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Autophagy fosters myofibroblast differentiation
through MTORC2 activation and downstream
upregulation of CTGF
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Recent evidence suggests that autophagy may favor fibrosis through enhanced differentiation of fibroblasts in
myofibroblasts. Here, we sought to characterize the mediators and signaling pathways implicated in autophagy-induced
myofibroblast differentiation. Fibroblasts, serum starved for up to 4 d, showed increased LC3-II/-I ratios and decreased
SQSTM1/p62 levels. Autophagy was associated with acquisition of markers of myofibroblast differentiation including
increased protein levels of ACTA2/aSMA (actin, a 2, smooth muscle, aorta), enhanced gene and protein levels of COL1A1
(collagen, type I, & 1) and COL3A1, and the formation of stress fibers. Inhibiting autophagy with 3 different class |
phosphoinositide 3-kinase and class Il phosphatidylinositol 3-kinase (PtdIns3K) inhibitors or through ATG7 silencing
prevented myofibroblast differentiation. Autophagic fibroblasts showed increased expression and secretion of CTGF
(connective tissue growth factor), and CTGF silencing prevented myofibroblast differentiation. Phosphorylation of the
MTORC1 target RPS6KB1/p70S6K kinase was abolished in starved fibroblasts. Phosphorylation of AKT at Ser473, a
MTORC2 target, was reduced after initiation of starvation but was followed by spontaneous rephosphorylation after 2 d of
starvation, suggesting the reactivation of MTORC2 with sustained autophagy. Inhibiting MTORC2 activation with long-
term exposure to rapamycin or by silencing RICTOR, a central component of the MTORC2 complex abolished AKT
rephosphorylation. Both RICTOR silencing and rapamycin treatment prevented CTGF and ACTA2 upregulation,
demonstrating the central role of MTORC2 activation in CTGF induction and myofibroblast differentiation. Finally,
inhibition of autophagy with PtdIns3K inhibitors or ATG7 silencing blocked AKT rephosphorylation. Collectively, these
results identify autophagy as a novel activator of MTORC2 signaling leading to CTGF induction and myofibroblast

differentiation.

Introduction

In most, if not all, organs, tissue repair follows a stereotypical
sequence of events that includes the differentiation of resident
fibroblasts and stromal cells into myofibroblasts. In turn, differ-
entiated myofibroblasts produce increased amounts of extracellu-
lar matrix (ECM) components such as COL1Al and COL3Al
and acquire a contractile phenotype through enhanced expression
of ACTA2 and formation of stress fibers.' Myofibroblasts are
key effectors of tissue repair and, under the influence of appropri-
ate extracellular signals, favor tissue remodeling and wound

closure. In fibrotic disorders, persistent myofibroblast accumula-
tion fuels inappropriate ECM deposition, contracture, tissue
deformation, and loss of function.>” TGFB (transforming
growth factor, ) is one of the first mediators shown to mediate
both initiation and perpetuation of myofibroblast differentia-
tion.>® TGFB gene and protein expression are increased in an
array of fibrotic disorders including pulmonary fibrosis, liver cir-
rhosis, chronic renal failure, and systemic sclerosis.” ' In the past
decade, a large body of evidence has demonstrated that CTGF/
CCN2, is another central mediator of myofibroblast differentia-
tion and fibrosis. CTGF expression is activated downstream of
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TGFB-dependent SMAD signaling and various reports point to
CTGF as a key activator of myofibroblast differentiation.'" Also,
the secretion of CTGF enhances TGFB signaling through
increased receptor and cell-surface binding and SMAD phos-
phorylation favoring an autocrine fibrogenic amplification
loop.'? Increased expression of CTGF has also been reported in a
wide variety of fibrotic conditions including liver, renal and pul-
monary fibrosis, and systemic sclerosis.>'® More recently, differ-
ent reports have shown that, in certain systems, CTGF can
induce and sustain myofibroblast differentiation and develop-
ment of fibrosis through TGFB-independent pathways.'”*” The
pathways that foster CTGF overexpression independently of
TGFB-signaling remain incompletely characterized but appear to
involve, at least in part, responses to stress and hypoxia.w’22

Autophagy is a highly conserved catabolic pathway activated
in response to stress or starvation. During autophagy, damaged
organelles and selected proteins are sequestered within autopha-
gosomes and targeted for degradation following autophagosome-
lysosome fusion as a means of sustaining metabolism. Autophagy
is initiated by MTORCI inhibition, which facilitates activation
of the PIK3C3/VPS34-PIK3R4-AMBRA1 complex required for
initiation of autophagosome formation.”> Recent studies have
highlighted a correlation between dysregulated autophagy and
the development of fibrosis.** Both up- and downregulation of
autophagy have been associated with fibrosis in various organs,
highlighting the potentially diverse functional role that autoph-
agy may play in the various phases of response to stress and tissue
repair.”* In models of liver fibrosis, reduced autophagy was
shown to prevent differentiation of hepatic stellate cells into
myofibroblast-like cells, therefore leading to reduced fibrogene-
sis.”>? Fibrogenic cells of kidney and lung origin have also been
shown to rely on autophagy to maintain an activated and fibro-
genic phenotype.”® However, the signaling pathways and central
mediators linking autophagy to myofibroblast differentiation and
fibrosis remain largely undefined. Whether autophagy leads to
fibrosis or prevents the onset of fibrosis is probably, at least in
part, related to the cell compartments that are engaging the auto-
phagic response and the downstream signaling pathways that
may be triggered by the autophagic program.

Here, we sought to characterize the impact of autophagy on
myofibroblast differentiation. We report that, in fibroblasts, pro-
longed autophagy is associated with inhibition of MTORCI acti-
vation and, unexpectedly, enhanced MTORC?2 activation, which
in turn triggers CTGF-dependent myofibroblast differentiation.

Results

Autophagy is central to myofibroblast differentiation
induced by prolonged starvation

To evaluate the functional importance of growth factor depri-
vation in the simultaneous activation of autophagy and myofi-
broblast differentiation, human embryonic lung fibroblasts were
exposed to serum-free (starvation) medium (SS). LC3-I1/-1 ratios
increased rapidly in starved fibroblasts (Fig. 1A) and were further
increased in the presence of bafilomycin A;, an inhibitor of
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vacuolar-type H"-ATPases essential for the acidification of auto-
phagic vacuoles (Fig. 1B). Infection with a baculovirus vector
expressing GFP-LC3B revealed enhanced accumulation of LC3™
puncta in starved fibroblasts, which was further increased by bafilo-
mycin A; (Fig. 1C). Protein levels of SQSTM1, an autophagic sub-
strate, decreased after 4 h of starvation and remained low thereafter
(Fig. 1D). Markers of autophagy in starved cells were increased
compared with cells maintained in normal culture conditions for
up to 7 d (Fig. S1A, S1B). Collectively, these results suggest a sus-
tained enhanced autophagic flux in serum-starved fibroblasts.””

We then evaluated whether markers of myofibroblast differen-
tiation® were modulated in association with autophagy. Protein
levels of ACTA2 increased significantly after 4 d of serum starva-
tion (Fig. 1E). After 4 d, serum-starved fibroblasts also showed
enhanced ACTA2 protein levels and the presence of organized
stress fibers by immunofluorescence microscopy (Fig. 1F).
COLIAI and COL3A1 mRNA levels (Fig. 1G) and proCOLIA1
protein levels (Fig. S1C) also increased in starved fibroblasts.
Similarly, in mouse embryonic fibroblasts and adult human lung
fibroblasts, we found an association between increased autophagy
upon long-term serum starvation and evidence of myofibroblast
differentiation (Fig. S1D). Fibroblasts maintained in normal cul-
ture conditions for up to 7 d did not show evidence of myofibro-
blast differentiation (Fig. S1B).

To analyze the functional role of autophagy in myofibroblast
differentiation, we inhibited the autophagic response in starved
fibroblasts with 3-methyladenine (3-MA), wortmanmin (W) or
LY294002 (LY).”® In starved cells these chemicals inhibit
PtdIns3K.**>° All 3 inhibitors prevented enhanced LC3-I1/-I
ratios upon starvation (Fig. 2A) and also prevented upregulation
of ACTA2 (Fig. 2B and S2A, S2B) and pro-COLI1Al
(Fig. S2C). Autophagy inhibition also prevented the formation
of stress fibers and reduced collagen mRNA synthesis (Fig. 2C,
D). Inhibiting autophagy through silencing of the key autophagic
gene ATG7' prevented myofibroblast differentiation (Fig. 2E,
F) further supporting the central role of autophagy in triggering
pathways leading to myofibroblast differentiation. We also con-
sidered the potential role of cell death in our system. In previous
work, we showed that WI-38 fibroblasts serum starved for up to
7 d maintained low levels of apoptosis and no sign of necro-
sis.>>%% Also, PARD cleavage, another read-out of apoptotic cell
death, is not enhanced in fibroblasts serum starved for 4 or 7 d
(Fig. $2D). Collectively, these results suggest that cell death-
dependent pathways are unlikely contributors to the association
between autophagy and myofibroblast differentiation.

TGFB-independent and CTGF-dependent pathways control
autophagy-induced myofibroblast differentiation

We then sought to characterize the mediators implicated in
autophagy-induced myofibroblast differentiation. TGFB is a
classical inducer of myofibroblast differentiation,® and fibrogenic
signaling downstream of TGFB involves the SMAD family of
transcriptional activators.’ * To determine if TGFB signaling is
implicated in autophagy-induced myofibroblast differentiation,
SMAD?2 phosphorylation was evaluated by immunoblotting in
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Figure 1. For figure legend, See page 2196.

serum-starved fibroblasts. Serum starvation failed to induce noncanonical SMAD-independent pathways,® we also evaluated
SMAD?2 phosphorylation, whereas exposure to recombinant ACTA2 protein levels in serum-starved fibroblasts in the presence
TGFBI induced strong SMAD2 phosphorylation (Fig. 3A and  of antibodies neutralizing all TGFBI1, 2 and 3 isoforms or iso-
S3A). Since TGFB can trigger fibrogenic signals through type-matched control. Recombinant TGFB1 was used as a
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positive control for the neutralizing capacity of the anti-TGFB
antibody. Anti-TGFB neutralization failed to reduce myofibro-
blast differentiation in starved fibroblasts (Fig. 3B lane 2) but
effectively dampened ACTA?2 overexpression induced by recom-
binant TGFB1 (Fig. 3B lane 5). Collectively, these results sug-
gest that autophagy elicits myofibroblast differentiation largely
through TGFB-independent pathways.

CTGF is increasingly recognized as a downstream integrator
of various fibrogenic stimuli and a specific marker of fibrotic tis-
sues.>>?® Hence, we evaluated if starvation modulates CTGF
mRNA and protein levels. Prolonged starvation led to a signifi-
cant increase in C7GF mRNA level (Fig. 3C). There was an ini-
tial decrease in cellular CTGF protein levels upon initiation of
starvation. This was followed, after 2 and 4 d of starvation, with
a progressive increase in CTGF levels (Fig. 3D and S3B). Also,
extracellular release of CTGF rose over time in serum-starved
fibroblasts (Fig. 3E). We then investigated the functional impor-
tance of CTGF in starvation-induced myofibroblast differentia-
tion. Blocking CTGF upregulation with siRNAs significantly
lowered ACTA2 protein levels in autophagic fibroblasts
(Fig. 3F), establishing a central role for CTGF in myofibroblast-
differentiation triggered by starvation.

To test whether autophagy is an upstream regulator of CTGF
expression in starved cells, we inhibited autophagy with PtdIns3K
inhibitors and evaluated intracellular and extracellular CTGF pro-
tein levels. LY294002 (Fig. 4A), 3-MA and wortmannin (Fig. $4)
all prevented upregulation of intracellular CTGF protein levels in
fibroblasts serum starved for 4 d. CTGF secretion (Fig. 4B) and
CTGF mRNA levels (Fig. 4C) were also significantly reduced in
fibroblasts serum starved in the presence of LY294002. To further
characterize the importance of the autophagic process in regulat-
ing CTGF levels, we inhibited autophagy through A7G7 silenc-
ing. Again, inhibition of autophagy prevented CTGF
upregulation (Fig. 4D). Collectively, these results confirm that
autophagy is an upstream regulator of CTGF expression.

Implication of the MTORC1 and MTORC2 pathways in
autophagy-induced myofibroblast differentiation

Inhibition of MTOR signaling prevents myofibroblast differ-
entiation in other systems.”” We therefore considered the possibil-
ity that MTOR-dependent pathways could be implicated in
autophagy-induced myofibroblast differentiation. Phosphorylation

of the MTORC1 downstream target RPS6KB1°® was rapidly and
durably decreased in serum-starved fibroblasts (Fig. 5B and S5A).
Phorphorylation of the MTORC2 target AKT at Ser473° ini-
tially decreased upon initation of serum starvation (Fig. 5A).
However, after 2 d of serum starvation, AKT was progressively
rephosphorylated at Ser473 (Fig. 5A), suggesting the reactivation
of MTORC2 with prolonged starvation.

We then evaluated the impact of rapamycin on phosphoryla-
tion of MTORC1 and MTORC?2 targets, autophagy, and myofi-
broblast differentiation. Rapamycin induces autophagy by
interacting with FKBP12 leading to MTORCI inhibition®®
whereas long-term exposures to rapamycin can, in certain cir-
cumstances, inhibit MTORC2 by preventing formation of new
MTORC2 complexes.”’40 In starved and unstarved fibroblasts,
rapamycin decreased RPS6KB1 phosphorylation confirming its
MTORCI inhibitory activity (Fig. 5B and S5B) and enhanced
autophagy with increased LC3-11/-I ratios or decreased SQSTM1
protein levels (Fig. 5C and S5B). Rapamycin also significantly
decreased AKT rephosphorylation at Ser473 in fibroblasts that
were serum starved for longer than 2 d (Fig. 5B) whereas, in
unstarved fibroblasts, rapamycin did not reduce and rather
enhanced MTORC2 activity, as demonstrated with increased
AKT phosphorylation (Fig. S5B). This translated into enhanced
myofibroblast differentiation with increased expression of CTGF
and ACTA2 (Fig. S5B). This result is consistent with previous
reports showing that rapamycin preferendally inhibits
MTORCI1 vs MTORC2 and that MTORCI blockade can
release  MTORCI-dependent inhibition of MTORC2.%*4!
However, in starved cells, rapamycin decreased MTORC2 activ-
ity leading to inhibition of myofibroblast differentiation. Rapa-
mycin prevented the upregulation of both ACTA2 and
intracellular CTGF protein levels in serum-starved fibroblasts
(Fig. 6A) and also significantly reduced CTGF secretion
(Fig. 6B). Serum-starved fibroblasts exposed to rapamycin also
showed reduced COLIAI mRNA level (Fig. 6C) and pro-
COLI1AL protein level (Fig. S6A). We also exposed starved cells
to Torin 1, a dual inhibitor of the MTOR complexes. Torin 1
inhibited MTORC1 and MTORC2 activities, reduced CTGF
secretion and ACTA2 and proCOL1Al synthesis (Fig. S6B,
S6C, S6D). Collectively, these results suggest that MTORC2
activity is likely central for autophagy-induced myofibroblast
differentiation.

Figure 1. (See previous page). Starvation induces autophagy and myofibroblast differentiation. (A) Upper panel: Western blot showing LC3B-I and -II
protein levels in WI-38 fibroblasts exposed to serum-free (starvation) medium (SS). Lower panel: Densitometric analysis of LC3B-Il relative to LC3B-I nor-
malized to time 0 (representative of 4 independent experiments, *P < 0.05 t = 0 vs 1 h). (B) Western blot showing LC3B-I and -Il protein levels in WI-38
fibroblasts at baseline, starved for 4 h or 1 d and exposed to DMSO (V) or bafilomycin A; (20 nM; Baf). Representative of 3 independent experiments. (C)
Evaluation of LC3B puncta by confocal microscopy in WI-38 fibroblasts infected with a baculovirus vector expressing GFP-LC3B and exposed to normal
conditions (medium with 10% FBS; N), serum-free medium with DMSO (V) or serum-free medium with bafilomycin A; (20 nM) for 1 d. Representative of
3 independent experiments. (D) Upper panel: Western blot showing SQSTM1 and tubulin (TUBA) protein levels in starved WI-38 fibroblasts. Lower panel:
Densitometric analysis of SQSTM1 protein levels relative to tubulin. Data are presented as mean =+ s.e.m. (representative of 4 independent experiments,
*p =10.024 hvs 2dand4 hvs 4 d). (E) Upper panel: Western blot showing ACTA2 protein levels in WI-38 fibroblasts exposed to SS medium or grown
under normal conditions (N). Tubulin was used as a loading control. Lower panel: Densitometric analysis of ACTA2 protein levels relative to tubulin nor-
malized to time 0 (representative of 4 independent experiments; *p = 0.0170 SS vs N at 4 d). (F) Evaluation of the myofibroblast markers ACTA2 (red)
and stress fiber (green) by immunofluorescence microscopy in cells grown in normal medium (N) or maintained without serum (SS) for 4 d. Representa-
tive of 3 independent experiments. (G) Real-time gPCR evaluation of mRNA levels of COL1AT and COL3AT after 4 d in N or SS. GAPDH was used as the ref-
erence gene (***P < 0.001 N vs SS, representative of 2 independent experiments performed in triplicate).
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Figure 2. Autophagy induces myofibroblast differentiation in starved fibroblasts. (A) Western blot showing LC3B-I and -Il protein levels in WI-38 fibro-
blasts at baseline or starved in the presence of 3-methyladenine (1 mM; 3-MA), wortmannin (100 nM; W), LY294002 (5 wM; LY) or vehicle (V) for 4 h. Rep-
resentative of 4 independent experiments. (B) Western blot showing ACTA2 protein levels in WI-38 fibroblasts at baseline or starved and incubated with
the same inhibitors as in A for 4 d. Representative of 4 independent experiments. (C) Evaluation of the myofibroblast markers ACTA2 (red) and stress fiber
formation (green) by immunofluorescence microscopy in fibroblasts exposed to SS in the presence of LY or V for 4 d. Cell nuclei are visualized in blue.
ACTA2 and stress fiber staining of fibroblasts grown in normal medium or starved for 4 d from the same experiment are shown in Figure 1F. Representa-
tive of 3 independent experiments. (D) COLTAT and COL3AT mRNA levels evaluated by real time qPCR in WI-38 fibroblasts serum starved for 4 d in the
presence of the PtdIns3K inhibitor LY or vehicle. GAPDH was used as the reference gene (***P < 0.001 V vs LY for COLTAT and **P < 0.01 V vs LY for
COL3AT). Collagen mRNA levels of fibroblasts grown in normal medium or starved for 4 d from the same experiment are shown in Figure 1G. Represen-
tative of 2 independent experiments performed in triplicate. (E) Left panel: Western blot showing ATG7, SQSTM1 and tubulin (TUBA) protein levels in WI-
38 fibroblasts starved for 2 d post-nucleofection with control siRNA (siCTL) or ATG7 siRNA (siATG?7). Representative of 3 independent experiments. Right
panel: Densitometric analysis of SQSTM1 protein level relative to tubulin (representative of 3 independent experiments, *p = 0.0318) in WI-38 fibroblasts
silenced for ATG7 expression (ATG7 silencing is effective at 80.6% =+ 6.0%, representative of 3 independent experiments, ***P < 0.0001). (F) Left panel:
Western blot showing ATG7, ACTA2, and tubulin (TUBA) protein levels in WI-38 fibroblasts starved for 4 d post-nucleofection with control siRNA (siCTL)
or ATG7 siRNA (siATG7). Representative of 4 independent experiments. Right panel: Densitometric analysis of ACTA2 level relative to tubulin (***p =
0.0005 representative of 4 independent experiments) in WI-38 fibroblasts silenced for ATG7 expression (ATG7 silencing is effective at 87.4% =+ 4.4%, from
4 independent experiments, ***P < 0.0001).
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Figure 3. For figure legend, See page 2199.

To explore further the importance of MTORC2 activation in
autophagy-induced myofibroblast differentiation, RICTOR, an
integral component of the MTORC2 complex, was silenced.
RICTOR silencing in serum-starved fibroblasts prevented AKT
phosphorylation at Ser473 (Fig. 6D). RICTOR silencing also
blocked ACTA2 upregulation (Fig. 6D). This was associated
with reduced intracellular CTGF protein levels and reduced
secretion of CTGF (Fig. 6D, E). Silencing RPTOR, a constitu-
ent of the MTORCI complex, in starved fibroblasts did not
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modulate ACTA2 and CTGF levels (Fig. SGE). Collectively,
these results identify MTORC2 activation as a central regulator
of CTGF upregulation and myofibroblast differentiation in
serum-starved fibroblasts.

Autophagy is a novel activator of MTORC2-signaling

We then sought to evaluate whether autophagy per se was cen-
tral to MTORC2 activation in our system. Blocking autophagy
in starved fibroblasts with 3-MA, wortmannin or LY294002
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significantly reduced phosphorylation of AKT at Ser473
(Fig. 7A), but did not modulate MTORCI1 activity (Fig. S7A,
S7B). To rule out the possibility that these autophagy inhibitors
could directly alter MTORC2 activity independently of autoph-
agy, we also evaluated the impact of A7G7 silencing on Ser473
AKT phosphorylation. ATG7 silencing reduced AKT phosphory-
lation in starved fibroblasts (Fig. 7B), demonstrating the impor-
tance of the autophagic response in triggering MTORC2
activation. Also, in starved fibroblasts silenced for ATG/, trans-
duction with a constitutively active AKT construct enhanced
myofibroblast differentiation, with increased protein levels of
CTGF and ACTA2 (Fig. S7C). Collectively, these results iden-
tify sustained autophagy as a novel activator of MTORC2-
dependent signaling leading to enhanced CTGF expression and
secretion which in turn fosters myofibroblast differentiation
(Fig. 8).

Discussion

Mounting evidence suggests that dysregulated autophagy
plays a central role in abnormal repair processes. Fibrosis, a mal-
adaptive form of tissue remodeling, is characterized by the sus-
tained presence of myofibroblasts defined by an enhanced
capacity to produce ECM components and to exert a tensile force
on the ECM. This leads to ECM thickening and contraction, loss
of the normal tissue architecture, and loss of function. Fibrosis
characterizes most forms of chronic organ failure including liver
cirrhosis,”® renal failure,” and pulmonary fibrosis.** Both
enhanced and decreased autophagy have been linked to fibrosis,
suggesting that the timing of the autophagic process, the cell
types at play and the downstream pathways triggered by autoph-
agy weave a complex interplay of responses that may be either
beneficial or detrimental to tissue repair. In murine models of
liver injury, genetic invalidation of the central autophagic gene
ATGY specifically in hepatic stellate cells prevents their myofibro-
blast differentiation and significantly decreases liver fibrosis.”® An
association between the activation of autophagy and acquisition
of myofibroblast markers has also been documented in renal

mesangial cells and pulmonary fibroblasts.”>*® However, the use
of the MTOR inhibitor rapamycin, a classical inducer of autoph-
agy, in models of renal, pulmonary, and skin fibrosis prevents or
decreases fibrotic indices including myofibroblast differentia-
tion.”*>*¢ Here, we sought to characterize the pathways linking
autophagy with myofibroblast differentiation in stromal cells and
to define the various levels of crosstalk between autophagy and
MTOR-dependent signaling regulating myofibroblast differenti-
ation. Using starvation as a classical inducer of autophagy in
fibroblasts, we demonstrate not only temporal relations between
sustained autophagy and myofibroblast differentiation but a cen-
tral role for autophagy in triggering myofibroblast differentiation.
Preventing development of autophagy through inhibition of
PtdIns3K with LY294002, wortmannin or 3-MA blocked myofi-
broblast differentiation. Inhibiting autophagy through ATG7
silencing also prevented myofibroblast differentiation.

Our results demonstrate that in a pure fibroblast system,
through
TGFB-independent pathways. Indeed, we observed no evidence

autophagy enhances myofibroblast differentiation
of SMAD signaling in our system. Also, neutralizing antibodies
against all active isoforms of TGFB failed to prevent autophagy-
induced myofibroblast differentiation while effectively blocking
TGFB-induced differentiation. These results do not, however,
rule out a potential contribution of TGFB in vivo where the
draw of immune cells to the sites of tissue remodeling could
accentuate myofibroblast differentiation via TGFB-dependent
pathways. Nonetheless, our results demonstrate that in fibro-
blasts, autophagy triggers an intrinsic program of myofibroblast
differentiation largely dependent on the upregulation of CTGF
expression and secretion. Several lines of evidence support the
central role of CTGF in inducing autophagy-dependent myofi-
broblast differentiation. Starvation initially decreased CTGF lev-
els but prolonged starvation favored CTGF re-expression.
Inhibiting autophagy in starved fibroblasts, either through
PtdIns3K inhibition or AT G silencing, prevented re-expression
of CTGF. Finally, silencing CTGF in starved fibroblasts blocked
myofibroblast differentiation.

CTGE is a cysteine-rich 38-kDa member of the CCN early-
response gene family that was first described as an important

Figure 3. (See previous page). Myofibroblast differentiation induced by starvation is dependent on CTGF upregulation. (A) Western blot showing phos-
phorylated SMAD2 and total SMAD2/3 in WI-38 fibroblasts cultured under normal conditions (N), serum starved (SS) or incubated with human recombi-
nant TGFB1 (2 ng/ml) in SS for 1 or 3 d. Incubation with TGFB1 was used as a positive control for SMAD signaling. Representative of 3 independent
experiments. (B) Upper panel: Western blot showing ACTA2 protein levels in WI-38 fibroblasts exposed to SS for 4 d in the presence of a neutralizing anti-
body (NAb) against pan-TGFB, or isotype-matched control (iso), both at 10 ug/ml. Recombinant human TGFB1 (0.1 ng/ml) was used as a positive control
for the neutralizing activity of the pan-TGFB antibody. Representative of 4 independent experiments. Lower panel: Densitometric analysis of ACTA2 rela-
tive to tubulin (TUBA) protein levels (representative of 4 independent experiments, *p = 0.03 neutralizing antibody vs iso in the presence of TGFB1, *p =
0.03 SS vs TGFB1 in SS). (C) Evaluation of CTGF expression by real time gPCR in WI-38 fibroblasts exposed to serum-free medium (SS) or grown in normal
condition (N) for 4 d (**p = 0.002). Representative of 2 independent experiments performed in triplicate. (D) Upper panel: Western blot showing intracel-
lular CTGF protein levels in WI-38 fibroblasts at baseline, starved for up to 4 d or maintained in normal medium for 4 d. Representative of 8 independent
experiments. Lower panel: Densitometric analysis of intracellular CTGF relative to tubulin protein levels normalized to time 0 (representative of 8 inde-
pendent experiments, *p = 0.01 1d vs 4 d and 2 d vs 4 d in SS). (E) Upper panel: Evaluation of extracellular CTGF by WB in media conditioned by WI-38
fibroblasts exposed to SS for 0, 2 or 4 d. Representative of 8 independent experiments. Lower panel: Densitometric analysis of extracellular CTGF (repre-
sentative of 8 independent experiments, *p = 0.01 2 d vs 4 d). (F) Upper panel: Western blot showing intracellular CTGF and ACTA2 protein levels in WI-
38 fibroblasts exposed to SS for 5 d post-transfection with control siRNA (siCTL) or siRNA specific to CTGF (siCTGF). Representative of 5 independent
experiments. Lower panel: Densitometric analysis of ACTA2 level relative to tubulin (representative of 5 independent experiments, **p = 0.004) in WI-38
fibroblasts silenced for CTGF expression (CTGF silencing is effective at 77.3% =+ 4.8%, representative of 5 independent experiments, ***p = 0.0002).
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Figure 4. Autophagy is central for CTGF upregulation in starved fibroblasts. (A) Upper panel: Western blot showing
intracellular CTGF protein levels in serum-starved WI-38 fibroblasts incubated with the autophagy inhibitor
LY294002 5 uM (LY) or vehicle (V) for 4 d. Representative of 4 independent experiments. Lower panel: Densitometric
analysis of intracellular CTGF protein levels relative to tubulin (representative of 4 independent experiments,
*p = 0.0286). (B) Upper panel: Western blot of extracellular CTGF protein levels in media conditioned by starved
WI-38 fibroblasts in the presence of the inhibitor LY294002 5 uM (LY) or vehicle (V) for 4 d. Representative of 4 inde-
pendent experiments. Lower panel: Densitometric analysis of extracellular CTGF protein levels (representative of 4
independent experiments, *p = 0.03 V vs LY at 4 d). (C) Evaluation of CTGF expression by gPCR in WI-38 fibroblasts
exposed to serum-free medium (SS) in the presence of LY294002 5 uM (LY) or vehicle (V) for 4 d (**p = 0.0036).
CTGF expression was normalized to GAPDH. CTGF mRNA levels of fibroblasts grown in normal medium or starved
for 4 d from the same experiment are shown in Figure 3C. Representative of 2 independent experiments per-
formed in triplicate. (D) Left panel: Western blot showing ATG7, CTGF and tubulin (TUBA) protein levels in WI-38
fibroblasts exposed to SS for 4 d post-nucleofection with control siRNA (siCTL) or siRNA specific to ATG7 (siATG?).
Representative of 4 independent experiments. Right panel: Densitometric analysis of CTGF level relative to tubulin
(**p = 0.0087 representative of 4 independent experiments) in WI-38 fibroblasts silenced for ATG7 expression
(ATG7 silencing is effective at 87.4% + 4.4%, representative of 4 independent experiments, *** P < 0.0001).

tion at serine 473, was quite
distinct. As expected, AKT
phosphorylation rapidly
decreased upon starvation
but was followed by sponta-
neous  rephosphorylation
after 2 d. In starved cells,
blocking MTORC?2 activity,
with rapamycin, Torin 1 or
RICTOR  silencing,  pre-
vented myofibroblast differ-
entiation. In unstarved cells,
however, rapamycin inhib-

downstream effector of TGFB* and a potentiator of TGFB’s
fibrogenic actions.'” Mounting evidence gathered over the past
decade has demonstrated that CTGF can initiate fibrogenic
responses independently of TGFB.*>? ® CTGF is increasingly
recognized as a central fibrogenic mediator upregulated in a vari-
ety of fibrotic disorders and is overexpressed prior to and in asso-
ciation with fibrosis development.’>?® CTGF acts as a
matricellular protein rather than a conventional growth factor,
interacting with multidomain structures in association with vari-
ous cell surface receptors (integrins, proteoglycans, low-density
CTGF-neutralizing

lipoprotein  receptor-related  protein).
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ited MTORCI1 and trig-
gered autophagy, but failed
to reduce AKT phosphorylation. In this context, rapamycin treat-
ment enhanced MTORC2 activity and enhanced myofibroblast
differentiation. These results are consistent with previous reports
showing that rapamycin preferentially inhibits MTORCI vs
MTORC?2 and that MTORCI blockade can release MTORCI-
dependent inhibition of MTORC2.>**! However, in a situation
where MTORCI activity is absent, such as starvation, prolonged
rapamycin treatment can display inhibitory activity toward
MTORC2.

To further define the importance of autophagy in MTORC2
activation, we inhibited autophagy in starved fibroblasts with
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Figure 5. Activation of MTORC2 signaling in starved fibroblasts. (A) Upper panel: Western blot showing phosphorylation of AKT Ser473 (AKT p) and total
AKT (AKT t) in WI-38 fibroblasts at baseline and exposed to serum-free medium (SS) for up to 4 d. Representative of 5 independent experiments. Lower
panel: Densitometric analysis of AKT p relative to AKT t normalized to time O (representative of 5 independent experiments, *p = 0.0189 2 d vs 4 d and
*p = 0.0238 1d vs 4 d). (B) Upper panel: Western blot showing phosphorylation of RPS6KB1 (MTORC1 downstream target) and phosphorylation of AKT
Ser473 (MTORC2 target) in WI-38 fibroblasts at baseline and starved (SS) for up to 4 d in the presence of rapamycin (10 nM; R) or vehicle (V). Total AKT
level was also evaluated by WB. Ponceau Red staining was used as loading control. Representative of 4 independent experiments. Middle panel: Densito-
metric analysis of phosphorylated RPS6KB1 relative to tubulin (representative of 4 independent experiments, *p = 0.0286 V vs R at 10 min). Data were
normalized to baseline. Lower panel: Densitometric analysis of AKT p relative to AKT t (representative of 4 independent experiments, *p = 0.0237 V vs R
at d 4). Data were normalized to baseline. (C) Upper panel: Western blot showing LC3B-I and -Il protein levels in WI-38 fibroblasts at baseline or exposed
to SSfor 4 h, 2 d or 4 d in the presence of rapamycin (10 nM; R) or vehicle (V). Representative of 5 independent experiments. Lower panel: Densitometric
analysis of LC3B-Il relative to LC3B-I (representative of 5 independent experiments; *p = 0.0456 V vs Rat 4 h, *p = 0.0444 V vs Rat 2 d, *p = 0.0266 V vs

inhibitors of PtdIns3K or by silencing A7G7. Both methods con-
curred in demonstrating a central role for autophagy in
MTORC2 activation. Also, when A7TG7 silenced starved cells
were transduced with a constitutively active AKT construct, myo-

fibroblast  differentiation was enhanced. These results
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demonstrated that MTORC2 is active downstream of autophagy
and drives myofibroblast differentiation.

The conventional dogma proposes that MTORCI regulates
mRNA translation and cellular proliferation while MTORC2

activation regulates reorganization of the actin cytoskeleton.*
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Figure 6. Blockade of autophagy-induced myo-
fibroblast differentiation by rapamycin. (A)
Upper panel: Western blot showing ACTA2 and
intracellular CTGF protein levels in serum-
starved WI-38 fibroblasts incubated with the
MTOR inhibitor rapamycin (10 nM; R) or vehicle
(V) for 4 d. Representative of 5 independent
experiments. Middle panel: Densitometric analy-
sis of ACTA2 protein levels relative to tubulin
(representative of 5 independent experiments;
*p = 0.0189). Lower panel: Densitometric analy-
sis of intracellular CTGF protein levels relative to
tubulin (representative of 5 independent experi-
ments, *p = 0.0485). (B) Upper panel: Western
blot showing extracellular CTGF protein levels in
media conditioned by WI-38 fibroblasts starved
in the presence of rapamycin (R) or vehicle (V)
for 4 d. Representative of 5 independent experi-
ments. Lower panel: Densitometric analysis of
extracellular CTGF, representative of 5 indepen-
dent experiments, ***P < 0.0001 V vs R. (C) Eval-
uation of the expression of the myofibroblast
marker COL1AT by real-time qPCR in WI-38 fibro-
blasts serum starved for 4 d in the presence of
rapamycin (10 nM; R) or vehicle (V) (**p =
0.005 V vs R). Collagen mRNA levels of fibro-
blasts grown in normal medium or starved for 4
d from the same experiment are shown in
Figure 1G. Representative of 2 independent
experiments performed in triplicate. (D) Effects
of MTORC2 inhibition by RICTOR silencing on
levels of downstream target AKT phosphoryla-
tion, myofibroblast marker ACTA2, and intracel-
lular CTGF. Left panel: Cells were incubated in
SS for 4 d after electroporation with control
siRNA (siCTL) or siRICTOR. Cell lysates were ana-
lyzed by WB. Inhibition of RICTOR expression
(82.3 +/- 17.3%, representative of 4 indepen-
dent experiments, ***P < 0.0001) was achieved
over siCTL. Right upper panel: Densitometric
analysis of AKT p relative to total AKT (represen-
tative of 4 independent experiments; ***p =
0.0002). Right middle panel: Densitometric anal-
ysis of ACTA2 relative to tubulin (representative
of 4 independent experiments; ***p = 0.0003).
Right lower panel: Densitometric analysis of
intracellular CTGF relative to tubulin (represen-
tative of 4 independent experiments; *p =
0.0286). (E) Upper panel: Evaluation of extracel-
lular CTGF by WB in conditioned media from the
experiment described in (C). Lower panel: Densi-
tometric analysis of extracellular CTGF (repre-
sentative of 4 independent experiments; *p =
0.0286).

Our results demonstrate that long-term MTORC2 activation
leads to important changes in gene and protein expression pat-
terns in fibroblasts, favoring the development of a fibrogenic
microenvironment.
reports demonstrating that MTORC2 can regulate expression
of stress and hypoxia-induced proteins of potential importance

Our

in controlling cellular adaptation to external stress.

These results

are

in line with

59

recent

results further support the notion that MTORC2 can act as an
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25,26

a novel

an upstream regulator of stress-induced proteins and identify
CTGF as

signaling.

of MTORC2

downstream  product

Our results are consistent with the work of Hernandez-Gea V
et al., showing that autophagy of hepatic stellate cells enhances
liver fibrosis. Our results may, however, be seen as contradic-

tory to work published by Araya and colleagues demonstrating

inhibitory function for autophagy in myofibroblast
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number of reasons could explain this dis-

crepancy, including differences in duration | -
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of autophagy and autophagy inducers. Both

studies, however, highlight the importance
of MTOR-dependent pathways in control- | v/
ling myofibroblast differentiation. Also, our | 3_MA - -
work highlights the importance of duration | \y -
of autophagy on myofibroblast differentia- | |y o
tion. In our system, short-term autophagy
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(up to 24 h) did not activata. MTORC2,
and failed to increase CTGF secretion and
myofibroblast  differentiation. Prolonged
autophagy, however, induced MTORC2
activation, which in turn promoted CTGF
secretion and myofibroblast differentiation
(Fig. 8).

In summary, the present results lend
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further support for a key role for sus-
tained autophagy as a central regulator of
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myofibroblast differentiation. Long-term
repressing  MTORCI
the

culminating in

while

activation,  triggers
MTORC2  complex,
enhanced synthesis and secretion of the
fibrogenic mediator CTGF, which in turn
initiates a program of myofibroblast dif-

starvation,
activation of

ferentiation. These results provide novel
insights into the fibrogenic molecular
pathways triggered by the autophagic pro-
gram and highlight new potential targets
of intervention for preventing maladaptive
myofibroblast differentiation.

V 3-MA \Y siCTL siATG7

LY

Figure 7. Autophagy is essential for MTORC2 activity induced by serum starvation. (A) Upper
panel: Evaluation of AKT Ser473 phosphorylation (AKT p) and total AKT (AKT t) by WB in WI-38
fibroblasts at baseline or exposed to SS plus vehicle for 2 d or maintained in SS with the autoph-
agy inhibitors 3-methyladenine (1 mM; 3-MA), wortmannin (100 nM; W), or LY294002 (5 pM; LY).
Representative of 4 independent experiments. Lower left panel: Densitometric analysis of AKT p
relative to AKT t in cells exposed to DMSO or 3-MA (representative of 4 independent experi-
ments, *p = 0.0286). Lower right panel: Densitometric analysis of AKT p relative to AKT t in cells
exposed to DMSO or LY (representative of 4 independent experiments, *p = 0.0114 V vs LY at d
2). (B) Upper panel: Evaluation of AKT Ser473 phosphorylation (AKT p) and total AKT (AKT t) by
WB in WI-38 fibroblasts exposed to SS for 2 d post-transfection with control siRNA (siCTL) or
siRNA specific to ATG7 (siATG7). Representative of 3 independent experiments. Lower panel: Den-
sitometric analysis of AKT p protein level relative to AKT t (representative of 3 independent
experiments, ***P < 0.0001) in WI-38 fibroblasts silenced for ATG7 expression (ATG7 silencing is

effective at 80.6% =+ 6.0%, representative of 3 independent experiments, ***P < 0.0001).

Materials and Methods

Cell culture

W1I-38 human fibroblasts from normal embryonic lung tis-
sue were purchased from the American Type Culture Collec-
tion (CCL'75), grown in fibroblast basal medium (Lonza,
CC-3131) supplemented with 10% inactivated fetal bovine
serum (FBS; Wisent, 090150) (normal medium [N]) and
used between passages 6 and 8. Normal human lung fibro-
blasts (Lonza, CC-2512) and mouse embryonic fibroblasts
(ATCC, CRL-2214) were grown in DMEM (Wisent, 319-
005-CL) with 10% FBS. For growth factor deprivation, the
fibroblasts were washed twice with phosphate-buffered saline
(PBS; Wisent, 311-425-CL) before being exposed to serum-
free medium. The media were replaced every other day. Con-
ditioned cell culture media were centrifuged at 1,200 g for
15 min at 4°C and kept at —20°C for further analysis. The
cells were plated at a density of 20,000 cells/cm® in 6-well
plates and exposed to experimental conditions or vehicle
when they reached 80-90% confluency.

www.landesbioscience.com
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Immunoblotting

Cellular proteins were extracted, separated by electrophoresis,
transferred to nitrocellulose membranes and probed, as described
previously.'”?*°! To compare levels of secreted proteins, 3 ml of
conditioned medium were concentrated by centrifugation in a
5,000 molecular weight cut-off Vivaspin 500 system (Sartorius
Stedim Biotech, VS0112) at 15,000 g, followed by electrophore-
sis and protein gel blotting (WB). The antibodies used for WB
were anti-ACTA2/aSMA (Sigma-Aldrich, A2547), anti-CTGF
(Santa Cruz Biotechnology, sc-14939), anti-LC3B (Novus,
NBG600-1384), anti-mouse SQSTM1/p62 (MBL, PMO045B),
anti-human SQSTM1/p62 (Cell Signaling Technology, 8025),
anti-phospho-RPS6KB1/p70S6K (Thr389; Cell Signaling Tech-
nology, 9205), anti-phospho-AKT (Ser473; Cell Signaling Tech-
nology, 9271) and anti-AKT (Cell Signaling Technology, 9272),
anti-RICTOR (Cell Signaling Technology, 2114), anti-RPTOR
(Cell Signaling Technology, 2280), anti-PARP (Cell Signaling
Technology, 9542), anti-phospho-SMAD2 (Millipore, AB3849)
and anti-SMAD2/3 (Millipore, 07-408), anti-proCOL1A1/col-
lagen type I (Meridian, T59103R), anti-ATG7 (R&D Systems,
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and downstream CTGF induction and myofibroblast differentiation.

Figure 8. Long-term autophagy favors MTORC2 activation leading to enhanced CTGF production and myofibroblast differentiation. Short-term serum
starvation inactivates MTORC1 and MTORC2 signaling leading to dephosphorylation of RPS6KB1 (Thr389) and AKT (Ser473). MTORC1 inhibition induces
autophagy, demonstrated by a higher LC3B-I/-| ratio and lower SQSTM1 level. Rapamycin increases autophagy by further inhibiting MTORC1. A sus-
tained autophagic response is responsible for the MTORC2 reactivation when fibroblasts are starved for 2 d or more (long term), as measured by rephos-
phorylation of AKT at Ser473. In turn, MTORC2 activity drives the production and secretion of the pro-fibrotic cytokine CTGF leading to myofibroblast
differentiation. Long-term exposure to rapamycin inactivates MTORC1 leading to an increased autophagic response, but prevents MTORC2 activation

MABG6608), and anti-HA (Roche Applied Science, 11 666
606 001). Membranes were stained with Ponceau S Red
(Sigma, P-3504) as loading control, or, alternatively, after
initial probing, they were stripped and re-probed with anti-

a-tubulin (Calbiochem, CP06). Densitometric analyses were
conducted with Alphalmager, version 3.2 (Alpha Innotech
Corporation, San Leandro, CA, USA). Data are expressed in
arbitrary units.
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Immunofluorescence microscopy

Cells were grown in 8-well glass slides (Nalge Nunc, Lab-Tek
IT 154534), rinsed twice with PBS and fixed with 4% paraformal-
dehyde. The slides were washed 3 times with PBS before permea-
bilization and after each subsequent step. Permeabilization was
done with 0.1% Triton X-100 (Sigma, T9284) in PBS for
15 min. Chamber slides were blocked with PBS/10% donkey
serum (Sigma, D9663)/1% BSA (Sigma, A9647)/0.1% Tween
20 (Sigma, P1379) for 15 min. For ACTA2 staining, cells were
incubated with mouse monoclonal antibody (Sigma-Aldrich,
A2547) and Alexa 594-labeled anti-mouse Ab (Molecular
Probes, A21203), each for 60 min at room temperature in block-
ing buffer. For stress fiber characterization, the slides were incu-
bated with phalloidin-FITC (Sigma-Aldrich, P5282) for 60 min
at room temperature in blocking buffer. Nuclei were stained
with TO-PRO 3 (Molecular Probes, T3605). The cells were
then visualized under a Leica SP5 confocal microscope and ana-
lyzed with Leica LAS AF software (Leica Microsystems, Concord,
ON, Canada).

GFP-LC3B expression

We used the Premo Autophagy Sensor GFP-LC3B BacMam
2.0 Expression vector Kit from Invitrogen (P36235) and fol-
lowed instructions provided by the manufacturer. In brief, WI-
38 fibroblasts were plated in 8-well glass slides (Nalge Nunc,
Lab-Tek IT 154534). When they reached 40,000 cells/well, they
were infected with GFP-LC3B-containing baculovirus at a multi-
plicity of infection of 30 in normal medium. After overnight
incubation, the slides were washed twice with PBS and exposed
to experimental conditions for 24 h. The cells were then fixed
with paraformaldehyde (4%) and nuclei were stained with 0.5
ug/ml DAPI (Invitrogen, D3571). Cells were observed using a
Olympus multiphoton FV-1000 MER confocal microscope.

Small interfering RNAs (siRNAs)

For silencing of CTGF, WI-38 fibroblasts were plated in 6-
well plates at 20,000 cells per cm®. When the cells were near con-
fluency, they were transfected with oligofectamine (6 pl/well;
Invitrogen, 12252-011) and siRNAs at a final concentration of
200 nM annealed oligonucleotides in cell culture medium with-
out serum. Two d post-transfection, the medium was changed
and the cells were maintained under experimental conditions
(without serum) for 5 d, with medium changed every 2 d, fol-
lowed by evaluation of myofibroblast differentiation. Pre-
designed oligonucleotides for human C7GF (ON-TARGETplus
SMARTpool L-012633-01) and control siRNA (ON-TARGET-
plus non-targeting siRNA D-001810-01) were obtained from
Dharmacon Research and Thermo Fisher Scientific.

For ATG7, RICTOR, and RPTOR silencing, fibroblasts grown
in normal conditions were harvested by trypsinization and sepa-
rated in aliquots of 1.5 million cells. Separate aliquots were trans-
fected with szRICTOR (Dharmacon, 1-016984-00), siATG7
(Dharmacon, L-020112-00), siRP7TOR (Dharmacon, L-004107-
00), or siControl (Dharmacon, D-001810-03). We used the
Amaxa Nucleofector electroporator (Amaxa, Gaithersburg, MD,
USA) and the Nucleofector electroporation kit for WI-38
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(Lonza, VCA-1001) according to the manufacturer’s guidelines.
The final concentration of siRNA was 150 pmol of siRNA/reac-
tion. After electroporation, each cellular aliquot was plated in 2
wells of a 6-well plate in normal medium for 24 h. The media
were then changed for experimental condition (medium without
serum) after 2 washes with PBS. The cells were harvested at dif-
ferent time points for western blot analysis. For 4 d in SS, the
media were changed at d 2.

Adenoviral vector system for overexpression of constitutively
active AKT

For activation of AKT, WI-38 fibroblasts were infected with
an adenovirus vector encoding a constitutively active AKT con-
struct (Ad-CA-AKT [Myr], Vector Biolabs, 1020). A commer-
cially available adenovirus vector (Ad-CMV-null, Vector Biolabs,
1300) was used as control. Cells were infected at a multiplicity of
infection of 2 in normal medium for 6 h, followed by electropo-
ration with siZATG7 or control, as described above.

RNA preparation and quantitative polymerase chain
reaction (qQPCR)

Total RNA from WI-38 fibroblasts was prepared with the
RNeasy kit from Qiagen Inc. (74134). cDNA synthesis was com-
pleted according to the M-MLV-RT First-Strand Synthesis pro-
tocol (Invitrogen, 28025-013) with a starting amount of 1 pg
RNA and reverse transcription with random hexamers (Invitro-
gen, 48190-011). PCR was performed with a Rotor-gene 3000
Real-Time Centrifugal DNA Amplification System (Corbett
Tumor Tissues Research, Sydney, Australia). Quantitect™
SYBR Green PCR (Qiagen, 204143) reaction mixture was
employed according to the manufacturer’s instructions. Serial
dilutions generated a standard curve for each gene tested, to
define the efficiency of real time qPCR. All experiments, includ-
ing positive and negative controls, were run in triplicate. The
primer sequences were: CTGF fw 5'- TTGGCCCAGACC-
CAACTATG, rev  5-CAGGAGGCGTTGTCATTGGT;
COLIAI fw 5- CCTCAAGGGCTCCAACGAG, rev 5
TCAATCACTGTCTTGCCCCA; COL3A1 fw 5'- AACACG-
CAAGGCTGTGAGACT, rev 5- GCCAACGTCCACAC-
CAAATT; GAPDH fw 5'- TGCACCACCAACTGCTTAGC,
rev 5'- GGCATGGACTGTGGTCATGAG.

Reagents

Recombinant human TGFB1 (100-B), pan-TGFB1/2/3-
blocking antibody (AB-100-NA) and isotype controls (AB-105-
C) were obtained from R&D Systems. LY294002 (440202) and
3-methyladenine (189490) were purchased from Calbiochem,
and rapamycin (R0395), wortmannin (W3144) and bafilomycin
A; (B1793) from Sigma. Torin 1 (4247) was obtained from
TOCRIS bioscience. All other reagents were from Sigma
Chemicals.

Statistical analysis

The results, expressed as means + SEM, were analyzed by
unpaired Student # test or the Mann-Whitney test as appropriate.
P < 0.05 was considered significant for all tests.
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