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Abstract: Idiopathic pulmonary fibrosis (IPF) is a progressive disease with poor prognosis and no
curative therapies. SCF-Skp2 E3 ligase is a target for cancer therapy, but there have been no reports
about Skp2 as a target for IPE. Here we demonstrate that Skp2 is a promising therapeutic target for IPF.
We examined whether disrupting Skp2 suppressed pulmonary fibrosis in a bleomycin (BLM)-induced
mouse model and found that pulmonary fibrosis was significantly suppressed in Skp2-deficient
mice compared with controls. The pulmonary accumulation of fibrotic markers such as collagen
type 1 and fibronectin in BLM-infused mice was decreased in Skp2-deficient mice. Moreover, the
number of bronchoalveolar lavage fluid cells accompanied with pulmonary fibrosis was significantly
diminished. Levels of the Skp2 target p27 were significantly decreased by BLM-administration
in wild-type mice, but recovered in Skp2~/~ mice. In vimentin-positive mesenchymal fibroblasts,
the decrease of p27-positive cells and increase of Ki67-positive cells by BLM-administration was
suppressed by Skp2-deficency. As these results suggested that inhibiting Skp2 might be effective
for BLM-induced pulmonary fibrosis, we next performed a treatment experiment using the Skp2
inhibitor SZL-P1-41. As expected, BLM-induced pulmonary fibrosis was significantly inhibited by
SZL-P1-41. Moreover, p27 levels were increased by the SZL-P1-41 treatment, suggesting p27 may be
an important Skp?2 target for BLM-induced pulmonary fibrosis. Our study suggests that Skp2 is a
potential molecular target for human pulmonary fibrosis including IPF.
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1. Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive and deadly diffuse parenchymal
lung disorder characterized by destruction of lung architecture with an accumulation of fibroblasts,
myofibroblasts, and extracellular matrix (ECM), such as collagen and fibronectin [1]. While the
etiology of IPF is not fully understood, it results in impaired pulmonary function ultimately leading to
respiratory failure. IPF patients have a poor prognosis, with a median survival of 2—4 years [2].

Until recently, there was no effective pharmacological IPF treatment, and lung transplantation
was the only treatment that had been shown to improve prognosis [3]. Thus, there is urgent need to
develop more effective agents.

It is currently believed that IPF results from an interaction between exogenous and endogenous
factors. Environmental exposure, including cigarette smoking, metal and wood dust, farming, viruses
and stone debris, have been observed to increase the risk of IPF [4,5]. Several candidate genes involved
in the onset of IPF have also been reported, but molecularly, little has been elucidated.

The bleomycin (BLM)-induced mouse pulmonary fibrosis model is the most popular model
used for evaluating the potential effects of therapeutics and investigating mechanisms of IPF
development [6]. BLM is an antitumor agent that induces double strand DNA breaks to tumor
cells, leading to apoptotic cell death. BLM also severely induces lung injury and fibrosis. In early
stages, BLM-administration induces pulmonary epithelial cell death, and in middle stages, induces
the infiltration of neutrophils, macrophages and lymphocytes. Then, activated fibroblasts produce
ECM proteins such as collagens and fibronectin and develop typical fibrosis about two weeks after
BLM-administration [6].

We have previously reported that unilateral ureteral obstruction-induced chronic renal fibrosis in
mice is suppressed by S-phase kinase-associated protein 2 (Skp2)-deficiency [7]. Skp2 is an F-box protein
that plays critical roles in the Skp1/Cullin 1/F-box (SCF)-Skp2 ubiquitin ligase complex [8,9]. SCF-Skp2
targets and ubiquitylates several growth inhibitory proteins such as cyclin-dependent kinase (CDK)
inhibitors (p27, p21, p57) and tumor suppressor proteins (p130 and Tob1) for proteasome-mediated
degradation [8,10,11]. In the chronic renal fibrosis model, our data suggested that Skp2 promotes
the tubular epithelial cell proliferation required for tubule dilatation that is accompanied by renal
injury progression via p27-degradation [7,12]. Based on these findings, we speculated that Skp2 might
also contribute to pulmonary fibrosis and be a potential molecular target for IPF therapy. To test this
hypothesis, we investigated whether Skp2-deficiency affects fibrotic progression in the BLM-induced
mouse pulmonary fibrosis model. Moreover, we evaluated whether a small molecule Skp2 inhibitor
could be a potential therapy for IPE.

2. Results

2.1. BLM-Induced Lung Fibrosis Was Suppressed in Skp2-Deficient Mice

We evaluated whether Skp2 is a potential molecular target for IPF using the BLM-induced
pulmonary fibrosis mouse model. As shown in Supplementary Figure S1, pulmonary fibrosis began
one week after BLM-injection and reached a maximum level after 3-4 weeks, as evaluated by Masson
trichrome (MT) staining and type 1 collagen 1 (COL1A1) immunostaining. Because fibrotic changes
began one week after BLM-injection and were more evident and extensive after two weeks, we
evaluated the effects of Skp2-deficiency at a relatively early stage of pulmonary fibrosis progression
using Skp2-deficient mice two weeks after BLM-injection.
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As shown in Supplementary Figure S2a, hematoxylin and eosin (HE) staining of lung sections
indicated that saline-infused mice showed approximately the same normal morphology of lung tissues
among wild-type (WT), Skp2*/~ and Skp2~/~ mice. There were apparent lung injury features such
as thickening of the alveolar walls, inflammatory cell infiltration, focal regions of damaged alveolar
structure, and distorted pulmonary architecture in the lung interstitium in BLM-infused mice lungs
indicated by HE staining and ECM accumulation indicated by the green area in MT staining in both
WT and Skp2*/~ mice, whereas these fibrotic features were clearly reduced in Skp2~/~ mice (Figure 1a

and Supplementary Figure S2a).
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Figure 1. Bleomycin-induced pulmonary fibrosis was suppressed in Skp2-deficient mice: Skp2*/*
(WT), Skp2*/~ and Skp2~/~ mice were intratracheally infused 2 mg/kg bleomycin (BLM) (1 = 4:5:5,
respectively) or saline (1 = 4:5:4, respectively). Two weeks after BLM administration, bronchoalveolar
lavage fluids were obtained. Then the mice were sacrificed and lung tissues were harvested. The
paraffin-embedded lung tissues were subjected to hematoxylin-eosin (HE) staining (Supplementary
Figure S2a) and Masson’s trichrome (MT) staining. (a) Representative lung images of MT staining in
WT, Skp2*/~ and Skp2~/~ mice infused with saline (upper panels) or BLM (lower panels). The scale
bar indicates 100 um in the low magnification images and 20 um in the high magnification images.
(b,c) BLM-induced pulmonary fibrosis was suppressed in Skp2~/~ mice. Degrees of pulmonary fibrosis
were graded and evaluated by the Ashcroft method (b) as described in Materials and Methods. Fibrotic
regions stained green in MT staining were measured and calculated as the fibrosis score (c) as described
in Materials and Methods. (d) Pearson’s product-moment correlation coefficient showed a significant
correlation between the scores from the two evaluation methods.
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To compare the degree of pulmonary fibrosis, we evaluated two different scores: the Ashcroft
score and the fibrosis score. As described in Materials and Methods, microscopic HE-stained tissue
images were graded according to the Ashcroft method (Figure 1b) [13]. Moreover, green fibrotic
areas versus red non-fibrotic areas after MT staining were quantified using Image]J software, and then
their ratios were calculated as the fibrosis score (Figure 1c). As shown in Figure 1b, BLM-infused
Skp2~/~ mice lungs showed significantly lower Ashcroft scores than BLM-infused WT and Skp2+/~
mice lungs (WT vs. Skp2~/~: p = 0.0037, Skp2*/~ vs. Skp2~/~: p = 0.0062). Moreover, as shown in
Figure 1c, BLM-infused Skp2~/~ mice lungs showed significantly lower fibrosis scores compared
with BLM-infused WT mice lungs (WT vs. Skp2~/~: p = 0.0191). To evaluate whether the Ashcroft
and fibrosis scores were correlated, the correlation between these two scores for each sample were
compared. As shown in Figure 1d, the Ashcroft and fibrosis scores were significantly correlated using
Pearson’s product-moment correlation (v = 0.9710, p < 0.0001). This result supports the accuracy of
these evaluation methods, and therefore, strongly suggested that BLM-induced pulmonary fibrosis
was suppressed in Skp2-deficient mice.

2.2. Skp2-Deficiency Suppressed the Accumulation of Fibrosis Markers in the BLM Model

We further investigated the effects of Skp2-deficiency on the expression of fibrosis markers in
BLM-induced fibrosis by performing immunohistochemistry on the lung tissues used in Figure 1
using antibodies against COL1A1 and fibronectin. BLM-infused WT mice showed accumulations
of both COL1A1 and fibronectin, while BLM-infused Skp2~/~ mice lungs showed weak COL1A1
and fibronectin staining compared with BLM-infused WT and Skp2*/~ lungs (Figure 2a). Moreover,
we measured staining intensities using Image J and statistically evaluated these results as described
in Materials and Methods. These results showed that BLM-infused Skp2~/~ mice lungs showed
significantly lower COL1A1 staining than BLM-infused WT and Skp2*/~ mice lungs (WT vs. Skp2~/~:
p = 0.0221, Skp2*/~ vs. Skp2~/~: p = 0.0028) (Figure 2b). Moreover, BLM-infused Skp2~/~ mice lungs
also showed significantly reduced fibronectin staining compared with BLM-infused WT and Skp2*+/~
mice lungs (WT vs. Skp2~/~: p = 0.0004, Skp2*/~ vs. Skp2~/~: p = 0.0002) (Figure 2c).

We then evaluated whether COL1A1 and fibronectin accumulations correlated with the fibrosis
scores in Figure 2d,e, respectively. Both the COL1Al and fibronectin staining intensities were
significantly correlated with the fibrosis scores in Pearson’s product-moment correlation (COL1A1 vs.
fibrosis score: r = 0.9151, p < 0.0001; fibronectin vs. fibrosis score: r = 0.8990, p < 0.0001). Therefore,
the accumulation of fibrotic markers was significantly correlated with fibrosis scores. These results
indicated that Skp2-deficiency suppressed the accumulation of fibrosis markers in the BLM model.

Additionally, as shown in Supplementary Figure S3, genotypes of the BLM model correlated with
Skp2 mRNA expression but not p27 mRNA expression in lungs. This result is reasonable, as Skp2
carries out the degradation of p27 protein as a protein ubiquitin ligase irrespective of the expression of
p27 mRNA. mRNA expressions of COL1A1 and fibronectin had a tendency to be inhibited in Skp2~/~
mice and these results are consistent with the immunohistochemistry result in Figure 2.
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Figure 2. Skp2-deficiency suppressed the accumulation of fibrosis markers in BLM model mice:
(a) Representative 3,3'-diaminobenzidine (DAB)-colored images of type 1 collagen 1 (COL1A1)
and fibronectin immunostaining in BLM-infused mice lung. Paraffin-embedded lung tissues from
BLM-infused Skp2*/* (WT), Skp2*/~ and Skp2~/~ mice were subjected to immunostaining with
anti-COL1A1 antibody (upper panel) or anti-fibronectin antibody (lower panel). The scale bar indicates
20 um. (b,c) The elevated COL1A1 expression (b) and fibronectin expression (c) seen in the BLM
model was decreased in Skp2~/~ mice. Intensities of the DAB-immunostaining with anti-COL1A1 (b)
or anti-fibronectin (c) antibody were scored and evaluated by Tukey’s test as described in Materials
and Methods. (d,e) Pearson’s product-moment correlation coefficient showed a significant correlation
between fibrosis scores and COL1A1 expression (d) or fibronectin expression (e).

2.3. Effects of Skp2-Deficiency on Bronchoalveolar Lavage Fluid Cells in the BLM Mouse Model

BLM-induced lung fibrosis is accompanied by an accumulation of bronchoalveolar lavage
fluid (BALF) cells. Therefore, we evaluated the accumulation of BALF cells in the BLM model.
As shown in Figure 3a, the total number of BALF cells was increased after BLM-administration;
however, the total number of BALF cells from BLM-infused Skp2~/~ mice was significantly decreased
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compared with BLM-infused WT and Skp2*~ mice (WT vs. Skp2~/~: p = 0.0061, Skp2*/~ vs.
Skp2~/=: p = 0.0025). Moreover, the numbers of alveolar macrophages, neutrophils and lymphocytes in
BALF were reduced in BLM-infused Skp2~/~ mice compared with BLM-infused WT and Skp2*/~ mice

(Figure 3b-d). Figures 1-3 strongly suggest that BLM-induced pulmonary fibrosis was suppressed in
Skp2-deficient mice.
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Figure 3. Effects of Skp2-deficiency on bronchoalveolar lavage fluid cells in BLM model mice:
Bronchoalveolar lavage fluids (BALF) were obtained from BLM- or saline-infused Skp2+/ +(WT), Skp2+/ -
and Skp2~/~ mice. (a) The total number of BALF cells were counted and evaluated by Tukey’s test.
(b—d) The number of pulmonary alveolar macrophages (b), neutrophils (¢) and lymphocytes (d) in BLM
model mice were counted and evaluated by Tukey’s test. The number of these cells in BLM-infused
mice were significantly suppressed by Skp2-deficiency.

2.4. The Effects of Skp2-Deficiency on p27 Levels in BLM-Induced Lung Fibrosis

Many studies indicated that the CDK inhibitor p27X#! (p27) is a main target for SCF-Skp2 E3
ligase. Therefore, we performed p27 immunostaining in the murine lung sections to determine the
involvement of p27 as a Skp2 target during the progression of BLM-induced lung fibrosis. As shown in
Supplementary Figure 54, the 3,3’-diaminobenzidine (DAB) intensities of p27-staining in saline-infused
WT mice were significantly decreased in BLM-infused WT mice (p = 0.0362). In contrast, p27 staining
intensities in Skp2~/~ mice did not decrease following BLM infusion. This result suggested that the
decreased p27 expression in BLM-induced pulmonary fibrosis was recovered in Skp2-deficient mice.

2.5. Skp2-Deficiency May Suppress the BLM-Induced Increase in Mesenchymal Fibroblasts

Double immunostaining experiments to identify p27-positive cells were performed using the
paraffin-embedded samples from Figure 1. To identify type II alveolar epithelial cells (AECII) and
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mesenchymal fibroblasts, antibodies against surfactant protein C (SFTPC) and vimentin were used,
respectively. Figure 4a—d indicated that Skp2 may partially participate in the cell proliferation of
AECII, but this might not be sufficient to affect the abundance of AECII cells. In vimentin-positive
mesenchymal fibroblasts, the decrease of p27-positive cells and increase of Ki67-positive cells by
BLM-administration was suppressed by Skp2-deficency (Figure 4e-h). Moreover, the increase of
mesenchymal fibroblasts by BLM-administration was suppressed by Skp2-deficency (Figure 4e,g).
These results suggest that Skp2 may participate in the BLM-induced increase of mesenchymal
fibroblasts via the Skp2/p27 axis.
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Figure 4. Effects of Skp2-deficiency on p27-expression and proliferation of type II alveolar epithelial
cells and mesenchymal fibroblasts in BLM-induced pulmonary fibrosis: Paraffin-embedded lung
tissues from Skp2*/* (WT) and SkpZ_/ ~ mice infused with saline or BLM as indicated in Figure 1
were subjected to immunostaining with anti-p27 antibody or anti-Ki67 antibody using DAB and
with anti-surfactant protein C (SFTPC) antibody for type II alveolar epithelial cells (AECII) (a—d)
or anti-vimentin antibody for mesenchymal fibroblasts (e-h) using alkaline phosphatase-mediated
staining. (a) Representative double immunostaining images with anti-SFTPC antibody and anti-p27
antibody or anti-Ki67 antibody in saline-infused and BLM-infused mice lung. In the high magnification
images, yellow and white arrowheads indicate p27-positive and -negative AECII cells, respectively.
Green and white arrowheads indicate Ki67-positive and -negative AECII cells, respectively. Additional
representative images are indicated in Supplementary Figure S5. The scale bar indicates 20 um.
(b) Ratios of p27-positive cells in SFTPC-positive cells. (c) Ratios of Ki67-positive cells in SFTPC-positive
cells. (d) The abundance of SFTPC-positive AECII cells. (e) Representative double immunostaining
images with anti-vimentin antibody and anti-p27 antibody or anti-Ki67 antibody in saline-infused
and BLM-infused mice lung. In the high magnification images, yellow and white arrowheads indicate
p27-positive and -negative mesenchymal fibroblasts, respectively. Green and white arrowheads indicate
Ki67-positive and -negative mesenchymal fibroblasts, respectively. Additional representative images
are indicated in Supplementary Figure S5. The scale bar indicates 20 um. (f) Ratios of p27-positive cells
in vimentin-positive cells. (g) Ratios of Ki67-positive cells in vimentin-positive cells. (h) The abundance
of vimentin-positive mesenchymal fibroblasts.

2.6. The Skp2 Inhibitor SZL-P1-41 Suppressed BLM-Induced Lung Fibrosis

The results in Figures 1-3 strongly suggested that Skp2 is required for the progression of
BLM-induced pulmonary fibrosis. Therefore, we speculated that inhibiting the SCF-Skp2 E3 ligase
activity through a small molecule compound might suppress pulmonary fibrosis. Several types of
chemical Skp2 inhibitors were explored as therapeutic drugs for malignant cancers, whereas there are
no reports about the application of Skp2 inhibitors against pulmonary fibrosis. Chan et al. reported
that SZL-P1-41 inhibits the interaction between Skp2 and Skp1 and shows inhibitory activity against
SCF-Skp2 but not against either SCE-Fbw?7 or SCF-f3-TrCP [14]. SZL-P1-41 also inhibits Skp2-dependent
cell growth in cancer cell lines in vitro. Moreover, SZL-P1-41 (80 mg/kg, daily injection) shows
anti-tumor activity in mouse xenograft models [14].

Based on these reports, we investigated whether BLM-induced lung fibrosis was suppressed by
SZL-P1-41 treatment. Wild type mice were intratracheally infused BLM (2 mg/kg). The Skp2 inhibitor
SZL-P1-41 (80 mg/kg) (n = 5) or corn oil (vehicle) (n = 6) was injected intraperitoneally daily from
day one to day 14 (Figure 5a). Because of the lung injury by BLM, body weights gradually decreased
in vehicle-injected mice (Figure 5b). Interestingly, the decreased body weight in BLM-infused mice
was recovered by SZL-P1-41 treatment, supporting the conclusion that Skp2 inhibition attenuates the
progression of pulmonary fibrosis.
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Figure 5. SZL-P1-41 inhibited pulmonary fibrosis in BLM model mice: (a) Wild type mice were
intratracheally infused BLM (2 mg/kg). The Skp2 inhibitor SZL-P1-41 (80 mg/kg) (n = 5) or corn
oil (vehicle) (n = 6) was injected intraperitoneally daily from day 1 to day 14. (b) Body weights
of mice in the different treatment groups; SZL-P1-41 (red) and vehicle (blue). (c) Two weeks after
BLM treatment, BALF (Supplementary Figure S6) and lung tissues were obtained from the mice.
The paraffin-embedded lung tissues were analyzed by HE (Supplementary Figure S2b) and MT (c)
staining. The scale bar indicates 100 pm. (d—f) BLM-induced pulmonary fibrosis was suppressed
in SZL-P1-41-treated mice. Degrees of pulmonary fibrosis were scored and evaluated by Ashcroft
(d) and fibrosis (e) scores. (f) Pearson’s product-moment correlation coefficient showed a significant
correlation between the scores from the two evaluation methods.
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As shown in Figure 5¢, vehicle-injected BLM mice showed apparent lung injury features such as
thickening of the alveolar walls, focal regions of damaged alveolar structure, and distorted pulmonary
architecture in the lung interstitium by HE staining and ECM accumulation indicated by green in
MT staining.

These fibrotic features in the lungs were suppressed by SZL-P1-41 treatment. Both the Ashcroft
score (Figure 5d) and fibrosis score (Figure 5e) were significantly lower in SZL-P1-41-treated mice
than in vehicle-treated mice (p = 0.0170 and p = 0.0410, respectively). Moreover, the Ashcroft and
fibrosis scores were significantly correlated in the Pearson’s product-moment correlation (r = 0.8580,
p = 0.0007) (Figure 5f), highlighting the efficacy of these evaluations. These results suggested that
BLM-induced pulmonary fibrosis was suppressed by the Skp2 inhibitor.

Moreover, we confirmed that the Skp2 inhibitor suppressed pulmonary fibrosis by evaluating
the expression of fibrosis markers. SZL-P1-41-treated mice lungs showed significantly reduced
COL1A1 and fibronectin staining compared with vehicle-treated mice lungs (p = 0.0216 and
p =0.0199, respectively) (Figure 6a—c).

-

a BLM + vehicle = BLM + Skp2 inh

i - o
. =3

COL1A1 |

Fibronectin

COL1A1 Fibronectin
P=0.0199
1

g

P=0.0216
1

COL1A1 IHC score
8
Fibronectin IHC score
3 8

0- 0-
vehicle Skp2inh vehicle Skp2inh
BLM BLM

Figure 6. Cont.



Int. ]. Mol. Sci. 2018, 19, 474 110f18

Figure 6. SZIL-P1-41 suppressed the expression of fibrosis markers in BLM model mice:
(a) Representative DAB-colored images of COL1Al1 and fibronectin immunostaining in
SZ1-P1-41-treated BLM model mice. The scale bar indicates 20 um. (b,c) The BLM-induced COL1A1
expression (b) and fibronectin expression (c) were suppressed by SZL-P1-41 treatment. Intensities
of anti-COL1A1 (b) or anti-fibronectin (c) immunostaining were scored and evaluated by Student’s
t-test as described in Materials and Methods. (d,e) Pearson’s product-moment correlation coefficient
showed a significant correlation between fibrosis scores and COL1A1 expression (d) or fibronectin
expression (e).

The staining intensities of both COL1A1 and fibronectin were significantly correlated with
fibrosis scores in the Pearson’s product-moment correlation (COL1A1 vs. fibrosis score: r = 0.7725,
p = 0.0053; fibronectin vs. fibrosis score: r = 0.7577, p = 0.0069) (Figure 6d and e, respectively).
Therefore, accumulations of fibrosis markers were significantly correlated with fibrosis scores. These
results indicate that SZL-P1-41 suppressed BLM-induced fibrosis accompanied by the accumulation of
fibrosis markers.

Next, we found the total number of cells in BALF decreased in SZL-P1-41-treated mice compared
with vehicle-treated controls (Supplementary Figure Sé6a). The numbers of lymphocytes in BALF were
significantly reduced in SZL-P1-41-treated mice, whereas those of both alveolar macrophages and
neutrophils did not change (Supplementary Figure S6b-d).

The paraffin-embedded samples of Figure 5 were subjected to double immunostaining as
described in Figure 4 (Supplementary Figure S7a). In SFPTC cells, p27-positive cells were increased
and Ki67-positive cells were decreased, by SZL-P1-41 treatment; however, this decreased cell
proliferation did not correlate with the number of AECII cells (Supplementary Figure S7b—d). In
vimentin-positive mesenchymal fibroblasts, p27-positive cells showed a tendency to be increased by
SZL-P1-41 treatment and Ki67-positive cells showed a tendency to be decreased by the treatment
(Supplementary Figure S7e,f). Moreover, the abundance of mesenchymal fibroblasts was suppressed by
SZ1-P1-41 treatment (Supplementary Figure S7g). This result is consistent with Figure 4. The decrease
of mesenchymal fibroblast may be caused by the suppression of cell proliferation by Skp2-inhibition.

Moreover, as shown in Figure 7, p27 staining intensities were significantly increased in
SZL-P1-41-treated, BLM-infused mice lungs compared with vehicle-treated mice lungs (p = 0.0282).
The result suggested that SZL-P1-41 inhibited p27 degradation in BLM-induced pulmonary fibrosis,
further demonstrating that SZL-P1-41 inhibited the Skp2 E3 ligase activity in the model.



