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Abstract

Idiopathic pulmonary fibrosis (IPF) is a disease of progressive scarring caused by excessive
extracellular matrix (ECM) deposition and activation of a-SMA-expressing myofibroblasts.
Human antigen R (HuR) is an RNA binding protein that promotes protein translation. Upon
translocation from the nucleus to the cytoplasm, HUR functions to stabilize mRNA to increase
protein levels. However, the role of HUR in promoting ECM production, myofibroblast
differentiation and lung fibrosis is unknown. Human lung fibroblasts (HLFs) treated with TGFp1
showed a significant increase in translocation of HuR from the nucleus to the cytoplasm. TGF-p-
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treated HLFs that were transfected with HUR siRNA had a significant reduction in a-SMA protein
as well as the ECM proteins COL1A1, COL3A and FN1. HuR was also bound to mRNA for
ACTAZ, COL1A1, COL3A1and FN. HuR knock-down affected the mRNA stability of ACTA2
but not that of the ECM genes COL1A1, COL3A1 or FN. In mouse models of pulmonary fibrosis,
there was higher cytoplasmic HuR in lung structural cells compared to control mice. In human

IPF lungs, there was also more cytoplasmic HuR. This study is the first to show that HuR in lung
fibroblast controls their differentiation to myofibroblasts and consequent ECM production. Further
research on HuR could assist in establishing the basis for the development of new target therapy
for fibrotic diseases such as IPF.

Keywords

Idiopathic pulmonary fibrosis; human antigen R; bleomycin; radiation; ELAVL1; a-smooth
muscle actin; collagen

1. INTRODUCTION

Interstitial lung disease (ILD) is a heterogeneous collection of more than 200 lung disorders
characterized by varying degrees of fibrosis and inflammation of the lung parenchyma. Of
these, idiopathic pulmonary fibrosis (IPF) is the most common and deadly and although
the etiology of IPF is unknown, risk factors include environmental agents such as cigarette
smoke (Martin, Chung, & Kanne, 2016) silica and wood dust (Spagnolo et al., 2015);
gastroesophageal reflux disease (GERD) (Antoniou et al., 2014; Spagnolo et al., 2015);
viral infections (Naik & Moore, 2010) and presence of autoimmune conditions (Hoyne,
Elliott, Mutsaers, & Prele, 2017). IPF is a progressive and irreversible disease where there
is permanent destruction of the lung architecture due to scar formation that stiffens the lung
and disrupts oxygen exchange. Incidence of IPF ranges from 4.6 and 7.4 cases per 100,000
in Europe and USA (Martin et al., 2016; Raghu, Nyberg, & Morgan, 2004) and 18 cases
per 100,000 in Canada (Hopkins, Burke, Fell, Dion, & Kolb, 2016). This rose to 93.7 per
100,000 person years over the age of 65 (Raghu et al., 2014). Treatment options for IPF
are limited and have been shown to slow, but not reverse, disease progression. The current
standard-of-care is typically centered on supplemental oxygen, pulmonary rehabilitation
and prescription of anti-fibrotic medication- either pirfenidone (Esbriet®) or nintedanib
(Ofev®). These two drugs may slow fibrosis progression but unfortunately do not improve
survival (Raghu et al., 2015). The only definitive cure for IPF is lung transplantation,
which is only available to a minority of patients. A major impediment to the development
of effective therapies for IPF is our limited understanding of the molecular and genetic
pathways that contribute to the disease process.

Despite extensive research on IPF, the exact pathogenesis is not clear. The current
paradigm is that recurrent damage to the alveolar epithelium in a susceptible individual
drives an abnormal wound-healing response that results in fibrosis rather than repair.
Mechanistically, it is thought that alveolar epithelial type Il cell damage by microinjuries
disrupts the continuity of the basal lamina within the alveoli (Loomis-King, Flaherty, &
Moore, 2013). Such damage to the epithelium drives the accumulation of myofibroblasts,
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largely differentiated from resident lung fibroblasts (Wuyts et al., 2013). Myofibroblasts

are a-smooth muscle actin (a-SMA)-expressing cells that are the key effector cells in
pulmonary fibrosis, forming characteristic “fibroblastic foci’ within the lung. Myofibroblasts
produce copious amounts of extracellular matrix (ECM) proteins such as collagens

(COL) and fibronectin (FN) that contribute to fibrosis. The differentiation of fibroblasts

into ECM-producing myofibroblasts occurs under the direction of cytokines and growth
factors, particularly transforming growth factor-B1 (TGF-p1). TGF-p levels are significantly
increased in the lungs of IPF patients (Khalil et al., 1991) and over-expression of TGF-p

in animal models potently induces pulmonary fibrosis (Sime, Xing, Graham, Csaky, &
Gauldie, 1997), supporting that TGF-p is a key driver in IPF development.

Studies have shown that myofibroblasts from patients with IPF have increased protein
translation, especially from mRNA that encode ECM (Larsson et al., 2008). Although

the importance of post-transcriptional events in the context of pulmonary fibrosis remains
largely unknown, several RNA binding proteins including human antigen R (HUR), have
bene shown to play an important role in the etiology of several human pathologies (Giaginis
etal., 2017). HuR is a member of the Hu/embryonic lethal, abnormal vision (ELAV) family
of RNA binding proteins that is encoded by the £LAVL1 gene. In the lung, HuR is found

in many cell types including epithelial cells and fibroblasts (J. Fan et al., 2011; Zago et

al., 2013). Members of the ELAV family control the fate of mMRNA by modulating their
turnover (stability or decay), localization and translation (Giaginis et al., 2017; Mukherjee
etal., 2011; W. Wang et al., 2002). HuR is best-known to stabilize target mMRNA by

binding to adenylate-and uridylate-rich elements (ARES) in the 3’ untranslated regions
(3’UTRs) (Myer, Fan, & Steitz, 1997). In a resting cell, HuR is predominantly localized

in the nucleus. Upon activation by stress conditions such as ultraviolet (UV) radiation,
proliferation, nutrient depletion or immune activation, HUR binds to and transports target
MRNA to the cytoplasm where it regulates their stability and/or translation (Singh, Martinez,
Govindaraju, & Lee, 2013; Xu, Di Marco, Gallouzi, Rola-Pleszczynski, & Radzioch,
2005). Therefore, we hypothesized that HuR contributes to pulmonary fibrosis by post-
transcriptionally regulating the expression of mMRNAs encoding proteins that are implicated
in multiple facets of disease pathogenesis. Herein we report that HUR is essential for the
differentiation of lung fibroblasts into myofibroblasts and consequent ECM production in
response to TGF-B. This was due to increased translocation of HuR from the nucleus to the
cytoplasm, which was also observed in animal models of lung fibrosis and lung samples
taken from individuals with IPF. HUR also bound to fibrotic mMRNA. Thus, HUR may be
involved in the pathogenesis of pulmonary fibrosis by facilitating the differentiation of
myofibroblasts and increasing ECM production in a susceptible individual.

2. MATERIALS AND METHODS

2.1 Chemicals

All chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA) unless otherwise
indicated.
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2.2 Derivation and culture of primary lung fibroblasts

Human lung fibroblasts (HLFs) used in this study were derived from lung tissue obtained
from subjects undergoing lung resection surgery at McMaster University as we have
previously described (Sheridan et al., 2015). All cells used in this study were obtained

from a subject with no smoking history or relevant risk factors (e.g. radiation or medication)
for lung fibrosis. This study was approved by the Research Ethics Board of St, Joseph’s
Healthcare Hamilton and an informed written consent was obtained from each patient.
Derivation of mouse lung fibroblasts (MLFs) is also as previously described (Baglole et al.,
2008; Hecht et al., 2014). Lung fibroblasts were cultured in Gibco™ Minimum Essential
Media (MEM) (Thermo Fisher Scientific, USA) containing 10% fetal bovine serum (FBS;
Hyclone Laboratories, Logan, UT) supplemented with gentamycin (WISENT Inc, Canada),
Antibiotic-Antimycotic (WISENT Inc, Canada) and glutamax (Thermo Fisher Scientific,
USA). Cell at passages between 4 and 11 were used for all experiments.

2.3 Western blot

Fibroblasts were cultured with serum-free MEM for 18 hours before treatment with
TGF-B1 from 12-72 hrs. HLFs were then rinsed with PBS and lysed by RIPA buffer
(Thermo Scientific, Rockford) containing protease inhibitors (PIC, Roche, US). Protein
concentrations were determined using the bicinchoninic acid (BCA) protein assay kit
(Thermo Fisher Scientific, USA). Cell lysates were mixed with loading buffer and boiled
for 10 min. Protein samples (20 pg per lane) were electrophoresed on 7.5% SDS PAGE

and resolved to PVDF membrane (Bio-Rad Laboratories, Hercules, CA). After blocking for
1 h with 5% non-fat dry milk, the membranes were incubated at 4 °C overnight with an
anti-HuR antibody (1:2000; Santa Cruz, CA). The next day, the membranes were probed
with the horseradish peroxidase (HRP)-linked anti-mouse 1gG (1:10000, Cell Signaling
Technologies, CA). Membranes were then visualized with ClarityTM western ECL substrate
(Bio-Rad Laboratories, Mississauga, ON) or AmershamTM western ECL substrate (GE
Healthcare, Italy). Protein bands were visualized using a ChemiDoc™ MP Imaging System
(Bio-Rad, CA). Densitometric analysis was performed using Image Lab™ Software Version
5 (Bio-Rad, CA). Tubulin (1:50000; Sigma, CA) was used as the loading control. Protein
expression was normalized to tubulin. Additional antibodies included anti-a-SMA (1:5000;
Sigma, CA), anti-COL1A1 (1:200; Santa Cruz, CA), anti-COL3AL1 (1:200; Santa Cruz,
CA) and anti-FN (1:200; Santa Cruz, CA); images of uncropped blots are in the online
supplement.

2.4 Mouse models of pulmonary fibrosis

Thoracic radiation and bleomycin were administered to mice age 8-10 weeks to induce
pulmonary fibrosis as previously described (Lemay & Haston, 2018). After euthanasia, the
lungs were removed, and the single left lobe of each mouse was perfused with 10% neutral
buffered formalin and submitted for histological processing for H& E staining and Masson’s
trichrome staining as described (Bergeron, Stefanov, & Haston, 2018). Samples were also
processed for immunofluorescence (IF) for HUR as indicated below. All animal procedures
were approved by the McGill University Animal Care Committee.
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2.5 Quantitative RT-PCR

Total RNA was isolated with Trizol and the concentration and quality of the RNA
confirmed using NanoDrop 1000 spectrophotometer (Infinite M200 pro, TECAN, CA).
Reverse transcription of 25 ng of RNA to cDNA was performed using iScript™ Reverse
Transcription Supermix (Bio-Rad Laboratories, Mississauga, ON). Quantitative PCR
(QPCR) was done by addition of 1 pl of cDNA and 0.5 pM primers with SsoFast™
EvaGreen® (BioRad Laboratories, Mississauga, ON). PCR amplification was performed
using a CFX96 Real-Time PCR Detection System (Bio-Rad, CA). Thermal cycling was
initiated at 95°C for 3 minutes and followed by 39 cycles of denaturation at 95°C for 10
seconds and annealing at 59°C for 5 seconds. Gene expression was analyzed using the
-AACt method, and results are presented as fold-change normalized to housekeeping gene
GAPDH. The primers were designed and purchased from Integrated DNA Technologies
(Marlton, NJ). Primer sequences are in Table 1.

2.6 Immunofluorescence (IF)

Cells were treated with TGF-B1 for 6, 24 and 48 hours. In HLFs whereby HuR was
knocked-down by siRNA, cells were treated with TGF-B1 for 72 hours. The cells were
then fixed with 4% paraformaldehyde (PFA) for 15 min and permeabilized for 30 min in
PBS containing 0.5 % Triton. After incubation with blocking buffer (Dako) for 1 hour at
room temperature, cells were incubated in a 1:50 or 1:300 dilution of anti-HuR antibody
in blocking buffer (Dako) for 2 h at room temperature. Cells were washed with 1x PBS,
incubated for 1 h with the secondary antibody (Alexa fluor 488, 1:1000). For a-SMA,
cells were incubated with the primary antibody at a dilution of 1:1000. Cells were washed
with PBS and nucleus was stained with DAPI or Hoechst for 15 min (1:1000). Cell
images were acquired with a Zeiss LSM 780 confocal microscope (Zeiss, Oberkochen,
Baden-Wrttemberg, German). ImageJ (National Institutes of Health, USA) (Schneider,
Rasband, & Eliceiri, 2012) was used to process and analyze the images for quantification
HuR expression.

2.7 Cytoplasmic and nuclear protein fractionation

Cytoplasmic and nuclear protein fractions were obtained using a nuclear extraction kit as
per manufacturer instructions (Active Motif, Carlsbad, CA). For these experiments, HLFs
were untreated or treated with TGF-B1 (5 ng/ml) for various times. In addition, cells were
also treated with actinomycin D (ActD; 0.5 ug/ml) for 6 h. Protein concentrations were
determined by the BCA protein assay kit. Western blot and antibodies used were described
in Section 2.3. Lamin A/C (1:1000; Cell Signaling Technologies, CA) was used as a marker
for the nuclear fraction.

2.8 HuR knock-down

Approximately 100,000 HLFs were seeded into 6-well plates containing 2 ml of 10%
FBS/MEM without antibiotics and allowed to grow overnight for 24 hours. Transfections
were performed with either 60 nM of HuR small interfering RNA (siHuR) or control
(scrambled) siRNA (siCtrl; Santa Cruz, CA). siRNA-transfected cells were incubated for an
additional 24 hours, followed by serum starvation for 18 h. Cells were harvested 4, 8, 24 and
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48 h after 5 ng/ml TGF-B1 (protein) or at 3, 6, 24 and 48 hours for RNA. HUR, a-SMA and
ECM expression was assessed by western blot and qRT-PCR, respectively.

2.9 RNA Immunoprecipitation- gPCR (RIP-gPCR):

HLFs were grown to approximately 70-80% confluence and cultured with serum-free MEM
for 18 hours before the treatment. Then, cells were treated with 5 ng/ml TGF-B1 for 48h.
After treatment, cells were rinsed with PBS and then collected by cell scraper in PBS. Cells
were centrifuged at 1500 rpm, 4°C for 5 minutes, then the PBS were discarded. The cell
pellets were harvested in the lysis buffer (50mM Tris PH 8; 0.5% Triton X100; 450mM
NaCl; protease inhibitor cocktail; phosphatase inhibitor (Roche, US)), incubated for 15 min
on ice and then centrifuged at 10,000 rpm, 4°C for 15 min. The cell extracts were transferred
into a new tube and another buffer was added (50mM Tris PH 8; 0.5% Triton X100; 10%
glycerol; protease inhibitor cocktail; phosphatase inhibitor). The protein concentration was
measured by BCA Protein Assay Kit. Thirty-five pl of protein G Sepharose™ 4 fast glow
beads (GE Healthcare) were pre-coated with 2 pg of 1gG (Cell Signaling Technologies, CA)
or 2 ug of anti-HuR (Santa Cruz Biotechnology) antibodies overnight on a rotator at 4°C.
Beads were washed three times with buffer (50mM Tris PH 8; 0.5% Triton X100; 150mM
NaCl) and incubated with cell extracts for 2 hours at 4°C. Beads were washed three times

to remove unbound material. RNAs were then extracted, reverse transcribed and analyzed by
gPCR (qRT-PCR) as described above. RNA expression was normalized to GAPDH mRNA
bound in a non-specific manner to 1gG (Keene, Komisarow, & Friedersdorf, 2006; Mubaid
etal., 2019).

2.10 Actinomycin D pulse-chase experiments

HLFs transfected with HUR siRNA oligos were treated with or without TGF-B1 for 24
hours. The cells were subsequently treated with ActinomycinD (1ug/ml) for 1, 3 or 6 hours
(Zago et al., 2013). RNA was extracted from the cells and quantified by gRT-PCR. mRNA
decay was calculated as the percentage of mMRNA remaining over time compared with the
amount before the addition of actinomycin D.

2.11 Human lung tissue acquisition and IF

Lung tissue from patients with IPF were obtained from the University of Michigan
Interstitial Lung Disease Biorepository. Non-fibrotic control lung tissue was also obtained
from the University of Michigan Lung Biorepository through donor lungs provided by Gift
of Life, Michigan. All IPF lung tissues were collected at the time of lung transplantation,
and all cases of IPF were diagnosed by multidisciplinary consensus conference at the
University of Michigan prior to transplantation. Cases of IPF were further confirmed
diagnostically after transplantation to show a histologic pattern of usual interstitial
pneumonia. All tissues were acquired using research protocols and informed consent that
were approved by the Michigan Medicine Institutional Review Board (HUM00105694). All
materials were de-identified to the research team. Formalin-fixed paraffin-embedded lung
tissue from IPF and control subjects were sectioned and stained for HUR using the Discovery
Ultra Ventana (Roche, CA). Briefly, slides were de-parafinized and rehydrated. Antigen
retrieval was done using CC1 buffer for 32 mins. Slides were incubated with primary
vimentin antibody (Cell Signaling #5741 clone D21H3) at 37°C in dilution 1:50 for 24 min
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After washing, anti-rabbit HRP was added for 20 mins at RT followed by a wash. FITC was
used to detect the signal (green). Slides were then incubated with HUR antibody (Santa Cruz,
sc-5261) at 37 °C in dilution 1:100 for 24 min followed by anti- mouse HRP for 20 mins at
RT; detection was via rhodamine (red). Finally, slides were washed and stained with DAPI
at a dilution of 1:8000 and mounted with aqueous mounting media (Permafluor; Thermo
Scientific. Cat TA-030-FM).

2.12 Statistical analysis

All values are expressed as mean + SEM. Statistical analysis was performed using analysis
of variance (ANOVA) (for multiple comparisons) or an unpaired two tailed t test to
analyze the differences between two groups. A p value < 0.05 was considered statistically
significant. All statistical analyses were performed using GraphPad Prism 6 (GraphPad
Software Inc. USA). For mRNA stability, we calculated the half-lives of mMRNAs on a
one-phase exponential decay model. The semi-logarithmic curves were also analyzed by
GraphPad Prism software.

3. RESULTS

3.1 TGF-Bl-induced differentiation of lung fibroblasts into myofibroblasts is accompanied
by cytoplasmic translocation of HUR

Myofibroblasts play a dominant role in pulmonary fibrosis by increasing the production

of ECM proteins. TGF-B1 is a pro-fibrotic cytokine that potently induces myofibroblast
differentiation characterized by upregulation of a-SMA, COL1A1, COL3AL and FN1. This
was observed in our system with there being an increase in a-SMA expression at 48 and

72 hrs (Figure 1A) and those of COL1AL1 at the 72 hr timepoint (Figure 1B). In addition,
protein levels of COL3A1 increased significantly at 24, 48 and 72 hours (Figure 1C) while
those of FN began to increase at 12 hrs (Figure 1D). Therefore, we used TGF-p at a
concentration of 5 ng/ml for the remainder of the experimental conditions to evaluate the
contribution of HuR to myofibroblast differentiation and ECM production.

Although HuR is ubiquitous, its expression in lung fibroblasts in response to pro-fibrotic
stimulation is not known. Therefore, we treated HLFs with TGF-B1 from 12-72 hrs

and evaluated HUR (ELAVLI) mRNA and total cellular protein levels. TGF-B1 did not
significantly alter total MRNA or protein expression of HuR over this time period (Figure
2A-B). We next evaluated the cellular localization of HUR in response to TGF-f because

in order to post-transcriptionally regulate its target mMRNA, HUR must translocate from the
nucleus (where it normally resides) to the cytoplasm (Atasoy, Watson, Patel, & Keene,
1998). First, we treated HLFs with TGF-B1 for 6 or 24 hrs and separated total cell lysates
into cytosolic and nuclear fractions for western blotting. There was an increase in cytosolic
levels of HUR by approximately six-fold after 6hrs exposure to TGF-B1 (Figure 2C). As a
complementary technique, we also assessed nuclear versus cytoplasmic localization of HUR
using IF. In quiescent HLFs, HuR is predominantly in the nucleus (Figure 2D- left panel).
After TGF-B1 treatment for 6 hours, there was accumulation of HuR in the cytoplasm
(Figure 2D- middle panel). Actinomycin D, used as a positive control for HuR translocation
to the cytoplasm (X. C. Fan & Steitz, 1998; Sengupta et al., 2003), elicited dramatic increase
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in cytosolic HUR localization (Figure 2D- right panel). Quantification of cytoplasmic HUR
revealed that there was a significant increase in HuUR in the cytoplasm of cells treated

with TGF- at all the times points evaluated (Figure 2E). Finally, we performed these
experiments in MLFs, where there was also robust translocation of HUR to the cytoplasm
upon exposure to TGF-B (Figure 2F). Thus, the pro-fibrotic cytokine TGF-p increases the
translocation of HUR to the cytoplasm in conjunction with lung fibroblast differentiation and
ECM production.

3.2 HuRis required for fibroblast differentiation into myofibroblasts and ECM production
in response to TGF-B1

To show whether HUR is necessary for lung fibroblast differentiation and ECM production,
we used siRNA to knock-down HuR in primary HLFs and assessed the effect of TGF-p1
on the expression of a-SMA and ECM markers. Transfection of HLFs with HuR-specific
SiRNA oligos triggered more than a 50% decrease in £LAVLI mRNA (Figure 3A).
Reducing HuR expression resulted in significant attenuation of TGFB1-induced increase

in ACTAZ (gene encoding for a-SMA) mRNA (Figure 3B) but had no significant effect on
MRNA expression of COL1A1 (Figure 3C), COL3A1 (Figure 3D) or FN (Figure 3E). In
contrast, analysis of protein levels by immunoblot in siHuR-transfected cells demonstrated
decreased HUR expression as well as TGF-p-induced a-SMA protein (Figure 4A-4B) as
well as COL1A1 (Figure 4C), COL3AL (Figure 4D) and FN (Figure 4E). In addition, there
was a robust change in the morphology of HLFs upon TGF-B1 treatment for 72 hours
(siCtrl) as visualized by a-SMA staining (Figure 5); however, when HUR was reduced
(siHUR), this change in cellular morphology was abrogated. Note the relative decrease

in red fluorescence intensity (HUR) in the siHUR cells, indicative of HUR knockdown in
these experiments (Figure 5- right panel). Thus, these data indicate that knock-down of
HuR significantly reduces TGFp1-induced fibroblast differentiation and consequent ECM
production.

3.3 Thereis enrichment of ACTA2 and ECM mRNA bound to HuR in response to TGF-B1

An important step in the overall function of HuR is HuUR binding target mRNA. Therefore,
we next assessed HUR:mRNA interaction using RIP-gPCR (Keene et al., 2006; Mubaid et
al., 2019; von Roretz et al., 2013), an antibody-based technique used to map RNA-protein
interactions. We used RIP to determine whether HUR binds directly to fibrotic mMRNA

in HLFs treated with or without TGF-P1 for 48 hrs. IPs underwent western blotting
(verification of HUR-IP) (Figure 6A) or total RNA extraction for the detection of gene
enrichment using gPCR. We first verified that S-Actin mRNA (a known mRNA target

of HUR (Calaluce et al., 2010)) significantly bound in HuR-IPs compared to (control)
IgG-IP (Figure 6B). There is also binding of HUR to mRNA for ACTAZ (Figure 6C) and
COL 1A1 (Figure 6D). COL3AI was also enriched but there was no further increase with
TGF-p (Figure 6E). Finally, there was significant enrichment for FNI after treatment with
TGF-p (Figure 6F). Thus, HUR directly binds to fibrotic mRNA in primary HLFs under
myofibroblast-differentiating conditions.
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3.4 HuR silencing destabilizes ACTA2 mRNA in TGF- treated lung fibroblasts

As one of the mechanisms through which HuR controls protein expression is via mRNA
stability, we next evaluated whether HuR stabilizes AC7AZ, COL1A1, COL3A1and FN
mRNA in HLFs exposed to TGF-p1. For these experiments, HLFs were initially transfected
24 hrs with control or HUR siRNA oligos before treatment with TGF-B1 for 24 hrs. Cells
were subsequently exposed to ActD (2.5 pg/ml) to inhibit new transcription and mRNA
levels were then quantified by gPCR 1, 3 and 6 hrs after ActD treatment (Figure 7A)

(Zago et al., 2013). ELAVL1I mRNA remained significantly lower in the knockdown cells
for the duration of the experiments (Figure 7B). These experiments demonstrate that HUR
knockdown had no significant effect on the decay of £LAV/L 1 (Figure 7B) but destabilized
ACTAZ mRNA by 6 hours post-ActD treatment (Figure 7C). There was also a significantly
less ACTAZ2 mRNA remaining 6 hours post-ActD in the siHUR cells compared to Time 0.
However, silencing HUR had no impact on the stability of the ECM genes COL1A1 (Figure
7D), COL3A1 (Figure 7E) or FN (Figure 7F). Although there was a trend towards a decrease
in mRNA levels, these did not achieve statistical significance. These data suggest that HUR
differentially affects mRNA stability of ACTAZbut not of ECM markers in HLFs treated
with TGF-1.

3.5 Cytoplasmic HuR localization in pulmonary cells in response to in vivo exposure to
bleomycin and thoracic radiation

To test whether there is an increase in cytoplasmic HuR that corresponds to the development
of pulmonary fibrosis /in vivo, we exposed mice to either bleomycin, the most commonly-
used agent to induce lung fibrosis in animals (Barkauskas & Noble, 2014; Della Latta,
Cecchettini, Del Ry, & Morales, 2015; Kulkarni et al., 2013; Lemay & Haston, 2005;
Stefanov, Fox, Depault, & Haston, 2013) or thoracic radiation, a clinically-relevant injury
that results in fibrosis (B et al., 2013; Ding, Li, & Sun, 2013; Rube et al., 2000).

Induction of fibrosis was measured by Masson’s Trichrome staining. We further performed
IF experiments to evaluate cellular HUR localization under these conditions. These data
reveal that both bleomycin and radiation caused fibrosis in the lungs as evidenced by H&E
staining (Figure 8A) as well as Masson’s trichrome (Figure 8B). Fibrosis in the lungs of
these treated mice was marked by the extensive accumulation of HuR in the cytoplasm of
lung cells, compared with nuclear localization seen in the lungs of unexposed mice (Figure
8C). Altogether, our data demonstrate that pro-fibrotic stimuli both /n vitroand in vivo (e.g.
TGF-B, bleomycin, radiation) promote the nuclear-to-cytoplasmic shuttling of HuR, a key
feature in its activation.

3.6 Increased cytoplasmic HuR in vimentin-positive cells in the lungs of IPF subjects

Finally, we evaluated whether there was an increase in cytoplasmic HuR in the lungs

of subjects with IPF. Lung sections from individuals with and without IPF were immuno-
stained for HUR and its expression evaluated in vimentin-positive cells (green colour)
(Figure 9). Note that in the control lung, HUR is predominantly nuclear in the fibroblasts
whereas in the IPF lung cells, there is extensive cytoplasmic localization of HuR in
vimentin-positive cells (Figure 9). Collectively, these data support the hypothesis that HUR
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controls fibroblast differentiation into myofibroblasts and a consequent increase in ECM
production. Thus, HUR may be involved in the development of fibrotic lung disease.

4. DISCUSSION

IPF is a devastating, progressive, and typically fatal lung disease with a median survival of
3-5 years from diagnosis (Liu, Nepali, & Liou, 2017). IPF is characterized by up-regulation
of the pro-fibrotic cytokine TGF-B1 which is implicated in the recruitment, proliferation
and differentiation of lung fibroblasts to myofibroblast and the enhanced production of
ECM proteins including collagens (mainly type | and I11), proteoglygans and glycoproteins
such as FN. Despite its known roles in many pathologies, the functional importance of

HuR in IPF pathogenesis- including fibroblast differentiation- is unknown. Recent studies
highlight the roles of RNA binding proteins in several disease processes such as cancer,
cardiovascular disease and autoimmunity, with HuR receiving significant attention. The
best-known function of HUR is to regulate MRNA stability. Although the function of HUR
differs according to cell type and stimuli (Cammas et al., 2014), HuR is well-known to
promote cell proliferation, differentiation and angiogenesis, and recent studies have focused
on HuR in cardiac and liver fibrosis. These studies found a significant increase in HUR levels
in hepatic stellate cells (HSC) and cardiac fibroblasts. This rise in HUR levels correlated with
the degree of liver and cardiac fibrosis (Bai et al., 2012; Woodhoo et al., 2012). However,
despite this recent progress in elucidating a potential role for HuR in fibrotic disease, its
involvement in lung fibrosis and specifically IPF remain unexplored. Our study is the first
to explore the relation between HUR and lung fibroblast differentiation and ECM deposition
(a-SMA, COL1A1, COL3A1 and FN). Herein, we show the importance of HuR in the
differentiation of fibroblasts into myofibroblasts as evidenced by a-SMA expression and
ECM levels.

Mobilization of HuR from the nucleus to the cytosol is critical for HUR activity, as

its presence in the cytoplasm can stabilize and prevent degradation of specific mRNA.
Cytoplasmic HUR expression levels are known to correlate with poor disease outcome in
several cancers, inflammatory conditions and fibrotic diseases (Kotta-Loizou, Giaginis, &
Theocharis, 2014; Woodhoo et al., 2012). Indeed, histological evaluation shows that in
non-malignant (normal) tissue, HuUR is predominantly found in the nucleus, whereas in
cancerous tumors, HuR is cytoplasmic (Stoppoloni et al., 2008; J. Wang et al., 2009). This
increase in cytoplasmic HuR also strongly correlates with higher tumor grade and poorer
patient outcomes (Giaginis et al., 2017), including worse prognosis (Stoppoloni et al., 2008;
J. Wang et al., 2009) Our data show that there is a notable increase in cytoplasmic HuR in
vimentin-positive cells from IPF lung compared to the largely nuclear HuR in control (non-
fibrotic) lung. In our HLF model, we further evaluated the mechanistic aspects of HuR by
studying the effects of TGF-B1 on total cellular levels and subcellular localization of HUR.
Although total levels of HUR mRNA and protein were not affected by TGF-p1, this exposure
significantly increased cytoplasmic levels of HuR protein. To our knowledge, we are the
first to describe increased HuR cytoplasmic localization by TGF-B1 in lung fibroblasts. Our
observations are in agreement with those of Bai ef a/. who reported that TGF-p increased
HuR shuttling to the cytoplasm in cardiac fibroblasts within 6 hours (Bai et al., 2012).
Although the exact mechanism through which TGF-B1 induces cytoplasmic translocation
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of HuR in lung fibroblasts is unknown, it may involve the activation of the p38 MAPK
pathway. This hypothesis is based on several reports indicating that TGF-p1 activates several
MAPK pathways including p38 (Ferrari et al., 2012; Khalil, Xu, O’Connor, & Duronio,
2005; Tsukada, Westwick, Ikejima, Sato, & Rippe, 2005). In a study conducted on vascular
endothelial cells, TGF-p1 activated p38 MAPKSs (Ferrari et al., 2012). In primary interstitial
lung fibroblasts, TGF-B1 induced cell proliferation through phosphorylation of p38 and JNK
(c-Jun amino-terminal kinases), but not the ERK1/2 (extracellular signal-regulated kinases)
pathways (Khalil et al., 2005). It should also be noted that HUR phosphorylation by p38
MAPK increases HUR cytoplasmic translocation through HUR nucleocytoplasmic shuttling
domain (HNS) as shown in colon cancer and human bone osteosarcoma cell line (Lafarga et
al., 2009).

An important hypothesis for our study was that HuR plays a role in TGF-B1-driven control
over ECM protein expression and markers for fibroblast differentiation. We found that

HuR silencing significantly decreased TGFB1-induced aSMA mRNA and protein. Our data
show that under myofibroblast-differentiating conditions, HuUR binds to AC7A2 mRNA
and promotes stability of the transcript to indirectly increase its protein expression (e.g.
a-SMA) It is well-established that HUR regulates the mRNA stability of its target genes

by protecting them from degradation machinery via HUR-mRNA interaction. For example,
binding of HUR to Cyclin D1 mRNA in mesangial cells treated with Angiotensin 11 triggers
a significant increase in fibrogenic processes inside the kidney (Che et al., 2014). However,
our data suggest that the mechanism of action for HUR does not involve mRNA stability
for all genes, as silencing HUR expression affected the decay of ACTAZbut not that of
ECM marker mRNAs. Yet there was binding of HUR to mRNA encoding for collagen and
fibronectin. While all of the biological functions of Hu proteins are believed to be the result
of their binding to target mMRNA (Hinman & Lou, 2008), and altering mRNA stability is
the best-studied function of HuUR, our data suggest that HUR may have additional functions
in promoting collagen and fibronectin proteins expression. In line with this is the recent
finding that HUR promotes the expression of STAT3 without affecting stability of the STA73
transcript by a mechanism that involved competitive interplay with the microRNA-330
(miR-330) (Mubaid et al., 2019). HuR can also cooperate with other RNA binding proteins
to promote protein translation. For example, the RNA-binding protein Hzf (hematopoietic
zinc finger) works with HuR to promote p53 expression (Nakamura et al., 2011). Thus, it
is possible that interaction with other RNA binding proteins and miRNAs may play a role
in regulating the stability of ECM marker mRNAs or that HuR is controlling translation.
Further support for these possibilities comes from a study in cardiac fibroblasts, where
miR-33a increases the expression of COL1A1and COL3A1 (in vivoand in vitro) and that
knockdown of miR-33a is sufficient to decrease their expression (Chen et al., 2018). This
effect of miR-33a on COL1A1and COL3A1 expression is mediated through the p38 MAPK
pathway but not through the TGFp1/SMAD pathway (Chen et al., 2018) In human dermal
fibroblasts, TGFB1 upregulates the expression of COL1A1and FN through activation of
the RNA-binding protein PTB (polypyrimidine-tract-binding protein), and that knockdown
of PTB was associated with a significant decrease in COL3A1 and FN expression (Jiao

et al., 2016). Taken together, our findings support the notion that HUR plays a differential
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role in TGF-p1-induced fibroblast differentiation, and ongoing research is currently aimed at
assessing how HuR controls lung fibroblast differentiation and ECM production.

In summary, we report for the first time how TGF-p1 affects cellular levels and subcellular
localization of HuR in human lung fibroblasts. We found that TGF-B1 has no effect on total
HuR levels in these cells, but it significantly increases cytoplasmic translocation of HuR. We
also demonstrate that HuR is required for the expression of TGF-p1-induced myofibroblast
markers and that there is increased cytoplasmic HuR in the lungs of mice exposure to
fibrotic agents as well as in the lungs of IPF subjects. Our findings support the notion that
HuR may be responsible for promoting the development of lung fibrosis and that targeting
HuR may prove to be beneficial in preventing the progression of fibrotic diseases such as
IPF.
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FIGURE 1.

Lung fibroblast differentiation and ECM production in response to TGF-p1. TGF-B1 (5
ng/ml) significantly increased the protein levels of a-SMA (A), COLI (B), COLIII (C) and
FN (D) in HLFs in a time-dependent fashion. Representative western blots are shown. Note
that the same tubulin is presented between (A) and (B) and between (C) and (D) as these
tubulin were from the same western blot/experiment used for a-SMA (A) and COL1A1 (B)
and the same western blot/experiment for COL3A1 (C) and FN (D). Data are expressed as
the mean + SEM (n = 6 independent experiments). *p< 0.05 and **p< 0.01, as compared to
control.
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FIGURE 2.
TGF-p1 increases cytoplasmic HUR localization in primary lung fibroblasts. TGF-p1 did not

alter total HUR mRNA (ELAVLI) (A) or protein (B) expression. Representative western blot
is shown. Note the same tubulin is also presented in Figure 1A and 1B as the HuR western
blot selected was from the same experiment/western blot as that selected for a-SMA

and COL1A1. Values are means £ SEM (n = 6). (C) Cytoplasmic HUR was increases in
response to TGF-p compared to media-only cells. Tubulin was used as a housekeeping

and Lamin for cytoplasmic purity. (D) HuR localization- IF (HLFs): HuR is predominantly
nuclear (arrowheads) in media-only cells (O hr). In response to TGF-B1, there is robust
translocation of HUR to the cytoplasm (arrow). ActD was used as a positive control; note

the re-distribution to the cytoplasm in response to ActD (arrows). (E) HUR quantification-IF:
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there was a significant increase in HUR cytoplasmic levels in response to TGF-p at all time-
points. (F) HuR localization- MLFs: there was also translocation of HuR to the cytoplasm
(arrow) in primary MLFs treated with TGF-f. Representative images are shown.
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FIGURE 3.
HuR knockdown does not affect ECM gene induction by TGF-B. (A) ELAVLI mRNA:

ELAVLImRNA levels were significantly reduced in HLFs transfected with HUR siRNA
oligos and treated with TGF-B1 as well as those untreated. £LAVLI mRNA values (means
+ SEM) are expressed as fold change from values measured in cells transfected with control
siRNA and untreated with TGF-B1 (*p< 0.05). (B) ACTAZmRNA: There was significant
attenuation of TGF-p1-induced increase ACTAZ mRNA expression (*p< 0.05 compared to
control siRNA oligos) only at the 48-hour timepoint. There was no significant difference in
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the expression levels of COL1A1 (C), COL3A1 (D) or FNI (E) mRNA between the SiCtrl
and the SiHuR-transfected HLFs.
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HuR knockdown decreases TGFB1-induced myofibroblast differentiation and ECM protein
production. (A) HuR siRNA: representative western blots showing reductions in the
expression of HUR, a-SMA, COL1A1, COL3A1 and FN proteins. Equal loading was
confirmed with tubulin. Quantification revealed that there was reduction in a-SMA (B),
COL1A1 (C), COL3AL (D) and FN (E) protein in TGFp1-treated HLFs transfected with
HuR siRNA (SiHuR) oligos mRNA compared to control siRNA (SiCtrl)-transfected cells.
Results are expressed as the mean + SEM; n = 3 independent experiments.
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FIGURE 5.
HuR controls myofibroblast differentiation in response to TGF-p. Using siRNA-mediated

knockdown, HLFs were subsequently treated with TGF-B1 for 72 hours. Cells were then
stained using antibodies against HUR (red) or a-SMA (green); nuclei were visualized with
Hoechst (blue). Note that in cells whereby HUR was present (siCtrl) and treated with TGF-p,
there was a dramatic increase in a-SMA as well as a change in morphology indicative of
myofibroblasts. In HLFs where HUR was reduced, this change in cellular morphology was
abrogated.
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FIGURE 6.
Binding of HUR to mRNAs of ACTAZand ECM genes in HLFs treated with TGF-B1.

(A) HuR: Representative western blot of HUR IP in HLFs treated with TGF-B1 for 48 hrs.
Input refers to crude cell lysates. IP-1gG refers to immunoprecipitation (IP) with control

1gG antibody while IP-HuR refers to the IP with anti-HuR 1gG antibody. Note the presence
of HuR protein in IP-HuR but not in IP-1gG. Detection of mMRNA for 8-Actin (B; positive
control), ACTAZ2(C), COL1A1 (D), COL3AI1(E), and FNI (F) in IP-1gG and IP-HuR was
done using gPCR. Values are expressed as fold change to values measured in IP-IgG in
HLFs untreated with TGF-B1 (0 hr). Note the enrichment of g-Actin, ACTAZ, COL1A1, and
FNin IP-HuR of cells treated with TGF-pB1. Results are presented as the mean £ SEM (n =3
independent experiments) (p< 0.05 compared to IP-1gG).
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FIGURE 7.
HuR differentially influence mRNA stability of ACTAZbut not the ECM genes COL1A1,

COL3AIor FN. (A) mRNA stability experimental design: experimental protocol for
measuring the role of HuUR in mRNA stability. Note that O hr refers to the time point
immediately after the addition of ActD. HLFs were transfected 24 hrs earlier with control
or HuR siRNA oligos were treated for 24 hrs with 5 ng/ml of TGF-p1. Cells were then
treated with ActD and mRNA levels of ELVAL1 (B), ACTA2(C), COL1A1 (D), COL3A1
(E) and FN (F) were measured after 1, 3 and 6 hrs using qPCR. Values are means +

SEM and are expressed as percent of values measured at time 0. All values were set to
100% except for analysis of £LAVL I mRNA to reflect the level of reduction following
SiHUR (*p<0.05; **p<0.01 and ***p<0.001). There was a significant difference in mMRNA
stability for ACTAZ (C) between siCtrl and SiHuR cells at 6 hours post-ActD (**p<0.01)
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and between siHUR at time 0 and 6 hours post-ActD (*p<0.01). Results are presented as the
mean + SEM (n = 4 independent experiments).
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FIGURE 8.
Induction of pulmonary fibrosis is associated with increased cytoplasmic HuR in the mouse

lung. (A) H&E staining of lung tissue from unexposed mice as well as mice exposed to
bleomycin (Bleo) and radiation (Rad) indicate lung tissue damage. (B) Masson’s Trichrome-
confirmation of induction of fibrosis in the bleomycin and radiation-treated mice (blue
color). (C) HuR- Lung tissue (serial sections used for Panels A and B) were used to visualize
cellular HuR localization in lung tissue (red); nuclei are indicated by blue (DAPI). Only the
merged images are shown and co-localization of HUR within the nucleus is a pink color
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(arrows). Original magnification (top panel is 20x) and bottom is a digital enlargement

to show co-localization (arrows). Note that HuR is localized to both the nucleus (arrows)
as well as cytoplasm (arrowheads) in the control lung whereas in the mice exposed to
bleomycin or radiation, HUR was predominantly cytoplasmic (arrowheads) with almost no
HuR in the nucleus (predominant blue color).

J Cell Physiol. Author manuscript; available in PMC 2022 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Al-Habeeb et al. Page 28

Control

10 uM

Vimentin

FIGURE 9.
Cytoplasmic HUR in IPF lung. There is extensive cytoplasmic localization of HUR in IPF

lung. A representative slide is shown of control (/eft panel) and |PF (right panel) lung that
was stained for vimentin (green), HuR (red) or DAPI (blue); the larger merge image is
shown above. Note the extensive cytoplasmic localization of HuR to fibroblasts in the IPF
lung (arrowhead) compared to the largely nuclear HUR (arrows) in the control (non-fibrotic)
lung.
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Primer Sequences

Table 1.

Gene Forward primer sequence Reverse primer sequence
ELAVL1 | AACGCCTCCTCCGGCTGGTGC | GCGGTAGCCGTTCAGGCT GGC
ACTA2 GACCGAATGCAGAAGGAGAT CACCGATCCAGACAGAGTATTT
COL1A1 CAGACTGGCAACCTCAAGAA CAGTGACGCTGTAGGTGAAG
COL3A1 | GCTCTGCTTCATCCCACTATTA CTGGCTTCCAGACATCTCTATC

FN1 CTGAGACCACCATCACCATTAG | GATGGTTCTCTGGATTGGAGTC
GAPDH GTCTCCTCTGACTTCAACAGC ACCACCCTGTTGCTGTAGCCA
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