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Abstract

Numerous intrinsic factors regulate mesenchymal progenitor commitment to a specific cell fate, such as osteogenic or adipogenic
lineages. Identification and modulation of novel intrinsic regulatory factors represent an opportunity to harness the regenerative potential
of mesenchymal progenitors. In the present study, the transcription factor (TF) ZIC1 was identified to be differentially expressed among
adipose compared with skeletal-derived mesenchymal progenitor cells. We observed that ZIC7 overexpression in human mesenchymal
progenitors promotes osteogenesis and prevents adipogenesis. ZIC1 knockdown demonstrated the converse effects on cell differentia-
tion. ZIC1 misexpression was associated with altered Hedgehog signaling, and the Hedgehog antagonist cyclopamine reversed the osteo/
adipogenic differentiation alterations associated with ZICT overexpression. Finally, human mesenchymal progenitor cells with or without
ZIC1 overexpression were implanted in an ossicle assay in NOD-SCID gamma mice. ZIC1 overexpression led to significantly increased os-
sicle formation in comparison to the control, as assessed by radiographic and histologic measures. Together, these data suggest that ZIC1
represents a TF at the center of osteo/adipogenic cell fate determinations—findings that have relevance in the fields of stem cell biology and
therapeutic regenerative medicine.
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Significance Statement

generation.

Identification of novel transcription factors regulating lineage commitment in mesenchymal progenitor cells is necessary to understand
niche-specific attributes of stem cells. Moreover, these intrinsic factors could be modulated to assist differentiation of progenitor cells
toward lineages of therapeutic interest. Here, overexpression of the ZIC1 transcription factor forced progenitor cells to make more bone
at the expense of fat. This modulation acts predominantly through a Hedgehog-dependent mechanism. The present findings provide
important insight into an intrinsic factor and its mechanism that regulate bone formation, which could be further leveraged for tissue (re)

Introduction

Autologous stem cell-based tissue regeneration therapies
hold great promise to address the significant biomedical
burden related to bone pathologies.! The multilineage dif-
ferentiation potential of mesenchymal stem cells can assist
in the treatment of bone diseases.”* However, the incon-
sistent performance of mesenchymal stem cells for bone
tissue regeneration in vivo poses a significant impediment
to clinical translation.>® Consistent cell-based bone tissue
regeneration requires an improved understanding of pro-
genitor cell subpopulations and defined niche-specific regen-
eration attributes.” Our group has focused on perivascular
mesenchymal progenitor cells,! including their bone-forming
efficacy,®’ heterogeneity,'®!" and intrinsic and extrinsic regu-
latory factors.!!!2

Adipose-derived mesenchymal progenitor cells including
perivascular CD146* pericytes show tissue-specific func-
tional characteristics. In our previous studies, we observed
that human skeletal pericytes have a natural predisposition
to form more bone in culture and ossify after xenotransplan-
tation.'® In another study, pericytes derived from the human
kidney secreted functionally active renin, evidencing tissue-
specific functions.' These results support the notion that
pericytes are inclined to mature into the lineage supported by
the microenvironment from which they are isolated, yet also
retain their multipotency across contexts.’

However, we observed previously that adipose tissue-
derived CXCR4*CD146* human pericytes, which also main-
tain stem-like properties, exhibit a skeletogenic rather than
adipocytic nature.” This can be particularly attributed to
specific genes and signaling pathways that maintain tissue-
specific potential.'>!® An inverse correlation is well known to
exist in the processes of adipogenesis and osteogenesis from
mesenchymal progenitor cells.>'7!8 The transdifferentiating
potential of adipose-derived stem cells to an osteoblastic lin-
eage can be reasoned by the influence of certain signaling
pathway that predominantly mediates osteogenic fate com-
mitment of specific subsets of adipose progenitors.'*?° Thus,
the lineage commitment of stem cells depends on the tight
regulatory activities of transcription factors (TFs) in response
to external signals received from the cell microenvironment.?!
Overexpressing TFs such as MAFF, BATF3, and MXD4
could inhibit adipogenesis from human adipose-derived stem
cells.?> Thereby, modulating the transcriptional regulation
could commit stem cells to differentiate to a specific lineage
different from its native niche. Further identification of these
TFs is necessary to understand the intricacies of progenitor
lineage commitment. Moreover, forced misexpression of these
TFs may alter the osteo-adipogenic balance of mesenchymal
progenitor cells, which can be used for therapeutic tissue
regeneration.?>2¢

In the present study, ZIC1 was identified as a TF differen-
tially expressed across human pericytes derived from different

tissue sources. Several studies have implicated ZIC1 in verte-
bral skeletal development, and mutations in the ZICI gene
cause skeletal pathologies.?””?* The role of ZIC1 in the modula-
tion of human stem cell fate was investigated. Overexpression
of ZIC1 in adipose mesenchymal progenitors led to increased
osteogenesis both in vitro and in vivo, which could be further
leveraged in bone regeneration therapies.

Materials and Methods

Isolation and Culture of Human Adipose-Derived
Progenitor Cells, CD146* Pericytes and Human
Periosteal CD146* Pericytes

All human adipose tissue fat and bone samples were obtained
from adult patient donors under Institutional Review Board
(IRB) approval (#00119905) at Johns Hopkins University
(JHU) with a waiver of informed consent (Supplementary
Table S1). Human adipose-derived mesenchymal progenitor
cells (hASCs) and pericytes were isolated according to previ-
ously reported protocols.'>*° Briefly, to isolate adipose-derived
mesenchymal progenitor cells and pericytes, lipoaspirate
from human liposuction was washed in phosphate-buffered
saline (PBS) and centrifuged to separate the fat from the
oil and liquid phases. Fat was mixed with 1 mg/mL Type II
collagenase (Sigma Aldrich, St Louis, MO, USA) in DMEM
+ 0.5% bovine serum albumin (BSA) (Cohn Fraction V
A7906; Sigma) and digested for 45 minutes at 37 °C in a
shaking water bath (150 g). The digested adipose tissue was
then centrifuged, and the pellet was resuspended in PBS with
2% BSA. This was serially filtered at 100 pm and 70 pum.
After centrifugation, the pellet was further incubated in red
cell lysis buffer (155 mM NH4CI, 10 mM KHCO3, and 0.1
mM EDTA) at RT for 10 minutes. After centrifugation, the
stromal vascular fraction (SVF) was resuspended in PBS + 2%
BSA and filtered at 40 pum. The cell suspension was further
counted for live cells using trypan blue staining. A part of the
cell suspension was mixed with warm Alpha MEM medium
+ 15% FBS + 1% antibiotic/antimycotic and seeded directly
to culture plates to obtain adherent mesenchymal cells. The
other part of the cells was further processed for sorting, using
a mixture of the following directly conjugated antibodies:
anti-CD31-APC-cy7 (1:100), anti-CD45-APC-cy7 (1:30),
anti-CD34-APC (1:30), and anti-CD146-fluorescein isothi-
ocyanate (1:100) (Supplementary Table S2). All incubations
were performed at 4 °C for 15 minutes. After incubation,
cells were sorted as CD146*CD34-CD31-CD45- pericytes on
a MoFlo XDP flow cytometer (Beckman Coulter, IN, USA)
and analyzed with Summit Software (PrismHR, MA, USA).
The collected cells were seeded onto 96-well plates coated
with 0.2% gelatin. The cells were cultured in EGM-2 me-
dium (Lonza). The medium was replenished the next day and
changed every 3 days thereafter. Similarly, human periosteal
pericytes were isolated as previously reported.'’ Briefly, long
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bones, either tibia or femur (obtained from nonneoplastic
resections), were stored for <48 hours at 4 °C before proc-
essing. Using a periosteal elevator, the periosteum was de-
tached and dissected. Periosteal tissue was further minced
and digested with 1 mg/mL type I collagenase in DMEM for
90 minutes under agitation at 37 °C. After centrifugation,
the cell pellet was resuspended in red blood cell lysis buffer
and incubated at 37 °C for 5 minutes. After filtration using
40 um filters, the cell pellet was stained as described above
and run on a MoFlo XDP flow cytometer to collect perios-
teal pericytes. Pericytes were seeded on 96-well plates and
cultured until confluence.

Microarray Analysis

The transcriptomes of adipose tissue were examined by
analyzing a microarray previously published by our group.?
Here, total RNA from FACS-derived adipose and perios-
teal human CD146* pericytes was isolated by Trizol (Life
Technologies Corporation). Purified RNA samples were sent
to the JHMI Transcriptomics and Deep Sequencing Core
(JHU, Baltimore, MD, USA) for analysis using an Affymetrix
Clariom D microarray (Affymetrix, Santa Clara, CA, USA).
Expression data were deposited in the Gene Expression
Omnibus (GEO) repository (GSE125545).15 Data analyses
were performed using Spotfire DecisionSite software package.
Differential expression of TFs was detected by querying the
micro array data to the known human TFs and using as a
threshold a P value < .05 and Log, (fold change) > 1. Volcano
plot was created with the R package Enhanced Volcano
(Bioconductor). Heatmaps were created with the R package
Pheatmap.

Immunohistochemistry and Microscopy

For immunohistochemistry, human fat tissue was snap-
frozen and embedded in optimal cutting temperature me-
dium (Sakura, Torrance, CA) and cryo-sectioned at 30 pum
thickness. Deidentified human periosteum samples were
obtained from our surgical pathology archives (Johns
Hopkins University) under IRB approval and informed con-
sent. The bone samples were decalcified in 14% EDTA for
8 weeks before sectioning, embedded in OCT medium and
cryo-sectioned at 20 pum thickness. For immunofluorescence
staining, slides were initially warmed at 55 °C, and sections
were fixed with a 4% paraformaldehyde solution for 10
minutes. Next, slides were washed with PBS 2 times each
for 5 minutes and permeabilized with 0.1% Triton X-100
in PBS. The sections were blocked with Superblock (Thermo
Fisher Scientific) and further with 10% donkey serum in PBS
for 1 hour. The primary antibodies (Supplementary Table
S2) were added to corresponding sections and incubated in
a moist chamber overnight at 4 °C. After washing, secondary
antibodies were added (1:500) and incubated at room tem-
perature for 1 hour. Next, sections were counterstained with
DAPI mounting medium (Vector Laboratories, Burlingame,
CA) and examined under a Zeiss LSM800 GaAsP single-
point laser scanning microscope.

Small Interfering RNA (siRNA) Transfection for ZIC1
Knockdown

Knockdown of ZIC1 was performed using Silencer Select
chemically synthesized siRNA (Thermo Fisher Scientific,
Cat# 4392420, Ref_seq NM_003412.3,s14995). The control
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used was Select Negative Control No. 1 siRNA (Thermo,
Silencer select, Cat#. 4390843). Cells were seeded at a den-
sity of 5 x 10* cells per well. At 80% confluence, growth
medium was replaced with OptiMEM medium (Thermo
Fisher). Transfection was performed using TransIT-X2
siRNA Transfection Reagent (Mirus Bio) and 150 pm ZIC1
siRNA or scramble siRNA. Medium was changed into com-
plete growth medium 2 hours posttransfection. The effi-
ciency of the knockdown was validated using qRT-PCR. See
Supplementary Table S3 for primers used.

Plasmid Transfection for ZIC7 Overexpression

ZIC1 was overexpressed using a human ZIC1 open reading
frame (ORF) mammalian expression plasmid (RG220233,
Origene, Rockville, MD). Cells were seeded and maintained
to reach 80% confluence. Lentivirus-mediated plasmid trans-
fection was performed for ZICI overexpression. 1 pg of
ZIC1 plasmid and empty lentiviral vehicle were transfected
using TransIT-X2 Dynamic delivery system (Mirus Bio,
USA) according to the manufacturer’s protocol. At 2 hours
posttransfection, the medium was changed to complete
growth medium. qRT-PCR was used to measure ZIC1 gene
expression 48 hours posttransfection.

Culture of Osteosarcoma Cell Line

To verify findings in primary cells, the Saos-2 human oste-
osarcoma cell line was purchased from the American Type
Culture Collection (ATCC HTB-835). Cells were grown and
maintained in Alpha MEM medium with 10% FBS and 1%
penicillin/streptomycin. Cells were transfected with ZIC1
plasmid or vehicle control as described earlier.

Cell Proliferation Assays

Proliferation assays were performed in 96-well plates (2 x
103 cells/well) and measured for up to 48 hours using the
CellTiter96 Aqueous One Solution Cell Proliferation Assay
kit (MTS, G358A; Promega, Madison, WI). Briefly, 10 pL
of MTS solution was added to each well and incubated
for 3 hours at 37 °C. The absorbance was assayed at 490
nm using an Epoch microspectrophotometer (Bio-Tek,
Winooski, VT).

Western Blot

After 48 hours of either ZIC1 knockdown or overexpression,
cells were lysed in RIPA buffer (Thermo Fisher Scientific,
USA) with added protease inhibitor cocktail (Cell Signalling
Technology, Danvers, MA). Total protein concentration was
determined by the BCA assay kit (Thermo Fisher Scientific,
USA). Proteins were separated by SDS-PAGE and transferred
to a nitrocellulose membrane. The membranes were incubated
with antibodies overnight (1:1000). The secondary antibody
(1:1000) was added next day and visualized as previously re-
ported.’! Antibodies used are listed in Supplemental Table S2.
Band intensity is calculated using Image] (NIH, USA) soft-
ware and normalized with GAPDH.

Adipogenic Differentiation and Quantification

Transfected cells were plated at a density of 2 x 10° cells per
well. Basal medium was replaced with adipogenic differen-
tiation medium consisting of DMEM, 10% FBS, 1% indo-
methacin, 0.5 mM isobutyl methyl xanthine, and 1 mmol-L"!
dexamethasone and 200 mM insulin every other day of
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differentiation. Oil red O staining was performed after 10
days of differentiation.>'*!” Cells were washed with PBS and
fixed with 4% PFA for 15 minutes. After fixation, cells were
washed with water and 500 puL of Oil red O staining solution,
performed for 30 minutes at 37 °C. Following incubation, cells
were washed with 60% isopropanol, followed by microscopy.
After imaging, the Oil Red O stain was extracted with 100%
isopropanol for 5 minutes followed by absorbance at 548 nm
for quantification. All experiments were performed with 7 =
3 human samples per anatomic depot and in triplicate wells
(biologic and technical triplicates).

Osteogenic Differentiation and Quantification

The transfected cells were plated at a density of 2 x 10°
cells per well. Osteogenic differentiation medium (ODM)
consisted of DMEM, 10% FBS, 1% a with 10 mmol-L-'
B-glycerophosphate, 50 umol-L-! ascorbic acid, and 1
mmol-L-! dexamethasone. Medium was changed every other
day during differentiation

For ALP and Alizarin Red (AR) staining, cells were washed
with PBS and fixed with 4% PFA at 10 to 14 days of differen-
tiation. Next, cells were stained with diazonium salt with 4%
naphthol AS-MX phosphate alkaline solution at RT for 15
minutes for alkaline phosphatase detection, or with 2% AR
solution at RT for 10 minutes for bone nodule staining micro-
scopic images were obtained using a Leica (LASX9) camera,
and whole well pictures were captured using an Olympus
Epson scanner (Los Angeles, CA, USA). For quantification,
bone nodules were dissolved in 0.1 N sodium hydroxide
and quantified using an Epoch microspectrophotometer
(BioTek, Winooski, VT, USA) by an absorbance at 548 nm.
All experiments were performed with 7z = 3 human samples
per anatomic depot and in triplicate wells (biologic and tech-
nical triplicates).

Quantitative (q)RT-PCR

Gene expression after ZIC1 knockdown and overexpression
were analyzed by qRT-PCR. Total RNA was extracted using
geneElute single cell RNA isolation kit (Sigma Aldrich,
USA). From the total RNA, 1 pg of RNA was reverse
transcribed to first-strand complementary deoxyribonucleic
acid (cDNA) synthesis using the iScript cDNA Synthesis Kit
(Bio-Rad) to a final volume of 20 L. The reverse transcrip-
tion was performed at 25 °C for 5 minutes, followed by
46 °C for 20 minutes and 95 °C for 1 minute. For qRT-PCR,
the reaction was performed using Power SYBR Green master
mix (Applied Biosystems) and QuantStudio 5 Real-Time
PCR system instrument (Thermo Fisher Scientific, Waltham,
MA). qRT-PCR was performed using 384-well optical plates
at 95 °C for 10 minutes, followed by 40 cycles at 95 °C for
15 seconds and at 60 °C for 60 seconds. The fold change
of each gene was calculated using the 2-22¢t method after
normalizing to expression level of the housekeeping gene
GAPDH and considering the untreated control expression
as 1.

Cyclopamine Drug Treatment

ZIC1 overexpressing cells were treated with the Hedgehog
antagonist cyclopamine. Based on preliminary cytotoxicity
assays of the drug, 5 um concentration was used. After trans-
fection with ZIC1, the drug was added along with osteogenic
medium both in vector control and ZIC1 overexpression
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conditions. The drug containing medium was changed every
other day for 14 days.

Immunocytochemistry and Imaging

Cells after ZIC1 overexpression were seeded on 8-well
chamber slides. After culturing for 48 hours, cells were washed
with PBS and fixed with 4% PFA. Cells were permeabilized
with 0.1% Triton X-100 and blocked with super block
(Invitrogen). Cells were incubated with primary antibodies
overnight at 4 °C for ZIC1 (1:100) and GLI3 (1:50). Following
this, a corresponding secondary antibody (1:500) was added
and incubated for 1 hour. Cells were counterstained with
DAPI mounting medium and imaged under a Zeiss LSM 800
confocal microscope, and images were processed with ZEN
blue software (Zeiss, USA).

Animal Care and Subcutaneous Ossicle Formation

All animals were housed, and experiments performed in ac-
cordance with the approved protocol of the Animal Care
and Use Committee at Johns Hopkins University (JHU)
and institutional guidelines. Ten-week-old male NOD-SCID
gamma mice (strain #: 00557, NOD.Cg-Prkdc< I[12rg™1Vil]
Sz] RRID:BCBC_4142 Jackson Laboratory, USA) were used.
Implantation was performed as per previously published
protocols.’® 3 x 10° cells/rmL. ZIC1 overexpressing cells or
lentiviral vehicle control-treated cells were trypsinised and
mixed with a pre-weighed hydroxyapatite/B-tricalcium phos-
phate (HA/B-TCP) mixture (w/w = 6:4, total weight 45 mg)
(Zimmer Dental Inc, Carlsbad, CA) and incubated at 37 °C for
3 hours. To assess for cell adhesion, the cells remaining in the
medium after scaffold implantation were counted (Thermo
Ficher Countess II, Supplementary Fig. S4). The mixture was
implanted into the dorsal surface of mice subcutaneously (7
= 6). Briefly, after anesthesia and analgesia, a patch of hair
was removed from the skin surface with clippers. The sur-
face of the skin was wiped with betadine. Two implants per
mouse were placed on opposite sides (one side corresponding
to ZIC1 overexpression and the other side to lentiviral con-
trol). Furthermore, 15-mm incisions were made on the dorsal
skin, and cavity was exposed. The HA/B-TCP granules with
cells were scooped with a sterile spatula and carefully placed
far laterally beneath the skin and far from the midline.
Postimplantation X-ray images were taken to confirm the im-
plant position (Supplementary Fig. S5). The incision was then
closed using a monofilament suture in a simple interrupted
fashion.

DEXA Scanning and Analysis

Implanted mice underwent dual absorption energy X-ray
analysis at 4, 8, and 12 weeks. The total bone mineral density
(BMD) of the implant was calculated by assessing arbitrary
tissue regions of interest on the implants (7 = 3 regions per
implant).

MicroCT Imaging and Analysis

After 12 weeks, explants were collected and fixed with
4% (w/v) paraformaldehyde for 24 hours. Samples were
then subjected to ex vivo high-resolution microCT imaging
(Skyscan 1275, Bruker MicroCT, Belgium). Scanning param-
eter settings included using 1 mm of an aluminum filter with
an anode current of 153 pA and voltage of 65 kV. The ex-
posure time was 218 ms with 0.3° rotation stem and frame
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Figure 1. ZIC1 is differentially expressed in adipose-derived progenitor cells in comparison to skeletal perivascular progenitor cells. Microarray analysis
and immunofluorescence staining showing heightened Z/C7 gene expression among adipose tissue pericytes. (A) Volcano plot of microarray data
among CD146* adipose-derived or periosteal-derived human pericytes. Reanalysis from reference'™ ZIC1 transcript enrichment among adipose-derived
pericytes is shown (green box). (B) Heat map of differentially expressed transcription factors (TFs) among human pericytes from adipose or periosteal
tissue. (C) Immunostaining of ZIC7 (green, yellow arrowheads) co-expressed with the pericyte marker CD146 (red) within human blood vessels in
subcutaneous adipose tissue. CD31 (white) highlights endothelium. (D) Immunostaining of ZIC1, CD146, and CD31 in blood vessels within human
periosteum tissue. Scale bar = 50 pm. n = 3 human samples per group for transcriptomic and histologic data.

averaging of 6. Scan resolution was 9 um. After imaging, the
scan projections were reconstructed using the NRecon soft-
ware (Bruker). Further analysis software including CTVox
and CTAn (Bruker) was employed to analyze 3D morphom-
etry, bone volume, and ratio of bone volume to total volume.
Analysis thickness for each sample was 0.34 mm, with a rec-
tangular region of interest (1500 mm to 1200 mm) with a
threshold range of 40-90.

Histology and Immunohistochemistry

Samples after microCT were then transferred to 14% (w/v)
ethylenediaminetetraacetic acid (EDTA) solution for 1 month.
Samples were then immersed in 30% (w/v) sucrose and
embedded in optimum cutting temperature solution. Sections
of 10-um thick were captured on glass slides and stained with
Hematoxylin and Eosin (H&E). Sections were also treated
with alkaline phosphatase staining kit (Sigma Aldrich, USA)
for assessing enzymatic activity using previously published

protocol.’® ALP staining on sections was quantified using
Image J software (NIH, USA). Immunofluorescence staining
for osteocalcin (OCN, 1:100) and human nuclear antigen
(HuNu,1:200) on sections was performed as mentioned
above. Images were collected on a confocal laser scanning
microscope (Zeiss LSM900). Fluorescence intensity within
the implant site was quantified using Image J software (NIH,
USA).

Statistical Analysis

Statistical analyses were performed in GraphPad Software
9.0. Quantitative data were expressed as mean = 1SD.
Statistical differences were analyzed by either Student’s # test,
or one-way or two-way analysis of variance with multiple
comparisons. When needed, Welch’s correction was applied.
*P<.05,**P <.01,and ***P < .001 were considered signifi-
cant unless otherwise stated within the figure legend.
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Results

ZIC1 s Highly Expressed in Adipose Tissue-Derived
Human Mesenchymal Progenitor Cells

To identify TFs which regulate osteogenic/adipogenic cell
differentiation within human mesenchymal progenitors,
microarray was analyzed comparing adipose- versus
skeletal-CD146*Lin~ human pericytes (Fig. 1A)." Volcano
plot and heat map representations showed several TFs
highly expressed among adipose tissue-derived pericytes
such as HOXC10, MEIS2, SIM1, and ZIC1 (Fig. 1A, 1B).
Of these, ZIC1 was chosen for further analysis as prior
studies have implicated the role of ZIC1 TF in skeletal de-
velopment and disease.?”?” Sections of human adipose and
bone tissue were analyzed for ZIC1 expression by immu-
nofluorescence staining (Fig. 1C, 1D). The pericyte marker
CD146 and endothelial marker CD31 were co-stained.
Results confirmed differential ZIC1 expression, with
a high degree of co-localization of ZIC1 and CD146
immunoreactivities within adipose tissue blood vessels
(Fig. 1C). In contrast, very little ZIC1 immunoreactivity
was found within skeletal/periosteal blood vessels (Fig.
1D). These data suggest that ZIC1 is preferably expressed
in adipose as compared with skeletal perivascular progen-
itor cells, despite its known functions in mature osteoblasts
and osteocytes.’»3

ZIC1 Knockdown Enhances Adipogenesis Over
Osteogenesis in Human Adipose-Derived
Mesenchymal Progenitor Cells

ZIC1 expression was evaluated over the time course of
adipogenic and osteogenic differentiation of human adipose-
derived mesenchymal progenitor cells (hASCs, Fig. 2A).
Results showed increased ZIC1 expression at day 3 and 7
of adipogenesis, which decreased toward baseline by day 14
(Fig. 2A, red line). In contrast, ZIC1 expression remained rel-
atively constant over time during osteogenic differentiation
(Fig. 2A, blue line). Effects of ZIC1 knockdown in adipose-
derived mesenchymal progenitor cells was next determined.
Knockdown efficiency (ZIC1 KD) was calculated by qRT-
PCR and 60% knockdown compared to scramble siRNA was
determined (Fig. 2B). Western blot analysis confirmed 55.5%
reduction in expression of the ZIC1 protein with gene knock-
down in comparison to control (Fig. 2C, Supplementary Fig.
S2A). MTS assays showed no difference in cell proliferation
between ZIC1 KD and scramble siRNA-treated cells over 48
hours (Fig. 2D).

ZIC1 KD cells were next subjected to adipogenic differ-
entiation. Oil red O staining and quantification of ZIC1 KD
and scramble siRNA showed an increase in oil vacuole ac-
cumulation among knockdown cells (Fig. 2E, 2F). Gene ex-
pression also increased with adipogenic differentiation upon
ZIC1 KD, including increased expression of peroxisome
proliferator-activated receptor gamma (PPARy), CCAAT/
enhancer-binding protein alpha (CEBPa), and fatty acid-
binding protein 4 (FABP4) (Fig. 2G, 36% [PPARy], 14%
[CEBPa and FABP4] increase in comparison to SiRNA
control).

Next, the osteogenic differentiation potential of ZIC1
KD cells was analyzed. After 10 days of osteogenesis, both
knockdown and scramble siRNA-treated cells are stained
for alkaline phosphatase (ALP) and alizarin red S (ARS).
Overall, osteogenic differentiation among ZIC1 KD cells
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was reduced as compared to scramble siRNA controls (Fig.
2H). Quantitative analysis of AR staining confirmed reduced
mineralization among ZIC1 KD cells (Fig. 2I, 50% reduc-
tion). Furthermore, osteogenesis-related gene expression
showed a relative reduction in several genes among ZIC1
siRNA-treated cells, including alkaline phosphatase (ALPL),
Runt-like TF 2 (RUNX2), collagen 1 alpha 1 (COL1A1),
osterix (SP7), and osteocalcin (OCN) (Fig. 2], ranging from
12%-48% reduction in comparison to control). These data
demonstrate that knocking down ZIC1 expression favored
adipogenesis over osteogenesis in human mesenchymal pro-
genitor cells.

ZIC1 Overexpression Alters Hedgehog Signaling
and Enhances Osteogenesis of Human Adipose-
Derived Mesenchymal Progenitor Cells

To further investigate the regulatory effect of ZIC1 on differen-
tiation, ZIC was overexpressed in mesenchymal progenitors.
ZIC1 was overexpressed using a CMV plasmid (ZIC1 OE).
An empty lentiviral vector plasmid acted as control for ZIC1
plasmid overexpression (LV). The overexpression efficiency
of the ZIC1 plasmid was confirmed by qPCR, demonstrating
a 40% increase in expression (Fig. 3A). Western blot anal-
ysis confirmed increased ZIC1 protein expression in the
overexpression group in comparison to control (Fig. 3B,
Supplementary Fig. S2B). No significant difference in cell pro-
liferation was observed between ZIC1 OE and empty vector
control (VC) (Fig. 3C).

The effect of ZICI1 overexpression on osteogenic and
adipogenic differentiation was next investigated. Oil red O
staining and quantification showed decreased lipid droplet
accumulation among ZIC1 overexpressing cells (Fig. 3D, 3E).
Adipogenesis gene expression confirmed a significant reduc-
tion in adipogenic differentiation among ZIC1 OE cells (20%-
45% reduction in comparison to LV) (Fig. 3F). Conversely,
increased mineralization and ALP activity were observed
among cells overexpressing ZIC1 (Fig. 3G). Mineralization
quantified from Alizarin red S staining showed a 30% increase
among ZIC1 overexpressing cells (Fig. 3G, 3H). In agree-
ment with these findings, qRT-PCR analysis showed a signif-
icant upregulation of osteogenesis gene expression, including
RUNX2, ALPL, COL1al, SP7, and OCN within the ZIC1
OE group (13%-47% increase in comparison to LV at day 10
of differentiation) (Fig. 3I). Thus, ZIC1 overexpression favors
osteogenesis over adipogenesis in human mesenchymal pro-
genitor cells.

Osteogenic/anti-adipocytic effects of ZIC1 overexpression
closely mirrored those of Hedgehog signaling,” and ZICT is
known to interact with GLI TFs in other cell types.>* We
next analyzed the expression of Hedgehog pathway as-
sociated genes after ZIC1 overexpression. After 48 hours
of overexpression, QqRT-PCR showed an 80% increase in
sonic Hedgehog (SHH) expression. SHH upregulation was
associated with increased expression of downstream target
genes, including PTCH1 (63% increase) and GLI3 (12%
increase) (Fig. 3]). Immunocytochemical staining showed
GLI3 colocalizing with the ZIC1 in overexpression group
(Fig. 3K). Overall, these results demonstrate that ZICI
overexpression promote osteogenic rather than adipogenic
differentiation of adipose-derived human mesenchymal
progenitor cells, which was associated with increased
Hedgehog signaling.
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ZIC1 Overexpression Enhances Osteogenesis in
Human Adipose-Derived Pericytes and a Human
Osteosarcoma Cell Line

Given the strong effects of ZIC1 overexpression on the osteo/
adipogenic differentiation of culture-derived human mes-
enchymal progenitor cells, we performed follow-up studies
on human purified pericytes, which include native MSC
forerunners,' as well as osteoblastic cell lines like Saos-2. First,
ZIC1 was overexpressed in human adipose-derived CD146*
pericytes (Supplementary Fig. S1 for cell isolation). Resulting
expression of ZIC1 was 1200-fold higher, compared to an
empty lentiviral vector control (Fig. 4A). Pericyte proliferation
was not significantly different between the overexpression
group and the lentiviral vector group, compared to an un-
treated control group after 48 hours (Fig. 4B).

Changes in adipo- and osteogenic differentiation in
human pericytes overexpressing ZICI largely mirrored
changes observed in similarly modified hASCs. In pericytes
overexpressing ZIC1, adipogenesis decreased (48.7%), as
shown by Oil red O staining and quantification after 10 days
of differentiation (Fig. 4C, 4D), accompanied by a reduction in
adipogenesis marker gene expression (up to 67% decrease in
comparison to LV, Fig. 4E). Conversely, ZIC1 overexpression
in human pericytes increased mineralization as revealed by
Alizarin red staining (34% increase in ZIC1 OE) and quanti-
fication at day 10 after osteogenic induction (Fig. 4F, 4G), and
osteogenesis marker gene expression at 10 day of differentia-
tion (up to 47% increase in comparison to vector control, Fig.
4H). Hedgehog signaling showed a similar trend in human
pericytes with ZIC1 overexpression, including an increase in
transcripts of SHH (67%), PTCH1 (23%), GLI1 (86%), and
GLI3 (18%) in comparison to vector control (Fig. 41).

As the pro-osteogenic effects of ZIC1 overexpression were
prominent, we sought to confirm this in the osteoblastic cell
line Saos-2 (Supplementary Fig. S3). After confirming ZIC1
overexpression (Supplementary Fig. S2A), a slight reduction
in cell proliferation was observed in comparison to vector
control (Supplementary Fig. S2B). As in other cell types, ZIC1
overexpression resulted in increased bone nodule formation
at day 7 (Supplementary Fig. S2C), and a significant increase
in osteogenesis gene expression at day 7 (Supplementary Fig.
S2D). Similarly, genes in the Hedgehog signaling pathway
showed an increased expression among ZIC1 overexpressing
Saos-2 cells, including SHH itself (Supplementary Fig. S2E).
These data confirmed conserved effects of overexpression of
the TF ZIC1 across human progenitor cell types as well as
human cell lines.

The Hedgehog Antagonist Cyclopamine Reverses
ZIC1-Mediated Changes in Differentiation in
Adipose-Derived Mesenchymal Progenitor Cells

Next, the effects of the Hedgehog signaling antagonist
cyclopamine were tested in the context of ZIC1 overexpression
in human mesenchymal progenitor cells. During osteogenic
differentiation, ZIC1 overexpression resulted in an increase in
mineralization, which was completely abrogated by the addi-
tion of cyclopamine to the osteogenic differentiation medium
(Fig. 5A). Similar results were observed by qRT-PCR with os-
teogenesis gene expression (Fig. 5B). Cyclopamine alone con-
sistently reduced osteogenesis gene expression, while ZIC1
overexpression alone consistently increased osteogenesis gene
expression. Furthermore, cyclopamine treatment completely
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reversed the pro-osteogenic effects of ZIC1 overexpression
across all genes examined (Fig. 5B).

Cyclopamine treatment also demonstrated significant
effects on the adipogenic potential of ZICI overexpressing
progenitor cells. In agreement with our prior observations,
ZIC1 overexpression led to a significant reduction in
adipogenic differentiation, according to Oil red O staining
(Fig. 5C) and adipogenesis gene expression (Fig. 5D).
Interestingly, cyclopamine treatment partially or fully restored
the adipogenic differentiation of ZIC1 overexpressing cells to
levels of vector control (Fig. 5C). Thus, osteo/adipogenic dif-
ferentiation changes mediated by ZIC1 can be reversed by
modulation of Hedgehog signaling.

ZIC1 Overexpression Induces Increased Bone
Formation In Vivo

To further test their osteogenic potential, hASCs
overexpressing ZIC1 or VC were implanted subcutaneously
into NOD-SCID gamma mice using a HA/B-TCP scaffold.
Cells treated with empty lentiviral vector served as control.
Six mice were operated, each receiving 2 implants (Fig. 6A).
X-ray images showed the intact nature of implanted ossicle at
12 weeks, with no change in implant position across samples
(Supplementary Fig. S4). DEXA analysis showed a progressive
increase in bone mineral density in the ZIC1 overexpression
group compared to the empty lentiviral group over 12 weeks
of growth (Fig. 6B). MicroCT analysis showed a qualitative
increase in tissue density among ZIC1 overexpressing implants
(Fig. 6C), with quantitative analysis showing increased bone
volume and bone volume/total volume ratio (Fig. 6D, 6E).
H&E (Fig. 6F) and alkaline phosphatase staining showed
increased staining intensity in the ZIC1 overexpression group
(Fig. 6G). Similarly, co-immunostaining of osteocalcin (OCN)
and human nuclear antigen (HuNu) showed increased OCN
expression in the ZIC1 OE group compared to the lentiviral
control in and around areas of HuNu positivity (Fig. 6H, 61).
Overall, these results demonstrate that induced expression of
the TF ZIC1 in human mesenchymal progenitors led to signif-
icant increases in subcutaneous ossicle formation.

Discussion

Identification of novel TFs regulating lineage commitment
of mesenchymal progenitor cells is necessary to under-
stand niche-specific regeneration attributes. In this study, we
identified Z1C1, among other TFs, differentially expressed
between pericytes in different human organs. ZIC1 was in
turn found to repress adipogenesis and promote osteogenesis
among mesenchymal progenitor cells, including pericytes, and
do so through a Hedgehog signaling-dependent mechanism.
The ZIC family of zinc finger TFs exhibit major roles
during early development. They are critical during neural tube
formation, musculoskeletal development, patterning, and
morphogenesis.?’?*35 Even though the early developmental/
functional activities of distinct ZIC genes overlap, several
studies indicate that mutation of each ZIC gene leads to ex-
clusive aberrant phenotypes. For example, ZIC1 global gene
deletion in mice results in axial skeletal malformations and
cerebellar defects.’*¥” In vitro, ZIC expression showed a
correlation with mechanosensory regulation of osteogenic
activity. In the above study, ZICI anabolically regulated
bone formation by osteoblasts and osteocytes in response to
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Figure 5. Effect of Hh signaling antagonism on the differentiation of mesenchymal progenitor cells with ZIC7 overexpression. Human ASCs with ZIC1
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Mean and 1 SD are shown, with individual datapoints reflecting individual measurements.



Stem Cells, 2023, Vol. 41, No. 9 873

A B
» .
ZIC1 OE or LV zoroe [ v
hASCs + 200 4ZIC10E
HA/b-TCP

Subcutaneous
Post harvest

DEXA  analysis

Pl

BMD(mg/cm)
- N g
S 8 o

1 1 1

| " i [
4 8 12
NSG mice
0 T |l T
4 8
Time (weeks)
C E
ZIC1OE

T T
LV ZIC1OE

60 -
= A
(7]
& 40~
£
(]
=
T 204
& °3

O
o
LV ZIC10E

2 15
2
v‘g 12- Ak =
9 9+ ° E
c
7]
2 e
=
g, >

Figure 6. ZIC1 overexpression enhances human ASC-mediated ectopic bone formation. (A) Schematics of ossicle implantation in NOD-SCID
gamma mice and time course of analyses. (B) Bone mineral density of ZICT OE compared with LV control at 4, 8, and 12 weeks, by DEXA analysis.
Representative cropped image of implant appearance by DEXA (above). (C) Representative microCT 3D reconstructions of ossicles. Inset shows
pseudo-colored density difference of new bone tissue formed and HA/B-TCP scaffold implant (scaffold: green, tissue: red, background: black). (D)
Bone volume (BV) and (E) bone volume to total volume (BV/TV) as assessed by microCT at 12 weeks postimplantation. (F) Representative histologic
appearance of implants by H&E staining and representative ALP staining (dark colored scaffold labeled S in yellow, ALP positive: red arrows). (G)
Quantification of new bone area through relative intensity of ALP staining. (H) Panel for immunofluorescent staining of osteocalcin (OCN, red) and
human-specific nuclei (HuNu, green) within implants (white dashed lines demarcated the edges of the scaffold and scaffold area labeled as S in
yellow). (I) Relative fluorescence intensity of OCN and HuNu. Mean and 1 SD are shown, with individual animal measurements indicated. * P<.05,
**P<.01,***P<.001. n = 6 animals per group. Scale bar = 50 um (histology). Scale bar = 20 pum (immunofluorescence).



874

mechanical loading and microfracture.?®” These studies in-
dicate that the ZIC1 gene has significant and to some extent
underexplored roles in the regulation of osteogenic activity.

The zinc finger domain of the ZIC family shares
similarities with GLI family ZF domains.?*3 Several
investigations observe that ZIC proteins physically interact
with GLI proteins in vitro, leading to hypothesize that they
interact or compete with GLI family TFs to regulate Hh
signaling.?3*37-40 Qur previous studies show that Hedgehog
signaling supports the differentiation of mesodermal
multipotent cells to the osteogenic lineage by suppressing
adipogenesis.* In the present work, ZIC1 appears to pos-
itively regulate Hh signaling, including an increased ex-
pression of the Hh signaling target genes Glil and Ptchl,
which was correlated with osteogenic induction. The re-
versal of ZIC1 overexpression-mediated osteogenesis after
cyclopamine treatment (Hedgehog antagonist) suggests an
upstream role of ZIC1 in Hedgehog signaling.3%3%*! In agree-
ment, a recent report indicated that ZIC1 mediates shear
stress-induced mechanotransduction in murine osteocytes
through both Wnt/p-catenin and Hedgehog signaling.*> In
another context, ZIC1 was identified as a key marker in
brain pericyte-like cells generated from neural crest stem
cells derived from human pluripotent stem cells.*> The
pathway regulation was by Wnt activation and inhibition
of TGFb/BMP signaling for ZICI in brain pericyte-like
cells. ¥ ZIC1 is also extensively studied in cancer disease
progression, where it appears to predominantly act as a
tumor suppressor through regulation of Sonic Hedgehog,
PI3K, and MAPK signaling.** Thus, the pro-osteogenic ef-
fect of ZIC1 as observed in human mesenchymal progenitor
cells here may occur via changes in a confluence of signaling
pathways, including Hh signaling.

ZIC1 has been reported as a marker of brown
adipogenesis. It has, indeed, a suggestive role in brown adi-
pocyte precursor differentiation and white to brown adipo-
cyte transdifferentiation.*® In agreement, we observed in
preliminary analyses that brown adipogenesis markers are
strongly upregulated with ZIC1 overexpression (data not
shown). It is interesting to note that several studies indi-
cate that Hedgehog signaling inhibits brown adipose tissue
formation.*-° Therefore, it is likely that the possible effects
of ZIC1 on brown adipose differentiation are independent
of Hh, while the influence of ZIC1 on white adipogenesis is
Hh signaling dependent.*”*° Importantly, a body of studies
have examined the paracrine or endocrine interactions be-
tween brown adipocytes and osteoblasts.**! Although we
did identify upregulation of UCP1 and CIDEA during oste-
ogenesis among ZIC1 overexpressing cells, we were not able
to localize definitive brown adipocytes in any of the sections
of the experimental ossicles. The role of ZICI-induced
changes in brown adiposity may not directly correlate with
the osteogenesis observed among mesenchymal progenitors
in the present study and require further investigation.

In summary, the ZIC1 gene is differentially expressed in
human adipose progenitor cells compared with skeletal
progenitors. Forced overexpression of the ZIC1 TF in human
adipose-derived mesenchymal progenitor cells favored osteo-
genesis, both in vitro and in vivo, via a Hedgehog-dependent
mechanism. Thus, the ZIC1 TF is an active modulator of
mesenchymal progenitor osteogenesis at the expense of
adipogenesis, a property that could be further explored for
bone regeneration therapies.
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