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Overexpression of NDST1 Attenuates Fibrotic
Response in Murine Adipose-Derived Stem Cells

Takayoshi Otsuka,1,2 Ho-Man Kan,1,2 Timothy D. Mason,1 Lakshmi S. Nair,1–5 and Cato T. Laurencin1–6

Adipose-derived stem cells (ADSCs) hold tremendous potential for treating diseases and repairing damaged
tissues. Heparan sulfate (HS) plays various roles in cellular signaling mechanisms. The importance of HS in
stem cell function has been reported and well documented. However, there has been little progress in using HS
for therapeutic purposes. We focused on one of the sulfotransferases, NDST1, which influences overall HS
chain extent and sulfation pattern, with the expectation to enhance stem cell function by increasing the
N-sulfation level. We herein performed transfections of a green fluorescent protein-vector control and NDST1-
vector into mouse ADSCs to evaluate stem cell functions. Overexpression of NDST1 suppressed the osteogenic
differentiation of ADSCs. There was no pronounced effect observed on the stemness, inflammatory gene
expression, nor any noticeable effect in adipogenic and chondrogenic differentiation. Under the tumor necrosis
factor-alpha stimulation, NDST1 overexpression induced several chemokine productions that attract neutrophils
and macrophages. Finally, we identified an antifibrotic response in ADSCs overexpressing NDST1. This study
provides a foundation for the evaluation of HS-related effects in ADSCs undergoing ex vivo gene manipulation.

Keywords: adipose-derived stem cells (ADSCs), nonviral gene delivery, nucleofection, heparan sulfate,
NDST1, fibrosis

Introduction

In recent years, adipose-derived stem cells (ADSCs), a
type of mesenchymal stromal cells, have been attracting

interest in tissue regeneration [1,2]. In addition to the po-
tential for self-renewal and multidirectional differentiation,
paracrine factors secreted from ADSCs are mainly respon-
sible for their therapeutic effect [3,4]. One of the notable
features of ADSCs is their immunomodulatory effect, which
includes suppression of B and T cell proliferation, induction
of regulatory T cells, inhibition of NK cell function, and
inhibition of dendritic cell maturation [5,6]. ADSCs have
been reported to promote the polarization of the proin-
flammatory M1 macrophages to the anti-inflammatory M2
macrophages [7,8]. ADSCs have been shown to attenuate

fibrosis through modulation of macrophage function [9–11].
These advantages ultimately drive the development of in-
novative strategies using ADSCs for tissue regeneration.

Heparan sulfate (HS) is a linear polysaccharide chain of
repeating disaccharides of N-acetyl-glucosamine and uronic
acid (glucuronic acid or iduronic acid) [12]. HS glycos-
aminoglycans (GAGs) attach to its core protein, heparan
sulfate proteoglycans (HSPGs), which are enriched on the
cell surface and extracellular matrix (ECM). The GAG
chain length and degree of sulfation are highly heteroge-
neous and play critical roles in cellular signaling mecha-
nisms by binding growth factors [13,14]. The diverse roles
of HS have been reported such as mediators of stem cell
function [15,16], fate commitment [17–19], inflammation
[20,21], and regeneration [22,23]. Therefore, understanding
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and exploiting the multifaceted functions of HS is one of the
key components of stem cell-based therapy.

HS function, especially the binding affinity to numerous
molecules, depends on the sulfation patterns of the HS
chain, which is regulated by various enzymes such as
N-deacetylase-N-sulfotransferases (NDSTs), C5 epimerases
(HsGlce), O-sulfotransferases (Hs2st, Hs6sts, and Hs3sts),
and HS 6-O-endosulfatases (sulf1/2) [12]. Among them,
NDSTs initiate modification reactions that have a key role in
designing the extent and pattern of sulfation of the overall
HS chain. The lack of NDST1 in Chinese hamster ovary
cells led to an undersulfated and less spatial distribution that
affects HS function [24]. On the contrary, NDST1 (or
NDST2) overexpression increased the level of N-sulfation in
human kidney 293 cells [25]. The essential role of
N-sulfation in early differentiation has been revealed
through the NDST1/2 knockout embryonic stem cells
(ESCs) [26]. However, the effect of NDST1 on adult stem
cell behavior remains largely unknown.

HS also plays a key role during the wound healing process
via regulating inflammatory response, signaling pathway, and
ECM remodeling [27]. The deletion of NDST1 in endothelial
cells has been reported to reduce leukocyte recruitment and
neutrophil infiltration [28]. Delayed wound healing has been
found in HSPG-deficient mice such as perlecan or syndecan-4
deficient mice [29,30]. The degradation of HS by heparinase
showed accelerated cutaneous wound healing in mouse and
rat models [31]. Moreover, the upregulation of O-sulfation
has been found in renal and pulmonary fibrosis [32–34]. The
roles of HS in wound healing seem to be complicated and
controversial. However, so far, no work has investigated the
role of N-sulfated GAG on fibrosis.

In this study, we aim to investigate the effect of HS
sulfation pattern alteration in mouse ADSCs by NDST1
overexpression. Although viral-based gene delivery is more
efficient than nonviral-based gene delivery, there remain
several concerns such as safety, immunogenic reactions, and
tumorigenesis [35–37]. In this study, first, we evaluated and
optimized the nonviral plasmid delivery efficiency into
mouse ADSCs. Subsequently, we examined the effects of
NDST1 overexpression in multiple aspects such as stem-
ness, differentiation potency, inflammation response, and
fibrotic response. Our study demonstrated that NDST1
overexpression suppressed osteogenic differentiation. In
addition, we also showed that NDST1 overexpression at-
tenuated a fibrotic response by suppressing collagen type I
and alpha-smooth muscle production. This information fa-
cilitates the potential application of genetically modified
ADSCs to prevent fibrosis.

Materials and Methods

Isolation and culture of mouse ADSCs

Inguinal adipose tissues of 14 weeks old C57BL/6J mice
were harvested in accordance with the experimental guide-
lines and regulations approved by the University of Con-
necticut Health Center Institutional Animal Care and Use
Committee (IACUC)–approved protocol (TE-101876-
0821). In brief, adipose tissues were washed with Hank’s
Balanced Salt Solution (HBSS) and mechanically chopped
before digestion with collagenase I (1,000 U/mL; Gibco) for
30 min at 37�C with intermittent shaking. The digested tis-

sues were filtered through a 70-mm cell strainer (Thermo
Fisher Scientific) and centrifuged at 800 g for 5 min. The
cell pellets were incubated for 2 min in a red blood cell lysis
buffer (Sigma Aldrich), and centrifuged again.

The final cell pellet was resuspended and placed in
growth medium, which included DMEM/F12 basal medium,
10% fetal bovine serum, and 1% penicillin/streptomycin
(Gibco) at 37�C and 5% CO2 in a cell incubator. The cells
were observed daily under an inverted phase-contrast mi-
croscope and were passaged after the cells reached 80%–90%
confluency. The culture media was changed every 3 days.
Three passaged mouse ADSCs were used in this study.

Flow cytometry

ADSCs were characterized by flow cytometry (ZE5 cell
Analyzer 10; BioRad). Three passaged ADSCs (5 · 105 cells
per sample) were collected and stained with fluorescein
isothiocyanate (FITC)-conjugated rat anti-mouse CD90.2,
CD11b, CD45, and CD31 (BD BioSciences) and phycoer-
ythrin (PE)-conjugated rat anti-mouse CD29 (BD BioS-
ciences), at a concentration of 2 mg/mL at 4�C for 30 min.
To evaluate the transfection efficiency, transfected cells
were collected and analyzed by flow cytometry for green
fluorescent protein (GFP) expression. FlowJo software
(Treestar, Inc.) was used for data visualization.

Plasmid constructs

Human NDST1 driven by a cytomegalovirus (CMV)
promoter was synthesized in pcDNA 3.1+ plasmid (Gen-
script Company). Human and mice NDST1 share a very
similar sequence where the overall amino acid identity is
98% (Supplementary Fig. S1). The plasmid pmaxGFP that
encodes the enhanced GFP under CMV promoter (Lonza)
was used to assess nucleofection efficiency and as a control
for transfected cells.

Nucleofection of ADSCs

Six · 105 mouse ADSCs and 2 mg of plasmid constructs
were resuspended in 100mL of nucleofection buffer from a
human mesenchymal stem cell nucleofector kit (Lonza).
Nucleofection was performed with an Amaxa nucleofector
device (Lonza) using the following programs: X-001 (mouse
T cells), C-017 (human MSCs, high viability), U-023 (hu-
man MSCs, high efficiency), A-023 (human stem cells),
A-030 (mouse ESCs), and A-033 (mouse neural stem cells).
After nucleofection, 500mL of complete medium was added
to the nucleofection cuvette, and cells were transferred into
cell culture plates.

Cell viability measurement

Viable cells were counted following Trypan blue staining
by using the Countess II Automated Cell Counter (Invitro-
gen). Cell viability was also assessed by CellTiter 96�

AQueous One Solution Cell Proliferation Assay kit (MTS)
(Promega) according to the manufacturer’s instruction. In
brief, cells were washed with phosphate-buffered saline
(PBS), then an MTS reagent in a ratio of 5:1 (media: MTS)
was added to each well. The plates were incubated for 2 h at
37�C. The absorbance of the resulting solution was read at
490 nm using a microplate reader.
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Cell attachment measurement

Cells were fixed with 4% paraformaldehyde for 30 min.
Cells were stained with crystal violet reagent (Sigma Al-
drich) for 30 min, then rinsed with PBS until the solution
became clear. After qualitative analysis by microscopy, the
stain was eluted with 100% methanol and analyzed at
570 nm absorbance.

Colony-forming unit–fibroblast assay

Three thousand transfected ADSCs were cultured in
100 mm2 dishes for 14 days. Cells were fixed with ice-cold
methanol for 10 min, then incubated in 0.5% (w/v) crystal
violet dissolved in 25% methanol for 10 min, followed by
subsequent washing with tap water until the crystal violet stain
was washed off and the culture dish was clear. The numbers of
visible colonies formed on each dish were counted.

GAG sulfation analysis

Cells were grown in 12-well plates for 48 h after nu-
cleofection and then incubated for 1 h at 37�C with 1 U/mL
of Chondroitinase ABC (Sigma Aldrich) in PBS and 0.01%
bovine serum albumin (BSA). The cells were digested by
3 U/mL of papain solution (Sigma Aldrich) for 3 h at 60�C.
The level of GAG sulfation was quantified by the dimethyl-
methylene blue assay (Blyscan Assay Kit; Biocolor) ac-
cording to the manufacturer’s instruction.

DNA quantification

DNA was isolated and quantified using the Quant-iT Pi-
coGreen dsDNA assay kit (Invitrogen) following the man-
ufacturer’s instructions. In brief, cell lysates were collected
and mixed with the Quant-iT PicoGreen reagent, measured
via spectrophotometry at 535 nm with excitation at 485 nm,
and DNA content was quantified using a standard curve.

Western blotting

The cells were collected and lysed in CellLytic M (Sigma
Aldrich) with protease inhibitor (Thermo Fisher Scientific)
to obtain the total protein. The protein concentration was
determined by the BCA protein assay kit (Thermo Fisher
Scientific). Equal amounts of protein (10 mg) were separated
by 10% SDS-PAGE and transferred onto a 0.2 mm Ni-
trocellulose Membrane. Then, the membranes were probed
with an anti- beta-actin antibody (1:1,000; Abcam) or anti-
NDST1 antibody (1:500; MyBioSource) diluted in 5% milk
at 4�C overnight, followed by incubation with HRP-
conjugated secondary antibodies (1:3,000; BioRad) at room
temperature for 30 min. The SuperSignal� West Pico PLUS
Chemiluminescent Substrate (Thermo Fisher Scientific) was
used for detection, and CL-XPosure Film (Thermo Fisher
Scientific) was used for exposure of the membranes.

Differentiation potential of mouse ADSCs

For osteogenic induction, transfected mouse ADSCs were
seeded in 24 well plates at 5.0 · 104 cells/well. After 24 h of
culture, the media was replaced with StemPro osteogenic
differentiation medium (Gibco) for 21 additional days. The
medium was replaced every 3 days. Cells were fixed with

4% paraformaldehyde for 20 min at room temperature and
stained with 0.2% Alizarin red S solution for 20 min at room
temperature. After qualitative analysis by microscopy, the
stain was eluted by 10% cetylpyridinium chloride for 15 min
and analyzed at 450 nm absorbance.

For adipogenic induction, transfected mouse ADSCs were
seeded in 24-well plates at 7.5 · 104 cells/well. After 24 h of
culture, the medium was replaced with StemPro adipogenic
differentiation medium (Gibco) for 14 additional days. The
medium was replaced every 3 days. Cells were fixed with
4% paraformaldehyde for 20 min at room temperature and
stained with Oil Red O solution for 20 min at room tem-
perature. After qualitative analysis by microscopy, the stain
was eluted by 100% isopropanol for 15 min and analyzed at
510 nm absorbance.

For chondrogenic induction, 2.0 · 105 transfected mouse
ADSCs were pelleted in a 15-mL polypropylene tube and
incubated with StemPro chondrogenic differentiation me-
dium (Gibco) for 21 additional days. The medium was re-
placed every 3 days. GAG amount was quantified by the
Blyscan Assay Kit as described above. For the histological
section, cell pellets were fixed with 4% paraformaldehyde
for 20 min at room temperature, embedded in paraffin, cut
into 10mm sections, and stained with 1% alcian blue (pH
1.0)/0.1% nuclear fast red.

Quantitative Real-Time PCR

Total RNA was extracted via standard protocols using
commercial kits (RNeasy Mini Kit; Qiagen). Total RNA
was reverse transcribed to cDNA by using RNA to cDNA
EcoDry Premix (Clontech). Taqman predesigned primers
(Thermo Fisher Scientific) (Supplementary Table S1) were
used for quantitative real-time PCR (qRT-PCR), and the
signal was detected by the CFX Connect Real-Time System
(Bio-Rad). The threshold cycle values of target genes were
standardized against GAPDH expression and normalized to
the expression in the control culture. The fold change in
expression was calculated using the DDCq comparative
threshold cycle method. Statistical analysis was performed
for DDCq values. All qRT-PCRs were run in quadruplicate.

Telomere length

Telomere length was evaluated by real-time PCR with the
Relative Mouse Telomere Length Quantification qPCR
Assay Kit (ScienCell Research Laboratories) following the
manufacturer’s protocol. Genomic DNAs extracted from
transfected and untransfected cells were served as templates
(2 ng/mL). Telomere-specific primers were used, and the
signal was detected by the CFX Connect Real-Time System.
The fold change in expression was calculated using the
DDCq comparative threshold cycle method normalized to
the expression in the untransfected cells.

Cytokine array with tumor necrosis factor-a
treatment

Transfected cells were seeded in 12-well plates. After 24 h,
a fresh growth medium with recombinant human tumor ne-
crosis factor-alpha (TNF-a) (10 ng/mL; R&D Systems) was
added, and cells were cultured further for 24 h. Cell lysates
were collected as described above and 150mg of lysates were
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used to detect growth factor/cytokines via mouse XL Cyto-
kine Array Kit (R&D Systems) according to the manufac-
turer’s protocol. Semiquantitative analysis based on the
integrated density was performed by the ImageJ software.

TGF-b1 treatment

Transfected cells were seeded in 96-well plates and cul-
tured overnight to over 90% confluency. Fresh growth me-
dium with recombinant human transforming growth factor-
beta1 (TGF-b1) (10 ng/mL; R&D systems) was added and
cells were cultured for 24 h to induce a fibrogenic response.
Cells were rinsed with PBS, fixed with 4% paraformalde-
hyde in PBS for 20 min at room temperature, and stained
with Picrosirius red (0.1%) for 1 h.

Immunocytochemistry

TGF-b1-treated cells were rinsed with PBS, fixed with
4% paraformaldehyde in PBS for 20 min at room tempera-
ture, and permeabilized with 0.1% Triton · 100 for 10 min at
room temperature. Next, cells were blocked with 1% BSA
and incubated with anti-alpha-smooth muscle actin antibody
(a-SMA) (1:25; Novus Biologicals) overnight at 4�C.
Thereafter, cells were rinsed thrice with PBS and incubated
with Goat Anti-Rabbit IgG H&L (Alexa Fluor� 594;
Thermo Fisher Scientific) for 2 h at room temperature in the
dark. DAPI (Invitrogen) was used as nuclear staining. All
stained samples were examined under a Leica DMi8 in-
verted microscope (Leica Microsystems).

Statistical analysis

GraphPad Prism 7 (GraphPad Software) was used for
statistical analysis and graph design. Results are expressed
as the mean values – standard deviation. Comparisons be-
tween two groups were performed with the unpaired Stu-
dent’s t-test. Differences were considered significant if the
P-value was <0.05. Statistical significance was shown with
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

Results

Nucleofection optimization for mouse ADSCs

To confirm the success of mouse ADSCs isolation, the
expressions of mesenchymal stem cell specific cell surface
antigens were evaluated by flow cytometry. Mouse ADSCs
at passage 3 were found to be positive for CD90.2 and
CD29, and negative for CD11b, CD45, and CD31 (Sup-
plementary Fig. S2A). Isolated mouse ADSCs have the
capability of trilineage differentiation (Supplementary
Fig. S2B–G). To examine the efficiency of nucleofection
conditions for mouse ADSCs, different preset programs of
nucleofection were tested and compared to the transfection
efficiency and cell viability. Transfection efficiency was
evaluated by GFP expression. The following programs were
tested: X-001 (mouse T cells), C-017 (human MSCs, high
viability), U-023 (human MSCs, high efficiency), A-023
(human stem cells), A-030 (mouse ESCs), and A-033
(mouse neural stem cells).

Although all programs could successfully induce GFP
expression, the U-023 and A-033 program showed a higher
number and brighter intensity of GFP-positive cells

(Fig. 1A). When using the U-023 and A-033 programs, the
expression of GFP in mouse ADSCs was *50% (Fig. 1B,
C). Cell viability was evaluated by counting live cell num-
bers and MTS assay. Although both programs confirmed
that lower transfection efficiency facilitated higher cell vi-
ability (Fig. 1D, E), the U-023 program showed lower cell
viability than the A-033 program.

Therefore, based on the comparison of transfection efficiency
and cell viability, the A-033 program was chosen for the fol-
lowing experiment. By 14 days post-transfection, the number of
GFP-positive cells were found to be very low in number and
intensity (Fig. 1F, G). These transient GFP expression levels
gradually decreased with incubation time and 16.5% – 5.1% of
cells (n = 3) were positive for GFP at day 14 (Fig. 1H).

Gene delivery of NDST1 alters the sulfation pattern
of HS

Six · 105 ADSCs were transfected with 2mg of pmaxGFP
(+GFP) or human NDST1 (+NDST1) according to the nu-
cleofection protocol, using the A-033 program. NDST1
overexpression was confirmed by western blotting (Fig. 2A).
The endogenous NDST1 expression was evaluated by qRT-
PCR. The result showed that NDST1 protein overexpression
did not affect endogenous mouse NDST1 expression (Fig. 2B).
To evaluate the effect of NDST1 on HS sulfation pattern,
transfected cells were treated with chondroitinase to digest the
chondroitin sulfate, followed by a collection of total GAGs. As
expected, NDST1 overexpression increased the ratio of
N-sulfation in the total GAGs (+GFP: 37.6% – 6.6%,
+NDST1: 50.0% – 5.4%, Fig. 2C). Although there was no
obvious morphological change after the transfection, we did
observe lower cell attachment of NDST1-overexpressing cells
compared to the GFP-expressing control (Fig. 2D–F).

Stemness and differentiation potency
of NDST1-overexpressing cells

To determine whether transfected ADSCs can maintain
their stem cell phenotype, mRNA levels of stem cell marker
genes were evaluated by qRT-PCR. Pluripotent stem cell
marker genes such as Sox2 and Rex1 showed the trends of
increased expression in NDST1-overexpressing ADSCs, al-
though the difference was not significant (Fig. 3A–C). Of
note, the expression of Oct-4 was below the detection limit at
passage 3 of culture (data not shown). Similarly, NDST1
overexpression did not affect the number of colonies in
colony-forming unit–fibroblast (Fig. 3D–F) nor the telomere
length (Fig. 3G). Next, transfected mouse ADSCs were in-
cubated under osteogenic, adipogenic, and chondrogenic
medium conditions to evaluate the ability of multilineage
differentiation. Osteogenic differentiation was assessed after
21 days in the osteogenic medium by Alizarin red staining.
Notably, Alizarin red S stained-cells in the NDST1-
overexpressing group were decreased compared to control
(Fig. 3H–J).

Adipogenic differentiation was assessed after 14 days in
the adipogenic medium by Oil Red O staining. There was no
significant difference between controls and NDST1-
overexpressing ADSCs. Thus, the NDST1 overexpression
did not hinder the ability of ADSCs to differentiate into
adipocytes (Fig. 3K–M). Likewise, the chondrogenic cul-
tures were stained for GAG production after culture for
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21 days in the chondrogenic medium. The staining level and
quantified total GAG amount of NDST1-overexpressed
cultures were comparable to those of the control cultures
(Fig. 3N–P).

Inflammatory response of NDST1-overexpressing
cells

Since ADSCs are known for possessing anti-inflammatory
effects via macrophage M1 to M2 transition [8], macrophage-
related inflammatory gene expression was evaluated by qRT-
PCR. The expression of chemokines that attract monocytes
(Csf1) and macrophages (Ccl2) did not show statistically
significant changes (Fig. 4A, B). The expression of proin-
flammatory gene (Nos2), proinflammatory cytokines (TNF-a
and IL-6), and anti-inflammatory cytokines (IL-10) did not
show statistically significant changes (Fig. 4C–F).

Next, we investigated the effect of NDST1 over-
expression in the priming of ADSCs with the proin-
flammatory cytokine stimulation. The transfected ADSCs
were stimulated with TNF a supplementation (10 ng/mL)
for 24 h, then a membrane-based antibody array was used to
determine the alteration of cytokine and chemokine pro-
duction. The increased production of several chemokines
that attract neutrophils and macrophages (CCL2, CXCL1,
and CXCL2) were observed (Fig. 4G, H). The upregulation
of gene expression was also confirmed by qRT-PCR
(Fig. 4I–K). On the contrary, the trends of reduction for
pro-/anti-inflammatory cytokines (TNF-a, IL-6, and IL-1ra)
were observed (Fig. 4G, H). However, gene expression
studies did not show any statistically significant differences
between controls and NDST1-overexpressing ADSCs, in-
cluding endogenous expression of TNF-a (Fig. 4L–N).

NDST1 overexpression attenuates fibrotic response

The subsequent studies investigated the regulation of
fibrotic or anti-fibrotic gene expression in transfected

ADSCs. NDST1 overexpression did not affect mRNA
levels of Tgfb1 and Ctgf, which are the major signaling
molecules of fibrotic induction (Fig. 5A, B). Further, the
expression of Bgn, one of the fibrotic marker genes, was
not affected by NDST1 overexpression (Fig. 5C). How-
ever, the other fibrotic marker genes such as Col1a1 and
Acta2 (a-SMA) were significantly downregulated in
NDST1-overexpressing ADSCs (Fig. 5D, E). In contrast,
antifibrotic gene expression (Has2 and Dcn) showed up-
regulation in NDST1-overexpressing ADSCs (Fig. 5F, G).
TGF-b1 (10 ng/mL) was used to induce a fibrotic response
on transfected ADSCs.

After 24 h of treatment with TGF-b1, fibrotic ECM for-
mation was visualized by Picrosirius red staining, indicating
suppressed collagen synthesis in NDST1-overexpressing
ADSCs (Fig. 5H). It is known that TGF-b1 treatment also
disrupts the cell monolayer and induces cell migration to
form nodules [38]. The production of a-SMA was found at
the cell aggregates in the control group (Fig. 5I, yellow
arrowheads), whereas it was dispersed in NDST1 over-
expressing ADSCs (Fig. 5J).

Discussion

ADSCs are a widely used cell type in regenerative med-
icine due to their therapeutic potential. ADSCs are also used
for cell-based gene therapy by overexpressing the desired
factors [2]. Besides a safe, effective, and long-term gene
delivery method, the survival of the cells after transplantation
needs to be assessed for successful gene therapy. Most studies
have been performed using viral vectors, which remains as-
sociated with safety concerns [37]. Alternatively, transfection
of primary stem cells using nonviral methods such as clas-
sic calcium phosphate precipitation, cationic polymer,
and standard electroporation result in reduced transfection
efficiency [39]. Nucleofection is an electroporation-based
method that enables DNA to directly enter the nucleus of a
cell [40].

FIG. 2. Transfected ADSCs
alter heparan sulfate composi-
tion. (A) Western blotting
analysis for human NDST1 in
transfected ADSCs. (B) qRT-
PCR analysis for the mRNA
levels of endogenous NDST1
in transfected ADSCs. (C) The
ratio of N-sulfated and
O-sulfated GAG in transfected
ADSCs. (D, E) Representative
crystal violet staining images
of (D) GFP- and (E) NDST1-
overexpressing ADSCs. (F)
Quantification of the attached
cells was performed using the
eluted crystal violet stain via
measuring absorbance at
570 nm. N.S. no statistically
significant, *P < 0.05, and
**P < 0.01. Scale bar: 250mm.
qRT-PCR, quantitative real-
time PCR; GAG, glycosami-
noglycan.
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Several studies reported transplantation of mesenchymal
stem cells with beneficial genes induced by nucleofection
in vivo, resulting in expected outcomes [41,42]. Consistent
with these studies, our results indicated a trade-off between
transfection efficiency and cell viability (Fig. 1C–E).
Transfection effects on gene expression are also expected to
fade within 2 weeks (Fig. 1F–H).

HS chains are ubiquitously present at the cell surface of
ESCs and are known to play a crucial role in the mainte-
nance of pluripotency [43]. HS is also required for lineage

commitment of ESCs and remodeling their sulfation pattern
during differentiation. Lack of NDST1 in mouse ESCs
cannot differentiate in response to FGF due to reduced
sulfation [26]. In addition, exogenous HS supplementation
enhances osteogenesis through the FGF2-FGFR1 signaling
pathway [18]. In the present study, we described the effect
of NDST1 overexpression on stemness and differentiation
potency of mouse ADSCs.

Increased N-sulfated GAG content resulted in significant
suppression of osteogenic differentiation (Fig. 2D–F). A

FIG. 4. Inflammatory gene expressions of transfected ADSCs. qRT-PCR analysis for the mRNA levels of (A) Csf1, (B)
Ccl2, (C) Nos2, (D) TNF-a, (E) IL-6, and (F) IL-10 in transfected ADSCs at 48 h after transfection. (G) Representative
images of array membranes. The numbered spots were used for semiquantitative analysis. (H) Semiquantitative analysis
showing integrated pixel density measurements of the data shown in (G). qRT-PCR analysis for the mRNA levels of (I)
Ccl2, ( J) Cxcl1, (K) Cxcl2, (L) TNF-a, (M) IL-6, and (N) IL-1ra in transfected ADSCs at 24 h after TNF-a treatment (48 h
after transfection). *P < 0.05, **P < 0.01, and ****P < 0.001. TNF, tumor necrosis factor.

794 OTSUKA ET AL.



reduction in 6-O-sulfation impaired FGF2 signaling in aged
neural stem cells has been reported [44]. Although 6-O-
sulfation can occur independently of N-sulfation [45], increased
N-sulfated GAG content might alter pro-osteogenic signal
transduction. Moreover, we have shown type I collagen syn-
thesis was significantly impeded in NDST1-overexpressing
ADSCs (Fig. 5C). Type I collagen is the most abundant com-
ponent of the bone ECM. The poor collagen content can lead to
the abnormal bone formation, which can further result in os-
teogenesis imperfecta [46]. However, upregulation of NDST1
and Glypican-3 at the late stage of osteogenesis in the MC3T3
cell line has been reported [47]. Therefore, the combinatorial
effect of sulfotransferases and HSPGs for temporal regulation
of HS sulfation pattern still needs to be investigated.

HS is involved in the complex inflammation cascade by
providing multiple binding sites for soluble mediators of the
immune system. Therefore, biosynthetic enzymes possess an
important role in the alteration of sulfation patterns in re-
sponse to inflammatory stimuli [21]. For instance, depletion
of NDST1 in macrophages produced more proinflammatory
cytokines and chemokines in response to IFN-b stimulation
[48]. However, little is known about the role of HS on the
immunomodulatory effect of ADSCs. In the present study,
we showed that NDST1 overexpression did not alter
macrophage-related inflammatory gene expression com-

pared to control (Fig. 4A–F). However, the external stimuli
of inflammatory cytokines can boost soluble factors pro-
duction of ADSCs and immune regulatory function [49].
Therefore, an extensive profile of soluble factors under cy-
tokine stimulation was performed using a chemokine and
cytokine array.

Although there was no notable alteration of cytokine pro-
ductions, several chemokine productions (CCL2, CXCL1, and
CXCL2) were upregulated (Fig. 4G–K). This result related to
neutrophil attraction is consistent with the previous study that
showed decreases in neutrophil infiltration in conditional
NDST1-depleted mice [28]. Interestingly, these chemokines
(CCL2, CXCL1, and CXCL2) were reported to possess
binding affinity to distinct HS domains [50]. Furthermore, the
combinatorial effect of CCL2 and IL-6 promoted M2 macro-
phage polarization [51]. We could not conclude the effect of
NDST1 overexpression in immunomodulatory effect, how-
ever, further evaluation in the crosstalk with other immune
cells such as neutrophils, macrophages, and T cells may pro-
vide functional roles of NDST1.

Based on our results, NDST1 plays a role in suppressing
fibrotic response (Fig. 5). Interestingly, the expression of
Tgfb1 and its downstream mediator, Ctgf, was not affected
by NDST1 overexpression (Fig. 5A, B). Although TGFb1
signaling has a central role in fibrosis, it is also required for

FIG. 5. Transfected ADSCs suppress fibrotic response. (A–G) qRT-PCR analysis for the mRNA levels of (A) Tgfb1, (B)
Ctgf, (C) Bgn, (D) Col1a1, (E) Acta2 (a-SMA), (F) Has2, and (G) Dcn in transfected ADSCs at 48 h after transfection. (H)
Representative Picrosirius red staining images of transfected ADSCs stimulated for 24 h with TGF-b1. (I, J) Representative
fluorescent images of (I) GFP- and (J) NDST1-overexpressed ADSCs stimulated for 24 h with TGF-b1 stained with a-SMA.
Yellow arrowheads show cell aggregation that produces a-SMA. *P < 0.05 and **P < 0.01. Scale bar: 1 mm (H); 100mm (I, J).

NDST1 OVEREXPRESSION IN MOUSE ADSCS 795



a successful regeneration process [52]. It should be noted
that antifibrotic response independent of TGFb1 signaling
may be considered as one of the beneficial effects for tissue
regeneration. Increased HS production in damaged tissue,
especially the upregulation of O-sulfation (3-, and 6-
O-sulfation), has been reported in renal and pulmonary fi-
brosis [32–34]. Increased N-sulfated GAG by NDST1
overexpression might suppress the fibrotic response by im-
peding O-sulfated GAGs.

However, the mechanism of NDST1 in ECM production
needs to be elucidated. The present study only showed the
O- and N-sulfated GAG ratio. To fully understand the
connection between complex oligosaccharides’ structure
and function, detailed glycomics and glycoproteomics
analysis such as liquid chromatography, capillary electro-
phoresis, nuclear magnetic resonance, mass spectrometry,
and microarrays should be used in the future to provide
useful insights [53].

A limitation of the present study is that we could not
achieve high efficiency of gene delivery protocol compared
to viral-based gene delivery. Low transfection efficiency
leads to a heterogeneous cell population, which may mask
beneficial effects. Moreover, ADSCs have limited ability to
proliferate in cultures and maintain their stemness [54–56],
which makes it challenging to obtain a highly transfected
cell population by long culture and selection. Therefore, it is
important to develop high-efficiency and lengthy nonviral-
based gene delivery systems into primary stem cells. An-
other direction is the use of immortalized ADSC as a stable
cell source to obtain a conditioned medium that retains anti-
inflammatory and antifibrosis effects [57,58]. Also, the
comparison of N-sulfation levels among different mesen-
chymal stem cells will provide appropriate cell sources.
These approaches will gain higher levels of N-sulfated GAG
that might help to facilitate the development of new thera-
peutic strategies.

Conclusion

This study explored the optimum conditions of nonviral-
based gene delivery in mouse ADSCs and described the
fundamental effects of NDST1 overexpression on stem cell
function. In this study, we showed that NDST1 over-
expression suppressed osteogenic differentiation but did not
affect adipogenic and chondrogenic differentiation. Fur-
thermore, stemness and inflammatory gene expression were
not affected by NDST1 overexpression. Finally, we dem-
onstrated the potential of NDST1-overexpressing ADSCs in
enhancing an antifibrotic response. Further studies are re-
quired to elucidate the mechanism of action of NDST1 on
the regulation of HS sulfation and the subsequent effects on
the regenerative process. Continued work on understanding
the underlying mechanisms may also reveal new targets and
treatments for the use of stem cell-based gene therapy.
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