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Differentiation of mesenchymal stromal/stem cells (MSCs) involves a series of molecular signals and gene
transcription events required for attaining cell lineage commitment. Modulation of the actin cytoskeleton
using cytochalasin D (CytoD) drives osteogenesis at early timepoints in bone marrow-derived MSCs and also
initiates a robust osteogenic differentiation program in adipose tissue-derived MSCs. To understand the
molecular basis for these pronounced effects on osteogenic differentiation, we investigated global changes in
gene expression in CytoD-treated murine and human MSCs by high-resolution RNA-sequencing (RNA-seq)
analysis. A three-way bioinformatic comparison between human adipose tissue-derived MSCs (hAMSCs),
human bone marrow-derived MSCs (hBMSCs), and mouse bone marrow-derived MSCs (mBMSCs) revealed
significant upregulation of genes linked to extracellular matrix organization, cell adhesion and bone me-
tabolism. As anticipated, the activation of these differentiation-related genes is accompanied by a down-
regulation of nuclear and cell cycle-related genes presumably reflecting cytostatic effects of CytoD. We also
identified eight novel CytoD activated genes—VGLL4, ARHGAP24, KLHL24, RCBTB2, BDH2, SCARF2,
ACADI0, HEPH—which are commonly upregulated across the two species and tissue sources of our MSC
samples. We selected the Hippo pathway-related VGLL4 gene, which encodes the transcriptional co-factor
Vestigial-like 4, for further study because this pathway is linked to osteogenesis. VGLL4 small interfering
RNA depletion reduces mineralization of hAMSCs during CytoD-induced osteogenic differentiation. To-
gether, our RNA-seq analyses suggest that while the stimulatory effects of CytoD on osteogenesis are
pleiotropic and depend on the biological state of the cell type, a small group of genes including VGLL4 may
contribute to MSC commitment toward the bone lineage.
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Introduction

THE OSTEOGENIC POTENTIAL of mesenchymal stromal/
stem cells (MSCs) renders them promising biological
tools for skeletal regenerative therapies and bone tissue repair
[1,2]. Bone anabolic agents, including growth factors and
epigenetic drugs, are considered for bone tissue regeneration
[3-6]. We recently showed that the cytoskeletal modifying

drug cytochalasin D (CytoD), which is a secondary metab-
olite derived from molds, improves the osteogenic capacity
of adipose-derived MSCs [7]. Previously, CytoD has also
been shown to promote osteogenesis in mouse bone marrow-
derived MSCs (mBMSCs) and human bone marrow-derived
MSCs (hBMSCs) by influencing MSC lineage commit-
ment via intranuclear actin transport and structure within the
nucleus [8,9]. While CytoD initiates a robust osteogenic
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program in MSCs, the underlying regulatory mechanisms
activated during CytoD-dependent inhibition of cytosolic
actin polymerization remain unexplored.

To understand the principal signaling pathways that are
stimulated by CytoD, we applied next generation RNA se-
quencing (RNA-seq) to examine gene expression profiles that
may account for the bone anabolic properties of CytoD at
the transcriptome level. Our group has previously utilized
RNA-seq to decipher the molecular pathways and key genes
involved in cellular responses and phenotypic changes in
musculoskeletal cells and stem cell types, as well at the tissue
level [3-5,10-14]. Here, we have utilized the RNA-seq plat-
form to identify novel genes involved in CytoD-mediated
osteogenesis of MSCs. Our analysis included both adipose-
derived and bone marrow-derived MSCs that may biologi-
cally differ in their osteogenic potential, as well as MSCs
from different donors to account for individual variation.

In this study, we established two main findings based on
comparative transcriptomic analyses of messenger RNA
(mRNA) isolated from either bone marrow-derived or adipose-
derived MSCs across multiple donors of either human or mu-
rine origin. First, the effects of CytoD are highly dependent on
the biological state of the sample. For example, CytoD stimu-
lated expression profiles vary with human donor, mammalian
species and specific MSC type from different tissue sources.
Second, notwithstanding the variability of expression profiles
associated with CytoD, we were able to identify a distinct
signature of eight relatively unexplored genes that are consis-
tently stimulated by CytoD under diverse biological conditions,
regardless of tissue origin, species, culture condition or donor.
The latter finding indicates that this unique subset of genes,
which includes the Hippo-pathway related gene VGLL4, may
mediate the osteogenic response of CytoD.

Materials and Methods
Isolation and culture of MSCs

MSCs from human adipose tissue were isolated from the
stromal vascular fraction of the fat tissue obtained from healthy
donors in an outpatient clinic after informed consent as de-
scribed previously [3]. Procedures for harvesting and expansion
of these cells in platelet lysate were reviewed and approved by
the Mayo Clinic Institutional Review Board. hBMSCs were
derived from commercially purchased bone marrow mononu-
clear cells that were sourced from bone marrow aspirates (cat.
no. 2M-125; Lonza, Walkersville, MD). Lonza representatives
obtained permission for their use in research applications by
informed consent or legal authorization. Mouse MSCs were
collected from the marrow of 8- to 12-week-old wild-type
mouse femurs and isolated by plastic adherence [15] in com-
pliance with approved Institutional Animal Care and Use
Committee (IACUC) protocols (University of North Carolina
TACUC protocol ID# 18-054.0 JR).

Human adipose tissue-derived MSCs (hAMSCs) were
maintained in advanced minimal essential medium (MEM)
supplemented with 5% platelet lysate (PL-Max; Mill Creek
Life Sciences, Rochester, MN) [16]. Bone marrow MSCs
from either human or mouse sources were maintained in
MEM containing 10% fetal bovine serum and 100 pg/mL
penicillin/streptomycin. For experiments, cells from pas-
sages 4—6 were plated at a density of 10,000 cells per square
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centimeter in six-well culture plates (Fisher) in MEM and
cultured for 1 day before application of treatments. MSCs
from human donors from passage 4 were seeded at a density
of 5,000 cells per cm?. After 24 h, cells were treated with or
without CytoD (0.1 pg/mL) in maintenance media.

RNA-sequencing

Next generation RNA-seq was performed using hAMSCs,
hBMSCs, and mBMSCs. MSC cultures were each treated in
triplicate for 24 h with or without CytoD. Biological tripli-
cates for each of the three sample types (n=3) underwent
RNA-seq to yield technically robust datasets. RNA-seq
analysis of MSCs was performed as described previously [3]
using a well-established standard biochemical protocol and
institutionally standardized bioinformatics pipeline with
oligo dT purified mRNA and indexed complementary DNAs
(cDNAs) (standard TruSeq Kits 12-Set A and 12-Set B) on
the lumina platform (Illumina’s RTA version 1.17.21.3).
Raw reads were mapped using standard pipeline (Bioinfor-
matics Core standard tool) comprising MAPRSeq v.1.2.1
analysis, alignment with TopHat 2.0.6, and gene counting
with the HTSeq application, as well as normalization and
expression analysis using edgeR. Gene expression is reported
in reads per kilobase pair per million mapped reads (RPKM).

RNA-interference

Transfection of hAMSCs was performed with small in-
terfering RNA (siRNA) (50nM) in serum-free Opti-MEM
overnight before replacing the medium and adding reagents
for control or treatment groups. VGLL4 siRNA and scram-
bled non-silencing RNAs were purchased from Dharmacon
(GE Healthcare) and transfection was performed as per the
protocol recommended by the manufacturer. Total RNA was
isolated at days 2 and 5 posttransfection and reverse tran-
scribed to cDNA using SuperScript III First-Strand Synthesis
System (Invitrogen). Gene expression was quantified by real-
time polymerase chain reaction PCR using 10 ng cDNA per
reaction using the QuantiTect SYBR Green PCR Kit and a
CFX384 Real-Time qPCR System (Bio-Rad, Hercules, CA).
Gene expression was quantified using 272 method and is
represented as relative expression units of VGLL4 normal-
ized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

Real-time PCR

To evaluate gene expression of commonly upregulated
genes with CytoD, hAMSCs were seeded at 3,000 cells per cm?
and allowed to adhere overnight. The following day, cells were
treated with 0.1 pg/mL CytoD or vehicle (DMSO or dimethyl
sulfoxide). After 24 h, cells were lysed with Trizol for isolation
of total RNA. Primers were designed for VGLL4, KLHL24,
RCBTB2,SCARF2,ARHGAP24,ACADI10, HEPH, and BDH?.
cDNA preparation and gene expression analysis were per-
formed as described above in the RNA-interference section.

Osteogenic differentiation

For differentiation following siRNA transfection, hAMSCs
were seeded at 3,000 cells per cm? in maintenance medium in
six-well plates and incubated under standard culture condi-
tions for 24 h before being changed to osteogenic medium
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containing vehicle (DMSO) or 0.1 pg/mL CytoD (Sigma-
Aldrich). Osteogenic medium maintenance media supple-
mented with 10nM dexamethasone, 25 pg/mL ascorbic acid,
and 10 mM B-glycerophosphate. Cells were maintained for up
to a maximum of 14 days, with media changed every 3 to
4 days. RNA and protein were collected at various time points
(days 1, 2, 3, and 6) during the course of differentiation.
CytoD or vehicle was present in osteogenic media throughout
the course of the experiments.

Statistical analyses

Results are provided as mean + standard deviation, unless
specified otherwise. All data were typically collected from
experiments performed in triplicate and from three distinct
human or mouse donors. Data were analyzed by applying
Student’s #-test or one-way analysis of variance where
necessary using GraphPad Prism 7 version 7.03 software:
P value <0.05 was considered significant.

Results

RNA-seq reveals distinct changes in gene
expression with CytoD treatment

CytoD treatment of MSCs showed marked differences in
cell shape and actin organization 24 h posttreatment under
proliferating conditions; under confluent conditions, actin cy-
toskeleton was altered but cell shape was unaffected (Fig. 1).
To characterize early changes in gene expression due to CytoD
treatment of MSCs from different species and tissues, we

VEHICLE

FIG. 1. Morphological changes
in human MSCs treated with Cy-
toD. Immunofluorescence images
of hBMSCs at 24 h posttreatment
with 0.1 pg/mL CytoD or vehicle
(DMSO) under proliferative (top
panel) and confluent (bottom pan-
el) conditions. Cells are stained
for actin (phalloidin red), tubulin
(green, Alexaflour 488), and nuclei
are stained with DAPIL. CytoD, cy-
tochalasin D; DAPI, 4’,6-diamidino-
2-phenylindole; DMSO, dimethyl
sulfoxide; hBMSCs, human bone
marrow-derived MSCs; MSCs, mes-
enchymal stromal/stem cells. Col-
or images available online at www
Jdiebertpub.com/scd
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performed RNA-seq on MSC cultures treated with CytoD for
24 h without osteogenic supplements. Conservative filtering of
mRNAs was performed by selecting mRNAs expressed at
robust levels (RPKM >0.3) with differential gene expression
(fold-change >1.4) and statistically significant (P<0.05)
difference in expression values when compared between
samples. A four-way Venn diagram analysis using the
Venny interactive tool [17] was performed to evaluate the
number of genes commonly upregulated or downregulated
with CytoD treatment. Our analysis shows that genes were
differentially expressed upon comparing human MSCs de-
rived from adipose tissue and those from bone marrow: a
total of 67 genes were commonly upregulated, and 150 genes
were commonly downregulated in human MSCs (Fig. 2A).
Comparing bone marrow-derived MSCs from human and
mouse sources showed that 178 genes were commonly upre-
gulated and 361 genes were commonly downregulated. Bone
marrow-derived MSCs from mouse and human share a greater
percentage of genes with similar modulations in gene expres-
sion than is shared between human MSCs from either bone
marrow or adipose tissue. Additional verification by cross-table
analysis (Fig. 2B) reveals a similar trend with higher per-
centages of genes commonly regulated between mBMSC and
hBMSC (7.8% upregulated and 15% downregulated with
CytoD treatment) compared to human MSCs derived from
bone and adipose tissue (5.4% upregulated and 7.5% down-
regulated with CytoD treatment). Collectively, these data show
that CytoD treatment alters the biological ground-states of
undifferentiated MSCs, and importantly that CytoD has dis-
tinct cell type-specific effects on gene expression.

CYTOD

Tubulin
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FIG. 2. Gene expression changes in mouse and human MSCs. (A) Four-way Venn diagram analysis showing number of genes
upregulated or downregulated with CytoD in hAMSCs and hBMSCs. Also shown is another four-way Venn diagram analysis
showing comparisons of genes regulated by CytoD in bone marrow MSCs derived from human (hBMSCs) and mouse samples
(mBMSCs). (B) Cross-table analysis indicating total number (n) and percentages of genes upregulated or downregulated with
CytoD across both human and mouse MSCs derived from bone marrow and adipose tissues. hAMSCs, human adipose tissue-
derived MSCs; mBMSC, mouse bone marrow-derived MSCs. Color images available online at www.liebertpub.com/scd

Functional components commonly
regulated with CytoD treatment

We next examined the functional role of CytoD-modulated
gene sets. For this analysis, we used our CytoD-responsive
gene lists (Supplementary Table S1; Supplementary Data are
available online at www.liebertpub.com/scd) and conducted
gene ontology (GO) analysis using FunRich online software.
These analyses show that the upregulated genes were mostly
cytoplasmic, nuclear, and plasma membrane related. Simi-
larly, the percentages of genes involved in biological pro-
cesses such as signal transduction and cell communication
were comparatively higher in CytoD treated MSCs (Fig. 3A).
The percentages of upregulated genes associated with each
cellular component did not vary considerably between the
three groups of MSCs, suggesting that CytoD targets similar
overall pathways in different types of MSCs even though
different genes may be targeted depending on the tissue of
origin or species. We also observed changes in a small subset
of genes involved in biological processes and pathways linked
to cell growth and maintenance, consistent with cell growth
regulatory effects of CytoD on MSCs.

Molecular functions that were identified as subject to CytoD
regulation were related to transcription factor activities, DNA
binding, metallopeptidase activity, cytoskeletal protein binding,
and extracellular matrix (ECM) constituents—all showing a
very limited percentage of genes ranging from 1.5% to 7%
(Fig. 3B). We also examined the biological processes influ-
enced by CytoD and identified that genes linked to signal
transduction and cell communication were uniformly upregu-
lated in all three groups of MSCs (Fig. 3C). We also note equal

representation of Integrin family genes and PI3K signaling
genes among the three groups of MSCs, and limited percentage
of genes associated with fibroblast growth factor receptor
(FGFR) signaling and the p38 MAPK (mitogen-activated
protein kinase) pathway (which is downstream of FGFR) were
also upregulated with CytoD treatment (Fig. 3D). Among the
genes downregulated, the most prominent were those involved
in functions such as mitosis, cytoskeletal organization, nucle-
otide synthesis, and binding, DNA replication (Fig. 3E-H).
This observation clearly indicates that CytoD has potent cy-
tostatic effects. Collectively, the GO analyses reveal that a vast
majority of CytoD-induced functions are linked to ECM pro-
teins, plasma-membrane associated proteins, glycoproteins, and
cell surface receptors, as well as the corresponding biological
processes associated with cell communication and signal trans-
duction. Because these processes are involved in cell differen-
tiation, these findings suggest that the RNA-seq data uncovered
pathways relevant to the osteogenic effects of CytoD on MSCs.
Therefore, we proceeded to assess which genes are up- or
downregulated by CytoD regardless of biological origin.

Identification of commonly upregulated genes
in different types of MSCs treated with CytoD

Genes that were revealed by RNA-seq analysis to be
significantly upregulated with CytoD treatment of hBMSCs
(pink circle), mBMSCs (blue circle), and hAMSCs (yellow
circle) were compared using a three-way Venn diagram
(Fig. 4A). GO analysis revealed that CytoD increases ex-
pression of genes involved in cell adhesion, skeletal tis-
sue development, as well as angiogenesis. In hAMSCs, the
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FIG. 3. Functional factors commonly regulated with CytoD treatment. FunRich analysis charts revealing the percentages
of upregulated genes and the cellular components involved (A), associated molecular functions (B), related biological
process (C), and biological pathways affected (D) with CytoD treatment. Similarly, percentages of genes downregulated
with CytoD and the respective functional components involved are depicted (E-H). FGFR, fibroblast growth factor
receptor; MAPK, mitogen-activated protein kinase. Color images available online at www.liebertpub.com/scd

representative GO terms from the top eight gene clusters
revealed by Database for Annotation, Visualization and
Integrated Discovery (DAVID) analysis included genes in-
volved in cell adhesion, regulation of cell development,
angiogenesis, and actin cytoskeleton organization (Fig. 4B).
Similar GO terms were revealed in CytoD-treated hBMSCs
including cell adhesion, ECM, calcium-dependent cell-
adhesion, bone development, and ossification among others.
In mBMSCs, metal ion binding, extracellular region, an-
giogenesis, and protein kinase activity were the top re-

presented terms revealed among other GO terms that were
in common between hAMSCs and hBMSCs.

Among these three gene sets, we identified a unique
signature of eight genes that were commonly upregulated in
all studied classes of MSCs, including VGLL4 (Vestigial
Like Family Member 4), ARHGAP24 (Rac-specific member
of the Rho GTPase-activating protein family), ACADIO
(Acyl-CoA Dehydrogenase Family Member 10), SCARF2
(Scavenger Receptor Expressed by Endothelial Cells 2 Pro-
tein), RCBTB2 (Regulator of Chromosome Condensation
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[RCC1] and BTB [POZ] Domain), BDH?2 (3-hydroxybutyrate
dehydrogenase 2), KLHL24 (kelch-like 24), and HEPH (He-
phaestin) (Fig. 4D). STRING version 10.5 network analysis
did not reveal any prominent nodes or possible regulatory
relationships between these eight genes (Fig. 4C). Hence, a
relatively small subset of functionally diverse genes may
mediate the main biological effects of CytoD on MSCs.
Additionally, we validated the identified gene signature
by performing real-time quantitative PCR (qPCR) analy-
sis to validate the upregulation of these eight genes in
CytoD-treated hAMSC. Our qPCR results confirm that
CytoD promoted upregulation of the identified CytoD-
responsive genes, including KLHL24, RCBTB2, SCARF2,
ARHGAP24, HEPH, and BDH?2 (Supplementary Fig. S1).

VGLLA4 is required for osteogenic differentiation
of MSCs in response to CytoD

Of the eight genes we identified, VGLL4 was of particu-
lar interest, because this gene encodes a co-regulator of the
Hippo-pathway, which also includes the transcriptional co-
factors Yes Associate Protein 1 (YAP1) and WW Domain
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Containing Transcription Regulator | (WWTRI1/TAZ). YAP1
or WWTRI1/TAZ each bind to TEA (TE for transcription en-
hancer factor 1 [TEF1] and trans-acting factor C [TEC1] and A
for ABAA binding motif; a highly-conserved DNA-binding
motif) domain transcription factors (TEADs) to control the size
of organs and tissues [18]. Previous studies have suggested that
YAPI, a co-factor that suppresses Runx2 function, is exported
from the nucleus after CytoD stimulation [9]. Importantly, TAZ
has a known function in osteogenic differentiation of MSCs
[19]. In this model, loss of YAPI in the nucleus is predicted to
support Runx2-dependent induction of Osterix (SP7/0OSX) in
the initial stages of osteogenic differentiation of MSCs. How-
ever, YAPI release from TEAD proteins would concomitantly
also promote interactions between VGLL and TEADs [18].
Hence, increased expression of VGLLA4 in all MSCs treated with
CytoD could be part of a feedback loop linked to the YAP1/
TAZ-TEAD-VGLL axis within the Hippo signaling pathway.
To address this hypothesis, we investigated whether
silencing of VGLL4 by RNA interference affected osteo-
genic differentiation of hAMSCs, which typically show
the most robust biological response to CytoD treatment in terms
of cell morphology and gene expression. Furthermore, adipose
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FIG. 4. Commonly upregulated genes across species and tissue types. (A) Three-way Venn diagram of upregulated genes
reveals identification of eight unique genes that are commonly upregulated across mouse and human MSCs. (B) Table
derived from DAVID functional annotation tool listing top eight gene annotation cluster terms, counts, and P values. Of
significant importance are representative GO terms including skeletal muscle development, bone development, ossification,
tissue morphogenesis and angiogenesis. (C) STRING v10.5 network analysis illustrates that these genes are standalone and
show no reported networks or connectivity between the eight genes. (D) Summary and description of previous findings of the
panel of eight genes consistently modulated by CytoD independent of species or cell type. DAVID, Database for Annotation,
Visualization and Integrated Discovery; GO, gene ontology. Color images available online at www.liebertpub.com/scd

(continued)
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Gene Description Known functions Key References PubMed
results
VGLL4 Vestigial Like Family +  Acetylation of VGLL4 Regulates Hippo-YAP Signaling and Postnatal Cardiac Growth * Linetal[21] 29
Member 4 v VGLL4targets a TCF4-TEAD4 complex to coregulate Wit and Hippo signalling in +  Jiao etal. [20]
colorectal cancer
BDH2 3-Hydroxybutyrate * [Zebrafish] Bdh2 inactivation results in m@ochondrial dysfunction, delays erythroid *  Davuluri et al. [32] 17
Dehydrogenase 2 maturation *  Liuetal [33]
*  [Mice] bdh2 null mice developed microcytic anemia and tissue iron overioad; key role in * Zughaieret al. [34]
erythropoiesis
* [Human] inflammation and ER stressd gulate the exp of BDH2 in human
THP-1 macrophages
KLHL24 kelch-lke 24 Kelch-like 24 appearsto be involved in the turnover of intermediated filaments, in *  Has etal[29] 9
particular, keratin; key player in pathogenesis of skin fragility * He etal [28]
* KLHL24 mutations were assodated with irregular and fragmented keratin 14
RCBTB2 Regulator Of Chromosome * Cancerrelated; atypical spindie cell ipoma, prostate, multiple myeloma *  Ross-Adamsetal [31] 7
Condensation (RCC1) And *  Creytenset al. [30]
BTB (POZ) Domain
SCARF2 Scavenger Receptor * [Mouse] homology to calmodulin * Hwangetal. [35] 1
(SREC-Il) Expressed By Endothefial * [Mouse] rib bone undergoing ossification * Ishii etal [41]
Celis 2 Protein * Originally identified in human endothegal cell fine ; pred pression in human *  Anastasio etal [36]
nean lung, ovary, and placenta
ions in SCARF2 resp for Van Den Ende-Gupta syndrome whichis
characterized by craniofacial and skeletal abnormaiities that include blepharophimosis, a
flat and wide nasalbridge, narrow and beaked nose, hypoplastic maxilla; patients present
congenital joint contractures
ARHGAP24 | Rac-specific memberofthe . Rho fanw small GTPases (Rho GTPases) are involved in the control of actin *  Morishita et al. [22] 39
Rho GTPase-activating lston and dynamics and play tialroles in many cellular functions *  Safto et al [23]
protein family auch as cell adhesion, cell migration, and vesicle trafficking * Dikkonen et al. [42]
* Depletion of endogenous FiGAP by siRNA induces a Rac-driven elongated + Xuetal [43]
mesenchymal morphology Converse!y overexpression of FIGAP induces membrane *  Makahara et al. [24]
""" and a gy contingent upon Rho/ROCK-dependent « Ehrlicher et al. [26]
pho spnorylatnn of FIGAP
*  Functional tation analyses sh d the enrichment of genes involved in functions like
cognition, learning, memory, neuronal excitation and apoptosis, long-term potentiation
and CDKS signaling pathway
* ARHGAP24 expression is downregulated in renal cancer; ARHGAP24 inhibits cell cycle
progression and suppressed cellinvasion
+  [canine kidney celis] forced expression of FIGAP induced accumulation of E-cadherin at
adherens junctions
* Mechanical strain in actin networks regulates FIGAP and integrin binding to filamin A.
ACAD10 AcykCoA Dehydrog * Rel ce to diabetes, insulin istance, lipid oxidat *  Yamada et al. [38] 14
Family Member 10 * MNovel determinants of blood pressure *  Bian etal [37]
HEPH Hephaestin * Skeletal muscle; iron metabolism and h tasis * Gulec and Collins [40] 60
* Ferroportin and other iron transport related mechanisms * Polonifi et al. [39]
FIG. 4. (Continued).

MSCs have consistently permitted higher siRNA transfection
efficiency than marrow-derived MSCs, and were therefore
utilized for silencing VGLL4 mRNA. Gene expression analyses
by qPCR confirmed that VGLL4 mRNA levels were depleted
as expected (Fig. 5A). Osteogenic differentiation after silenc-
ing of VGLL4 modestly reduced ALP activity assayed at day 7
of osteogenic differentiation (Fig. 5B) but had rather dramatic
effects on mineralization at day 10 as detected by Alizarin
Red staining of calcium deposition (Fig. 5C). Further anal-
ysis by qPCR showed that silencing of VGLL4 in hAMSCs
also reduced expression of the bone-related sialoprotein
IBSP gene, but stimulated accumulation of COLIAI mRNA
(Fig. 5D). The latter results are consistent with the cells
assuming a more fibroblastic rather than osteogenic pheno-
type upon CytoD treatment in the absence of VGLLA4
(Fig. 1A, B), in corroboration with our previous findings
showing increases in COLIAI mRNA in CytoD-treated
adipose MSCs [7]. Taken together, these results indicate that
VGLLA4 may contribute to CytoD effects on osteogenic dif-
ferentiation of MSCs.

Discussion

MSCs are critical for normal skeletal development and
have therapeutic potential in skeletal tissue repair. In pre-

vious studies, we have shown that CytoD alters the undif-
ferentiated state of adipose-derived MSCs at both the
phenotype and gene-expression levels and renders these
cells competent for matrix mineralization [8]. Based on
these and other previous findings, CytoD promoted marked
increases in the osteogenic differentiation of MSCs at ge-
netic, molecular and histological levels [7-9], irrespective of
differences in culture media conditions, human versus
mouse donors, or tissue source (bone marrow vs. stromal
vascular fraction of adipose-tissue). In the current study, we
have further explored the gene signatures of CytoD-treated
MSCs from different sources (ie, bone marrow and the
stromal vascular fraction of adipose tissue), two different
species (human and mouse), several distinct donors, and
media supplementation conditions (human platelet lysate for
hAMSCs and hBMSCs vs. bovine serum for mBMSCs). Our
strategy derived new information on genes that may con-
tribute to MSC osteogenic lineage commitment and differ-
entiation of MSCs. Our study reveals that the effects of
CytoD are dependent on several biological variables that
may need to be further investigated, including donor to
donor variation and tissue source that were not explicitly
tested in the current experimental design. Notwithstanding
variation caused by these biological variables, our approach
revealed a common set of genes that is co-regulated under
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FIG. 5. VGLIA silencing and its effects on osteogenic differentiation. (A) Real-time PCR confirming siRNA knockdown

of VGLLA4 in hAMSC:s at days 2 and 5, posttransfection. (B) ALP activity recorded at day 7 posttreatment with or without
CytoD of hAMSC:s transfected with sSiRNA VGLL4 or siRNA control. (C) Alizarin Red staining at D9 posttreatment with or
without CytoD of hAMSCs transfected with siRNA VGLL4 or siRNA control. (D) Gene expression of key osteogenic genes
in transfected hAMSCs assayed by real-time qPCR at multiple time points postdifferentiation with or without CytoD. ALP,
alkaline phosphatase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; qPCR, quantitative PCR; REU, relative ex-
pression units; siRNA, small interfering RNA. Color images available online at www.liebertpub.com/scd

all experimental conditions tested and that may be required
for CytoD dependent effects on osteogenesis.

From a regenerative medicine perspective, it may be
possible to apply a CytoD treatment strategy to tune the fate
of MSCs toward enhanced osteogenesis for orthopedic ap-
plications that require bone regeneration and/or repair. Sti-
mulation of the osteogenic gene program by CytoD in both
adipose and bone marrow-derived MSCs is reflected by
increased expression of classical bone markers including
alkaline phosphatase (ALPL), collagen type I (COLIAI),
and osteonectin (SPARC) [7,8]. Consistent with these find-
ings, initial RNA-seq analysis of adipose tissue-derived
MSC:s also identified genes involved in calcium ion binding,
calmodulin, collagen and other ECM markers, as well as
Wnt and PI3K signaling pathways [8]. While CytoD en-
hances differentiation of MSCs that are also treated with
standard osteogenic differentiation cocktails, one important
attribute of CytoD is that treatment with this compound by
itself (ie, without other inducers) can promote robust min-
eralization of adipose tissue derived MSCs [7].

Our current study identified eight common CytoD-
responsive genes that are stimulated by CytoD in MSCs
from multiple donors, different tissue sources, and distinct
species (ie, VGLL4, KLHL24, RCBTB2, BDH2, SCARF2,
ARHGAP24, ACADI0, and HEPH). Of these, VGLL4 rep-
resents the most interesting gene, because it is a component
of the Hippo-YAP signaling pathway and targets transcrip-
tion factor 4 (TCF4)/TEAD4 complex [20,21]. Indeed, loss-
of-function studies show that osteogenic differentiation and
mineralization of MSCs in response to CytoD treatment is
inhibited by siRNA depletion of VGLIA.

Among all MSC sources, CytoD also upregulated the
expression of a cytoskeletal organizing molecule, ARH-
GAP24, which is a member of the large group of Rho family
small GTPases (Rho GTPases) involved in the control of
actin cytoskeleton and membrane dynamics. These genes
play essential roles in many cellular functions such as cell
adhesion, cell migration, and vesicle trafficking [22,23].
Also referred to as FilGAP protein, ARHGAP24 is activated
by ROCK to control cytoskeletal stiffness and prevent cell
spreading [22]. In canine kidney cells, forced expression of
FilGAP induced accumulation of E-cadherin at adherens
junctions [24]. Also, it has been shown that mechanical
strain, which promotes actin polymerization [25], causes the
ARHGAP24/FilGAP protein to disassociate from filamin A
on actin polymers to support cytoskeletal structure [26].
ARHGAP24 is closely related to the Rho GTPase activating
protein ARHGAP18, which is also involved in MSC dif-
ferentiation. ARHGAP18, which is highly expressed in bone
marrow-derived MSC, supports tonic inhibition of the actin
cytoskeleton [27]. It is conceivable that the activities of
ARHGAP24 and ARHGAPI18 are functionally linked and
jointly influence osteogenic lineage commitment.

The biological roles of the other genes are less clear.
KLHL24 appears to be involved in the turnover of inter-
mediated filaments (eg, keratin) and pathogenesis of skin
fragility, while KLHL24 mutations are associated with ir-
regular and fragmented keratin 14 [28,29]. RCBTB2, which
is also stimulated by CytoD, has been linked to atypical
spindle cell lipoma, prostate cancer, multiple myeloma
[30,31]. The CytoD responsive gene BDH2 encodes 3-
hydroxybutyrate dehydrogenase 2, which is an enzyme
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playing a key role in iron homeostasis and transport. In
zebrafish, bdh2 inactivation results in mitochondrial dys-
function and delays erythroid maturation [32]. In mice,
Bdh2-null mice developed microcytic anemia and tissue iron
overload, reflecting a key role in erythropoiesis [33]. Fur-
thermore, BDH?2 is negatively regulated by inflammation
and endoplasmic reticulum stress in human cultured mac-
rophage cell lines [34]. SCARF?2 is known to be linked to
calmodulin and related ossification processes [35]. Muta-
tions in SCARF?2 are associated with craniofacial and skel-
etal abnormalities [36]. ACADIO has been linked to
diabetes, insulin resistance, lipid oxidation, as well as blood
pressure [37,38]. HEPH has been shown to be involved in
skeletal muscle functions, iron metabolism and homeostasis,
as well as with iron transport related mechanisms [39,40].
Taken together, the signatures of the eight genes that are
linked to osteogenic induction by CytoD appear to have
remarkably diverse functions. We conclude that our RNA-
seq studies reveal important mechanistic insights into
CytoD-induced osteogenesis and validate the osteogenic
responses of MSCs treated with CytoD at a high level of
molecular resolution.
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