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ABSTRACT

Although mesenchymal stromal cells (MSC) have significant potential in
cell-based therapies, little is known about the factors that regulate their
functions. While exploring regulatory molecules potentially involved in
MSC activities, we found that the endogenous multifunctional factor Sur-
vivin is essential for MSC survival, expansion, lineage commitment and
migration. Pharmacological or genetic blockade of Survivin expression in
mouse and human bone marrow MSC enhances caspase 3 and 7 expression
and reduces proliferation resulting in fewer MSC and clonogenic CFU-F,
whereas ectopic Survivin overexpression in MSC results in their expansion.
Survivin is also required for the MSC proliferative responses to basic fibro-
blast growth factor (b-FGF) and platelet derived growth factor (PDGF). In a
wound healing model, Survivin inhibition results in suppression of MSC
migration to the wound site. In addition, loss of Survivin in MSCs compro-
mises their hematopoiesis-supporting capacity. These results demonstrate
that Survivin is a key regulator of mouse and human MSC function, and
suggest that targeted modulation of Survivin in MSCs may have clinical
utility to enhance MSC recovery and activity following insult or stress. STEm
CELLS 2017; 00:000-000

SIGNIFICANCE STATEMENT:

Our findings demonstrate that Survivin is essential for the mouse and
human MSC survival, proliferation and differentiation. The ability to enhance
MSC expansion/survival by growth factor (i.e., b-FGF or PDGF)-mediated
Survivin modulation represents a novel therapeutic strategy particularly for
hematopoietic regeneration after clinical transplantation, where HSC sup-
portive niche forming MSCs are severely depleted as a consequence of irra-
diation exposure.

INTRODUCTION

Mesenchymal stromal cells (MSCs) are found through-
out adult organisms and are involved in numerous phys-
iological processes, including tissue maintenance and

repair (1-3), regulation of hematopoiesis (3) and immu-
nologic responses (4). Pre-clinical and clinical trials using
bone marrow (BM) derived MSCs to enhance hemato-
poietic stem cell transplant and treatment of graft-
versus-host disease, spinal cord injury, cartilage and
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meniscus repair, and stroke are ongoing; however, MSC
engraftment and regenerative potential can be severely
limited by their inadequate number, survival, prolifera-
tion and multilineage differentiation. Understanding
intrinsic and extrinsic factor/mechanism(s) regulating
these aspects of MSC biology are required in order to
develop new strategies to improve MSC regenerative
efficacy.

Survivin is a member of the endogenous inhibitor-
of-apoptosis protein (IAP) family. While highly ex-
pressed during development and in cancer cells (5, 6),
Survivin is also expressed in adult hematopoietic stem
and progenitor cells (HSPC) under normal physiological
condition and plays an essential role in their function
particularly cell proliferation (7, 8). Whether Survivin
regulates MSC function however is not known. In this
study, we show that both mouse and human BM MSCs
expresses Survivin, and furthermore that Survivin is
required for MSC survival, proliferation, differentiation
and migration.

METHODS SUMMARY

C57BL/6 mice were purchased from Harlan Laboratories
(Indianapolis, IN). All mouse experiments were ap-
proved by the IUSM Institutional Animal Care and Use
Committee (IACUC). Human BM cells were purchased
from Lonza Biologics (Portsmouth, NH). Detailed proce-
dures for mouse and human cell isolation, MSC staining,
purification and expansion, flow cytometry analysis, in
vivo and ex vivo treatments, Survivin gene deletion and
overexpression, CFU-F assay and wound healing assay
are provided in Supplemental Methods section.
Statistical Analysis: Data are reported as mean *
SEM. Statistical significance was determined by 2-tailed
Student’s t-test or ANOVA with post-hoc test as appro-
priate. All data analyzed were normally distributed.

RESULTS AND DISCUSSION

Survivin is expressed in mouse and human
MSCs and pharmacological or genetic inhibi-

tion of Survivin reduces MSC number

We and others have demonstrated that Survivin is re-
quired for HSPC function (7-10); however its role in oth-
er types of stem cells is largely unknown. Since mesen-
chymal cells have putative roles in tissue homeostasis
and MSCs are crucial components of stem cell niches
that support HSPC function (2, 3, 11), we explored
whether Survivin plays a role in MSC activity. We first
measured intracellular Survivin protein expression in
freshly isolated mouse and human bone marrow MSCs
identified as CD45Ter119°'CD31 PDGFR'CD51" (11) and
CD45Ter119°CD31°CD271'PDGFR®" (12) respectively,
which support hematopoietic stem cell function. Flow
cytometry analysis revealed that ~ 35% of mouse BM
MSC and 31% of adult human BM MSC express Survivin
(Figure 1A and Supplementary Figure 1A). Quantitative

www.StemCells.com

RT-PCR analysis confirmed Survivin transcripts in mouse
and human BM MSCs (Figure 1B). To measure Survivin
expression in ex vivo expanded MSCs, mouse or human
bone marrow CD45Ter119CD31 cells were cultured for
2-3 passage and intracellular Survivin protein expres-
sion in MSC was measured. Survivin was detected in
~25% of ex vivo expended CD45Ter119CD31
PDGFR'CD51" mouse BM MSCs (Figure 1C) and in ~40%
of CD45Ter119'CD105'CDI0'PDGFR™ human BM MSC
(Figure 1C and Supplementary Figure 1B). Of note, ~
90% of total ex vivo expanded human bone marrow
MSCs were CD45Ter119°CD31 lineage
CD90"CD105'PDGFR™" MSCs and ~ 4.5% of total ex vivo
expanded mouse MSCs were CD45Ter119CD31
PDGFR'CD51". Survivin was also detected in the freshly
isolated and ex vivo expended CD45 Ter119CD31 popu-
lation of mouse and human stromal cells, which con-
tains all the sub-types of MSC (Supplementary Figure
1C).

To examine the functional significance of Survivin in
MSC, we treated mice in vivo with a Survivin inhibitor
YM155 that inhibits Survivin expression by blocking its
promoter activity (13). Treatment of mice with YM155
(10 mg/kg) for 6 days reduced Survivin protein and
mRNA expression in BM MSCs by 2-fold and 6.8-fold
respectively (Figure 1D &E). Coincident with inhibition
of Survivin expression, the total number of phenotypic
BM MSC was decreased by 2.1 fold (Figure 1F) and the
total number of BM fibroblast colony forming cells
(CFU-F) was reduced by 1.8 fold (Figure 1G).To further
validate Survivin function in MSCs, we genetically sup-
press Survivin in mouse BM MSCs using shRNA. Sur-
vivin-specific shRNA reduced Survivin expression by ~
80% and decreased the ability of MSC to form CFU-F by
3.2 fold (Figure 2A). Conversely, retroviral mediated
overexpression of Survivin in mouse MSCs enhanced
CFU-F colony formation by 4-fold (Figure 2B).

To explore whether Survivin has a similar role in
human MSCs, Survivin gene expression was suppressed
using shRNA or with YM155 in ex vivo expanded human
BM MSCs. Survivin gene deletion in human BM MSCs
reduced CFU-F formation by ~6 fold (Figure 2C; left
panel) coincident with ~92% reduction in Survivin ex-
pression (Figure 2C; right panel). Similarly, treatment of
human MSC with 0.1uM YM155 for 5 days reduced total
MSC number by 3.2-fold (Figure 2D). These findings
suggest that Survivin is important for mouse and human
bone marrow MSC maintenance. Consistent with our
findings, Suvivin gene deletion in HSPC compartment
revealed critical requirement of Survivin in the homeo-
stasis of HSPC (7, 8).

Survivin inhibition enhances MSC apoptosis
and decreases their expansion and trilineage

differentiation
Survivin has been implicated in antiapoptotic signaling,
cell-cycle regulation and cell proliferation (7-10). These
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functionally divergent roles of Survivin depend on its
subcellular localization, with cytoplasmic Survivin asso-
ciated with apoptosis inhibition, and nuclear Survivin
with cell-cycle (14). To determine whether Survivin is
involved in inhibition of MSC apoptosis or regulation of
cell proliferation or both, we measured survival and
proliferation of mouse MSCs treated with or without
YM155. Inhibition of Survivin in ex vivo expanded
mouse bone marrow stromal cells with YM155 substan-
tially enhanced caspase 3 and 7 expression in CD45
Ter119'CD31 PDGFR'CD51" MSC (Supplementary Figure
2A). Survivin inhibition also resulted in significant reduc-
tion in MSC proliferation (Supplementary Figure 2B).
Similarly, treatment of ex vivo expanded human BM
MSCs with YM155 enhanced caspases 3 and 7 expres-
sion (Figure 3A), while MSC proliferative fraction was
suppressed (Figure 3B). These results are in agreement
with a dual role of Survivin in both survival and cell pro-
liferation in HSPC. Intracellular topography analysis of
MSC Survivin by image stream flow cytometry demon-
strated both cytoplasmic and nuclear localization of
Survivin supports its role in MSC survival and prolifera-
tion (Figure 3C). While Survivin is predominately ex-
pressed in the cytoplasm of cancer and leukemia cells
and provides resistance against cell death (14, 15). Sur-
vivin is differentially expressed in the nucleus at differ-
ent stages of the cell cycle. Although, only a small per-
centage of MSCs are in cell cycle, Survivin was detected
in all the stages of interphase with maximum expression
during G2-M (Figure 3D), which is similar to our previ-
ous report of Survivin expression during cell cycle pro-
gression in HSPC (9).

Basic fibroblast growth factor (b-FGF) and
platelet derived growth factor (PDGF) are cytokines
known to expand MSCs (16) and are currently being
evaluated for therapeutic MSC expansion. To determine
whether Survivin regulates growth factor-mediated
MSC expansion, human MSCs were cultured in the
presence of b-FGF or PDGF with or without YM155.
Both FGF and PDGF substantially enhanced MSC expan-
sion (Figure 3E), which was positively associated with
increased Survivin expression (Figure 3F). In contrast, in
the presence Survivin inhibitor YM155 both MSC expan-
sion and Survivin expression were reduced. Similarly, b-
FGF enhanced mouse CD45Ter119'CD31 PDGFR'CD51"
MSC expansion and enhanced Survivin expression,
whereas YM155 treatment suppressed Survivin expres-
sion and MSC expansion (Supplementary Figure 2C).
These data indicate that Survivin is required for basal
MSC maintenance as well as for growth factor-mediated
MSC expansion.

The hallmark of MSCs is the capacity to differ-
entiate into several mesodermal lineages (17). To inves-
tigate whether Survivin regulates MSC differentiation,
we examined the effects of Survivin inhibition on the
induction of human MSC differentiation into osteocytes,
chondrocytes, and adipocytes. Inhibition of Survivin
expression in MSCs during lineage differentiation induc-
tion reduced the ability of MSCs to differentiate into
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osteoblasts and chondrocytes and adipocytes (Figure
3G, H &I; Supplementary Figure 3A). The effects of inhi-
bition of Survivin on mouse MSC differentiation were
different than human. YM155 treatment reduced
mouse MSC differentiation into adipocytes and chon-
drocytes; however, enhanced osteoblast differentiation
(Supplementary Figure 3B). Further study is needed to
explore why Survivin differentially regulates mouse and
human MSC differentiation.

Survivin regulates MSC migration

Mesenchymal stromal cells have been implicated in
tissue regeneration and repair (1, 18, 19) and preclini-
cal studies suggest they enhance the wound healing
(20). Since MSC migration/homing to the damaged site
is important for tissue repair/healing and Survivin can
promote cellular motility (21), we tested whether Sur-
vivin regulates MSC trafficking to a wound. Given that
24 hour is sufficient for MSC to reach to the site injury,
we measured the effect of Survivin inhibition on MSC
migration at 24-hour post YM155 treatment. In an ex
vivo scratch assay that measures MSC migration into
the wounded area, treatment with YM155 for 24 hours
reduced the number of MSCs that migrated into the
wounded regions by 4 fold (Figure 4A). Similarly, YM155
also reduced mouse MSC migration into the wounded
area (Supplementary figure 3C). Interestingly, the total
number of viable MSCs was similar in control and
YM155 treated cultures (Figure 4B). Since cellular motil-
ity is regulated by assembly and disassembly of actin
filaments (22), we measured phalloidin staining in
YM155 treated MSC, which bind to filamentous actin.
Reduced staining of phalloidin in MSC (Figure 4C) sug-
gests that Survivin regulates cellular motility by modu-
lating the cytoskeleton. Since YM155 reduced MSC mi-
gration at 24 post treatment, which correlated with
phalloidin staining, and given that MSC survival was not
reduced at this point, suggest that Survivin regulates
MSC motility by affecting actin filament levels and is
independent of its role in MSC survival and expansion.
In addition, because MSC doubling time is 48 hours and
we did not observer significant difference in MSC
counts between vehicle and YM155 treated groups at
24 hours post YM155 treatment, further suggests that
fewer MSCs in the wounded area was not due an effect
on expansion. Given a potential role of Survivin in spin-
dle microtubule assembly that regulates cytokinesis (23)
and our new finding that Survivin can contribute to F-
actin expression, suggest that Survivin has the ability to
regulate multiple components of the cytoskeleton sys-
tem.

Survivin protects MSC from irradiation and
promotes hematopoietic activity

High-dose irradiation used for myeloablation in cancer
patients or accidental radiation exposure damages the
bone marrow hematopoietic niche components, includ-
ing MSCs, and limits hematopoietic regeneration (24).

©AlphaMed Press 2017



4

Role of Survivin in MSC biology

Since our findings suggest that Survivin plays a role in
MSC survival and expansion, we examined whether the
loss of BM MSCs in response to irradiation exposure is
mediated by the downregulation of Survivin expression.
Exposure of mice to 650 cGy total body radiation signifi-
cantly reduced BM MSC Survivin expression (Figure 4D),
and was associated with a substantial decrease in phe-
notypically defined CD45Ter119'CD31 PDGFR'CD51"
MSC and CFU-F counts in BM (Figure 4E &F). Interest-
ingly, treatment of irradiated mice with YM155 further
reduced MSC and CFU-F counts. However, treatment of
irradiated mice with b-FGF, which enhances Survivin
level in MSCs, mitigated the loss of MSC in irradiated
mice to levels observed in non-irradiated mice. Con-
versely, inhibition of Survivin during b-FGF treatment in
irradiated mice failed to rescue MSC loss. To investigate
whether Survivin can prevent the loss of human MSC in
response to irradiation, ex vivo expanded human MSCs
were exposed to 500 cGy irradiation and treated with
YM155 with or without b-FGF for 5 days. Irradiation
substantially reduced MSC counts that were further
decreased in the presence of the Survivin inhibitor
YM155. In contrast, b-FGF partially reverted irradiation
mediated MSC loss but failed to rescue YM155 treated
MSCs (Figure 4G).

Because MSCs are a crucial constituent of hemato-
poietic niches and our data suggest a role of Survivin in
MSC radioprotection/mitigation, we next tested wheth-
er loss of Survivin in MSCs compromises their hemato-
poiesis-supporting capacity. As expected, deletion of
Survivin in non-irradiated human bone marrow MSCs

reduced their ability to promote CD34" expansion in a
coculture assay (Figure 4H). In addition, irradiated MSCs
reduced CD34 expansion compared to non-irradiated
MSCs and that was further decreased when Survivin
gene was deleted in MSCs. These data suggest that en-
hancement of Survivin expression in MSCs may pro-
tect/rescue them from irradiation induced loss and ac-
celerate hematopoietic regeneration.

CONCLUSION

Our findings demonstrate that Survivin is essential for
the mouse and human MSC survival, proliferation and
differentiation. The ability to enhance MSC expan-
sion/survival by growth factor (i.e., b-FGF or PDGF)-
mediated Survivin modulation represents a novel ther-
apeutic strategy particularly for hematopoietic regener-
ation after clinical transplantation, where HSC support-
ive niche forming MSCs are severely depleted as a con-
sequence of irradiation exposure.
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Figurel. Survivin is expressed in mouse and human MSCs and pharmacological inhibition of Survivin reduces mouse
BM MSCs (A) Left; Representative flow cytometry plots of freshly isolated mouse bone marrow MSCs (CD45 Ter119
CD31CD51'PDGFRa’) and human BM MSCs (CD45 Ter119'CD31°CD271*PDGFRa’®"). Middle: Representative flow plots
showing Survivin expression in mouse and human MSCs. Right; Bar graphs showing average Survivin expression in
mouse and human MSCs (X+SEM; N= 4 experiments). (B) Survivin transcript quantification in freshly isolated mouse
and human BM MSCs by QRT-PCR (X+SEM; N=3 experiments). (C) Survivin expression in ex vivo expended mouse and
human BM MSCs. Mouse or human BM CD45Ter119°CD31 cells were cultured in mouse or human specific Mesen-
cult™ media for 2-3 passages and Survivin expression on MSC gated population was determined by flow cytometry
(X+SEM; N= 3 experiments). (D-G) Effects of in vivo treatment of YM155 on mouse BM MSCs. Mice were injected with
YM155 for 6 days (10 mg/kg/day), and (D) intracellular Survivin expression in BM MSC (CD45Ter119CD31
CD51'PDGFRa’) quantitated by flow cytometry. (E) Survivin transcript expression in BM MSCs. (F) MSC counts, and
(G) CFU-F counts in BM of control and YM155 treated mice (X+SEM; N=5 mice/group).*, p<0.05 and ***p<0.01.

CD45/Ter119/CD31-
! FMO = =
ﬁ—Suwivm ‘7:1 501 = .
2 40 % B mBM
\ Ll E -g Bl hBM
< 301 £ o
E : w g 204 i
V] x <
g c 101 4
- N FMO s E
; (\ — Survivin 5 o £ ol
> /‘ ‘\ hBM L
s |
E VAN
R . — 4.—4:' - ok .
cD271 Survivin
c D CD45/Ter119/CD31- E g
“ S
st — " Q 154
2 60+ ] e
g § 2 —
‘n'? g 504 [ ho
@ 1.04
: HE
g Bad ° @
£ é Some = i
g £ 101 g
@ E E GAD.
3 =
@ e o = d h?:‘o
&\(} -\“"‘@ c% &
— Survivin
Vehicle
! L]
S 35000+ * 300
E 300004 A 250
CD45/Ter119/CD31 i =i 5
g 8 25000 e° §
4 E‘:’ & 20000 ., % 150
: b & 150004 = b
o | € 100001 g
o £ 50
EANCINE M & 50004
T % ot 0
&P Q@"J
. -« O

www.StemCells.com ©AlphaMed Press 2017



7 Role of Survivin in MSC biology

Figure 2. Effects of genetic suppression or overexpression of Survivin on MSCs (A) Survivin gene expression was si-
lenced in FACS sorted BM MSCs (CD45 Ter119'CD31°CD51PDGFRa’) using shRNA and clonogenic activity was meas-
ured by CFU-F assay (X+SEM; N=3 experiments). (B) Left; representative images showing effect of Survivin overex-
pression on mouse BM stromal cell CFU-F formation (magnification: 100 X) and Right; average CFU-F counts (X+SEM;
N=3 experiments). Survivin was overexpressed in CD45Ter119 CD31 stromal cells using retroviral transduction
method and clonogenic activity of MSCs was measured by CFU-F assay. (C) Left; CFU-F formation from ex vivo ex-
panded human BM MSCs transfected with scrambled or Survivin specific shRNA and Right; intracellular Survivin pro-
tein expression in MSCs (XtSEM; N=4 experiments). (D) Effect of pharmacological blockade of Survivin on human BM
MSCs (X£SEM; N=4 experiments). Human BM MSCs were treated with 0.1uM YM155 for 5 days and MSC recovery
was measured by flow cytometry (XxSEM; N=4 experiments).*, p<0.05.
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Figure 3. Survivin inhibition induces MSC apoptosis and reduces their proliferation and differentiation (A) Caspase
3/7 expression in YM155 treated and control MSCs. Ex vivo expended human MSCs were treated with 0.1uM YM155
for 5 days and caspase 3/7 expression was measured by flow cytotomety (XxSEM; N=4 experiments). (B) MSC prolif-
eration in presence or absence of Survivin inhibitor. Ex vivo expanded human BM MSCs were labeled with “Cell
Trace™'dye and cultured for 5 days with or without YM155 and dilution of dye measured by flow cytometry (X+SEM;
N=4 experiments). (C) Top: The intracellular topography analysis of Survivin expression in ex vivo expanded human
BM MSCs measured by image stream (XtSEM; N=4 experiments). (C) Bottom: Image depicting nuclear localization of
Survivin protein in human MSCs (magnification: 40X). (D) Survivin expression in different stage of cell cycle of human
BM MSCs (X+SEM; N=3 experiments). (E) Effect of Survivin blockade on b-FGF and PDGF mediated expansion of hu-
man BM MSCs. Ex vivo expanded MSCs were cultured in b-FGF (10 ng/ml) or PDGF (20 ng/ml) containing media and
treated with YM155 for 5 days and MSCs recovery was determine by flow cytometry analysis. (F) Survivin expression
in b-FGF or PDGF expended human MSCs. (XxSEM; N=4 experiments). (G, H&I) Effect of Survivin blockade on human
MSC differentiation into osteoblast, chondrocyte and adipocyte. Ex vivo expanded human BM MSCs were cultured in
osteoblastic, chondrocytic and adipocytic induction media for 15 days with or without YM155. Osteogenic, chondro-
genic and adipogenic lineages differentiated cells were stained with Alizarin red, Alcian blue and Oil red O respective-
ly and images were taken at 200X magnification; then, the stains were extracted and measured the absorbance
(X+SEM; N=4 experiments).*, p<0.05.

Survivin regulates MSC migration and protects MSC from irradiation

(A) Representative images (magnification: 200X) and total counts of MSC migrated into wounded area in the presence
or absence of Survivin inhibitor (XtSEM; N=3 experiments). Ex vivo expended human MSC monolayers were scraped
in a straight line to create a scratch with a p1000 pipet tip. Cell monolayers cultured in MesenCult media with or
without YM155. 24 hours later, cells were fixed with 1% PFA and stained with Giemsa to detect the migration of MSCs
into wound area (B) Total number of viable MSCs in vehicle or YM155 treated cultures. Ex vivo expanded human
MSCs were cultured with or without YM155 for 24 hours and cell viability and recovery was determined by live-dead
viable dye staining (XxSEM; N=3 experiments). (C) Phallodin staining in human MSCs at 24 hours post YM155 treat-
ment (XSEM; N=3 experiments). (D, E &F) Survivin protects MSCs from irradiation. Mouse were irradiated at 650 cGy
and treated either with YM155 (10 mg/Kg), FGF (100 pg/kg) and YM155 plus FGF for 3 days and BM MSC counts and
Survivin were measured by flow cytometry. CFU-F assay was performed to measure their clonal expansion ability
(X£SEM; N= 5 mice/ group). (G) Effect of Survivin inhibition on irradiated human MSCs. Ex vivo expanded human
MSCs were irradiated at 500 cGy, treated with YM155 and FGF alone or in combination and five days post culture
MSC recovery was quantitated by flow cytometry (XtSEM; N=3 experiments). (H) Effect of Survivin suppression in
human MSCs on their ability to support CD34" cell expansion. Survivin expression was suppressed in human MSCs
using shRNA, irradiated at 500 cGy and cocultured with human bone marrow CD34" cells. Five days post culture,
CD34" cells expansion was determined by flow cytometry (X+SEM; N=3 experiments). *, p<0.05.
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Graphical Abstract

Genetic or pharmacological Transient overexpression of Survivin
inhibition of physiological Survivin via growth factors or genetic modulation
4 Apoptosis 4 Proliferation and CFU-F
v Proliferation and CFU-F 4 Promotes hematopoietic
+ Migration Regeneration after irradiation
exposure

+ Hematopoietic niche funetion

Pharmacological or genetic blockade of Survivin expression in mouse and human bone marrow
MSC enhances apoptosis and reduces proliferation, CFU-F formation, migration and
hematopoietic niche activity, whereas Survivin over expression via growth factors/genetic
modulation in MSC results in their expansion and enhancement of hematopoietic regeneration

after irradiation injury
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