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ABSTRACT

Human mesenchymal stem cells (hnMSC) are critical for tissue regeneration. How hMSC
respond to genotoxic stresses and potentially contribute to aging and cancer remain
underexplored. We demonstrated that ionizing radiation induced cellular senescence of
hMSC over a period of 10 days, showing a critical transition between day 3 and day 6.
This was confirmed by senescence-associated beta-galactosidase (SA-B-gal) staining,
protein expression profiles of key cell cycle regulators (retinoblastoma (Rb) protein, p53,
p21"CIPL “and p16'™K*4), and senescence-associated secretory phenotypes (SASPs) (IL-
8, IL-12, GRO, and MDC). We observed dramatic cytoskeletal reorganization of hMSC
through reduction of myosin-10, redistribution of myosin-9, and secretion of profilin-1.
Using a SILAC-based phosphoproteomics method, we detected significant reduction of
myosin-9 phosphorylation at Ser1943, coinciding with its redistribution. Importantly,
through treatment with cell permeable inhibitors ((4,5,6,7-tetrabromo-1H-benzotriazole
(TBB) and 2-dimethylamino-4,5,6,7-tetrabromo-1H-benzimidazole (DMAT)), and gene
knockdown using RNA interference, we identified CK2, a kinase responsible for myosin-
9 phosphorylation at Ser1943, as a key factor contributing to the radiation-induced
senescence of hMSC. We showed that individual knockdown of CK2 catalytic subunits
CK2a and CK2a’ induced hMSC senescence. However, only knockdown of CK2a
resulted in morphological phenotypes resembling those of radiation-induced senescence.
These results suggest that CK2a and CK2a.” play differential roles in hMSC senescence
progression, and their relative expression might represent a novel regulatory mechanism

for CK2 activity.



INTRODUCTION

Stem cells hold great potential for regenerative medicine but have also been
implicated in cancer and aging (1). Mesenchymal stem cells (MSCs) are critical for
maintenance and repair of various tissues including bone and cartilage (2). However,
MSCs have been shown as a target for neoplastic transformation (3, 4). MSCs can also
modulate tumor microenvironments. For example, hMSC within tumor stroma have been
shown to secrete the chemokine CCL5 to promote breast cancer metastasis (5). Systems
biology approaches are increasingly utilized to understand stem cells. Our proteomic and
transcriptomic studies of hMSC have provided important insights into their proliferation
and differentiation (6, 7). Advances in quantitative phosphoproteomics (8, 9) have
opened up new possibilities for comprehensively elucidating protein phosphorylation and
dephosphorylation, a predominant mechanism of signal transduction in mammalian cells.

Cellular senescence, a state of permanent cell cycle arrest, is linked to organism
aging and tumorigenesis (10). Replicative (or proliferative) senescence results from
telomere shortening, while oncogenic stress-induced senescence results from DNA or
chromatin damages (10). One of the major phenotypic changes during senescence is cell
enlargement and cytoskeleton flattening. More recently, cytokine/chemokine secretion
has been shown to be another key phenotype associated with senescence (11-14). A large
body of evidence suggests that senescence is triggered by the retinoblastoma protein
(hereafter Rb) or p53 pathways, which activate the cyclin-dependent kinase (CDK)
inhibitors p16™“** (hereafter p16) and p21"*™“"P! (hereafter p21), respectively (15-17).
However, the fundamental mechanism underlying senescence initiation, progression, and

maintenance remains to be elucidated. Expression of pl6 has been associated with



replicative senescence of hMSC (18). During hMSC senescence, the nuclear lamina
promotes telomere aggregation and centromere peripheral localization (19). We have
shown that ionizing radiation (IR) inhibited the cell cycle progression of hMSC in a p53-
dependent manner without impairing their in vitro osteogenic differentiation process (7).
However, the long-term fate of these IR-treated hMSC has not been defined.

Protein kinase CK2 (previously termed “casein kinase 2”) is a ubiquitous and
constitutively active Ser/Thr protein kinase. CK2 is a heterotetramer composed of two
catalytic subunits (a0 and o’) and two regulatory subunits (B), with a general structure of
a2B2, a'2p2, or ao’PB2. Critical importance of CK2 is confirmed by genetic studies in
mice showing that knockout of CK2a or CK2p results in embryonic lethality (20, 21),
while knockout of CK2a’ results in defects in spermatogenesis (22). CK2 has a large
number (>300) of substrates, and is involved in a myriad of cellular processes (23, 24).
CK2 is upregulated in all cancers (25) and considered a potential target for cancer
treatment (26). Despite intensive research, how CK2 regulates its activity and substrates
remain elusive. Furthermore, the role of CK2 in hMSC, particularly related to
proliferation and cellular senescence, has not been reported.

Herein, we describe the first comprehensive phenotypic and mechanistic study of
X-ray-induced senescence of hMSC. We demonstrated that IR-induced senescence of
hMSC was a highly complex and coordinated process, and CK2, particularly CK2a,
played a critical role in regulating the cytoskeletal reorganization during the senescence

progression.



MATERIALS AND METHODS

Cell Culture and SILAC

Human MSC were obtained from Lonza Group (Walkersville, MD). The log
numbers included 4F0591 (derived from a 32-year old male), 4F1560 (derived from a 23-
year old female), and 6F3502 (derived from a 21-year old male). Expanded hMSC were
characterized as described (6). To minimize the effects of replicative senescence, hMSC
at early passages (typical number: 5) were utilized. All comparisons between irradiated
and non-irradiated hMSC were done using hMSC at the same passage and population
doubling for particular time points.

Isotopic labeling of hMSC were performed using SILAC kits from Invitrogen
(Carlsbad, CA). Media supplemented with L-Lysine HCI (Lys) and L-Arginine (Arg)
were used for non-labeled control cells, while media supplemented with both [U-"*Cg]-L-
Lysine HCI (*Lys) and [U-*Cs, °N4]-L-Arginine (*Arg) were used for double-labeled
cells. Cell morphology, proliferation, and differentiation were monitored to ensure no
adverse effects from the SILAC labeling alone. Efficiency of isotope incorporation was

confirmed by mass spectrometry analysis of cellular proteins.

Gene Knockdown Using Small Interfering RNAs

Small interfering RNAs (siRNAs) with 3’-dTdT overhangs for CK2 and AllStars
negative control were obtained from Qiagen (Valencia, CA). The specific sequences
were: 5’-GAUGACUACCAGCUGGUUCdTdT-3" (CK2al siRNA sense strand,

targeting CK2a); 5-CAGUCUGAGGAGCCGCGAGATdT-3" (CK2a2 siRNA sense



strand, targeting CK2a’); and 5’-UCAAGAUGACUACCAGCUGdTdT-3* (CK2al0
SiRNA sense strand, targeting CK2a with 100% homology and CK2a’ with 90%
homology). All siRNAs were annealed with complementary antisense strands with 3’-
dTdT overhangs. Transfection was done with 10-20 nM siRNAs using HiPerFect
reagents (Qiagen). To confirm the knockdown efficiency, cells were seeded with a 1x10°
cells/well density on 6-well plates, transfected the next day, and lysed 3 days or 6 days
after transfection. Protein lysates were analyzed by Western blotting. For senescence
assays, cells were seeded with a 2x10* cells/well density on 12-well plates and

transfected with desired siRNAs.

X-rays Irradiation and Inhibitors Treatment

X-ray irradiation was performed with 320 kVp X-rays (Pantak Inc., Branford, CT)
(7). For SILAC experiments, double-labeled (*Lys, *Arg) and non-labeled (Lys, Arg)
hMSC were irradiated with 4 Gy and 0 Gy X-rays, respectively. To study the short-term
effects of CK2 inhibitors, cells were pre-treated with dimethyl sulfoxide [DMSQO] (Sigma,
St. Louis, MO) alone; 4,5,6,7-tetrabromo-1H-benzotriazole [TBB] (75 uM in DMSO); or
2-dimethylamino-4,5,6,7-tetrabromo-1H-benzimidazole [DMAT] (20 uM in DMSO)
(Calbiochem, San Diego, CA); 3 hours prior to irradiation. Cells were supplemented with
fresh media without inhibitors 3 hours after IR. To study the long-term effects of CK2

inhibitors, cells were incubated with media containing inhibitors for 3 days or 6 days.

TUNEL Assay, SA-beta-Galactosidase Staining, and Immunocytochemistry



For TUNEL staining, hMSC were seeded at 5,000 cells per well on 8-well
chamber slides (ThermoFisher Scientific, Rochester, NY). Cells were irradiated the next
day, incubated for 24 hrs, and labeled with TUNEL reaction mixtures (Roche Diagnostics,
Indianapolis, IN). DNase I-treated hMSC were used as the positive control. Fluorescence
images were collected by an Olympus BX60 microscope (Olympus, Center Valley, PA).

For senescence-associated [-gal staining, hMSC were seeded in triplicates on 12-
well plates with the following cell density: 0 and 0.1 Gy, 0.1x10%well; 1 Gy,
0.2x10%well; and 4 Gy, 2x10%well. Cells were irradiated the next day (Day 0), fixed
with 4% paraformaldehyde at 30 mins, 3 hrs, 24 hrs, 3 days, 6 days, and 10 days after
radiation, and stained with the SA-B-gal staining solution (Biovision, Mountain View,
CA). Phase-contrast images were collected using a Nikon TMS microscope and a
Hamamatsu OrcalO0 cooled digital CCD camera, using C-Imaging System software
(Compix Inc., Irvine, CA). The numbers of blue-stained (SA-B-gal positive) cells and
total cells were manually counted under the microscope and averaged for three regions
within a sample well. Percentage of SA-B-gal positive cells was calculated accordingly.
Standard deviation was calculated for triplicate experiments. Statistical analysis was
performed using student’s t-test to confirm specific differences between treatments
(p<0.05, n=3).

For immunocytochemistry, cells grown on 8-well chamber slides were incubated
with the mouse anti-actin antibody (Chemicon, Temecula, CA), followed by Alexa
Fluor®488 goat anti-mouse IgG (Invitrogen). To stain actin filament, cells were

incubated with rhodamine-phalloidin (Invitrogen) (6). Cells were counterstained with 4,



6-diamidino-2-phenylindole (DAPI) nuclear staining. Fluorescence images were

collected using an Olympus BX60 microscope (40x or 100x).

Preparation of Triton Soluble/Insoluble Fractions, Processing of Culture Media,
and Immunoblotting Analysis

Cells were lysed with a buffer containing 0.5% Triton X-100, 50 mM Tris.HCI
(pH7.5), 150 mM NaCl, phosphatase inhibitors cocktail 1 & 11 (Sigma, St. Louis, MO),
and protease inhibitor cocktails (Roche Diagnostics, Indianapolis, IN) at 4°C. Lysates
were centrifuged at 12,000 g for 10 min at 4°C. Supernatants were collected as the Triton
soluble fraction. Pellets were washed, dissolved in 1xSDS sample buffer, and collected as
the Triton insoluble fraction. Soluble fractions were quantified using a BCA assay kit
(Novagen, Gibbstown, NJ).

To measure secreted proteins, media were collected at different time points after
IR. Media were centrifuged at 2,000 g for 5 min to remove any cell pellets. Supernatants
were fractioned into >50 kDa and 3-50 kDa components by centrifuging sequentially
with Centriprep YM-50 and YM-3 (Millipore, Billerica, MA). Retentates were
concentrated by Speedvac, quantified using BCA assay, resolved by SDS-PAGE, and
subjected to silver staining-mass spectrometry or Western blotting analysis.

Immunoblotting analysis was performed as described (7, 27). Antibodies included
mouse anti-actin and anti-GAPDH (Chemicon); rabbit anti-p53 and anti-profilin-1, and
mouse anti-p21 (Cell Signaling, Danvers, MA); rabbit anti-MHC-A (i.e. myosin-9) and

anti-MHC-B (i.e. myosin-10) (Covance, Berkeley, CA); rabbit anti-CK2a and anti-

CK2a’ (Bethyl Laboratories, Montgomery, TX); rabbit anti-pl6 (Santa Cruz



Biotechnologies, Santa Cruz, CA); and mouse anti-human Rb (BD Biosciences, San Jose,

CA).

2D-DIGE, Cytokine Chip Profiling, and Phosphoproteomic Profiling

2D-DIGE was performed as described (28). Cell lysates were labeled using
CyDye (GE Healthcare, Piscataway, NJ) with Cy3, Cy2, and Cy5 for 0 Gy, 0.1 Gy, and 4
Gy, respectively.

To detect cytokine secretion, cell media (~ 2 ml) were collected on day 1 and 3
and incubated on RayBio® Human Cytokine Antibody Array Il (RayBiotech Inc.,
Norcross, GA). Arrays were developed by chemiluminescence and images were scanned
with a Umax 2100 scanner. For quantitation, the average intensity of duplicate spots for
each cytokine was normalized with that of positive controls on the same chip.

To profile the phosphoproteome, hMSC were lysed with Buffer B from the
Invitrogen SILAC kit and digested with trypsin (1:50) at 37°C overnight.
Phosphopeptides were enriched from around 150 ng of total lysates, using the PHOS-
TRAP Phosphopeptide enrichment kit (Perkin Elmer, Shelton, CT). Procedures for in-gel

trypsin digestion, LC/MS/MS, and data processing were performed as described (6, 27).

RESULTS

lonizing Radiation Induced Senescence of hMSC
We recently showed that IR induced cell cycle arrest of hMSC within 24 hrs after
X-ray or *°Fe ion radiation, and the effects depended on radiation quality and dose (7).

We investigated the long-term effects of X-rays in this study. As shown in Figure 1A, 4B

10



and Supplementary Figure 1, IR induced hMSC senescence in a dose-dependent manner.
At 4 Gy, majority of the cells became enlarged and flattened, and stained positive (blue,
shown in grayscale) with SA-B-gal 10 days after irradiation. On average, 85% of cells
became positive for 4 Gy as compared to 20% for 0 Gy (Figure 1B). The critical
transition occurred between day 3 and 6. The background for 0 Gy was probably due to
proliferative senescence (18). On the other hand, TUNEL staining failed to detect any
radiation-induced apoptotic cells 24 hrs after IR, even for doses as high as 45 Gy
(Supplementary Figure 2). Similar results were obtained for all three primary hMSC lines
tested. Therefore, subsequent experiments were done with hMSC from log No. 6F-3502.

To further confirm IR-induced hMSC senescence, we analyzed expression
profiles of Rb, p53, p21, and p16. We carried out pair-wise comparisons to minimize the
time-dependent contributions from cell proliferation and background senescence. As
shown in Figure 1C, both p53 and p21 were upregulated within 24 hours after IR,
consistent with the cell cycle arrest (7). In addition, p21 showed biphasic activation and
increased significantly on day 6 after IR. In contrast, Rb was significantly downregulated
starting from day 1 and until day 6 after IR. Correspondingly, p16 gradually increased
from day 1 to day 10 after IR, with the biggest changes on day 6 and day 10. These
results suggested that p53-p21 pathway played a key role in IR-induced cell cycle arrest
as we have shown previously (7), while the Rb-p16 pathway might play a more important
role in IR-induced senescence of hMSC. The time-course of these markers’ expression
coincided with the critical transition between day 3 and 6 (Figure 1B).

Recent works have demonstrated that senescence is associated with SASPs (11-

14). As shown in Figure 1D, hMSC secreted multiple cytokines/chemokines such as
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GRO, IL-8, IL-12, MDC (CCL22), VEGF, RANTES (CCL5), IL-7, MCP-1, and IL-6
under basal conditions, each of which shown as duplicate spots registered on the cytokine
chip. IR induced significant upregulation of GRO, IL-8, IL-12, and MDC on day 3 but
not for day 1 (data not shown). We noticed that all these cytokines/chemokines are NF-
kB responsive genes. These data confirmed SASPs of hMSC senescence and suggested

the possibility of NF-kB activation leading to secretion of NF-kB responsive chemokines.

Cytoskeleton Reorganized during Senescence Progression of hMSC

We used 3-color 2D-DIGE to profile expressions of soluble cytoplasmic proteins.
As shown in Supplementary Figure 3, no significant changes occurred in abundant
cytoplasmic proteins 24 hrs after radiation. However, we observed significant
cytoskeletal reorganization (Figure 2A). Cells became increasingly enlarged and flattened
from day O to day 10 after IR. Phalloidin staining demonstrated that actin filament
became more spread out as soon as day 1. Furthermore, bulky senescent cells (day 6-10)
showed some clear punctates in the cytoskeleton, suggesting its fluidity and deformation.

To further elucidate the cytoskeletal changes, we analyzed the expression of its
key components during the senescence progression. As shown in Figure 2B, myosin-10,
but not myosin-9 or actin, showed significant decrease from day 1-6. Since myosin-9 is
much more abundant than myosin-10 in hMSC (mass spectrometry analysis, data not
shown), we further analyzed the distribution of myosin-9. Actin and myosin-9 were
observed in both Triton X-100 soluble and insoluble fractions (Figure 2C). In contrast,
profilin-1, another important component of the cytoskeleton, showed up only in the

soluble fractions. Interestingly, there were at least two major bands of myosin-9 in the

12



insoluble fraction, with the lower molecular weight band presumably being a truncated
form. The relative abundance of soluble myosin-9 and actin were normalized with
GAPDH. Soluble myosin-9 significantly increased (~1.6 fold) on both day 1 and 3 after
IR. But the change of soluble actin (~0.9-1.1 fold) was insignificant.

Reorganization and fluidity of the cytoskeleton was further demonstrated by
secretion of profilin-1. Using mass spectrometry, we identified human profilin-1 as one
of the proteins secreted to the culture media. Tandem MS spectrum (data not shown)
identified the peptide TFVNITPAEVGVLVGK (aa39-54) from human profilin-1, which
is distinct from the corresponding bovine peptide (having amino acid | instead of V at
aab0). Western blotting confirmed that major secretion of profin-1 occurred between day
3-6 after IR (Figure 2D), consistent with the kinetics of the senescence progression

(Figure 1).

Phosphoproteomics Identified Changes in Myosin-9 Phosphorylation during
Senescence Progression of hMSC

HMSC proliferated normally in SILAC media without detectable morphological
changes. To confirm the efficiency of SILAC labeling for primary hMSC, we analyzed
actin bands from SILAC-labeled cell lysates separated on SDS-PAGE gels.
Supplementary Figure 4 demonstrated full incorporation of targeted isotopic labels for
protein quantitation.

We compared phosphoproteomic profiles of hMSC 1 or 3 days after exposure to 0
and 4 Gy X-rays, respectively. One of the most abundant phosphopeptides showing

significant changes belonged to myosin-9. Tandem MS spectrum in Figure 3A and
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Mascot search confirmed pSer1943 from its peptide aal937-aa1960. Figure 3B shows a
representative MS spectrum of the triply charged aal937-aa1960 with 1:1 mix of light (0
Gy) and heavy (4 Gy) labels. To quantify total myosin-9, its protein bands on SDS-PAGE
gels for the 1:1 mix were cut out and quantified by mass spectrometry. Figure 3C shows
the ratio between pSer1943 and total myosin-9, with the value for 0 Gy on day 1
normalized to 1.0. It is clear that relative pSer1943 amount was reduced significantly
during cell proliferation (day 1 vs. day 3), and reduced more dramatically during the
senescence progression from day 1 to day 3 (0 Gy vs. 4 Gy). We observed concurrent
higher solubility of myosin-9 in the cytoskeleton of hMSC (Figure 2B). This raised the
possibility that decrease of pSer1943 for myosin-9 increased its solubility in the
cytoskeleton during hMSC senescence progression.

Since CK2 contributes to cell proliferation (23, 24) and has been convincingly
shown to be the in vivo kinase for pSer1943 of myosin-9 (29-32), we measured the
expression of CK2 catalytic subunits CK2a and CK2a’. As shown in Figure 3D, relative
expression of both CK2a and CK2a’ decreased at later stages of hMSC proliferation
(day 3 to day 6) regardless of radiation. But 4 Gy induced more significant reduction of
CK2a than 0 Gy control (day 1 to day 6). Furthermore, the relative changes of CK2a on
day 1 and day 3 matched those of pSer1943 shown in Figure 3C. On the other hand, the
changes of CK2a’ was not significant between 0 Gy and 4 Gy, nor matched those of
pSer1943. These results suggested that CK2a was involved in myosin-9 phosphorylation-

associated cytoskeletal reorganization during hMSC senescence progression.
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Inhibition of CK2 Increased Basal Senescence but Reduced IR-induced Senescence
of hMSC

We chose to inhibit CK2 with two specific inhibitors DMAT and TBB. Figure 4A
shows representative images of SA-B-gal staining (blue, shown in grayscale) for hMSC
10 days after IR. Figure 4B demonstrates that in the absence of IR, short-term (a total of
6 hrs) inhibition of CK2 slightly increased hMSC replicative senescence (control: 3.9%,
TBB: 7.5%, p<0.05, student’s t-test). On the other hand, short-term inhibition of CK2
substantially decreased IR-induced senescence. The percentage of senescent cells was
decreased from 15% to ~7% (p<0.05, student’s t-test) and from 72% to ~60% (p<0.05,
student’s t-test), for 1 Gy and 4 Gy, respectively.

We next determined the short-term effect of CK2 inhibition on cytoskeletal
proteins. As shown in Figure 4C, both IR and CK2 inhibition significantly increased the
Triton X-100 soluble fractions of myosin-9 and myosin-10. However, pretreatment with
DMAT and TBB reduced the IR-induced increases. On the other hand, change in actin
was not significant. These results are consistent with the view that decrease of pSer1943
due to CK2 reduction increases myosin-9 solubility during hMSC senescence (Figure 2
and 3).

We then investigated the effects of long-term inhibition of CK2. As shown in
Figure 4D, 3-day treatment with DMAT and TBB increased the senescence population
but significantly decreased the overall cell numbers. Treatment with DMAT for 6 days
resulted in complete cell death, while with TBB resulted in some bulky cell similar to

those of senescent cells (Figure 1A). The differential effects between DMAT and TBB
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were consistent with a recent study showing that TBB is a more specific CK2 inhibitor

while DMAT induces significant off-target effects (33).

Knockdown of CK2 Catalytic Subunits Induced Senescence Phenotypes of hMSC

We first confirmed the knockdown efficiency using Western blotting. As shown
in Figure 5A, CK2al siRNA reduced CK2a expression by 55% on day 3 and 65% on day
6, compared to respective controls (normalized to GAPDH as the loading control);
CK2a2 siRNA reduced CK2a’ expression by 68% on day 3 and 91% on day 6,
respectively. Interestingly, knockdown of CK2a increased CK2a’ expression by 26%
(day 3) and 28% (day 6) relative to the control, but not vice versa. Knockdown of either
CK2a or CK2a” using CK2a10 siRNA was less efficient. It reduced CK2a expression by
11% and 41% on day 3 and day 6, respectively.

We next determined the expression of Rb, p53, p21, p16, and myosin after CK2
knockdown. Overall, Rb level was reduced from day 3 to day 6, consistent with its
reduction after cell expansion. Relative to the control, knockdown of CK2a significantly
decreased Rb on day 3, while knockdown of CK2a. and CK2a' individually both resulted
in significant Rb reduction on day 6. Furthermore, both pl6 and p21 significantly
increased on day 6 after CK2a or CK2a' knockdown, with increase of p21 on day 6 more
significant for CK2a knockdown. On the other hand, soluble myosin-9 increased on day
3 while myosin-10 decreased substantially on day 6, for CK2a knockdown. These
expression patterns, particularly those resulted from the CK2a knockdown, resembled

those of IR-induced senescence (Figure 1C and 2).
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We then examined whether knockdown of CK2o or CK2a' led to hMSC
senescence. Strikingly, knockdown of CK2a and CK2a’ induced dramatic changes in
cell morphology of hMSC. As shown in Figure 5B, knockdown of CK2a led to enlarged
and flattened cytoskeleton, similar to that of IR-induced senescent cells (Figure 1A). On
the other hand, knockdown of CK2a’ resulted in enlarged yet elongated cytoskeleton.
Partial knockdown of CK2a and CK2a’ using CK2alO siRNA resulted in mixed
structures. Finally, we carried out SA-B-gal staining of hMSC with CK2 knockdown. As
shown in Figure 5C and 5D, the population of SA-B-gal positive (blue, shown in

grayscale) cells significantly increased in knockdown cells on day 3 and 6.

DISCUSSION

Cellular senescence contributes to aging and cancer (10, 34). A growing list of
genes has been implicated in cellular senescence (35-37). However, the exact
mechanisms underlying initiation, progression, and maintenance of cellular senescence
remain to be defined. In this work, we conclusively demonstrated IR-induced senescence
of hMSC. Furthermore, we showed that cytoskeletal reorganization regulated by CK2
might be one of the central features associated with the cellular senescence. We propose a
simplified model for cytoskeletal reorganization during IR-induced hMSC senescence
progression (Figure 6): IR decreases CK2a, which results in less Serl943
phosphorylation of myosin-9 and its redistribution from cytoskeleton to cytoplasm (day
1-3); subsequently, myosin-10 is reduced and profilin-1 is secreted (day 3-6).

Recent works have demonstrated that chemokines, cytokines, and growth factors

play key roles in oncogene-induced senescence (11-14). IL-8 and GROa are regulated by
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NF-kB and C/EBP, and their binding to receptor CXCR2 reinforces senescence (12). IL-6
and IGFBP-7 have autocrine effects, preventing cell cycle progression once the
senescence program is engaged (11, 13). At the paracrine level, the senescence-associated
secretion of factors associated with tissue inflammation and malignancy is amplified by
oncogenic Ras and restrained by the p53 tumor suppressor (14). In the case of IR-induced
senescence of hMSC, we found that in addition to IL-8 and GRO, two other NF-kB
targets genes, 1L-12 and MDC, were also secreted. Although IL-6 was abundantly
expressed and strongly secreted by hMSC, its secretion did not correspond to hMSC
senescence. This suggests that SASPs are cell-type specific and/or stimuli-dependent. It
will be interesting to investigate the roles of these cytokines and their corresponding
receptors, including CXCR2, IL-12 receptor, and MDC receptor, in hMSC senescence.
One of the unique discoveries of our study was that cytokinesis may be perturbed
through cytoskeletal reorganization. Non-muscle myosin Il is a major component of
actomyosin cytoskeleton and has been implicated in cytokinesis (38, 39). It contains
myosin-9, myosin-10, and myosin regulatory light chain (MRLC3). Myosin-9 regulates
cell motility and actomyosin—microtubule crosstalk (40), and plays an important role in
mechanical response and lineage specification of hMSC (41). Phosphorylation is
important in controlling myosin Il assembly into filaments. For example, pSerl9 of
MRLC3 promotes filament assembly in vivo (42). Ser1943 phosphorylation of myosin-9
regulates motility of MDA-MB-231 carcinoma cells (31), and is involved in normal
lamellar myosin Il assembly control (43). Indeed, we demonstrated that pSer1943 of
myosin-9 was directly associated with cytoskeletal reorganization during hMSC

senescence. Profilins are small actin-binding proteins that regulate actin polymerization
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and control a complex network of molecular interactions (44). Both profilin-1 and
IGFBP7 were downregualted in pancreatic cancer secretome (45), suggesting parallel
responses between profilin-1 and senescence- or tumor-related cytokines. Interestingly,
mammalian toll-like receptor 11 in dendritic cells was activated by a protozoan profilin-
like protein, and this resulted in NF-kB activation and IL-12 production in dendritic cells
(46). This opens up the possibility that cytoskeletal reorganization led to secretion of
profilin-1, which induced NF-kB activation and subsequent secretion of NF-kB target
cytokines.

We demonstrated mechanistically how CK2 regulated hMSC senescence. CK2 is
required for cell cycle progression in Drosophila (47). It phosphorylates myosin-9 at
Ser1943 in vivo (29-32). CK2 changes its cellular location and inhibits apoptosis of HeLa
cells following ionizing radiation (48). Furthermore, CK2 phosphorylates and promotes
promyelocytic leukemia gene (PML) degradation, which in turn reduces PML-induced
senescence (49). Very recently, reversible phosphorylation of CK2a was shown to
regulate mitotic progression (50). We showed a critical role of CK2 in regulating
cytoskeletal reorganization through controlling pSer1943 of myosin-9. Importantly, we
showed differential roles of the two catalytic subunits CK2a and CK2a’. CK2a seemed
to play a more direct role in IR-induced senescence because knockdown of CK2a but not
CK2a’, induced similar senescence phenotypes. CK2 is a constitutively active kinase and
how its activity and substrates is regulated remains elusive. Possible mechanisms include
localization, phosphorylation, and protein-protein interactions (23, 24). Our results
suggest that modulation of the relative expression of CK2a and CK2a’ may be a

potential new regulatory mechanism for CK2. Ongoing work will characterize the
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differential substrates of CK2a and CK2a’, and further elucidate the role of CK2 in cell

cycle progression and senescence.
In summary, we have described a complex network for IR-induced senescence of
hMSC. Future studies will investigate the role of hMSC senescence in aging and

tumorigenesis.
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ABBREVIATIONS: SILAC, stable isotope labeling with amino acids in cell culture;
TUNEL, terminal dUTP nick-end labeling; GAPDH, glyceraldehyde-3-phosphate

dehydrogenase; LC/MS/MS, liquid chromatography-tandem mass spectrometry
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FIGURE CAPTIONS

Figure 1. Senescence phenotypes of hMSC exposed to X-rays. (A) Representative
images of SA-B-gal staining on day 10. Cells were irradiated with X-rays or kept as sham
control (0 Gy). (B) Quantitation of SA-B-gal positive cells at different time points after
IR. (C) Western blotting analysis of hMSC at different days after IR. Actin and GAPDH
were used as the loading control. (D) Cytokine chip profiling of culture media for nMSC

3 days after IR. Secretion of MDC, GRO, IL-8, and IL-12 after 4 Gy is highlighted.

Figure 2. Cytoskeletal reorganization of hMSC exposed to X-rays. (A) Immunostaining
of actin and actin filament (phalloidin staining) on different days after exposure to 4 Gy
X-rays. (B) Western blotting analysis of myosins and actin in total cell lysates at different
time points after IR. (C) Western blotting analysis and its quantitation of Triton X-100
soluble and insoluble fractions. The relative abundance of soluble myosin-9 and actin on
day 1 and 3 after IR were quantified. GAPDH was used as the loading control. (D)

Western blotting analysis of total cell lysates and culture media (for secreted profilin).

Figure 3. Quantitation of pSer1943 of myosin-9 and CK2 for hMSC exposed to X-rays.
(A) MS/MS spectrum of peptide aal937-aal960 containing pSerl943. (B) A
representative MS spectrum of peptide aal937-aa1960 with 1:1 mix of light (0 Gy) and
heavy (4 Gy) cell lysates. (C) The relative abundance of pSer1943 normalized with total

myosin-9 on day 1 and 3. (D) Western blotting analysis of CK2 catalytic subunits CK2a
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and CK2a’ at different time points after IR. Actin and GAPDH were used as the loading

control. Relative ratios were calculated with the value for 0 Gy at day 1 normalized to 1.0.

Figure 4. Effects of CK2 inhibition on IR-induced hMSC senescence. (A) Representative
images of SA-B-gal staining 10 days after IR. (B) Quantitation of SA-f-gal positive cells
on day 10 after short-term (3 hrs) inhibition of CK2 followed by exposure to different
doses of IR (*p < 0.05). (C) Western blotting analysis of soluble myosin-9 (MYH9) and
myosin-10 (MYH10) for hMSC pretreated with DMAT, TBB, or DMSO control for 3 hrs,
and lysed 3 hrs after exposure to IR. Actin and GAPDH were used as the loading control.
(D) Representative images of SA-B-gal staining of hMSC treated with DMAT, TBB, or

DMSO control for 3 days and 6 days. Scale bar: 200 um.

Figure 5. Effects of CK2 knockdown on hMSC senescence. (A) Western blotting
analysis of hMSC 3 days and 6 days after transfection with respective siRNAs. Actin and
GAPDH were used as the loading control. (B) Representative phase-contrast images of
hMSC 5 days after sSiRNAs transfection. (C) Representative images of SA-B-gal staining
of hMSC 3 days after siRNAs transfection. (D) Representative images SA-B-gal staining

of hMSC 6 days after sSiRNAs transfection. Scale bars: 200 um.

Figure 6. A scheme showing cytoskeletal reorganization during IR-induced senescence
progression of hMSC. IR decreases CK2a.,, which results in less Ser1943 phosphorylation
of myosin-9 and its redistribution from cytoskeleton to cytoplasm (day 1-3); subsequently,

myosin-10 is reduced and profilin-1 is secreted (day 3-6).
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Supplementary Figure 1: Representative images of senescence-
associated p-gal staining (positive: blue) of hMSC 10 days after
irradiation with 4 Gy or 0 Gy X-rays.
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Supplementary Figure 2: TUNEL staining of hMSC 24 hrs after
irradiation with different doses of X-rays. No TUNEL positive cells
were detected even for a dose as high as 45 Gy. DNase I-treated
hMSC were used as the positive control. Bar: 100 um.
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Supplementary Figure 3: 2D-DIGE images of hnMSC 24 hrs after
exposure to different doses of X-rays. (A) 0 Gy (Cy3 label). (B) 0.1
Gy (Cy2 label). (C) 4 Gy (Cy5 label). (D) 3-color overlay.
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Supplementary Figure 4: Mass spectra of 1:1 mix of non-labeled
and singly-labeled (A, B) as well as doubly-labeled (C) actin tryptic
peptides from hMSC. A: RHQGVMVGMGQK.D + Label:13C(6) (K).
B: KQEYDESGPSIVHR.K+Label:13C(6)15N(4) (R). C:
K.DSYVGDEAQSKR.G + Label:13C(6) (K); Label:13C(6)15N(4) (R).
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