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T he E3 small ubiquitin-like modifier (SUMO) protein ligase protein inhibitor of activated STAT 4 (PIAS4) is a pivotal protein
in regulating the TGFβ pathway. In this study, we discovered a new protein isoform encoded by KIAA0317, termed fibrosisinducing E3 ligase 1 (FIEL1), which potently stimulates the TGFβ signaling pathway through the site-specific ubiquitination of
PIAS4. FIEL1 targets PIAS4 using a double locking mechanism that is facilitated by the kinases PKCζ and GSK3β. Specifically,
PKCζ phosphorylation of PIAS4 and GSK3β phosphorylation of FIEL1 are both essential for the degradation of PIAS4. FIEL1
protein is highly expressed in lung tissues from patients with idiopathic pulmonary fibrosis (IPF), whereas PIAS4 protein levels
are significantly reduced. FIEL1 overexpression significantly increases fibrosis in a bleomycin murine model, whereas FIEL1
knockdown attenuates fibrotic conditions. Further, we developed a first-in-class small molecule inhibitor toward FIEL1 that is
highly effective in ameliorating fibrosis in mice. This study provides a basis for IPF therapeutic intervention by modulating
PIAS4 protein abundance.
Idiopathic pulmonary fibrosis (IPF) is a fibrotic disease of
unknown etiology, but it is characterized by deposition of
extracellular matrix into the interstitium and destruction of
alveolar architecture, resulting in progressive impairment in
gas exchange and, ultimately, death (Gross and Hunninghake,
2001; King et al., 2011; Noble et al., 2012; Sheppard, 2013).
IPF is the most common form of interstitial lung disease with
a prevalence of 50 per 100,000 cases, and it almost exclusively
affects patients older than 50 (Raghu et al., 2011). Despite
its unknown etiology, the downstream effectors of IPF are
well-characterized. Samples from IPF patients show increased
levels of TGFβ across all three isoforms (Annes et al., 2003).
TGFβ promotes several IPF-relevant phenotypes: the differentiation of fibroblasts to myofibroblasts, the activation of
epithelial to mesenchymal cellular transition, and the promotion of lung epithelial cell apoptosis (Chapman, 2011; Kage
and Borok, 2012; Massagué, 2012; Wick et al., 2013). TGFβ
transduces downstream signaling in part through the mothers
against decapentaplegic homologue (SMAD) protein family.
SMAD proteins regulate a variety of cellular processes, such
as differentiation, proliferation, tumorigenesis, and immune
responses (Attisano and Wrana, 2000; Yingling et al., 2004;
Bonniaud et al., 2005). The SMAD family is comprised of
receptor-SMADs (R-SMAD), inhibitor SMADs (I-SMAD),
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and the common mediator SMAD (coSMAD; Derynck and
Zhang, 2003).TGFβ signal transduction commences with the
phosphorylation of R-SMADs, often SMAD2 or SMAD3,
which form a trimeric structure with the coSMAD, SMAD4,
and translocate to the nucleus. In the nucleus, the trimer
binds to the SMAD-binding element in the JunB promoter
to activate the transcription of pro-fibrotic genes (Jonk et al.,
1998). Therefore, TGFβ is a major profibrotic growth factor
through the downstream SMAD signaling pathway (Wang et
al., 2006; Hecker et al., 2009).
Protein inhibitor of activated STAT (PIAS) proteins
are a family of proteins that are known to negatively control
and regulate gene transcription and inflammatory pathways
in cells (Rytinki et al., 2009). There are four characterized
PIAS family members—PIAS1, PIASx (PIAS2), PIAS3, and
PIASy (PIAS4)—each with specificity toward different pathways (Gross et al., 2001). Specifically, PIAS4 has been shown
to suppress TGFβ signaling by several mechanisms (Imoto et
al., 2003; Long et al., 2003). First, TGFβ promotes the interaction of PIAS4 with SMAD3 and SMAD4 to form a ternary
complex (Long et al., 2003). PIAS4 is known to possess small
ubiquitin-like modifier (SUMO) E3 ligase activity within its
RING-type domain (Imoto et al., 2004). It promotes the sumoylation of SMAD3, in turn stimulating its nuclear export
and inhibiting SMAD3/4-driven pro-fibrotic transcription
(Lee et al., 2003; Imoto et al., 2008). Furthermore, PIAS4
directly recruits and interacts with histone deacetylase 1
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residues, termed FIEL1) behaves distinctly in cells. First, only
FIEL1 overexpression significantly decreased PIAS4 protein
levels (Fig. 1 C). Compared with AREL1, FIEL1 alone interacted with PIAS4 protein via coimmunoprecipitation
(Fig. 1 D). Moreover, overexpressed FIEL1 in murine lung
epithelial (MLE), HeLa, and 293T cells comigrated with the
endogenous protein upon FIEL1 immunoblotting, which
suggested that FIEL1 is the predominant KIAA0317 isoform
in all of these cell lines (unpublished data). FIEL1 is sufficient
for PIAS4 ubiquitination in vitro (Fig. 1 E). FIEL1 expression selectively decreased PIAS4, compared with other PIAS
family members in MLE cells (Fig. 1 F). A randomly selected
HECT E3 ligase, UBE3B, was also tested as a negative control
(Fig. 1 F). FIEL1 expression in HeLa and 293T cells also decreased PIAS4 protein levels (unpublished data). Conditional
expression of FIEL1 in MLE cells using a doxycycline-inducible plasmid resulted in PIAS4 protein degradation (not
depicted). Further, FIEL1 expression significantly decreased
PIAS4 protein levels, whereas FIEL1 knockdown using
shRNA stabilized PIAS4 by extending its half-life (Fig. 1, G
and H). FIEL1 also regulates PIAS4 protein levels in human
fetal lung primary fibroblast MRC5 cells. As shown in Fig. 1
(I and J), expression of FIEL1 reduced PIAS4 protein levels
in a dose-dependent manner, whereas other proteins such as
TGFβR1, TGFβR2, SMURF1, and SMAD7 levels were unchanged. Moreover, FIEL1 expression did not reduce PIAS4
mRNA levels (Fig. 1 K). TGFβ treatment increased FIEL1
protein and decreased PIAS4 protein in MRC5 cells, while
also increasing the association of PIAS4 and FIEL1 (Fig. 1 L).
Last,TGFβ treatment drastically increased FIEL1 mRNA levels (unpublished data). We also determined that K31 is the
ubiquitin acceptor site within PIAS4 (Fig. S1, A–C). We
measured FIEL1 and PIAS4 protein levels in lung tissues from
five control patients and five patients with IPF. Patients with
IPF had significantly less PIAS4 protein and more immunoreactive FIEL1 protein in their lungs versus control patients
(Fig. 1 M). We also tested this pathway in bleomycin-induced
murine lung fibrosis (Tager et al., 2008; Jiang et al., 2010).
Bleomycin challenge significantly increased FIEL1 protein
levels and decreased PIAS4 protein levels in murine lung tissue with a maximum effect at day 14 (Fig. 1 N). These results
suggest that the FIEL1–PIAS4 pathway is functional and important in individuals with IPF.

RESULTS
FIEL1–PIAS4 pathway in pulmonary fibrosis
PIAS4 degradation occurs in an ubiquitin-dependent manner
through the proteasome (Fig. 1, A and B). We screened our
E3 ligase library and determined that the HECT domain E3
ligase KIAA0317 regulates PIAS4 protein stability (unpublished data). KIAA0317 encodes two major isoforms, 823 and
789 residues in length, respectively. The longer isoform has
been previously characterized as AREL1 and contains an additional 34 residues in the C-terminal HECT-domain (Kim
et al., 2013). However, we found that the shorter isoform (789

FIEL1 promotes TGFβ signaling
Using a SMAD reporter assay (QIA
GEN), we determined that FIEL1 overexpression increased SMAD promoter-driven luciferase activity upon TGFβ stimulation
(Fig. 2 A). By decreasing PIAS4 protein, expression of FIEL1
also decreased SMAD3 sumoylation (Fig. 2 B) as previously
described (Lee et al., 2003; Imoto et al., 2008) and further
promoted SMAD3 nuclear concentration (Fig. 2 C). FIEL1
ectopic expression did not change SMAD3 phosphorylation. FIEL1 expression increased the expression of fibrotic
proteins fibronectin (FN) and α smooth muscle actin (α-
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(HDAC1) to suppress SMAD3-driven transcriptional activation (Long et al., 2003). PIAS4 is an important negative regulator of TGFβ signaling.
Protein ubiquitination is the major mechanism of protein processing in cells. Ubiquitin flags a targeted protein for
degradation through the 26s proteasome or the lysosome
(Tanaka et al., 2008). Ubiquitin is conjugated to a target protein in a three-step process. First, an E1 ubiquitin-activating
enzyme binds to ubiquitin via a thioester covalent bond. Next,
the E1 transfers the ubiquitin to an E2 ubiquitin-conjugating enzyme. Finally, the C terminus of ubiquitin is attached
to the ε-amino moiety of a substrate’s ubiquitin-accepting
lysine (K) residue, mediated by an ubiquitin E3 ligase. There
are several families of ubiquitin E3 ligases that include over
1,000 proteins (Hatakeyama et al., 2001; Jin et al., 2007). Of
these, the E6-AP carboxyl terminus (HECT) domain E3 ligase family remains poorly characterized (Rotin and Kumar,
2009). There are ∼30 HECT E3 ligases in mammalian cells,
and functional data are only available for a select few, including E6AP, Smurf, HECTD2, and NEDD4 (Rotin and Kumar,
2009; Coon et al., 2015). HECT E3 ligases possess a unique
feature in which they accept ubiquitin from an E2 ubiquitin-conjugating enzyme in the form of a thioester bond and
directly transfer the ubiquitin to the substrate. An active site
within the C terminal of the HECT domain containing a
cysteine residue is required for ubiquitin-thioester formation
(Huibregtse et al., 1995). A recently identified member of
the HECT E3 ligase family, apoptosis-resistant E3 ligase 1
(AREL1), which is encoded by the KIAA0317 gene, regulates
the ubiquitination of the apoptosis proteins SMAC, HtrA2,
and ARTS (Kim et al., 2013).
In this study, we discovered a new protein isoform encoded by KIAA0317, termed fibrosis-inducing E3 ligase 1
(FIEL1). We also revealed a new molecular pathway, in which
FIEL1 regulates TGFβ signaling through the ubiquitin-mediated degradation of PIAS4. Under TGFβ stimulation, two
kinases, PKCζ and GSK3β, phosphorylate PIAS4 and FIEL1,
respectively. Phosphorylated FIEL1 targets phosphorylated
PIAS4 and mediates its ubiquitination and degradation,
thereby exaggerating TGFβ signaling. These studies provide a
new molecular model of fibrotic lung injury and lead to the
development of a small molecule antagonist that exerts potent
antifibrotic activity by regulating the abundance of PIAS4.
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SMA) in MRC5 cells (Fig. 2 D). When we knock down
FIEL1 using several shRNAs, we observed a significantly
reduced SMAD-driven luciferase activity, with shRNA 3
serving as a negative control (Fig. 2 E). FIEL1 knockdown
increased PIAS4 protein, increased SMAD3 sumoylation
(Fig. 2 F), and further decreased SMAD3 nuclear concenJEM Vol. 213, No. 6

tration (Fig. 2 G). FIEL1 knockdown also decreased the
expression of fibrotic proteins FN and α-SMA in MRC5
cells (Fig. 2 H). To complement the biochemical approach,
we immunostained MRC5 cells and observed that FIEL1
knockdown also reduced nuclear localization of SMAD3
upon TGFβ treatment (Fig. 2 I).
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Figure 1. FIEL1–PIAS4 pathway in pulmonary fibrosis. (A) PIAS4 protein half-life determination in MLE cells transfected with empty plasmid or
ubiquitin plasmid (n = 2). (B) PIAS4 protein half-life determination with MG132 or leupeptin treatment (n = 3). (C) Immunoblots (top) showing levels of
PIAS4 protein and V5 after KIAA0317 (823 aa, AREL1) and (789 aa, FIEL1) plasmid expression. PIAS4 protein quantification was normalized and graphed
(bottom). Data represent mean values ± SEM (n = 3 independent experiments; *, P < 0.05 compared with 0 µg plasmid, Student’s t test). (D) PIAS4 protein
was immunoprecipitated from cell lysate using a PIAS4 antibody and coupled to protein A/G beads. PIAS4 beads were then incubated with in vitro–synthesized products expressing HIS-V5-FIEL1 (789 aa) or HIS-V5-AREL1 (823 aa). After washing, proteins were eluted and processed for V5 immunoblotting
(n = 2). (E) In vitro ubiquitination assay. Purified E1 and E2 components were incubated with V5-PIAS4 and FIEL1. The full complement of ubiquitination
reaction components (second lane) showed polyubiquitinated PIAS4 proteins (n = 3). (F) Immunoblots showing levels of PIAS proteins and V5 after ectopic
FIEL1 or UBE3B expression. (G and H) PIAS4protein half-life determination in MLE cells with empty plasmid or FIEL1 expression (G); PIAS4 protein half-life
determination with CON shRNA or FIEL1 shRNA expression (H). Data represent mean values ± SEM (n = 3 independent experiments; *, P < 0.05 compared
with Empty or to Control, Student’s t test). (I–J) Immunoblots (I) showing levels of PIAS4, TGFBR1, TGFBR2, SMAD7, Smurf1, and V5 after FIEL1 expression.
Protein quantification was graphed (J). Data represent mean values ± SEM (n = 3 independent experiments; *, P < 0.05 compared with 0 µg FIEL1, Student’s
t test). (K) mRNA levels of PIAS4 upon FIEL1 expression was measured using two sets of PIAS4 RT-PCR primers. Data represent mean values ± SEM (n = 3
independent experiments). (L) MRC5 cells were treated with TGFβ in a time- or dose-dependent manner; cells were collected and immunoblotted for FIEL1
and PIAS4. Endogenous FIEL1 was also immunoprecipitated and immunoblotted for PIAS4 (n = 3). (M) PIAS4 and FIEL1 immunoblotting from lung tissues
samples from five control and five IPF patients. PIAS4 and both the shorter and longer forms of KIAA0317 were quantified using ImageJ and graphed. Data
represent mean values (n = 5 patients; NS, not significant *, P < 0.05 compared with CON, Student’s t test). (N) C57BL/6J mice were treated i.t. with bleomycin (0.02 U) for up to 21 d. Mice were then euthanized, and lungs were isolated and assayed for PIAS4 and FIEL1 immunoblotting. Bands corresponding
to each protein on immunoblots were quantified using ImageJ software, and the results are displayed graphically. Data represent mean values ± SEM (n =
4–5 mice per group; *, P < 0.05 compared with day 0, Student’s t test).
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PIAS4 phosphorylation by PKCζ is required for FIEL1 binding
We next investigated the FIEL1-binding site within PIAS4.
We determined that PIAS4 S18 and Q21 are both important
for FIEL1 interaction (Fig. S1, D–F). We performed a kinase
screen and determined that PKCζ interacts with PIAS4 via
Co-IP (Fig. 3 A). PKCζ expression also decreased PIAS4 protein level, whereas JNK1 expression was unable to achieve
such an effect (Fig. 3 B). Moreover, PKCζ knockdown using
shRNA drastically stabilized PIAS4 protein in a half-life study
(Fig. 3 C), whereas PKCζ expression decreased PIAS4 halflife to ∼2 h (Fig. 3 D). TGFβ stimulation also drastically increased PIAS4 serine phosphorylation and PKCζ association,
1032

but not PKCα association (Fig. 3, E and F). PKCζ directly
phosphorylated PIAS4 in a kinase assay (Fig. 3 G). PKCζ
knockdown also protected PIAS4 from phosphorylation and
degradation during TGFβ treatment (Fig. 3 H). Compared
with WT PIAS4, S18A and S14/S18A double mutants exhibited a dramatic decrease in phosphorylation and offered resistance to degradation during TGFβ treatment (Fig. 3 I). PIAS4
S18A, Q21A, and S18/Q21A double mutants also exhibited
much longer half-lives (Fig. S1 G) and resisted degradation
with FIEL1 coexpression (Fig. S1 H). Finally, we performed
a peptide-binding experiment (Fig. 3 J). The peptide with
S18 phosphorylation (P2) showed the strongest binding to
E3 ligase FIEL1 regulates fibrotic lung injury | Lear et al.
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Figure 2. FIEL1 promotes TGFβ signaling. (A and E) SMAD reporter assays. 293T cells were cotransfected with Cignal SMAD dual luciferase reporter
plasmids along with empty, FIEL1, Con shRNA, or FIEL1 shRNA. 24 h later, cells were treated with TGFβ for 2–16 h. Cells were collected and assayed for luciferase activity to evaluate SMAD promoter activity. Data represent mean values ± SEM (n = 3; *, P < 0.05 compared with empty, Student’s t test). (B and F)
293T cells were transfected with empty, FIEL1, CON shRNA, or FIEL1 shRNA for 48 h before TGFβ treatment (0–2 ng/ml) for 1 h. Cells were then collected
and immunoblotted. Cell lysates were immunoprecipitated using SUMO antibody before SMAD2, 3, and 4 immunoblotting (n = 2). (C and G) 293T cells were
transfected with empty, FIEL1, CON shRNA, or FIEL1 shRNA for 48 h before TGFβ treatment (2 ng/ml) for up to 1 h. Cells were then collected and nuclear/
cytosol fractions were isolated prior to immunoblotting. (D and H) MRC5 cells were transfected with empty, FIEL1, CON shRNA, or FIEL1 shRNA for 48 h
before TGFβ dose course treatment for an additional 18 h. Cells were then collected and immunoblotted (n = 2). (I) MRC5 cells were seeded in 35-mm glass
bottom dishes before being transfected with CON shRNA or FIEL1 shRNA for 48 h before TGFβ treatment for an additional 30 min. Cells were then fixed and
immunostained with α-SMAD3.The nucleus was counterstained with DAPI and F-actin was counterstained with phalloidin (n = 3). Bar, 10 µm.
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FIEL1; the peptide with both S18 phosphorylation and Q21
mutation (P3) offered drastically decreased FIEL1 interaction.
These experiments suggested that PKCζ is an authentic regulator of PIAS4 protein stability; Q21 and phosphorylated S18
of PIAS4 are both required for FIEL1 interaction.
GSK3β phosphorylation of FIEL1 is required for
PIAS4 targeting
We next investigated the PIAS4-binding site within FIEL1. A
mapping study was conducted similarly to Fig. S1 D and we
determined that both P779 and T783 are important for PIAS4
interaction (Fig. S1, I–N). Compared with WT FIEL1, neiJEM Vol. 213, No. 6

ther P779A nor T783A mutant expression decreased PIAS4
protein levels (Fig. S1 O). We also determined that C770 is
a potential active site of FIEL1 as the C770S mutant also
failed to decrease PIAS4 protein level (Fig. S1 O). SNP database analysis indicated a naturally occurring polymorphism
(rs371610162) within FIEL1 (P779L). We further tested this
mutation in a binding assay and showed that T783A, P779L,
and P779L/T783A double mutants all lost interaction with
PIAS4 (Fig. S1 P). We performed a kinase screen and determined that GSK3β interacts with FIEL1 via Co-IP (Fig. 4 A).
WT GSK3β overexpression decreased PIAS4 protein levels in
a dose-dependent manner, and PIAS4 protein levels decreased
1033
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Figure 3. PIAS4 phosphorylation by PKCζ is required for FIEL1 binding. (A) Endogenous PIAS4 was immunoprecipitated and immunoblotted for Erk1,
PKCα, and PKCζ (n = 2). (B) MLE cells were transfected with increasing amounts of PKCζ or JNK1 plasmids for 18 h before PIAS4 immunoblotting (n = 2).
(C) PIAS4 protein half-life determination with CON shRNA or PKCζ shRNA expression (n = 3). (D) PIAS4 protein half-life determination with Empty or PKCζ
plasmid overexpression (n = 3). (E and F) MRC5 cells were treated with TGFβ in a time or dose-dependent manner; cells were collected and immunoblotted
for FIEL1, PIAS4, PKCζ, and p-PKCζ (Thr410). Endogenous PIAS4 was also immunoprecipitated and followed by PKCζ, PKCα, phosphoserine, and phosphothreonine immunoblotting (n = 2). (G) In vitro PKCζ kinase assay. Recombinant PKCζ (Enzo) was used as the kinase, and V5-tagged PIAS4 was synthesized
via TnT in vitro kits (Promega), purified by HIS pulldown, and used as the substrate. The kinase reactions were incubated at 37°C for 2 h, and products were
resolved by SDS-PAGE and processed for autoradiography either by using Personal Molecular Imager (Bio-Rad Laboratories) or immunoblotting for V5 to
visualize the substrate input. *, heat inactivated PKCζ (n = 2). (H) Immunoblots showing levels of FIEL1, PKCζ, p-PKCζ (Thr410), and PIAS4 protein in 293T
cells transfected with either CON shRNA or PKCζ shRNA, followed by a TGFβ dose treatment. Endogenous PIAS4 was also immunoprecipitated and followed
by PKCζ, phosphoserine, and phosphothreonine immunoblotting. (I) 293T cells were transfected with WT, S14A, S18A, or S14/18A PIAS4 before being treated
with a dose course of TGFβ. Cells were then collected and assayed for V5-PIAS4 immunoblotting. Overexpressed V5-PIAS4 was also immunoprecipitated
using a V5 antibody and followed by phosphoserine immunoblotting (n = 2). (J) Four biotin-labeled PIAS4 peptides were bound to streptavidin and served
as the bait for FIEL1 binding. After washing, proteins were eluted and immunoblotted for FIEL1-V5 (n = 2).
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more dramatically when we transfected cells with a constitutively activated GSK3β hyper mutant plasmid (Fig. 4 B).
Moreover, a half-life study suggested that WT GSK3β ectopic
expression decreased PIAS4 half-life to ∼4 h, whereas the
more potent GSK3β hyper mutant further decreased PIAS4
half-life to ∼2 h (Fig. 4 C). TGFβ stimulation drastically increased FIEL1 threonine phosphorylation (Fig. 4 D), and
GSK3β knockdown drastically stabilized PIAS4 in a half-life
study (Fig. 4 E). Moreover, GSK3β knockdown also prevented
FIEL1 threonine phosphorylation and protected PIAS4 from
degradation with TGFβ treatment (Fig. 4 F).
Using the lung lysates from Fig. 1 M, we performed
a Co-IP experiment and observed a positive and significant
association between PIAS4 and the phosphothreonine signal, which suggested that FIEL1 threonine phosphorylation
1034

is essential for PIAS4 binding (Fig. 4 G). We further studied
the role of FIEL1 T783 in regulating PIAS4 protein stability. FIEL1 T783A mutant overexpression completely failed
to decrease PIAS4 protein level. However, in phosphorylation mimic T783D mutant, FIEL1 expression decreased
PIAS4 protein level more dramatically compared with WT
FIEL1 expression (Fig. 5 A). Moreover, a half-life study suggested that WT FIEL1 expression decreased PIAS4 half-life
to ∼4 h, whereas the more potent phosphorylation mimic,
T783D, further decreased PIAS4 half-life to ∼2 h (Fig. 5 B).
The FIEL1 T783A mutant was resistant to GSK3β phosphorylation in vitro (Fig. 5 C) and in cells (Fig. 5 D). We
also performed a peptide binding experiment (Fig. 5 E). The
peptide phosphorylated at T783 (P2) showed the strongest
binding to PIAS4; the peptide with no phosphorylation (P1)
E3 ligase FIEL1 regulates fibrotic lung injury | Lear et al.
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Figure 4. GSK3β regulates PIAS4
protein stability through FIEL1. (A)
Endogenous FIEL1 was immunoprecipitated and followed by JNK2, PKCα,
and GSK3β immunoblotting (n = 2).
(B) MLE cells were transfected with
increasing amounts of WT or constitutively activated GSK3β hyper mutant plasmids for 18 h before PIAS4
immunoblotting. The arrow indicates
the overexpressed GSK3β (n = 2). (C)
PIAS4 protein half-life determination
with WT GSK3β or hyperactive GSK3β
plasmid overexpression. The arrow indicates the overexpressed GSK3β (n =
2). (D) MRC5 cells were treated with
TGFβ in a time or dose-dependent
manner; cells were then collected
and immunoblotted for FIEL1 and
PIAS4. Endogenous FIEL1 was also
immunoprecipitated and followed by
phosphoserine and phosphothreonine
immunoblotting (n = 2). (E) PIAS4
protein half-life determination with
CON shRNA or GSK3β shRNA expression (n = 2). (F) Immunoblots showing levels of GSK3β, phospho-GSK3β
(Ser9), PIAS4, and FIEL1 protein in
293T cells transfected with either CON
shRNA or GSK3β shRNA followed by
a TGFβ dose treatment. Endogenous
FIEL1 was also immunoprecipitated,
followed by phosphoserine and phosphothreonine immunoblotting. (G)
Lung samples from Fig. 1 J were subjected to FIEL1 immunoprecipitation,
followed by PIAS4, phosphothreonine,
and phosphoserine immunoblotting. PIAS4 protein abundance was
plotted as a function of p-Thr protein (n = 5 patients per group; *, P <
0.01, Pearson correlation).
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or T783A mutant peptide (P4) offered drastically decreased
PIAS4 interaction. FIEL1 T783A and P779L expression both
failed to decrease PIAS4 protein level (Fig. 5 F) or half-lives
(Fig. 5 G). FIEL1 T783A/P779L double mutant expression
showed a dominant negative phenotype by increasing PIAS4
protein levels (Fig. 5 F). We further used PIAS4 peptide 2
with S18 phosphorylation (Fig. 3 J) as bait and determined
that both P779L and T783A FIEL1 drastically lost binding
with PIAS4 (Fig. 5 H), which is similar to Fig. S1 P. Similarly,
FIEL1 peptide 2 with phosphorylation at T783 (P2; Fig. 5 E)
was used to reconfirm the importance of S18 phosphorylation and Q21 within PIAS4 for FIEL1 interaction (Fig. 5 I),
which is similar to Fig. S1 F. Last, FIEL1 T783A/P779L dominant-negative mutant overexpression protected PIAS4 from
TGFβ treatment (Fig. 5 J). These experiments suggested that
GSK3β phosphorylation of FIEL1 is required for PIAS4 targeting, and FIEL1 residues P779 and phosphorylated T783
are both required for PIAS4 interaction (Fig. S1 Q).

JEM Vol. 213, No. 6

FIEL1 knockdown ameliorates bleomycin-induced
lung injury in vivo
To further confirm the role of FIEL1 in lung fibrosis and
inflammation, we pursued in vivo knockdown studies. Mice
were first infected with lentivirus encoding CON shRNA
or FIEL1 shRNA for 144 h (107 CFU/mouse, i.t), and then
challenged with bleomycin (0.05 U i.t.) for an additional
1–21 d (Fig. 7 A). FIEL1 knockdown significantly decreased
BAL protein concentrations, total cell counts, and chemokine
CXCL1 levels (Fig. 7, B–D). Specifically, the differential cell
counts of BALs revealed that the total decrease in inflammatory cells was mostly a result of neutrophils and lymphocytes,
with the exception of macrophages on day 3 and 21 (Fig. 7,
E–G). FIEL1 knockdown in mice also significantly improved
survival (Fig. 7 H). Peribronchiolar and parenchymal fibrosis
were also substantially decreased in FIEL1 knockdown mice
(Fig. 7, I and J), suggesting that FIEL1 knockdown ameliorates bleomycin-induced lung injury. Elevated lung collagen
deposition visualized by Masson Trichrome staining also suggested that FIEL1 expression exacerbates bleomycin-induced
lung fibrosis (Fig. 7, J and K). We observed a marked decrease
in lung fibrosis in FIEL1 knockdown mice as demonstrated
by a significant decrease in hydroxyproline content (Fig. 7 L).
Last, we analyzed FIEL1 and PIAS4 protein levels in murine
lung samples and showed that lentiviral FIEL1 knockdown
reversed bleomycin-induced FIEL1 increase and rescued
PIAS4 protein levels in the lung (Fig. 7 M).
Antifibrotic activity of a FIEL1 small molecule
inhibitor in vitro
We first constructed a FIEL1 HECT domain homology
model using the NEDD4 HECT domain structure (Umadevi et al., 2005; Kamadurai et al., 2009; Maspero et al., 2011
PDB: 2XBF; Fig. 8 A).We observed a major cavity within the
C terminus of the FIEL1 HECT domain that is also required
for PIAS4 binding (Fig. 8 A). Through the LibDock program
from Discovery Studio 3.5, we were able to screen potential ligands for the FIEL1 cavity. We selected BC-1480 as a
backbone to further develop new small molecule inhibitors
(Fig. 8 B). BC-1485 was synthesized by reacting alaninamide
with BC-1480 (unpublished data). BC-1485 fits in the FIEL1
cavity fairly well by having several electrostatic interactions
with Gln774, His788, Ile776, and Thr783 (Fig. 8, C and D).
Compared with BC-1480, BC-1485 exhibited >100-fold activity in disrupting the FIEL1–PIAS4 interaction (Fig. 8 E).
BC-1485 also exhibited potent activity toward disrupting
FIEL1-directed PIAS4 ubiquitination (Fig. 8 F). Finally, we
tested BC-1485 in cells and observed a drastic dose-dependent increase in PIAS4 protein levels (Fig. 8 G). BC-1485 also
decreased the expression of α-SMA in MRC5 cells (unpublished data). BC-1485 also stabilized PIAS4 by extending its
half-life (Fig. 8 H) without altering its mRNA level (Fig. 8 I).
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Gene transfer of FIEL1 exacerbates bleomycin-induced
lung injury in vivo
So far, our in vitro studies suggest that FIEL1 promotes TGFβ
signaling in vitro. As exacerbated TGFβ signaling partakes in
fibrotic formation, the results raise the possibility that expression of FIEL1 in vivo might alter host inflammatory responses
and induce fibrotic lung injury.To extend the aforementioned
observations in vivo, mice were infected with an empty lentivirus or lentivirus encoding FIEL1 for 144 h (107 CFU/
mouse, i.t.). Mice were then challenged with bleomycin (0.02
U i.t.) for an additional 1–21 d (Fig. 6 A). Mice were euthanized to analyze parameters of fibrotic lung injury. Bleomycin
injury is one of the most widely studied models of pulmonary
fibrosis (Tager et al., 2008; Hecker et al., 2009; Jiang et al.,
2010; Reed et al., 2015). As shown in Fig. 6 B, the increased
bronchoalveolar lavage (BAL) total protein concentration that
occurs after bleomycin injury in control mice was significantly
higher in mice overexpressing FIEL1.Total inflammatory cells
and chemokine CXCL1 levels in BALs were also significantly
increased in mice overexpressing FIEL1 (Fig. 6, C and D).
Specifically, the differential cell counts of the BALs revealed
that the total increase in inflammatory cells was mostly a result
of neutrophils and lymphocytes, with the exception of macrophages on day 7 (Fig. 6, E–G). FIEL1 expression in mice also
significantly reduced survival (Fig. 6 H). Bleomycin challenge
also showed changes consistent with peribronchiolar and parenchymal fibrosis in a time-dependent manner (Fig. 6, I and J).
Elevated lung collagen deposition visualized by Masson Trichrome staining also suggested that FIEL1 expression exacerbates bleomycin-induced lung fibrosis (Fig. 6, J and K).We
observed a marked increase in lung fibrosis in mice overexpressing FIEL1 as demonstrated by significantly increased hydroxyproline content (Fig. 6 L). The extent of these changes
present in FIEL1 expression mice was substantially increased
compared with the empty control (Fig. 6, I–L). Last, we analyzed FIEL1–PIAS4 protein levels in murine lung samples and

observed that lentiviral FIEL1 expression completely depleted
PIAS4 protein in the lung (Fig. 6 M).
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Antifibrotic activity of a FIEL1 small molecule
inhibitor in vivo
To further assess the kinetics of the antifibrotic activity of
BC-1485, we first tested it in vivo after bleomycin injury.
In brief, mice were challenged with bleomycin (0.05 U i.t.),
and BC-1485 and control compound BC-1480 were given
in the drinking water (∼5 mg/kg/d) for an additional 7–21 d
1036

(Fig. 9 A). BC-1485 significantly decreased BAL protein
concentrations and CXCL1 levels (Fig. 9, B and C). BC1485 also significantly decreased BAL total cell counts, specifically neutrophils and lymphocytes (Fig. 9, D–G), and
significantly improved survival (Fig. 9 H). Peribronchiolar
and parenchymal fibrosis were also substantially decreased
by BC-1485 (Fig. 9 I). Decreased lung collagen visualized
E3 ligase FIEL1 regulates fibrotic lung injury | Lear et al.
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Figure 5. GSK3β phosphorylation of FIEL1 is required for PIAS4 targeting. (A) MLE cells were transfected with increasing amounts of WT, T783A,
or T783D mutant FIEL1 plasmids for 18 h before PIAS4 immunoblotting (n = 2). (B) PIAS4 protein half-life determination with WT, T783A, or T783D mutant
FIEL1 (n = 2). (C) In vitro GSK3β kinase assay. Recombinant GSK3β (Enzo) was used as the kinase, and V5-tagged FIEL1 were synthesized via TnT in vitro
kits (Promega), purified by HIS pulldown, and used as the substrate. The kinase reactions were incubated at 37°C for 2 h, and products were resolved by
SDS-PAGE and processed for autoradiography either by using Personal Molecular Imager (Bio-Rad Laboratories) or immunoblotting for V5 to visualize the
substrate input. *heat inactivated GSK3β (n = 2). (D) 293T cells were transfected with empty, WT, or T783A FIEL1 for 24h. Cells were then collected and
immunoblotted for V5-FIEL1 and PIAS4. Overexpressed V5-FIEL1 was also immunoprecipitated using V5 antibody and followed by phosphothreonine immunoblotting (n = 2). (E) Four biotin-labeled FIEL1 peptides were prebound to streptavidin and served as the bait for PIAS4 binding. After washing, proteins
were eluted and processed for PIAS4 immunoblotting (n = 2). (F) MLE cells were transfected with increasing amounts of WT, T783A, P779L, or T783A/P779L
double mutant FIEL1 plasmids for 18 h before PIAS4 immunoblotting. (G) PIAS4 protein half-life determination with WT, T783A, P779L, or T783A/P779L
double mutant FIEL1 (n = 2). (H) PIAS4 peptide 2 (Biotin-MSFRVS(p)DLQM) was prebound to streptavidin and served as the bait for FIEL1 binding. After
washing, proteins were eluted and processed for V5-FIEL1 immunoblotting (n = 2). (I) FIEL1 peptide 2 (Biotin-QIIAAPTHST(p)LPTA) was bound to streptavidin and served as the bait for PIAS4 binding. After washing, proteins were eluted and processed for V5-PIAS4 immunoblotting (n = 2). (J) 293T cells were
transfected with WT, T783A, P779L, or T783A/P779L double mutant FIEL1 before being treated with TGFβ. Cells were then collected and assayed for PIAS4
immunoblotting. (K) MLE cells were transfected with increasing amounts of WT, I514V, or D207V mutant FIEL1 plasmids for 18 h before PIAS4 immunoblotting. (L) PIAS4 protein half-life determination with WT, I514V, or D207V mutant FIEL1 expression.
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by Trichrome staining also suggested that BC-1485 ameliorates bleomycin-induced lung injury (Fig. 9, I and K). We
observed a marked decrease in lung fibrosis in mice treated
with the BC-1485 as demonstrated by a significant decrease
in hydroxyproline content (Fig. 9, I and J). We further tested
BC-1485 in a dose-dependent manner using a bleomycin
model. This time, mice were challenged with bleomycin
(0.05 U i.t.) for 10 d before being treated with BC-1485
(2 and 10 mg/kg/d in drinking water) for an additional 10
d before being sacrificed (Fig. 10 A). BC-1485 significantly
JEM Vol. 213, No. 6

decreased BAL protein concentrations and cell counts compared with vehicles (Fig. 10, B and C). Specifically, BC-1485
dose-dependently decreased macrophages, neutrophils, and
lymphocytes (Fig. 10 D) and significantly improved survival
(Fig. 10 E). We observed a marked decrease in lung fibrosis in
mice treated with BC-1485, as demonstrated by a significant
decrease in hydroxyproline content (Fig. 10 F). Peribronchiolar and parenchymal fibrosis were also substantially decreased
by BC-1485 (Fig. 10 G). Decreased lung collagen visualized
by Trichrome staining also suggested that BC-1485 ame1037
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Figure 6. Gene transfer of FIEL1 exacerbates bleomycin-induced lung injury in vivo. (A)C57BL/6J mice weretreated i.t. with Lenti-Empty or LentiFIEL1 (107 PFU/mouse) for 144 h; mice were then treated i.t. with bleomycin (0.02 U). Mice were euthanized over the next 1–21 d, and lungs were lavaged
with saline, harvested, and then homogenized. (B–D) Lavage protein, total cells, and CXCL1 concentrations were measured. Data represent mean values ±
SEM (n = 4–6 mice per group, data are from one of the two experiments performed; *, P < 0.05 compared with empty, Student’s t test). (E–G) Lavage cells
were then processed for Wright-Giemsa stain; lavage macrophages, neutrophils, and lymphocytes were counted and graphed. Data represent mean values ±
SEM (n = 4–6 mice per group, *, P < 0.05 compared with empty, Student’s t test). (H) Survival studies of mice that were given bleomycin. Mice were carefully
monitored over time; moribund, preterminal animals were immediately euthanized and recorded as deceased. Kaplan-Meier survival curves were generated
using SPSS software (n = 9–11 mice per group; *, P < 0.05 compared with Empty, Log-rank test). Empty: n = 9, FIEL1: n = 11. (I and J) Hematoxylin and
eosin (H&E) and Trichrome staining were performed on lung samples. Bars, 100 µm. (K) Collagen percentage quantification from Trichrome staining. Data
represent mean values ± SEM (n = 4–6 mice per group, *, P < 0.05 compared with empty, Student’s t test). (L) Hydroxyproline content was measured in lungs
from 7, 14, and 21 d after bleomycin challenge. Data represent mean values ± SEM (n = 4–6 mice per group, *, P < 0.05 compared with empty, Student’s t
test). (M) Mice lungs were isolated and assayed for PIAS4 and FIEL1 immunoblotting.
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liorates bleomycin-induced lung injury (Fig. 10, G and H).
Lastly, BC-1485 rescued PIAS4 protein levels in bleomycin-treated lungs (Fig. 10 I). Hence, small molecule targeting
of the FIEL1–PIAS4 pathway reduced the severity of fibrosis
in a preclinical model (Fig. S1 R).
DISCUSSION
TGFβ signaling plays a key role in the pathogenesis of tissue
fibrosis (Wilson and Wynn, 2009). PIAS4 suppresses the TGFβ
pathway, in part, by SUMOylating SMAD3 and causing its
1038

nuclear export (Imoto et al., 2003, 2008; Long et al., 2003).
Here we show that FIEL1 appears to promote TGFβ signaling and fibrosis by destabilizing PIAS4. Our data not only authenticate FIEL1 as a bona-fide E3 ligase, but also show that
it triggers the site-directed ubiquitination and degradation of
PIAS4 leading to exacerbated fibrotic signaling. MRC5 cells
ectopically expressing FIEL1 increased PIAS4 mRNA level,
supporting the belief that FIEL1 regulates PIAS4 protein stability (Fig. 1 K). This is a common compensatory mechanism
used by cells to rescue protein loss. As an E3 ligase, it is quite
E3 ligase FIEL1 regulates fibrotic lung injury | Lear et al.
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Figure 7. FIEL1 knockdown ameliorates bleomycin-induced lung injury in vivo. (A) C57BL/6J mice were treated i.t. with Lenti-CON shRNA or Lenti-FIEL1 shRNA (107 PFU/mouse) for 144 h; mice were then treated i.t. with bleomycin (0.05 U). Mice were euthanized over the next 1–21 d, and lungs were
lavaged with saline, harvested, and then homogenized. (B–D) Lavage protein, total cells, and CXCL1 concentrations were measured. Data represent mean
values ± SEM (n = 4–6 mice per group, data are from one of the two experiments performed; *, P < 0.05 compared with Control, Student’s t test). (E–G)
Lavage cells were then processed for Wright-Giemsa stain; lavage macrophages, neutrophils, and lymphocytes were counted and graphed. Data represent
mean values ± SEM (n = 4–6 mice per group, *, P < 0.05 compared with Control, Student’s t test). (H) Survival studies of mice that were given bleomycin.
Mice were carefully monitored over time; moribund, preterminal animals were immediately euthanized and recorded as deceased. Kaplan-Meier survival
curves were generated using SPSS software (n = 8 mice per group; *, P < 0.05 compared with Control, Log-rank test P < 0.05). Empty: n = 8, FIEL1: n = 8.
(I and J) H&E and Trichrome staining was performed on lung samples. Bar indicates 100 µm. (K) Collagen percentage quantification from Trichrome staining.
Data represent mean values ± SEM (n = 4–6 mice per group, *, P < 0.05 compared with Control, Student’s t test). (L) Hydroxyproline content was measured
in lungs from 7, 14, and 21 d after bleomycin challenge. Data represent mean values ± SEM (n = 4–6 mice per group; *, P < 0.05 compared with Control,
Student’s t test). (M) Mice lungs were isolated and assayed for PIAS4 and FIEL1 immunoblotting.
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possible that FIEL1 targets many other proteins for ubiquitination and degradation. We measured protein abundance of
several pro-TGFβ and anti-TGFβ proteins such as TGFβR1,
TGFβR2, SMAD7, and SMURF1 in cell lysates ectopically
expressing FIEL1 (Fig. 1 I). However, the absence of any difference in their protein levels suggests that it is plausible that
FIEL1 regulates SMAD signaling through PIAS4. However,
we do not rule out the possibility that other proteins could
also play a role linking FIEL1 to the SMAD pathway, given
that all E3 ligases are known to target many substrates at the
same time. We believe that the FIEL1–PIAS4 pathway is relevant in both epithelial cells and fibroblasts, as we have tested
this pathway in both cell types (Fig. 1 C, I, L, Fig. 2 B-I); this
matches the current understanding that both epithelial cells
JEM Vol. 213, No. 6

and fibroblasts may be involved in the formation of fibrosis
(Jiang et al., 2005; Hecker et al., 2009; Li et al., 2011; Noble
et al., 2012). However, future studies are needed to identify
which cell type is more involved in the FIEL1–PIAS4 pathway.
We found that PKCζ is a regulator of PIAS4 protein
stability and described a mechanism of PIAS4 basal protein
turnover controlled constitutively by FIEL1. This provides an
internal checkpoint for the cell to shut off the antifibrotic
pathway, a mechanism that TGFβ hijacks to shut down PIAS4
and promote fibrosis. Moreover, we found that GSK3β is another regulator of PIAS4 protein stability through the phosphorylation of FIEL1. There appears to be a new double
locking molecular interplay between FIEL1 and PIAS4. Specifically, both the P779 and GSK3β phosphorylated T783 res1039
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Figure 8. Antifibrotic activity of a FIEL1 small molecule inhibitor in vitro. (A) Structural analysis of the FIEL1 HECT domain revealed a major cavity
within the C terminus of the HECT domain. (B) Structures of the BC-1480 backbone (4-(2-Oxo-2,3-dihydro-1H-benzoimidazole-5-sulfonylamino)-benzoic
acid) and lead compound BC-1485. (C and D) Docking studies of the lead compound, BC-1485, interacting with the FIEL1-HECT domain. (E) FIEL1 protein
was HIS-purified from FIEL1 expression in 293T cells using cobalt beads. Beads were then extensively washed before exposure to BC-1480 or BC-1485 at
different concentrations (10−4 to 100 µM). Purified PIAS4 protein was then incubated with drug-bound FIEL1 beads overnight. Beads were washed, and
proteins were eluted and resolved on SDS-PAGE. The relative amounts of PIAS4 detected in the pull-downs was normalized to loading and quantified (n =
2). (F) In vitro ubiquitination assay. Purified FIEL1, E1, and E2 protein were incubated with purified V5-PIAS4, and the full complement of ubiquitination reaction components with increased concentrations of BC-1485 showed decreased levels of polyubiquitinated PIAS4 (arrows). (bottom) Levels of ubiquitinated
PIAS4 as a function of BC-1485 concentration (n = 2). (G) MLE cells were exposed to BC-1480 or BC-1485 at various concentrations for 18 h. Cells were
then collected and immunoblotted (n = 3). (H) PIAS4 protein half-life determination after BC-1480 or BC-1485 treatment at 5 µM for 18 h. (I) PIAS4 and
FIEL1 mRNA analysis after BC-1485 treatment for 18 h. Data represent mean values ± SEM (n = 3 independent experiments; NS, not significant compared
with 0 µM condition, Student’s t test).
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idues within FIEL1 are required for PIAS4 binding; both the
Q21 and PKCζ phosphorylated S18 residues within PIAS4
are required for FIEL1 binding. We believe that the FIEL1–
PIAS4 molecular interplay is based on two pairs of interactions between pT783-Q21 and P779-pS18 (Fig. S1, Q and R).
In this model, both PKCζ and GSK3β up-regulate TGFβ
signaling, which correlates well with several previous studies
(Takeda et al., 2001; Mulsow et al., 2005; Baarsma et al., 2013).
We observed a naturally occurring amino acid variant
(rs371610162) in FIEL1 (P779L). This hypomorphic polymorphism exhibited a significant decrease in PIAS4 interaction. Thus, its expression did not decrease PIAS4 protein
levels or half-life. We further characterized a naturally oc1040

curring amino acid variant (rs113140862) in FIEL1 (I514V).
This polymorphism, conversely, exhibited hypermorphism as
shown by accelerated PIAS4 degradation and shortened protein half-life (Fig. 5, K and L). FIEL1P779L may be an important and protective polymorphism in IPF, whereas FIEL1I514V
may be a susceptible polymorphism in IPF via exacerbated
TGFβ signaling. Further prospective studies in large IPF cohorts are required to validate this observation.
The FIEL1 HECT domain served as the mechanistic
centerpiece and structural basis for designing first-in-class
FIEL1 inhibitors. We had previously used a similar approach
to design the inhibitors for the proinflammatory protein
FBXO3 (Chen et al., 2013; Mallampalli et al., 2013). Because
E3 ligase FIEL1 regulates fibrotic lung injury | Lear et al.
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Figure 9. Antifibrotic activity of a FIEL1 small molecule inhibitor in vivo. (A) C57BL/6J mice were treated i.t. with bleomycin (0.05 U). Compounds
BC-1480 and BC-1485 were given to mice at the same time through drinking water with an estimated dose of 5 mg/kg/d. Mice were euthanized over the
next 1–21 d, and lungs were lavaged with saline, harvested, and then homogenized. (B–D) Lavage proteins, CXCL1, and total cell count were measured. Data
represent mean values ± SEM (n = 4–8 mice per group; data are from one of two experiments performed; *, P < 0.05 compared with Vehicle, Student’s t
test). (E–G) Lavage cells were also processed for Wright-Giemsa stain; Lavage macrophages, neutrophils, and lymphocytes were counted and graphed. Data
represent mean values ± SEM (n = 4–8 mice per group; *, P < 0.05 compared with Vehicle, Student’s t test). (H) Survival studies of mice that were given
bleomycin and BC-compound treatments. Mice were carefully monitored over time; moribund, preterminal animals were immediately euthanized and
recorded as deceased. Kaplan-Meier survival curves were generated using SPSS software (n = 12–24 mice per group; *, P < 0.05 compared with Vehicle,
Log-rank test P < 0.05). Vehicle, n = 24, BC-1480; n = 13, BC-1485; n = 12. (I) H&E and Trichrome staining was performed on lung samples. Bar, 100 µm.
(J) Hydroxyproline content were measured in lungs from 7, 14, and 21 d after bleomycin challenge. Data represent mean values ± SEM (n = 4–8 mice per
group; *, P < 0.05 compared with Vehicle, Student’s t test). (K) Collagen percentage quantification from Trichrome staining. Data represent mean values ±
SEM (n = 4–8 mice per group; *, P < 0.05 compared with Vehicle, Student’s t test).
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the FIEL1 inhibitor also docks at the same region within the
HECT domain as the substrate PIAS4, the inhibitor works
by disrupting the FIEL1–PIAS4 interaction. By adding an alaninamide group to the BC-1480 backbone we generated
BC-1485, which improved its activity >100 fold. BC-1485
optimally interacts with FIEL1, exerts robust antifibrotic activity by stabilizing PIAS4, and inhibits TGFβ signaling in
both human MRC5 cells and a murine model of pulmonary
fibrosis. The effectiveness of this inhibitor underscores the
physiological importance of the FIEL1–PIAS4 pathway in
JEM Vol. 213, No. 6

regulating TGFβ signaling. Currently, there is no cure for IPF,
despite extensive research. Many failed clinical trials suggest
the complexity of TGFβ signaling and lack of an authentic
drug target (Denton et al., 2007; Akhmetshina et al., 2009;
Daniels et al., 2010; Pope et al., 2011). Our study may be
highly clinically relevant because subjects with IPF exhibited a significant increase in FIEL1 and decrease in PIAS4
protein. Further, FIEL1 threonine phosphorylation is also
significantly increased in IPF lung tissue, which is positively
associated with PIAS4 binding (Fig. 4 G). Interestingly, only
1041
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Figure 10. Antifibrotic activity of a FIEL1 small molecule inhibitor in vivo. (A) C57BL/6J mice were treated i.t. with bleomycin (0.05 U). 10 d later,
compound BC-1485 was given to mice through the drinking water with an estimated dose of 2 or 10 mg/kg/d. Mice were euthanized 10 d later, and lungs
were lavaged with saline, harvested, and then homogenized. (B and C) Lavage proteins and total cell count were measured. Data represent mean values
± SEM (n = 6–9 mice per group; *, P < 0.05 compared with Vehicle, Student’s t test). (D) Lavage cells were also processed for Wright-Giemsa stain; lavage
macrophages, neutrophils, and lymphocytes were counted and graphed. Data represent mean values ± SEM (n = 6–9 mice per group; *, P < 0.05 compared
with Vehicle, Student’s t test). (E) Survival studies of mice that were given bleomycin and BC-compound treatments. Mice were carefully monitored over
time; moribund, preterminal animals were immediately euthanized and recorded as deceased. Kaplan-Meier survival curves were generated using SPSS
software (n = 12–16 mice per group; *, P < 0.05 compared with Vehicle, Log-rank test P < 0.05). Vehicle, n = 16, BC-1485 (2 mg/kg/d); n = 12, BC-1485
(10 mg/kg/d); n = 12. (F) Hydroxyproline content was measured in lungs from 10 d after bleomycin challenge. Data represent mean values ± SEM (n = 6–9
mice per group; *, P < 0.05 compared with Vehicle, Student’s t test). (G) H&E and Trichrome staining were performed on lung samples from A. Bar, 100 µm.
(H) Collagen percent quantification from Trichrome staining. Data represent mean values ± SEM (n = 6–9 mice per group; *, P < 0.05 compared with Vehicle,
Student’s t test). (I) Mice lungs were isolated and assayed for PIAS4 and FIEL1 immunoblotting.
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the shorter isoform of KIAA0317 (789 aa, FIEL1) is significantly increased in IPF lung tissue; our FIEL1 inhibitor design
was also based on the cavity within FIEL1. The longer form
of KIAA0317 lacks the drug binding cavity that renders the
FIEL1 inhibitor ineffective (unpublished data). Moreover, in
all of the cell lines (MLE, 293T, and HeLa) and tissues tested
here, we found very little, if any, longer isoform of KIAA0317
protein present (Fig. 1 M and not depicted).Thus, FIEL1 may
be physiologically relevant in TGFβ signaling and IPF. Indeed,
both FIEL1 knockdown and inhibition significantly ameliorates tissue fibrosis coupled with a very dramatic decrease in
collagen level in a bleomycin model (Fig. 7 K, 9 K, 10 H).
These results suggest that FIEL1 may be a promising new
therapeutic target for fibrotic diseases, such as IPF.

Human samples.This study was approved by the University of
Pittsburgh Institutional Review Board. Lung tissues were obtained from the University of Pittsburgh lung transplant tissue
bank. Lung tissues from IPF patients were obtained from excess pathological tissues after lung transplantation under a
protocol approved by the University of Pittsburgh Institutional Review Board. Normal lung tissues were obtained
from donor lungs that were not suitable for patient use and
provided by the Center for Organ Recovery and Education
(CORE; Pittsburgh, PA). The CORE lungs were only used if
1042

Cell culture.MLE cells were cultured in Dulbecco’s Modified
Eagle Medium-F12 (Gibco) supplemented with 10% fetal
bovine serum (DMEM-F12-10). 293T cells were cultured in
Dulbecco’s Modified Eagle Medium (Gibco) supplemented
with 10% fetal bovine serum (DMEM-10). MRC5 cells were
cultured in Eagle's Minimum Essential Medium (Gibco) supplemented with 10% fetal bovine serum (EMEM-10). For
protein expression in MLE cells, nucleofection was used following Amaxa’s protocol. For protein overexpression in 293T
cells, Fugene6HD transfection reagents were used following
the manufacturer’s protocol. For protein expression in MRC5
cells, MRC-5 Cell Avalanche Transfection Reagent was used
following the manufacturer’s protocol. Cells were treated
with TGFβ at 0–2 ng/ml for 0–18 h. For FIEL1, PKCζ, or
GSK3β knockdown studies in cells, scramble shRNA, FIEL1,
PKCζ, or GSK3β shRNA were used to transfect cells for
48 h. For drug treatment, compounds were solubilized in
DMSO before being added to the cells for up to 18 h. Cell
lysates were prepared by brief sonication in 150 mM NaCl,
50 mM Tris, 1.0 mM EDTA, 2 mM dithiothreitol, 0.025%
sodium azide, and 1 mM phenylmethylsulfonyl fluoride (Buffer A) at 4°C. For half-life study, MLE cells were exposed to
cyclohexamide (40 µg/ml) in a time-dependent manner for
up to 8 h. Cells were then collected and immunoblotted.
In vitro protein-binding assays.PIAS4 protein was immunoprecipitated from 1 mg cell lysate using PIAS4 antibody
(goat) and coupled to protein A/G agarose resin. PIAS4 beads
were then incubated with in vitro–synthesized products
(50 µl) expressing V5-FIEL1 mutants. After washing, the proteins were eluted and processed for V5-FIEL1 immunoblotting. Similarly, FIEL1 was immunoprecipitated from 1 mg cell
lysate using FIEL1 antibody (rabbit) and coupled to protein
A/G agarose resin. FIEL1 beads were then incubated with in
vitro–synthesized products (50 μl) expressing V5-PIAS4 mutants. After washing, the proteins were eluted and processed
for V5-PIAS4 immunoblotting.
In vitro peptide-binding assays.Biotin-labeled peptides were
first coupled to streptavidin agarose beads for 1 h. Beads were
then incubated with in vitro–synthesized FIEL1 or PIAS4 for
18 h. After washing, proteins were eluted and processed for
FIEL1 or PIAS4 immunoblotting.
In vitro drug-binding assays.FIEL1 protein was HIS-purified
from FIEL1 expressed in 293T cells using Talon metal affinity
resin. Resins were then extensively washed before exposure
to BC-1480 or BC-1485 at different concentrations (10−4 to
100 µM). Purified recombinant PIAS4 protein was then inE3 ligase FIEL1 regulates fibrotic lung injury | Lear et al.
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MATERIALS AND METHODS
Materials. Sources of the murine lung epithelial (MLE) and
293T cell lines were described previously (Chen and Mallam
palli, 2007; Ray et al., 2010). MRC5 cells were obtained from
ATCC. Purified ubiquitin, E1, E2, MG132, leupeptin, and
cyclohexamide were purchased from EMD Millipore. Mouse
monoclonal V5 antibody, the pcDNA3.1D cloning kit, E. coli
Top10 One Shot competent cells, the pENTR Directional
TOPO cloning kits, and Gateway mammalian expression system were obtained from Invitrogen. The HECT domain E3
ligase cDNA, scramble shRNA, FIEL1, PKCζ, and GSK3β
shRNA sets were purchased from OpenBiosystems. Nucleofector transfection kits were obtained from Amaxa. The lentiviral packaging system and cobalt beads were purchased from
Takara Bio Inc. Immobilized protein A/G beads were purchased from Thermo Fisher Scientific. In vitro transcription
and translation (TnT) kits were obtained from Promega. Cignal SMAD Reporter luciferase kit (CCS-017L) and mRNA
isolation kit were obtained from QIAGEN. Complete protease inhibitors were purchased from Roche. KIAA0317 antibodies were obtained from Sigma-Aldrich, Antibody Verify,
and Santa Cruz Biotechnology, Inc. PIAS and GSK3β antibodies were obtained from Cell Signaling Technology and
Santa Cruz Biotechnology, Inc. CXCL1 and IL6 mouse ELI
SA kits and TGFβ protein were purchased from R&D Systems.
Peptides were custom synthesized from CHI Scientific. DNA
sequencing was performed by Genewiz. All small molecule
compound analysis was performed by the University of Pittsburgh Mass Spectrometry and NMR facility (Pittsburgh, PA).

there were no considerable lung abnormalities based on high
resolution computerized tomography scan. Multiple small
sections of the parenchyma were collected and immediately
frozen at −80°C for future use. Tissue lysates were used for
the Western blot analysis.
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cubated with drug-bound FIEL1 resins overnight. Resins
were washed, and proteins were eluted and resolved on SDSPAGE. The relative amounts of PIAS4 detected in the pulldowns were normalized to loading and quantified.
In vitro ubiquitin conjugation assays.The assay was performed in a volume of 20 µl containing 50 mM Tris, pH 7.6,
5 mM MgCl2, 0.6 mM DTT, 2 mM adenosine triphosphate
(ATP), 400 µM MG132, 50 nM Ubiquitin activating enzyme,
0.5 µM UbcH5, 0.5 µM UbcH7, 2 µM ubiquitin, and 1 µM
ubiquitin aldehyde. TnT coupled reticulocyte in vitro–synthesized FIEL1-V5 and PIAS4-V5 proteins were purified via
Talon metal affinity resin, and reaction products were processed for V5 immunoblotting.

Hydroxyproline assay.Murine lungs were dried and weighed
before digestion with HCl. Hydroxyproline concentrations
were measured using previously described methods (Neuman
and Logan, 1950; Reddy and Enwemeka, 1996). Hydroxyproline content was normalized to dry lung weight.
SMAD reporter assay.Cignal SMAD Reporter luciferase
plasmids were co-transfected with Empty, FIEL1, PIAS4,
CON shRNA, or FIEL1 shRNA for 24-48 h before TGFβ
treatment for an additional 2–18 h. Cells were then collected
and assayed for firefly and Renilla luciferase activity. SMAD
transcription activity was normalized by a firefly and Renilla
luciferase activity ratio.
Immunostaining. MRC5 cells were seeded in 35-mm MatTek glass bottom dishes before the plasmid transfection, inhibitor, and TGFβ treatment. Cells were washed with PBS
and fixed with 4% paraformaldehyde for 20 min, and then
exposed to 2% BSA, 1:500 mouse α-SMA, goat FN, or
SMAD antibodies, and 1:1,000 Alexa Fluor 488– or 567–labeled goat anti–rabbit, chicken anti–mouse, or donkey anti–
goat secondary antibodies sequentially for immunostaining.
The nucleus was counterstained with DAPI and F-actin was
counterstained with Alexa Fluor 488-Phalloidin. Immunofluorescent cell imaging was performed on a Nikon A1 confocal
microscope using 405 nm, 488 nm, or 567 nm wavelengths.
JEM Vol. 213, No. 6

Molecular docking studies and compound design.The docking experiments were performed using software from Discovery Studio 3.5. A library containing 500,000 approved
or experimental drugs was first used to screen potential ligands for FIEL1. FIEL1-HECT domain structural analysis
revealed a major drug-binding cavity within the C terminus of the HECT domain. The binding cavity was adopted
into the LibDock algorithm to screen for the optimum
inhibitor. Based on the docking and best-fit analysis of
suitable ligands, BC-1480 was used as the backbone to synthesize other compounds.
BC-1485 synthesis.A mixture of 4-(2-oxo-2,3-dihydro-1Hbenzo[d]imidazole-5-sulfonamido)benzoic acid (66 mg, 0.2
mmol), N-(3-Dimethylaminopropyl)-N-ethylcarbodiimide
hydrochloride (38.3 mg, 0.2 mmol), and 1-Hydroxybenzotriazole hydrate (30.6 mg, 0.2 mmol) in DMF (3 ml) was stirred
at room temperature for 10 min, followed by the addition
of 2-amino-N,N-dimethylpropanamide hydrochloride (37
mg and 0.24 mmol), and triethylamine (24.3 mg and 0.24
mmol). The reaction was stirred at room temperature under
nitrogen overnight and concentrated under vacuum. The residue was dissolved in dichloromethane (1 ml) and purified
by flash chromatography (silica gel, toluene/2-propanol/ammonia hydroxide = 80/20/1, vol/vol/v) to obtain a sticky
white solid. It was suspended in 2N HCl (2 ml), sonicated
for 10 min, and filtered. The wet cake was washed with water
several times, and then dried by vacuum suction to obtain
the desired product as a white powder (30 mg, 35% yield):
1
H NMR (400 MHz, DMSO-d6) δ 11.10 (s, 1H), 10.97 (s,
1H), 10.47 (s, 1H), 8.38 (d, J = 8.0 Hz, 1H), 7.72 (d, J = 8.4
Hz, 2H), 7.41 (d, J = 9.2 Hz, 1H),7.28 (s, 1H), 7.12 (d, J =
8.4 Hz, 2H), 7.01 (d, J = 8.4 Hz, 1H), 4.84 (m, 1H), 3.01
(s, 3H), 2.81 (s, 3H), 1.22 (d, J = 6.8 Hz, 3H); 13C NMR
(100 MHz, DMSO-d6) δ 172.30 (C = O), 165.45 (C = O),
155.66 (C =O), 141.26, 133.95, 131.45, 130.10, 129.26,
129.13, 120.83, 118.62, 108.74, 107.02, 45.55, 36.89, 35.71,
17.42; HRMS (ESI) calculated for C19H21N5O5S: 431.12634,
found: 432.13353 [M+H]+.
Quantitative RT-PCR, cloning, and mutagenesis.Total RNA
was isolated and reverse transcription was performed, followed by real-time quantitative PCR with SYBR Green
qPCR mixture as previously described (Butler and Mallampalli, 2010). All mutant PIAS4 and FIEL1 plasmid constructs
were generated using PCR-based approaches and appropriate
primers and subcloned into a pcDNA3.1D/V5-HIS vector.
Lentivirus construction.To generate lentivirus encoding
FIEL1, Lenti-Plvx-FIEL1 plasmid was co-transfected with
Lenti-X HTX packaging plasmids (Takara Bio Inc.) into
293T cells following the manufacturer’s instructions. 72 h
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In vitro kinase assays.The assays were performed by combining 50 mM Tris, pH 7.6, 100 mM MgCl2, 25 mM β-Glycerolphosphate, and 5 mg/ml BSA, bringing them to a total
volume of 25 µl using combinations of 0.5 mM ATP, 0.2 µCi
γ-32P ATP (Perkin Elmer), 500 nM recombinant Aurora B
(EMD Millipore), either 500 nM of recombinant PKCζ
(Enzo) or 500 nM of recombinant GSK3β (Enzo), and V5tagged PIAS4 or V5-tagged FIEL1 synthesized via TnT in
vitro kits (Promega) and purifying them by HIS pull-down.
Reaction products were incubated at 37°C for 2 h, resolved
by SDS-PAGE, and processed for autoradiography either by
using Personal Molecular Imager (Bio-Rad Laboratories) or
immunoblotting for V5 to visualize substrate input.

All experiments were done with a 60× oil differential interference contrast objective lens.
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later, virus was collected and concentrated using Lenti-X
concentrator (Takara Bio Inc.).

Tissue staining.Murine lung samples were fixed in 10%
neutral buffered formalin and embedded in paraffin and sectioned as previously described (Reed et al., 2015). Sections
were stained with eosin and hematoxylin or Masson’s Trichrome. Images were acquired from 20× lens from random
fields from each section. Fibrotic areas (blue channel) were
isolated and determined by pixel area using ImageJ (National Institutes of Health).
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Statistical analysis.Statistical comparisons were performed
through SPSS (IBM) with P < 0.05 indicative of significance.
Survival curves were generated through SPSS (IBM).
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Animal studies.All procedures were approved by the University of Pittsburgh Institutional Animal Care and Use Committee. For fibrosis studies, male C57BL/6J mice were deeply
anesthetized using a ketamine/xylazine mixture, and the larynx was well visualized under a fiberoptic light source before
endotracheal intubation with a 3/400 24-gauge plastic catheter. 107 CFU of lentivirus encoding genes for Empty (E),
FIEL1, CON shRNA, or FIEL1 shRNA was given i.t. for
144 h before administration of bleomycin (0.02–0.05 U i.t.)
for up to 21 d. Animals were euthanized and assayed for BAL
protein, cell count, cytokines, and lung infiltrates. Survival
studies were performed on mice that were given bleomycin
(0.02–0.05 U i.t.). Mice were carefully monitored over time;
moribund, preterminal animals were immediately euthanized
and recorded as deceased. For time course drug studies, mice
were deeply anesthetized as with fibrous studies. Bleomycin
(0.05 U i.t.) was given i.t. before BC-1480 or BC-1485 (∼5
mg/kg/d) was administered to the mice through their drinking water. 7–21 d later, animals were euthanized and analyzed
as above. For dose course drug studies, mice were deeply
anesthetized as above. Bleomycin (0.05 U i.t.) was given i.t.
10 d before BC-1485 (∼2–10 mg/kg/d) was administered to
the mice through their drinking water. Another 10 d later,
animals were euthanized and analyzed as above.
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