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Pulmonary fibrosis (PF), a progressive and life-threatening pulmonary disease, is the main pathological basis of interstitial lung
disease (ILD) which includes the idiopathic pulmonary fibrosis (IPF). No effective therapeutic strategy for pulmonary fibrosis has
been established. TGF-β signaling has emerged as the vital regulator of PF; however, the detailed molecular mechanisms of TGF-β
in PF were uncertain. In the present study, we proved that inhibition of MTORC2 suppresses the expression of P27 in MRC5 and
HLF cells. And in bleomycin-induced PFmodel, the expression of α-SMA and P27 was upregulated. Moreover, TGF-β application
increased the level of α-SMA, vimentin, and P27 inMRC5 andHLF cells. Furthermore, P27 overexpression advanced the cell cycle
process and promoted the proliferation ofMRC5 andHLF cells. Finally, the rescue experiment showed thatMTORC2 knockdown
reversed P27 overexpression-induced cell cycle acceleration and proliferation. +us, our results suggest that P27 is involved in
TGF-β-mediated PF, which was regulated by MTORC2, providing a novel insight into the development of PF.

1. Introduction

Pulmonary fibrosis is a lung disease that is hard to cure and
leads to a high mortality rate. It includes a variety of lung
diseases characterized by the progressive and irreversible
destruction of lung architecture caused by scar formation
that ultimately leads to organ malfunction, disruption of gas
exchange, and death from respiratory failure [1]. Idiopathic
pulmonary fibrosis (IPF) is the most common and severe
pulmonary fibrotic disorder, identified as a progressive and
lethal pulmonary disease with unknown etiology and un-
certain pathogenesis [2]. +emorbidity of IPF is about 3 to 9
cases per 100,000 person-years [3]. +e prognosis of IPF
patients is poor, with the average survival time being only
2–4 years. However, the clinical outcomes of IPF vary
widely, and some patients can survive for a long time [4].
Despite the latest progress of antifibrosis treatment, IPF is
still an incurable disease [5]. +ere is still much work to be

done to explore novel targets and develop strategies and/or
biomarkers to reverse pulmonary fibrogenesis.

Previous literature demonstrates that frequently occur-
ring enriched myofibroblasts with α-smooth muscle actin
(α-SMA) expression are the fibroblastic foci of IPF lung
tissue [6]. Locations of activated lung fibroblasts are fre-
quently overlapped with α-SMA-positive myofibroblasts
[7, 8]. Activated lung fibroblasts secrete ECM (extracellular
matix) components, such as collagen and laminin [9]. TGF-β
can effectively promote the differentiation of fibroblasts into
myofibroblasts and increase the secretion of ECM compo-
nents [10]. In addition, TGF-β promotes tissue remodeling
and cell-ECM interactions via inducing the expression of
integrins, matrix metalloproteinases, protease inhibitors,
and regulators of small GTPases [11]. Meanwhile, secreted
by macrophages and metaplastic alveolar epithelial cells,
TGF-β was found to be upregulated in IPF lung tissue
[12, 13]. TGF-β was also proved to induce epithelial-
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mesenchymal transition (EMT). Previous literature revealed
that TGF-β-induced EMT in alveolar epithelial cells may
partly contribute to the change of epithelial characters in IPF
lung tissue [14]. +us, it is conceivable that TGF-β may
contribute to IPF pathogenesis. Further experiments are
required to determine the exact mechanism of TGF-β in the
fibrotic process of IPF.

Studies of mTORC2 complex are less abundant than that
of the mTORC1 complex, but its role in cell proliferation
and survival was well described. mTORC2 consists of several
components, including the rapamycin-insensitive com-
panion of mTOR (Rictor), mLST8/GβL, mammalian stress-
activated protein kinase-interacting protein 1 (mSIN1),
Protor 1/2, DEPTOR, TTI1, and TEL2 [15, 16]. Recent
evidence demonstrated that mTORC2 may be related to
pulmonary fibrosis via a TGF-β-dependent pathway [17, 18].
TGF-β was reported to upregulate Rictor in fibroblasts of
IPF lung tissue, activatingmTORC2 and AKTpathways [18].
Pathological AKT activity of fibroblasts through abnormal
activation of mTORC2 signaling is feasible, which helps to
induce antiapoptosis phenotype of the fibroblasts in IPF
focal fibrous tissue. However, how mTORC2 functions in
TGF-β-mediated PF diseases including IPF is still unknown.

In the present study, we aimed to explore the detailed
mechanisms of TGF-β-mediated PF. We found that
mTORC2 could promote TGF-β-mediated PF via regulating
P27 expression.

2. Method and Materials

2.1. Cell Culture and Transfection. Human fetal lung fibro-
blasts, MRC5, and HLF were gained from the American Type
Culture Collection (ATCC,Manassas, VA), cultured in minimal
essential medium (MEM) (Gibco, USA) with 10% (v/v) FBS and
1% penicillin/streptomycin. For cell transfection, the P27 and
Rictor siRNA were synthesized by GenePharma (Shanghai,
China), and P27 overexpressed vector and control blank vector
were gained from OriGene (Rockville, MD, USA). Before the
tansfection, cells were cultured to 60%–80% confluence and
transfected using Lipofectamine 2000 (Invitrogen, CA, USA)
according to the manufacturer’s instructions.

2.2.WesternBlotting. +e cells were collected and lysed, and
sample proteins were quantitated using pierce BCA protein
assay (+ermo Fisher Scientific, Rockford, USA). Equal
amounts of proteins were separated by SDS-PAGE and
transferred to PVDF membranes. Primary antibodies and
dilutions used for Western blotting included the following:
anti-P27 (1 :1,000 dilution, Abcam, Boston, MA, USA),
antivimentin (1 :1000 dilution, Abcam), and mouse anti-
GAPDH (1 : 4,000 dilution, Abcam); anti-α-SMA (1 :1,000
dilution, Abcam), anti-β-actin (1 : 2,000 dilution, Cell Sig-
naling, Beverly, MA, USA), anti-MTORC-p (1 :1000 di-
lution, Abcam), and anti-Rictor (1 : 2000 dilution, Abcam).
Secondary antibody (horseradish peroxidase-conjugated
immuno-pure anti-IgG; H+L) was used at a dilution of 1 :
5,000. +e blots were developed with chemiluminescence
reagent ECL kit (Beit Haemek, Israel).

2.3.MouseLungFibrosisModel. +e animal procedures were
approved by the Institutional Animal Care and Use Com-
mittee at Zhejiang University. SPF C57BL/6 male mice (6–8
weeks old) were adopted and divided into two groups:
normal saline group and bleomycin injection group (2.5U/
kg). Under anesthesia, the neck skin was incised, and the
trachea was exposed. Saline or 2.5U/kg bleomycin (Sigma,
USA) insulin was injected into the mouse trachea from the
interval of the trachea cartilaginous rings with a 25-gua-
geneedle.+en, the tracheal puncture points were sutured by
silk thread. Mouse lungs were collected at 7, 14, and 28 days
for experiments.

2.4.QuantitativeReal-TimePCR (qRT-PCR). Total RNAwas
extracted using the TRIzol reagent (Invitrogen, Carlsbad,
CA) according to manufacturer’s instructions. +en, reverse
transcription was performed to get the first strand cDNA by
using the PrimeScript® RT reagent kit (TaKaRa, Dalian,
China).+e expression level of P27 was determined by qPCR
reactions and were performed by using the ABI 7500 Fast
system (Applied Biosystems, CA) with SYBR green
(TaKaRa). +e 2− ΔΔCt method was used for quantification.
All reactions were triplicated. +e relative expression of P27
was respectively normalized to GAPDH.

2.5. Immunohistochemistry. Immunostaining was done on
formalin-fixed, paraffin-embedded mice lung tissue speci-
mens, and 4μm thick paraffin sections were cut. +ese
sections were incubated overnight with anti-p27 and anti-
α-SMA antibody (Abcam) at a 1 : 200 dilution in 5% FBS
overnight and then incubated with the horseradish perox-
idase-conjugated secondary antibody for 30 min at room
temperature. +e results were visualized by reaction with
diaminobenzidine (DAB; 3,3′-diaminobenzidine tetrahy-
drochloride) and counterstaining with hematoxylin.

2.6. Cell Proliferation Assay. MRC5 and HLF cells were
plated at a density of 1.0×103 cells/well in 96-well plates.+e
cells were cultured in the corresponding serum-free medium
for 24 h. Cell viability was examined using10 μL/well CCK-8
solution (Dojindo, Kumamoto, Japan). After incubating for
2 h, the absorbance was measured at 450 nm using a MRX II
microplate reader (Dynex, Chantilly, VA, USA).

2.7. Cell Cycle Assay. MRC5 and HLF cells with different
treatments were trypsinized after washing twice with PBS
and then fixed at 20°C in 75% ethanol for 12 h. Next, the cells
were incubated with 0.5mL DNA Prep Stain (Beckman
Coulter, USA) in the dark at room temperature for 30 min.
+en, the cell cycle was determined by the flow cytometry
(BD FACScanto II, BD Biosciences, USA).

2.8. Statistical Analysis. Results are presented as
means± SEM. Significance of the differences between means
was assessed using one-way analysis of variance or a two-
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tailed Student’s t-test. Values of P less than 0.05 were
considered significant.

3. Results

3.1. P27 Was Overexpressed in Bleomycin-Induced Mouse
Lung Fibrosis Model. To explore the role of P27 in pul-
monary fibrosis, we used bleomycin to establish the mouse
lung fibrosis model and examined the expression of P27 in
the fibrotic mice lungs. As shown in Figure 1(a), bleomycin
presented a good profibrotic role, and the expression of the
lung fibrosis biomarkers a-SMA and fibronectin was sig-
nificantly increased (Figures 1(b) and 1(c)). Moreover, we
found that P27 expression was also upregulated in fibrotic
lung tissues (Figure 2(d)).

3.2. Overexpression of P27 Promotes the Cell Division and
Proliferation of Lung Fibroblasts. Next, we employed gain
and loss of function experiments to further confirm the role
of P27 in pulmonary fibrosis. Overexpression of P27 pro-
moted the cell division of MRC5 and HLF with an increased
cell number in the S stage (Figures 2(a) and 2(b)). Mean-
while, overexpression of P27 was found to promote the cell
proliferation of MRC5 and HLF (Figures 2(c) and 2(d)). P27

knockdown induced the G1 stage arrest and proliferation
inhibition.

3.3. MTORC2 Knockdown Inhibits the Expression of P27 in
Human Lung Fibroblasts. To verify the role of MTORC2 in
pulmonary fibrosis, we employed Rictor siRNA to disrupt
the function of MTORC2. Our results showed that after
Rictor knockdown, the level of phosphorylated MTORC2
was decreased and the expression of P27 was inhibited
(Figure 3).

3.4. P27Promotes TGF-β-MediatedPulmonary Fibrosis and Is
Regulated by MTORC2. Previous study showed that TGF-β
plays a vital role in pulmonary fibrosis via the EMTpathway
[19, 20]. To confirm this, we treated MRC5 and HLF cells
with TGF-β in the culture medium. As shown in Figure 4,
TGF-β enhanced differentiation from fibroblast to myofi-
broblast proved by the upregulation of a-SMA. +e EMT
pathway protein vimentin was also found to be upregulated
after TGF-β treatment, which was consistent with the
previous study. Moreover, we found that TGF-β could
enhance the level of P27, indicating that P27 was involved in
TGF-β-induced pulmonary fibrosis.
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Figure 1: Expression of a-SAM, fibronectin, and P27 in bleomycin mouse lung fibrosis model. (a) H&E staining of lung fibrotic tissue in the
NC and the bleomycin group. (b-c) Expression of a-SAM and fibronectin in the NC and the bleomycin group by IHC. (d) +e relative
expression of a-SAM, fibronectin, and P27 in the NC and the bleomycin group. +e results of a-SAM and fibronectin expression were from
the IHC staining density, and the results of P27 expression were from RT-PCR.
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Figure 2: +e role of P27 on the cell cycle of proliferation in MRC5 and HLF cells. (a, b)+e role of P27 on the cell cycle by flow cytometry.
(c, d) +e role of P27 on the cell proliferation by CCK-8 assay.
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Finally, we used rescue experiment to verify the re-
lationship between MTORC2 and P27 in TGF-β-induced
pulmonary fibrosis. +ere was no difference in the cell cycle
and proliferation of MRC5 and HLF5 transfected with P27
siRNA plus Rictor siRNA or P27 ovexpression vector plus
Rictor siRNA (Figure 5), which revealed that the role of P27
in TGF-β-induced pulmonary fibrosis was controlled by
MTORC2.

4. Discussion

Pulmonary fibrosis is a chronic and progressive lung disease,
in which repeated wound and repair processes lead to ir-
reversible destruction of lung architecture [21]. +e mo-
lecular mechanisms underlying pulmonary fibrosis are not
well elucidated [22]. Although the exact molecular biological
mechanisms of pulmonary fibrosis development are not yet

clear, a growing body of researches demonstrate that TGF-β
is a key player in fibrotic processes via inducing myofi-
broblast differentiation and inhibiting alveolar epithelial cell
growth and repair [23, 24]. However, the detailed mecha-
nisms of TGF-β underlying pulmonary fibrosis are still not
clear.

In the present study, we aimed to explore the mecha-
nisms of TGF-β in pulmonary fibrosis.We found that TGF-β
could promote the EMTprocess via upregulating the level of
vimentin in human lung fibroblasts. Some transcriptional
factors such as Snail and Twist could activate the EMT
process; accumulated evidences demonstrated that EMT
may be a major source of pathogenic myofibroblasts during
pulmonary fibrogenesis [20]. And EMT activation was
previously reported to induce the expression of contractile
protein α-SMA during IPF [25, 26]. A complicated re-
lationship is likely to exist among lung injury, chronic
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Figure 3: MTORC2 inhibition decreased the level of P27. (a, b) Western blot analysis of expression of mTORC-p, RICTOR, and P27 in
MRC5 and HLF cells transfected with RICTOR siRNA.
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inflammatory, and EMT. TGF-β was reported as a key
regulator of the EMT process during pulmonary fibrosis
[27, 28]. And in an experimental model of pulmonary fi-
brosis, EMT helped to activate collagen-producing fibro-
blasts under the regulation of TGF-β [29].+ese results were
consistent with our findings.

P27 is a member of CDK inhibitors (CKI) contributing
to the cell cycle arrest in the G1 phase [30]. +e role of P27
in pulmonary fibrosis in previous reports was in-
consistent. Some studies showed that P27 expression in
IPF tissues was ectopic, and FoxO3a could increase P27
expression to regulate IPF [6, 31, 32]. Another study
demonstrated that some chemical compounds such as
i-mimosine and shikonin could inhibit pulmonary fibrosis
by upregulating the P27 level [33, 34]. Moreover, the
interaction of P27 and TGF-β in pulmonary fibrosis was
unknown. In the present study, we found P27 could
promote pulmonary fibrosis, and TGF-β could upregulate

the level of P27 in lung fibroblasts. +ese findings have not
been reported before.

mTOR is a mammalian target of rapamycin (mTOR)
and an important serine-threonine protein kinase of the
PI3K family. It can regulate the proliferation, survival, in-
vasion, and metastasis of tumor cells by activating ribosomal
kinase [35, 36]. +ere are two different mTOR complexes:
mTORC1 and mTORC2 [37]. mTORC2 is constituted by
several components, including the rapamycin-insensitive
companion of mTOR (RICTOR), DEPTOR, mLST8/GβL,
mammalian stress-activated protein kinase-interacting
protein 1 (mSIN1), Protor 1/2, TTI1, and TEL2 [15]. One
study showed that TGF-β could induce the expression of
Rictor in IPF pulmonary fibroblasts and subsequently ac-
tivate mTORC2 signaling and Akt [18]. Previous studies
reported that mTORC2 could regulate the expression of P27
in RCC cells [38]. However, the regulation of MTORC2 on
P27 in pulmonary fibrosis was not reported previously. In
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Figure 4: TGF-β promoted the expression of P27. (a, b)Western blot analysis of expression of a-SAM, vimentin, and P27 inMRC5 andHLF
cells treated with TGF-β.
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this research, we, for the first time, demonstrated that
mTORC2 knockdown could inhibit P27 expression in lung
fibroblasts.

5. Conclusions

In conclusion, our results indicate that upregulated P27
participated in TGF-β-mediated pulmonary fibrosis, and the
expression of P27 in pulmonary fibrosis tissues was regu-
lated by MTORC2. +ese findings provided a novel insight

into the development of pulmonary fibrosis during the
progression of ILD, including IPF.
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+e data used to support the findings of this study are
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Figure 5: Rictor knockdown reversed the role of P27 on cell cycle and proliferation. (a, b) +e cell cycle assay in MRC5 and HLF cells
transfected with P27 siRNA plus Rictor siRNA or P27 ovexpression vector plus Rictor siRNA. (c, d)+e cell proliferation assay inMRC5 and
HLF cells transfected with P27 siRNA plus Rictor siRNA or P27 ovexpression vector plus Rictor siRNA.

Canadian Respiratory Journal 7



Authors’ Contributions

Yu-heng Dai and Xiao-qing Li performed the experiments
and wrote the manuscript. Da-peng Dong and Hai-bo Gu
analyzed the data. Cheng-ying Kong edited the manuscript.
Zhi-hao Xu designed the study.

Acknowledgments

+is research was supported by Zhejiang Provincial
Natural Science Foundation of China under Grant no.
LY16H010003.

References

[1] K. C. Meyer, “Pulmonary fibrosis, part I: epidemiology,
pathogenesis, and diagnosis,” Expert Review of Respiratory
Medicine, vol. 11, no. 5, pp. 343–359, 2017.

[2] A. S. Lee, I. Mira-Avendano, J. H. Ryu, and C. E. Daniels, “+e
burden of idiopathic pulmonary fibrosis: an unmet public
health need,” Respiratory Medicine, vol. 108, no. 7, pp. 955–
967, 2014.

[3] J. Hutchinson, A. Fogarty, R. Hubbard, and T. McKeever,
“Global incidence and mortality of idiopathic pulmonary
fibrosis: a systematic review,” European Respiratory Journal,
vol. 46, no. 3, pp. 795–806, 2015.

[4] D. J. Lederer and F. J. Martinez, “Idiopathic pulmonary fi-
brosis,” New England Journal of Medicine, vol. 378, no. 19,
pp. 1811–1823, 2018.

[5] L. Richeldi, H. R. Collard, and M. G. Jones, “Idiopathic
pulmonary fibrosis,” &e Lancet, vol. 389, no. 10082,
pp. 1941–1952, 2017.

[6] R. S. Nho, P. Hergert, J. Kahm, J. Jessurun, and C. Henke,
“Pathological alteration of FoxO3a activity promotes idio-
pathic pulmonary fibrosis fibroblast proliferation on type i
collagen matrix,”&e American Journal of Pathology, vol. 179,
no. 5, pp. 2420–2430, 2011.

[7] L. Xu, W. H. Cui, W. C. Zhou et al., “Activation of Wnt/beta-
catenin signalling is required for TGF-beta/Smad2/3 signal-
ling during myofibroblast proliferation,” Journal of Cellular
and Molecular Medicine, vol. 21, no. 8, pp. 1545–1554, 2017.

[8] C. Shimbori, P. S. Bellaye, J. Xia et al., “Fibroblast growth
factor-1 attenuates TGF-beta1-induced lung fibrosis,” &e
Journal of Pathology, vol. 240, no. 2, pp. 197–210, 2016.

[9] M. Horie, A. Saito, Y. Mikami et al., “Characterization of
human lung cancer-associated fibroblasts in three-di-
mensional in vitro co-culture model,” Biochemical and Bio-
physical Research Communications, vol. 423, no. 1,
pp. 158–163, 2012.

[10] A. Saito and T. Nagase, “Hippo and TGF-beta interplay in the
lung field,” American Journal of Physiology-Lung Cellular and
Molecular Physiology, vol. 309, no. 8, pp. L756–L767, 2015.

[11] A. Saito, H. I. Suzuki, M. Horie et al., “An integrated ex-
pression profiling reveals target genes of TGF-beta and TNF-
alpha possibly mediated by microRNAs in lung cancer cells,”
PLoS One, vol. 8, no. 2, Article ID e56587, 2013.

[12] T. J. Broekelmann, A. H. Limper, T. V. Colby, and
J. A. McDonald, “Transforming growth factor beta 1 is present
at sites of extracellular matrix gene expression in human
pulmonary fibrosis,” Proceedings of the National Academy of
Sciences, vol. 88, no. 15, pp. 6642–6646, 1991.

[13] R. K. Coker, G. J. Laurent, P. K. Jeffery, R. M. du Bois,
C. M. Black, and R. J. McAnulty, “Localisation of

transforming growth factor beta1 and beta3 mRNA tran-
scripts in normal and fibrotic human lung,” &orax, vol. 56,
no. 7, pp. 549–556, 2001.

[14] B. C. Willis, J. M. Liebler, K. Luby-Phelps et al., “Induction of
epithelial-mesenchymal transition in alveolar epithelial cells
by transforming growth factor-beta1: potential role in idio-
pathic pulmonary fibrosis,” &e American Journal of Pa-
thology, vol. 166, no. 5, pp. 1321–1332, 2005.

[15] R. A. Saxton and D. M. Sabatini, “mTOR signaling in growth,
metabolism, and disease,” Cell, vol. 168, no. 2, pp. 960–976,
2017.

[16] N. M. Walker, E. A. Belloli, L. Stuckey et al., “Mechanistic
target of rapamycin complex 1 (mTORC1) and mTORC2 as
key signaling intermediates in mesenchymal cell activation,”
Journal of Biological Chemistry, vol. 291, pp. 6262–6271, 2016.

[17] R. A. Rahimi, M. Andrianifahanana, M. C. Wilkes et al.,
“Distinct roles for mammalian target of rapamycin complexes
in the fibroblast response to transforming growth factor-
beta,” Cancer Research, vol. 69, no. 1, pp. 84–93, 2009.

[18] W. Chang, K. Wei, L. Ho et al., “A critical role for the
mTORC2 pathway in lung fibrosis,” PLoS One, vol. 9, Article
ID e106155, , 2014.

[19] H. Kasai, J. T. Allen, R. M. Mason, T. Kamimura, and
Z. Zhang, “TGF-beta1 induces human alveolar epithelial to
mesenchymal cell transition (EMT),” Respiratory Research,
vol. 6, no. 1, p. 56, 2005.

[20] B. C. Willis and Z. Borok, “TGF-beta-induced EMT: mech-
anisms and implications for fibrotic lung disease,” American
Journal of Physiology-Lung Cellular and Molecular Physiology,
vol. 293, no. 3, pp. L525–L534, 2007.

[21] Y. Zhou, P. Li, J. X. Duan et al., “Aucubin alleviates bleo-
mycin-induced pulmonary fibrosis in a mouse model,” In-
flammation, vol. 40, no. 6, pp. 2062–2073, 2017.

[22] K. Ask, G. E. Martin, M. Kolb, and J. Gauldie, “Targeting
genes for treatment in idiopathic pulmonary fibrosis: chal-
lenges and opportunities, promises and pitfalls,” Proceedings
of the American &oracic Society, vol. 3, no. 4, pp. 389–393,
2006.

[23] I. E. Fernandez and O. Eickelberg, “+e impact of TGF-beta
on lung fibrosis: from targeting to biomarkers,” Proceedings of
the American&oracic Society, vol. 9, no. 3, pp. 111–116, 2012.

[24] A. Saito, M. Horie, and T. Nagase, “TGF-beta signaling in lung
health and disease,” International Journal of Molecular Sci-
ences, vol. 19, no. 8, 2018.

[25] C. Almeida, D. Nagarajan, J. Tian et al., “+e role of alveolar
epithelium in radiation-induced lung injury,” PLoS One,
vol. 8, no. 1, Article ID e53628, 2013.

[26] P. Rubin, C. J. Johnston, J. P. Williams, S. McDonald, and
J. N. Finkelstein, “A perpetual cascade of cytokines post-
irradiation leads to pulmonary fibrosis,” International Journal
of Radiation Oncology∗Biology∗Physics, vol. 33, no. 1, pp. 99–
109, 1995.

[27] L. Shi, N. Dong, X. Fang, and X. Wang, “Regulatory mech-
anisms of TGF-beta1-induced fibrogenesis of human alveolar
epithelial cells,” Journal of Cellular and Molecular Medicine,
vol. 20, no. 11, pp. 2183–2193, 2016.

[28] K. K. Kim, M. C. Kugler, P. J. Wolters et al., “Alveolar epi-
thelial cell mesenchymal transition develops in vivo during
pulmonary fibrosis and is regulated by the extracellular
matrix,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 103, no. 35, pp. 13180–13185,
2006.

[29] L. Zhu, X. Fu, X. Chen, X. Han, and P. Dong, “M2 macro-
phages induce EMT through the TGF-beta/Smad2 signaling

8 Canadian Respiratory Journal



pathway,” Cell Biology International, vol. 41, no. 9, pp. 960–
968, 2017.

[30] S. Lim and P. Kaldis, “Cdks, cyclins and CKIs: roles beyond
cell cycle regulation,” Development, vol. 140, no. 15,
pp. 3079–3093, 2013.

[31] N. Gu, S. Xing, S. Chen et al., “Lipopolysaccharide induced the
proliferation of mouse lung fibroblasts by suppressing
FoxO3a/p27 pathway,” Cell Biology International, vol. 42,
no. 10, pp. 1311–1320, 2018.

[32] R. S. Nho, J. Im, Y. Y. Ho, and P. Hergert, “MicroRNA-96
inhibits FoxO3a function in IPF fibroblasts on type I collagen
matrix,” American Journal of Physiology—Lung Cellular and
Molecular Physiology, vol. 307, pp. L632–L642, 2014.

[33] Y. Nie, Y. Yang, J. Zhang et al., “Shikonin suppresses pul-
monary fibroblasts proliferation and activation by regulating
Akt and p38 MAPK signaling pathways,” Biomedicine &
Pharmacotherapy, vol. 95, pp. 1119–1128, 2017.

[34] X. W. Li, C. P. Hu, Y. J. Li, Y. X. Gao, X. M. Wang, and
J. R. Yang, “Inhibitory effect of l-mimosine on bleomycin-
induced pulmonary fibrosis in rats: role of eIF3a and p27,”
International Immunopharmacology, vol. 27, no. 1, pp. 53–64,
2015.

[35] S. A. Wander, B. T. Hennessy, and J. M. Slingerland, “Next-
generation mTOR inhibitors in clinical oncology: how
pathway complexity informs therapeutic strategy,” Journal of
Clinical Investigation, vol. 121, no. 4, pp. 1231–1241, 2011.

[36] E. J. Chung, A. Sowers, A. +etford et al., “Mammalian target
of rapamycin inhibition with rapamycin mitigates radiation-
induced pulmonary fibrosis in a murine model,” International
Journal of Radiation Oncology∗Biology∗Physics, vol. 96, no. 4,
pp. 857–866, 2016.

[37] S. C. Land, C. L. Scott, and D. Walker, “mTOR signalling,
embryogenesis and the control of lung development,” Sem-
inars in Cell &Developmental Biology, vol. 36, pp. 68–78, 2014.

[38] K. Shanmugasundaram, K. Block, B. K. Nayak, C. B. Livi,
M. A. Venkatachalam, and S. Sudarshan, “PI3K regulation of
the SKP-2/p27 axis through mTORC2,” Oncogene, vol. 32,
no. 16, pp. 2027–2036, 2013.

Canadian Respiratory Journal 9


