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Abstract

Introduction. The present study aimed to investigate the effect of homeodomain interacting protein kinase 2 (HIPK?2)
on pulmonary fibrosis and the probable mechanisms.

Material and methods. We constructed a mouse model of bleomycin-induced pulmonary fibrosis and up-regulated the
expression of HIPK?2 in the lung by in vivo transfection. Lung tissues were collected for the detection of mesenchymal
markers (a-SMA, collagen I, collagen III) and the expression of B-catenin as assessed by RT-PCR, western blot, and
immunohistochemistry. Mouse lung fibroblasts (MLFs) with upregulation or downregulation of HIPK2 were success-
fully constructed and XAV939 was used to downregulate $-catenin expression. Then, we evaluated the activation of
MLFs and the Wnt/p-catenin pathway under various conditions.

Results. The results showed that in the bleomycin-induced mouse model group, the lung alveolar structure was severely
damaged, the amount of collagen fibers was increased in alveolar speta, and the expression of HIPK2 in the fibrotic area
was found to be reduced. After upregulating HIPK?2 in the lungs of the mouse fibrosis model we found that pulmonary
fibrosis was attenuated and the expression of -catenin and mesenchymal markers was reduced. The upregulation
of HIPK2 inhibited the proliferation and migration of MLFs induced by TGF-B1, promoted apoptosis of MLFs, and
reduced the expression of mesenchymal markers and B-catenin. Meanwhile, downregulation of HIPK2 promoted the
proliferation and migration of MLFs, inhibited apoptosis, and promoted mesenchymal markers and -catenin expres-
sion. XAV939 treatment of MLFs silencing HIPK?2 inhibited their proliferation and activation via silencing HIPK?2,
promoted apoptosis, and reduced interstitial markers and B-catenin expression.

Conclusions. HIPK?2 can attenuate bleomycin-induced pulmonary fibrosis by inhibiting the Wnt/B-catenin pathway in
mouse lung fibroblasts. (Folia Histochemica et Cytobiologica 2022, Vol. 60, No. 3, 247-259)
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Introduction common in males and smokers [2]. The median sur-

vival is between 3-5 years after diagnosis. Fibroblast

Idiopathic pulmonary fibrosis (IPF) is a chronic,
progressive fibrosis disease with unknown etiology.
The incidence rises year after year [1]. It is more

activation, apoptosis-proliferation imbalance, and ex-
tracellular matrix (ECM) accumulation play a key role
in the pathophysiology of pulmonary fibrosis [3]. IPF

still has no effective treatment. Lung transplantation
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is the only approach to improve patient survival [4].
The anti-fibrotic drugs nintedanib [5] and pirfenidone
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[6] are conditionally recommended. These drugs can
slow the progression of pulmonary fibrosis but cannot
effectively improve the prognosis [7]. As a result, con-
tinued research into IPF pathogenesis and identifying
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new therapeutic targets will be critical in the future
of IPF therapy.

Homeodomain interacting protein kinase 2
(HIPK2), a member of the conserved serine/threonine
homeodomain interaction kinase family, is mainly
located in the nucleus [8]. HIPK2 activates itself by
auto-phosphorylation during its translation, and its
activity is controlled through modulation of its ex-
pression by ubiquitin-dependent degradation [9] and
non-degradative ubiquitination [10]. HIPK2 phos-
phorylate a diverse range of transcription factors and
modulate many different basic cellular processes such
as proliferation, differentiation, senescence, apoptosis
[11, 12], autophagy [13], and DNA damage response
[14], ultimately play roles in tumor suppression [10,
13], organ fibrosis [15—17], angiogenesis [ 18], and in-
flammation [19]. Fan et a/. [20] found that HIPK?2 reg-
ulates pro-apoptotic, pro-fibrotic, and pro-inflammato-
ry pathways including Wnt/B-catenin in renal fibrosis.
Kim et al. [21] demonstrated that HIPK?2 can regulate
Whnt signaling pathway via the direct phosphorylation
and degradation of PB-catenin. A preliminary study
found that the HIPK2 gene was deleted in human
lung fibroblasts derived from IPF action patients [11].
HIPK?2’s effect and mechanism of HIPK2 in pulmo-
nary fibrosis have yet to be determined. This study
investigates whether HIPK2 can attenuate pulmonary
fibrosis by inhibiting the Wnt/B-catenin pathway in
vivo and in vitro.

Materials and methods

Construction, identification, and amplification of overex-
pressing and interfering adenovirus vectors. The adenovirus
vector overexpressing or silencing HIPK?2 and its control were
constructed successfully by Tianjin Saier Biotechnology Co.,
Ltd. They were Ad-control-GFP (MOCK), Ad-HIPK2-GFP
(HIPK2"), Ad-sh-control-GFP (normal control), Ad-sh-HIPK2-
GFP (HIPK2 ). These adenoviruses were identified under
a fluorescence microscope after transfection into 293A cells.
The titers of the four adenoviruses were 1.12 x 10%, 1.25 x 10°,
1.48 x 10* and 1.76 PFU/mL, respectively.

Construction of bleomycin-induced pulmonary fibrosis mice
and collection of lung samples. All procedures were conducted
following the Experimental Animal Ethics Committee of the
Affiliated Hospital of Qingdao University. Male C57BL/6 mice,
SPF grade, 8 weeks old, weighing between 18-20 g, were
purchased from the Institute of Laboratory Animals, Chinese
Academy of Medical Sciences, Beijing, China. Thirty mice were
randomly divided into two groups, the Control group, and the
Model group. Bleomycin (2 mg/kg) was injected into the trachea
to construct a pulmonary fibrosis model (Model group), while
the Control group was injected with the equivalent volume of
normal saline, the experiment was performed as previously
©Polish Society for Histochemistry and Cytochemistry
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described [22]. At 7, 14, and 28 days after modeling, five mice
were sacrificed in each group, and lung samples were collected
to evaluate the severity of pulmonary fibrosis and the expres-
sion of HIPK?2 in fibrotic tissue. The left lung was fixed in 4%
paraformaldehyde and then stained with HE (HE staining kit
C0105, Biyuntian Company, China) and HIPK2 immunohisto-
chemistry was carried out (Tianjin Saier Biotechnology Co., Ltd,
China) (CST, Danvers, MA, USA). Another 45 C57BL/6 mice
were randomly divided into 3 groups: (1) MOCK group, (2)
MOCK-+bleomycin group, and (3) overexpressing HIPK2+
bleomycin group (HIPK2 + bleomycin group). The pulmonary
fibrosis model was established by intratracheal injection of
bleomycin in the MOCK + bleomycin group and HIPK2"
+ bleomycin group, while the equivalent volume of normal
saline was injected into the trachea of the MOCK group as
control. Subsequently, Ad-control-GFP or Ad-HIPK2-GFP
adenovirus vectors were injected into mice via tail vein on the
second day after modeling for in vivo transfection. The amount
of virus given to each mouse was 5 x10° PFU. Similarly, five
mice were sacrificed at 7 days, 14 days, and 28 days after mod-
eling. The left lung was also fixed in 4% paraformaldehyde and
then used for HE staining (HE staining kit C0105, Biyuntian
Company, China), Masson staining (Masson staining kit C0105,
Biyuntian Company, China), and immunohistochemical staining
of HIPK2 (Tianjin Saier Biotechnology Co., Ltd, China) or
B-catenin (CST, USA). The right lung was stored at —80°C and
then used for hydroxyproline content measurement, Western
blotting, and Realtime-PCR.

Construction of mouse lung fibroblasts overexpressing or
silencing HIPK2. Primary mouse lung fibroblasts (MLFs)
were isolated, cultured, and identified as previously described
[22]. MLFs in the logarithmic growth phase were inoculated
into 6-well plates with 1.5 x 10° cells in each well and cultured
in a DMEM medium (Gibco BRL, Gaithersburg, MD, USA)
containing 10% fetal bovine serum (FBS). After 24 h, the fusion
degree of MLFs was about 40% as assessed under an inverted
microscope (Olympus Corporation, Tokyo, Japan). The cell
culture medium was then removed, and MLFs were washed
twice with an Opti-MEM culture medium (Invitrogen, Waltham,
MA, USA). One mL Opti-MEM culture medium with 5 ug/mL
Polybrene (Santa Cruz, CA, USA) was added. The multiplicity
of infection (MOI) was set at 10, 20, 40, 80, and 100, and the
corresponding volume of adenovirus solution was given. The
cells were then cultured in an incubator containing 5% CO, at
37°C. After 24 h, Opti-MEM was replaced by DMEM medium
containing 10% FBS. After culturing for 48 h, a fresh DMEM
medium containing puromycin and 10% FBS was added. After
culturing for 72 h, the infection efficiency was observed under
a fluorescence microscope (Olympus, Japan). According to the
different sorts of transfected adenoviruses, MLFs were divided
into four groups: (1) MOCK group (MLFs transfected with
Ad-control-GFP adenovirus vector), (2) HIPK2-overexpressing
group (HIPK2" group, MLFs transfected with Ad-HIPK2-GFP
adenovirus vector), (3) Normal control group (NC, MLFs
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transfected with Ad-sh-HIPK2-GFP), and (4) HIPK2-silencing
group (HIPK2'"*" group, MLFs transfected with Ad-sh-HIPK2-
GFP adenovirus vector). To prove that HIPK2 attenuates
lung fibrosis by inhibiting the Wnt/p pathway, we added
Wnt/B-catenin signaling pathway inhibitor XAV939 (1 uM) to
the HIPK2'¥ group, and MLFs were grouped in another way
as follows: (1) NC group, (2) HIPK2"" group, and (3) HIPK-
2'"+X AV939 group. All MLFs were stimulated with 5 ng/mL
Transforming Growth Factor-B1(TGF-$ 1) (HY-P70648, Med
Chem Express, USA).

Cell proliferation assay. The cell proliferation was detected by
the CCK-8 detection kit (Ameresco, USA). MLFs were plated
in 96-well plates at a density of 3000 cells/well and cultured
for 24, 48, and 72 h respectively. 10 4L of CCK8 solution was
added to each well and MLFs were then incubated for 2 h.
A microplate reader (Bio-Tek, Winooski, VT, USA) was used to
measure the absorbance at 450 nm (OD value). Each experiment
was repeated 3 times.

Cell apoptosis assay. Annexin-V-PE/flow cytometry with an
apoptosis detection kit (Shanghai Biyuntian Company, China)
was used to measure the apoptotic rate of transfected MLFs.
2 x 107 cell suspension was centrifuged at 1000x g for 5 min,
the supernatant was removed, and then 200 yL V-FITC bind-
ing solution was added. The cells were resuspended, 10 xL of
propidium iodide (PI) staining solution was added, incubated in
the dark for 10-20 min, and then tested on a FACS Calibur flow
cytometer (Becton Dickinson, San Jose, CA, USA).

Cell migration assay. Lung fibroblasts migration was assessed
using the Transwell method. The Transwell filter (Millipore,
USA) which fits directly into the well of a 24-well plate, was
seeded with 10° serum-starved MLFs in the upper chamber and
20% fetal bovine serum (FBS; Hyclone, Logan, UT, USA) in
the lower chamber DMEM medium. The assembled assays were
incubated for 48 h at 37°C with 5% CO,. A microscope was used
to quantify the number of migratory cells. Three fields were
randomly selected for analysis in each experiment.

Real-time PCR. The relative mRNA expression levels of
HIPK?2, B-catenin, Bax, Bc1-2, capase3, collagen I, collagen I,
and 0-SMA in animals and cells were examined using quanti-
tative RT-PCR as previously described [22]. Table 1 shows the
primer design and synthesis. Cycle temperature parameters were
94°C for 4 min hot start and 40 cycles of 94°C for 30 sec, 56°C
for 30 sec, and 72°C for 30 sec.

Western blot analysis. The relative protein expression levels
of HIPK2, B-catenin, Bax, Bc1-2, caspase3, collagen I, collagen
III, and a-SMA protein in animals and cells were examined
by Western blot analysis, which was performed according
to previously described [22]. Anti-HIPK2, anti-collagen I,
anti-collagen III, and HRP-conjugated goat anti-rabbit IgG
antibodies were purchased from Abcam (Santa Cruz, CA,
USA). Anti-B-catenin, anti-Bax, anti-Bcl-2, anti-caspase3,
anti-o-SMA, and anti-GAPDH antibodies were purchased
from Tianjin Saier Biotechnology Co., Ltd., China. All pri-
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mary antibodies were used at a dilution of 1:1000 except
for the anti-GAPDH antibody, which was diluted at 1:2000.
The secondary antibody was used at a dilution of 1:20000.
Primary antibody incubation was at 4°C overnight and the sec-
ondary antibody was incubated for 1.5 h at room temperature.

Immunohistochemistry (IHC). Immunohistochemical staining
was used to detect HIPK2 expression in lung tissue samples
as described previously [23]. Consecutive sections from each
paraffin block were exposed to diluted anti-HIPK2 antibody
(1:100, sc-10083, Santa Cruz Biotechnology, Inc) or anti-B-cat-
enin antibody (1:200, ab32572, Abcam,) at 4°C overnight. Fol-
lowing incubation, slices were exposed to secondary antibody
(1:1000, HRP-conjugated goat anti-rabbit IgG, Tianjin Saier
Biotechnology Co., Ltd., China) for 1 h at room temperature.
Staining was carried out by DAB kit (Zhongshan Golden Bridge
Biotechnology Co. Ltd., China) according to the manufacturer’s
instructions. Brown particles in cells were considered positive.
Immunohistochemistry of 3-catenin was performed in the same
way, and an anti-B-catenin antibody was purchased from CST
(USA).

Hydroxyproline content determination. Hydroxyproline con-
tent was measured using a hydroxyproline assay kit (SigmaAl-
drich, Saint Louis, MO, USA) according to the manufacturer’s
instructions. A BioTek ELx800 plate reader was used to measure
the absorbance (A =560 nm). The hydroxyproline concentration
in lung homogenates was determined using a standard curve
created by serial dilutions.

Statistical analysis. All the values were expressed as means
+ SD. SPSS 22.0 statistical software (IBM Corp., Armonk, NY,
USA) was used for analysis. Experimental data between two
groups were compared with the #-test, and the three groups of
data were compared one after another by the Dunnet test in
one-way ANOVA. The difference was statistically significant
at P<0.05.

Results

Overexpression of HIPK? alleviated

pulmonary fibrosis

After bleomycin induction, the Model group had
significantly damaged alveolar structures, thickened
alveolar septa, and increased amount of collagen fib-
ers in alveolar septa compared to the Control group
(Fig. 1a). The lung injury aggravated gradually over
time, reaching its peak on day 28 (Fig. 1b). On days 7,
14, and 28, immunohistochemistry of HIPK2 revealed
no obvious change in the Control group, whereas
the proportion of HIPK?2 positive area in pulmonary
fibrosis tissue was significantly reduced (Fig. 1a, ¢).
Following bleomycin induction, severe pulmonary
fibrosis emerged in the MOCK + bleomycin group,
and overexpression of HIPK?2 in lung tissue attenuated
the severity of pulmonary fibrosis (Fig. 1d) in mice
on days 7, 14, and 28. Ascroft scores increased from
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Table 1. Primer sequences used for PCR analysis
Primer name Forward primer Reverse primer Product
length bp
HIPK2 5’CAGCAACACCAGCCCCTAZ’ 5’GGACTTGAAGGAGGACGAA3’ 214
B-catenin 5’GGGTGCTATTCCACGACT3’ 5’CCTTCTACTATCTCCTCC3’ 126
Bel-2 5’CTGAGTACCTGAACCGGCAT3’ 5’GGTATGCACCCAGAGTGATG3’ 174
capase3 5’GAGCTTGGAACGGTACGCTA3’ 5’CCGTACCAGAGCGAGATGAC3’ 234
Collal 5’ACAGTCGCTTCACCTACAGC3’ 5’GGGTGGAGGGAGTTTACACG3’ 201
Colla ITI 5’GGCAGTGATGGGCAACCT3’ 5’CCATTTCACCCTTTCCACC3’ 217
a-SMA 5’GTACCCAGGCATTGCTGACA3’ 5’GAGGCGCTGATCCACAAAAC3’ 271
B-actin 5’CCACCATGTACCCAGGCATT 3’ 5’CGGACTCATCGTACTCCTGC 3’ 189

2.64+0.61 to 5.42 + 0.92 in the MOCK + bleomycin
group and from 1.7 £ 0.25 to 2.9 + 0.66 in the HIPK2
+ bleomycin group (Fig. 1f). Masson staining demon-
strated that blue-stained collagen was accumulated in
the fibrotic tissue of the MOCK + bleomycin group,
but the amount of collagen fibers decreased follow-
ing HIPK2 overexpression (Fig. le, g). The change
in hydroxyproline pulmonary content was consistent
with the Ascroft score and the intensity of collagen
fiber staining (Fig. 1h). The results showed that
HIPK?2 overexpression attenuates bleomycin-induced
pulmonary fibrosis.

Overexpression of HIPK? reduced pulmonary
fibrosis by inhibiting the Wnt/[-catenin pathway
HIPK?2 immunohistochemical study revealed that the
proportion of HIPK2-positive area decreased in the
MOCK-+bleomycin group, whereas it increased sig-
nificantly in HIPK2 + bleomycin group (Fig. 2a, c).
Compared to the MOCK group, immunohistochemical
(IHC) staining of B-catenin in the MOCK + bleomycin
group was brownish yellow, while nuclear staining
increased and peaked at day 28 (Fig. 2b, d). On days
7, 14, and 28, the relative expression of B-catenin,
collagen I, collagen III, and a-SMA was higher at the
protein and mRNA levels in MOCK + bleomycin than
in the MOCK group (Fig. 2e, g—j, Table 2). Compared
to the MOCK + bleomycin group, the HIPK2 + ble-
omycin group expressed lighter staining of B-catenin
in the cytoplasm and nucleus (Fig. 2b, d). The relative
expressions of B-catenin, collagen I, collagen III, and
0-SMA at the protein and mRNA levels were signifi-
cantly decreased and the differences were statistically
significant (Fig. 2e, g—j, Table 2). Thus, overexpression
of HIPK?2 suppressed Wnt/B-catenin signaling pathway
activation and mesenchymal markers expression in
a mouse model of pulmonary fibrosis.
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Construction of overexpression and interfering
HIPK? stable strains

MLFs were transfected with lentiviruses labeled with
a green fluorescent protein (GFP) and HIPK?2 gene
fragments. MLFs were observed under a fluorescent
microscope following successful transfection. Under
a light microscope, we observed normal morphology
of MLFs, and under a fluorescent microscope we
observed green fluorescence at the optimal infection
efficiency (40 MOI) (Fig. 3a). RT-PCR and Western
blot analysis revealed that the relative mRNA and
protein expression levels of HIPK2 were increased in
the HIPK2" group cells but decreased in the HIPK-
2w oroup cells (Fig. 3b, ¢). There was a statistically
significant difference (P < 0.05).

Upregulation of HIPK? inhibited the activation
of MLFs while downregulation promoted their
activation

MLFs were activated with 5 ng/mL TGF-B1, then we
explored the role of HIPK2 overexpression on cell
proliferation, apoptosis, and migration. In the HIPK2"
group, the number of migrated MLFs observed under
a high magnification field of view was reduced (Fig.
4a, b), and the relative cell apoptosis rate was enhanced
(Fig. 4c, d), and MLFs proliferation was suppressed
after 24, 48, and 72 h (Fig. 4¢). Simultaneously, pro-
tein and mRNA expressions of the proapoptotic fac-
tors Bax and caspase 3 were considerably enhanced,
whereas signaling pathway proteins B-catenin, the
anti-apoptotic factor Bcl-2, and mesenchymal cell
markers collagen I, collagen III, and a-SMA were
decreased (Fig. 4f—m, Table 3). In the HIPK2'°* group,
the number of migrated MLFs increased (Fig. 4a, b),
the relative apoptotic rate decreased (Fig. 4c, d), and
MLFs proliferation was boosted at 24, 48, and 72 h
in the HIPK2"* group (Fig. 4¢). Similarly, Bax and
caspase 3 relative mRNA and protein expression were
decreased, while B-catenin, Bcl-2, collagen I, collagen
11, and a-SMA were increased (Fig. 4f~m, Table 3).
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Figure 1. HIPK2 was low expressed in bleomycin-induced pulmonary fibrosis in mice, and overexpression of HIPK2 in vivo allevi-
ated pulmonary fibrosis. HE, Masson, and immunohistochemical (IHC) stainings were performed in mice lung tissues as described
in Material and methods. A. The alveolar structure was severely destroyed and the alveolar septa were widened after intratracheal
instillation of bleomycin; HIPK2 expression in the Model group was lower than that of the Control group (scale bar: 50 um).
B. The Model group had a high Ascroft score. C. The proportion of HIPK2-positive area in pulmonary fibrosis was decreased as
shown by THC staining. D. HIPK2 overexpression in mice alleviated bleomycin-induced pulmonary fibrosis (scale bar: 50 um).
E. In the HIPK2+bleomycin group, there were fewer blue-stained collagen fibers in pulmonary fibrosis tissue than in the lungs of
MOCK + bleomycin group; MOCK, MLFs transfected with Ad-control-GFP adenovirus vector (scale bar: 50 um). F. Ascroft scores
of the HIPK2+bleomycin group at all time points were lower than those of the MOCK + bleomycin group; G. The collagen-stained
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area in the lungs at all time points in the HIPK2 + bleomycin group was lower than that of the MOCK + bleomycin group. H. Hy-
droxyproline concentration in lung homogenates of HIPK2 + bleomycin group at all time points was lower than that of the MOCK
+ bleomycin group. *, ™ — compared to Control or MOCK (MLFs transfected with Ad-control-GFP adenovirus vector) group,

P <0.05 and P < 0.01, respectively; **— compared to MOCK + bleomycin group, P < 0.05 and P < 0.01, respectively.

These findings indicated that HIPK2 upregulation
prevented MLFs activation and accelerated apoptosis
via Wnt/B-catenin signaling pathway, whereas down-
regulation of HIPK?2 had the opposite effect.

HIPK?2 downregulation promoted MLFs
activation through the Wnt/[}- catenin signaling
pathway

We used the XAV939 molecule as a Wnt/B-catenin
signaling pathway inhibitor [24]. MLFs were divided
into three groups in the in vitro experiments: NC, HIP-
K2"®¥ and HIPK2"¥ + XAV939. We discovered that
HIPK?2 downregulation enhanced MLFs migration,
whereas XAV939 treatment attenuated the downregu-
lation of HIPK?2 induced increase of MLFs migration
(Fig. 5a). The number of migrated MLFs decreased
dramatically following XAV939 intervention as seen
at high magnification (Fig. 5b). Downregulation of
HIPK?2 protected MLFs from apoptosis, whereas
XAV939 enhanced apoptosis (Fig. 5¢); the HIPK2'"
group had a lower relative apoptosis rate than the
NC group, and HIPK2"°* + XAV939 group (Fig. 5d).
Downregulation of HIPK2 promoted the proliferation
of MLFs, which was decreased after treatment with
XAV939 (Fig. 5¢). Western-blot and RT-PCR analysis
revealed that the relative expression of Bax and caspa-
se 3 were significantly lower in the HIPK2"¥ group
than in the NC group, while Bcl-2, -catenin, collagen
I, collagen 111, and a-SMA were significantly higher in
HIPK2"¥ group than in NC group (Fig. 5f~m, Table 4).

Compared with the HIPK2"" group, the HIPK2'"*™
+ XAV939 group had higher expression levels of
mRNA and protein of Bax and caspase-3 and lower
Bcl-2, B-catenin, collagen I, collagen III, and a-SMA
(Fig. 5f—m, Table 4). Therefore, our in vitro findings
demonstrated that HIPK2-induced MLFs activation
can be reversed by a Wnt/B-catenin signaling pathway
inhibitor.

Discussion

Idiopathic pulmonary fibrosis is the most common
and severe type of diffuse interstitial pneumonia
[25] characterized by excessive deposition of ex-
tracellular matrix (ECM) proteins by activated lung
fibroblasts and myofibroblasts, resulting in reduced
gas exchange and impaired pulmonary function [26].
The pathogenesis of IPF is complex and involves the
interaction of multiple signaling pathways. HIPK2 is
a member of the nuclear dual-specificity serine/thre-
onine and tyrosine kinases family, a transcriptional
auxiliary regulatory protein of significant importance
[12]. In recent years, as research has progressed, it
has been discovered that HIPK2 plays a critical part
in the pro-fibrotic and pro-apoptotic pathways. Jin
et al. [16] demonstrated that HIPK2 mediates apop-
tosis and epithelial-mesenchymal transition of renal
tubular epithelial cells in kidney fibrosis. He ef al.
[17] found that HIPK2 expression was significantly
up-regulated in liver fibrotic tissues and TGF-p1-

Figure 2
a HIPK2 immunohistochemistry b B-catenin immunohistochemistry
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Figure 2. Overexpression of HIPK?2 in vivo reduced pulmonary fibrosis by inhibiting the Wnt/B-catenin pathway. A. IHC staining
revealed enhanced HIPK2-positive area in the HIPK2 + bleomycin group (scale bar: 50 zm). B. B-catenin in the MOCK + bleomycin
group was brownish yellow, and positive nuclear staining increased compared to the MOCK group; however, in HIPK2 + bleomycin
group, the staining became lighter and nuclear staining decreased (scale bar: 50 um). C. The proportion of HIPK2-positive area
was elevated in the HIPK2 + bleomycin group. D. The proportion of B-catenin-positive area was decreased in HIPK2 + bleomycin
group in IHC staining. E. The protein expression levels of HIPK2, -catenin, collagen I, collagen III, and a-smooth muscle actin
(a-SMA) were assessed by Western blotting in three experimental groups at 3 time points. F—J. The relative protein expression levels

of HIPK2, B-catenin, collagen I, collagen III, and o-SMA. ", ™ —

compared to MOCK group, P < 0.05 and P < 0.01, respectively;

# — compared to MOCK + bleomycin group, P < 0.05 and P < 0.01, respectively.

treated HSCs. However, HIPK2 function in pulmonary
fibrosis remains unknown. We suspected that abnormal
HIPK?2 expression is associated with IPF pathogenesis.
Thus, we designed in vivo and in vitro experiments to
elucidate the impact of HIPK2 expression variations
on bleomycin-induced pulmonary fibrosis and lung
fibroblasts in mice.

We successfully developed a model of pulmonary
fibrosis using bleomycin and discovered that the
Model group exhibits more severe alveolar structure
destruction and a lower proportion of positive area
for HIPK?2 THC staining in fibrotic tissue. The result
is consistent with the findings of Ricci et al. [11] who
confirmed that lung fibroblasts from IPF patients have
low HIPK2 protein and mRNA expression levels.
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Therefore, we boosted HIPK?2 expression in lung tissue
and found that HIPK2 + bleomycin group had lower
pulmonary fibrosis severity, collagen fiber staining
intensity, and hydroxyproline content. These results
demonstrate that lentiviral in vivo overexpression of
HIPK?2 reduces the severity of bleomycin-induced
pulmonary fibrosis. Previous studies have found that
HIPK?2 knockdown can promote kidney [16] or liver
[17] fibrosis, which is contrary to our findings. The
conflicting result may be linked to tissue-specific
effects [27] or multiple signal pathways related to it,
and the mechanism is still unclear.

The Wnt/B-catenin signaling pathway plays an
important role in the mechanisms of fibrotic diseases
[28, 29]. B-catenin is the key downstream effector in
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Figure 3
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Figure 3. Construction of overexpression and knock-out HIPK?2 stable mouse lung fibroblasts (MLFs) strains. A. MLFs showed
normal morphology under the light microscope, and green fluorescence in transfected cells was detected under a fluorescent micro-
scope at the optimal transfection efficiency [40 MOI, (scale bar: 50 xm)]. B. The mRNA expression levels of HIPK?2 in four groups
of cells. C. The protein expression levels of HIPK?2 in the four groups. MOCK, MLFs transfected with Ad-control-GFP adenovirus
vector; HIPK2", MLFs transfected with Ad-HIPK2-GFP adenovirus vector; NC, MLFs transfected with Ad-sh-control-GFP vector;

Relative HIPK2 protein expression level
(normalized to GADPH )

HIPK2"¥, MLFs transfected with Ad-sh-HIPK2-GFP adenovirus vector.

Table 2. Relative mRNA expression levels of HIPK2, B-catenin, and mesenchymal markers in lung tissues of mice at the three-

time points

Sacrifice Groups HIPK2 p-catenin Collagen Collagen III o-SMA

time

7 Day MOCK 1.00 + 0.027° 1.00 + 0.025° 1.00+0.018* 1.00 £ 0.034* 1.00 + 0.054°
MOCK-+bleomycin 0.44+0.017 2.20 +0.036 2.64 +0.141 1.64 £0.041 2.43+0.168
HIPK2+ bleomycin 2.06 +0.033* 1.09 + 0.066° 1.27+0.084* 2.27+0.184° 1.89 £0.119*

14 Day MOCK 1.00 £ 0.049° 1.00£0.017 1.00 £ 0.042° 1.00 £ 0.042° 1.00 £ 0.016°
MOCK + bleomycin 0.32+0.014 2.16 +£0.016 3.40+0.183 2.10 +0.083 2.87 +0.056
HIPK2+ bleomycin 2.10 £ 0.142° 1.17 +0.004* 1.78 £ 0.134* 0.98 £0.031° 1.76 + 0.085°

28 Day MOCK 1.00 £ 0.053¢ 1.00 £ 0.027° 1.00 £ 0.044 1.00 + 0.044° 1.00 +0.032°
MOCK + bleomycin 0.29+0.014 2.41+0.028 3.89+0.172 249+0.172 3.70+0.235
HIPK2+ bleomycin 2.17 £ 0.047° 1.26 £ 0.149° 1.97 £ 0.036° 1.87 £0.136° 2.04 +£0.063*

Data is expressed as mean + standard deviation (n = 5); *compared with MOCK + bleomycin group (P < 0.01).

Table 3. Relative mRNA expression of B-catenin, apoptotic factors, and mesenchymal markers of MLFs in each group

Groups MOCK HIPK2" NC HIPK2""

fB-catenin 1.00 £ 0.095 0.64 +0.196* 1.00 £ 0.084 2.89+0.118°
Bax 1.00+0.123 2.89+0.122* 1.00 £ 0.156 0.37£0.174°
Bcl-2 1.00 £ 0.097 0.48 +0.184* 1.00 +0.184 2.15+0.121°
Caspase 3 1.00 £ 0.104 2.05+0.090° 1.00 £ 0.087 0.86 +0.130°
a-SMA 1.00 £0.103 0.48 + 0.894° 1.00 £ 0.134 1.93 +£0.231°
Collagen 1 1.00 +0.087 0.49 +0.081* 1.00£0.135 1.86 +0.129°
Collagen IIT 1.00+0.173 0.52+£0.097* 1.00 £0.154 2.39 +0.093°

Data is expressed as mean =+ standard deviation (n = 3). * compared with MOCK group, P < 0.01; *compared with NC group, P < 0.01.
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Figure 4. HIPK?2 overexpression in MLFs inhibited the activation of MLFs and promoted apoptosis via the Wnt/B-catenin signaling
pathway, while HIPK2 downregulation had the opposite effect. A. The view of migrated MLFs (scale bar: 50 um). B. The number
of migrated MLFs decreased in the HIPK2" group while increased in the HIPK2"" group compared with their controls. C, D. Flow
cytometry revealed that HIPK2 overexpression promoted the apoptosis of MLFs; however, down-regulation led to the opposite
result. E. HIPK2 overexpression inhibited the proliferation of MLFs at 24, 48, and 72 h, while down-regulation promoted the pro-
liferation of MLFs. F—-M. Western blot analysis, representative blots were shown. In the HIPK2" group, protein expression levels
of apoptotic factors Bax and caspase 3 were increased relatively, while the expression levels of B-catenin, anti-apoptotic factor
Bcl-2, and mesenchymal markers collagen I, collagen II1, and a-SMA were decreased; however, the levels of the studied proteins of
HIPK2'""™ group got the opposite results. *, ** — compared to the MOCK group, P < 0.05 and P < 0.01, respectively; ** Compared
to NC group P < 0.05 and P< 0.01, respectively. Cell symbols as in the description of Fig. 3.
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Figure 5
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Figure 5. Wnt/B-catenin signaling pathway inhibitor XAV939 reversed MLFs activation induced by HIPK2 downregulation.
A. The view of transmembrane MLFs (scale bar: 50 um). B. The number of transmembrane MLFs increased in the HIPK2'¥ group
while decreased in the HIPK2°¥+ X AV939 group. C, D. Flow cytometry showed that the low-expression of HIPK2 protected MLFs
from apoptosis, while XAV939 promoted apoptosis. E. HIPK2 downregulation promoted the proliferation of MLFs, and it was
reversed after adding XAV939. F-M. Western blot analysis, representative blots were shown. Compared with the HIPK2Y group,
the HIPK2" + XAV939 group had higher expression of Bax and caspase 3 and lower expression of Bcl-2, B-catenin, collagen I,
collagen III, and a-SMA. *, ™ — compared to the NC group, P < 0.05 and P < 0.01, respectively; *,* — compared to HIPK2"¥
group P <0.05 and P < 0.01, respectively.

the Wnt/B-catenin pathway and it serves as a tran-
scriptional co-regulator to modulate the expression
of Wnt target genes [30]. Its stable accumulation in
the cytoplasm and translocation into the nucleus are
critical events in pulmonary fibrosis development [31].

©Polish Society for Histochemistry and Cytochemistry
Folia Histochem Cytobiol. 2022
10.5603/FHC.a2022.0022

ISSN 0239-8508, e-ISSN 1897-5631

Previous studies have established that HIPK?2 triggers
several pro-fibrotic, and pro-apoptotic pathways
including Wnt/B-catenin in kidney fibrosis [20]. To
determine the particular mechanism of HIPK2 ex-
pression alterations in pulmonary fibrosis and the
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Table 4. Relative mRNA expression of f-catenin, apoptotic factors, and mesenchymal markers of MLFs after XAV939 treatment

Groups NC HIPK2'"" HIPK2"" + XAV939
B-catenin 1.00 £ 0.1732 2.18+0.098 1.23+£0.127¢

Bax 1.00 +0.223# 3.04 +0.149 1.28 £0.133*

Bcl-2 1.00 + 0.202° 2.75+£0.223 1.16 +£0.198
Caspase 3 1.00 +0.135% 0.49 £ 0.224 1.21£0.117
a-SMA 1.00 +0.163* 2.26 +£0.235 1.17 £ 0.090*
Collagen 1 1.00 + 0.090? 4.64+0.174 1.56 £0.136*
Collagen III 1.00 +0.103* 3.04 +0.140 1.13+0.152°

Data are expressed as mean =+ standard deviation (n = 3). *Compared with HIPK2'¥ group, P < 0.01.

Wnt/B-catenin signaling pathway, mice were trans-
fected in vivo to overexpress HIPK?2 in lung tissue. We
found that bleomycin induced an enhanced expression
of B-catenin and mesenchymal cell markers (a-SMA,
collagen I, and collagen III) in the lung, furthermore,
nuclear B-catenin expression increased markedly.
These changes were attenuated via overexpression of
HIPK2. These results indicate that HIPK2 overexpres-
sion suppresses the Wnt/B-catenin signaling pathway
and reduces pulmonary fibrosis in bleomycin-induced
lung fibrosis.

HIPK2 can function as a negative [32] or positive
regulator [33] of Wnt signaling. Cell-type speci-
ficity and other signaling inputs will likely affect
HIPK2-regulated Wnt signaling [32]. In a few in-
stances, HIPK2 knock-down increases stabilization
and concomitant translocalization of B-catenin to the
nucleus, and transactivation of P-catenin targeted
genes [21]. More often, HIPK?2 positively regulates
the Wnt pathway by preventing degradation of f-cat-
enin and increasing the transcriptional activity of the
B-catenin/TCF complex [27]. To further understand
the mechanism of HIPK2 expression variations in lung
fibroblasts, we created MLFs that stably overexpress
and silence HIPK2. Increased HIPK2 expression
suppressed MLFs activation, including decreased mi-
gration and proliferation capacity, enhanced apoptosis
rate, and lowered mesenchymal markers expression;
MLFs with downregulated HIPK?2 expression yielded
the opposite detection results. the B-catenin expression
changed inversely with the HIPK?2 expression level,
decreased at high HIPK2 expression, and increased
at low HIPK2 expression. These results suggest that
HIPK?2 can negatively regulate MLFs activation,
which may be mediated by the Wnt/B-catenin signa-
ling pathway.

XAV939 can specifically inhibit Wnt/p-catenin
signaling activation [24]. After binding to tankyrase,
XAV939 can maintain the integrity of the destruction
complex by stabilizing the Axin2 structure [34] via
inhibiting the activity of the end anchorage polymerase
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PARP, leading to the degradation of B-catenin [35]. To
further confirm the relationship between MLFs activa-
tion, HIPK?2, and Wnt/ B-catenin, we established NC,
HIPK2"¥, and HIPK2"°" + XAV939 MLF groups. We
discovered that HIPK2"*¥ + XAV939 group inversed
all the characteristics driven by low expression of
HIPK2. Compared to the HIPK2"" group, HIPK2'"*¥
+ XAV939 group appeared to suppress cell migration,
proliferation capacity, and mesenchymal markers
expression but enhanced apoptosis. Simultaneously,
B-catenin mRNA and protein expression were inhib-
ited in the HIPK2+XAV939 group. This implies that
XAV939 intervention in the Wnt/B-catenin signaling
pathway attenuated the MLFs activation induced
by HIPK2 gene downregulation, confirming that
HIPK?2 regulates MLFs activation via the Wnt/B-cat-
enin signaling pathway.

In summary, our investigation reveals that low
expression of HIPK2 promotes pulmonary fibrosis
and lung fibroblast activation via the Wnt/B-catenin
signaling pathway, whereas HIPK2 overexpression
suppresses pulmonary fibrosis development and
Wnt/B-catenin signaling pathway inhibitor suppresses
lung fibroblast activation. Although the experiment
was limited to MLFs and bleomycin-induced pulmo-
nary fibrosis mouse models, HIPK2 and Wnt/B-catenin
signaling pathways as potential therapeutic targets for
pulmonary fibrosis are worth additional investigation.
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