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Caspase-3-mediated secretion of connective tissue
growth factor by apoptotic endothelial cells promotes
fibrosis

P Laplante’, | Sirois', M-A Raymond', V Kokta?, A Béliveau', A Prat’, AV Pshezhetsky* and M-J Hébert*'

Apoptosis of endothelial cells (ECs) is an early pathogenic event in various fibrotic diseases. In this study, we evaluated whether
paracrine mediators produced by apoptotic ECs play direct roles in fibrogenesis. C3H mice injected subcutaneously with serum-
free medium conditioned by apoptotic ECs (SSC) showed increased skin thickness and heightened protein levels of «-smooth-
muscle actin (xSMA), vimentin and collagen | as compared with mice injected with medium conditioned by non-apoptotic ECs.
Fibroblasts exposed to SSC in vitro showed cardinal features of myofibroblast differentiation with increased stress fiber
formation and expression of «SMA. Caspase-3 silencing in ECs prevented the release of mediators favoring myofibroblast
differentiation. To identify the fibrogenic factor(s) released by ECs, the protein contents of media conditioned by either apoptotic
or non-apoptotic ECs were compared using SDS-PAGE-liquid chromatography (LC)-tandem mass spectrometry (MS/MS) and
two-dimensional LC-MS/MS. Connective tissue growth factor (CTGF) was the only fibrogenic protein found increased in SSC.
Pan-caspase inhibition with ZVAD-FMK or caspase-3 silencing in ECs confirmed that CTGF was released downstream of
caspase-3 activation. The fibrogenic signaling signatures of SSC and CTGF on fibroblasts in vitro were similarly Pyk2-,
Src-family kinases- and PI3K dependent, but TGF-f-independent. CTGF-immunodepleted SSC failed to induce myofibroblast
differentiation in vitro and skin fibrosis in vivo. These results identify caspase-3 activation in ECs as a novel inducer of CTGF

release and fibrogenesis.
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The development of fibrosis follows a common pattern of
injury and sustained repair in most tissues.’? In the initial
phases of wound healing and chronically during fibrosis,
fibroblasts accumulate at the injury site and differentiate into
myofibroblasts, a contractile fibroblast type characterized by
the presence of stress fibers and «-smooth-muscle actin
(SMA).2 Once repair is completed, the myofibroblasts
undergo apoptosis and are cleared from the injury site. In
fibrosis, however, the myofibroblasts develop resistance to
apoptosis, preventing their clearance and leading to tissue
contraction, deformation and loss of function.’3

Endothelial cell (EC) apoptosis is increasingly recognized
as an early pathogenic event in fibrosis. A wide array of
fibrogenic conditions, such as systemic sclerosis,*® graft-
versus-host disease®’ and chronic rejection of solid allo-
grafts,s'9 has been associated with increased EC apoptosis.
Pathophysiological pathways linking endothelial apoptosis to
fibrogenesis are still poorly defined. Some models indicate
that EC apoptosis favors the recruitment of professional
phagocytes such as macrophages.®'° Upon engulfment of
apoptotic cells, the macrophages produce increased amounts
of transforming growth factor-g1 (TGF-1)."" In turn, TGF-$1

would favor myofibroblast differentiation and resistance to
apoptosis in fibroblasts/myofibroblasts.? However, emerging
evidence suggests that TGF-$1-independent pathways also
contribute to fibrogenesis. For instance, dermal fibroblasts
derived from patients with diffuse scleroderma constitutively
express connective tissue growth factor (CTGF), another key
fibrogenic protein, in a TGF-f1-independent manner.'2'2 In
addition, subcutaneous injection of CTGF into neonatal NIH
Swiss mice stimulates the formation of granulation tissue
and fibrosis in the absence of TGF-$1 overproduction.’
Therefore, further characterization of TGF-p1-independent
pathways is critical to defining new targets of intervention in
fibrotic conditions.

Apart from cell—cell interactions between apoptotic cells
and professional phagocytes, recent results from our group
have suggested that paracrine mediators produced by
apoptotic ECs could play direct roles in fibrogenesis by
regulating resistance to apoptosis and differentiation of
fibroblasts.’® ' In the present work, we aimed to establish
the fibrogenic role of this paracrine loop in vivo and to identify
the paracrine mediators mediating this fibrogenic activity. We
demonstrate that caspase-3 activation in apoptotic ECs
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triggers CTGF secretion, which in turn induces myofibroblast
differentiation and fibrogenesis through TGF-f1-independent
pathways.

Results

Mediators released by apoptotic ECs induce fibrosis
in vivo. HUVECs exposed to serum-free medium for 4h
develop a significant apoptotic response in the absence of
morphological features of necrosis, as evaluated by Hoechst
33342 (2'-(4-ethoxyphenyl)-5-(4-methyl-1-piperazinyl)-2.5'-
bi-1H-benzimidazole (Ho)) and propidium iodide (Pi)
staining (Supplementary Figure 1). Previously we showed
that serum-free medium conditioned by apoptotic ECs (SSC)
induces myofibroblast differentiation in vitro.'® To verify the
ability of SSC to promote fibrogenesis in vivo, mouse ECs
(mECs) were isolated and cultured to generate mouse SSCs
(mSSCs) (Supplementary Figure 2a). Serum starvation for
4h also induced a significant apoptotic response in mEC
(Supplementary Figure 2b). SSC conditioned for 4h by
apoptotic mEC was collected and injected subcutaneously in
C3H mice daily for 3 weeks. Subcutaneous injections of
bleomycin and non-conditioned SS served as positive and
negative controls, respectively.'”

Increased skin thickness was observed in mice injected
daily with mSSC as compared with mice injected with fresh SS
(Figure 1a and b). The increment of skin thickness was similar
to or greater than that occurring with bleomycin injections, a
classical skin fibrosis model (Figure 1b). The histological
changes associated with mSSC injection were characterized
by dense accumulation of extracellular matrix (ECM) compo-
nents and the presence of mononuclear cells in the deepest
dermis layer (Figure 1a, zoom 1). Prominent disruption of
the fat layer with connective tissue interposition was seen in
mice treated with SSC (Figure 1a, zoom 2). These changes
were comparable to those observed in bleomycin-treated
mice. Western blotting of total skin protein extracts revealed
heightened levels of «SMA and vimentin in mSSC- as
compared with SS-injected mice (Figure 1c). Collagen |
accumulation also was increased in mSSC- as compared
with SS-treated mice (Figure 1d). Collagen | was found to
be an important component of newly fibrotic lesions in both
submuscular and fat layers (Figure 1d, zoom 1 and 2).

Caspase-3 activation fosters secretion of fibrogenic
mediators by ECs. To demonstrate that fibrogenic
mediators are released by ECs specifically in association
with apoptosis, we generated media conditioned either by
apoptotic or by non-apoptotic ECs (Supplementary Figure 1).
For generation of serum-free medium conditioned by non-
apoptotic ECs (SSC-ZVAD), an equal number of confluent
ECs were either pre-incubated with the cell-permeable and
irreversible pan-caspase inhibitor ZVAD-FMK (100 um) for
2h or transfected with caspase-3 small interfering RNAs
(siRNAs). ECs were then exposed to an equal volume
of serum-free medium for 4 h (Supplementary Figure 1). For
production of medium conditioned by apoptotic ECs, an
equal number of HUVECs were pre-incubated with vehicle
(DMSO) for 2h or treated with control siRNAs followed by
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serum starvation for 4h (Supplementary Figure 1). Pan-
caspase inhibition with ZVAD-FMK or caspase-3 silencing
significantly decreased the percentage of apoptotic ECs,
as evaluated by Ho-Pi staining, compared with the corres-
ponding controls in the absence of necrotic morphological
features (Supplementary Figure 1b and c). Fibroblasts
were then exposed to these conditioned media for 7 days.
Fibroblasts exposed to SSC-DMSO showed heightened
«SMA levels and increased stress fiber formation, unlike
fibroblasts exposed to SSC-ZVAD, which did not (Figure 2a
and c). Also, serum-free medium conditioned by caspase-3-
silenced HUVECs (SSC-siCasp3) failed to induce myofibro-
blast differentiation, whereas SSC control did (Figure 2b).
These data demonstrate a central role for caspase activation
and more specifically activated caspase-3 in the production
of fibrogenic mediators by apoptotic ECs. As serum starva-
tion induces a pure apoptotic response in the absence of
either primary or secondary necrosis, these data also
demonstrate that caspase activation triggers the release
of fibrogenic mediators in the absence of abnormal cell
permeability.

To further determine the importance of caspase activation
in the release of fibrogenic mediators active in vivo, we
compared the SSC activity generated from mECs pretreated
or not with ZVAD-FMK. mSSC-ZVAD and mSSC-DMSO were
generated by pre-incubating mECs with ZVAD or DMSO for
2 h, as described above, followed by serum starvation for 4 h.
As expected from our earlier studies, serum starvation
induced apoptosis in DMSO-treated mECs but not in
ZVAD-treated mECs (Supplementary Figure 2b). mSSC-
ZVAD-injected mice showed a significant reduction of skin
fibrosis and thickness as compared with mSSC-DMSO-
injected mice (Figure 3a and b). There were no significant
differences in skin thickness between mice injected with
mSSC or those injected with mSSC-DMSO, both harboring
the hallmarks of skin fibrosis (Figure 3b). Reduced «SMA
and vimentin protein levels were found in mSSC-ZVAD- as
compared with mSSC-DMSO-injected mice (Figure 3c).
Collagen | accumulation was also lower in mSSC-ZVAD-
than in mSSC-DMSO-treated mice (Figure 3a). Collectively,
these results establish that caspase activation in ECs is
required for the release of fibrogenic mediators active in vivo.

Characterization of the fibrogenic signaling signature
induced by SSC. We showed previously that caspase-3
activation in ECs triggers the release of the C-terminal
laminin G motif of perlecan (LG3).8'® Yet, fibroblasts
exposed to LG3 in vitro failed to differentiate into
myofibroblasts (Supplementary Figure 3). This suggested
that caspase-3 activation supports the release of various
mediators active on target cells.

To identify the key mediator(s) present in SSC and
responsible for its fibrogenic activity, we adopted two parallel
strategies. First, we set out to characterize the fibrogenic
signaling signature induced by SSCs in fibroblasts. Second,
we used a comparative proteomics approach to identify
proteins with known fibrogenic activity. The fibrogenic
signature of SSCs would then serve to validate that the
mediator identified by comparative proteomics reproduces
the fibrogenic signaling pattern induced by SSC.
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Figure 1 Apoptosis of ECs induces dermal fibrosis. (a) Histopathological evaluation of dermal fibrosis in C3H mice receiving daily subcutaneous injections of SS, mSSC or
bleomycin for 3 weeks. Representative HPS-stained sections (magnification x 100); n=28 per group. Zoom 1 and 2 show higher magnifications of fibrotic areas within
submuscular and fat layers (magnification x 400) (b) Dermal thickness was increased in mice treated with bleomycin or mSSC for 3 weeks. The results are expressed as
percent increases versus the respective controls. *P< 0.02 versus PBS and P < 0.04 versus SS; n = 6 per mouse (c) Immunoblotting analysis: Elevated «SMA (upper panel)
and vimentin (lower panel) protein levels in the skin of mice treated with mSSC for 3 weeks as compared with mice treated with SS; n= 6 per condition (d) Collagen | was
detected immunohistochemically in tissue sections from SS- and mSSC-treated mice. Areas of collagen | deposition stained brown. The micrographs are representative of four
mice per group (magnification x 100). Zoom 1 and 2 are, respectively, higher magnifications of submuscular and fat layers demonstrating the presence of collagen |
(magnification x 400). All tissue sections were counterstained with hematoxylin, and isotype-matched IgG served as negative controls mSSC (ctl-) for collagen |

SSC induces myofibroblast differentiation through PI3K-
dependent pathways,'® but upstream PI3K activators have
not yet been characterized. Src-family kinases (SFKs) and
focal adhesion kinase (FAK) are prime candidates as they
are known PI3K activators and have been associated with
fibrosis.'®1® Decreased «SMA protein levels and reduced
stress fiber formation were found in human and mouse
fibroblasts exposed to SSC in the presence of 4-amino-5-(4-
chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine (PP2), a

broad inhibitor of SFK, as compared with fibroblasts exposed
to SSC alone or to the inactive control, 4-amino-7-phenyl-
pyrazol[3,4-d]pyrimidine (PP3) (Figure 4a—c). Fibroblasts
isolated from Src™'~, Fyn~'~ (Supplementary Figure 4) and
Src™/~“Fyn™'~ double-knockout mice were tested to specifi-
cally address the role of SFK in fibrogenesis induced by
SSC. Src'"Fyn~'~ fibroblasts exposed to SSC for 7 days
showed elevated aSMA protein levels as compared with
those exposed to SSC alone (Figure 4c). PP2 blocked the

293

Cell Death and Differentiation



CTGF produced by apoptotic EC promotes fibrosis
P Laplante et a/

294

SSC-ZVAD
SSC-DMSO

N SS SSC

a-SMA |

a-tubulin | gy csm— e a—— —
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a) Immunoblotting analysis: Elevated «SMA protein

levels in WI-38 fibroblasts exposed for 7 days to serum-free medium conditioned by apoptotic EC (SSC) or medium condmoned by apoptotic EC pre-incubated with DMSO
(SSC-DMSO0), as compared with N, SS and medium conditioned by EC in which apoptosis was inhibited with ZVAD-FMK (SSC-ZVAD). These results are representative of
3independent experiments. (b) Immunoblotting analysis: Upper panel shows elevated zSMA levels in WI-38 fibroblasts exposed for 7 days to serum-free medium conditioned
by apoptotic ECs pre-incubated with control siRNA (SSC-siCTL), as compared with SSC-siCasp3. Lower panel shows caspase-3 protein levels in HUVECs treated with either
caspase-3 siRNAs or control siRNAs. These results are representative of three independent experiments. (¢) Confocal microscopy: Rhodamine-phalloidin staining showing
increased stress fiber formation in WI-38 fibroblasts exposed for 7 days to SSC and SSC-DMSO as compared with N, SS and SSC-ZVAD. The micrographs are representative

of three independent experiments. Bar, 25 um

/- /-

upregulation of «SMA protein levels in Src™~, Fyn™"" and
Src~~Fyn~'~ as compared with SSC alone or PP3 (Figure 4c
and Supplementary Figure 4). However, fibroblasts deficient
in Src, Fyn and Yes (SYF) failed to upregulate «SMA protein
levels after exposure to SSC for 7 days (Figure 4c), indicating
that the coordinated activity of Src, Fyn and Yes is required to
transduce the fibrogenic signals triggered by SSC.

FAK is known to interact with SFK and to play an important
role in transducing fibrogenic signals.?’ FAK silencing with
siRNAs decreased FAK protein levels in fibroblasts for up to 7
days (Figure 4d). However, FAK-silenced fibroblasts showed
clear evidence of «SMA induction and stress fiber formation
upon exposure to SSC (Figure 4d and f), suggesting that FAK
is dispensable for SSC-induced myofibroblast differentiation.
Proline-rich tyrosine kinase 2 (Pyk2) is another member of the
FAK subfamily known to interact with SFK.2'?2 siRNAs for
Pyk2 effectively decreased Pyk2 protein levels (Figure 4e),
prevented upregulation of ®SMA protein levels and blocked
stress fiber formation in fibroblasts exposed to SSC (Figure 4e
andf). Collectively, these results indicate that SFK-Pyk2-PI3K
is part of the fibrogenic signaling signature mediated by SSC
and could be used to validate a potential fibrogenic mediator.

CTGF is released by apoptotic ECs. Two complementary
proteomic approaches were adopted to characterize the
fibrogenic proteins secreted by apoptotic HUVECs
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downstream of caspase activation: SDS-PAGE-liquid
chromatography (LC)-tandem mass spectrometry (MS/MS)
and two-dimensional (2D)-LC-MS/MS.2%2* To be considered
of potential significance in this fibrogenic loop, the identified
proteins had to meet two screening criteria: (1) human
proteins identified at a relative abundance ratio of 2.5 and
above in SSC-DMSO as compared with SSC-ZVAD
(intensity of peptides identified in SSC-DMSO/intensity of
peptides identified in SSC-ZVAD) and (2) human proteins
with a known fibrogenic activity. CTGF was the only protein
that met these criteria (Figure 5a). To confirm that caspase
activation regulates CTGF release, equal volumes of SSC-
DMSO and SSC-ZVAD (human and mouse) conditioned for
4 h by an equal number of ECs were loaded onto a gel, and
CTGF levels were compared by western blotting (Figure 5b
and c). Increased CTGF levels were observed in SSC-DMSO
and mSSC-DMSO as compared with their respective
controls.

To further define the involvement of caspases in the
secretion of CTGF, HUVECs were serum-starved in the
presence of N-benzyloxycarbonyl-Leu-Glu-His-Asp-fluoro-
methylketone (LEHD-FMK), N-benzyloxycarbonyl-lle-Glu-
Thr-Asp-fluoromethylketone (IETD-FMK) or N-benzyloxy-
carbonyl-Asp-Glu-Val-Asp-fluoromethylketone (DEVD-FMK),
which are, respectively, the inhibitors of caspase-9,
caspase-8 and caspase-3. Both LEHD-FMK and DEVD-FMK
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Figure 3 Caspase activation in ECs induces the release of fibrogenic mediators. (a) Upper panel: Light microscopy of HPS-stained skin sections from C3H mice injected
daily with mSSC-ZVAD or mSSC-DMSO (magnification x 100). Fibrosis increased in mSSC-DMSO-injected mice; n=4 per group. Lower panel: Collagen | was detected
immunohistochemically in tissue sections from mSSC-ZVAD- and mSSC-DMSO-treated mice. The micrographs (magnification x 100) are representative of four mice per
group. All tissue sections were counterstained with hematoxylin. Fibrotic areas, which were larger in mice treated with mSSC-DMSO, were positive for collagen |
immunostaining. (b) Decreased skin thickness in mice treated with mSSC-ZVAD for 3 weeks. The results are expressed as percent increases versus SS. *P<0.004 versus
mSSC and #P<0.04 versus mSSC-DMSO; n= 4 per group. (c) Immunoblotting analysis: Skin protein extracts from mice treated with mSSC-DMSO for 3 weeks showed
heightened «SMA (left panel) and vimentin (right panel) levels compared with the respective mSSC-ZVAD controls; n=#6 per condition

inhibited apoptosis of serum-starved HUVECs and attenuated
the release of CTGF. IETD-FMK, which failed to decrease
apoptosis in serum-starved HUVECs, also failed to inhibit
CTGF export (Figure 5d). These results suggest that the
effector caspase-3 plays a central role in the regulation of
CTGF export. To further evaluate this possibility, HUVECs
were transfected with caspase-3 siRNAs or control before
serum starvation. Caspase-3 silencing in serum-starved
HUVECs inhibited the development of apoptosis (as eval-
uated by Ho-Pi staining; Supplementary Figure 1c) and
significantly attenuated the secretion of CTGF, further
substantiating the pivotal role of caspase-3 activation in
CTGF export (Figure 5e).

To further define the kinetics of CTGF secretion in
association with development of apoptosis, we evaluated
the time courses of EC apoptosis, caspase-3 activation,
PARP cleavage and CTGF export. The kinetics of caspase-3
activation (Figure 6a), PARP cleavage (Figure 6a) and CTGF
export (Figure 6b) were closely matched and preceded the
development of nuclear changes characteristic of apoptosis
(Figure 6a). There was no evidence of either primary or
secondary necrosis in HUVECs serum starved forupto 4 h as

evaluated by Ho-Pi staining and PARP cleavage (Figure 6a).
These results suggest that necrosis does not contribute to the
secretion of CTGF in this system. Finally, we also considered
the kinetics of CTGF release as compared with the potential
release of other intracellular constituents or caspase-3
substrate. No PARP signals were found in medium condi-
tioned by apoptotic endothelial cells for 4 h (data not shown),
whereas, at the same time point, extracellular CTGF levels
were already increased (Figure 6c¢). In addition, intracellular
proteins, such as Grp94, an endoplasmic reticulum protein, or
tubulin, were not released by apoptotic serum-starved ECs
(Figure 6¢). These results show that the extracellular release
of CTGF does not result from unspecific protein leakage.
We then evaluated whether the release of CTGF during
apoptosis depends on the pro-apoptotic stimulus. HUVECs
were exposed to mitomycin C (MMC) or tumor necrosis factor-
o (TNFa), which are, respectively, activators of the intrinsic
and extrinsic apoptotic pathways, for 4 h in the normal medium
(N). Both mediators increased PARP cleavage in ECs and
also enhanced the secretion of CTGF (Figure 6d). Further,
lower concentrations of both mediators, which failed to induce
apoptosis in HUVECs, as evaluated by PARP cleavage, also

Cell Death and Differentiation
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failed to increase the secretion of CTGF. Collectively these
results show a key role of the effector caspase-3 in fostering
CTGF export independently of the initiating stimulus.
Considering the relationship between CTGF and heigh-
tened TGF-f$1-dependent signaling and the involvement
of the latter in fibrogenesis, we sought to explore whether
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ZVAD, as determined by the two proteomics approaches.
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Figure 5 Caspase-3 activation triggers the release of active CTGF by apoptotic EC. (a) A schematic representation of CTGF and corresponding peptides identified by
SDS-PAGE-LC-MS/MS. Sequences identified in SSC-DMSO are in red. (b, ¢) Immunoblotting analysis: SSC-ZVAD and SSC-DMSO, respectively generated from human and
C3H ECs, were precipitated by TCA followed by Western blotting against CTGF. CTGF protein levels were increased in SSC-DMSO as compared with an equal volume of
SSC-ZVAD. These results are representative of three independent experiments. (d) Percentage of apoptotic and necrotic cells (as evaluated by Ho-Pi staining) in HUVECs
exposed for 4 hto SS with 100 M of Z-DEVD-FMK, Z-IETD-FMK, Z-LEHD-FMK, Z-VAD-FMK or control (DMSO). *P< 0,02 versus DMSO, representative of six experiments.
Immunoblotting analysis: Decreased levels of CTGF in medium recovered from the above conditions (DEVD, LEHD and ZVAD) as compared with DMSO or IETD. Ponceau S
Red staining of the entire membrane is shown as a loading control. These results are representative of four independent experiments. (e) Inmunoblotting analysis: SSC-siCTL
and SSC-siCasp3 were precipitated by TCA followed by Western blotting against CTGF. CTGF protein levels were augmented in SSC-siCTL as compared with an equal
volume of SSC-siCasp3. The results are representative of four independent experiments
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Figure 4

Importance of SFK and Pyk2 in myofibroblast differentiation induced by SSC. (a) Immunoblotting analysis: Decreased SMA protein levels in WI-38 fibroblasts
exposed to SSC in the presence of PP2 (5 um) for 7 days, as compared with inactive control PP3. These results are representative of six independent experiments.
(b) Confocal microscopy: Rhodamine-phalloidin staining showing increased stress fiber formation in WI-38 fibroblasts exposed for 7 days to SSC-PP3 as compared with SSC-
PP2. The micrographs are representative of three independent experiments. Bar, 25 um. (¢) Immunoblotting analysis: Decreased SMA protein levels in wild type (WT) and
Src™'~ Fyn" ~ mouse fibroblasts exposed to SSC in the presence of PP2 (5 uM) for 7 days, as compared with the controls (PP3). SYF cells exposed for 7 days to SSC do not
show elevated «SMA protein levels compared with SS. Ponceau S Red staining was included as a loading control. The results are representative of three independent
experiments. (d) Immunoblotting analysis: Fibroblasts transfected with control SiRNA or FAK siRNA and exposed to SSC for 7 days showed similar «SMA protein levels,
whereas FAK levels were decreased in FAK-silenced fibroblasts. The results are representative of five independent experiments. (e) Immunoblotting analysis: Fibroblasts
transfected with Pyk2 siRNA and exposed to SSC for 7 days showed decreased «SMA and Pyk2 protein levels as compared with fibroblasts transfected with control siRNA.
These results are representative of three independent experiments. (f) Confocal microscopy: Rhodamine-phalloidin staining of stress fibers in WI-38 fibroblasts transfected
with control siRNA or siRNA against FAK or Pyk2 and exposed to SSC for 7 days. Stress fiber formation is inhibited in Pyk2-silenced fibroblasts. The micrographs are
representative of two independent experiments. Bar, 25 um
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differentiation of fibroblasts exposed to SSC or CTGF,
whereas myofibroblast differentiation induced by recombinant
TGF-p1 was significantly reduced (Figure 7a). These data
suggest that the fibrogenic paracrine pathways activated by
EC apoptosis are largely TGF-$ independent and point to
CTGF as a central mediator.

CTGF induces a fibrogenic signaling signature
characteristic of SSC. We then evaluated whether the
fibrogenic signaling signature evoked by CTGF in fibroblasts
was similar to that observed with SSC. Human WI-38
fibroblasts exposed for 7 days to SS supplemented with
recombinant CTGF (10ng/ml) showed augmented aSMA
levels (Figure 7b). Co-incubation with PP2 and LY2940002,
inhibitors of SFK and PI3K, respectively, blocked CTGF-
dependent oSMA upregulation in human and mouse
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fibroblasts (Figure 7b and Supplementary Figure 5). In
agreement with our previous work,'®'® heightened Akt
phosphorylation was found in fibroblasts exposed to SSC
(Figure 7¢). CTGF also increased Akt phosphorylation in
fibroblasts, which was inhibited in the presence of PP2
(Figure 7c). CTGF also enhanced stress fiber formation in
fibroblasts, which was inhibited by Pyk2 silencing
(Figure 7d). Finally, SYF fibroblasts failed to upregulate
oSMA upon exposure to CTGF for 7 days (Figure 7e).
Collectively, our findings demonstrate similar signaling
signatures for CTGF and SSC.

To further demonstrate the key role of CTGF in this
paracrine fibrogenic loop, SSC was immunodepleted of
CTGF (Figure 8a). Fibroblasts exposed for 7 days to
immunodepleted SSC showed decreased «SMA levels as
compared with fibroblasts exposed to either SSC alone or
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SSC treated with an isotype-matched inactive antibody
(Figure 8a). Altogether, these observations indicate
that CTGF is a major fibrogenic mediator released by
apoptotic ECs.

CTGF released by apoptotic ECs induces skin
fibrosis. To evaluate the role of CTGF as an initiator of
skin fibrosis in vivo, we compared the fibrogenic activities
of SSCs immunodepleted of CTGF or control. Mice were
injected subcutaneously daily for 3 weeks with 300 ul of
CTGF-immunodepleted mSSCs (mIP-CTGF) or mSSCs
treated with an isotype-matched non-depleting control
(mIP-Cil). Skin fibrosis and thickness were significantly

reduced in mice injected with mIP-CTGF as compared
with mIP-Ctl (Figure 8b and c). «SMA and vimentin protein
levels were also reduced in mIP-CTGF-treated mice as
compared with mIP-Ctl-treated mice (Figure 8d). Collagen |
accumulation was also reduced in IP-CTGF-treated mice
as compared with IP-Ctl-treated mice (Figure 8b). Taken
together, our results demonstrate that apoptotic ECs release
increased CTGF levels, which, in turn, plays a central role in
triggering fibrogenic pathways in vivo.

Discussion

Fibrosis is associated with sustained accumulation of myo-
fibroblasts responsible for the production of ECM components,
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tissue contraction and loss of function. Inappropriate and
sustained resistance to apoptosis in myofibroblasts prevents
their clearance and fuels fibrogenic reactions. Intriguingly,
and as opposed to myofibroblasts, increased EC apoptosis
has been reported to play a primary pathogenic role in
various fibrotic diseases such as chronic rejection of solid
organ transplants, graft-versus-host disease and systemic
sclerosis.**2°

The fibrogenic pathways elicited by EC apoptosis are still
poorly defined. Here, we aimed at evaluating whether
paracrine mediators produced by apoptotic ECs could
activate fibrogenic pathways in vivo. Subcutaneous injection
of recombinant proteins such as TGF- or CTGF in rodents
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has played a key role in characterizing the fibrogenic activity
of these mediators.2® In addition, subcutaneous injection
of bleomycin in mice is a classical model of fibrosis.' Hence,
to address the fibrogenic activity of the paracrine component
of apoptosis, EC apoptosis was induced ex vivo, and the
mediators produced by apoptotic ECs were collected and
injected in vivo. This approach showed that paracrine
mediators produced by apoptotic ECs induce the key
characteristics of fibrosis in vivo, such as increased skin
thickness and heightened expression of «SMA, vimentin and
collagen I. The fibrogenic response evoked by subcutaneous
SSC injection in mice was similar to that obtained with
bleomycin.



The critical role of caspase activation in controlling the
secretion of fibrogenic mediators was confirmed by showing
that the medium conditioned by caspase-inhibited ECs
elicited significantly less fibrosis when injected in vivo than
the medium conditioned by apoptotic ECs. Further, the
medium conditioned by caspase-inhibited or caspase-3-
silenced ECs failed to induce myofibroblast differentiation
in vitro, unlike the medium conditioned by apoptotic ECs.
These results show a pivotal role for effector caspase-3
activation in the induction of paracrine fibrogenic pathways.

LG3 is produced downstream of caspase-3 activation in
apoptotic ECs.2 Yet, in this system, LG3 failed to favor
myofibroblast differentiation, indicating that caspase-3
activation in ECs promotes the release of various factors
with specialized functions; some mediators, such as LGS,
elicit resistance to apoptosis in fibroblasts, whereas others
regulate myofibroblast differentiation.

We used a comparative proteomics approach to identify
additional mediators released by apoptotic ECs and with
known fibrogenic activity. However, identification of a specific
protein by MS/MS does not necessarily translate into
functional activity, as the identified peptides could represent
degraded fragments or, inversely, unprocessed precursor
proteins, both without biological activity. Hence, we also
sought to characterize the fibrogenic signaling signature of
SSC with the aim of focusing on fibrogenic mediator(s)
evoking the same signaling pattern. Unexpectedly, only one
protein with known fibrogenic activity, CTGF, was identified by
MS/MS, and its increased protein levels in the medium
conditioned by apoptotic ECs were confirmed by Western
blotting. Biochemical caspase inhibition and transfection with
siRNAs showed that increased CTGF release by apoptotic
ECs occurs through caspase-3-dependent pathways.
Caspase-3 activation prompted a rapid export process, as
CTGF release occurred concomitantly with PARP cleavage,
preceded nuclear apoptotic changes and developed in the
absence of secondary (or primary) necrosis. Finally, CTGF
release was independent of the apoptotic stimulus, further
supporting the contention that CTGF export is specifically
regulated at the level of the execution phase of the apoptotic
process.

CTGF, a 37-kDa cysteine-rich peptide, belongs to the CCN
family of matricellular proteins.?” Through its N-terminal
domain, it has been shown to mediate myofibroblast
differentiation and collagen synthesis, whereas its C-terminal
domains have been implicated in the regulation of proliferation
and adhesion.?® Consistent with CTGF’s functional activity in
our system, sequences identified by MS/MS analysis corre-
sponded to the N-terminal domains. No TGF-f isoforms were
found to be increased in SSC; yet, CTGF is known to
potentiate interactions between low levels of TGF-$1 and its
cognate receptor.?® Hence, we considered the possibility of
TGF-f1-dependent signaling in this fibrogenic loop, even in
the absence of elevated amounts of TGF-$1. Surprisingly,
blockade of TGF-§ signaling with a pan-TGF-f$-neutralizing
antibody did not prevent myofibroblast differentiation induced
by either SSC or recombinant CTGF. These results are in
keeping with our previous work'® showing low TGF-$1 levels
in SSC, and indicate a predominant role of TGF-S1-
independent pathways in our system.

CTGF produced by apoptotic EC promotes fibrosis
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To validate the importance of CTGF in this novel paracrine
loop, we first turned to the fibrogenic signaling signature
induced in fibroblasts in response to SSC. We had shown, in
our previous work, that SSC elicited myofibroblast differentia-
tion through PI3K-dependent pathways.’® However, the
upstream signaling pathways regulating PI3K activation in
our system were still uncharacterized. SFK and FAK are both
considered as pathways implicated in myofibroblast differ-
entiation, fibrosis and PI3K activation.'®'® Our experiments
with biochemical inhibitors and gene-deficient fibroblasts
confirmed a key function of Src, Fyn and Yes SFK in the
transduction of fibrogenic signals by SSC. Surprisingly, FAK
silencing did not affect myofibroblast differentiation as «SMA
and stress fiber formation were still induced in response to
SSC. However, Pyk2, which is approximately 60% identical to
FAK in its central catalytic domains and shares approximately
40% identity in both the N- and C-terminal domains,®° was
identified as a novel fibrogenic signaling effector as its
silencing largely blocked the fibrogenic signals induced by
SSC. Collectively, these results characterized the SFK-Pyk2-
PI3K pathways as important signaling components activated
by SSC. Recombinant CTGF reproduced the same signaling
signature in fibroblasts, and inhibition of these signaling
pathways blocked CTGF-dependent myofibroblast differen-
tiation in vitro. Finally, we also showed that immunodepleting
the SSCs of CTGF blocked myofibroblast differentiation
in vitro and prevented the development of fibrosis in vivo,
providing compelling evidence that CTGF is pivotal in the
fibrogenic paracrine loop activated by endothelial apoptosis.

CTGF is constitutively overexpressed in a number of
fibrotic diseases, the most severe being systemic sclerosis.®"
Elevated CTGF protein levels, reported in the serum,®2
broncho-alveolar lavage 32 and dermal interstitial fluid®* in
systemic sclerosis patients, are an indicator of disease extent
and severity. A polymorphism in the CTGF promoter region,
increasing CTGF expression levels, has recently been
associated with systemic sclerosis.®® CTGF has also been
identified as a marker of fibrosis in chronic renal and heart
allograft rejection, disease states that are also associated with
sustained endothelial injury.3%3” Blockade of CTGF expres-
sion by systemic injection of siRNAs was recently shown
to prevent fibrosis in a model of chronic renal allograft
rejection.®® Hence, CTGF is increasingly recognized as a
key fibrotic mediator in a number of severe fibrotic diseases,
but the various pathways that regulate its expression and
secretion are only beginning to be unraveled.

In summary, our study provides novel insights into the
mediators and pathways linking EC apoptosis to fibrogenesis.
Caspase-3 activation in ECs leads to the release of CTGF,
which, in turn, favors myofibroblast differentiation and
fibrogenesis in vivo. Myofibroblast differentiation induced by
CTGF occurs largely through TGF-f-independent pathways
that rely on SFK, Pyk2 and PI3K activation. These results
open new areas of intervention for controlling fibrosis in
situations of chronic endothelial damage and apoptosis.

Materials and Methods

Cell lines. HUVECs, obtained from Clonetics (San Diego, CA, USA) and grown
in EC basal medium (Clonetics), were used between passages 2-4. WI-38 human
fibroblasts from normal embryonic lung tissue were purchased from the American
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Type Culture Collection (ATCC, Rockville, MD, USA), grown in fibroblast basal
medium (Cambrex, Walkersville, MD, USA) supplemented with 10% inactivated
fetal bovine serum (FBS; Medicorp, Montreal, QC, Canada) and used between
passages 2-17.

Fibroblasts genetically deficient in Src (Src™'~) andior Fyn (Fyn~'") were
isolated from mouse embryo fibroblasts homozygous for disruption of the Src
and/or Fyn genes and immortalized with large T antigen.®® These cells were
kindly provided by Jun-Ichi Abe (Center for Cardiovascular Research, University of
Rochester, Rochester, NY, USA). SYF mouse fibroblasts were procured from the
ATCC and cultured in Dulbecco’s Modified Eagle’s Medium (Wisent, Saint-Bruno,
QC, Canada) supplemented with 10% inactivated FBS.

ECs were isolated from the aorta of C3H mice, as described previously.*’ They
were identified by immunostaining for platelet EC adhesion molecule-1 (CD31)
with a goat polyclonal antibody directed against mouse CD31 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA). SSC, SSC-ZVAD and SSC-DMSO were
generated from C3H ECs, as described for HUVECs.2'®'® In brief, an equal
number of ECs were exposed to the vehicle (DMSO) or ZVAD-FMK (100 M) for 2 h,
washed, kept in SS for 4 h and harvested. For all experiments, equal volumes of
media conditioned by an equal number of cells (apoptotic or not) were compared.

Characterization of the fibrogenic proteins produced by
apoptotic ECs. We used two comparative proteomic approaches to identify
the secretome released by apoptotic ECs: 2D-LC-MS/MS and SDS-PAGE-LC-MS/
MS. Serum-free media (0.16 ml/cm?) conditioned by apoptotic (SSC-DMSO) and
non-apoptotic ECs pre-incubated with ZVAD-FMK (SSC-ZVAD) were centrifuged
sequentially at 20000 x g and 50 000 x g to eliminate cell debris and apoptotic
blebs, and depletion was confirmed by flow cytometry (FACScan equipped with
CellFit software; Beckton Dickinson, Franklin Lakes, NJ, USA) using FL1 and FL2
channels. For 2D-LC-MS/MS analysis, conditioned media were fractionated by
HPLC, each fraction concentrated, solubilized and digested overnight with trypsin
Promega (Madison, WI, USA), sequencing grade, estimated trypsin/protein
ratio 1:100). The tryptic peptides were analyzed by LC-MS/MS as previously
described.®* SDS-PAGE-LC-MS/MS analysis was performed essentially as
described.2* In all, 125-ug weight of total protein from each sample was resolved
by SDS-PAGE on a 15% acrylamide gel. The gel was stained with Coomassie blue.
Each lane was cut into 20 slices and treated with trypsin (Promega). Tryptic peptides
were extracted, followed by LC-MS/MS analysis (Supplementary data).

Immunoblotting. Proteins were extracted, separated by electrophoresis,
transferred to nitrocellulose membranes and probed, as described previously.15 For
comparison of protein levels in conditioned media, 1 ml of each medium was
precipitated with TCA 9: 1 for 1 h on ice, centrifuged at 14 000 r.p.m., washed with
cold acetone and solubilized in Laemmli sample buffer, followed by western blotting
against CTGF. The antibodies for western blotting were Grp-94 (Abcam Inc.,
Cambridge, MA, USA); anti-oSMA and anti-vimentin (Sigma, St. Louis, MO,
USA); anti-collagen | (Biodesign International, Saco, ME, USA); anti-Pyk2 (BD
Biosciences, Franklin Lakes, NJ, USA); and anti-FAK, anti-CTGF (Santa Cruz
Biotechnology) and anti-PARP, anti-cleaved caspase-3 (Asp'”®), anti-phospho-Akt
(Ser*’®) and anti-Akt (Cell Signaling Technology Inc., Beverly, MA, USA).

The membranes were stained with Ponceau S Red or, alternatively, after initial
probing, they were stripped and reprobed with anti-o-tubulin monoclonal antibody
(Oncogene, Boston, MA, USA). Ponceau S Red was considered as a loading
control for all experiments involving conditioned media, as a means for comparing
their entire protein contents.?

Confocal microscopy for stress fiber characterization. Cells were
grown on 35-mm glass-bottomed microwell dishes (MatTek Corporation, Ashland,
MA, USA), rinsed with PBS and fixed with 2% formaldehyde. They were washed
three times in PBS before permeabilization and after each subsequent step.
Permeabilization was performed with 50 nM NH,Cl and 0.3% Triton X-100 in PBS for
15 min. Microwell dishes were blocked with PBS/BSA 3% for 30 min and incubated
with phalloidin-tetramethylrhodamine (Sigma) for 60 min at room temperature. The
cells were then visualized at room temperature under a Leica SP5 confocal
microscope (emission detector 570-620nm) and analyzed using Leica LAS AF
software.

RNA interference. WI-38 fibroblasts were plated in six-well plates or 35-mm
glass-bottomed microwell dishes at 100000 cells per well. After 20 h they were
transfected with double-stranded RNA-DNA hybrids at a final concentration of
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200 nM annealed oligonucleotides and Oligofectamine (Invitrogen, Carlsbad, CA,
USA). After 45 h of transfection, the cells were kept under experimental conditions
for 7 days, followed by evaluation of myofibroblast differentiation. FAK
oligonucleotides were procured from Dharmacon Research (Lafayette, CO, USA)
and used as reported previously.'® Pre-designed oligonucleotides for Pyk2 (ON-
TARGETplus SMARTpool) were also obtained from Dharmacon Research.

HUVECs were grown in 6- and 24-well plates until 75% confluence per well. They
were transfected with pre-designed oligonucleotides for caspase-3 (ON-TARGET-
plus SMARTpool) at a final concentration of 100 nm and Oligofectamine. After 16 h,
the cells were placed in N for 72 h. They were then exposed to serum-free media for
4h, followed by evaluation of apoptosis and procaspase-3 protein levels, or
production of conditioned media.'®

Screening for apoptosis by fluorescence microscopy. Fluorescence
microscopy of unfixed/unpermeabilized adherent cells stained with Ho and Pl was
performed as described in our previous work."®® The percentages of normal, apoptotic
and necrotic cells adherent to the dishes were estimated by an investigator blinded to
the experimental conditions.

Immunodepletion and TCA precipitation. A 10-ml volume'® of SSC
was incubated with 40ug of anti-CTGF antbody (or isotype-matched
immunoglobulin G (IgG) as negative control) for 6h at 4°C with gentle shaking.
A 250-ul volume of protein A/G (Santa Cruz Biotechnology) was added, followed by
overnight incubation at 4°C with gentle shaking. Then the media were collected,
centrifuged at 14000 r.p.m. for 10min to remove protein A/G complexes and
sterilized with a 0.2-um filter. TCA precipitation was performed as described above.

Murine model of skin fibrosis. Female pathogen-free, 6-week-old C3H
mice (Charles River Laboratories Inc., Wilmington, MA, USA) were maintained on
food and water ad libitum. The protocol was approved by the Animal Care
Committee of the Centre hospitalier de I'Université de Montréal (CHUM).

A 300-ulI volume of conditioned media was injected subcutaneously into a single
location on the shaved back of the mice daily for 3 weeks with a 27-gauge needle.
Bleomycin injections (1 mg/ml) daily for 3 weeks, as described by others,'” served
as positive controls. The mice (n=8 per group) were killed on day 21.

Tissue preparation and immunohistochemistry. The mice were
killed 1 day after the final injection, and skin from the injection site was removed and
cut into two pieces: one was fixed in 10% formalin solution and embedded in
paraffin; the other was snap-frozen in liquid nitrogen and stored immediately at
—80°C. Sections (3 um) were cut from the embedded pieces of skin, mounted on
slides and stained with hematoxylin-phloxine-saffron (HPS). Dermal thickness was
measured under a light microscope by an investigator blinded to the experimental
conditions in three randomly selected fields (average of three measurements per
field) for each mouse. Immunohistochemical analysis of collagen | (1:50 for 2h at
room temperature) was performed using an ABC anti-rabbit staining kit, according
to the manufacturer’s instructions (Santa Cruz Biotechnology). Negative controls
were prepared by replacing the primary antibody with isotype-matched rabbit IgG
(R&D Systems, Minneapolis, MN, USA).

Snap-frozen skin pieces were processed for isolation of proteins with TRIzol as
per the manufacturer’s instructions (Invitrogen), with a few modifications. Briefly, the
chopped skin pieces were immersed in 1.0ml of ice-cold TRIzol reagent and
homogenized for 2 min with a PowerGen-125 tissue grinder from Fisher Scientific
(Ottawa, ON, Canada). After phase separation, the air-dried protein pellet was
dissolved in 1% SDS solution and heated at 50°C for 5min to improve protein
solubility. The protein concentration of each sample was measured according to the
BCA method.™

Reagents. PP2 and PP3 were purchased from Calbiochem (San Diego, CA,
USA). Recombinant human CTGF and recombinant human TGF-f1 were
bought from Cell Sciences (Canton, MA, USA) and R&D Systems, respectively.
LG3 was produced as described previously.'® Caspase inhibitors (Z-DEVD-FMK,
Z-IETD-FMK, Z-LEHD-FMK, and N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl-
ketone (Z-VAD-FMK)) and pan-TGF-f1-blocking antibody were obtained from
R&D Systems. All other reagents were from Sigma Chemicals (Oakville, ON,
Canada).



Statistical analysis. The results are expressed as means + S.E.M. The data
were analyzed by Student's ttest or ANOVA, as appropriate. P<0.05 was
considered significant for all tests.
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