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Abstract

Compelling evidence shows that chemokine CXCL12 drives metastasis in multiple malignancies.
Similar to other key cytokines in cancer, CXCL12 exists as several isoforms with distinct
biophysical properties that may alter signaling and functional outputs. However, effects of
CXCL12 isoforms in cancer remain unknown. CXCL12-a, 3, and y showed cell-type specific
differences in activating signaling through G protein-dependent pathways in cell-based assays,
while CXCL12-y had greatest effects on recruitment of the adapter protein p-arrestin 2. CXCL12-3
and vy also stimulated endothelial tube formation to a greater extent than CXCL12-a. To
investigate effects of CXCL12 isoforms on tumor growth and metastasis, we used a mouse
xenograft model of metastatic human breast cancer combining CXCR4+ breast cancer cells and
mammary fibroblasts secreting an isoform of CXCL12. While all CXCL12 isoforms produced
comparable growth of mammary tumors, CXCL12-y significantly increased metastasis to bone
marrow and other sites. Breast cancer cells originating from tumors with CXCL12-v fibroblasts
upregulated RANKL, contributing to bone marrow tropism of metastatic cancer cells. CXCL12-y
was expressed in metastatic tissues in mice, and we also detected CXCL12-y in malignant pleural
effusions from patients with breast cancer. In our mouse model, mammary fibroblasts
disseminated to sites of breast cancer metastases, providing another mechanism to increase levels
of CXCL12 in metastatic environments. These studies identify CXCL12-y as a potent pro-
metastatic molecule with important implications for cancer biology and effective therapeutic
targeting of CXCL12 pathways.
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Introduction

Paget's “seed and soil” hypothesis of metastasis proposes that interactions between
malignant cells and stromal environments control trafficking, survival, and proliferation of
disseminated tumor cells. Differences among organs, including cytokines, stromal cells, and
extracellular matrix, contribute to specific patterns of metastasis for various types of cancers
(1, 2). Studies also show that cells in a primary tumor actively regulate metastatic potential
of malignant cells and secondary organs (3-5). Cytokines in a primary tumor may select for
cancer cells with tropism for specific sites and/or enhance angiogenesis as a route for
vascular intravasation (6) (7). Stromal cells from a primary tumor may disseminate with
cancer cells, directly remodeling secondary organs to promote metastasis (8). Through
processes including secreted signaling molecules, extracellular vesicles, and/or recruitment
of additional cell types, primary tumors also indirectly remodel organs to generate pre-
metastatic niches (9, 10). Understanding mechanisms of metastasis is critical to effective use
of approved drugs and development of new treatments for metastatic disease, which causes
death of ~ 90% of patients with cancer.

Chemokine CXCL12 and its receptor CXCR4 govern primary and metastatic tumor
microenvironments and organ-specific metastases in breast cancer and over 20 different
malignancies (11) (12). Elevated levels of CXCL12 in common sites of metastatic breast
cancer, such as bone marrow, lung, and liver, are postulated to attract CXCR4+ cancer cells
and/or facilitate cell survival and proliferation (13). Inhibiting CXCL12-CXCR4 signaling
reduces metastases in mouse models, reinforcing functions of this signaling pathway in the
metastatic process (14-16). Beyond chemotaxis and proliferation of CXCR4+ cancer cells,
CXCL12 secreted by carcinoma associated fibroblasts stimulates angiogenesis, which is
essential to metastasis (6, 17). In addition, CXCL12 in a primary tumor may select for
cancer cells capable of metastasizing, highlighting effects of CXCL12 to drive tumor
evolution (7). These observations underscore a critical role of CXCL12-CXCR4 signaling in
metastatic cancer.

Studies of CXCL12 typically focus solely on CXCL12-a. However, like vascular
endothelial growth factor (VEGF), TGF-B, and many other important cytokines in cancer,
there are multiple isoforms of CXCL12 (18) (19). Mice, rats, and humans have three
CXCL12 isoforms (a, B, and vy), and humans have three additional minor isoforms (5, €, and
¢). Amino acids in human and mouse CXCL12-a, 3, and vy are 99% identical, allowing inter-
species signaling with no known barriers (20). All CXCL12 isoforms share the same N-
terminal 68 amino acids, which comprise the entirety of CXCL12-a; p and vy isoforms add
an additional four and 30 carboxy-terminal amino acids, respectively (21). While all
isoforms bind heparan sulfate through a BBXB motif (B, basic amino acid; X, any amino
acid) in the core of the protein, the carboxy-terminal extensions of CXCL12-p and CXCL12-
v add one or three more BBXB motifs, respectively. Additional BBXB motifs in CXCL12-y
confer one of the highest known binding affinities for the extracellular matrix molecule
heparan sulfate (0.9 nM) (22). Compared with CXCL12-a, CXCL12-y has substantially
lower affinity for CXCR4 (15 versus 350 nM) (22). CXCL12 isoforms show distinct tissue-
and time-dependent expression under physiologic and pathologic conditions, suggesting
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unique outputs of each isoform (23, 24). Functions of CXCL12 isoforms in primary and
metastatic cancer remain unknown.

To investigate CXCL12-a, 3, and vy in tumor growth and metastasis, we expressed individual
isoforms of each chemokine in human mammary fibroblasts that were co-implanted with
CXCRA4+ human breast cancer cells in an orthotopic mouse model. This model reproduces
primary human breast cancer in which carcinoma-associated fibroblasts secrete CXCL12
(6). Fibroblasts secreting CXCL12-y increased metastasis of CXCR4+ breast cancer cells to
multiple sites including bone marrow without altering overall growth of the orthotopic
tumor. Bone marrow metastatic breast cancer cells from tumors with CXCL12-y fibroblasts
upregulated RANKL, a molecule associated with tropism of cancer cells for bone (25). We
show that orthotopically-implanted mammary fibroblasts co-localize to sites of breast cancer
metastases, providing another mechanism by which tumors regulate metastatic
microenvironments. Furthermore, we demonstrate expression of CXCL12 isoforms in
human breast cancer metastases, indicating that differences among isoforms of this
chemokine extend to human disease.

Isoform-specific activation of CXCR4 signaling

We analyzed pathways downstream of G protein signaling (ERK1/2, AKT, and inhibition of
cAMP) and recruitment of the adapter protein p-arrestin 2. We used MDA-MB-231 breast
cancer cells, a well-established model of triple negative breast cancer, transduced stably
with CXCR4 (231-CXCR4) for all signaling assays except activation of ERK1/2. Mutant
KRas in MDA-MB-231 cells constitutively activates ERK1/2, so we used 293T-CXCR4
cells for this assay. We used CXCL12 isoforms secreted from either stably transduced 293T
cells or immortalized human mammary fibroblasts to link our cell-based studies to mouse
models. We fused each isoform to Gaussia luciferase (GL) so we readily could quantify
isoforms and use equal amounts for assays. The GL fusion also enables sensitive detection
of cells secreting different isoforms of CXCL12 ex vivo. We previously demonstrated that
CXCL12-q, B, and y maintain signaling activity when fused to GL (26, 27).

We treated 231-CXCR4 or 293T-CXCR4 cells with equal amounts of each CXCL12
isoform (= 15 ng/ml) and measured activation of AKT and ERK1/2 by Western blotting.
For 231-CXCR4 cells, CXCL12-a and - produced comparable activation of AKT, while
CXCL12-y produced only minimal phosphorylation (Fig 1A, B). We observed a similar
pattern for 293T-CXCR4 cells with ERK1/2 (Fig 1C, D). By comparison, all CXCL12
isoforms stimulated only modest activation of AKT in 293T-CXCR4 cells with slightly
higher AKT phosphorylation from CXCL12-y (Fig S1). These results demonstrate pathway-
specific responses to CXCL12 isoforms among different cell types and within a single cell
type. To measure inhibition of cAMP, we treated 231-CXCR4 cells with forskolin without
or with an isoform of CXCL12 (~ 15 ng/ml). CXCL12-a blocked the forskolin-dependent
increase in CAMP by ~ 85%, while CXCL12-p and -y were less effective (Fig 1E). We also
measured recruitment of the adapter protein p-arrestin 2 to CXCR4, which causes receptor
internalization to endosomes and initiates arrestin-biased signaling. Using a luciferase
complementation assay, we showed that CXCL12-a and - increased association of CXCR4
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and B-arrestin 2 by only two-fold, while CXCL12-y enhanced the signal by almost four-fold
(Fig 1F (28)). These data demonstrate an isoform-specific dichotomy with CXCL12-a and 8
generally activating G protein pathways to a greater extent than CXCL12-y with reversal of
the pattern for B-arrestin 2.

CXCL12-B and CXCL12-y enhance angiogenesis in vitro

CXCL12-CXCR4 signaling promotes angiogenesis under physiologic and multiple
pathologic conditions (29, 30). To test effects on angiogenesis, we quantified endothelial
tube formation in co-cultures of human umbilical vein endothelial cells (HUVEC) and 293T
cells secreting an isoform of CXCL12 fused to GL. Control 293T cells secreted unfused GL.
CXCL12-p and -y stimulated significantly more endothelial tube formation than control
293T cells (p < 0.05) (Fig 2A-C), while differences between CXCL12-a and control were
not significant. We observed similar results when we treated HUVECs with 100 ng/ml
recombinant CXCL12-a, 3, or vy and omitted 293T cells, although recombinant CXCL12-y
drove greater tube formation than other isoforms (Fig S2). These data show enhanced effects
of CXCL12- and CXCL12-y to drive angiogenesis in vitro.

Tumor-associated fibroblasts secreting CXCL12-y promote metastasis of CXCR4+ breast
cancer cells

We recently demonstrated that CXCL12-a, B, and vy are detectable in orthotopic xenograft
and syngeneic mouse models of breast cancer (27). These isoforms also were present in
human primary breast cancers with relative frequencies of CXCL12-a = CXCL12->
CXCL12-y with the latter only expressed in advanced stage cancers. To investigate tumor
growth and metastasis, we co-implanted 231-CXCR4 breast cancer cells with human
mammary fibroblasts secreting CXCL12-a, CXCL12-3, CXCL12-vy, or unfused GL control
cells as orthotopic tumor xenografts in NSG mice (31). Based on in vitro bioluminescence
from GL fusions with each isoform, human mammary fibroblasts transduced with CXCL12-
a, B, or y secreted approximately 4.5, 5, and 1 ng/ml of chemokine, respectively. 231-
CXCRA4 cells also expressed firefly luciferase for bioluminescence imaging.

Imaging data and tumor weights showed that the type of co-implanted human mammary
fibroblasts did not alter growth of 231-CXCR4 cells in mammary tumors (Fig 3A, B).
Excised tumors showed comparatively more CD31+ blood vessels in tumors with human
mammary fibroblasts secreting CXCL12-vy, and these tumors also had reduced staining for
cleaved caspase 3, a marker of apoptosis (Fig 4A-C). However, we did not observe
differences in cell proliferation as assessed by immunohistochemistry for Ki67. These data
establish that CXCL12-y alters angiogenesis and cell survival in the tumor environment,
even though overall tumor growth was unaffected.

Since a primary tumor environment can control metastasis, we also quantified total and site-
specific metastases 42 days after implanting tumors. Mice with implants of 231-CXCR4
cells and human mammary fibroblasts secreting CXCL12-y had significantly more
metastases measured by region-of-interest analysis of the entire animal and multiple
anatomic sites (Fig 5A-C) (p < 0.01). We also quantified relative numbers of viable 231-
CXCR4 cancer cells in bone marrow by ex vivo bioluminescence, revealing 231-CXCR4
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cells in bone marrow of 81% of mice with CXCL12-y fibroblasts and 13-27% of all other
human mammary fibroblasts (Table 1). These data show that expression of CXCL12-y by
fibroblasts in an orthotopic tumor implant dramatically increases breast cancer metastasis.

CXCL12-y expression in human breast cancer metastases

To link these studies with human breast cancer, we analyzed CXCL12 isoforms in total cells
recovered from malignant pleural effusions in patients with metastatic breast cancer. By RT-
PCR we identified CXCL12-a, B, and/or v in some patients with CXCL12-a and CXCL12-8
present more commonly (Table 2, Fig S3). Since malignant pleural effusions contain a
variety of cell types, these analyses did not define sources of CXCL12. Nevertheless, the
results show that CXCL12-y may be expressed in human metastatic breast cancer,
suggesting that this isoform contributes to functions of CXCL12-CXCR4 signaling in
metastasis.

CXCL12-yupregulates RANK ligand (RANKL) in bone marrow metastatic breast cancer

cells

Bone is the most common site of metastatic breast cancer with disseminated tumor cells in
bone marrow progressing to osteolytic or osteoblastic metastases through a multi-step
process. Given associations of CXCL12-CXCR4 with bone metastases, we further
investigated processes by which CXCL12-y increases the frequency of 231-CXCR4 cells in
bone marrow. We initially analyzed expression of CXCL12-a, B, and v in total populations
of bone marrow cells recovered from NSG mice without tumor xenografts. By qRT-PCR we
detected these three isoforms in bone marrow with relative abundance of CXCL12-a > >y
(Fig 6A). These data suggest that higher levels of CXCL12-y in bone marrow do not account
for greater metastasis of 231-CXCR4 cells in this site.

We next investigated expression of RANKL, a molecule with multiple functions in bone
metastasis. Cancer cells that metastasize to bone have higher levels of RANKL than cells
that metastasize to other sites, suggesting that RANKL and its receptor RANK promote
trafficking and/or survival of cancer cells in bone marrow (32). RANKL also activates
osteoclasts, resulting in bone resorption and lytic metastases (33). We recovered total bone
marrow cells from tumor bearing mice and expanded cells in culture for one week. After this
time, we prepared cell lysates from total bone marrow cells or sorted cells by flow
cytometry to separate GFP+ 231-CXCR4 cells from remaining bone marrow cells. Western
blotting of lysates from total bone marrow cells revealed marked upregulation of RANKL
only in mice with CXCL12-y human mammary fibroblasts in tumor xenografts (Fig 6B).
Lysates from sorted cell populations showed RANKL in 231-CXCR4 cells recovered from
bone marrow of mice with CXCL12-y human mammary fibroblasts in xenografts (Fig 6C).
We did not detect RANKL in normal bone marrow cells from mice with any other type of
human mammary fibroblast in tumor xenografts, metastases from other sites, or 231 cells
maintained solely in culture (Fig 6C and data not shown). RANKL also was undetectable in
231-CXCR4 cells cultured in vitro with any CXCL12 isoform (data not shown). These data
suggest that CXCL12-y in combination with other molecules in bone marrow upregulates
persistent expression of RANKL in 231-CXCR4 cells, providing a potential mechanism for
greater frequency of bone marrow metastases.
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Tumor-associated fibroblasts at sites of metastasis

In addition to local effects in an orthotopic tumor, stromal cells may increase metastasis by
trafficking with malignant cells to secondary organs (8). We capitalized on the GL fusion to
isoforms of CXCL12 or unfused GL itself to test the hypothesis that human mammary
fibroblasts from a primary tumor implant entered the circulation and arrived at sites with
231-CXCR4 metastases. From mice with xenografts of 231-CXCR4 cells and CXCL12-q,
CXCL12-v, or GL human mammary fibroblasts, we collected blood, bone marrow, and lung
metastases with surrounding normal tissue. We cultured cells for one week and then
measured bioluminescence from GL in culture supernatants. These assay conditions require
cells to be present in a given tissue sample; adhere and survive in culture; and secrete GL
above background bioluminescence from cultures of these same tissues and organs obtained
from normal NSG mice.

We detected GL bioluminescence in cells cultured from blood, lung, and bone marrow
samples from mice with each type of implanted human mammary fibroblast (Fig 7A-C).
Signals from CXCL12-a and CXCL12-y were higher than GL in bone marrow, while all
were comparable in blood and lung metastases. To verify these data, we also performed RT-
PCR on cDNA prepared from total cells from each culture. We identified human CXCL12
or unfused GL in samples that showed GL bioluminescence (Fig S4). These data
demonstrate that human mammary fibroblasts implanted in a tumor xenograft disseminate to
organs with metastatic breast cancer cells.

Discussion

Studies of CXCL12 in normal physiology, cancer, and other diseases typically focus on the
«a isoform or do not specify an isoform. However, isoforms of CXCL12 have differing
potencies and functions in processes such as angiogenesis and chemotaxis. CXCL12-8
stimulates proliferation and limits death of cultured endothelial cells to a greater extent than
CXCL12-a (30). Mice engineered to express only CXCL12-a have significantly reduced
angiogenesis in response to leg ischemia, and these defects only can be rescued by wild-type
CXCL12-y (34). While CXCL12-y drives substantially less cell migration than other
isoforms in standard cell-based assays, this isoform much more potently stimulates
migration of leukocytes in mice (35)(36). These results highlight functional differences
among CXCL12 isoforms in processes relevant to cancer biology and metastasis.

Our study advances knowledge of CXCL12 isoforms, particularly CXCL12-y, metastasis.
Using orthotopic tumor xenografts combining CXCR4+ breast cancer cells and human
mammary fibroblasts, we show for the first time that mice develop significantly more
metastases from tumors with fibroblasts secreting CXCL12-y than other isoforms of
CXCL12 or a control protein. Our results showing emphasize effects of a primary tumor to
enrich for cancer cells with enhanced metastatic potential. A recent study determined that
CXCL12 produced by carcinoma-associated fibroblasts in triple negative breast cancers
selected for malignant cells with tropism for bone marrow (7). This study did not distinguish
among isoforms of CXCL12, and metastases increased only in bone marrow. Despite
differences in overall distribution of metastases between studies, our data suggest that
CXCL12-y in a mammary tumor may enrich for breast cancer cells with the ability to
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metastasize to sites with increased levels of CXCL12. Combined with our recent discovery
that CXCL12-y is expressed in syngeneic and human xenograft breast cancers in mice and
subsets of primary human breast tumors in patients, these data suggest that CXCL12-ycould
be a marker for aggressive breast cancer (27).

Given central functions of CXCL12 in breast cancer metastasis to bone and the frequency of
metastatic disease at this site, we investigated how CXCL12-y enhances bone marrow
metastases relative to other isoforms. CXCL12-v, but not other isoforms of this chemokine,
caused bone-metastatic, CXCR4+ breast cancer cells to express RANKL. Previous studies
establish that CXCL12 signaling drives expression of RANKL on normal cells exposed to
chronic inflammation and malignant cells, and interactions with stromal cells also may
upregulate RANKL on cancer cells (37, 38). RANKL on breast cancer cells has been
associated with bone metastases (25), providing a mechanism for CXCL12-y-dependent
increases in bone marrow metastasis of CXCR4+ cancer cells.

CXCR4 on breast cancer cells often increases tumor growth at the primary tumor site as well
as promoting metastases. While we observed relatively increased angiogenesis and reduced
apoptosis in tumors with CXCL12-y fibroblasts, we did not measure any significant effect of
CXCL12 isoforms on overall size of orthotopic tumors. Potentially, CXCL12 did not
increase tumor growth because of a lack of CXCR7 cells in tumors. Human breast cancers
commonly contain malignant cells expressing either CXCR4 or CXCR7, and we have
shown that CXCR7+ cells promote growth of CXCR4+ breast cancer cells in tumors (39).
CXCRY7 scavenges CXCL12 from the extracellular space, preventing desensitization of
CXCR4 signaling (40, 41). At least under some conditions, CXCR7 also may contribute to
tumor growth by directly activating signaling (42)(43). The fact that CXCL12-vy did not alter
growth of orthotopic tumors in our mouse model establishes that larger tumors do not
account for more metastases in these mice.

While concentrations of CXCL12 produced by human mammary fibroblasts are lower than
typically used in cell culture assays, these amounts are comparable to total CXCL12 in
serum (0.5 — 2 ng/ml) and greater than present in murine bone marrow (0.3-0.4 ng/ml)
(44-49). Particularly for CXCL12-v, local concentrations of CXCL12 in sites such as
mammary fat pads may be higher because of binding to extracellular matrix molecules,
although exact levels are not known. We note that effects of individual CXCL12 isoforms
produced by implanted human mammary fibroblasts are superimposed upon endogenous,
modest-to-low levels of CXCL12-a, B, and y in mammary tumors in this xenograft system
(27). Mechanisms that regulate changes in expression of endogenous isoforms in tumor
environments will require additional investigation.

In addition to functional differences among CXCL12 isoforms, our data demonstrate that
mammary fibroblasts travel to secondary sites. We detected fibroblasts several weeks after
initial implantation, implying that these cells persisted in metastatic sites for extended
periods of time. While our study did not determine if fibroblasts traveled to metastatic sites
along with cancer cells or independently, prior research by Duda et al showed that cancer
cells and fibroblasts metastasized together as aggregates (8). Co-metastasizing stromal cells
also increased growth of disseminated cancer cells in secondary sites. We did not

Oncogene. Author manuscript; available in PMC 2015 October 16.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ray et al.

Page 8

preferentially identify fibroblasts secreting CXCL12-y in blood or metastases as compared
with cells secreting CXCL12-a or GL, so pro-metastatic effects of CXCL12-vy are not due to
greater numbers of these stromal cells in secondary sites. Therefore, CXCL12-y from
disseminated mammary fibroblasts may boost levels of this isoform already present in
metastatic environments to reduce apoptosis and promote angiogenesis as observed in
mammary tumors.

This study identifies CXCL12-y as a potent driver of metastasis. Since CXCL12-y
preferentially activates recruitment of B-arrestin 2 relative to G protein pathways as
compared with CXCL12-a and -B, these results suggest that arrestin-dependent signaling
regulates pro-metastatic effects of CXCL12-y. We currently are further investigating how
differences in CXCL12-y-CXCR4 signaling relative to other isoforms affect metastasis.
Defining functions of specific isoforms of CXCL12 in pre-clinical and clinical studies,
rather than considering this chemokine as a single entity, will advance understanding of
CXCL12 in cancer and other diseases. Specific isoforms of CXCL12 also may provide new
prognostic and predictive biomarkers for breast cancer and other malignancies (50)(51). It
also will be important to test efficacy of existing and new CXCL12-CXCR4 inhibitors
against different isoforms of this chemokine. This strategy will maximize success of
ongoing efforts to translate agents targeting CXCL12 and/or CXCR4 to cancer therapy.

Materials and Methods

Cells

We cultured human umbilical vein endothelial cells (HUVEC) in endothelial basal medium
with SingleQuot supplements (Lonza) (52) and other cells in DMEM with 10% fetal bovine
serum and 1% glutamine/penicillin/streptomycin (Life Technologies). We previously
described 293T (Open Biosystems) and MDA-MB-231 cells (ATCC) stably transduced with
CXCR4 (293T-CXCR4 and 231-CXCR4, respectively) (28, 52). For animal studies, we used
231-CXCR4 cells that co-express GFP. We used immortalized human mammary fibroblasts
(HMF) stably transduced with CXCL12-a fused to Gaussia luciferase (CXCL12-a-GL) or
unfused Gaussia luciferase (GL) (26). We cultured all cells in a 37°C incubator with 5%
COs.

Plasmids and lentiviruses

To measure cCAMP levels in intact cells, we used a firefly luciferase-based reporter
(pGloSensor-20F, Promega). We excised the reporter with Nhel and BamHI and transferred
this by blunt end ligation to lentiviral vector FUW (53). We fused Gaussia luciferase (GL)
to the C-termini of CXCL12-$ and CXCL12-y at Xhol and Notl sites. We transferred the
fusion chemokines to vector FUFP650W by digesting with Pacl (54). We generated
recombinant lentiviruses through transient transfection of 293T (14). We used flow sorting
for eqFP650 to isolate HMF cells with each CXCL12 fusion protein or GL.

Concentrations of CXCL12-GL

We quantified amounts of CXCL12-GL fusions by correlating bioluminescence from each
isoform with a standard curve of photon flux versus protein concentration as described (26).
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Western blotting

We cultured 231-CXCR4 and 293T-CXCR4 cells overnight in serum free DMEM with
0.2% probumin bovine serum albumin (Millipore). We stimulated cells with equal amounts
of bioluminescence for each chemokine isoform (CXCL12-a, B, or v fused to GL)(26, 55).
As a negative control, we used unfused GL. Based on prior studies with CXCL12 fusions to
GL, we added ~15ng/ml CXCL12 to 231-CXCR4 and 293T-CXCR4 cells. We lysed cells
after 5 minutes (293T-CXCR4 cells for phosphorylated ERK1/2) or 10 minutes (231-
CXCR4 cells for phosphorylated AKT) (26). We detected phosphorylated ERK1/2 or AKT
(serine 473) in total cell lysates by Western blotting (26). Blots were stripped and re-probed
with total ERK or total AKT and GAPDH (Cell Signaling). We recovered total bone marrow
cells from lower extremities of tumor-bearing mice and sorted cells for GFP-positive cancer
cells. We probed total cell lysates for RANKL (Biovision) followed by B-actin (Cell
Signaling) as a loading control. We quantified relative intensities of bands with ImageJ.

Cell-based bioluminescence assays

To measure CXCL12-dependent effects on intracellular cAMP, we plated 2 x 104 231-
CXCR4 cells stably expressing the firefly luciferase cCAMP reporter (231-CXCR4-cAMP) in
black wall 96 well plates one day before assays. We incubated cells for 10 minutes with
equal amounts of CXCL12-q, B, v; unfused GL; or DMEM with 0.2% probumin (Millipore).
We then added 5 uM forskolin (Sigma) to increase intracellular cAMP or vehicle control in
combination with 150 pg/ml luciferin (Promega) for imaging on an IVIS 100 (Perkin-Elmer,
Waltham, MA, USA). Images (large binning, four minute acquisition) were obtained 12
minutes after adding forskolin.

We quantified recruitment of B-arrestin 2 to CXCR4 in response to different isoforms of
CXCL12 fused to GL or GL control as described (28).

Endothelial tube formation

We used HUVECS at passage six or earlier. We coated 96 well plates with growth-factor
reduced Matrigel (BD Biosciences) for 30 minutes at 37°C before adding 1.5 x 104
HUVECS in 100 pl EBM basal medium per well. We then added 1 x 104 293T cells
expressing an isoform of CXCL12 fused to GL (a, B, or v) or unfused GL as a control. We
also performed experiments in two other formats: 1) adding 100ng/ml of a recombinant
CXCL12 isoform (R&D Systems) or vehicle control; or 2) adding bioluminescent CXCL12
isoforms or GL to wells without adding the producing cells. All experimental conditions
showed comparable results. We took images of all wells after eight hours of incubation (n =
4 per condition). A person blinded to experimental conditions manually quantified numbers
of nodes and segments.

RNA isolation and RT-PCR

We isolated total RNA using Trizol (Life Technologies) followed by purification with
RNeasy columns (Qiagen). To eliminate genomic DNA, we performed on column DNasel
digesition prior to eluting RNA from columns. We synthesized cDNA using a Reverse
Transcription System (Promega). Primers for gene specific PCR are listed in Table 3.
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Animal studies

The University of Michigan Committee for the Use and Care of Animals approved all
animal procedures. We established orthotopic tumor xenografts in the 41 inguinal mammary
fat pads of 6-7 week old female NSG mice (Jackson Laboratory) by co-implanting 5 x 10°
231-CXCR4-GFP-FL cells with an equal number of HMF expressing a CXCL12 isoform
fused to GL or unfused GL (39). We quantified tumor growth and metastasis by
bioluminescence imaging on an I1VIS Spectrum (Perkin-Elmer) at approximately weekly
intervals (56). We quantified bioluminescence data as photon flux with Living Image
software (Perkin Elmer).

When mice were euthanized for tumor burden, we injected animals with luciferin prior to
euthanization and then imaged metastases in dissected animals (39). In selected experiments,
we collected 0.5 ml blood by cardiac puncture and cultured samples in DMEM growth
medium for seven days prior to measuring numbers of viable tumor cells by
bioluminescence. Based on bioluminescence imaging, we recovered metastatic 231-
CXCR4-GFP-FL cancer cells in lung and liver to extract RNA. As a control, we used
comparable weight tissues collected from lung and liver of NSG mice without tumor
implants. We harvested bone marrow from both lower extremities and cultured total
recovered cells in DMEM growth medium for seven days prior to quantifying numbers of
viable cancer cells based on bioluminescence for firefly luciferase. We also quantified
bioluminescence for Gaussia luciferase in bone marrow cells and culture supernatants using
1 ug/ml coelenterazine (Promega) (57). We subtracted background bioluminescence from
comparable tissue sites obtained from NSG mice without tumors.

Human pleural effusion samples

We obtained malignant pleural effusion samples from women with metastatic breast cancer
under a protocol approved by the University of Michigan Institutional Review Board. We
centrifuged effusions at 500g x 10 minutes to pellet cells followed by lysis of red blood cells
with ammonium chloride. We isolated RNA from total cells in pleural effusions and
analyzed expression of CXCL12 isoforms or GADPH by RT-PCR.

Immunostaining

We fixed tumors in 4% buffered formalin overnight and then embedded tissues in paraffin
blocks for sectioning. We stained sections with hematoxylin and eosin to define tumor
histology. We detected tumor vasculature and apoptosis by staining for CD31 (eBioscience)
or cleaved caspase-3 (Cell Signaling) and a fluorescent secondary antibody conjugated to
Cy3 (Jackson ImmunoResearch). We used a 40x objective for epifluorescence microscopy
of immunofluorescence staining and bright-field images of tissue sections stained by
immunohistochemistry. We used ImageJ to quantify the percent area positive for fluorescent
staining above background with each antibody on four different fields from one section each
from two tumors per group. We identified proliferating cells by immunohistochemistry for
Ki67 (Cell Signaling), which we assessed qualitatively.
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Statistical analysis

We performed cell culture experiments 3-4 times each, while animal studies were done 2-4
times. We analyzed data using an unpaired T test (GraphPad Prism) with p < 0.05 defining
statistically significant differences.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Preferential activation of CXCR4 G protein versusp-arrestin 2 pathways by CXCL 12
isoforms

A) Western blot shows phosphorylation of AKT (p-AKT) in 231-CXCR4 cells treated with
equal amounts of cell supernatants with CXCL12-a, B, y or control for 10 minutes. Total
AKT and GAPDH are shown as loading controls. B) Quantified data from panel A for ratios
of p-AKT to total AKT. C) Western blot shows phosphorylation of ERK1/2 (p-ERK) in
239T-CXCR4 cells treated for 5 minutes with various CXCL12 isoforms as shown. Total
ERK and GAPDH were used as loading controls. D) Graph depicts quantified data from C
for ratios of phosphorylated to total ERK. E) 231-CXCR4 cells with a luciferase biosensor
for cAMP were treated with forskolin to increase CAMP in the presence of listed CXCL12
isoforms or Gaussia luciferase (GL) as a control. Graph shows mean values + SEM (n = 4
per condition). Greater activation of CXCR4 corresponds with lower levels of cAMP present
in control cells not treated with forskolin. F) 231 cells expressing a luciferase
complementation reporter for recruitment of 3-arrestin 2 to CXCR4 were treated with equal
amounts of a CXCL12 isoform or GL control. Graph shows mean values +SEM for each
condition with higher photon flux values corresponding with greater interaction between
CXCR4 and B-arrestin 2. *, p < 0.05; **, p < 0.01.
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Figure 2. CXCL 12 and CXCL 12-y promote endothelial tube formation in vitro
A) Representative photographs of tube formation by HUVECs co-cultured with 293T cells

secreting CXCL12-a, B, or y or GL control. B, C) Graphs show mean values + SEM for
numbers of nodes (B) and segments (C) formed by endothelial cells under each experimental
condition. *, p < 0.05.
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Figure 3. CXCL 12 isoformsdo not alter growth of primary tumor xenografts
A) Mice with orthotopic tumor xenografts of 231-CXCR4 human breast cancer cells and

listed human mammary fibroblasts secreting a CXCL12 isoform or GL control were imaged
over 40 days. Graph shows mean values + SEM for photon flux (n = 8 per group). B)
Combined weights of two tumor xenografts per mouse from animals along with listed types
of human mammary fibroblasts. Graphs shows mean values + SEM (n = 8 each).
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Figure 4. CXCL 12~y promotestumor angiogenesis and limits apoptosisin orthotopic breast
cancer xenogr afts

A) Images show representative histology and immunostaining from orthotopic tumors of
231-CXCR4 cells and listed human mammary fibroblasts. Rows display images from
staining with hematoxylin and eosin (H and E), CD31 tumor endothelial cells, cleaved
caspase-3 for apoptosis, and immunohistochemistry for Ki67 as a marker of proliferation. B,
C) Graphs show quantified data for area occupied by staining for CD31 (B) or cleaved
caspase-3 (C), respectively. Each bar represents data from 4 randomly selected fields per
mouse and eight mice total. *, p < 0.05.
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Figure 5. CXCL 12-y promotes metastasis of CXCRA4+ breast cancer cells
A) Representative bioluminescence images of euthanized mice show metastases in each

mouse. Labels correspond with the type of human mammary fibroblast implanted
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orthotopically with 231-CXCR4 cells. Pseudocolor scale shows blue as lowest and red as
highest values for photon flux. B) Graph shows mean values + SEM for total body
metastases in each group (n = 8 each). **, p < 0.01. C) Graph depicts mean values + SEM
for metastatic 231-CXCRA4 cells in specific anatomic sites. All values for CXCL12-y are
significantly greater (**, p < 0.01) than all other conditions.

Oncogene. Author manuscript; available in PMC 2015 October 16.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Ray et al.

A B
) 50 Bone Marrow )
o e -
40 as [ c o o |
o 5 8 &8 o
30 88

Ct

RANKL

20

10
Total BM lysate

NI
(’v‘

Page 20

(41

C) b
A 3
aaN ¥
4 3 ) (&

8386 G o &

GFP* lysate

Figure 6. CXCL 12-y upregulates RANKL in bone marrow metastatic 231-CXCR4 cells
A) QRT-PCR data for expression of CXCL12 isoforms and GAPDH in total bone marrow

cells collected from non-tumor bearing NSG mice. Numbers denote numbers of mice with
detectable expression of each target mMRNA and total numbers of mice. Ct value on Y-axis
designates PCR cycle number at which amplification exceeds threshold. B) Western blot for
RANKL in lysates of total bone marrow cells recovered from mice with orthotopic tumor
implants of 231-CXCR4 cells and listed human mammary fibroblasts. f-actin is shown as a
loading control. C) Bone marrow cells were sorted by flow cytometry for GFP+ breast
cancer cells and then lysed for analysis by Western blot as in panel B. 231 cells and 231-
CXCRA4-GFP cells represent lysates from cells maintained only in cell culture.
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Figure 7. Human mammary fibroblasts disseminate to sites of 231-CXCR4 metastases
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A-C) We recovered blood (A), bone marrow (B), and lung (C) metastases from mice with
CXCL12-a, CXCL12-y, or GL fibroblasts implanted in orthotopic tumors. We quantified
Gaussia luciferase activity in supernatants from these cultures and graphed mean values +
SEM (n = 4-6 each). Photon flux values from the non-tumor bearing mice were subtracted
from presented values.
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Table 1

Bone marrow metastases (cumulative data from 4 independent experiments with CXCL12-a, CXCL12-y, and
GL fibroblasts; 2 experiments with CXCL12-f fibroblasts).
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1duasnuen Joyiny

Fibroblast | Number with metastases/Total | % with Metastases
CXCL12-a 7127 26
CXCL12-8 2/15 13
CXCL12-y 21/26 81

GL 7126 27
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Table 2
RT-PCR detection of CXCL 12 isoformsin metastatic pleural effusions from patients

Isoform

Number with detectable isoform/Total

CXCL12-a

6/9

CXCL12-B

719

CXCL12-y

3/9
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Primersfor RT-PCR

Table 3

CXCL12-a (mouse, human)

Forward (5/-3)

tgcccttcagattgttgcacy

Reverse (5'-3')

ggctgttgtgcttacttgtttaaage

CXCL12-$ (mouse)

Forward (5/-3)

tgcccttcagattgttgcacy

Reverse (5'-3')

ctgactcacacctctcacatcttg

CXCL12-$ (human)

Forward (5/-3")

tgcccttcagattgttgcacy

Reverse (5'-3')

ggcgtctgaccctctcacatctty

CXCL12-y (mouse, human)

Forward (5/-3")

tgcccttcagattgttgcacy

Reverse (5'-3')

gaactagtttttccttttctgggcagee

CXCL12 common

Forward (5/-3")

tgcccttcagattgttgcacy

Reverse (5'-3')

ctccaggtactcttggatccac

Gaussia luciferase

Forward (5/-3")

none

Reverse (5'-3')

gttctcggtgggcttgge

GAPDH (mouse)

Forward (5-3')

tatgtcgtggagtctactggt

Reverse (5'-3')

gagttgtcatatttctcgtgg

GAPDH (human)

Forward (5-3')

gaaggtgaaggtcggagt

Reverse (5'-3')

gaagatggtgatgggatttc
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