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ABSTRAC Metastatic tumors have been shown to establish permissive microenvironments
for metastases via recruitment of bone marrow-derived cells. Here, we show that
metastasis-incompetent tumors are also capable of generating such microenvironments. However,
in these situations, the otherwise prometastatic Grl* myeloid cells create a metastasis-refractory
microenvironment via the induction of thrombospondin-1 (Tsp-1) by tumor-secreted prosaposin. Bone
marrow-specific genetic deletion of Tsp-1 abolished the inhibition of metastasis, which was restored
by bone marrow transplant from Tsp-1* donors. We also developed a 5-amino acid peptide from
prosaposin as a pharmacologic inducer of Tsp-1 in Grl* bone marrow cells, which dramatically sup-
pressed metastasis. These results provide mechanistic insights into why certain tumors are deficient in
metastatic potential and implicate recruited Gr1* myeloid cells as the main source of Tsp-1. The results
underscore the plasticity of Grl* cells, which, depending on the context, promote or inhibit metastasis,
and suggest that the peptide could be a potential therapeutic agent against metastatic cancer.

SIGNIFICANCE: The mechanisms of metastasis suppression are poorly understood. Here, we have iden-
tified a novel mechanism whereby metastasis-incompetent tumors generate metastasis-suppressive
microenvironments in distant organs by inducing Tsp-1 expression in the bone marrow-derived Grl*
myeloid cells. A 5-amino acid peptide with Tsp-1-inducing activity was identified as a therapeutic agent

against metastatic cancer. Cancer Discov; 3(5); 578-89. ©2013 AACR.

INTRODUCTION

The vast majority of cancer-related deaths are caused by
organ failure brought about by metastatic dissemination of
tumor cells. At the metastatic site, the disseminated tumor
cells proliferate and induce angiogenesis to allow further tumor
outgrowth to form lethal macrometastases (1-3). However,
despite our increased understanding of the physiologic proc-
esses involved in tumor metastasis, no clinically approved
drugs have shown significant efficacy at treating advanced,
metastatic cancer. As early as 1889, Stephen Paget set forth
his “seed” and “soil” hypothesis establishing the concept that
breast cancer metastasizes to specific organs that harbor a
receptive microenvironment (4). Experimental support for
this hypothesis has been provided by the demonstration that
primary tumors release specific cytokines, such as VEGF, stro-
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mal cell-derived factor 1 (SDF-1), TGF-B, and TNF-a, which
systemically initiate premetastatic niches, characterized by
the accumulation of bone marrow-derived cells such as VEGF
receptor (VEGFR)1* hematopoietic cells and CD11b* myeloid
cells (5). Furthermore, these premetastatic niches are char-
acterized by the selective induction of organ-specific chemo-
attractants, growth factors, and extracellular matrix-related
proteins, including fibronectin, lysyl oxidase, and S100A8
(6-9). Although these studies have provided key insights into
metastasis-promoting niches, the existence of niches that may
confer metastasis suppression, has not been examined.

In this study, we show that tumors that are deficient in
metastatic potential are as capable of recruiting bone marrow-
derived myeloid cells to potential metastatic organs as highly
metastatic tumors. However, metastasis-incompetent tumors
systemically stimulate expression of the antitumorigenic fac-
tor Tsp-1 in the recruited CD11b*Gr1* cells, converting these
prometastatic cells into metastasis-inhibitory cells that are
refractory to the outgrowth of metastatic tumor cells. As
such, our study provides a novel insight into the exquisite
functional plasticity of the Grl* cells previously shown to
enhance carcinogenesis (10-12). Moreover, we describe the
development of a novel peptide that stimulates Tsp-1 in Gr1*
cells and blunts metastasis when administered systemically.

RESULTS

Poorly Metastatic Tumors Recruit Bone
Marrow-Derived Cells to the Premetastatic
Microenvironment in the Lungs

It has been shown that metastatic tumors are able to induce
the recruitment of bone marrow-derived cells to future sites
of metastasis, creating a permissive microenvironment for col-
onization (5). However, no analysis has determined whether
this process is impaired in metastasis-incompetent tumors or if
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Figure 1. Conditioned media (CM) from metastasis-incompetent tumor cells induce Tsp-1 in the lung microenvironment. A, representative immunofluo-
rescence images showing recruitment of GFP* bone marrow-derived cells in the lungs of mice treated with PC3 CM compared with LN4 CM. Elevated
Tsp-1 expression is observed in a population of CD11b* cells in the lungs of mice treated with PC3 CM. 4, 6-diamidino-2-phenylindole (DAPI) was used

to label the nuclei of cells. Magnified images on the right show colocalization of signals. B, flow cytometry-based quantitation of recruited bone marrow-
derived GFP* cells in lungs of mice treated with control serum-free RPMI media (=), LN4 CM, or PC3 CM (n =3 per group). C, flow cytometry-based quan-
titation of recruited CD11b* cells in lungs of mice treated with control serum-free RPMI media (), LN4 CM, or PC3 CM. (n =3 per group). D, quantitation
of CD11b* cells expressing Tsp-1 in the lungs after 1-week challenge with PC3 CM or LN4 CM. (n =16, 4 random fields from 4 mice per group, P < 0.001).
E, quantitative real-time PCR analysis of Tsp-1 expression in lungs of control RPMI, PC3, or LN4 CM-treated mice (n =3 mice).

these tumors create metastasis-refractory microenvironments.
To determine whether tumors that lack robust metastatic capa-
bilities are able to generate metastasis-suppressive niches in
distant organs, we examined human prostate and breast cancer
models that exhibit varying grades of metastatic potential (13,
14). These included weakly metastatic parental cells, PC3 or
MDA-MB-231, and their highly metastatic variants, PC3M-LN4
(LN4) and MDA-MB-LM2 (LM2), respectively. To mimic the
paracrine and endocrine effects of tumor-secreted factors on the
premetastatic niche in the lung microenvironment in vivo, we
administered conditioned media (CM) prepared from either the
prostate or breast cancer cells to mice. To visualize the bone mar-
row-derived metastatic microenvironment, we conducted bone
marrow transplantation (BMT) of wild-type (WT) mice with
syngeneic GFP* bone marrow (2, 15). The CM from metastatic
LN4 cells was able to efficiently increase the recruitment and
formation of a GFP* bone marrow-derived premetastatic micro-
environment, as would have been predicted (Fig. 1A and B). Strik-
ingly, the CM from weakly metastatic PC3 tumor cells was also
able to generate these microenvironments with similar efficiency
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(Fig. 1A and B). Further analysis revealed that the GFP* bone
marrow cells recruited in both cases were predominantly CD11b*
myeloid cells (Fig. 1A-C, Supplementary Figs. S1A and S1B).

Poorly Metastatic Tumors Induce Tsp-1 Expression
in the Bone Marrow-Derived Cells in the
Premetastatic Microenvironment

Having observed no differences in the cellular composition
of premetastatic lungs generated by metastasis-competent and
incompetent tumors, we postulated that the bone marrow-
derived cells recruited by the different tumor types might
exhibit molecular differences that would provide insights into
metastasis-resistant microenvironments. As such, we conducted
gene expression analysis of lungs of PC3 and LN4 CM-treated
mice (Supplementary Fig. S2). Among the genes differentially
regulated by PC3 CM, we focused on those encoding secreted
proteins that are most likely to reprogram the local microenvi-
ronment and exert a negative impact on metastatic outgrowth
of tumor cells. Among candidate genes, thrombospondin-1
(Tsp-1) was selected for further analysis, as it encodes a secreted
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Figure 2. Tsp-1 expression is mainly confined to bone marrow-derived Grl* cells. A, quantitative RT-PCR analysis of Tsp-1 expression in different
subsets of flow sorted CD45* bone marrow hematopoietic cells isolated from the lung. Of these, the Grl* cells showed elevated Tsp-1 compared with
Grl-cells or other CD45- cells. Total lung, all cells from the lung. B, Western blot analysis of Tsp-1 levels in cellular hematopoietic compartments in the
peripheral blood from WT mice and Tsp-1-/- mice show Grl* cells as a major source of Tsp-1. WBC, white blood cells; PRP, platelet-rich plasma. C, immun-
ofluorescence staining of lungs showing expression of Tsp-1 by Gr1* cells. The boxed area highlights Tsp-1-expressing Grl* cells depicted by arrows.

D, quantitative RT-PCR analysis of Tsp-1 expression in different subsets of sorted bone marrow (BM)-hematopoietic cells from the lung. Both subsets

of Grl* cells, Ly6Cheh, and Ly6G* cells express Tsp-1. E, Western blot analysis of Tsp-1 levels in lungs of mice after bone marrow transplantation. Trans-
plantation of Tsp-1-~bone marrow (BM) to WT recipients [Tsp-1 knockout (KO) BM > WT] rendered lungs devoid of Tsp-1. Conversely, transplantation of
WT BM to Tsp-1-/-recipients (WT BM > Tsp-1 KO) restored Tsp-1 expression in the lung. WT BM > WT: transplantation of WT BM into WT recipients. Tsp-1

KO BM >Tsp1 KO: transplantation of Tsp-1-/-BM into Tsp-1-/~recipients.

extracellular matrix protein and one of the most potent inhibi-
tors of tumor angiogenesis and growth (16, 17). Both cell count
and real-time (RT)-PCR analysis confirmed that Tsp-1 was
upregulated in the lungs of PC3 CM-treated mice compared
with controls or LN4 CM-treated mice (Fig. 1D and E).

Bone Marrow-Derived CD11b*Gr1* Myeloid Cells
Are the Major Contributors of Tsp-1

We next conducted an immunostaining analysis to deter-
mine the source of Tsp-1 in the lung stroma and observed that
Tsp-1 expression was mainly confined to the bone marrow-
derived CD11b" cells recruited in the lungs of mice treated
with PC3 CM (Fig. 1A, Supplementary Fig. S1A). Conversely,
we observed no discernible induction of Tsp-1 expression in
the lungs of mice treated with LN4 CM (Fig. 1A). To further
assess which bone marrow cell populations expressed Tsp-1,
we analyzed specific flow-sorted bone marrow cell popula-
tions from the lungs by RT-PCR (Fig. 2A) and observed that

Tsp-1 expression was largely confined to Grl* myeloid cells
and not the Grl~ myelocytes or other hematopoietic cells
(Fig. 2A). To further exclude the possibility that other cell
types might also express Tsp-1, we conducted a Western blot
analysis of different cellular components from peripheral
blood harvested from WT mice or Tsp-1I knockout (KO)
(Tsp-17) mice. Notably, the Grl* cells expressed abundant
Tsp-1 compared with Gr1~ cells (Fig. 2B ; Supplementary Fig.
S3A). As expected, there was a complete lack of Tsp-1 in all
compartments examined in Tsp-17/~ mice (Fig. 2B).

Further analysis of the peripheral blood showed that Gr1*
cells express predominantly the higher-molecular-weight iso-
forms of Tsp-1 (160-170 kDa), whereas the platelets express
a lower-molecular-weight isoform (135-140 kDa; Fig. 2B,
right). Indeed, both forms have been observed previously in
platelets (18). Importantly, Grl* cells expressed higher levels
of Tsp-1 compared with the platelets. Taken together, these
data indicate that the bone marrow-derived Grl* cells are

MR American Association for Cancer Research

MAY 2013 CANCER DISCOVERY | 581

RESEARCH ARTICLE

Zz0z 1snbny g} uo ysenb Aq ypd-8,6/008. 1 81/8.G/G/EHPd-8lonIB/AI9A00sIPIeoUEBD/BI0"S|BUINOlIORE//:d)Y WOl pepeojumoq



RESEARCH ARTICLE

Catena et al.

the major source of Tsp-1 in the premetastatic microenviron-
ments generated by weakly metastatic tumors.

Given that immunostaining analysis confirmed that Tsp-1
expression was confined to Grl* cells (Fig. 2C) and the Gr1*
population is composed of 2 major subpopulations; Ly6G*
granulocytic myeloid cells and Ly6C"8" myelomonocytic cells,
we further analyzed these Gr1* subpopulations (Supplemen-
tary Fig. S3B). Our analyses revealed that both subsets of
Grl* cells expressed Tsp-1 (Fig. 2D). To conclusively deter-
mine that the chief source of Tsp-1 expression in the lungs
was the Grl* bone marrow cells and not other lung stromal
cells, we conducted BMT experiments. We observed Tsp-1
expression in the lungs of Tsp-17/~ mice that were transplanted
with WT bone marrow but not in WT mice transplanted with
Tsp-17~ bone marrow (Fig. 2E).

To exclude the possibility that these findings were some-
how unique to the prostate cancer model, we examined a
breast cancer model as well. As described above, we used the
weakly metastatic parental cells, MDA-MB-231 (MDA), and
their highly metastatic variants, MDA-MB-LM2 (LM2). Con-
sistent with the observations in the prostate cancer model,
CM from weakly metastatic MDA breast cancer cells also
induced upregulation of Tsp-1 expression in bone marrow-
recruited Grl* cells as compared with CM from highly met-
astatic LM2 breast cancer cells (Supplementary Fig. S4).
These results, when taken together, strongly indicate that
bone marrow-derived cells are the exclusive source of Tsp-1
induced by weakly metastatic tumors in the lungs.

Genetic Deletion of Tsp-1 in the Bone Marrow
Results in Increased Metastasis

We next postulated that expression of Tsp-1 in recruited
Grl* myeloid cells in the lungs could generate a metastasis-
refractory environment. To test the significance of bone
marrow-derived Tsp-1 in modulating metastasis, we gener-
ated Tsp-1 deficiency in the bone marrow. Specifically, we har-
vested bone marrow cells from Tsp-17/~ mice and transplanted
these cells into irradiated syngeneic WT mice to generate a
cohort of Tsp-17/~ BMT mice. As controls, bone marrow from
WT mice was transplanted into irradiated WT mice to gener-
ate a cohort of WT BMT control mice. As expected of a suc-
cessful BMT and engraftment of recipient mice with donor
bone marrow, Western blot and RT-PCR analysis of peripheral
blood leukocytes from Tsp-17/~ BMT mice showed undetect-
able Tsp-1 protein levels and low mRNA levels compared with
WT BMT controls (Supplementary Figs. SSA and S5B).

We then sought to determine the impact on metastasis of
bone marrow-derived Tsp-1 in the lung microenvironment.
As such, we examined the ability of Lewis lung carcinoma cells
(LLC) to colonize the lungs of mice that received a bone marrow
transfer from WT mice or Tsp-17/~ mice. Specifically, we injected
LLC cells stably expressing the firefly luciferase gene (LLC-luc)
(2, 14) via tail vein and monitored lung metastases. Strikingly,
we observed accelerated metastases in Tsp-17/~ BMT mice com-
pared with WT BMT mice (Fig. 3A and B). Western blot analysis
of the total lung lysates showed complete absence of Tsp-1 in the
lungs of Tsp-17/~ BMT mice (Fig. 3C), indicating that in a meta-
static setting the bone marrow-derived cells are the main source
of Tsp-1 in the lung parenchyma. Moreover, as expected, in
Tsp-17-BMT mice, the Gr1* cells were devoid of Tsp-1 expression

(Supplementary Fig. S6). Importantly, Tsp-1 deficiency in the
bone marrow cells in Tsp-17/~ BMT mice did not perturb the
recruitment of Grl* cells in the lung microenvironment com-
pared with WT BMT mice (Supplementary Fig. S6), nor did
the lack of Tsp-1 perturb the biogenesis of other bone marrow
hematopoietic cells (Supplementary Fig. S5C). To exclude the
possibility that enhanced metastasis was due to differential
tumor cell seeding in the lung parenchyma of Tsp-17/~ BMT
mice, we conducted a seeding experiment. We found, via a time
course evaluation of the lungs following administration of
tumor cells, that seeding efficiency was comparable in the lungs
of BMT mice regardless of the donor source (Supplementary
Fig. S7).

To provide further evidence that the observed antimeta-
static effect is due to Tsp-1 production in Grl* cells, we
conducted a reverse BMT experiment. Specifically, we trans-
planted bone marrow from WT mice into Tsp-17/~ mice. As a
control, we transplanted bone marrow from Tsp-17/~ donors
into Tsp-17/~ mice to account for any possible effects of
the transplantation procedure. Strikingly, transplantation
of WT bone marrow into Tsp-17/~ mice resulted in complete
suppression of metastasis (Fig. 3D and E). This phenomenon
was most likely due to the dramatically increased expression
of Tsp-1 in the lungs of these mice compared with WT mice
transplanted with WT bone marrow (Fig. 3F; Supplemen-
tary Fig. S8). Consistent with previous observations, Tsp-1
expression was restored in the Grl* cells in Tsp-17/~ mice
transplanted with WT bone marrow (Supplementary Fig. S8).
These findings, support the hypothesis that supraphysi-
ologic induction of Tsp-1 in Gr1* cells can blunt metastasis
as well as the possibility that a therapeutic agent with such
activity could be effective at treating advanced metastatic
cancer.

Bone Marrow-Derived Tsp-1 Inhibits
Metastatic Outgrowth through Inhibition
of Tumor Cell Proliferation

The antitumor activity of Tsp-1 has been shown to be
involved in tumor growth blockade through diverse mecha-
nisms: angiogenesis inhibition, blockade of cell proliferation,
and induction of apoptosis both in tumor cells and endothelial
cells (19, 20). Consistent with these functions, the metastatic
lesions in the lungs of Tsp-17/~ BMT mice showed elevated
proliferation of tumor cells compared with control WT BMT
mice (P = 0.002; Fig. 3G, Supplementary Fig. S9), whereas the
tumor cell apoptotic index remained unperturbed in the lungs
of Tsp-17/~ BMT mice compared with control WT BMT mice,
(P = 0.09, Fig. 3H). Taken together, these results show that
Tsp-1 in recruited bone marrow-derived Grl* cells did not
affect metastatic seeding of tumor cells or their ability to
stimulate angiogenesis, but impaired tumor outgrowth at the
metastatic site by inhibiting tumor cell proliferation.

Stimulation of Tsp-1 in the Lung Microenvironment
as a Potential Antimetastatic Approach

We next speculated about whether administration of Tsp-1
would constitute a potential antimetastatic strategy, as it has
been postulated that Tsp-1 could be a potent clinical inhibi-
tor of tumor progression and metastasis (16, 21, 22). How-
ever, the translational relevance of this approach has been
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Figure 3. Bone marrow-derived Grl* cells confer a metastasis-suppressive phenotype through the secretion of Tsp-1. A, quantitation of pulmonary %
metastases in WT BMT mice and Tsp-1-/- BMT mice (n=7 per group). BLI estimates were obtained at days 0, 5,8, 11, 14, and 19 following tail vein injec- g‘
tions of 1 x 10° LLC cells. P=0.0013 between WT BMT and Tsp-1-/~BMT groups at day 19. B, representative BLI images showing metastasis suppression 2
in WT BMT mice compared with Tsp-1/- BMT mice depicted in A. C, Western blot analysis of Tsp-1 from the lungs of WT BMT mice and Tsp-1-/- BMT mice. ;
Lung from whole-body Tsp-1--mice was used as a control. D, quantitation of pulmonary metastases in Tsp-17/~ mice transplanted with WT bone marrow S
and Tsp-17/~ mice transplanted with Tsp-1-/~bone marrow (n =5 per group). BLI estimates were obtained following tail vein injections of 1 x 10°LLC cells. &
P=0.033 between the 2 groups at day 30. E, representative BLI images showing metastasis suppression in Tsp-1-/~ mice transplanted with WT bone mar- S
row compared with Tsp-1-/- mice transplanted with Tsp-1-/- bone marrow depicted in D. F, quantitation of Tsp-1 protein expression in the lungs of mice N

following BMT. G, left, representative immunofluorescence images showing Ki67+ cells in the metastatic lungs of WT BMT mice and Tsp-1-/~BMT mice.
Right, quantitation of Ki67* cells. Sections were evaluated from 6 animals per group. H, left, representative immunofluorescence images showing active
caspase-3* cells in the metastatic lungs of WT BMT mice and Tsp-1/- BMT (P = 0.0903). Right, quantitation of active caspase-3* cells. Sections were
evaluated from 6 animals per group. White dotted line in G and H is the demarcation of the tumor/normal tissue.

minimized by the fact that Tsp-1 is an extremely large protein Tsp-1, containing all of its inhibitory activity, in the premeta-
that is not feasible to use as a therapeutic agent (23). Indeed, a static lung, particularly in the bone marrow cells. We there-
mimetic nonapeptide derived from the type I repeat of Tsp-1, fore turned our attention to prosaposin (Psap), a precursor of
which contains the antiangiogenic activity of the endogenous sphingolipid activator proteins, which was previously shown
protein, has been developed. However, in clinical trials, this to stimulate the expression of Tsp-1 in human lung fibrob-

drug showed little efficacy due, in part, to its inability to fully lasts in vitro (14). Indeed, breast cancer CM from MDA cells
replicate the activity of the full-length protein (24, 25). We stimulated Tsp-1 in the Grl* cells in the lungs, as expected.
reasoned that to effectively use Tsp-1 as a therapeutic agent, However, CM from MDA cells expressing Psap-short hairpin
it would be necessary to induce the expression of full-length RNA (shRNA) failed to induce Tsp-1 expression in the Gr1*
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Figure 4. Development of a Psap-mimetic peptide as a pharmacologic approach to upregulate Tsp-1 expression in the lungs. A, amino acid sequence of
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the 20-amino acid peptide spanning residues 31-50 of saposin A, capable of stimulating the expression of Tsp-1. B, Western blot analysis of Tsp-1
expression in WI-38 fibroblasts treated with 7 overlapping 20-amino acid peptides (1-20, 10-30, 21-40, 31-50, 41-60, 51-70, and 61-81) spanning
the length of saposin A. C, Western blot analysis of Tsp-1 in WI-38 fibroblasts that were untreated () or treated with a cyclic 13-amino acid peptide cor-
responding to residues 35-47 of saposin A. D, Western blot analysis of Tsp-1 expression in WI-38 fibroblasts that were untreated (-) or treated with

6 peptides derived from amino acids 35-40 of saposin A ranging from 3-6 amino acids in length (1 = CDWLPK, 2= CDWLP, 3=DLWPK, 4=DWLP, 5=CDW,
6=DWL). E, Western blot showing Tsp-1 levels in mouse lung tissue following administration of media alone (-), LN4 CM (CM), or LN4 CM with 30 mg/kg/d
Psap peptide (DWLPK). F, representative immunofluorescence images of lungs showing Tsp-1 expression by Grl* cells in mice treated with DWLPK
compared with a scrambled peptide (Scr). Representative images were generated from lungs of 3 mice per group (4 sections per mouse, 7-12 fields per
section). Arrows indicate colocalization of Grl and Tsp-1. Right, quantitation showing Tsp-1 levels in the lungs of mice treated with either Scr or DWLPK
peptide shown in the left. Identical results obtained in multiple repeat experiments.

cells (Supplementary Fig. S10A and S10B). We also examined
the prostate cancer model, and as expected, Western blot
analysis showed elevated Tsp-1 levels in the lungs of PC3 CM-
treated mice compared with LN4 CM treatment (Supplemen-
tary Fig. S10C). However, CM from isogenic PC3 cells in which
Psap expression was silenced by shRNA (PC3-shPsap) failed to
enhance Tsp-1 levels in the lungs (Supplementary Fig. S10C).

We also examined whether overexpression of Psap in meta-
static prostate cells from the orthotopic site would stimulate
Tsp-1 in the lungs. Orthotopic prostate tumors were gener-
ated by injecting either metastatic LN4 cells or LN4 cells over-
expressing Psap (LN4-Psap) in the prostate gland of mice. As
expected, LN4-Psap tumors induced robust Tsp-1 expression
in the premetastatic lungs compared with LN4 tumors (Sup-
plementary Fig. S10D). Taken together, these results suggest
that nonmetastatic tumor cells, by virtue of expressing Psap,
systemically elevate Tsp-1 in the recruited bone marrow-
derived Grl1* cells in an endocrine fashion.

We next postulated that Psap might directly enhance the
expression of Tsp-1 in recruited Gr1* myeloid cells in the lungs
to generate a metastasis-refractory environment. To determine
whether the ability of Psap to inhibit metastasis via stimula-
tion of Tsp-1 could be translated into a smaller, more easily
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deliverable agent, we sought to determine the minimal active
region of the Psap protein. We first generated Psap truncation
mutants, which contain saposin A, saposin AB, saposin ABC,
and saposin BCD (Supplementary Fig. S11A) and ectopically
expressed these mutants in LN4 cells. We then analyzed CM
from these cells to determine which version harbored Tsp-1-
stimulating activity. All truncation mutants except saposin
BCD were able to stimulate Tsp-1 activity to the same level
as the full-length protein (Supplementary Fig. S11A). Thus,
we concluded that saposin A contains the Tsp-1-stimulating
activity of Psap. We next sought to determine whether there
was a smaller domain within saposin A that contained the
Tsp-1-stimulating activity. Accordingly, we generated seven
20-amino acid overlapping peptides spanning the 81-amino
acid sequence of saposin A (Fig. 4A). We observed that a
20-amino acid peptide spanning residues 31-50 of saposin
A was the only peptide capable of stimulating the expression
of Tsp-1 (Fig. 4B). We then examined the crystal structure of
saposin A and determined that residues 31-50 reside in the
hairpin region between helices 2 and 3 (Supplementary Fig.
S11B; ref. 26). Accordingly, we tested a cyclic 13-amino acid
peptide, corresponding to residues 35-47, constrained by a
disulfide bond between cysteine residues at each end of the
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peptide. The cyclic peptide was able to stimulate Tsp-1 (Fig.
4C). We then tested a 6-amino acid peptide, COWLPK, corre-
sponding to the first 6 residues of the cyclic peptide and found
that it also was able to stimulate Tsp-1 (Fig. 4D). Finally, we
tested 6 peptides from within the 6-amino acid sequence of
CDWLPK. Of these peptides, we found that both a 5-amino
acid peptide (DWLPK) and a 4-amino acid peptide (DWLP)
were able to stimulate Tsp-1 expression to an even greater
extent than CDWLPK (Fig. 4D). We then tested the 5-amino
acid peptide in the in vivo assay by administering it to mice in
combination with CM from LN4 cells and observed that it was
able to stimulate Tsp-1 in the lungs of these mice (Fig. 4E).
Having determined that the S-amino acid DWLPK peptide
derived from Psap retains the Tsp-1-stimulating activity of the
full-length Psap both in vitro and in vivo, we sought to deter-
mine whether it also targeted bone marrow-derived cells. As
such, we treated mice with CM from LN4 cells alone to simu-
late a systemic tumor-induced recruitment of bone marrow-
derived stromal cells in the lungs, or CM in combination
with DWLPK peptide. As expected, the recruitment of Grl*
cells was identical regardless of the treatment (Supplementary
Fig. S12A). However, administration of the DWLPK peptide
stimulated Tsp-1 expression in the Grl* cells by more than
2-fold, whereas a peptide composed of the same amino acids
in a scrambled sequence failed to stimulate Tsp-1 (Fig. 4F,
Supplementary Fig. 12B). The induction of Tsp-1 occurred sys-
temically, as shown by Western blot analysis of peripheral leu-
kocytes from peptide-treated mice (Supplementary Fig. 12C).
These results suggest that the Tsp-1-enhancing activity
of Psap is confined to a S-amino acid peptide and that
administration of this peptide could create a Tsp-1-mediated
metastasis-suppressive microenvironment.

Psap Mimetic Peptide (DWLPK) Inhibits
Metastases through Stimulation of Tsp-1
in the Gr1* Cells

To determine whether Psap peptide-mediated stimulation
of Tsp-1 by bone marrow Grl* cells in the lung parenchyma
confers a metastasis-resistant niche, we administered LLC-luc
cells via tail vein into WT mice treated with either DWLPK
peptide or scrambled control. Strikingly, administration of
the DWLPK peptide dramatically reduced lung metastases
compared with the scrambled peptide, as measured by bio-
luminescence imaging (BLI; Fig. SA and B). Notably, meta-
static lungs from mice (day 30) treated with DWLPK peptide
showed persistent Tsp-1 upregulation in the Grl* myeloid
compartment compared with treatment with scrambled pep-
tide (Fig. 5C, Supplementary Fig. S12B). In agreement with
previous observations, immunostaining and RT-PCR analysis
showed that the Tsp-1 expression was confined to the Grl*
cells and not to the Gr1™ stromal cells, which included F4/80*
macrophages (Fig. SC, Supplementary Fig. S13).

To confirm that the DWLPK peptide-induced Tsp-1 expres-
sion in the bone marrow cells was directly responsible for the
antimetastatic phenotype, we conducted genetic deletion of
Tsp-1 in the bone marrow by generating Tsp-17/~ BMT mice
and used WT BMT mice as controls. Strikingly, the DWLPK
peptide failed to inhibit metastases in Tsp-I7/~ BMT mice,
whereas it potently inhibited lung metastases in WT BMT
mice (Fig. 5D and E). Histologic examination of the lungs

showed increased size of nodules (P = 0.0317), as well as a
higher percentage of macrometastases (>1 mm of diameter)
in Tsp-17/~ BMT mice compared with control WT BMT mice
treated with the Psap peptide (Fig. SF and H).

Finally, we sought to determine whether our observations
with the experimental metastasis models could be recapitu-
lated with tumors generated in the orthotopic site. As such,
we tested the ability of the DWLPK peptide to inhibit metas-
tasis in an orthotopic, clinically relevant model of breast can-
cer metastasis to the lung. Metastatic MDA-MB-LM2 breast
cancer cells expressing luciferase were injected orthotopically
in the mammary glands of severe combined immunodefi-
cient (SCID) mice. After 3 weeks of growth (Fig. 6A), primary
tumors were surgically resected; one cohort of mice was
treated daily with DWLPK peptide and another cohort with
a scrambled peptide. Lung metastases were assessed 3 weeks
after the primary tumor removal (week 6 after primary tumor
injection). In DWLPK-treated mice, the metastatic burden in
the lungs was significantly reduced by 50% compared with
scrambled peptide-treated mice (Fig. 6B). Consistent with the
mechanism of action of the peptide, Tsp-1 levels were elevated
after systemic DWLPK administration, as shown by Western
blot and immunofluorescence in lung extracts of these mice
(Fig. 6C and D). Taken together, these results indicate that
the 5-amino acid DWLPK Psap peptide could have significant
efficacy in treating metastatic cancer via induction of Tsp-1
in bone marrow-derived cells in the lung microenvironment.

DISCUSSION

In this study, we have shown that metastasis can be acutely
affected by the tumor-induced systemic reprogramming of
the bone marrow-derived cells in the lung microenvironment.
Strikingly, we observed that the very same bone marrow-derived
myeloid cells that have previously been shown to promote
metastasis can also be induced to inhibit metastasis by the
endocrine activity of metastasis-incompetent primary tumors.

Research in metastasis suppression has been generally
focused on cancer cell autonomous properties, and suppres-
sors of metastatic tumor outgrowth, such as KISS1, MKK4,
P38, and MKK7, have been identified (27, 28). Here, we have
identified a novel mechanism whereby primary tumors sys-
temically modulate the microenvironment in distal target
organs to inhibit metastasis (Fig. 7A). Significantly, we show
that tumors that are deficient in metastatic potential are
as capable of recruiting bone marrow-derived CD11b*Gr1*
hematopoietic cells to potential metastatic organs as highly
metastatic tumors. However, metastasis-incompetent tumors
systemically stimulate expression of the antitumorigenic fac-
tor Tsp-1 in the recruited bone marrow cells, converting these
cells, which would otherwise serve to stimulate metastasis,
into metastasis-inhibitory cells. The Tsp-1-expressing bone
marrow-derived cells thus establish a microenvironment in
the potential metastatic site that is refractory to the out-
growth of metastatic tumor cells. Of significant interest is
the fact that metastasis suppression was abrogated in Tsp-1
knockout BMT mice. The requirement of Tsp-1 expression
in bone marrow-derived cells suggests a novel mechanism
of action in which recruited bone marrow-derived Grl1* cells
are the chief source of Tsp-1 in the metastatic lung. This is
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Figure 5. DWLPK peptide-mediated stimulation of Tsp-1 in the Gr1* cells results in suppression of lung metastases. A, representative BLI images

of animals (n =5 per group) showing suppression of lung metastases following tail vein injection of LLC cells in mice treated with DWLPK as compared
with a scrambled peptide (Scr). Identical results were obtained in multiple repeat experiments. B, quantitation of pulmonary metastases by BLI. The BLI
measurements were obtained at days 11, 14, 18, 22, 26, and 29 after inoculation of LLC cells. The relative BLI values show total photon count over time,
n=10.(n="5 per group). P=0.0317 between scrambled and DWLPK peptide-treated groups at day 29. Identical results were obtained in repeat experi-
ments. C, quantitative RT-PCR showing Tsp-1 levels in total lungs and flow cytometry-sorted CD45- cells and CD45* cells (F4/80* macrophages and Gr1*
myeloid cells) from LLC metastases-bearing mice treated with DWLPK compared with scrambled peptide (scrambled; n= 3 per group). D, quantitation of
pulmonary metastases in DWLPK peptide-treated WT BMT mice and Tsp-1-/- BMT mice (n=7 per group). BLI estimates were obtained at days 0, 5, 8, 14,
and 19 following tail vein injections of 1 x 10° LLC cells. P values between WT BMT and Tsp-1/- BMT groups are P=0.0049 and P = 0.0084 at days 14
and 19, respectively. E, representative BLI images showing DWLPK peptide-induced metastasis suppression in WT BMT mice compared with Tsp-17/-BMT
mice depicted in D. F, representative hematoxylin and eosin-stained lungs from mice in E showing metastases. G, quantitation of metastatic area in the
lungs of WT BMT and Tsp-1-/- BMT mice (n=5, each group). H, number of macrometastases (>1 mm diameter) in the lungs of WT BMT and Tsp-1-/-BMT

mice (n =6, each group).

consistent with published reports showing Tsp1 expression
in monocyte/macrophage populations (29, 30).
Interestingly, we have previously shown that metastatic
tumors induce metastasis-promoting potential in Grl* cells
recruited to the premetastatic lungs (31). However, depend-
ing on the nature of the tumor-derived systemic factor, the
same cells can be modulated to exhibit metastasis-suppres-
sive potential as shown in this study. It is thereby of great
importance to decipher these pathways in the tumor milieu
to further refine current therapies. Here, we show an example
of an important antimetastatic effect of Gr1* cells.
Previously, we identified Psap as a tumor-secreted factor
with antimetastatic activity. On the basis of these findings,
a therapeutic strategy such as the S-amino acid DWLPK
peptide, which targets Gr1* bone marrow-derived cells in the
microenvironment, could have significant efficacy in treating

advanced metastatic cancer and ultimately in reducing the
lethality of the disease.

From the perspective of targeting metastases, it has been
emphasized that therapy should be targeted not only against
tumor cells but also against the host microenvironment, which
contributes to, and supports the progressive growth and sur-
vival of metastatic cancer cells (32). Given that the progression
of human cancer to metastatic disease is the major contribut-
ing factor to its lethality, elevating Tsp-1 levels in the meta-
static organ microenvironment to suppress metastasis may
have clinical value. The Psap-Tsp-1 axis thus seems to be
relevant in vivo. Significantly, examination of a tumor tissue
microarray compiled from 103 patients with prostate cancer
with long and complete follow-up revealed that Psap expres-
sion was positively correlated with increased overall survival.
Specifically, patients with higher Psap levels in their primary
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(3 weeks after primary tumor injection) treated with scrambled (Scr), or DWLPK peptide. Two representative mice per group shown; experiment was
repeated and identical results obtained. D, representative images of premetastatic lungs immunostained for Grl and Tsp-1 showing upregulation of Tsp-1 in
lungs from MDA-MB-LM2 tumor-bearing mice treated with DWLPK peptide compared with animals treated with scrambled peptide.

tumors had significantly greater 15-year survival rates and
reduced incidence of biochemical failure (Fig. 7B-D). We thus
intend to further optimize the Psap-derived peptide as a poten-
tial therapeutic agent for advanced metastatic cancer (Fig. 7A).

METHODS

Mice and Cell Lines

All animal work was conducted in accordance with a protocol
approved by the Institutional Animal Care and Use Committee.
Wild-type C57BL/6], and GFP transgenic C57BL/6-Tg (ACTB-EGFP)
10sb/J mice were obtained from The Jackson Laboratory. CB-17
SCID mice were obtained from Charles River. Tsp1 knockout mice in
the C57BL/6] background, a kind gift from Dr. Shahin Rafii (Weill
Cornell Medical College, New York, NY) were bred in the laboratory
and genotyped according to standard protocols.

The cell lines PC3 and PC3M-LN4 are previously described (14).
Human breast cancer cell lines MDA-MB-231 and MDA-MB-LM2 are
described previously (13). The murine Lewis lung carcinoma cell line
LLCs/D122 (provided by Lea Eisenbach, Weizmann Institute of Science,
Rehovot, Israel) stably expressing RFP and firefly luciferase (1-3), was
cultured in Dulbecco’s modified Eagle’s medium supplemented with
10% FBS. PC3, LN4, and MDA-MB-231 cell lines were obtained from
American Type Culture Collection. No authentication of the cell lines
was conducted by the authors.

Bone Marrow Isolation and Transplantation

Bone marrow harvest and transplantation were conducted using our
published methods (2, 15). BMT was conducted by injecting 5 x 10°

total bone marrow cells via tail vein into lethally irradiated (950 rads)
7-week-old CS7BL/6 female mice. Bone marrow cells were harvested
by flushing femurs and tibias of donor animals including C57BL/6
Tg (ACTB-EGEP) 10sb/J, C57BL/6 WT, or C57BL/6 Tsp-1 knockout
mice. After 4 weeks of bone marrow engraftment, reconstitution effi-
ciency was monitored by Western blot analysis of peripheral blood for
absence of Tsp-1 protein.

Peptide Generation and Administration

Psap truncation mutants were created by cloning the regions of
Psap generated by PCR amplification using the following strategy:
saposin A, saposin AB, and saposin ABC were all created using
the same 5" primer: ggcggcgtcgacATGTACGCCCTCTTCCTCC and
the following 3’ primers: saposin A: ggcgectctagaAGAGACTCGCA-
GAGGTTGAG; saposin AB: ggcgcctctagaACCTCATCACAGAACCC;
saposin ABC: ggcgectctagaGCCAGAGCAGAGGTGCAGC. The PCR
products were then cleaved with Xbal and Sall and cloned into
pCMVneo.

The Psap truncation constructs were then used to transfect PC3M-
LN4 using the Fugene6 transfection reagent and protocol (Roche).
CM of transfected cells was harvested 48 hours after transfection
and used to treat WI-38 lung fibroblasts for 16 hours. After CM treat-
ment, cells were harvested, lysed, and protein expression analyzed by
Western blot analysis as previously described (14).

The seven 20-amino acid peptides spanning the length of saposin
A were composed of the following sequences:

1-20-SLPCDICKDVVTAAGDMLKD; 11-30-VTAAGDMLKDNAT
EEEILVY;21-40-NATEEEILVYLEKTCDWLPK;31-50-LEKTCDWLP-
KPNMSASCKETI; 41-60-PNMSASCKEIVDSYLPVILD; 51-70-VDSYL
PVILDIIKGEMSRPG;  61-81-IIKGEMSRPGEVCSALNLCES.  All
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D, examples of high and low Psap-staining patterns.

peptides were synthesized by Anaspec, Inc. The 13-amino acid cyclic
peptide was composed of the following sequence: CDWLPKP-
NMSASC.

For in vitro analysis of peptide activity WI-38 lung fibroblasts were
treated with peptide for 16 hours at a concentration of 5 ug/mL. The
cells were then harvested and lysed for Western blot analysis as previ-
ously described (14).

The in vivo analysis of peptide activity was conducted by treating
8-week-old C57/BL6 mice with 300 uL of PC3M-LN4 CM alone or in
combination with peptide, diluted in PBS, at a dose of 30 mg/kg/d
via intraperitoneal injection for 4 days. After 4 days, the mice were
euthanized by cervical dislocation under isofluorane anesthetic. The
lungs were harvested, lysed, and analyzed for protein expression as
previously described (14).

For metastasis experiments, the Psap peptide DWLPK and a scram-
bled peptide LPKDW were synthesized by AnaSpec. Peptide diluted in
saline was administered to mice (30 mg/kg) via intraperitoneal injec-
tion on a daily basis for 6 days before tumor cell injection and until
the end of the metastasis assays.

Conditioned Medium Experiments

PC3 or PC3M-LN4 cells were cultured in RPMI with 10% FBS. A
total of 5 X 10° cells were then subcultured in serum-free medium in

10-cm plates for 24 hours to generate CM. Harvested media was cen-
trifuged and filtered through 0.22 umol/L pore-size filters to remove
any cells or cell debris.

WT BMT and Tsp-17~ BMT CS7BL/6] mice were pretreated with
200 pL serum-free CM from PC3 or LN4 cells or serum-free RPMI
media daily for 6 days via intraperitoneal injection.
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