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ABSTRACT

Platelet factor 4 (PF4) is an angiostatic chemokine that suppresses tumor growth and metastasis. We previously
revealed frequent transcriptional silencing of PF4 in multiple myeloma, but the functional roles of this chemokine
are still unknown. We studied the apoptotic effects of PF4 on myeloma cell lines and primary myeloma i vitro, and
investigated the involved signaling pathway. The in vivo effects were also studied using a mouse model. PF4 not
only suppressed myeloma-associated angiogenesis, but also inhibited growth and induced apoptosis in myeloma
cells. We found that PF4 negatively regulated STAT3 and concordantly inhibited constitutive and interleukin-6-
induced phosphorylation of STAT3, and down-regulated the expression of STAT3 target genes (Mcl-1, survivin and
VEGE). Overexpression of constitutively activated STAT3 could rescue PF4-induced apoptotic effects. Furthermore,
we found that PF4 induced the expression of SOCS3, a STATS inhibitor, and gene silencing of SOCS3 abolished
its ability to inhibit STATS activation, suggesting a critical role of SOCS3 in PF4-induced STAT3 inhibition.
Knockdown of LRP1, a putative PF4 receptor, could also abolish PF4-induced apoptosis and STAT3 inhibition.
Finally, the tumor growth inhibitory effect of PF4 was confirmed by in vivo mouse models. Immunostaining of rab-
bit bone xenografts from PF4-treated mice showed induction of apoptosis of myeloma cells and inhibition of
angiogenesis, which was associated with suppression of STATS activity. Together, our preclinical data indicate that

PF4 may be a potential new targeting agent for the treatment of myeloma.

Introduction

Human platelet factor 4 (PF4), a member of the C-X-C
chemokine family, was one of the first chemokines isolated
from platelets.! Although originally developed as a heparin
neutralization factor, numerous reports suggest that PF4
inhibits tumor growth and spread, by suppression of tumor-
induced angiogenesis, in many types of solid tumors. First,
recombinant human PF4 repressed endothelial cell proliferation
and migration in vitro.”* Second, in mouse tumor xenograft
models, recombinant human PF4 inhibited tumor angiogenesis
and growth of various tumors such as colon carcinoma and
melanoma through an angiogenesis-dependent mechanism.*
Third, adenoviral vector-mediated transduction of PF4 cDNA
resulted in inhibition of intracerebral glioma growth in mice by
reducing tumor-associated angiogenesis.” In addition, it was
demonstrated that PF4 exerted direct anti-proliferative activity
in human erythroleukemia cells by down-regulating protein
tyrosine kinase activity.*” This body of biological evidence
paved the way for the development of PF4 as an anti-tumor
agent. Indeed, anti-tumor responses have been observed in
patients with Kaposi’s sarcoma after intravenous administra-
tion of PF4."!" Previously, our group first revealed frequent
allelic loss of PF4 in multiple myeloma (MM) cells from
patients.” Transcriptional inactivation was also confirmed in
MM cell lines and patients’ MM cells by us and others.”**
However, the functional roles of PF4 in the pathogenesis of

MM are still unclear and the mechanisms underlying the
effects of PF4 on MM have not been investigated.

In this study, we examined the tumor suppressive function of
PF4 by means of both in vitro and in vivo studies using MM cell
lines and patients’” MM cells, to provide a scientific basis and
framework for clinical studies of PF4 as a new targeting agent
in the treatment of MM.

Design and Methods

The design and methods of this study are described in full in the
Online Supplementary Design and Methods. Briefly, we investigated the
in vitro functions of PF4 using cell growth, proliferation, apoptosis and
in vitro tube formation assays. Cell signaling pathways modulated by
PF4 treatment were investigated by protein/DNA arrays, an elec-
trophoretic mobility shift assay, and a luciferase reporter assay. Cells
treated with PF4 or control cells were harvested for gene and protein
expression assays. Finally, the in vivo effects of PF4 were studied by
mouse models."*"*

Results

PF4 inhibits growth by induction of apoptosis
in multiple myeloma

To examine the effects of PF4 on myeloma cells, we first
determined its effects on the growth of U266, OPM2 and NCI-
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H929 cells using increasing doses over a period of 96 h.
Results of WST-1 assays (Figure 1A) and trypan blue exclu-
sion (Figure 1B) showed that PF4 markedly inhibited the
growth of these cell lines in time- and dose-dependent man-
ners. A significant decrease in cell number was observed for
OPM2, NCI-H929 and U266 after 24, 72 and 96 h of incu-
bation with PF4. The inhibitory concentration at 50% (ICs)
for these three cell lines were approximately 2, 4 and 4 uM,
respectively.

Next, we investigated whether the observed inhibitory
effects of PF4 on cell growth were due to cell cycle arrest,
apoptosis, or both. The effect of PF4 on the cellular DNA
content was determined using flow cytometric analysis in
U266 and NCI-H929 cell lines. While changes in GO/G1, S,
and G2/M phases were not distinctively different, we
observed a population of cells in the sub-G1 phase indica-
tive of increased apoptosis after PF4 treatment (data not
shown). To further confirm that apoptosis was induced by
PF4, we treated U266, OPM2 and NCI-H929 cells with
increasing doses of PF4 and determined the percentage of
apoptotic cells by flow cytometric analysis of annexin V
and 7-amino-actinomycin D (7-AAD). Results showed that
PF4 led to an increase in apoptotic cells (annexin V+ and/or
7AAD+) in all three of these MM cell lines (Figure 1C).
Pretreatment of cells with cycloheximide, a protein synthe-
sis inhibitor, inhibited PF4-induced apoptosis of MM cells
(P=0.001) (Online Supplementary Figure S1), indicating that
the induction of apoptosis by PF4 is likely dependent on up-
regulation of pro-apoptotic proteins. Terminal deoxynu-
cleotidyl transferase dUTP nick end labeling (TUNEL)
assays in U266 and OPM2 cells further confirmed that PF4
induced apoptosis in MM cells, as evidenced by the
observed increase in staining of nuclear DNA fragments
(Online Supplementary Figure S2). In addition, treatment of
OPM2 and U266 cells with PF4 triggered a marked increase
in proteolytic cleavage of PARP, a signature event during
apoptosis (Figure 1D). Similarly, PF4 increased caspase-3
activity, an upstream activator of PARP, by 2.6-fold in U266
cells and by 3.2-fold in OPM2 cells (Figure 1E).

We also examined the effect of PF4 on purified cells from
patients with MM. CD138" plasma cells were isolated from
26 patients diagnosed with MM as described in Online
Supplementary Table S2. Cells were treated with PF4 for 48 h
and the levels of apoptosis were measured by annexin V-
7AAD staining. To compare the cytotoxicity of PF4 in MM
and normal cells, normal plasma cells from the bone mar-
row of healthy donors and normal mononuclear cells from
the peripheral blood of healthy donors were obtained. We
found minimal changes and a significant increase of mean
percentages of apoptotic cells in PF4-treated normal (bone
marrow plasma cells and peripheral blood mononuclear
cells) and patients’ MM cells, respectively (0.01+2.78%,
0.06+1.36%, and 15.16+2.52%) (Figure 1F). Taken together,
our findings suggest that PF4 inhibits growth and induces
apoptosis in both MM cell lines and primary MM cells.

PF4 suppresses multiple myeloma-associated
angiogenesis

Previous studies have shown that PF4 is a potent anti-
angiogenic chemokine which inhibits endothelial cell prolif-
eration and angiogenesis.”® The effect of PF4 on angiogene-
sis in MM was, therefore, examined. Endothelial cells iso-
lated from the bone marrow of myeloma patients (MMEC)
were treated with PF4 for 96 h and their cell growth was
then evaluated. Our results showed that PF4 inhibited the

growth of MMEC in a dose-dependent manner, with an
ICs, value of approximately 8 uM (Online Supplementary
Figure S3A). We next used in vitro capillary-like tube struc-
ture formation assays to further examine the anti-angio-
genic activity of PF4 in MM. MMEC were seeded in 96-well
culture plates pre-coated with Matrigel, treated with phos-
phate-buffered saline (PBS) and PF4 for 6 h, and then exam-
ined for tube formation using an inverted microscope. As
shown in Ounline Supplementary Figures S3B and S3C, tube
formation decreased by approximately 39%, compared to
control cells, in the cells treated with 8 uM PF4. Taken
together, these findings suggest that PF4 suppresses tumor-
associated angiogenesis in MM.

PF4 inhibits STAT3 signaling in multiple myeloma

To delineate the potential pathways modulated by PF4 in
the control of MM cell growth, we performed protein/DNA
arrays on PBS- and PF4-treated U266 cells. Compared to the
control treatment, treatment with PF4 inhibited STAT3, AP-
1, Elk-1 and NF-kB in response to PF4 treatment, of which
only STAT3 underwent significant reduction of transcrip-
tional activity as confirmed using a dual-luciferase reporter
assay (Figure 2A,B; other data not shown). Previous studies
demonstrated that STATS is one of the major mediators of
MM tumorigenesis,”"* which prompted us to further inves-
tigate the effect of PF4 on the STAT3 signaling pathway. To
confirm the results of the array experiment, an elec-
trophoretic mobility shift assay was performed for STAT3
using the same nuclear extract that was used in the pro-
tein/DNA array. As shown in Figure 2C, PF4 decreased
DNA binding activity of STAT3 at 8 h (a similar experiment
was performed using OPM2 with similar results, data not
shown). Together, these data provided the evidence that
STAT3 is the potential downstream signaling pathway
modulated by PF4.

PF4 inhibited constitutive and interleukin-6-induced STAT3
phosphorylation in multiple myeloma cells

Since STATS protein undergoes phosphorylation prior to
its transcriptional activation,” we studied the level of phos-
phorylated STATS protein in U266 and OPM2 cells using
antibody which detects STAT3 protein that is phosphory-
lated at the Tyrosine-705 residue. As shown in Figure 2D,
PF4 inhibited the phosphorylation of STAT3 in U266 and
OPM2 cells in a time-dependent manner, with maximum
inhibition occurring at 8 h, but had no effect on the expres-
sion of total STATS protein.

Interleukin-6 (IL-6) is one of the major myeloma growth
factors abundant in the bone marrow microenvironment of
MM, and a critical activator of STAT3.** We next exam-
ined whether PF4 could inhibit IL-6-induced STATS activa-
tion. NCI-H929 cells were stimulated with 10 ng/mL IL-6
for different periods. We found that IL-6 rapidly induced
STAT3 activation, with the maximum induction occurring
at 5-15 min (Figure 2E, upper panel). Exposure of cells to PF4
for 4-8 h was sufficient to suppress IL-6-induced STAT3
phosphorylation in NCI-H929 cells (Figure 2E, lower panel).
Collectively, these data further confirmed that PF4 could
inhibit STATS signaling.

PF4 suppressed STAT3-regulated gene expression

STAT3 is known to regulate proliferation, apoptosis and
angiogenesis in MM through regulating the expression of its
target genes.” We examined whether PF4 could down-reg-
ulate the expression of STATS target genes, including c-Myr,
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* Bcl-XL, Bcl-2, Mcl-1, Survivin and VEGF. Real-time poly-

merase chain reaction results showed that PF4 down-regu-
lated mRNA expression of STAT3 target genes involved in
survival (Bc-XL, Bcl-2, Mcl-1, Survivin) and angiogenesis
(VEGF) in either or both U266 and OPM2 cells (Online
Supplementary Figure S4A). Results from western blot further
confirmed that PF4 could down-regulate the protein level of
these genes in either or both cell lines (Online Supplementary
Figure S4B). These data were consistent with our in vitro
observations that PF4 could inhibit MM cell growth as well
as suppress angiogenesis.

Enforced expression of constitutively active STAT3 rescued
cells from PF4-induced apoptosis

To confirm whether PF4 induced apoptosis in MM cells
by inactivation of STATS, constitutively active STATS plas-
mid (Stat3 Flag pRc/CMV) was transfected into NCI-H929

cells, and PF4-induced apoptosis was examined. We con-
firmed the constitutive expression of STAT3 after transfec-
tion of STAT3 Flag pRC/CMV plasmid by western blot
analysis (Online Supplementary Figure S4C, left). Notably, this
forced expression of STATS significantly rescued cells from
PF4-induced apoptosis, by 51% compared to cells transfect-
ed with empty vector (Online Supplementary Figure S4C,
right).

Inhibition of STAT3 by PF4 involves SOCS3 induction
Three protein families have been reported to regulate the
STAT3 pathway negatively: SHE, SOCS and PIAS.* Both
SHP and SOCS proteins can inactivate and dephosphory-
late STAT3 by inhibiting JAK activity. PIAS proteins can
inhibit STAT3 DNA binding and transcriptional activation.”
We next examined whether PF4-induced inhibition of
STAT3 phosphorylation was due to the activation of these
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Figure 1. PF4 inhibited cell growth and induced apoptosis in MM. (A) MM cell lines were treated with or without PF4 at the indicated doses
for 96 h and then assessed by WST-1 assay. (B) The viability of MM cell lines after PF4 treatment was assessed using the trypan blue exclu-
sion assay. Data represent the meanxSD of results of culture experiments in triplicate (*P<0.05, **P<0.01). (C-E) MM cell lines were cultured
for 96 h with 4 uM PF4. (C) Apoptosis was determined by flow-cytometric analysis for annexin V and 7-AAD staining on MM cell lines. (D)
Cells were subjected to immunoblot analysis with cleaved PARP. (E) Caspase-3 colorimetric activity assay. (F) Patients’ MM cells (CD138-
enriched MM cells from patients) (n=26), normal bone marrow plasma cells (BMPC) (CD138-positive) (n=3) and peripheral blood mononu-
clear cells (PBMNC) from healthy donors (n=7) were treated with 4 uM PF4 for 48 h. Apoptosis was determined by flow-cytometric analysis
for annexin V and 7-AAD staining. The horizontal lines indicate the mean percentage of apoptotic cells.
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proteins. Since PF4 could inhibit not only STAT3 transcrip-
tional activity but also its phosphorylation, we decided to
focus on SOCS and SHP proteins, mainly the SOCS3, CIS
and SHP-1, which have been widely reported to inhibit
STAT3.2% U266 cells were treated with PF4 for 2 h and the
real-time polymerase chain reaction analysis showed that
PF4 strongly induced SOCS3 mRNA levels by 2.5-fold, but
had little or no effects on SHP1 and CIS mRNA levels
(Figure 3A). We, therefore, next examined the effects of PF4
on protein levels of SOCS3. Results from western blot
analysis confirmed that PF4 induced the expression of
SOCSS3 protein in U266 cells, with the maximum level at
approximately 2 h (Figure 3B) (the same experiments were
performed in OPM2 cells with similar results, data not
shown). These results suggested that the induced expression
of SOCS3 by PF4 was correlated with the down-regulation
of constitutive STATS activation in U266 cells.

PF4-induced inhibition of STAT3 activation was reversed by gene
silencing of SOCS3

We then determined whether suppression of SOCS3
expression by short-interfering RNA (siRNA) could abro-
gate the inhibition of STAT3 phosphorylation by PF4. The
knockdown of SOCS3 expression by siRNA transfection in
U266 cells was confirmed with real-time polymerase chain
reaction analysis (Figure 3C left). Indeed, we found that PF4
failed to suppress STATS activation in cells transfected with
SOCS3 siRNA (Figure 3C right). These results further cor-
roborate our earlier evidence for the critical role of SOCS3
in the suppression of STAT3 phosphorylation by PF4.
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The pro-apoptotic effect of PF4 is mediated by LRP1

It has been reported that PF4 is able to interact with cell
surface receptors including CXCR3B and lipoprotein-relat-
ed protein-1 (LRP1), and induces cascades of signaling
events.”” We first checked the expression of these recep-
tors and found that both CXCR3B and LRP1 were
expressed in the MM cell lines U266, OPM2 and NCI-
H929 (data not shown). To investigate whether PF4-induced
apoptosis is mediated by these receptors, we suppressed
their expression in MM cells to see whether the pro-apop-
totic effect of PF4 would be abolished. The knockdown of
CXCRS3B and LRP1 in U266 was done by siRNA transfec-
tions, followed by treatment with PF4. Results showed
that knockdown of LRP1 (P<0.001) (Online Supplementary
Figure S5) but not CXCR3B (data not shown) completely
abrogated PF4-induced apoptosis, indicating that PF4-
induced apoptosis is dependent on an interaction with
LRP1.

To determine whether the suppression of LRP1 would
affect the inhibition of STATS signaling by PF4, we then
examined the level of pSTAT3 upon LRP1 siRNA transfec-
tion and PF4 treatment. We found that PF4 lost its ability to
suppress pSTAT3 after knockdown of LRP1 (Figure 3D),
suggesting LRP1 could mediate the effect of PF4 to inhibit
STAT3 phosphorylation in MM.

PF4 inhibits human myeloma cell growth
and angiogenesis and prolongs survival in vivo

In light of the i vitro effects of PF4 on both MM cells and
MMEC, we next examined the in vivo efficacy of PF4 using
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Figure 2. PF4 inhibited constitutive and IL-6-induced activation of STAT3 in MM cells. (A) U266 cells were treated with 4 uM PF4 or PBS con-
trol, and then nuclear extracts were subjected to protein/DNA arrays. PF4 resulted in decreased STAT3 transcription factor binding to target
DNA by protein/DNA arrays. (B) STAT3 transcriptional activity was suppressed by 4 uM PF4 treatment as assessed by a luciferase reporter
assay. (C) Nuclear extracts of PF4-treated or untreated U266 cells were subjected to electrophoretic mobility shift assay (EMSA) analysis.
(D) MM cells were treated with 4 uM PF4 at indicated times and whole cell lysates were subjected to immunoblot analysis. (E) NCI-H929
cells were treated with IL-6 (10ng/mL) for indicated times, after which western blotting was done and probed for phospho-STAT3 (Tyr 705)
and total STAT3 (upper panel). NCI-H929 cells were treated with or without PF4 for the indicated times and then stimulated with IL-6 (10
ng/mL) for 15 min, after which whole cell lysates were subjected to immunoblot analysis (lower panel).
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two distinct mouse models. In the first study, OPM2 cells
mixed with Matrigel were subcutaneously xenografted into
SCID mice. The tumor-bearing mice were then treated
intravenously with 200 ng PF4 or PBS, three times a week
for 6 weeks. As shown in Online Supplementary Figure S6A,
a marked reduction (P=0.036) in tumor growth was noted
in PF4-treated mice (n=5) compared to mice given only PBS
(n=5). Importantly, PF4 treatment significantly prolonged
the survival of the mice (Online Supplementary Figure S6B,
P=0.012); the median survival in the control group was 23
days versus 42 days in the PF4-treated group.

Previous studies have shown that the MM-host bone
marrow microenvironment confers growth and survival
advantages and drug resistance to MM cells.” Next, we
therefore used the SCID-rab mouse model which recapit-
ulates the human bone marrow milieu i vivo to examine
whether the anti-MM activity of PF4 could be substantiat-
ed in the presence of a human bone marrow microenvi-
ronment. In this model, U266 MM cells were injected
directly into rabbit bones that were implanted subcuta-
neously into the SCID mice, and MM cell growth was
assessed by serial measurements of circulating levels of
human A light chain in mouse serum. After 10 weeks of
treatment, the levels of human A light chain were reduced
by 58% in the group treated with 200 ng PF4 (n=4) com-
pared to the levels in the PBS-treated group (n=4) (P=0.04)
(Figure 4A), suggesting that PF4 inhibited MM tumor
growth in vivo. In addition, Kaplan-Meier analysis showed
that PF4 improved the survival rate of mice. The survival
rate of PBS-treated mice (n=4) was 70% after 6 weeks and
less than 45% after 12 weeks, whereas the survival rate of

- o+ o+ + PF4 quantitative PCR of LRP1 after

0.8 + . 24 h (left panel). After transfec-

S - - + - LRP1siRNA tion of siRNA for 24 h, cells were
0.6 - - - = + Scrambled siRNA treated with 4 uM PF4 for 8 h fol-

lowed by western blot analysis
for p-STAT3 and total STAT3 (right
panel).

the PF4-treated group (n=4) was 75% after 12 weeks
(Figure 4B).

We next examined the effects of PF4 on in vivo tumor
growth and apoptosis using immunostaining of the
implanted rabbit bone for CD138 and cleaved caspase-3
expression. We found that the number of CD138-positive
cells in the PF4-treated group were substantially reduced
compared with that in the PBS-treated group (Figure 4C),
while the number of caspase-3 cleavage-positive cells was
significantly increased by PF4, compared with vehicle treat-
ment alone (Figure 4D). Importantly, we noted that
microvessels were reduced significantly by 57% within
tumors of PF4-treated mice compared with controls, as evi-
denced by CD31 staining (Figure 4E). Similarly, a marked
decrease in VEGF expression was also observed in rabbit
bone sections from mice injected with PF4 versus vehicle
alone (Figure 4F). These in vivo immunohistochemistry data
confirmed the growth inhibitory effects of PF4 and also its
pro-apoptotic and anti-angiogenic activities in MM cells.
Finally, we also investigated whether PF4 could inhibit
STATS3 activation in vivo. By immunostaining analysis, we
further found that PF4 inhibited STAT3 nuclear transloca-
tion in which STAT3 was observed preferentially in the
cytoplasm after PF4 treatment, but distributed in both the
cytoplasm and nucleus in the PBS-treated mice (Figure 4G),
together with a marked increase in SOCS3 expression in
PF4-treated mice versus those treated with vehicle alone
(Figure 4H). These results indicated that PF4 also inhibited
STAT3 activation and induced SOCS3 expression i vivo.
Taken together, our results from the MM SCID-rab mouse
model provide in vivo evidence for the ability of PF4 to
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Figure 4. Effects of PF4 on tumor growth, apoptosis and angiogenesis in the SCID-rab mouse model. (A) PF4 inhibited tumor growth. Upon
detection of measurable human lambda light chain in mice (2 weeks after injection of 1X10° U266 cells), mice were treated with either PBS
alone or indicated doses of PF4 by tail vein injection (three doses per week for 12 weeks); Tumor growth was measured using enzyme-linked
immunosorbent assays of human lambda light chain from mouse serum samples (meantSD; P<0.05 for 200 ng PF4; n=4). (B) Kaplan-Meier
survival plot showed a trend of an increase in survival of mice receiving PF4 (200 ng) compared with PBS-treated controls. (C-F) PF4 inhibited
tumor cell growth, induced apoptosis and suppressed angiogenesis in vivo. Rabbit bones were removed from mice after the last treatment
and immunostained with antibodies against CD138 (C), cleaved caspase-3 (D), anti-CD31 (E, upper panel) and VEGF (F). (E, lower panel)
Blood vessels (E, left panel) (meantSD of five separate fields) were enumerated. (G-H) Rabbit bones removed from mice were immuno -
stained with antibodies against STAT3 and SOCS3.

inhibit human MM cell growth within the bone marrow liferation and apoptosis i vitro in solid tumors in published

microenvironment. studies.’ In contrast, Han et al. demonstrated that the prolif-

eration rate of the human erythroleukemia cell line (HEL)

could be inhibited by PF4.° In this study, in addition to its

Discussion effect of anti-angiogenesis, which indirectly suppresses

MM cell growth, we first found that PF4 directly inhibited

Our and other studies revealed frequent loss of expres- MM cell growth both i vitro and in vivo by induction of cell

sion of PF4 in primary MM and MM cell lines, which apoptosis, possibly mediated in part by inhibition of

prompted us to investigate the biological function of PF4 in  STATS3, via up-regulation of SOCS3 expression and an inter-
MM.** As an angiogenesis inhibitor, PF4 has not been action with the cell surface receptor LRP1.

shown to have direct suppressive effects on tumor cell pro- STAT3 is a transcription factor that plays essential roles in
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the pathogenesis of many cancers, in which constitutive
activation leads to inappropriate regulation of genes impor-
tant for survival and angiogenesis.” First, constitutively
active STAT3 contributes to oncogenesis by protecting can-
cer cells from apoptosis; thus suppression of STATS activa-
tion by PF4 could facilitate apoptosis. Second, the induction
of resistance to apoptosis from constitutively active STAT3
is possibly effected through the expression of target genes.”
In this study, we first reported that PF4 inhibited the STAT3
signaling pathway in MM cells by inhibiting constitutive
phosphorylation of STATS and its DNA binding activity.
Constitutive STAT3 activation occurs in 50% of primary
MM samples” and STAT3 can be activated by cytokines
including IL-6 and others, which are important for the sur-
vival and drug resistance of MM cells.*” In the bone mar-
row microenvironment, IL-6 is secreted by stromal cells or
the MM cells themselves, and promotes the continued sur-
vival and proliferation of MM cells.®*** Our findings that
activation of STAT3 induced by IL-6 was suppressed by PF4
suggest that it can overcome cytokine-mediated tumor cell
growth in the bone marrow milieu. More importantly,
immunohistochemistry results on engrafted bone in the
SCID-rab model further supported that PF4 prevented
nuclear localization of STAT3. Here we also showed that
PF4 effectively down-regulated STATS target genes, includ-
ing Mcl-1 and Survivin, in MM cell lines. Mcl-1 belongs to
the Bcl-2 family of proteins and is a critical survival factor
for MM.” Previous studies demonstrated that the down-
regulation of Mcl-1 and Survivin precedes caspase activa-
tion.** Indeed, PF4 was found, in our study, to induce
apoptosis, activate caspase-3 activity and increase cleaved
PARP in MM cells, which could be due to the down-regula-
tion of anti-apoptotic genes including Mc/-1 and Survivin.
The down-regulation of STAT3 target genes is, therefore,
likely linked with the ability of PF4 to induce apoptosis in
MM cells. Finally, we observed that overexpression of con-
stitutively active STAT3 in NCI-H929 cells could rescue the
apoptotic effects of PF4 in MM cells, suggesting that the
STATS3 signaling pathway is one of the crucial mechanisms
for PF4-mediated cell apoptosis. However, we cannot rule
out the possibility that other pathways, especially those not
assessed in the DNA/protein array, are involved in PF4-
induced apoptosis.

Angiogenesis plays a crucial role in cancer development
and metastasis. As an anti-angiogenic chemokine, PF4 func-
tions to suppress endothelial cell proliferation and migra-
tion and thus inhibits tumor growth in various cancers
including MM.*** However, the anti-angiogenic effects of
PF4 on MMEC have not been investigated. MMEC were
reported to secrete larger amounts of growth factors,
including VEGF and bFGE, than healthy endothelial cells
and express more adhesion molecules, including CD31, for
enhanced dissemination of MM cells and are thus indicative
of an angiogenic state.* In this study, we found that PF4
exhibited direct inhibitory effects on MM angiogenesis
both in vitro and in vivo. VEGF is one of the major pro-angio-
genic cytokines responsible for the induction of neo-angio-
genesis in MM patients.** In our study, we not only found
that PF4 decreased VEGF expression in MM cells, but also
uncovered the potential mechanism by which PF4 exerts its
effect on VEGE Activated STATS plays an essential role in
tumor angiogenesis and studies on the link between STAT3

and VEGF suggested that STAT3 influences the regulation
of VEGF and also acts as a direct transcription factor of
VEGE promoter.”* Thus, our observation of STAT3 sup-
pression by PF4 in MM cells suggests that STAT3 may be a
mediator between PF4 and VEGE Our findings, together
with those of a previous study, indicate that PF4 is an angio-
genesis inhibitor in MM.® Importantly, PF4 is the second
reported factor in MM (the first one is BMP6) to be down-
regulated, and is pro-apoptotic and anti-angiogenic.”

At present, several proteins, including SOCS3, are known
to regulate the JAK/STAT pathways negatively.” SOCS3
can bind both the cytokine receptor and JAK and is recruit-
ed to the tyrosine phosphorylated receptor, facilitating inhi-
bition of JAK and finally resulting in the inactivation of
STAT3.* SOCS3 has been shown to be silenced in various
human cancers and could be activated by cytokines.”**
Tumor necrosis factor-o was found to inhibit STATS activa-
tion via SOCS3 induction.” Here, we demonstrated that
PF4 could increase both mRNA and protein levels of
SOCS3, while knocking down SOCS3 with siRNA abol-
ished its STATS inhibitory effects. These findings suggest
that the inhibition of STATS by PF4 is mediated by SOCS3
induction.

It has been reported that PF4 could modulate cell signal-
ing by binding to cell surface receptors including CXCR3B
and LRP1 in endothelial cells and megakaryocytes, which
contributed to the anti-angiogenic and antiproliferative
effects on these cells.”*” We, therefore, examined whether
these receptors mediated PF4 effects on apoptosis of MM
cells. Knockdown of LRP1 expression, but not of CXCR3B,
abolished the pro-apoptotic effect of PF4. In addition, inhi-
bition of STATS signaling by PF4 was reversed upon LRP1
knockdown. These findings suggest that PF4 could elicit its
effects on MM cells by binding to LRP1 on the cell surface,
then blocking the downstream signal transduction includ-
ing STATS, to cause apoptosis in MM.

In addition to our in vitro studies, we also examined the
anti-MM activity of PF4 in vivo using two distinct human
MM xenograft mouse models, namely the subcutaneous
Matrigel xenograft and SCID-rab mouse model. We found
that the dosage required for inhibition by PF4 is 200 ng,
which is much lower than in previous studies.** One possi-
ble reason is that PF4 targets not only angiogenesis but also
acts directly on tumor cells in MM unlike in solid tumors.
Recently some PF4-derived molecules or molecular target-
ing therapies against PF4 have been developed which
exhibit stronger anti-angiogenic properties than the parent
molecule, and may serve as leads for further therapeutic
developments. Our in vitro and in vivo data provide the
framework for future clinical trials of PF4 or its analogues as
novel STATS3 inhibitors.
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