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ABSTRACT

Dexamethasone (Dex) is a type of glucocorticoid drug. Long term use can induce growth plate
chondrocytes (GPCs) apoptosis, impair differentiation, and inhibit cell proliferation and bone growth.
It has been reported that Kriippel-like factor 2 (KLF2) inhibits osteoblast damage induced by Dex, but
the role in Dex-induced GPCs remains unclear. Dex was used to construct a model of growth plate
injury in vitro. CCK-8 and TUNEL kits were used to determine cell viability and apoptosis. A model of
growth plate injury was established by intraperitoneal injection of Dex. Immunohistochemistry was
used to investigate the expression of KLF2 in rats. The results showed that KLF2 expression of rat
tibial GPCs was down-regulated after Dex stimulation. Overexpression of KLF2 promoted cell viability
and cell cycle, while inhibited apoptosis of growth plate Dex-induced chondrocytes. Moreover, KLF2
inhibited Runx2-mediated PI3K/AKT and ERK signalling pathways. And PI3K/AKT and ERK signalling
pathways, which were involved in the regulation of KLF2 on GPCs. Further studies showed that KLF2
alleviated growth plate injury in vivo. In conclusion, our study found that KLF2 promoted proliferation
and inhibited apoptosis of Dex-induced GPCs by targeting the Runx2-mediated PI3K/AKT and ERK
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signalling pathways.

1. Introduction

Epiphyseal injury is a unique bone disease in children [1].
Once this damage, it will affect the growth of children and
the normal growth and development of the children’s bones
[2]. Epiphyseal plate is a component of cartilage, which is
closely related to the proliferation and apoptosis of chon-
drocytes [3]. Dexamethasone (Dex) is a kind of glucocor-
ticoid (GCs) with anti-inflammatory, detoxification and
anti-allergy effects [4]. Glucocorticoids have immune sup-
pression, anti-shock, antipyretic and detoxification effects,
and are widely used in paediatric clinics for asthma, che-
motherapy, anti-shock, antipyretic and the treatment of
other diseases treatment [5-7]. However, long-term use of
Dex can induce growth plate chondrocytes (GPCs) apop-
tosis, impair differentiation, and inhibit cell proliferation
and bone growth [7, 8].

Krueppel-like factor 2 (KLF2) is a transcription factor
that binds zinc finger structure to DNA [9]. KLF2 is
expressed in MC3T3-E1 cells and primary osteoblasts.
Interestingly, the expression of KLF2 increases during osteo-
blast differentiation. Overexpression of KLF2 in MC3T3-E1
cells promotes the expression of Alp, Osx and Ocn, and
promotesd the expression of Runx2 [10]. These results indi-
cate that KLF2 is a new regulator of osteoblast differenti-
ation, suggesting that KLF2 may be a new target for the
treatment of bone diseases.

Runt-related transcription factor 2 (Runx2) is a tran-
scription factor that is essential for osteoblast differentiation
and chondrocyte maturation [11]. Runx2 regulates the
expression of Ihh, CollOal, Sppl, Ibsp, MMP13 and
VEGF-A in growth plate [12]. Studies have found that
Runx2 plays an important role in bone metastasis of breast
and prostate cancer [13]. In addition, Runx2 is one of the
genes leading to osteoarthritis (OA) [14]. Studies have found
that inhibition of the PI3K/AKT and ERK signalling path-
way can significantly inhibit the apoptosis of chondrocytes
and inhibit the progress of osteoarthritis [15]. In addition,
Runx2 can play a carcinogenic role in oesophageal cancer
by activating the PI3K/AKT and ERK pathways, indicating
that Runx2 has a regulatory role in PI3K/AKT and ERK
pathways [16].

This study was based on Dex-treated rat tibial GPCs,
and analysed the expression of KLF2 in Dex-treated rat
tibial GPCs. Furthermore, through the up-regulation of
KLF2 expression, the role of KLF2 in the proliferation cycle
and apoptosis of rat tibial GPCs treated with Dex was
explored. In addition, a rat Dex model was constructed to
analyse the effects of Dex-treated rat body weight, tibia
length, nose-tail length, and growth plate thickness after
KLF2 overexpression. The purpose of this study was to
clarify the mechanism of KLF2-mediated GPCs apoptosis
and provide a potential treatment for Dex-induced growth
retardation in children.
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2. Materials and methods
2.1. Animal model

A total of 30 two-week-old male Sprague Dawley (SD) rats
with a body weight of (80+2) g were purchased from
Experimental Animal Centre of the Shandong University
and raised at the Experimental Animal Centre. Rats were
housed at 25+1°C with al2-h light/dark cycles, 50 £5%
humidity, and free access to food and water. The rats were
randomly divided into three groups, each with 10 rats.
Control group: every day at 8:00 am, the control group
received an intraperitoneal injection of 0.9% NaCl
(200 ug/100 g); Dex (Sanjian, Tianjin, China) group: the Dex
treatment group received intraperitoneal injection of Dex
(200 ug/100g); and Dex+KLF2 group: the Dex+KLF2 group
not only received an intraperitoneal injection of Dex
(200 ug/100g), but also received an injection of a KLF2
overexpression lentiviral vector (GenePharma Shanghai,
China, 1x10° PFU) into the joint. Ten days later, the rats
were anaesthetised with 10% chloral hydrate. Under anaes-
thesia, the rats were placed in the abdomen position and
the length of the nose and tail was measured. This was
repeated three times and took the average value was used.
This study was supported by the Ethics Committee of the
Xian Children’s Hospital (20220080).

2.2. Culture of rat tibial growth plate chondrocytes

After the rats were culled, the proximal tibia was aseptically
removed on a clean bench, the growth plate cartilage was
separated from the osteochondral junction, the muscle and
periosteum outside the tibia were carefully removed, and
the cartilage pieces were cut into 1 mm? pieces. After two
step enzymatic digestion steps (0.25% trypsin EDTA digested
for 30 min, and 0.2% collagenase digested for 3h), the cells
were collected and counted. Then, the trypan blue test was
used to determine the cell viability, and the chondrocytes
were seeded in a 25cm? culture flask at a density of 5x10°
cells/bottle, and cultured in an incubator at 37°C, 5% CO,,
and 95% saturated humidity. Then the rat tibial GPCs were
treated with Dex, and the treatment time and concentration
determined in a previous study [17].

2.3. Cell transfection

When the cell fusion reached 50%-80%, the constructed
overexpression lentivirus, pcDNA3.1-KLF2, pcDNA3.1-ERK
and their negative control vectors (Sanjian, Tianjin, China)
were transfected into the chondrocytes.

2.4. CCK-8 assay

The transfected chondrocytes were evenly spread in a
96-well plate with 1x10* cells per well, and cultured in an
incubator at 37°C and 5% CO,. After adding different con-
centrations of Dex, 10uL of CCK-8 solution (Dojindo
Laboratories, Kumamoto, Japan) was added to each well at

0, 24, 48 and 72h, respectively. Then the plates were placed
in the incubator at 37°C, 5% CO, for 2h. The absorbance
of each group was detected at 450nm on a plate reader.

2.5. Apoptosis assay

We determined the apoptosis of cells using the flow cytom-
etry. Cells were seeded in a 6-well plate and treated with
Dex for 48h for analysing flow cytometry. Then, the adher-
ent and floating cells were harvested, washed these with
cooled PBS, and stained them with FITC-conjugated
Annexin V/PI (Sanjian, Tianjin, China) according to the
kits instruction. After this, we detected double-stained cells
using flow cytometry (BD Bioscience, Franklin Lakes, NJ,
USA). The data were analysed and processed by Cell Quest
software.

2.6. Imnmunohistochemistry

The tibia sections were dewaxed and rehydrated, then incu-
bated overnight with a primary KLF2 antibody (Abcam,
USA) at 4°C, followed by HRP-conjugated anti-rabbit IgG
at room temperature for 1h. Diaminobenzidine (DAB,
Sangong, China) was used for colour development. The
sections were also counterstained with haematoxylin.

2.7. Quantitative real-time PCR

We used a TRIzol reagent (Takara, Dalian, Shenyang, China)
to isolate total RNA samples from cells and tissues in accor-
dance with the instructions. We used the reverse transcrip-
tion kit (Takara) for cDNA synthesis. With cDNA as a
template, we conducted qRT-PCR using SYBR Green
(Takara) in an ABI 6500 under the condition of 95°C for
90s and 40 cycles of 95°C for 15s, 58°C for 21s, and 72°C
for 24s. The primers used are tabulated primers of genes
in Table 1. With B-actin as the internal control, we calcu-
lated the relative gene expression using the 2-24¢t method.

2.8. Western blot

We lysed cells and tissue samples with a RIPA lysis buffer
containing protease inhibitors (Sigma). The protein suspen-
sion was then collected and quantified using a BCA protein
Assay Kit (Pierce). Following this, an equal quantity of
protein was boiled with loading buffer for 10 min, separated
with 10% SDS-PAGE, and transferred onto PVDF mem-
branes (Takara, Dalian, China). Then, we used 5% skim
milk to block the membrane at room temperature for 0.5h,
followed by primary antibody incubation at 4°C overnight.

Table 1. The primer sequence of RT-PCR.

Gene Primer sequence
KLF2 Forward: 5'-AGGCGCATCAGCAGGTTCACAGGC-3'
Reverse: 5'-GTATGCCACACCAAATTCCGTCATGC-3'
GAPDH Forward: 5'-GAGTCCACTGGCGTCTTC-3'
Reverse: 5"-GCATTGCTGATGATCTTGAGG-3'




After washing with a Tris-buffered saline and polysorbate
buffer, the membrane was incubated at room temperature
with the appropriate secondary antibody for 1h. Then, the
bands on membranes were visualised using the ChemiDoc
XRS System (Bio-Rad, Hercules, CA, USA). We utilised
primary antibodies in this study as follows: KLF2 (1:1000),
Ki67 (1:1000), c-caspase-3 (1:1000), Bax (1:1000), Bcl-2
(1:1000), Runx2 (1:1000), PI3K (1:1000), ERK (1:1000), AKT
(1:1000), and GAPDH (1:5000).

2.9. Statistical analysis

We used GraphPad Prism 7.0 (GraphPad Software, San
Diego, CA, USA) for statistical analysis in this study. All
experiments were conducted in triplicate, and the data are
presented as mean *standard deviation (SD). Comparisons
between groups were made using Student’s t-test, and mul-
tiple comparisons were made using a one-way analysis of
variance, followed by Turkey’s test. For all comparisons,
p<0.05 was considered statistically significant.

3. Results

3.1. Different concentrations of Dex inhibit the
expression of KLF2 in GPCs

We firstly treated GPCs with different concentrations of
Dex (0, 10, 50, 100 uM) to construct the growth plate injury
model. According to the results, Dex significantly inhibited
the cell viability of GPCs in a dose-dependent manner
(Figure 1A). Compared with the control group, different
concentrations of Dex inhibited the expression of KLF2 at
different degrees in a dose-dependent manner, including
mRNA and protein (Figure 1B and 1C). In conclusion, Dex
significantly inhibited the cell viability, and the expression
of KLF2 in GPCs.

3.2. Overexpression of KLF2 promotes proliferation of
Dex-induced GPCs

To explore the role of KLF2 in chondrocytes, we overex-
pressed KLF2 using an overexpression vector. The results
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showed that Dex decreased the expression of KLF2, while
pcDNA3.1-KLF2 significantly increased the expression of
KLF2 (Figure 2A). As presented in Figure 2(B), pcD-
NA3.1-KLF2 significantly promoted the cell viability com-
pared with the pcDNA3.1 and Dex group (Figure 2B).
Then, the data in Figure 2(C) showed that Dex reduced
the proportion of cells in S phase, while KLF2 overexpres-
sion increased S-phase cells, resulting in fewer GO/G1-phase
cells (Figure 2C). Further study revealed that Dex signifi-
cantly promoted the expression of Ki-67 compared with
pcDNA3.1 and Dex group (Figure 2D and 2E). These
results indicated that KLF2 promotes the proliferation of
Dex-induced GPCs.

3.3. Overexpression of KLF2 inhibits Dex-induced
apoptosis of GPCs

Our research further explored the role of KLF2 in apoptosis
of GPCs. As presented in Figure 3(A), Dex induced the
apoptosis of GPCs, as well as increased the expression of
Bax and c-caspase-3, while decreased the expression of
Bcl-2. On the contrary, KLF2 overexpression significantly
reversed these effects, decreased the expression of Bax and
c-caspase-3, and increased the expression of Bcl-2 (Figure
3B). These results indicated that KLF2 inhibited the apop-
tosis of Dex-induced GPCs.

3.4. Overexpression of KLF2 inhibits Runx2-mediated
activation of the PI3K/AKT and ERK signalling
pathways

It has been reported that PI3K/AKT and ERK signalling
are involved in the regulation of growth plate injury [18].
Our research further explored the role of KLF2 in the
Runx2-mediated PI3K/AKT and ERK signalling pathways.
As expected, Dex significantly elevated the protein expres-
sion of Runx2, PI3K, p-AKT and p-ERK1/2 compared
with control, and KLF2 overexpression significantly
decreased their expression in Dex-induced GPCs (Figure
4A). The result indicated that KLF2 inhibits the activation
of Runx2-mediated PI3K/AKT and ERK signalling
pathways.
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Figure 1. Dex at different concentrations inhibited the expression of KLF2 in GPCs. The isolated GPCs were treated with dexamethasone (Dex, 0, 10, 50, 100 pM)
for 72h. (A) The cell viability of rat GPCs treated with different doses of Dex. (B) The mRNA expression of KLF2 in chondrocytes after treated with different
doses of Dex. (C) The protein expression of KLF2 in chondrocytes after treated with different doses of Dex. “*” means compared with OpM group p <0.05.
GAPDH was used as an invariant internal control for calculating protein-fold changes.
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Figure 2. Overexpression of KLF2 promotes proliferation of Dex-induced GPCs. GPCs were transfected with pcDNA3.1-KLF2 or control pcDNA3.1, and then
treated with Dex (50 uM) for 24 h. (A) The protein expression of KLF2 was detected by Western blot. (B) Cell viability of chondrocytes was detected by CCK-8
assay. (C) Cell cycle analysis of chondrocytes treated with Dex was quantified by PI staining and fluorescence flow cytometry. (D-E) The protein expression of
Ki-67 was detected by Western blot. “*” means compared with control group p<0.05, and “#” means compared with Dex+pcDNA3.1 group p <0.05. GAPDH

was used as an invariant internal control for calculating protein-fold changes.

3.5. Runx2-mediated PI3K/AKT and ERK signalling
pathways are involved in the regulation of GPCs by KLF2

Next, we explored the underlying mechanism by which KLF2
inhibited the progression of growth plate injury. The western
blot results indicated that KLF2 decreased the protein levels
of Runx2, PI3K, AKT and ERK, while a PI3K agonist
(740Y-P) or pcDNA3.1-ERK significantly reversed the effect
of KLF2 (Figure 5A). Interestingly, KLF2 significantly
increased the cell viability of GPCs, and 740Y-P or pcD-
NA3.1-ERK hindered the cell viability (Figure 5B). As for
apoptosis, KLF2 suppressed the apoptosis in GPCs, but
740Y-P or pcDNA3.1-ERK significantly increased the apop-
tosis of GPCs (Figure 5C). Meanwhile, KLF2 suppressed the
expression of c-caspase-3, while 740Y-P or pcDNA3.1-ERK
significantly promoted the expression of c-caspase-3 (Figure
5D). These results suggest that Runx2-mediated PI3K/AKT
and ERK signalling pathways are involved in the mechanism
by which KLF2 affects Dex-induced GPCs.

3.6. Overexpression of KLF2 alleviates growth
retardation in rats

To further verify the role of KLF2 in Dex-induced chon-
drocytes, we established a rat growth plate injury model. As
shown in Figure 6(A), Dex treatment significantly decreased
the expression of KLF2, and after KLF2 overexpression len-
tivirus infection, the expression of KLF2 was up-regulated

in rat growth plate sections. Moreover, Dex treatment per-
manently reduced the rat body weight as well as length of
tibiae and nose-tail, while KLF2 inhibited these decreases
(Figure 6B-D). Interestingly, KLF2 significantly increased
the thickness of the growth plate, proliferation zone and
hypertrophy zone induced by Dex (Figure 6E).

4. Discussion

Dex is a synthetic GC that has been widely used to treat
inflammatory and autoimmune diseases. However, clinical
evidence shows that the prolonged treatment with Dex
causes growth retardation in treated children by triggering
chondrocyte apoptosis within the growth plate [19, 20]. In
this study, we found that KLF2 expression was increased
in chondrocytes of the tibial growth plate in Dex-treated
rats. In addition, KLF2 promoted the cell activity of GPCs
induced by Dex. KLF2 promoted the proliferation of GPCs
and alleviated Dex-induced apoptosis in GPCs through the
Runx2-mediated PI3K/AKT and ERK signalling pathways.

Previous studies have shown that KLF2 is expressed and
plays a regulatory role in the lung, T cells, T-reg cells,
endothelial cells, monocytes and other related tissues and
cells, and is related to a variety of inflammatory and patho-
logical states [21, 22]. In addition, KLF2 is expressed in
osteoblasts and primary osteoblasts [23]. Interestingly, KLF2
expression is increased in osteoblasts during osteoblast
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differentiation [24]. Importantly, we found that KLF2 can
physically interact with Runx2. KLF2 promotes osteoblast
differentiation by regulating Runx2 and the physical inter-
action with Runx2. Based on these results, this study found
that KLF2 is a new regulatory factor involved in osteoblast
differentiation, suggesting that KLF2 may be a new target
for the treatment of bone diseases [10]. In this study, we
found that KLF2 expression was down-regulated in the
Dex-treated rat GPCs, and played a protective role in the
proliferation reduction and apoptosis of chondrocytes.
Furthermore, our in vivo data suggested that overexpression

of KLF2alleviated Dex-induced growth retardation in rats
by inhibiting GPCs.

To explore the underlying molecular mechanisms of KLF2
in Dex-induced chondrocytes, we studied the regulator that
bind to KLF2. Consistent with previous data [10], our results
also show that KLF2 significantly promoted the expression
of Runx2 in GPCs. Runx2 is the key to osteoblast differen-
tiation and chondrocyte maturation [25]. During the differ-
entiation of osteoblasts, Runx2 was weakly expressed in
undifferentiated mesenchymal cells, up-regulated in
pre-osteoblasts, highly expresses in immature osteoblasts, and
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joint, and were divided into three groups: control, Dex, Dex+KLF2. (A) Immunohistochemistry was used to analyse the expression of KLF2 in rat tibiae growth
plate. (B-D) Quantification of the rat body weight, length of tibiae and nose-tail. (E) Quantification of the thickness of growth plate, proliferative zone and
hypertrophic zone. “*” means compared with control group p<0.05, and “#” means compared with Dex group p <0.05.



down-regulated in mature osteoblasts [26]. Runx2 enhances
the proliferation of osteoblast progenitor cells by directly
regulating FGFR2 and FGFR3 [12]. Furthermore, it has been
reported that Runx2 induces Sp7 and activates canonical Wnt
signal to guide cells to differentiate into osteoblasts, thereby
inhibiting chondrocyte differentiation [11]. In the present
study, our findings indicated that KLF2 affected Dex-treated
rat GPCs functions through targeting Runx2.

It has been found that Runx2 can activate and thereby
regulate the PI3K/AKT and ERK pathways [16]. Previous
studies have reported that PI3K/AKT and ERK MAPK path-
ways are involved in the regulation of FGF2 on human
chondrocytes and play an important role in the occurrence
and development of osteoarthritis [27]. Our study found
that activation of PI3K/AKT and ERK significantly inhibited
the proliferation of GPCs and promoted cell apoptosis, sug-
gesting that PI3K/AKT and ERK pathway may be the key
way to regulate growth plate injury, which is basically con-
sistent with previous research conclusions.

In this study, KLF2 promoted the cell activity of GPCs
induced by Dex. KLF2 promoted the proliferation of GPCs
and alleviated Dex-induced apoptosis of GPCs through
Runx2-mediated PI3K/AKT and ERK signalling pathways.
In addition, overexpression of KLF2 in vivo can alleviate
the symptoms of poor growth in rats. This study has clar-
ified the role and mechanism of KLF2 and provides a pos-
sible treatment for children with growth retardation.
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