsd athymic nude mice
(strain: Foxnlnu) were purchased from Harlan Laboratories and
cared for in accordance with international guidelines (Institutional
Animal Care and Use Committee, Virginia Commonwealth
University, Richmond, VA; protocol no. AD20203). Athymic
nude mice rather than SCID mice were selected since HMT-3522
S3 and T4-2 cells have been extensively studied in this host.?
Number 4 inguinal fat pads were cleared at 3 weeks of age and
then immediately inoculated with 2 million HMT-3522 S3 or
T4-2 cells + 2 million bMSCs in a total volume of 30 pl. For
subcutaneous injections, 3 million S3 or T4-2 cells + 2 million
breast MSCs were injected in 50% Matrigel in a total volume of
150 pl into the rear flanks of 7- to 8-week old mice. Eight weeks
after xenotransplantation, the animals were sacrificed, at which
time tumors were excised, measured, fixed in 10% formaldehyde,
paraffin-embedded and then sectioned for histological staining
(H&E and Masson Trichrome) and Ki-67 immunohistochemistry
(see below). Initially, two H&E sections per xenograft were ana-
lyzed by a board-certified pathologist (MI). Invasion was defined
as extension/invasion of the tumor beyond the initial area of injec-
tion, the pseudocapsule, or cyst wall. For those tumors with no
evidence of microscopic invasion, additional tissue sectioning was
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performed. This involved H&E staining every tenth tissue section
for up to a total of 10 sections per specimen. The number of peri-
tumoral and intra-tumoral vessels per low power field (LPF) was
determined using H&E stained tissue sections. When possible,
10 fields of stroma and 10 fields of tumor tissue were evaluated
for each xenograft. For many pure T4-2 xenografts, intra-tumoral
and peri-tumoral vascularity was determined based on fewer than
10 microscopic fields of each due to the small specimen size and
modest desmoplastic response.

Ki-67 immunohistochemistry. Tissue sections were processed
according to a routine immunohistochemical staining proce-
dure.*> The Ki-67 primary antibody (1:50 dilution of H-300;
Santa Cruz Biotechnologies) was applied to the tissue sections
for overnight incubation at 4°C. Omission of the primary anti-
body was included as a negative control for each specimen. All
images of Ki-67 immunostained xenografts were magnified by
Nikon Eclipse E600 and captured by Nikon Digital Camera
DXM1200F, using the Nikon ACT-1 image-editing program.
Proliferation indices were determined based on three random
microscopic fields per xenograft.

Statistical analysis. Statistical analysis of Ki-67 proliferation
indices, the mean number of cells per microscopic fields (i.e.,
transwell invasion and migration assays) and the mean number
of blood vessels per low powered field involved pairwise compari-
son using a 2-tailed Student’s t-test with a p value 0.05 deemed
statistically significant.
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