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Primary prostate cancer educates bone stroma
through exosomal pyruvate kinase M2 to promote
bone metastasis

Jinlu Dai?, June Escara-Wilke?, Jill M. Keller'?, Younghun Jung?, Russell S. Taichman®*@®, Kenneth J. Pienta*®, and Evan T. Keller*>*@®

Prostate cancer (PCa) metastasizes selectively to bone through unknown mechanisms. In the current study, we identified
exosome-mediated transfer of pyruvate kinase M2 (PKM2) from PCa cells into bone marrow stromal cells (BMSCs) as a novel
mechanism through which primary tumor-derived exosomes promote premetastatic niche formation. We found that

PKM2 up-regulates BMSC CXCL12 production in a HIF-1a-dependent fashion, which subsequently enhances PCa seeding and
growth in the bone marrow. Furthermore, serum-derived exosomes from patients with either primary PCa or PCa metastasis,

as opposed to healthy men, reveal that increased exosome PKM2 expression is associated with metastasis, suggesting clinical
relevance of exosome PKM2 in PCa. Targeting the exosome-induced CXCL12 axis diminished exosome-mediated bone
metastasis. In summary, primary PCa cells educate the bone marrow to create a premetastatic niche through primary PCa
exosome-mediated transfer of PKM2 into BMSCs and subsequent up-regulation of CXCL12. This novel mechanism indicates
the potential for exosome PKM2 as a biomarker and suggests therapeutic targets for PCa bone metastasis.

Introduction

Bone metastasis is a common sequela of many metastatic cancers.
In men with advanced prostate cancer (PCa), the skeleton is
the most frequent metastatic target. Approximately 84% of
men develop bone metastases; whereas, the most common site
of soft tissue metastasis, the liver, has a much lower incidence
(~65%) and is rarely seen in men who have not been heavily
treated for their bone metastases (Shah et al., 2004). The
mechanisms that favor PCa to develop clinically detectable
bone metastases more frequently than soft tissue metastases
are not well defined. Metastasis is a complex process that
involves a cascade of multiple steps for the successful estab-
lishment of clinically impactful metastases. In broad terms,
increased bone specificity may be due to increased seeding of
metastatic cells to the bone versus soft tissue sites and/or the
ability of the bone microenvironment to promote PCa growth
more efficiently than soft tissue sites. These concepts reflect
Stephen Paget’s “seed and soil” theory, which suggests that
certain combinations of cancer cells and distant site micro-
environments optimize the opportunity for cancer cells to
grow (Paget, 1889). However, this theory does not require that
the optimal microenvironment exist before tumor growth.

Accordingly, one strategy a tumor could exploit to promote
metastasis is to alter the distant microenvironment to facili-
tate tumor cell seeding or tumor growth.

Several reports have demonstrated that exosomes released
from the primary tumor can modify distant sites to promote
metastases at these sites (Hood et al., 2011; Peinado et al., 2012;
Costa-Silva et al., 2015). Exosomes are membrane-bound vesi-
cles in a range of 30-120 nm that are synthesized within mul-
tivesicular bodies and released from cells upon fusion of the
multivesicular body with the cell membrane (Mathivanan et al.,
2010; Taylor and Gercel-Taylor, 2011; Ge et al., 2012). Exosomes
contain a variety of biomolecules, including proteins, mRNA,
long non-coding RNA (IncRNA), and microRNA (miRNA) that
can impact cell functions at distant sites. Thus, exosomes from
the primary tumor may be able to deliver biomolecules that alter
a distant site so that it gains the ability to promote metastasis.
This process is defined as creation of a “premetastatic niche.”

In the current study, we sought to determine if PCa-derived
exosomes can promote bone metastasis by modulating the
bone marrow microenvironment and to identify a mechanism

through which this was achieved.
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Figure 1. Characterization of exosomes after isolation. Exosomes were
isolated from either cell culture conditioned-media or serum using density
ultracentrifugation. (A) Electron micrographs of exosomes isolated from in-
dicated samples. Exosomes of ~30-70 nm in diameter are shown. The scale
bar indicates 100 nm. (B) Size distribution was determined using NTA
(NanoSight). (€) Number of exosomes per ml of C4-2B- or PC3-conditioned
media and serum from human subjects was determined using Nanosight.
Results are shown as mean plus individual data points. (D) Western blot was
performed for the indicated proteins. Measurements were performed on a set
of two independent samples.

Results
PCa-derived exosomes promote tumor growth in mouse bone

Exosomes have been shown to have multiple functions on nor-
mal and cancer cells, which led us to evaluate if exosomes
derived from PCa cells can impact the metastatic process. To
evaluate whether PCa exosomes impact PCa progression, exo-
somes were harvested from PCa cell lines, and the exosomes
were characterized. The exosomes isolated from the PC-3 and
C4-2B PCa cells were composed of a discrete population based on
electron microscopy; the majority of the population was in the
size range of 60-150 nm, although the microvesicles ranged up
to 300 nm, and they expressed CD9, ALIX, and HSP70 (Fig. 1).
Taken together, these data confirm that this population was
primarily exosomes, albeit with some nonexosomal micro-
vesicles present (Théry et al., 2018). Mice were then pretreated
with the exosomes followed by intracardiac (i.c.) injection (left
ventricle) of PCa cells into the mice with continuous treatment
of exosomes for 21 d. PCa exosomes induced an increase in the
number of metastatic sites and the total tumor burden compared
with vehicle (Fig. 2 A). Furthermore, if we used a different PCa
cell line as the exosome donor or for implantation in mice, the
results were similar, indicating that this effect was not cell
specific (Fig. S1). To determine if exosomes from PCa patients
impacted PCa metastasis, we repeated the PCa mouse model
experiments using exosomes from the serum of healthy men
versus those with primary PCa tumors. Exosomes from men
with primary PCa tumors increased overall number of metas-
tases and metastatic burden as opposed to those from healthy
men (Fig. 2 B). Taken together, these results indicate that
exosomes derived in the presence of cancer, as opposed to no
cancer, confer a pro-metastatic activity.

An increased metastatic burden could be due to increased
proliferation at the metastatic site and/or the enhanced ability
of tumor cells to seed distant sites. To explore the latter
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possibility, we pretreated mice with PCa exosomes for 4 d,
injected PCa cells into the left cardiac ventricle, and then
harvested marrow 24 h later to quantify PCa cells that seeded
the bone marrow. Pre-treatment with PCa exosomes in-
creased PCa cell seeding in the bone marrow by ~115% com-
pared with vehicle treatment (Fig. 2 C). These data indicate
that early differences in proliferation resulting from exo-
somes are unlikely to play a significant role in establishing
differences between the treatment groups.

Exosomes may mediate their effect either directly on the
cancer cells or indirectly through the microenvironment to
create a premetastatic niche. To determine if the exosomes
possessed functional activity directly on PCa cells, exosomes
were isolated from both PCa cell lines and patients’ sera, and PCa
cells were incubated with the exosomes. The exogenous exo-
somes had no impact on PCa growth (Fig. S1, D and E).

The observation of no direct effects on PCa growth and in-
vasion and previous reports that exosomes can modulate the
microenvironment to promote tumor growth (Peinado et al.,
2012; Ye et al., 2017) suggest that PCa exosomes impact PCa
metastasis through the microenvironment. To determine if
exosomes are able to target the microenvironment, we en-
gineered cells to express fluorescently labeled exosomes. We
initially injected these exosomes intravenously into mice and
identified their presence in bone marrow stromal cells (BMSCs)
at 24 h (Fig. 2 D). To specifically determine if exosomes from
the primary tumor site can target distant sites, we injected PCa
cells engineered to express fluorescent exosomes into the
prostate of recipient mice and 3 wk later evaluated for exo-
somes in the bone marrow stroma. Exosomes were present in
the bone marrow stroma at 3 wk after injection of the tumor
cells (Fig. 2 E). To rule out if the fluorescence was due to cancer
cells disseminating at that time point, we evaluated for the
presence of human cells in the bone marrow using PCR for the
Alu sequence as previously described (Shiozawa et al., 2011).
Alu was not identified in any of the marrow samples, indicating
no human cells were present at that time point (Fig. 2 F).

PCa has a predilection to metastasize to bone; however, it
does metastasize to other sites (e.g., liver), albeit at a lower
frequency. To determine if PCa exosomes targeted soft tissue
sites in addition to bone, we injected fluorescently labeled PCa
exosomes intravenously into mice and evaluated kidney, brain,
liver, lung, and bone marrow for exosomes at 24 h. Exosomes
were present in all tissues; however, they targeted the bone
marrow stroma at a higher level than the other tissues on a per
cell basis (Fig. 2 G).

Taken together, these results suggest that PCa exosomes do
not have a direct effect on PCa cells but rather target and
promote PCa progression indirectly through the distant target
microenvironment, with selectivity toward targeting bone
marrow. It is possible that the exosomes derived from the PCa
cell line-conditioned media, once injected in vivo, are modi-
fied to have an impact directly on cancer cells, but this is
unlikely as the exosomes from the PCa patients, which consist
of in vivo-derived exosomes, did not have a direct effect on
the tumor cells (Fig. S1 E), whereas, they did have an impact
in vivo.
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Figure 2. PCa-derived exosomes promote tumor growth in mouse bone. (A and B) SCID mice were pretreated with C4-2B-derived exosomes (A) or
exosomes from healthy men versus those with primary tumors (B) or complete media for 4 d, followed by i.c. injection of PC3-luciferase cells with continuous
treatment of exosomes for 21 d; n = 8 from 2 experiments. Number of metastases per mouse and total tumor burden were evaluated by BLI at the end of the
study. Tumor burden and total flux are shown as photons/second (p/s). (C) gPCR analysis of Alu-positive cells in the bone marrow of SCID mice pretreated with
exosomes and followed by i.c. injection of PC3-luciferase cells; n = 5 mice. (D) Representative fluorescence images of mouse bone marrow 24 h after i.v. tail
vein injection of exosomes isolated from PC3 cells stably transduced with a lentivirus containing a fusion of CD63-GFP (PC3-ExGFP). Scale bar on left = 50 um;
scale bar on right = 25 um. (E) Representative fluorescence images of mouse bone marrow 3 wk after a one-time orthotopic injection of the PC3-ExGFP cells
into the prostate of mice and establishment of orthotopic tumor. Scale bar on left = 50 um; scale bar on right = 25 um. (F) PC3 cells stably transduced with a
lentivirus containing a fusion of CD63-GFP (PC3-ExGFP) were injected into the prostates of male SCID mice. After 3 wk, bone marrows were harvested and
subjected to gPCR analysis for Alu to determine the number of PCa cells in the bone marrow. Marrow without PCa cells and marrow with a known number of
spiked-in PCa cells were used as negative and positive controls, respectively; n = 5 mice. (G) Left: Representative fluorescence images of the indicated tissues
24 h after i.v. tail vein injection of exosomes isolated from PC3-ExGFP cells or 3 wk after orthotopic injection of PC3-ExGFP cells. Scale bar = 50 pm. Right: Total
fluorescence was measured and normalized to 10# cells; n = 5 mice. Data are shown as mean plus individual data points. *, P < 0.05 as determined by Student’s
t test (A and C) or ANOVA with Fisher’s least significant difference (B, F, and G). In some cases, exosomes is abbreviated as exo.
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Figure 3. PCa-derived exosomes educate bone stromal cells to increase PCa tumor cell proliferation and invasion. (A) Proliferation of LNCaP and PC3
cells treated with fresh media, exosomes derived from C4-2B cells, ST2 cell-conditioned media, or conditioned media from ST2 cells treated with C4-2B
exosomes for 48 h. Data from two experiments are shown. (B). Tumor volume on the flanks of SCID mice that had subcutaneous implantation of a collagen
sponge loaded with either PC3 or C4-28B cells mixed with or without ST2 cells at 6 wks after implant; n = 5 mice. (C) Proliferation of LNCaP and PC3 cells
treated with fresh media or conditioned media from ST2 cells, differentiated MC3T3 cells, HUVEC, or differentiated Raw263.7 cells pretreated with C4-2B
exosomes for 48 h. Data from two experiments are shown. (D) Representative images of invasion and quantification results of PC3 treated with fresh media
control, ST2 cell-conditioned media, or conditioned media from ST2 cells pretreated with exosomes isolated from PC3 cells or from healthy subject serum or
from PCa patient serum. Scale bar = 150 pm. Data are shown as mean plus individual data points. *, P < 0.05 as determined by ANOVA with Fisher’s least

significant difference.

PCa-derived exosomes educate bone stromal cells to increase
PCa tumor cell proliferation and invasion

To investigate if exosomes promote PCa progression indi-
rectly through the microenvironment, we evaluated the
extent to which exosomes alter the ability of BMSCs to in-
fluence PCa cell growth. As before, PCa exosomes had no
direct effect on PCa cells; however, conditioned media from
untreated stromal cells inhibited PCa cell growth (Fig. 3 A;
and Fig. S2, A and B). In contrast, conditioned media from
stromal cells pretreated with exosomes (derived from either
PCa cells or PCa patients’ serum) increased PCa cell growth
(Fig. 3 A and Fig. S2), indicating that exosomes alter the
stromal cells to promote PCa growth. To further explore this
possibility, we subcutaneously implanted PCa cells on col-
lagen sponges that had either no stromal cells or stromal

Dai et al.
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cells in opposite flanks of mice, and then treated the mice
with either vehicle or PCa exosomes. Neither exosomes
alone nor stromal cells alone impacted PCa growth, whereas
in the stromal cell-laden sponges, exosomes induced PCa
growth (Fig. 3 B). These results provide in vivo evidence
that exosomes modulate stromal cells to promote PCa
growth.

To determine if the exosome-mediated impact on stromal
cells was specific to fibroblastic stroma or extended to other
bone marrow cellular constituents, we examined the ability of
PCa exosomes to impact the ability of endothelial, osteoblast,
and osteoclast precursor cells to modulate PCa growth. Exo-
somes had the most potent effects in the fibroblastic stromal
cells, followed by osteoblasts, and had no impact on endothelial
cells or osteoclasts (Fig. 3 C).
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Figure 4. PCa-derived exosomes educate human BMSCs to increase PCa tumor cell proliferation and invasion. (A) Growth of LNCaP and PC3 cells
treated with fresh media (control), exosomes derived from C4-2B cells, ST2 cell conditioned media, or conditioned media from ST2 cells treated with C4-2B
exosomes. Data from two experiments are shown. (B) Representative images of invasion and quantification results of PC3 cells treated with either fresh media
control, HS-5 cell-conditioned media, or conditioned media from HS-5 cells pretreated with exosomes isolated from PC3 cells or from healthy subject serum or
PCa patient serum. Data from two experiments are shown. Scale bar = 70 pm. (C) Growth of LNCaP and PC3 cells treated with fresh media (control),
conditioned media from the ST-2 cells, HS-5 cells, or unprocessed human bone marrow that were treated with C4-2B-derived exosomes. Results are shown as
mean plus individual data points. Data from two experiments are shown. *, P < 0.05 as determined by ANOVA with Fisher’s least significant difference. hBM,

human bone marrow; exo, exosome.

To determine if exosome-mediated modulation of stromal
cells extends to other aspects of PCa progression, we evaluated
their impact on the invasive properties of PCa cells. Stromal
cell-conditioned media alone promoted PCa invasion; however,
conditioned media from stromal cells pretreated with PCa cell
exosomes further increased the invasive ability of PCa cells
(Fig. 3 D). Furthermore, pretreatment of stromal cells with
exosomes from healthy subjects increased invasion; however,
invasion was increased even further if the stromal cells were
pretreated with exosomes from PCa patients (Fig. 3 D).

As these studies were performed using a murine stromal cell
line, we wanted to explore if these effects could extend to a
human stromal cell line. Accordingly, we repeated several of the
experiments using the HS-5 human BMSC line. Similar to the
previous studies, both LNCaP-derived and PC-3-derived exo-
somes induced HS-5 to produce conditoned media (CM) that
stimulated PCa growth (Fig. 4 A) and PCa invasive activity (Fig. 4
B). Additionally, we compared this effect to that of the ST2 cells
and further evaluated the impact of PCa-derived exosomes on
primary human bone marrow’s ability to promote PCa growth.
We found that both LNCaP-derived and PC-3-derived exosomes
stimulated primary unprocessed human bone marrow and HS-5
cells at a level similar to that of ST2 cells (Fig. 4 C). These results
indicate that the ability of PCa-derived exosomes is robust and
provide further evidence of the human clinical relevance of
this activity. Taken together, these data demonstrate the
ability of exosomes to educate the marrow stroma to promote
PCa progression.
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PCa-derived exosomes increase pyruvate kinase M2 (PKM2)
expression and C-X-C motif chemokine ligand 12 (CXCL12)
production in stromal cells

The next challenge was to explore the mechanisms through
which exosomes educate the marrow stroma toward a tumor-
promoting phenotype. To examine for exosome-induced
changes in the stromal cell proteome, ST2 cells were exposed
to exosomes or vehicle, and then total cellular protein was
collected and subjected to mass spectroscopy. Over 30 proteins
that were present in both the untreated and treated cells were
differentially expressed. The top 10 differentially expressed
proteins are presented in Table 1. We focused on PKM2 both
because it had one of the greatest magnitudes of change in
expression (3.9-fold) and because of its pivotal role in cell bi-
ology. PKM2 is a glycolytic enzyme that plays a role in the
glycolysis pathway and has several nonglycolytic functions,
such as serving as a co-activator or protein kinase of various
substrates (Tamada et al., 2012; Dong et al., 2016).

To validate that exosomes modulate stromal cell PKM2 ex-
pression, stromal cells were exposed to exosomes, and PKM2
protein expression was evaluated. PCa exosomes increased
PKM2 protein expression in both ST2 cells and primary BMSCs
(Fig. 5 A). Additionally, exosomes from PCa patients increased
PKM2 protein expression in both ST2 cells and primary BMSCs
(Fig. 5 B). In contrast to the increase of PKM2 protein in the
stromal cells, PKM2 mRNA expression was not altered by exo-
somes in stromal cells (Fig. 5 C). These results suggest that
exosomes do not induce transcription of PKM2 mRNA, but

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20190158

2887


https://doi.org/10.1084/jem.20190158

Table 1. Protein profiling of C4-2B exosome-treated ST2 cells compared
to untreated ST-2 cells

Proteins Control ST2 Exo-treated ST2 Fold change
HS9B 0.1143 0.7894 6.91
ANXA2 0.1945 0.9693 498
TGM1 0.1538 0.7637 4.96
NID1 0.1384 0.6689 4.83
VIME 0.1712 0.7340 4.29
PKM2 0.1226 0.4780 3.90
LOXL3 0.1976 0.7637 3.86
G3P 0.1778 0.6237 351
COl1A1 0.1342 0.4599 343
pPCOC1 0.1375 0.4674 3.40

rather transfer PKM2 protein from the exosome to the target
cells and/or induce translation of PKM2 endogenously to the
stromal cells. To determine whether or not exosomes induced
PKM2 protein synthesis in the stromal cells, we treated stromal
cells with the protein synthesis inhibitor cycloheximide (CHX).
PCa-derived exosomes induced PKM2 levels in stromal cell-
derived exosomes to similar levels in the absence or presence of
CHX (Fig. 5 D), indicating that the increase is not dependent on
protein synthesis. To provide further evidence that PKM2 was
transferred from the human PCa cells to the murine stromal
cells, we evaluated the PKM2 expression in stromal cells using
antibodies that target human but not mouse PKM2. We found
that treatment of stromal cells with exosomes containing human
PKM2 (scramble control) increased human PKM2 expression in
the stromal cells (Fig. 5 E, Human 1 and Human 2 immunoblots).
There was no increase in human PKM2 when stromal cells were
treated with exosomes derived from PCa cells in which PKM2
was knocked down. Furthermore, there was no increase ob-
served in mouse PKM2 when stromal cells were treated with
exosomes derived from PCa cells in which PKM2 was knocked
down (Fig. 5 E, human and mouse immunoblot). Taken together,
these results indicate that exosomes transfer PKM2 protein to
the stromal cells as opposed to inducing PKM2 mRNA synthesis
or protein synthesis.

Since it appears that exosomes transfer PKM2 to stromal
cells, we wanted to assess if exosomes from PCa patients ex-
pressed PKM2. Accordingly, we harvested exosomes from
the serum of healthy subjects, men with primary PCa
(i.e., computerized tomography (CT) scan and bone scan neg-
ative), and men with PCa bone metastases (i.e., bone scan
positive). Patient exosomes expressed PKM2 protein, and its
expression increased with the presence of tumor and further
with the presence of metastases (Fig. 5 F). These results provide
clinically relevant evidence that exosomes contain PKM2,
which could potentially increase PKM2 protein expression in
exosome-targeted stroma.

We next wanted to determine if PKM2 could account for the
exosomes’ ability to modulate stromal cells to promote PCa
growth. Our strategy was to knock down PKM2 expression in
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PCa cells to create PKM2-deficient exosomes and test their
ability to induce pro-tumorigenic activity. We first confirmed
that knockdown of PKM2 resulted in exosomes deficient in
PKM2 (Fig. 6 A and Fig. S3 A). We also found that knockdown of
PKM?2 did not impact exosome production (Fig. S3 B). We then
determined if PKM2-deficient exosomes increased PKM2 in
stromal cells. PKM2-deficient exosomes did not alter PKM2
protein expression in ST2 stromal cells (Fig. 6 B and Fig. S3 C) or
MC3T3 stromal cells (Fig. S3 D). In addition to documenting that
the PKM2 knockdowns were efficient, this finding further
supports the earlier premise that PKM2 protein is transferred to
the stromal cells as opposed to its synthesis being induced by
exosomes. To determine if loss of PKM2 impacted tumor growth,
we incubated cancer cell lines with conditioned media from
stromal cells treated with exosomes deficient in PKM2. De-
creased PKM?2 expression in the PCa exosomes resulted in loss of
the PCa exosomes’ ability to induce PCa cell growth (Fig. 6 C).

We next wanted to determine if these in vitro findings ex-
tended to an impact on metastasis in vivo. Our strategy was to
determine if PKM2 expression in primary tumors promoted
metastasis. To accomplish this, we orthotopically implanted PCa
cells with either knockdown of PKM2 or control shRNA vector.
First, we determined if knockdown of PKM2 impacted primary
orthotopic tumor growth. At 14 d after injection of tumor cells, a
subset of mice from each group was euthanized, and tumor size
was measured. There was no difference in orthotopic tumor size
between the control scramble and PKM2 knockdown PCa cells
(Fig. 6 D). PC-3 PCa luciferase-expressing cells were then in-
jected via the i.c. route in the remaining animals of each group
and an additional group that had not been previously injected
orthopically with tumor cells. The primary tumor cells were not
luciferase expressing; thus, any cells expressing biolumines-
cence would be the i.c. injected PCa cells. At 3 wk after i.c. in-
jection, mice were subjected to bioluminescent imaging (BLI),
and the number of metastases and metastatic tumor burden
were determined. The presence of primary orthotopic tumor
(composed of the control scramble shRNA cells) increased the
number of metastases and overall metastatic burden (Fig. 6, E
and F). However, knockdown of PKM2 in the primary tumor
cells partially diminished the ability of the primary tumor to
increase the number of metastases and metastatic burden. These
results demonstrate that primary prostate tumors promote
metastasis and that PKM2 promotes the primary tumor’s pro-
metastatic ability. These results are consistent with the concept
that primary tumors can promote metastasis, in part, through
exosome PKM2.

PCa exosomes promote PCa tumor growth through CXCL12
from BMSCs induced by PKM2

To explore if PKM2 in PCa exosomes regulate stromal cells to
produce soluble factors to promote PCa growth, a quantitative
polymerase chain reaction (GPCR) array was used to evaluate for
production of chemokines and cytokines from stromal cells
treated with control or PKM2 knockdown PCa exosomes. PKM2
knockdown altered expression of several cytokines; however,
expression of bone morphogenetic protein 4 (BMP-4) and
CXCL12 were markedly decreased (Fig. 7 A). We initially
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Figure 5. PCa-derived exosomes transfer PKM2 protein to BMSCs. (A) Western blot analysis of PKM2 in whole-cell lysate of ST2 cells and mouse BMSCs
treated with control complete media (Ctrl) or C4-2B exosomes. (B) Western blot analysis of PKM2 in whole-cell lysate of ST2 cells and mouse BMSCs treated
with exosomes isolated from the serum of healthy men or men with PCa bone metastases. (C) gRT-PCR analysis of PKM2 mRNA levels in ST2 and MC3T3 cells
treated with C4-2B-derived exosomes or control media for 24 h. Data from two experiments are shown. Results are shown as mean plus individual data points.
(D) Western blot analysis of PKM2 in the whole-cell lysate of ST2 cells exposed to exosomes from C4-2B cells or the protein synthesis inhibitor CHX as
indicated. (E) Western blot analysis for PC3 cells, ST-2 cells, or ST-2 cells treated with PC3-derived exosomes from PC-3 cells treated with either scramble
shRNA or PKM2 shRNA (two different targets). The blots were probed with human-specific antibodies (PKM2-H1 or PKM2-H2) or an antibody that recognizes
both human and mouse PKM2 (PKM2-H,M). Experiments were repeated twice. (F) Western blot analysis of PKM2 in the exosomes isolated from the serum of

healthy subjects (N), PCa patients with only localized disease (PCa), or patient with bone metastasis (PCamet).

validated the array findings. We found that PCa-derived exo-
somes induced CXCLI2 mRNA and protein expression by over
13-fold, and knockdown of PKM2 in PCa exosomes decreased the
ability of the PCa-derived exosomes to induce both CXCL12
mRNA and protein expression (Fig. 7 B). In contrast, we found
that PCa-derived exosomes induced BMP-4 mRNA expression by
less than onefold, although knockdown of PKM2 in PCa-derived
exosomes decreased the ability of PCa-derived exosomes to in-
duce BMP-4 mRNA expression (Fig. 7 C). Overall, these results
indicate that PKM2 significantly increases CXCLI2 production in
stromal cells, whereas there is limited induction of BMP-4.
Given the limited induction of BMP-4 expression and the
previously described role of CXCL12 in increasing PCa bone
metastasis through promoting proliferation and invasion
(Taichman et al., 2000; Sun et al., 2003), we focused further
investigation on CXCL12.
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To determine if PCa exosome-educated stromal cells pro-
moted PCa cell growth through CXCL12, we incubated PCa cells
in conditioned media from PCa exosome-treated stromal cells in
the absence or presence of AMD3100, which blocks the ability of
CXCLI12 to bind to its target, C-X-C chemokine receptor 4
(CXCR4). As previously observed, conditioned media from PCa-
derived exosome-treated stromal cells increased PC3 and C4-2B
cell growth and invasion; however, AMD3100 abrogated the
induction of proliferation and invasion (Fig. 8, A and B [for PC-3
target cells] and Fig. S4, A and B [for C4-2B target cells]). These
results indicate that CXCL12 contributes to the exosome-induced
proliferative effect.

To examine if the stromal cell CXCL12-mediated PCa prolif-
erative and invasive activity is dependent on PKM2 expression
in the PCa exosomes that stimulate the stromal cells, PC3
cells were pretreated with AMD3100 or vehicle, followed by
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Figure 6. PCa-derived exosomes increase CXCL12 production in stromal cells through PKM2. (A) C4-2B cells were transduced with scramble, PKM2-
shRNA-1, or PKM2-shRNA-2. Western blot analysis of PKM2 in the whole-cell lysate of the transduced C4-2B cells (upper) or exosomes isolated from the
transduced C4-2B cells (lower). (B) Western blot analysis of PKM2 in the whole-cell lysate of ST2 stromal cells exposed to exosomes from C4-2B cells
transduced with scramble, PKM2-shRNA-1, PKM2-shRNA-2, or control media. (C) Proliferation of LNCaP and PC3 cells exposed to exosomes from C4-2B cells
transduced with scramble, PKM2-shRNA-1, or PKM2-shRNA-2 for 48 h. Each data point is derived from the mean of a triplicate sample, and results are reported
as mean plus individual data points. (D) PC3-scrambled or PC3-shPKM2 knockdown cancer cells were injected into the prostates of mice; n = 5 mice. At
2 wk, mice were euthanized and prostates harvested. Upper: Tumor widths are indicated by arrowheads. Lower: Tumor volumes are indicated. (E and F)
PC3-scramble or PC-3-shPKM2 knockdown cancer cells were injected into the prostates of mice; n = 5 mice. These cells do not express luciferase. 2 wk later,
PC3-luciferase cells were injected via the i.c. route. After an additional 3 wk, mice were imaged, and the number of metastases and total tumor burden were
determined. Data are presented as mean and individual data points. *, P < 0.05 as determined by ANOVA with Fisher’s least significant difference.

PCa-derived exosomes with or without PKM2 knockdown. As  were pretreated with PCa-derived exosomes and either vehicle
shown above, the conditioned media from stromal cells treated or AMD3100 administration. After 5 d, marrows were collected
with PCa-derived exosomes increased PC3 cell proliferation and  and subjected to PCR for human Alu sequences to quantify the
invasion, knockdown of PKM2 abrogated the ability of PCa- human PCa cells in mouse bone marrow. PCa-derived exosomes
derived exosome-educated stromal cells to promote PCa cell increased PCa seeding to bone marrow, and AMD3100 dimin-
growth, and AMD3100 blocked the ability of PCa-derived exo- ished the seeding of PC-3 cells (Fig. 8 E).
somes with intact PKM2 expression to educate stromal cells to To investigate if PCa-derived exosomes promote PCa metas-
promote PCa cell growth. However, the combination of using tasis in vivo through CXCL12, mice were pretreated with PCa
AMD3100 and PCa-derived exosomes with knockdown of PKM2  exosomes for 5 d followed by i.c. injection of PC-3 PCa cells and
did not further inhibit proliferation or invasion compared with administration of either vehicle or AMD3100. Exosome and
use of PCa-derived exosomes with PKM2 knockdown alone AMD3100 administration were continued over a period of 4 wk,
(Fig. 8, C and D). These experiments were repeated using C4-2B  at which time the mice were euthanized. PCa-derived exosomes
PCa cells as target cells, with similar results (Fig. S4, C and D). increased both the number of metastases and total metastatic
These results are consistent with PKM2 from PCa-derived exo- burden of both C4-2B and PC-3 tumor cells, whereas AMD3100
somes modulating the production of CXCL12 in stromal cells to  inhibited these effects (Fig. 8, F and G). To further confirm that
promote PCa growth and invasion. these results were mediated through the CXCLI12:CXCR4 sig-
Earlier in this study we had demonstrated that PCa-derived naling axis, we knocked down CXCR4 expression in PC-3
exosomes promote PCa cell seeding to the murine marrow. To cells (Fig. 8 H) and then repeated the evaluation for seeding
determine if this activity was dependent on CXCL12, the mice and development of metastases. Similar to the AMD3100
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Figure7. Exosomal PKM-2 promotes bone marrow stromal BMP-4 and CXCL12 expression. (A) Left: qPCR array of chemokines and cytokines in ST2 cells
exposed to exosomes from C4-2B cells transduced with scramble or PKM2-shRNA. Right: Fold change of indicated cytokines induced in stromal cells by
exosomes with PKM2 knockdown relative to control exosomes. This experiment was performed once. (B) Left: CXCL12 mRNA expression in ST2 cells exposed
to exosomes from C4-2B cells transduced with scramble or PKM2-shRNA. Right: CXCL12 level in supernatant of ST2 cells exposed to exosomes from C4-2B
cells transduced with scramble or PKM2-shRNA. (C) BMP4 mRNA expression in ST2 cells exposed to exosomes from C4-2B cells transduced with scramble or
PKM2-shRNA. Results are shown as mean plus individual data points. *, P < 0.05 as determined by ANOVA with Fisher’s least significant difference. These

experiments were repeated two times.

administration, knockdown of CXCR4 in the PC-3 cells dimin-
ished exosome-induced seeding (Fig. 8 I) and the number of
metastases and total metastatic burden (Fig. 8, J-L). Taken to-
gether, these results showed that exosomes contain PKM2,
which can stimulate stromal cells to produce CXCL12 that
promotes progression of PCa metastasis.

PCa-derived exosomes promote CXCL12 expression in stromal
cells through induction of hypoxia-inducible factor 1a (HIF-1a)
in a PKM2-dependent fashion

We next wanted to determine how exosomes induced CXCL12
expression. It has been previously shown that HIF-la promotes
CXCLI2 production (Ceradini et al., 2004; Martin et al., 2010).
Thus, we first determined if exosomes promoted HIF-la ex-
pression and if this was dependent on PKM2. PC-derived exo-
somes stimulated HIF-la mRNA and protein expression in the
ST2 stromal cell line and in primary murine BMSCs, whereas
knockdown of PKM2 in the PCa-derived exosomes markedly
decreased induction of HIF-la mRNA and protein expression
(Fig. 9, A-C). These results indicate that PCa-derived exosomes
promote HIF-la expression in a PKM2-dependent fashion. To
determine if the exosome-induced HIF-la modulated CXCL12
expression, we knocked down HIF-1a in stromal cells and trea-
ted the cells with exosomes to confirm loss of HIF-1a expression
(Fig. 9 D). We then treated stromal cells with C4-2B PCa-derived
exosomes and observed that knockdown of HIF-1a in the stromal
cells markedly reduced the exosome-mediated induction of
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CXCL12 mRNA (Fig. 9 E) and protein (Fig. 9 F). We repeated this
experiment with PC3 PCa-derived exosomes and observed
similar results (Fig. S5). Taken together, these data demonstrate
that PCa-derived exosomes stimulate HIF-la expression in a
PKM2-dependent fashion, which in turn induces CXCL12
expression.

Discussion

In the current study, we identify exosome-mediated transfer of
PKM2 from PCa cells into BMSCs as a novel mechanism through
which primary tumor-derived exosomes promote premetastatic
niche formation. Our data suggest that primary PCa-derived
exosomes increase PKM2 expression in BMSCs through trans-
fer of PCa-derived PKM2 protein as opposed to up-regulating
PKM2 production in BMSCs. PKM2, in turn, up-regulates
BMSC CXCLI2 production in a HIF-la-dependent fashion,
which subsequently enhances PCa seeding and growth in the
bone marrow. Furthermore, serum-derived exosomes from pa-
tients with either primary PCa or PCa metastasis, as opposed to
healthy men, revealed that increased exosome PKM2 expression
was associated with metastasis, suggesting both clinical rele-
vance of exosome PKM2 and its potential as a biomarker. Fi-
nally, murine in vivo studies revealed that targeting the
exosome-induced CXCL12 axis through either knockdown of its
receptor, CXCR4, in PCa cells or through inhibition using
AMD3100, a drug currently used in clinics for therapy of HIV,

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20190158

2891


https://doi.org/10.1084/jem.20190158

EM

vt o
Y A
o

A PC3 B PC3
_ 25 = 80 ,,
a —* K] —
0,20 i § 60 -
g1s) L. T = s R e
g E- 8 40{ e, o
5101 . “u c ’-:?: % g
305 g 20 o
o >
0.0 £ 0 . . .
C4-2B exo 2 + + C4-2B exo - + +
AMD3100 - - 4 AMD3100 - - 4
ST2CM
C PC3 D E
. * 1000
= 100 A S @ "
-~ 25 = * 8 * =z * 5
g 20{ — E 80 . = S = 800
- = i
= e s £ ) O © 600 £
E¥l o F T emion o 51 ;
5 101 °¢ Wy R ¢ i""-é& R & S S 400
3 05 2 ool W™t M F ® 2=
© 8 2 K . 2
00 g : 3
C4-2B-Scramble exo - + - + -
C4-2B-shPKM2exo - - + - +
AMD3100 - e -+
ST2CM
F PC3-luc G, ) . . S
“ — £ s S
28 4 Y 5
o8 * 22 ¢ .
Eé o, ALy 2 :- %000 ‘i v,,;m
zE R 23 4 = .
5 2] Weees  mmmm vy s e "mg .
. wEEw w o 2q ° -:-:— .
(0] o [0] o v‘\ﬁ e\@ (\*"\0 s"“e &"\@ '5"§ \s\éo s’sp
© o © o 4 v,& o‘° \S‘o kO §° & ‘;\o
= b = - 25 F 25 &
© A o ba) BN 4 SN 4
= = > > 5 e
< = [ = . . J PC3-luc
C4-2B exo 5 -
3 1500 ‘
H PC3-luc Sg
— = = 93 1000 . T v
£ 3 4] . \ ¥
(= 3= A v
5] < g 500 . .
E Q ®) 2 ®e "aa v'
n on T . T T
> D > >
T — © & & & _ < _ 5
42 kD| | CXCR4 & & 5 S 3 E 3
37 kD| "> e @ GAPDH &£ g ) € 3)
¢ 7] (7] 7 7]
C4-2B exo

siControl+exo

15 *

—
@
*
*

>

(pls, x10%)

Numbers of
metastasis
IS
.
I3
|3
3
<«
Total tumor burden

S v
o
PO I SN
il N K ad
o & & & p
<& & & &
P
&
N »
2 o
& &

Figure 8. PCa exosomes promote PCa tumor growth through CXCL12 from bone marrow cells induced by PKM2. (A and B) Proliferation (A) and
invasion (B) of PC3 cells exposed to exosomes from C4-2B cells with or without AMD3100 or control media for 48 h. Scale bar = 100 um. Data from two to
three experiments are shown. (C and D) Proliferation (C) and invasion (D) of PC3 cells exposed to exosomes from C4-2B cells transduced with scramble or
PKM2-shRNA with or without AMD3100 or control media for 48 h. Scale bar = 100 pm. Data from two to three experiments are shown. (E) qPCR analysis of
Alu-positive cell numbers in the bone marrow of SCID mice pretreated with exosomes from C4-2B cells with or without AMD3100 or AMD3100 or vehicle for
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5d followed with i.c. injection of PC3 cells; n = 5 mice. (F) Representative bioluminescent images of SCID mice pretreated with exosomes from C4-2B cells with
or without AMD3100 or AMD3100 or vehicle for 5 d followed by i.c. injection of PC3-luciferase cells with continuous treatment of exosomes for 1 wk; n = 10
mice from two experiments. (G) Number of metastases per mouse and total tumor burden were evaluated by BLI for above mice. (H) Validation of CXCR4
knockdown by Western blot in PC3 cells. (1) gPCR analysis of Alu levels in the bone marrow of SCID mice pretreated with exosomes from C4-2B cells, followed
by i.c. injection of PC3 cells treated with siCXCR4 or siControl; n = 5 mice. (J) Representative bioluminescent images of SCID mice pretreated with exosomes
from C4-2B cells, followed by i.c. injection of PC3-luc cells treated with siCXCR4 or siControl, and continued exosome treatment for 1 wk; n = 10 mice from two
experiments. (K) Representative histology from the indicated groups (hematoxylin and eosin stain). The trabecular bone is pink. “T” with arrow indicates
location of tumor, often within stromal tissue. Scale bar = 100 um. “exo” indicates the mice that had been treated with C4-2B exosomes. (L) Number of
metastases per mouse and total tumor burden were evaluated by BLI for above mice. Data are shown as mean plus individual data points. *, P < 0.05 as

determined by ANOVA with Fisher’s least significant difference. These experiments were repeated two times.

diminished the ability of PCa-derived exosomes to promote bone
metastasis. Taken together, our results demonstrate that pri-
mary PCa cells educate the bone marrow to create a premeta-
static niche through primary PCa exosome-mediated transfer of
PKM2 into BMSCs and subsequent up-regulation of CXCL12, a
clinically targetable protein.

Multiple mechanisms have been suggested as mediators of
crosstalk between PCa and bone (Yoneda and Hiraga, 2005; Suva
et al,, 2011; Ren et al., 2015). The majority of these mechanisms
describe paracrine interactions of PCa cells producing soluble
proteins that induce osteolytic (Zhang et al., 2001; Roato et al.,
2008; Sabbota et al., 2010) or osteoblastic activity (Ortiz and Lin,

2012; Esposito et al., 2018; Shupp et al., 2018), which, in turn,
results in altered bone remodeling and release of factors from
the bone matrix that impact PCa growth. In addition to im-
pacting PCa growth, the bone marrow has been shown to release
the chemokine CXCLI12 (also called stromal-derived factor-1),
which acts as a chemoattractant to enhance seeding of PCa cells
to the marrow (Taichman et al., 2002). Thus, crosstalk has been
shown to occur locally, within the tumor microenvironment,
and distantly. However, in the context of PCa, there are limited
data regarding primary tumors creating a premetastatic niche.
In the current study, we demonstrate that exosomes from the
primary tumor can target the bone and have the ability to
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Figure 9. PCa exosomes increase CXCL12 production in BMSCs through HIF-1a induced by PKM2. (A and B) HIF-1a mRNA expression in ST2 cells (A) and
mouse BMSCs (B) exposed to control media or exosomes from C4-2B cells transduced with Scramble or PKM2-siRNA. Data from two experiments are shown.
(C) Western blot analysis of HIF-1a in the whole-cell lysate of ST2 cells and mouse BMSCs exposed to exosomes from C4-2B cells transduced with Scramble,
PKM2-siRNA, or control media. (D) HIF-1a mRNA expression in ST2 cells treated with siControl or siHIF-1a. Data from two experiments are shown. (E) CXCL12
mRNA expression in ST2 cells exposed to exosomes from C4-2B cells with siControl, siHIF-1a, or control media. Data from two experiments are shown.
(F) CXCL12 level in the supernatant of ST2 cells exposed to exosomes from C4-2B cells with siControl, siHIF-1a, or control media. Data from two experiments
are shown. Data are shown as mean and individual data points. *, P < 0.05 as determined by Student’s t test (D) or ANOVA with Fisher’s least significant
difference (A, E, and F).
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deliver a protein, PKM2, that can alter the bone microenviron-
ment to promote growth of PCa metastases.

Exosomes have been recognized to transfer biomolecules,
such as proteins, miRNA, and mRNA, to many different cells
(Camussi et al., 2011; Dragomir et al., 2018; Jella et al., 2018).
Initial studies demonstrating that exosomes from primary tu-
mor could enhance metastasis include a report in which exo-
somes from primary melanoma were shown to target sentinel
lymph nodes and enhance their ability to recruit metastasizing
melanoma cells (Hood et al., 2011). Additionally, in a later study,
primary melanoma exosomes were shown to educate the bone
marrow stroma through increasing MET oncogene expression in
stromal cells, which enhances metastasis to bone (Peinado et al.,
2012). In terms of PCa, there are several studies regarding the
potential of serum and urine exosomes as biomarkers (Valentino
et al., 2017; Wani et al., 2017; Fujita and Nonomura, 2018; Lee
et al., 2018; Panigrahi et al., 2018; Wang et al., 2018); however,
there are limited functional studies that delineate if exosomes
mechanistically impact PCa metastasis. In one study, exosomes
containing miR-141-3p were shown to target osteoblasts and
increase osteoblast activity (Ye et al., 2017). Although, the au-
thors concluded in that study that exosome miR-141-3p en-
hanced osteoblastic metastasis, in that study, they injected
mimic miR-141-3p miRNAs into the cancer cells that were then
injected into the mice intratibially; thus, one may not conclude
that the exosomes achieved their effect through altering the
microenvironment or that there was any impact on tumor
seeding. In another study, PCa-derived exosomes were shown to
transfer avPé integrin to monocytes, which enhanced their
polarization to the M2 phenotype, which has been shown to
enhance cancer progression (Lu et al., 2018). While this target-
ing is neither specific to metastasis in general (i.e., it would
impact monocytes in primary tumor) nor the bone microenvi-
ronment specifically, it still provides a promising venue to
explore as a therapeutic target. In addition to exosomes, reports
of large (1-10 um) microvesicles that were termed “prostate
oncosomes” have been shown to contain a myriad of proteins,
including active enzymes, and have the potential to target dis-
tant sites (Di Vizio et al., 2012). In the current study, we provide
a novel mechanism through which primary tumor-derived
exosomes target and alter the bone marrow microenvironment.
Furthermore, this work provides several putative therapeutic
targets including PKM2 and CXCL12.

PKM2 is an enzyme that catalyzes the conversion of phos-
phoenolpyruvate to pyruvate, which is the final step in the
glycolytic pathway. It is expressed through an alternate splice
from PKM precursor mRNA (pre-mRNA; Chen et al., 2010).
PKM2 is highly expressed in many cancers and considered to
contribute to the ability of cancer cells to preferentially use
anaerobic glycolysis, even in the presence of ample oxygen,
which is known as the Warburg effect (Luo and Semenza, 2011;
Yang and Lu, 2013). In addition to its key role in the glycolytic
pathway, it has been identified that PKM2 has nonglycolytic
activity, including the ability to act as a transcriptional co-
activator, a protein kinase, an angiogenic agent, and a differ-
entiating agent (Igbal et al.,, 2014; Wang et al., 2014; Warner
et al., 2014; Dong et al., 2016). Of particular relevance to the
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current report, PKM2 has been shown to enhance HIF-la-
mediated transcription through acting as a co-activator (Luo
and Semenza, 2011; Semenza, 2011; Azoitei et al., 2016). This
sets the stage for HIF-1a’s ability to promote CXCL12 pro-
duction (Ceradini et al., 2004; Loh et al., 2009; Martin et al.,
2010). These reports account for our finding that PKM2 in-
duces CXCL12 in a HIF-la-dependent fashion.

Our study is the first, to our knowledge, to demonstrate that
primary tumor-derived exosomes selectively target bone marrow
versus soft tissue sites. The mechanism through which the exo-
somes selectively targeted marrow versus soft tissue sites is un-
clear. Several possibilities include that exosomes express specific
proteins on their surface, derived from the PCa cells, that target
the bone marrow stroma. Another possibility is that the blood
flow in the marrow sinusoids, which is slower than that of blood
vessels in soft tissue organs, may allow for more exposure time
and interaction of exosomes with the marrow stroma. Further
studies to explore this important question are warranted.

The current study demonstrates for the first time that
exosome-mediated transfer of PKM2 from the exosomes to
BMSCs promotes PCa bone metastasis, although primary cancer
exosomes have been demonstrated to transfer biomolecules,
including proteins, to other tissues. Additionally, we show that
the exosomes induce CXCL12, a well-recognized promoter of PCa
bone metastasis (Taichman et al., 2002; Papachristou et al.,
2012), through a PKM2-mediated HIFla-dependent pathway.
These results suggest a novel mechanism to account for the
higher incidence of PCa bone metastases versus soft tissue me-
tastases and provide a potential signaling pathway for targeting
progression of bone metastasis.

In addition to the novel mechanisms of premetastatic niche
formation described in the current report, we also identified that
serum-derived exosome PKM2 was elevated in men with pri-
mary and metastatic PCa compared with men without PCa.
These results are consistent with reports that indicate both
PKM2 tumor expression (Desai et al., 2014; Mohammad et al.,
2016; Chao et al., 2017; Zhu et al., 2017; Huang et al., 2018) and
PKM2 blood levels (Fung et al, 2015; Croner et al., 2017
Rzechonek et al., 2017) are associated with a poor prognosis. We
believe this is the first description of exosome PKM2 levels in
the blood of cancer patients. Due to the small number of patients
in the current study, these data are only suggestive, but provide
the rationale to explore this in a larger cohort.

Overall, this work suggests a novel mechanism through
which the primary tumor crosstalks with the bone microenvi-
ronment to establish a premetastatic niche and promote PCa
bone metastatic progression. Taken together, our experiments
demonstrate that tumor-derived exosome-mediated transfer of
PKM2 is a critical mediator of modulating the bone marrow
microenvironment to promote CXCL12 expression and pro-
gression of PCa bone metastasis.

Materials and methods

Cell culture

Human PCa cell lines LNCaP, DU145, and PC3 were obtained
from the American Type Culture Collection (ATCC) and cultured
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in RPMI 1640 (Invitrogen Co.) supplemented with 10% FBS and
1% penicillin-streptomycin (Life Technologies, Inc.). The C4-2B
cell line, which is an LNCaP subline, was maintained in T me-
dium (80% DMEM [Life Technologies, Inc.], 20% F12 [In-
vitrogen], 100 U/liter penicillin G, 100 pg/ml streptomycin,
5 pug/ml insulin, 13.6 pg/ml triiodothyronine, 5 pg/ml transfer-
rin, 0.25 pg/ml biotin, and 25 pg/ml adenine) supplemented
with 10% FBS. MC3T3-El (clone MC-4; kindly provided by Dr.
Renny Franceschi, University of Michigan, Ann Arbor, MI) is a
preosteoblast cell line derived from murine calvaria that, when
treated with ascorbate, expresses osteoblast-specific markers
and is capable of producing a mineralized matrix and was
maintained in a-MEM containing 10% FBS and 1% penicillin-
streptomycin (Life Technologies, Inc.). ST2 cells, a mouse
BMSC line, were obtained from RIKEN Cell Bank and maintained
in MEM Alpha (Invitrogen) supplemented with 10% FBS, 1%
penicillin-streptomycin (Life Technologies, Inc.), and 2 mM
L-glutamine (Invitrogen). The murine monocyte/macrophage-
like cell line, RAW 264.7 (obtained from ATCC), commonly used
as an osteoclast precursor cell line, was maintained in RPMI 1640
supplemented with 10% FBS, 1% penicillin-streptomycin, and
2 mM L-glutamine. HUVECs (obtained from ATCC) were main-
tained in EGM-2 medium (Lonza) containing 10% FBS and 1%
penicillin-streptomycin. HS-5, a human bone marrow fibroblastic
BMSC line, was obtained from ATCC and grown in DMEM (Life
Technologies, Inc.), with 100 U/liter penicillin G and 100 pg/ml
streptomycin supplemented with 10% FBS. All cultures were
maintained at 37°C, 5% CO,, and 100% humidity. Authentication
of cell lines is performed every 6 mo using short tandem repeat
profiling. All cells tested negative for mycoplasma.

Human samples

Human peripheral blood samples were obtained from control
subjects and patients with histologically confirmed stage 1-4
PCa. Patients were either CT and bone scan negative for me-
tastasis (defined as primary tumor only) or bone scan positive
(defined as bone metastasis). Serum from the patients were
stored at -80°C until used. All individuals provided informed
consent for blood donation according to a protocol approved by
the University of Michigan Institutional Review Board. Unpro-
cessed human bone marrow was obtained commercially
(Lonza). Procurement of the samples was approved by the
University of Michigan Institutional Review Board.

Procurement of conditioned media

Cells were grown to 80% confluence in the appropriate complete
medium containing 10% FBS in 10-cm tissue culture dishes. At
this point, the medium was removed, and the cells were gently
washed with PBS. Cells were treated with 100 pl PCa exosome
(10° particles/ml) in 10 ml of cell culture medium appropriate for
the target PCa cell lines containing 0.5% FBS or the medium with
exosomes as control. After 24 h, conditioned medium was col-
lected, centrifuged at 1,000 g for 3 min to remove the cell debris,
concentrated with Biomax centrifugal filter device (molecular
weight cutoff: 10 kD; Millipore Corp.), and then frozen. At time of
media collection, cells were counted, and CMs were normalized
by adding media to a final volume to represent 1 x 10° cells/ml.
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Exosome isolation

PCa cells were cultured in media supplemented with 1%
exosome-depleted FBS (SBI). After 24 h, cell culture media were
harvested and centrifuged at 300 g at 4°C for 10 min to remove
detached cells. Supernatant was collected and filtered through
0.2-ym nylon filters (Fisherbrand) to remove contaminating
apoptotic bodies, microvesicles, and cell debris and then con-
centrated ~200 times using a Centricon Plus-70 centrifugal fil-
ter device with a 10 K NMWL (Millipore). Exosomes were then
harvested by centrifugation at 100,000 g for 90 min (T-890
Rotor; Thermo Fisher Scientific) to pellet exosomes. The
supernatant was carefully removed, and crude exosome-
containing pellets were resuspended in 1 ml of ice-cold PBS.
The exosome pellet was resuspended in 10 ml of PBS and col-
lected by density ultracentrifugation at 100,000 g for 70 min as
described below. The exosomes from human serum were iso-
lated as described above.

To accomplish density centrifugation, the samples were di-
luted 1:10 in PBS after centrifugation at 20,000 g and then col-
lected by ultracentrifugation (100,000 g for 70 min) on a 40%
sucrose cushion. The floating exosome fraction was collected
again by ultracentrifugation as described above, and the final
pellet was resuspended in PBS. Exosome size and quantity were
evaluated using nanoparticle tracking analysis (NTA; NanoSight
NS300; Malvern Panalytical) as recommended by the manu-
facturer. Exosomes were also visualized using transmission
electron microscopy (JEM-1400; JEOL).

Gene silencing by shRNA and siRNAs

PKM?2 shRNA Lentiviral Particles (Sigma-Aldrich) were used to
knock down PKM2 mRNA expression in the PC-3 cell line, and
shRNA Lentiviral Particles-A were used as control. Gene
knockdown was confirmed using Western blot. Pre-designed
siRNA for mouse HIF-la and human CXCR4 were obtained
from Thermo Fisher Scientific. Mouse HIF-1a siRNA was used to
knock down the target genes in ST2 cells, and human CXCR4
siRNA was used to knock down the target genes in PC3-luc cells
following the manufacturer’s instructions. Briefly, the cells were
transfected with siRNA by using Lipofectamine RNAiMAX
(Thermo Fisher Scientific) for 24 h, followed by validation of
expected change in expression of the target gene using qPCR.

Real-time PCR

ST2 and MC3T3 cells were processed using standard RNA iso-
lation methods. Briefly, total RNA was extracted using RNeasy
Mini Kit (Qiagen), 2 pg of total RNA were reverse transcribed in
a final 20-pl volume, and quantitative real-time PCR was per-
formed in triplicate using SYBR Green qPCR MasterMix (Qia-
gen) in a 10-pl reaction volume on a Roche LightCycler 480
(Roche). The PCR conditions were: 30 cycles at 95°C; followed by
40 cycles at 95°C for 30 s and 65°C for 20 s. Mouse PKM2 pri-
mers (cat. no. PPM05100B), mouse CXCL12 primers (cat. no.
PPMO02965E), mouse BMP-4 primers (cat. no. PPM02996F), and
mouse HIF-la primers (cat. no. PPM03799C) were purchased
from Qiagen. All analyses were performed in triplicate in three
independent experiments. Measurements from triplicate thresh-
old cycle (Ct) values were normalized to GAPDH.
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Western blot analyses

Exosomes or cells were lysed with radioimmunoprecipitation
assay (RIPA) lysis buffer (Millipore) containing a complete
protease inhibitor tablet (Sigma-Aldrich). The protein concen-
tration of tumor extracts was determined using bicinchoninic
acid (BCA) Protein Assay Kit (Pierce). Lysates were cleared by
centrifugation at 14,000 g for 20 min. The supernatant fractions
were used for Western blot. Protein extracts were resolved by
SDS-PAGE and probed with the indicated antibodies. For
Western blots, we used antibodies targeting PKM2 (cat. no.
3198S; Cell Signaling), HIF-1a (cat. no. 14179; Cell Signaling), Alix
(cat. no. 2171; Cell Signaling), CD9 (cat. no. sc-13118; Santa Cruz
Biotechnology, Inc.), and HSP70 (cat. no. sc-32239; Santa Cruz
Biotechnology, Inc.). Antibody-targeting GAPDH (Millipore) was
used to visualize GAPDH as a loading control for the Western
blots. For the Western blot evaluating human versus mouse
PKM2 expression, we used human-specific rabbit polyclonal
anti-PKM2 (cat. no. ab85555; Abcam), human-specific mouse
monoclonal anti-PKM2 (cat. no. MBS200298; MyBioSource,
Inc.), and mouse- and human-reactive rabbit monoclonal anti-
PKM2 (cat. no. 3198; Cell Signaling). The antibody binding was
revealed using an HRP-conjugated anti-rabbit IgG (1:3,000; Cell
Signaling) or anti-mouse IgG (1:3,000; Amersham Pharmacia
Biotech). Antibody complexes were detected by SuperSignal
West Pico Chemiluminescent Substrate or SuperSignal West
Dura Extended Duration Substrate (Thermo Fisher Scientific)
and exposure to X-Omat film (Kodak).

CHX inhibition of protein synthesis

The protein synthesis inhibitor CHX was purchased from Sigma-
Aldrich and dissolved in DMSO. ST2 cells were incubated with
vehicle (DMSO) or with 10 ug/ml CHX in the presence or ab-
sence of PCa exosomes for 24 h. Cell lysates were prepared, and
the expression of PKM2 was analyzed by Western blots.

Cytokine qPCR array

Cytokines & Chemokines RT2 Profiler PCR Array (Qiagen) was
performed per the manufacturer’s instructions. ST2 cells were
treated with PCa-Scramble exosomes or PCa-short hairpin
PKM2 (PCa-shPKM2) exosomes for 24 h. Total RNA was ex-
tracted using Qiagen RNeasy Kit (Qiagen). RT? First Strand Kit
(Qiagen) was used for reverse transcription. Real-time PCR was
performed with Qiagen SYBR Green Master Mix Kit using a
Roche Light Cycler. The array data were analyzed by software in
The GeneGlobe Data Analysis Center (Qiagen).

ELISA assays

Mouse CXCL12 levels in supernatants of ST2 cells were analyzed
by antibody sandwich ELISA (R&D Systems) following the
manufacturer’s instructions.

Evaluation of tumor cells seeding bone marrow

After treatments, bone marrow was collected, and Alu-based
PCR was performed as previously described (Havens et al.,
2008). Briefly, DNA isolation kits were used to prepare ge-
nomic DNA from the designated tissues using DNeasy Blood
and Tissue Kit (cat. no. 69506; Qiagen, Inc.). All sample
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concentrations were standardized in each reaction to exclude
false-positive results. Real-time PCRs were performed using
15.0 pl of TagMan PCR Master Mix (Applied Biosystems) with
100 nM human Alu TagMan primers and probe (Forward: 5'-
CATGGTGAAACCCCGTCTCTA-3’; Reverse: 5'-GCCTCAGCC
TCCCGAGTAG-3'; TagMan probe using a 6-carboxyfluorescein
(FAM) flourophore and a tetramethylrhodamine (TAMRA)
quencher: 5'-FAM-ATTAGCCGGGCGTGGTGGCG-TAMRA-3')
and 1 pg of the isolated tissue DNA in a total volume of 30 pl.
The thermal conditions were 50°C for 2 min and 95°C for
10 min followed by 40 cycles of 95°C for 15 s and 60°C for 1 min.
The level of expression was detected as an increase in fluo-
rescence using a sequence detection system (ABI PRISM 7700;
Applied Biosystems). The DNA levels were expressed as rela-
tive copies (% control) normalized against murine B-actin
(cat. no. MmO00607939 sl; Thermo Fisher Scientific), and a
standard curve constructed from serial dilutions of a purified
Alu cDNA fragment was cloned by classic PCR. Numerical data
were determined against a standard curve established using
mouse BM containing log-fold dilutions of PC-3-ExGFP cells.
Pure mouse bone marrow served as a negative control, and
human PCa cell line (PC-3-ExGFP) served as a positive control.

Cancer cell growth assay

Cells were seeded in 96-well plates at a density of 2-5 x 103 cells
in triplicates. After 24 h, cells were treated with different con-
centrations of the indicated exosomes. The cells were cultured
for 3 d, and then the number of viable cells was measured by Cell
Proliferation Reagent WST-1 (Roche Applied Science) as directed
by the manufacturer.

Invasion assay

The Matrigel invasion assay was performed using BD-Biocoat
Invasion Chambers (BD Biosciences) as directed by the manu-
facturer and previously described (Fu et al., 2003).

Mass spectrometry

The proteins in the SDS-PAGE were digested overnight with se-
quencing grade-modified trypsin (Promega). Tryptic peptides were
resolved on a nanocapillary reverse phase column (Picofrit Column;
New Objective) using 1% acetic acid/acetonitrile gradient at 300 nl
min~! and directly infused into a linear ion-trap mass spectrometer
(LTQ Orbitrap XL; Thermo Fisher Scientific). The mass spectrometer
(MS) was set to collect one survey scan (MS1), followed by MS/MS
spectra on the nine most intense ions observed in an MSI scan.
Proteins were identified by searching the data against UniProt Hu-
man database appended with decoy (reverse) sequences using X!
Tandem/Trans-Proteomic Pipeline software suite. All peptides and
proteins with a PeptideProphet and ProteinProphet probability score
of >0.9 (false discovery rate [fdr] < 2%) were considered as positive
identifications. Proteins found in the control lane were subtracted
using an in-house subtraction program, and the remaining were
considered as potential interactors.

Exosome treatment of mice
All experimental animals were housed under pathogen-free
conditions in accordance with the National Institutes of Health
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guidelines, and all animal procedures were approved by the
University of Michigan Institutional Animal Care and Use
Committee. Male 6- to 8-wk-old severe combined immunode-
ficient (SCID) mice (strain B6.CB17-Prkdcscid/SzJ; Jackson Lab-
oratories) were pretreated via tail vein injection (i.v.) of PCa cell
exosomes or exosomes isolated from serum of healthy subjects
or PCa patients at 20 pl (2 x 10° particles) every other day for 5d,
followed by i.c. injection with indicated cell lines, and exosome
treatment continued for an additional week. Tumor burden and
metastasis were monitored by BLI as indicated.

Orthotopic injection

Male 6- to 8-wk-old SCID mice were anesthetized with isoflu-
rane. The abdomen was surgically prepared with iodine solu-
tion. A midline incision was made in the lower abdomen to
expose the prostate gland. PC3-luc cells (10° cells in 10 pl) were
injected into each dorsal prostate lobe (i.e., both lobes) using an
insulin syringe and needle (U-100 30 gauge). The abdominal
wound was closed with 6/0 absorbable surgical suture and
surgical clips.

Intracardiac (i.c.) injections

The i.c. injections of luciferase-labeled PCa cells were performed
in 6- to 8-wk-old male SCID mice (Charles River) under 2.5%
isofluorane anesthesia by injecting 10° cells suspended in 100 ul
PBS percutaneoulsy into the left cardiac ventricle using a 27-
gauge needle. Bioluminescent imaging (BLI) was performed
weekly to evaluate for tumor growth.

Implantation of collagen sponges

20 wl PC3 (2 x 10° cells) or C4-2B cells (1 x 10° cells) were mixed
with or without 20 pl ST2 cells (2 x 105 cells) in mice pretreated
with C4-2B exosomes or PC3 exosomes, and were allowed to
adsorb into sterile collagen sponges (3 x 3 x 3 mm?®, Gelfoam;
Pharmacia & Upjohn Co.). A single mid dorsal incision on the
flank of SCID mice was made for the implantation of the collagen
sponges with mixed cells and was closed with surgical glue. The
animals were monitored twice every week, and tumor volumes
were calculated using the following formula: V = (the shortest
diameter)? x (the longest diameter).

AMD3100 treatment

AMD3100 was purchased from Sigma-Aldrich. For proliferation
and invasion assay, PC3 cells were exposed to exosomes from
C4-2B cells with or without 30 uM AMD3100, exosomes from
C4-2B cells transduced with scramble, PKM2-shRNA plus/minus
30 .M AMD3100, or control media for 48 h. For determining the
seeding of PC3 cells in mouse bone marrow, SCID mice (6-8 wk
old) were pretreated with AMD3100 (5 mg/kg, 100 ul, i.p. in-
jection, daily) or vehicle (0.9% saline) with or without i.v. in-
jection of C4-2B exosomes at 20 pl every other day for 5d (n =5/
group), followed by i.c. injection of PC3 cells (2 x 10° cells). Mice
were sacrificed 24 h later, and the bone marrows from mouse
femurs and tibia were collected and stored at -80°C. The
number of disseminated PC3 cells was assessed by qPCR using
human Alu primer. For determining the PC3 tumor burden
and metastasis in SCID mice, SCID mice (6-8 wk old) were
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pretreated with AMD3100 (5 mg/kg, 100 pl, i.p. injection, daily)
or vehicle (0.9% saline) with or without i.v. injection of C4-2B
exosomes at 20 pl every other day for 5 d (n = 10/group), fol-
lowed with i.c. injection of PC3-luc cells or PC3-luc cells treated
with small interfering RNA (siRNA); namely, siCXCR4 or si-
Control (2 x 105 cells). Exosome treatment was continued for one
additional week. The tumor burden and metastasis were mon-
itored by BLI 4 wk after PC3-luc cell injection.

BLI in vivo

Mice were injected i.p. with luciferin (100 ul at 40 mg/ml in
PBS) before imaging. Mice were anesthetized with 1.5% iso-
fluorane/air and the Xenogen IVIS cryogenically cooled imaging
system. Bioluminescence generated by the luciferin/luciferase
reaction served as a locator for cancer growth and was used for
quantification using the Livinglmage software on a red (high
intensity/cell number) to blue (low intensity/cell number) vi-
sual scale. A digital grayscale animal image was acquired fol-
lowed by acquisition and overlay of a pseudocolor image
representing the spatial distribution of detected photon counts
emerging from active luciferase within the animal. Signal in-
tensity was quantified as the sum of all detected photons
within the region of interest during a 1-min luminescent
integration time.

Evaluation for GFP-positive exosomes in tissue

To determine the in vivo distribution of exosomes, we created a
PCa cell line that has GFP-labeled exosomes so that we could
track the exosomes in vivo. Specifically, PC3 cells were stably
transduced with CD63-GFP (pCT-CD-63-GFP; System Bio-
sciences) followed by puromycin selection. CD63 is tetraspanin,
which is incorporated into exosomes. In some cases, GFP* exo-
somes were injected into the tail vein of mice, and after 24 h, the
femur and tibiae were flushed with trypsin to collect the bone
marrow, and liver and lungs were also collected. Tissues (27-
mm? sections) were subjected to trypsinization, and cells were
resuspended after washing in 10% FBS in PBS at 105/ml. Cells
were then subjected to fluorescent imaging to evaluate for
presence of GFP* exosomes. To determine if primary tumor
exosomes target the marrow microenvironment, we injected
PC-3-ExGFP into murine prostate dorsal lobes. After 3 wk, we
harvested marrow as above and subjected it to fluorescence.

Statistical analyses

Numerical data are expressed as mean + SD of the mean. All
in vitro experiments were performed between two and four
times. Statistical significance was tested using Student’s t test
for two groups or ANOVA and Fisher’s least significant differ-
ence for post-hoc analysis when three or more groups were
present. Statistical significance was determined at P < 0.05.
Microsoft Excel (Microsoft) and GraphPad Prism software
(GraphPad Software) were used for statistical analysis.

Online supplemental material

Fig. S1 shows that PCa-derived exosomes promote tumor
growth in mouse bone but have no direct effect on cell growth
in vitro. Fig. S2 shows that PCa exosomes educate bone marrow
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cells to promote PCa growth. Fig. S3 shows that PCa-derived
exosomes increase PKM2 expression in stromal cells. Fig. S4
shows that PCa exosomes promote PCa tumor growth through
CXCL12 from bone marrow cells induced by PKM2. Fig. S5
shows that PCa exosomes increase CXCL12 production in BMSCs
through HIF-1a induced by PKM2.
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