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Mammalian target of rapamycin complex 2 (mTORC2) has
been shown to regulate mTORC1/4E-BP1/eIF4E signaling and
collagen I expression in mesenchymal cells (MCs) during
fibrotic activation. Here we investigated the regulation of the
mTORC2 binding partner mammalian stress-activated protein
kinase–interacting protein 1 (mSin1) in MCs derived from
human lung allografts and identified a novel role for mSin1 dur-
ing fibrosis. mSin1 was identified as a common downstream tar-
get of key fibrotic pathways, and its expression was increased in
MCs in response to pro-fibrotic mediators: lysophosphatidic
acid (LPA), transforming growth factor �, and interleukin 13.
Fibrotic MCs had higher mSin1 protein levels than nonfibrotic
MCs, and siRNA-mediated silencing of mSIN1 inhibited colla-
gen I expression and mTORC1/2 activity in these cells. Auto-
crine LPA signaling contributed to constitutive up-regulation of
mSin1 in fibrotic MCs, and mSin1 was decreased because of LPA
receptor 1 siRNA treatment. We identified c-Jun N-terminal
kinase (JNK) as a key intermediary in mSin1 up-regulation by
the pro-fibrotic mediators, as pharmacological and siRNA-
mediated inhibition of JNK prevented the LPA-induced mSin1
increase. Proteasomal inhibition rescued mSin1 levels after JNK
inhibition in LPA-treated MCs, and the decrease in mSin1 ubiq-
uitination in response to LPA was counteracted by JNK inhibi-
tors. Constitutive JNK1 overexpression induced mSin1 expres-
sion and could drive mTORC2 and mTORC1 activation and
collagen I expression in nonfibrotic MCs, effects that were
reversed by siRNA-mediated mSIN1 silencing. These results
indicate that LPA stabilizes mSin1 protein expression via JNK
signaling by blocking its proteasomal degradation and identify
the LPA/JNK/mSin1/mTORC/collagen I pathway as critical for
fibrotic activation of MCs.

Mesenchymal cells (MCs)2 play a key role in fibrotic disease
processes, including development of bronchiolitis obliterans
syndrome (BOS), the primary cause of chronic graft failure after
lung transplantation (1–3). Pro-fibrotic differentiation and col-
lagen synthetic function of MCs can be driven by multiple
mediators, including lipids such as lysophosphatidic acid
(LPA), cytokines such as interleukin 13 (IL-13), and growth
factors such as transforming growth factor � (TGF-�), all of
which have been implicated in the pathogenesis of BOS and
other fibrotic diseases (4 –12). The redundancy of these diverse
fibrotic mediators and the inability to halt progression of fibro-
sis by targeting a specific single pro-fibrotic mediator in human
diseases have highlighted the need to identify the common
downstream pathways through which these mediators regulate
activation of MCs.

mTOR, an evolutionarily conserved serine/threonine pro-
tein kinase, functions to control translational machinery and
serves as an integration point of large panels of signaling path-
ways. Structurally, mTOR is a multidomain protein that exists
in two distinct complex forms, mTORC1 and mTORC2, with
diverse downstream targets. Both mTOR complexes share the
catalytic mTOR subunit, but partner proteins (mammalian
Sin1 (mSin1), rictor, and Protor1/2) are specific to mTORC2
(13).

The mTORC1-mediated phosphorylation of 4E-BP1 has
been identified recently as a key translational mechanism reg-
ulating collagen I expression by lung-resident MCs (14). More
significantly, these studies demonstrate that the mTORC2
pathway lies upstream of mTORC1 in activated MCs and is
critical in sustaining fibrotic functions such as collagen I
expression. Inhibition of mTORC2 signaling leads to decreased
mTORC1 signaling and collagen I expression in fibrotic but
not normal MCs. This dependence of mTORC1 on mTORC2
activity under conditions of cellular activation suggests that
mTORC2 intervention could represent a novel strategy to
selectively target activated MCs in fibrosis. However, critical for
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that is a need for increased understanding of the regulatory
mechanisms governing mTORC2 activity in MCs.

Of the various mTORC2-specific subunits, mSin1 plays a
critical role in the kinase activation of its specific substrates, like
AKT, by spatially recruiting it to the mTORC2 complex (15,
16). Furthermore, mSin1 is the mTORC2 component respon-
sible for binding to phosphatidylinositol (3,4,5)-trisphosphate
(PIP3) and subsequent activation of mTOR kinase activity
downstream of PI3K (17–19). However, little is known about
the regulation of mSin1 levels in MCs or its role in fibrotic diseases.
In this study, we investigate the regulation of mTORC2 compo-
nents, specifically mSin1, by fibrotic mediators and elucidate a
novel c-Jun N-terminal kinase (JNK)–dependent signaling cas-
cade that regulates mSin1 expression in MCs.

Results

Pro-fibrotic stimulation up-regulates the mTORC2 binding
partner mSin1 in lung mesenchymal cells

We have demonstrated previously that the lipid mediator
LPA plays a key role in lung MC activation, including induction
of mTORC signaling, and is implicated in the pathogenesis of
BOS (11, 12, 14). LPA treatment of MCs was shown to induce
mTORC2 activation, marked by phosphorylation of AKT at
Ser-473 (14). To confirm that mTORC is the primary kinase
responsible for LPA-induced phosphorylation of AKT at Ser-
473, MCs derived from normal lung allografts (nonfib MCs)
were treated with LPA in the presence or absence of a novel
ATP-competitive mTORC kinase inhibitor, AZD8055 (20)
(Fig. 1A). Treatment with AZD8055 was noted to abrogate the
effect of LPA on phosphorylation of AKT Thr-308 and AKT
Ser-473. Next, we studied the effect of LPA on the protein
expression of mSin1, a critical component of the mTORC2
complex (18, 21). Nonfib MCs treated with LPA demonstrated
a significant increase in mSin1 protein expression at 6 h that
persisted at 16 h (Fig. 1, B and C). LPA treatment also induced
an increase in rictor, another key component of the mTORC2
complex (Fig. 1B). In contrast, the expression level of raptor, a
critical and defining partner for mTORC1, was not changed in
response to LPA (Fig. 1B). To determine whether mSin1 regu-
lation in lung MCs is exclusive to LPA signaling or a common
phenomenon in response to pro-fibrotic mediators, nonfib
MCs were treated for 16 h with TGF-� or IL-13, and the level of
mSin1 protein expression was assessed by Western blotting
(Fig. 1D). mSin1 levels were significantly increased in response
to both TGF-� and IL-13, demonstrating a common signaling
mechanism by which levels of the mTORC2 component-mSin1
are increased, potentially priming the cell to ramp up mTORC2
assembly and, therefore, total cellular translation.

mSin1 is critical in regulating mTORC activation and collagen I
expression in mesenchymal cells

To determine the specific role of mSin1 in mTORC activa-
tion downstream of LPA, we utilized mSIN1 siRNA–mediated
silencing in the presence or absence of LPA. MCs transfected
with mSIN1 siRNA demonstrated a 50% decrease in basal
mSin1 protein expression and no significant up-regulation with
LPA (Fig. 2A). mSIN1 silencing significantly inhibited constitu-
tive and LPA-induced phosphorylation of AKT at Ser-473

(Fig. 2B). Additionally, mSIN1 silencing inhibited LPA-induced
downstream phosphorylation of S6K1 and 4E-BP1 (Fig. 2, C
and D), consistent with our previous finding that mTORC2 lies
upstream of mTORC1 in activated MCs (14).

We have previously demonstrated elevated mTORC1 and
mTORC2 substrate phosphorylation in fibrotic MCs isolated
from human lung allografts compared with nonfibrotic
allograft MCs (14). To determine whether activated MCs dem-
onstrate higher mSin1 levels, mSin1 protein expression was
compared between fibrotic (fib) MCs and nonfibrotic MCs. Fib
MCs demonstrated significantly higher expression of mSin1
compared with nonfibrotic MCs (Fig. 2E). siRNA-mediated
silencing of mSIN1 in fibrotic MCs significantly blunted colla-
gen I expression and, as expected, phosphorylation of AKT
(Ser-473) (Fig. 2F). As expected, mSIN1-silenced fib MCs dem-
onstrated decreased phosphorylation of the direct AKT sub-
strates TSC2 (Thr-1462) and FOXO3a (Ser-253) compared
with the scrambled siRNA control (Fig. 2F). Phosphorylation of
the mTORC1 substrates 4E-BP1 and S6K1 was also found to be
significantly decreased with mSIN1 silencing (Fig. 2F).

Autocrine LPA secretion has been shown previously to con-
tribute to the stable fibrotic activation noted in MCs derived
from BOS allografts (11). To determine whether autocrine LPA
secretion has a role in the mTORC activation noted in fibrotic
MCs, LPA signaling was blocked utilizing LPAR1 siRNA (Fig.
2G). Inhibition of mTORC1 and 2 activities and reduced mSin1
and collagen I protein expression were noted in fibrotic MCs
transfected with LPAR1 siRNA (Fig. 2G), further reiterating a
potential role of LPA in regulating mSin1 expression.
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Figure 1. LPA induces mTORC2 signaling-associated mSin1 in mesenchy-
mal cells. A, nonfibrotic MCs were pretreated with the mTORC inhibitor
AZD8055 (250 nM for 30 min) and then exposed to LPA (10 �M for 6 h). Protein
expression of the total and the phosphorylated forms of AKT at Thr-308 and
Ser-473 were measured by immunoblotting. B, cell lysates isolated from nor-
mal nonfibrotic MCs were immunoblotted for antibodies against mTORC2-
associated mSin1 and rictor, mTORC1-associated raptor, and GAPDH (loading
control (C)). C, quantitative densitometry of the mTORC2 binding partner
mSin1 was analyzed at 6 and 16 h in response to LPA. Values are means � S.D.,
n � 4 – 6. *, p � 0.05; **, p � 0.01. D, nonfibrotic MCs were exposed to TGF-� (2
ng/ml) or IL-13 (10 ng/ml) for 16 h. Lysates were immunoblotted against
mSin1. Quantitative densitometry was normalized using GAPDH (loading
control). Values are means � S.D., n � 9. *, p � 0.05; **, p � 0.01. Statistics:
one-way ANOVA; post hoc: Sidak (C and D).
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LPA signals through LPA1/PI3K/JNK to induce mSin1
expression

Next we investigated the downstream receptor-mediated
signaling mechanism by which LPA induces mSin1 levels in
MCs. LPAR1 is the predominant LPA receptor on MCs (12),
and pharmacologic blockade of LPA1 using VPC12249 signifi-
cantly inhibited LPA-induced AKT phosphorylation at Ser-473
and mSin1 protein expression (Fig. 3A). Additionally, treat-
ment of MCs with LPA in the presence of the Gi-coupled pro-
tein inhibitor pertussis toxin (PTX) and the PI3K inhibitor
LY294002 significantly inhibited the phosphorylation of AKT

at Ser-473 and mSin1 expression, suggesting the LPA1/Gi/PI3K
signaling axis (Fig. 3A).

PI3K signals downstream via numerous mechanisms to con-
trol transcription, translation, and other cellular processes.
mSin1, also known as mitogen-activated protein kinase associ-
ated protein 1 (MAPKAP1), was first described as a MAPK
target in Drosophila and yeast (22). The three MAPK signaling
pathways, p38MAPK, JNK, and MEK/ERK, have been reported
to cross-talk with PI3K signaling in many cell types during var-
ious cellular processes (23). To investigate whether the PI3K/
MAPK signaling axis contributes to LPA-induced mSin1
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Figure 2. mSin1 is required for mTORC regulation and fibrotic functions of mesenchymal cells. A, nonfibrotic MCs (n � 4) were transfected with
scrambled or mSIN1-specific siRNA and then treated with LPA (10 �M for 6 h). Densitometry of the replicates was analyzed. Values are means � S.D. *, p � 0.05;
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(Ser-473), p70S6K1 (Thr-389), and 4E-BP1 (Thr-37/46) using GAPDH as a loading control. Representative blots are shown.
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expression, nonfibrotic MCs were treated with LPA in the pres-
ence or absence of MAPK inhibitors against p38MAPK
(SB203580), MEK/ERK (U0126), or JNK (SP600125). LPA-in-
duced mSin1 expression was not altered in the presence of
inhibitors against p38MAPK or MEK/ERK but was significantly
blunted in the presence of SP600125 (Fig. 3B). JNK inhibitor II
also significantly abrogated TGF-�– and IL-13–induced
expression of mSin1 protein in MCs (Fig. 3C). The role of JNK
in regulating mSin1 expression in MCs was further reiterated
by utilizing siRNA targeted against JNK1. JNK1 silencing in
MCs prevented up-regulation of mSin1 in response to LPA.
LPA-induced mTORC2 and mTORC1 activity and fibrotic
activation were also decreased under these conditions, as sig-

naled by mTORC substrate phosphorylation and collagen I
protein expression (Fig. 3D).

JNK1 kinase activity modulates mSin1 expression and
mTORC2 stabilization and kinase activity

JNK1 has been implicated in numerous signaling pathways to
exert downstream transcription and regulate apoptosis and
translational and protein degradation mechanisms (24 –26).
JNK is regulated by phosphorylation, which occurs via two
MAPKs, MKK4 or MKK7. Upon phosphorylation, JNK induces
downstream targets such as the transcription factor c-Jun (27).
To determine whether JNK activity is sufficient to drive mSin1
expression, we induced the expression of a constitutively active
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form of JNK1 in nonfibrotic MCs. This tool utilizes the JNK1
protein fused to its MAPK kinase, MKK7, causing JNK1 to be
constitutively active. Increased JNK signaling in lentivirus-in-
fected cells was confirmed by immunoblotting for phosphory-
lation of Jun at Ser-73 (Fig. 4A). A significant increase in mSin1
expression was noted in nonfibrotic MCs with constitutive acti-
vation of JNK1 compared with an empty vector control (Fig.
4A). Constitutive activation of JNK1 led to an increase in colla-
gen I expression along with a concomitant increase in phos-
phorylation of AKT Ser-473 and the mTORC1 substrates
4E-BP1 and S6K1 (Fig. 4A). To determine whether JNK-medi-
ated activation of AKT depended on mTORC2, constitutively
active JNK1 was expressed in the presence or absence of the
ATP-competitive mTOR inhibitor AZD8055. JNK-mediated

AKT phosphorylation at Ser-473 was completely abolished in
the presence of AZD8055 (Fig. 4A). Additionally, mTORC1
activity, marked by phosphorylation of 4E-BP1 and S6K1, was
significantly blunted, along with down-regulation of collagen I
(Fig. 4A).

To further determine whether the increased mTORC1 and 2
activities seen in the presence of JNK overexpression are medi-
ated via its regulation of mSin1, cells were subjected to
siRNA-mediated mSIN1 gene silencing. mSIN1 silencing abro-
gated the increased phosphorylation of 4E-BP1, S6K1, and
AKT473 by constitutively active JNK (Fig. 4B).

Next, to investigate the role of JNK-mediated mSin1 expres-
sion on mTORC2 complex kinase activity versus complex for-
mation, we performed co-immunoprecipitation of mSin1, ric-
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tor, and mTOR in nonfibrotic MCs treated with LPA in the
presence or absence of JNK inhibitor II/SP600125 (Fig. 4C). We
observed that increased levels of rictor and mTOR co-immu-
noprecipitated with mSin1 in response to LPA (Fig. 4C). In
addition, an increased amount of mSin1 co-immunoprecipi-
tated with rictor and mTOR in LPA-treated cells, suggesting
increased complex formation (Fig. 4C). Co-immunoprecipi-
tated proteins were significantly inhibited in the presence of
JNK inhibitor II (Fig. 4C), further demonstrating that JNK is a
key intermediary in LPA-induced mSin1 expression and
mTORC2 complex formation. In addition, phosphorylation of
mTOR at the autocatalytic site, Ser-2481, was significantly
inhibited in co-immunoprecipitates treated with JNK inhibitor
II (Figs. 4C). This further strengthens the role of JNK signaling
in mTORC2 stability, as phosphorylation of mTOR at the auto-
catalytic site is a key readout for intact mTOR complex assem-
bly and complex activity.

JNK modulates mSin1 expression via posttranslational
regulation of protein stability

We next investigated the mechanism by which mSin1
expression is regulated by JNK in MCs. We first assessed
mRNA expression of mSIN1 in response to LPA treatment, as
canonical JNK signaling involves downstream phosphorylation
and activation of the transcription factor c-Jun to increase tran-
scription of target genes (26, 28). Surprisingly, no significant
increase in mSIN1 expression was found at the mRNA level in
response to LPA treatment (Fig. 5A). Additionally, the tran-
scriptional inhibitor actinomycin D had no effect on LPA-in-
duced mSin1 expression in MCs (Fig. 5B). Similarly, no signif-
icant changes in mSIN1 mRNA were observed in response to
TGF-� or IL-13 in cells expressing constitutively active JNK
expression (data not shown).

We further examined the protein levels of mSin1 by utilizing
a cycloheximide (CHX) chase assay to assess protein stability in
the absence of de novo protein synthesis. The protein levels of
mSin1 quickly decreased following CHX treatment, with a half-
life of 1 h (Fig. 5C), suggesting a high turnover rate or posttrans-
lational regulation of this protein. Proteasomal inhibition in
MCs utilizing MG132 further supported this notion, as mSin1
protein levels were significantly increased following MG132
treatment (Fig. 5D). To confirm the role of posttranslational
regulation of mSin1, specifically by the ubiquitin/proteasome
pathway, MCs were treated with the proteasome inhibitor
MG132 in the presence of LPA and JNK inhibitor II. As shown
previously, LPA significantly increased the protein levels of
mSin1, which was sensitive to JNK inhibitor II/SP600125 (Fig.
5E). Proteasomal inhibition via MG132 treatment in the pres-
ence of LPA and JNK inhibitor II was able to significantly rescue
the expression levels of mSin1 protein (Fig. 5E). Ubiquitination
of mSin1 was assessed in the presence of LPA and JNK inhibitor
II by immunoblotting mSin1 immunoprecipitates for a pan-
ubiquitin antibody (Fig. 5F). Mesenchymal mSin1 immunopre-
cipitates pretreated with MG132 demonstrated a strong base-
line level of ubiquitination that was markedly decreased with
LPA treatment (Fig. 5F). Finally, we observed an increase in
mSin1 ubiquitination in the presence of MG132, LPA, and JNK
inhibitor II (Fig. 5F). Collectively, these data suggest that a post-

translational mechanism, specifically the ubiquitin/protea-
some pathway, may induce mSin1 expression in response to
LPA.

Discussion

Long-term graft survival post-lung transplantation is limited
by chronic rejection, which is marked by progressive fibrotic
remodeling because of aberrant mesenchymal activation and
matrix secretion (4, 29, 30). We have previously identified the
role of mTORC2-directed signaling to the mTORC1/4E-BP1
axis as a regulator of translational activation during allograft
fibrosis (14). Here we demonstrate that mSin1, a critical
mTORC2 component, is a common downstream target of key
fibrotic pathways with evidence for up-regulation of mSin1 and
subsequent mTORC2 activation by LPA and other fibrotic
stimuli, including TGF-� and IL-13. We identify JNK as a key
intermediary in mSin1 up-regulation by LPA and provide evi-
dence for a novel fibrotic activation pathway that involves the
JNK/mSin1/mTORC/collagen I axis, by which JNK-induced
mSin1 expression drives mTORC2 activity and subsequent
translational activation.

A key finding in our study is the demonstration of constitu-
tively stable up-regulation of mSin1 protein in fibrotic MCs
maintained by autocrine signaling. MCs isolated from fibrotic
lung allografts demonstrated significantly higher mSin1
expression compared with MCs isolated from normal lung
allografts. Increased expression of mSin1 has been linked to
metastatic and activated behavior in cancer cells (31–33).
mSin1 was shown to be up-regulated in non-small-cell lung
cancer (31) as well as in metastatic carcinoma of the colon (33)
and the liver (32), with mSin1 suppression inhibiting prolifera-
tion, migration, and invasion rates. MCs derived from fibrotic
tissues, similar to cancer cells, demonstrate a stable activated
phenotype. However, mSin1 has not been previously investi-
gated in MCs in the context of any organ fibrosis. The finding of
high mSin1 is consistent with our previous demonstration of
activated mTORC signaling in fibrotic MCs with higher phos-
phorylation at both mTORC1 (4E-BP1 and S6 kinase) and
mTORC2 (AKT) targets (14). That mSin1 is not just a bio-
marker of mesenchymal activation but plays a key role in sus-
taining the fibrotic phenotype was established by significant
abrogation of collagen expression following mSIN1 silencing in
fibrotic MCs. Decreased phosphorylation of 4E-BP1 and S6K1
was noted in cells transfected with mSIN1 siRNA, confirming
our previous finding of an essential role for mTORC2 in regu-
lating mTORC1 activity in fibrotic MCs (14). It is noteworthy
that our studies utilized MCs derived from fibrotic lung
allografts or patients with BOS to demonstrate the constitu-
tively higher expression of mSin1 protein. However, a similar
key role of mTORC2 signaling has been demonstrated in TGF-
�–stimulated MCs derived from patients with idiopathic pul-
monary fibrosis, another chronic fibrotic lung disease (10), and
in smooth muscle cells in patients with pulmonary hyperten-
sion (34, 35). This increasing awareness of a critical role of
mTORC2 activity in regulating translation via mTORC1 in
activated diseased cells further underscores the significance of
increased constitutive mSin1 expression noted in our study.
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We demonstrate for the first time that a pro-fibrotic lipid
mediator, LPA, regulates mSin1 expression in lung MCs.
Increased mSin1 expression in fibrotic MCs was attenuated by
blocking LPA signaling via silencing of LPAR1, a predominant
receptor for LPA in MCs (11), suggesting that autocrine LPA
contributes to maintaining the sustained higher mSin1 expres-
sion in activated MCs. MCs derived from fibrotic lung allografts
have been shown to have a higher LPA synthetic capacity,

marked by increased secretion of autotaxin, the primary
enzyme responsible for generating LPA (11). Furthermore,
exogenous LPA was shown to up-regulate mSin1 expression in
nonfibrotic MCs. LPA signaling has pleomorphic effects and is
known to mediate mitogenic effects via AKT activation in myo-
blasts (36) by activating p70S6 kinase in airway smooth muscle
cells (37) and by activating �-catenin in MCs (11). We have
shown previously that LPA induces mTORC1 and mTORC2
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activation in MCs. This report shows that pharmacologic block-
ade of mTORC signaling via AZD8055 treatment prevented AKT
phosphorylation at Ser-473, thus establishing mTORC2 as the pri-
mary kinase mediating this phosphorylation.

Reports regarding cancer cells also confirm that LPA-in-
duced AKT activation is mediated via mTORC2 activity (38).
Although rictor and mSin1 are two key binding partners of
mTORC2, our findings demonstrate that mSin1 plays a critical
role in the sustained kinase activation of its specific substrates,
like AKT. Although studies have demonstrated that the stabili-
zation of rictor (an mTORC2 binding partner) occurs by sup-
pressing its degradation mediated by PI3K/GSK3� signaling
(39), little is known regarding the regulation of mSin1 protein.
In HeLa cell studies, mSin1 has been implicated in cell survival
and stress, and tumor necrosis factor � and H2O2 treatments
have been shown to increase mSin1 (40). The demonstration of
LPA as a regulator of mSin1 potentially has a significantly wider
relevance, as LPA plays a key pathogenic role in malignant and
fibrotic disease processes across various organs. In MCs, our
pharmacologic inhibition approaches indicate that LPA acts via
LPA1/Gi/PI3K signaling to regulate mSin1, suggesting that
other extracellular stimuli, such as ligands for growth factor
receptors, G protein– coupled receptors, and cytokine recep-
tors, can also potentially regulate mSin1 in MCs. In fact, key
pro-fibrotic mediators such as TGF-� and IL-13 were noted to
increase mSin1 expression in lung MCs, suggesting that this
could be a common downstream mechanism contributing to
activation of MCs in fibrosis. Although our studies demon-
strate increased expression of mSin1, prior studies have dem-
onstrated the activation of mTORC complexes 1 and 2 in
response to TGF-� (41, 42) and IL-13 (43).

JNK-mediated regulation of mTORC2-associated mSin1 has
not been shown in any disease pathology to date. Our studies
utilized pharmacological and RNAi approaches specific to JNK
signaling and demonstrate that mSin1 lies downstream of JNK
signaling in response to LPA. mSin1 has been reported to bind
to JNK, whereas no interaction with p38- or ERK1/2-family
MAPKs was observed in epithelial cells (44). This is consistent
with our findings that inhibition of JNK, but not p38MAPK or
ERK, is effective in down-regulating LPA-induced mSin1
expression in MCs. Our findings also demonstrate that inhibi-
tion of JNK is effective in blunting mSin1 expression in
response to IL-13 and TGF-�, suggesting that JNK-mediated
mSin1 regulation is a common target for mTORC2 activation
in MCs. Importantly, we observed strong suppression of AKT
phosphorylation with JNK inhibition. This is consistent with a
previous report that shows that TGF-� mediated AKT activa-
tion is blocked by JNK inhibition (41). Furthermore, JNK1 over-
expression was sufficient to cause mTORC2 and mTORC1
activation as well as fibrotic differentiation of normal MCs
(as demonstrated by increased collagen I expression). This
depended on mTORC signaling, as the increased mTORC sub-
strate phosphorylation and collagen I expression induced by
JNK overexpression were sensitive to the ATP-competitive
mTOR inhibitor AZD8055. Our novel findings establish a role
of JNK in regulating mSin1 and, therefore, mTORC2 activation,
thus linking JNK signaling to AKT phosphorylation, collagen I
expression, and fibrotic differentiation.

Our data suggest that LPA, via JNK signaling, stabilizes
mSin1 protein expression by blocking its proteasomal degrada-
tion. JNK is well-known for its role in regulating cellular func-
tions via modulation of transcription factors such as c-jun (45).
However, we noted no change in mesenchymal mSIN1 mRNA
expression in the presence of LPA. mSin1 was noted to have a
short half-life in the cycloheximide chase assay, and an increase
in mSin1 levels was noted in the presence of the proteasomal
inhibitor MG132. Proteasomal inhibition rescued mSin1 levels
with JNK inhibition in LPA-treated MCs, and LPA treatment
decreased the amount of ubiquitinated mSin1 in immunopre-
cipitates from MCs, further suggesting that the rise in mSin1
levels is likely mediated via its decreased ubiquitination and
proteasomal degradation. JNK has been implicated previously
in co-translational phosphorylation and stabilization of target
proteins at the ribosomal, protein turnover, protein scaffolding,
and ubiquitin ligase activation levels (46, 47). With JNK’s
known role as a kinase, direct phosphorylation of mSin1 could
be a potential mechanism mediating its regulation and turn-
over. Phosphorylation of mSin1 on the Ser-260 residue has
been proposed as a mechanism of its stabilization in other cell
types where mTOR kinase activity was shown to regulate
mSin1 levels (48). In our study, we show that the levels of mSin1
were unchanged in MCs expressing constitutively active JNK in
the presence of AZD8055, suggesting that mSin1 phosphoryla-
tion at Ser-260 is not in play. Furthermore, phosphorylation
at the Ser-260 residue was linked to inhibition of lysosomal rather
than proteasomal degradation (49). Additionally, reports sug-
gest that AKT-dependent phosphorylation of mSin1 at Thr-86
and Thr-398 (17, 50) sustains mTORC2 kinase activity and,
therefore, maximal activation of AKT at Ser-473. Our results
demonstrate that AKT Ser-473 phosphorylation was com-
pletely abolished in MCs expressing constitutively active JNK in
the presence of AZD8055, suggesting that these phosphoryla-
tion events on mSin1 are also not in play. Any phosphorylation
changes that occur on mSin1 because of JNK kinase activity and
the mechanism by which JNK stabilizes Sin1 expression war-
rant further investigation.

In conclusion, these data establish, for the first time, the reg-
ulation of mSin1 levels by pro-fibrotic mediators such as LPA in
MCs and shed new light on regulation of the mTORC2 pathway
by JNK via protein stabilization of mSin1 protein. Targeting
mSin1 could represent a potential therapeutic approach in
fibrotic diseases because mSin1 is a common end point of sev-
eral upstream stimuli.

Experimental procedures

Isolation of mesenchymal cells from human lung allografts

MCs were isolated from bronchoalveolar lavage fluid
obtained from human lung transplant recipients with and with-
out BOS under a protocol on human studies approved by the
University of Michigan Institutional Review Board, and the
approved studies abide by the Declaration of Helsinki prin-
ciples. Cells were isolated, cultured, and characterized as
described previously (51). MCs grown from each individual
bronchoalveolar lavage sample were treated as a separate cell
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line. Cells at passages three through six were used for all
experiments.

Tissue culture, protein isolation, and immunoblotting

MCs were plated and grown to 70% confluence in 60-mm
dishes prior to serum deprivation for 24 h. Following serum
deprivation, cells were treated in serum-free medium contain-
ing the indicated doses of either LPA (10 �M; Cayman Chemi-
cal, Ann Arbor, MI), porcine TGF-� (2 ng/ml; R&D Systems,
Minneapolis, MN), IL-13 (10 ng/ml; R&D Systems), MG132 (10
�M; Cayman Chemical), or AZD8055 (250 nM; Selleck Chemi-
cals, Houston, TX) for 6 or 24 h. Cells were pretreated for 30
min with MAPK inhibitor SP600125 (10 �M; JNK1/2 inhibitor),
SB203580 (10 �M; p38 MAPK inhibitor), or U0126 (10 �M;
MEK/ERK1/2 inhibitor) prior to treatment with LPA. MAPK
inhibitors were purchased from Selleck Chemicals. VPC12249
(1 �M; LPA1 inhibitor) was purchased from Avanti Polar Lipids
(Alabaster, AL). PTX (100 ng/ml) and CHX (10 �g/ml) were
purchased from Cayman Chemical. LY294002 (10 �M; PI3K/
Akt inhibitor) was purchased from Cell Signaling Technology
(Minneapolis, MN). Actinomycin D (5 �g/ml) was purchased
from Tocris Biosciences (Minneapolis, MN).

Total protein was collected from treated or untreated cells by
cell lysis on ice. Lysates were separated on 4 –12% gradient Bis-
Tris gels prior to immunoblot analysis for collagen I (Cedarlane
Laboratories, ON, Canada). The other antibodies utilized were
as follows: phosphorylated p70-S6kinase (Thr-389, 9234), p70-
S6Kinase (2708), phosphorylated 4E-BP1 (Thr-37/46, 2855),
total4E-BP1(9644),phosphorylatedAKT(Ser-473,4058),phos-
phorylated AKT (Thr-308, 9275), total AKT (9272), phosphor-
ylated TSC2 (Thr-1462, 3611), total TSC2 (3635), total
FOXO3a (12829), ubiquitin (3936), rictor (9476), raptor (2280),
phosphorylated mTOR (Ser-2481, 2974), total mTOR (2972),
JNK2 (9258), and mSin1 (12860) (all from Cell Signaling Tech-
nology, Boston, MA) and phosphorylated FOXO3a (Ser-253,
ab154786, Abcam). The mouse monoclonal JNK1 antibody
was purchased from Santa Cruz Biotechnology (Dallas, TX;
sc-1648). Plasmid transfection efficiency was determined by
blotting for FLAG M2 (F1804), purchased from Sigma-Aldrich
(St. Louis, MO).

siRNA-mediated silencing and plasmid transfection

ON-TARGETplus SMARTpool, siRNA targeting human
mSIN1 (79109), JNK1, or scrambled siRNA were obtained from
Dharmacon/GE Healthcare. LPAR1 (LPA receptor 1)–specific
siRNA (AM51331) was obtained from Ambion/Applied Bio-
systems (Waltham, MA). Briefly, cells were plated to 50%
confluency in 6-well plates, followed by transient transfec-
tion utilizing Oligofectamine (Invitrogen) for 24 h. Follow-
ing transfection, cells were maintained in serum-free medium
for 72 h prior to protein harvesting.

pcDNA3-FLAG-MKKB2-JNK1�1 was a kind gift from Dr.
Roger Davis (Addgene plasmid 19726). To obtain lentiviral
expression plasmids, the fusion sequence was shuttled into
pcDNA3.1/hygromycin using HindIII and then inserted into
the NheI site of pLentilox-IRES-Puro using NheI and XbaI. The
sequence of the insert was confirmed using standard sequenc-
ing methods. Briefly, cells were plated to 50% confluence in

6-well plates, followed by infection in serum-free medium uti-
lizing protamine sulfate as a linker. 24 h following infection,
fresh serum-containing medium was added for 48 h, followed
by protein harvesting.

Statistical analysis

Data are presented as mean values � S.D. Statistical signifi-
cance was analyzed using GraphPad Prism 7 software (La Jolla,
CA). Significance was assessed with a Student’s t test for com-
parisons of two groups or with one-way analysis of variance
(ANOVA) for three or more groups and a post hoc Dunnett’s
multiple comparisons test unless otherwise specified. Signifi-
cance was set at p values of less than 0.05.
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