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Background and Objectives: Human umbilical cord mesenchymal stem cells (HUC-MSCs) are promising candidates
for cell-based therapy in regenerative medicine or other diseases due to their superior characteristics, including higher
proliferation, faster self-renewal ability, lower immunogenicity, a noninvasive harvest procedure, easy expansion i vitro,
and ethical access, compared with stem cells from other sources.

Methods and Results: In the present study, we knocked down the expression of SOX9 in HUC-MSCs by lentivirus
interference and found that knockdown of SOX9 inhibited the proliferation and migration of HUC-MSCs and influ-
enced the expression of cytokines (IL-6 and IL-8), growth factors (GM-CSF and VEGF) and stemness-related genes
(OCT4 and SALL4). In addition, the repair effect of skin with burn injury in rats treated with HUC-MSCs transfected
with sh-control was better than that rats treated with HUC-MSCs transfected with shSOX9 or PBS, and the accessory
structures of the skin, including hair follicles and glands, were greater than those in the other groups. We found that
knockdown of the expression of SOX9 obviously inhibited the expression of Ki67, CK14 and CK18.

Conclusions: In conclusion, this study will provide a guide for modifying HUC-MSCs by bioengineering technology
in the future.
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Introduction

Mesenchymal stem cells (MSCs) are nonhematopoietic
cells that were first isolated from mouse bone marrow by
Friedenstein (1). Studies have revealed that MSCs are
multipotent cells with the potential to self-renew and dif-
ferentiate into various cell types, including osteocytes,
chondrocytes, adipocytes, and cells of other embryonic lin-
eages (2). MSCs have been successfully isolated from
many adult tissues, including cord blood (3), adipose tis-
sue (4), skin (5), umbilical cord (6), amniotic membrane
(7) and even the fetal lung and liver (8, 9). Owing to the
self-renewal and multilineage differentiation of MSCs,
these cells have therapeutic potential in tissue healing and
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regenerative medicine.

The human umbilical cord is a promising source of
mesenchymal stem cells. HUC-MSCs have a painless col-
lection procedure compared with mesenchymal stem cells
from other sources and are noncontroversial sources com-
pared to embryonic stem cells (10). HUC-MSCs are an op-
timal choice for stem cell-based therapy due to their supe-
rior characteristics, including less stringent requirements
for HLA matching, reduced graft versus host disease
(GVHD), improved access to transplantation and easy ex-
pansion in vitro (11). Jiang et al. (12) reported the first
clinical trial describing the application of HUC-MSCs in
2011 and assessed the safety and efficiency of HUC-MSCs
by treating four patients with stroke. Several studies have
reported the application of HUC-MSCs in kidney injury
(13), neurological deficits (14), immune system diseases
(15), diabetes (16), and acute leukemia (17). A variety of
phase I or II clinical therapeutic trials of HUC-MSCs on
spinal cord injury, cerebral hemorrhage, Alzheimer’s dis-
ease, hereditary ataxias, liver failure, graft-versus-host dis-
ease, type 2 diabetes, and rheumatoid arthritis have been
completed (18).

Cutaneous wounds are very common and have high
mortality and morbidity (19); these wounds destroy the
barrier function of the skin and alter the perceptions of
pain, temperature and touch (20). Our previous report
showed that HUC-MSC-exosome-derived Wnt4 protein
enhances skin cell proliferation and migration by activat-
ing /-catenin signaling and promotes wound healing in
the early phase in a rat model of deep second-degree burn
injury (21). We found that HUC-MSC exosome-delivered
14-3-3 ¢ orchestrates self-control of the Wnt response by
regulating YAP during the late phase of cutaneous re-
generation (22). Our two reports collectively demonstrated
that HUC-MSC-exosomes function not only as an
“accelerator” of the Wnt/ B -catenin signal to repair dam-
aged skin tissue but also as a “brake” of the signal by reg-
ulating YAP to control cutaneous regeneration (21, 22). In
addition, we demonstrated that HUC-MSC exosomes en-
hance angiogenesis of damaged skin tissue (23).

SOX9 is a member of the sex-determining region Y
(SRY)-related high mobility group (HMG)-box (SOX)
transcription factor family (24). SOX9, an early embryonic
development-related gene, plays a critical role in the de-
velopment of cartilage and the testes (25). Research has
shown that ectoderm- and endoderm-derived tissues con-
tinue to express SOX9 in stem cell pools (26), and evi-
dence has also demonstrated that SOX9 participates in
regulating cancer stem cells (CSCs) (27, 28). Several stud-
ies have revealed that decreasing the expression of SOX9

enhances the adipogenic potential of AML-MSCs and en-
hances their ability to support AML progenitor cells (29)
and that adenoviral SOX9 gene transfer effectively induces
chondrogenic differentiation of human primary MSCs in
pellet culture (30). Elena Della Bella also demonstrated
that dexamethasone induces osteogenic differentiation of
human bone marrow mesenchymal stromal cells by in-
hibiting SOX9 expression (31). To date, studies on the ef-
fects of SOX9 on MSCs have mainly focused on their dif-
ferentiation abilities. Paracrine components, including
exosomes, cytokines, and growth factors, are important for
the functions of MSCs. Our previous reports found
huc-MSCs derived exosomes enhanced cutaneous wound
healing in rat skin burn model (21, 22). Whether SOX9
regulates the functions and paracrine activity of HUC-MSCs
has not been clarified to date.

In the present study, we found that knockdown of SOX9
expression in HUC-MSCs by lentivirus interference sig-
nificantly decreased the proliferation and migration of
HUC-MSCs and decreased the expression of inflammatory
cytokines, VEGF and stemness-related genes. More im-
portantly, knockdown of the expression of SOX9 in
HUC-MSCs obviously decreased the ability to promote re-
pair of skin tissue and healing. This study provides theo-
retical information for modifying HUC-MSCs by means
of biological technology to strengthen the functions of
HUC-MSCs in regenerative medicine.

Materials and Methods

HUC-MSC isolation culture

Human umbilical cord was collected from puerperants
who underwent childbirth at the Affiliated Hospital of
Jining Medical University (Jining, China). HUCMSCs
were isolated and characterized as described previously
(32). The cells at passages 3 and 4 were used for experiments.
HUCMSCs were cultured in low-glucose Dulbecco’s modi-
fied Eagle’s medium (DMEM, HyClone) supplemented
with 10% fetal bovine serum (FBS, Gibco) under standard
conditions (37°C and 5% CO; in a humidified incubator).

Ethics statement

The study conformed to the principles outlined in the
Declaration of Helsinki and was conducted in accordance
with approved guidelines. Written informed consent was
obtained from each participant prior to the collection of
umbilical cord. All samples were acquired in accordance
with the regulations and approval of the Medical Ethics
Committee of Jining Medical University.



Lentiviral knockdown of Sox9 in HUC-MSCs cells

The SOX9 shRNA sequence was synthesized and in-
serted into the shRNA expression vector pGPHI1/Neo
(GenePharma, Shanghai, China), and a scramble shRNA
was used as a negative control (shNC). Cells were trans-
fected with shSOX9 or shNC using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions.
Stable cell lines were obtained after selection with 1 xg/ml
puromycin (Invitrogen) for 15 days. The expression of
shRNA was induced by the addition of 80 «g/ml doxycyc-
line.

Cell proliferation experiments

For the Cell Counting Kit-8 (CCK-8) assay, HUC-MSCs
transfected with either sh-control or sh-Sox9 were in-
cubated at 37°C. CCK-8 solution (Dojindo, Japan) was
then added to each well and incubated for 2 h. Absorbance
at 450 nm was measured at 12, 24, 36, and 48 h.

For cell counting, HUC-MSCs (5,000/well) transfected
with either sh-control or sh-Sox9 were seeded in 24 plates
and incubated in a 37°C and 5% CO, incubator. HUC-MSCs
were counted continuously for 5 days, and cell prolifera-
tion was evaluated.

Colony formation assay

HUC-MSCs transfected with either sh-control or sh-Sox9
were harvested and seeded in 35-mm plates (1,000 cells/well)
overnight under standard conditions. Cells were incubated
at 37°C in a 5% CO, humidified incubator for 10 days.
At the end of the incubation period, the cultures were
fixed with 4% paraformaldehyde and stained with crystal

Table 1. Sequences of real-time PCR primers
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violet.

Transwell migration assays

HUC-MSCs transfected with either sh-control or
sh-Sox9 (1><105 cells/well) were added to the top chamber,
and cells that migrated through the 8- #m pores and ad-
hered to the lower surface of the membrane were fixed
with 4% paraformaldehyde and then stained with crystal
violet. Six random visual fields were observed and counted
under a light microscope.

RNA extraction and real-time RT-PCR (mRNA)

Total RNA was extracted from cells using RNA isolate
(Vazyme Biotech Co., Ltd.), and equal amounts of RNA
were used for real-time RT-PCR analyses. The ¢cDNAs
were synthesized by using a reverse transcription kit ac-
cording to the manufacturer’s instructions (Vazyme Biotech
Co., Ltd.). Real-time quantitative RT-PCR (qRT-PCR) was
conducted with ChamQ Universal SYBR qPCR Master
Mix (Vazyme Biotech Co., Ltd). #-actin was used as an
internal control. The sequences of the specific primers are
listed in Table 1.

Rat skin wound model and treatment

Adult female Sprague-Dawley rats (weighing 22020 g)
were purchased from Jinan Pengyue Experimental Animal
Breeding. A rat model of skin deep second-degree burn
wounds was established as described previously (21). Rats
were anesthetized with sodium thiopental at a dose of 40
mg/kg body weight. After the hair on their upper back was
shaved, the back skin of rats was injured with 80°C water

mRNA Primer Sequences (5’-3') Annealing temperature

Human-IL-8 Forward AGCTCTGTGTGAAGGTGCAG 60°C
Reverse TCTCAGCCCTCTTCAAAAACTTC

Human-IL-6 Forward TTACAGGGAGAGGGAGCGAT 60°C
Reverse TTCTCTTTCGTTCCCGGTGG

Human-GM-CSF Forward TGGCCATGGAAAAGGGACTG 63C
Reverse ACTGAGAGGCTGGTCCATCAGA

Human-VEGF Forward GTGACACCAGCTGTCTCCG 60C
Reverse ACCCGTTGATCAGCAGAAGG

Human-OCT4 Forward TTGAGGCTCTGCAGCTTAG 60°C
Reverse GCCGGTTACAGAACCACAC

Human-SALL4 Forward TCGATGGCCAACTTCCTTC 62C
Reverse GAGCGGACTCACACTGGAGA

LV3-homo-SOX9 GCATCCTTCAATTTCTGTATA

LV3NC TTCTCCGAACGTGTCACGT

Human- 8 -actin Forward GACCTGTACGCCAACACAGT 59°C
Reverse CTCAGGAGGAGCAATGATCT
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for 8 seconds to create a 16 mm diameter wound and then
covered with gauze soaking saline for 6 minutes on the
wound. Moreover, 1x10° cells (HUC-MSCs transfected
with either sh-control or sh-Sox9) suspended in 200 1
of PBS or 200 «1 of PBS were injected subcutaneously
at three sites. The animals were housed individually. The
healing area of the skin damage scar was photographed
at 12, 24, 36, and 48 h. At 15 days after treatment, the
rats were sacrificed, and the wound area was cut for fur-
ther analysis.

H&E staining and immunofluorescence

The wound skin (4 mm®) was fixed in 4% paraformalde-
hyde (pH 7.4), gradually dehydrated, embedded in paraf-
fin, cut into 4- #m sections and stained with H&E for
light microscopy. The thickness of the epidermis and der-
mis layers was measured. Immunofluorescence staining
was performed as described previously (33). Primary anti-
bodies were as follows: CK14 (Bioworld), CK18 (Bioworld),
and Ki67 (Cell Signaling Technology). Fluorescent secon-
dary antibodies were obtained from Cell Signaling Techno-
logy. Images were sequentially acquired through light mi-
croscopy (Nikon, Tokyo, Japan) and confocal microscopy
(GE, USA).

Statistical analysis

All data are shown as the mean=standard deviation
(SD). The statistically significant differences between
groups were assessed by analysis of variance (ANOVA) or
t-test using Prism software (GraphPad, San Diego, USA).
p values<0.05 were considered significant.

Results

Knockdown of SOX9 expression decreased the
proliferation and migration of HUC-MSCs

Studies have revealed SOX9 regulates cancer stem-like
properties and SLUG is required for SOX9 stabilization
and functions to promote cancer stem cells (27, 28). And,
SOX9 also regulates adipogenic, chondrogenic, osteogenic
differentiation of mesenchymal stromal cells (29-31). So
SOX9 is likely to be participated in regulating the re-
generation roles of MSCs. To explore the influences of
SOX9 on HUC-MSCs, we first isolated HUC-MSCs from
the umbilical cord. Fig. 1 shows HUC-MSC growth from
the tissue mass of the umbilical cord.

Wang et al. (34) have demonstrated that knockdown of
SOX9 in triple-negative breast cancer cells increased
apoptosis and the cell cycle was arrested at the GO0/G1
phase, RNA sequencing identified numerous genes regu-

lated by SOX9. Gao et al. (35) also revealed SOX9 down-
regulation decreased cyclin D1, CDK4 expression and Rb
phosphorylation, which correlated with a reduced pop-
ulation of cells in the S phase and suppressed growth of
glioma cells. These reports revealed SOX9 could regulate
the cell proliferation by influencing on cell cycle. We eval-
uated the effects of SOX9 on the proliferation of
HUC-MSCs by Cell Counting Kit-8 assays and continuous
cell counting for 5 days and found that knockdown of
SOX9 expression significantly decreased the proliferation
of HUC-MSCs (Fig. 2A and 2B). A colony formation assay
further confirmed this result; knockdown of SOX9 in
HUC-MSC:s significantly inhibited colony formation (Fig.
2C and 2D). MSCs possess a homing ability, ensuring that
they can migrate to injured sites (36). Therefore, exploring
the influences of SOX9 on the migration of HUC-MSCs
is important for its application in regenerative medicine.
We found that knockdown of SOX9 expression sig-
nificantly attenuated the migration of HUC-MSCs (Fig.
2E and 2F). These results indicated that SOX9 plays crit-
ical roles in regulating the proliferation and migration of
HUC-MSCs.

The mRNA expression of cytokines and
stemness-related genes in HUC-MSCs with SOX9
knockdown

Interleukin (IL)-6 and interleukin (IL)-8, which are the
most abundant cytokines secreted by MSCs, play critical
roles in regulating tumor cell proliferation, tumor cell
apoptosis, and tumorigenesis (37, 38). We detected the
IL-6 and IL-8 mRNA expression in HUC-MSCs trans-
fected with sh-control or shSOX9 by qRT-PCR and found
that knockdown of SOX9 decreased IL-8 mRNA ex-
pression significantly and promoted IL-6 mRNA ex-
pression with no significant effect (Fig. 3A and 3B). Liu
and Hwang (39) found that mesenchymal stem cells from
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Fig. 1. Human umbilical cord mesenchymal stem cells. (A)
HUC-MSCs growth from human umbilical cord tissue, which were
observed on 3~4 days for culture by inverted microscope. (B)
HUC-MSCs fusion reached 80% at one week of culture.
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Fig. 2. The proliferation and migra-
tion abilities of HUC-MSCs trans-
fected with shSOX9 or shControl.
(A) CCK-8 Kit detected the pro-
liferation of HUC-MSCs transfected
with shSOX9 or shControl. (B) Count
the cell number of HUC-MSCs trans-
fected with shSOX9 or shControl at
different times. (C) Cloning ability of
HUC-MSCs transfected with shSOX9
or shControl. (D) Statistical analysis
of the clone number according to
figure subpart C (n=3; ***p<0.001).
(E) The migration of HUC-MSCs
transfected with shSOX9 or shControl.
(F) Statistical analysis of the migra-
tion number according to figure sub-
part E (n=3; ***p<0.001).
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Fig. 3. The expression of cytokines and stemness related genes mRNA in HUC-MSCs transfected with shSOX9 or shControl. qRT-PCR
was performed to detect the expression of IL-8 (A), IL-6 (B), GM-CSF (C), VEGF (D), OCT4 (E), SALL4 (F) (n=3; *p<0.05; **p<0.01;
***%p<0.001; ns: no statistical difference).
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cord blood secreted growth factors, including GM-CSF
and VEGF, by a cytokine protein array. We also measured
the GM-CSF and VEGF mRNA expression in HUC-MSCs
transfected with sh-control or shSOX9 by qRT-PCR and
found that knockdown of SOX9 significantly enhanced
VEGF mRNA expression and promoted GM-CSF mRNA
expression with no significance (Fig. 3C and 3D). SOX9
interacted with Janus kinase 1 (JAKI) and regulated
IL-6-JAK1-STAT3 signaling activation (40), and STAT3
signaling activation promoted the secretion of IL-6 cyto-
kines and enhanced the stemness abilities of cells (41).
Detailed molecular mechanisms involved in the secretion
of cytokines of HUC-MSCs regulated by SOX9 need to
further explore in the future. Knockdown of SOX9 also
significantly inhibited the mRNA levels of the stem-
ness-related genes OCT4 and SALL4 (Fig. 3E and 3F).
These results indicated that SOX9 regulates the ex-
pression of cytokines and stemness-related genes in
HUC-MSCs.

A PBS shcontrol

Knockdown of SOX9 expression suppressed the
pro-healing ability of HUC-MSCs in a skin wound
model

To explore the effects of SOX9 on the pro-healing abil-
ity of HUC-MSCs, we established a skin wound model in
rats. As shown in our previous report (21), HUC-MSCs
obviously promoted the skin repair of burn injury in rats
(Fig. 4A). Knockdown of SOX9 expression in HUC-MSCs
obviously decreased the pro-healing ability of HUC-MSCs
in a skin wound model (Fig. 4A and 4B). We further eval-
uated the effects of SOX9 knockdown in HUC-MSCs on
the repair of histological structure in the burn injury area.
The results of histological evaluation of wounds post-in-
fusion showed that the thickness of epidermal layer ob-
viously increased in wounds treated with the HUC-MSCs
transfected with sh-control (Fig. 5A and 5B), while epi-
dermis repair of the wounds after treatment with PBS or
the HUC-MSCs transfected with shSox9 was worse than
that after treatment with the HUC-MSCs transfected with
sh-control (Fig. SA and 5B). The thickness of the dermal
layer was not obviously different in these three groups
(Fig. SA and 5B). The results of Ki67 immunofluorescence
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Fig. 4. Effects of knockdown SOX9
in HUC-MSCs on repairing in
wound injury model of rat. (A) The
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transfected with shcontrol or shsox9
at different timepoints day 1, 5, 9,
12, 15 (n=3). (B) Statistical analysis
of scar area in back of rat treated
with PBS or HUC-MSCs transfected
with shcontrol or shsox9 at different
timepoints from day 1, 5, 9, 12, 15
(n=3, ns: no statistical difference).
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Fig. 5. Evaluate scar healing in rat treated with HUC-MSCs transfected with shSOX9 or shcontrol and PBS. HE staining the wound repair
skin tissues of rat treated with PBS or HUC-MSC:s transfected with shcontrol or shsox9 (n=3). (B) Statistical analysis the thickness of epidermis
and dermis (n=3, ns: no statistical difference). (C) Immunofluorescence staining the expression of CK14, CK18 and ki67 in the wound
repair skin tissues of rat treated with PBS or HUC-MSCs transfected with shcontrol or shsox9 (n=3).

staining showed that the HUC-MSCs transfected with
sh-control had more Ki67-positive cells in the wound area
than the HUC-MSCs transfected with shSox9 (Fig. 5C).
We also measured the expression of epidermal markers,
including CK14 and CKI18, by immunofluorescence. The
results suggested that epithelial repair in the wound in-
jury of rats treated with the HUC-MSCs transfected with
sh-control was more effective than that in the rats treated
with PBS or the HUC-MSCs transfected with shSox9, and
the accessory structures of skin, including hair follicles
and glands, were also greater in the wound region of the
rats treated with the HUC-MSCs transfected with sh-con-
trol (Fig. SC). These results revealed that SOX9 influences
the pro-healing ability of HUC-MSCs.

Discussion

HUC-MSCs, as prominent candidates in regenerative

medicine, have the advantages of higher proliferation,
faster self-renewal ability, lower immunogenicity and a
more feasible harvest process than MSCs from other sources.
Our previous studies revealed that HUC-MSC-derived exo-
somes might be a main mechanism of the HUC-MSC ef-
fects on skin wound healing (21, 22). These previous re-
ports demonstrated that HUC-MSC-Ex-derived Wnt4 en-
hanced skin cell proliferation and migration and wound
healing by activating Wnt/ 8 -catenin signaling and that
HUC-MSC-Ex reduced cell apoptosis by activating AKT
signaling (21). Subsequently, we found that HUC-MSC-Exs
could control stem cell expansion after regenerative re-
sponses to prevent overcrowding and dysplasia by mecha-
nisms by which HUC-MSC-Ex-derived 14-3-3 ¢ promoted
the formation of an inhibitory complex, YAP and p-LATS,
to activate the Hippo pathway under high cell density con-
ditions (22). In the present study, we found that knock-
down of SOX9 expression inhibited the proliferation, mi-



472 International Journal of Stem Cells 2021;14:465-474

gration and prohealing ability of HUC-MSCs, and knock-
down of SOX9 expression also influenced the expression
of cytokines (IL-6 and IL-8), growth factors (GM-CSF and
VEGF) and stemness-related genes (OCT4 and SALL).
Whether knockdown of SOX9 expression influences the
particle number of exosomes secreted from HUC-MSCs
and influences the expression of the key proteins Wnt4,
14-3-3¢, YAP and p-LATS, which play critical roles in
repairing wound injury in skin, needs to be further
studied. This study will provide guidance for modifying
HUC-MSCs by bioengineering technology in regenerative
medicine applications.

MSCs can secrete hundreds of factors, some of which,
such as VEGF and IL-8, can stimulate angiogenesis, which
is necessary for tumor growth and metastasis (38). Several
studies have demonstrated that IL-8 participates in cancer
cell survival, proliferation and invasion (42). Our results
showed that knockdown of SOX9 expression in HUC-MSCs
significantly inhibited the expression of IL-8 while upre-
gulating the expression of VEGF. Several clinical studies
have concluded that MSCs are safe with no obvious risk
of tumorigenesis in treating injuries or other diseases (14,
43). Some studies also indicated that MSCs could promote
the progression of tumors (44, 45). HUC-MSC clinical ap-
plications in regenerative medicine or other diseases are
complex. Whether tumorigenesis of HUC-MSCs trans-
planted in humans might be closely related to the immune
states of humans or the inflammatory microenvironment
is unclear. Thus, applications of HUC-MSCs in clinical
patients should be considered to evaluate the overall sit-
uation of patients comprehensively and individually.

SOX9 is a member of the sex-determining region Y
(SRY)-related high mobility group (HMG)-box (SOX)
transcription factor family (24). Stockl et al. (46) found
that Sox9 modulates cell survival and contributes to the
commitment of mesenchymal stem cells to adipogenic or
osteogenic differentiation lineages. Stockl et al. (47) also
proposed an osteogenic differentiation delaying role of
Sox9 in rASCs. Overexpression of SOX9 in mesenchymal
stem cells might strengthen the roles of MSCs in re-
generative medicine. However, several studies have in-
dicated that SOX9 expression is associated with tumor
malignancy and tumorigenesis in various types of cancers
(48, 49). Further exploration is needed to determine wheth-
er mesenchymal stem cells overexpressing SOX9 will be
tumorigenic. In this study, we knocked down the ex-
pression of SOX9 and decreased the proliferation, migra-
tion and pro-healing ability of HUC-MSCs. Overexpression
or knockdown of the key genes in HUC-MSCs to strength-
en the function of HUC-MSCs in regenerative medicine

or other diseases by bioengineering technology may be an
important research direction in the future.
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