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Eileen Hsu* and Carol A. Feghali-Bostwick*"

From the Department of Medicine,* Division of Pulmonary,
Allergy, and Critical Care Medicine, and the Department of
Pathology,” University of Pittsburgh School of Medicine,
Pittsburgh, Pennsylvania

Systemic sclerosis (SSc)-related pulmonary fibrosis,
for which there are few effective therapies, is the most
common cause of SSc-related mortality. We examined
insulin-like growth factor (IGF)-II expression in ex-
planted lung tissues from control and SSc patients to
determine its role in the pathogenesis of fibrosis. IGF-II
levels in vivo were detected using immunohistochemis-
try. Primary lung fibroblasts were cultured from lung
tissues, and IGF-II mRNA was measured using reverse
transcriptase-polymerase chain reaction. Western blot
analysis measured extracellular matrix (ECM) produc-
tion and phosphorylated signaling molecules. Immuno-
staining revealed increased IGF-II expression in fibro-
blastic foci of SSc lungs. Furthermore, primary SSc lung
fibroblasts had a fourfold increase in IGF-II mRNA and a
twofold increase in IGF-II protein compared with nor-
mal lung fibroblasts. IGF-II mRNA in SSc lung fibroblasts
was expressed primarily from the P3 promoter of the
IGF-II gene, and IGF-II induced both a dose- and time-
dependent increase in collagen type I and fibronectin
production. IGF-I triggered the activation of both phos-
phatidylinositol-3 kinase and Jun N-terminal kinase sig-
naling cascades, the inhibition of which diminished
IGF-II-induced ECM production. Our study demon-
strates increased local IGF-II expression in SSc-associ-
ated pulmonary fibrosis both in vitro and in vivo as well
as IGF-II-induced ECM production through both phos-
phatidylinositol-3 kinase- and Jun N-terminal kinase-
dependent pathways. Our results provide novel insights
into the role of IGF-II in the pathogenesis of SSc-associated
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pulmonary fibrosis. (4m J Patbol 2008, 172:1580-1590;
DOI: 10.2353/ajpath.2008.071021)

Systemic sclerosis (SSc)-related pulmonary fibrosis is the
most common cause of SSc-related mortality.” Fibrosis in
SSc is believed to result from the interaction of immune
mediators and other growth factors with fibroblasts,
which respond by increasing matrix production in the
skin and internal organs. Insulin-like growth factors and
their binding proteins (IGFBP) have been implicated in
the pathogenesis of pulmonary fibrosis. Increased IGF-I
has been reported in bronchoalveolar lavage fluid in
patients with SSc-related pulmonary fibrosis® as well as
other forms of pulmonary fibrosis such as idiopathic pul-
monary fibrosis, sarcoidosis, and coal miner's pneumo-
coniosis.®>* IGF-Il levels, on the other hand, have not
been examined. We have found IGFBP-3 and -5 to be
elevated in lung tissues of patients with pulmonary fibro-
sis.® We have also shown that IGFBP-5 can induce fibro-
sis in vitro and in vivo.®” Our findings suggest that the
IGF/IGFBP system plays a role in the development and
perpetuation of pulmonary fibrosis.

IGF-II is a mitogenic peptide that is required for fetal
growth and lung development.® IGF-II is normally highly
expressed in the fetus. Shortly after birth, IGF-II levels
dramatically decrease in the systemic circulation, but
IGF-Il remains locally expressed in a variety of tissues.
Elevated IGF-II levels in malignancy have classically
been studied in Wilms’ tumor® and subsequently impli-
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cated in other malignancies such as colon adenocarci-
noma and breast cancer.'®'" Elevated IGF-II expression
has also been implicated in Beckwith-Wiedemann syn-
drome,'® which is characterized by somatic overgrowth,
glossomegaly, and organomegaly. IGF-II has been shown
to stimulate human lung fibroblast proliferation.™'* How-
ever, the role of IGF-II in fibrosis and wound healing has not
been delineated. No published studies to date have exam-
ined the role of IGF-Il in human pulmonary fibrosis or in SSc.

IGF-II gene transcription can be initiated from one of
four promoter sites (P1 to P4), producing unique mRNA
species, which generate the same IGF-Il peptide.'®'®
Gene expression from each promoter is tissue- and de-
velopment-specific.’®'” Fetal tissues normally express
IGF-II from P2, P3, and P4, whereas the adult liver ex-
presses IGF-II from P1. A variety of malignancies have
been found to express IGF-II from P3 and P4.8-2"

We have identified IGF-II as a novel factor involved in
the pathogenesis of pulmonary fibrosis in SSc. Using
tissues derived from explanted lungs of patients with
scleroderma-associated pulmonary fibrosis, we show
that IGF-Il is aberrantly expressed in lung fibroblasts. We
also demonstrate that the IGF-II gene in SSc lung fibro-
blasts is transcribed primarily from the P3 promoter. Ad-
ditionally, we show that IGF-Il induces extracellular matrix
(ECM) deposition in primary lung fibroblasts. We thus
conclude that IGF-Il local expression in SSc lung is in-
creased and propose that IGF-II contributes to the patho-
genesis of pulmonary fibrosis in SSc by inducing ECM
deposition in an autocrine or paracrine manner.

Materials and Methods

Tissues and Cells

Lung explants were obtained from SSc patients under-
going lung transplantation at the University of Pittsburgh
Medical Center under a protocol approved by the Uni-
versity of Pittsburgh Institutional Review Board. Normal
lung tissues were obtained from organ donors whose
lungs were not used for transplant surgery. Fibroblasts
were cultured from minced tissue in Dulbecco’s modified
Eagle’s medium (Invitrogen Life Technologies, Carlsbad,
CA) supplemented with 10% fetal bovine serum (Sigma-
Aldrich, St. Louis, MO), penicillin, streptomycin, and an-
timycotic agent (Invitrogen). Cells were used in passages
two to six. Fibroblasts were stimulated with recombinant
human IGF-Il (R&D Systems, Minneapolis, MN). Kinase
inhibitors LY294002 (Cell Signaling Technology, Dan-
vers, MA), U0126 (Cell Signaling Technology), and Jnk Il
inhibitor (Calbiochem, San Diego, CA) were added to
media of cells 1 hour before IGF-II stimulation.

Immunohistochemistry

Six-um sections of paraffin-embedded lung tissues were
deparaffinized, and endogenous peroxidases were
quenched with 3% H,O.,. Sections were blocked with 5%
serum and incubated with polyclonal anti-IGF-II antibody or
IgG isotype controls (R&D Systems). Sections were washed
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and incubated with biotinylated secondary antibody (Vector
Laboratories, Burlingame, CA). Bound secondary antibody
was detected using the Vectastain ABC kit (Vector Labora-
tories) and the AEC Red kit (Zymed, San Francisco, CA). A
light hematoxylin counterstain was used to identify nuclei.
Images were taken on an Eclipse 800 microscope (Nikon
Instruments, Huntley, IL) using identical camera settings.
Four separate SSc and normal lung tissues were analyzed
and representative images were shown.

Immunofluorescence

Double-immunofluorescent staining was performed using
polyclonal anti-IGF-II (R&D Systems) and monoclonal anti-
a-smooth muscle actin (Sigma-Aldrich) antibodies or goat
(R&D Systems) and mouse (Lab Vision Corporation, Fre-
mont, CA) isotype controls. Sections were incubated with
biotinylated secondary antibodies and visualized with
Texas Red- and AMCA-avidin-conjugated stains (Vector
Laboratories). Images were taken on an Olympus Provis
microscope (Olympus America, Melville, NY) using iden-
tical camera settings.

Immunocytochemistry

Primary lung fibroblasts were fixed in acetone and
blocked with 5% serum. Cells were incubated with anti-
IGF-II or goat IgG antibodies, washed, and incubated
with biotinylated secondary anti-goat antibody. Bound
secondary antibody was detected with Texas Red Avidin
D stain (Vector Laboratories). Nuclei were stained with
4,6-diamidino-2-phenylindole (Vector Laboratories). Im-
ages were taken on an Olympus Fluoview 1000 (Olympus
America) under identical settings. Signal intensity was
measured using Metamorph imaging software (Molecular
Devices, Sunnyvale, CA).

Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR) Assay

Primary lung fibroblasts were grown in media containing
0.5% fetal bovine serum, and total mRNA was isolated
using Trizol reagent (Invitrogen). Normal liver tissue was
obtained through the Liver Tissue Procurement and Dis-
tribution System, Pittsburgh, Pennsylvania, which is sup-
ported by the National Institutes of Health contract no.
NO1-DK-9-2310. Total RNA from homogenized whole
liver tissue was isolated using cesium chloride density-
gradient ultracentrifugation as previously described.??
Total RNA from HepG2 hepatocarcinoma cell lines was
isolated using Trizol. Complementary DNA was prepared
using Superscript Il reverse transcriptase and random
hexamer primers (Invitrogen). PCR was performed using
primers designed specifically for total IGF-Il mRNA am-
plification: forward primer 5’-TCCTCCCTGGACAATCA-
GAC-3' and reverse 5'-AGAAGCACCAGCATCGACTT-
3'. Primers for promoter-specific IGF-Il mMRNA species
were previously described.® Promoter-specific forward
primers were 5'-CAGTGACTCCCCGGTCCTCTTTAT-3'
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Table 1. Clinical Characteristics of Patients with SSc

Age (years)/sex Lung histology Smoking (pack years) Disease type Autoantibody
SSc-5 48/F ulp 0 Diffuse Topoisomerase
SSc-8 26/F UIP 0 Sine U11/U12 RNP
SSc-24 44/M ulp 0 n/a n/a
SSc-26 57/M UIP 0 Diffuse n/a
SSc-27 41/F UIP 5 Diffuse U11/U12 RNP
SSc-28 58/M UlP 30 Diffuse RNA polymerase
SSc-30 58/F ulp 0 n/a n/a

Diffuse, diffuse cutaneous skin involvement; sine, systemic sclerosis sine scleroderma; n/a, not available.

(P1, 362 bp), 5'-~ACCGGGCATTGCCCCCAGTCTCC-3'
(P2, 249 and 409 bp), 5’-CAGAGCGGCGCTGGCAGAG-
GAGT-3" (P3, 151 bp), and 5'-CAGCGAGCCTTCTGCT-
GAGCTGTA-3' (P4, 76 bp). Reverse primer p11 used for
promoter-specific MRNA was 5’-GAAGCTTAGAAGCAC-
CAGCATCGACTTC-3'. Primers used for B-actin were for-
ward primer 5'-ATGTTTGAGACCTTCAACAC-3" and re-
verse primer 5'-CACGTCACACTTCATGATGG-3'. PCR
products were separated by electrophoresis on an aga-
rose or polyacrylamide gel and visualized after ethidium
bromide staining. Expression levels were measured by
scanning densitometry.

Western Blot Analysis

Culture supernatants and cell lysates were obtained as
previously reported.>” Samples were analyzed by
Western blotting with polyclonal anti-type | collagen,
monoclonal anti-fibronectin, monoclonal anti-GAPDH
(Santa Cruz Biotechnology, Santa Cruz, CA), anti-
phospho-Akt (Thr308), anti-Akt, anti-phospho-GSK-3p,
anti-phospho-SAPK/JNK, anti-JNK, and anti-phospho-
c-Jun antibodies (Cell Signaling Technology). Signals
were detected after incubation with horseradish perox-
idase-conjugated secondary antibody and chemilumi-
nescence (Perkin Elmer, Boston, MA).

SH-Thymidine Incorporation Assay

Equal numbers of fibroblasts were plated in triplicate in
96-well plates and cultured in serum-deprived media for
24 hours. Fibroblasts were then stimulated with IGF-I1 for
a total of 48 hours. 3H-thymidine was added (1 uCi/well)
for the last 24 hours of incubation. 2H-thymidine counts
were measured in a B-emission counter in triplicate for
each condition and results were averaged and normal-
ized to counts obtained using unstimulated fibroblasts.

Statistical Analysis

All comparisons were performed using paired t-test.

Results

IGF-II Expression Is Increased in SSc-Related
Pulmonary Fibrosis

Lung sections were obtained from SSc patients undergo-
ing lung transplantation at the University of Pittsburgh

Medical Center between 1999 and 2006. All SSc lung
sections were examined by a pulmonary pathologist and
were characterized as usual interstitial pneumonia pat-
tern (Table 1). Normal lung sections were obtained from
a pool of potential organ donors through the Center for
Organ Recovery and Education (Table 2). IGF-II protein
expression was analyzed by immunohistochemistry in
paraffin-embedded lung sections from patients and com-
pared with lung sections from healthy donors (Figure 1A).
Normal lungs did not show any significant IGF-II staining.
IGF-II expression was increased in SSc lungs compared
to normal lung tissues and localized to spindle-shaped
cells in the interstitial space that were suggestive of fi-
broblastic foci. IGF-II also localized to epithelial cells of
alveoli and airway. Immunohistochemical staining of four
SSc and four normal lungs showed similar results.

To determine whether myofibroblasts are a source of
IGF-II, IGF-II and a-smooth muscle actin (a-SMA) were
detected in SSc and normal lung tissues using double-
immunofluorescence staining (Figure 1B). In SSc lung
tissues, IGF-Il was detected in both a-SMA-positive and
-negative interstitial cells. This suggests that IGF-Il is
expressed by both activated and nonactivated lung fibro-
blasts in SSc-associated pulmonary fibrosis. In normal
lungs, a-SMA was detected in pulmonary vessels
whereas no significant IGF-II was detected, confirming
our immunohistochemical findings.

Primary Lung Fibroblasts Express Increased
IGF-II

In vivo analysis of IGF-Il expression in SSc lungs sug-
gested that fibroblasts are a source of IGF-II expression

Table 2. Clinical Characteristics of Normal Lung Donors
Age
(years)/sex Cause of death Smoking

NL-14 43/M Cerebrovascular Y
accident

NL-18 26/F Aspirin overdose n/a

NL-22 57/F Intracranial N
hemorrhage

NL-26 18/F Trauma N

NL-32 27/n/a Motor vehicle N
accident

NL-41 53/F Subarachnoid Y
hemorrhage

NL-42 22/F n/a n/a

n/a: not available.
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Figure 1. IGF-II levels are increased in vivo in SSc lung tissues. A: Immunohistochemical staining of SSc was performed using anti-IGF-II antibody (a—d). Goat
IgG was used as an antibody control (e, f). Normal lung was also stained with anti-IGF-II antibody (g, h). SSc lungs have increased expression of IGF-II in
fibroblastic foci (arrowheads) and epithelial cells (arrows). B: Immunofluorescent staining of SSc lung tissue using IGF-II (red) or a-SMA antibodies (green)
(a—c), SSc lung with control antibodies (d—f), and normal lung with IGF-IT and a-SMA antibodies (g—i). IGF-II co-localizes with a-SMA in some interstitial cells
in SSc lungs (yellow arrowheads). IGF-II is also expressed in non-a-SMA-producing cells (white arrowheads). Pulmonary vessels stain for a-SMA, but not
IGF-1I (white arrows). Original magnifications: X200 [A (a, e, g), B); X400 [A (b—d, f, h)].

in SSc lung fibrosis. To examine IGF-Il production by
pulmonary fibroblasts, we cultured primary lung fibro-
blasts from the same lung tissues. Equal numbers of
fibroblasts from SSc and normal lungs were cultured, and
equal amounts of RNA were used in RT-PCR for the
detection of IGF-Il mRNA levels. Steady-state mRNA lev-
els were 4.5-fold higher in SSc lung fibroblasts compared
to normal controls (4.5 = 2.3 versus 1.0 = 0.5, respec-
tively; P = 0.013) (Figure 2A). Additionally, immunofluo-
rescent analysis of fibroblasts showed a significant in-
crease in IGF-II protein expression in primary lung
fibroblasts from SSc lungs compared to normal fibro-

blasts (41.3 = 8.3 versus 19.3 * 5.4, respectively, in
arbitrary units; P = 1 X 1077) (Figure 2B). The increased
IGF-Il mMRNA and protein levels in SSc lung fibroblasts
suggest that IGF-II is aberrantly expressed from lung
fibroblasts in SSc-related pulmonary fibrosis.

Preferential Promoter Usage of IGF-Il Gene
Expression

Expression of the IGF-II gene is regulated by four pro-
moters (P1 to P4) and generates a variety of mRNA
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Figure 2. Steady-state IGF-Il mRNA (A) and protein levels (B) are increased in SSc lung fibroblasts. A: RT-PCR analysis of total IGF-II mRNA levels in primary lung
fibroblasts shows significantly increased expression in SSc versus normal fibroblasts (1 = 6, 4.5 * 2.3 versus 1.0 £ 0.5, respectively; P = 0.013). Relative
expression was determined by scanning densitometry of PCR products normalized to B-actin mRNA levels. B: IGF-II protein was detected by immunofluorescence
using polyclonal anti-IGF-IT antibody and compared to goat isotype control antibody. Signal intensity was quantified with Metamorph imaging software (Molecular
Devices) and shown in arbitrary units. SSc lung fibroblasts show a twofold increase in IGF-II protein compared to normal lung fibroblasts (7 = 4, P=1 X 1077).
Values and bars represent mean and SD, respectively. Original magnifications, X400.

species that ultimately encode the same IGF-II peptide.
Promoter usage has been shown to be tissue- and de-
velopment-specific.'®'” We performed a semiquantita-
tive analysis of IGF-II promoter usage by using previously
described primer pairs designed to amplify specific
IGF-Il transcripts derived from P1 to P4 (Figure 3A).'®
Primary lung fibroblasts from patients with SSc showed
an increased expression of IGF-II derived from P3, but no
mRNA from P1, P2, and P4 was detected (Figure 3B).
Additionally, primary lung fibroblasts derived from six
patients with SSc all show IGF-Il gene expression from P3
(Figure 3C). Only one of six primary fibroblasts from
normal lungs showed any detectable levels of IGF-II

mRNA from P3. Overall, normal fibroblasts did not ex-
press IGF-II P3 mRNA.

IGF-Il Induces a Dose- and Time-Dependent
Increase in ECM Production

Fibroblasts are the major source of ECM production
and deposition in pulmonary fibrosis. To determine
whether IGF-II contributes to ECM deposition, we mea-
sured expression of fibronectin and type | collagen, the
major components of ECM in pulmonary fibrosis. Equal
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Figure 3. IGF-II gene expression is derived from P3 in SSc lung fibroblasts. A: RT-PCR of total RNA was performed using primer pairs specific for mRNA species
generated from each promoter. As previously described,'® expected PCR product sizes were 363 bp for P1, 249 and 409 bp for P2, 151 bp for P3, and 76 bp for
P4. B: IGF-II expression from one representative SSc lung fibroblast shows abundant expression from P3. There is no detectable mRNA from P1, P2, or P4. IGF-II
expression from a representative normal lung fibroblast shows no IGF-II expression from any of the four promoters. Adult liver tissue and HepG2 cells served
as positive controls for each primer pair. C: Comparison of mRNA from six SSc¢ lung fibroblasts show increased IGF-II expression from P3 compared to six normal

lung samples.

numbers of fibroblasts were cultured with varying con-
centrations of recombinant IGF-1I for 48 hours. IGF-II
increased ECM production and secretion in lung fibro-
blasts from SSc patients in a dose-dependent manner
(Figure 4). SSc fibroblasts showed increased collagen
and fibronectin production with the addition of 100 and
200 ng/ml of IGF-Il compared to vehicle control. Nor-
mal fibroblasts showed significantly increased colla-
gen production and a trend toward increased fibronec-
tin production with 50 ng/ml of IGF-II, but these effects
were more modest with increasing amounts of IGF-I1.

To determine whether prolonged exposure of fibro-
blasts affects ECM production, fibroblasts were incu-
bated in media with and without IGF-II for 24 to 72 hours.
SSc and normal lung fibroblasts secreted increasing
amounts of collagen and fibronectin with prolonged in-
cubation in growth media alone (Figure 5). Both SSc and
normal lung fibroblasts showed significantly increased
collagen production at 24, 48, and 72 hours with IGF-II
compared to control treated cells. A significant increase
in fibronectin production was seen in SSc fibroblasts
stimulated with IGF-II for 48 hours. Although normal lung
fibroblasts showed a trend toward a time-dependent
increase in fibronectin production, differences in fi-
bronectin levels did not reach statistical significance.
The dose- and time-dependent effects of IGF-Il on
fibronectin and collagen secretion in SSc lung fibro-
blasts suggest that IGF-II directly contributes to ECM
production and that SSc fibroblasts may be more sus-
ceptible to the ECM-inducing effects of IGF-Il com-
pared to normal fibroblasts.

IGF-II Does Not Induce Fibroblast Proliferation

IGF-II is known to exert proliferative effects on a variety of
cell types. We treated SSc and normal fibroblasts with
different concentrations of IGF-II for 48 hours. IGF-II did
not induce a significant difference in *H-thymidine incor-
poration in SSc fibroblasts (P = 0.17) (Figure 6). Similarly
IGF-II had no significant effect on the proliferation of
normal fibroblasts (P = 0.14).

IGF-II-Induced ECM Production Depends on
Akt and JNK Activation

IGF-II stimulates cell activity via tyrosine kinase receptors
IGF-IR and insulin receptor isoform A (IR-A), which acti-
vate a variety of signaling cascades. The PI3 kinase
pathway of intracellular signaling was examined by West-
ern blot analysis of activated signaling molecules. Phos-
phorylation of Akt and GSK-3B increased within 5 minutes
of IGF-II stimulation (Figure 7A). Similarly, the SAPK/JNK
cascade was examined by detection of phosphory-
lated kinases. JNK and c-Jun displayed peak activa-
tion between 5 to 10 minutes of IGF-II stimulation (Fig-
ure 7B). These findings suggest that IGF-Il causes
activation of PI3 kinase and JNK signaling cascades in
primary fibroblasts.

To confirm the role of these signaling cascades in the
response of primary fibroblasts to IGF-Il, we pretreated
SSc and normal lung fibroblasts with specific inhibitors of
PI3K (LY294002), MEK (U0126), and JNK. As shown in
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Figure 4. IGF-II induces collagen type I and fibronectin production in SSc¢ primary lung fibroblasts in a dose-dependent manner (A) compared to normal
fibroblasts (B). Equal numbers of fibroblasts were cultured with increasing concentrations of recombinant IGF-II for 48 hours. Collagen (C) and fibronectin (D)
expression was quantified using scanning densitometry, and values were normalized to baseline SSc expression levels. SSc fibroblasts show a statistically
significant increase in collagen (at 200 ng/ml IGF-11, 3.09 versus 1.0, £1.8, in arbitrary units; P = 0.016) and fibronectin production (2.39 versus 1.0 = 1.3; P =
0.019). Normal fibroblasts show peak collagen expression at 50 ng/ml of IGF-II (1.48 versus 0.64 % 0.64; P = 0.020). Data shown represent experiments using
five different SSc and five different normal fibroblasts. Asterisks indicate P < 0.05 compared with no IGF-II stimulation in SSc (one asterisk) and normal

fibroblasts (two asterisks).

Figure 8, IGF-II-induced fibronectin and collagen secre-
tion was abrogated by PISK and JNK inhibition. On the
other hand, IGF-Il-induced ECM secretion was not blocked
by MEK inhibition. These findings further confirm that IGF-II
induces ECM production in primary fibroblasts via PI3K-
and JNK-dependent pathways.

Discussion

Pulmonary fibrosis is the leading cause of death in indi-
viduals with SSc, but few therapies are effective. Al-
though the IGF system has been implicated in the patho-
genesis of pulmonary fibrosis, no studies to date have
examined the role of IGF-II in pulmonary fibrosis. We
demonstrate IGF-1l expression is increased in vivo in lung
tissues of patients with SSc-related pulmonary fibrosis.
Additionally, our studies show increased IGF-Il expres-
sion in vitro in SSc lung fibroblasts compared to normal
fibroblasts.

Retrospective studies suggest that a nonspecific inter-
stitial pneumonia pattern is more common than a usual
interstitial pneumonia pattern in SSc patients who under-
went lung biopsy.?32* These studies also show that non-
specific interstitial pneumonia carries a better prognosis
compared to usual interstitial pneumonia. All of our pa-
tients underwent lung transplantation for end-stage pul-

monary fibrosis. Not surprisingly, these lungs all had a
usual interstitial pneumonia pattern. Normal lung samples
were limited to a pool of potential lung donors, which
generally are younger than lung transplant recipients.
Therefore, one weakness of our study is the age differ-
ence between SSc patients and normal donors. Although
no studies have examined the relationship of age and
local IGF-II expression in the lung, serum IGF-II levels are
known to decrease with age in adults.?®2° This suggests
that our findings are significant despite the age differ-
ence between SSc patients and normal controls.

IGF-I and -l share similar structures, but they exert
unique biological effects. Increased IGF-1 expression has
been detected in bronchoalveolar lavage fluid in patients
with SSc.? Additionally, IGF-I levels were higher in those
who had radiographical evidence of pulmonary fibrosis
compared to those without fibrosis. However, the role of
IGF-I in the pathogenesis of fibrosis is not clear because
transgenic mice expressing IGF-1 in lung epithelial cells
displayed a phenotype with epithelial hyperplasia, not
pulmonary fibrosis.?” IGFBPs are known to regulate the
activity of IGFs by binding to them and sequestering IGFs
within the extracellular matrix. We have previously shown
increased expression of IGFBP-3 and IGFBP-5 in lung
tissues of patients with idiopathic pulmonary fibrosis® and
the skin of patients with SSc.©22 Furthermore, IGFBP-5
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Figure 5. IGF-II induces collagen type I and fibronectin production in a time-dependent manner in primary lung fibroblasts from SSc (A) and normal lungs (B).
Equal numbers of SSc and normal fibroblasts were cultured in media with or without IGF-II (200 ng/ml for 24 to 72 hours. C: Both SSc and normal fibroblasts
secreted significantly increased amounts of collagen throughout time compared to media alone. D: Only SSc fibroblasts showed significant fibronectin production
at 48 hours. Data represent four different SSc and four different normal fibroblasts. Asterisk denotes P < 0.05.

led to increased ECM deposition in vitro and in vivo in
mouse lung and skin.®” Increased IGF-1l expression may
act in conjunction with IGFBPs to induce ECM deposition
and fibrosis.

IGF-Il is known to have mitogenic effects and alter fibro-
blast function. Previous studies have analyzed the effects of
IGF-Il on lung fibroblast proliferation and synthetic function.
Hetzel and colleagues'® showed by H-thymidine incorpo-

*H-thymidine incorporation

SSc

19 o 1
Normal

0 T T T |
0 50 100 150 200

IGF-II (ng/mL)

Figure 6. IGF-II does not induce fibroblast proliferation. SS¢ and normal
lung fibroblasts were treated with IGF-1II for a total of 48 hours and prolifer-
ation measured using “H-thymidine incorporation. SSc and normal fibro-
blasts do not show a statistically significant increase in proliferation using
different IGF-II concentrations. Data are shown as a ratio of IGF-II stimulated
to unstimulated fibroblast proliferation.
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ration that IGF-II significantly stimulated proliferation of nor-
mal lung fibroblasts, but not fibroblasts derived from pa-
tients with idiopathic pulmonary fibrosis. They also showed
that IGF-II increased fibronectin production in idiopathic
pulmonary fibrosis fibroblasts while conversely decreasing
fibronectin production in normal fibroblasts. However, their
results did not meet statistical significance, likely because
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Figure 7. Activation of Akt (A) and JNK (B) signaling cascades in SSc and
normal lung fibroblasts. Fibroblasts were treated with recombinant IGF-IT
(200 ng/ml) for 1 to 60 minutes or media alone (0 minutes). A: Both SSc and
normal fibroblasts show peak activation of Akt and GSK-38 within 5 minutes
of IGF-II stimulation. B: SAPK/JNK and ¢-Jun also show activation within 5 to
10 minutes after IGF-II stimulation.
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Figure 8. IGF-II-induced ECM is inhibited by PI-3 kinase and JNK inhibitors.
Primary lung fibroblasts from SSc (lanes 1 to 6) and normal lungs (lanes 7
to 12) were incubated with 10 pumol/L LY294002 (LY), U0126 (U), JNK
inhibitor I (J), or vehicle control (veh) for 1 hour before the addition of
IGF-II (200 ng/ml). Fibroblasts were stimulated with IGF-II for 48 hours
before collection of lysates and supernatants. IGF-II induced collagen and
fibronectin production (lanes 2, 3, 8, 9). This effect is blocked with the
addition of a PI-3 kinase inhibitor (lanes 4 and 10) and JNK inhibitor (lanes
6 and 12). MEK inhibition did not have any effect on IGF-II-induced ECM
production (lanes 5 and 11).

of small sample size. These studies differ from ours in that
they used lower concentrations of IGF-Il (30 ng/ml com-
pared to 200 ng/ml in our study). Using primary lung fibro-
blasts from patients with SSc-associated pulmonary fibrosis
and normal donors, we have not detected a significant
effect of IGF-II on cell proliferation.

Our results demonstrate that IGF-Il significantly in-
creases collagen and fibronectin production in SSc fibro-
blasts, while only minimally altering ECM production in
normal fibroblasts. SSc fibroblasts show a dose- and
time-dependent increase in collagen and fibronectin pro-
duction (Figures 5 and 6). SSc fibroblasts appear to
secrete more collagen in response to IGF-Il compared to
normal fibroblasts. Additionally, SSc fibroblasts have sig-
nificantly increased fibronectin production, but normal
fibroblasts do not. This suggests that SSc fibroblasts may
be more sensitive to the ECM-inducing effects of IGF-II
compared to normal fibroblasts. Additionally, IGF-II was
able to induce a stronger response in the activation of the
signaling proteins Akt and JNK in SSc fibroblasts com-
pared to normal fibroblasts (Figure 7). This provides fur-
ther support that SSc fibroblasts are more sensitive to the
effects of IGF-II.

The unique fibrogenic properties of IGF-II may be ex-
plained by the differential signaling effects on the target
cells. IGF-Il interacts with several receptors that are
shared with IGF-I and insulin. IGF-II is capable of activat-
ing signal transduction cascades through IGF-IR, al-
though the binding affinity of IGF-Il for IGF-IR is three
times less than that of IGF-1.28 Insulin and IGF-Il can bind
insulin receptor isoform A (IR-A), whereas IGF-I has low
affinity for this receptor. Subunits of IGF-IR and IR can
also exist in hybrid receptor forms that bind IGF-Il. Addi-
tionally, IGF-II uniquely binds to IGF-IIR, which unlike
IGF-IR and IR, acts as a negative regulator of IGF-II by
internalizing and degrading IGF-11.2° IGF-Il-induced ECM
production in lung fibroblasts may thus depend on the
relative abundance of IGF-IR, IR-A, and IGF-1IR. Mecha-
nisms of IGF-IIR interactions in SSc lung fibroblasts are
currently under investigation in our laboratory.

We examined the role of signaling cascades in IGF-II-
induced ECM production. IGF-II may exert unique bio-
logical effects by inducing a milieu of phosphorylated
signaling molecules that is distinct from the one activated
by IGF-1.%° We show that IGF-Il can activate JNK and Akt
phosphorylation. Additionally, inhibitors of PI3 kinase and
JNK were able to block IGF-ll-induced collagen and fi-
bronectin production, providing further support that these
signaling molecules are involved in IGF-lI-induced colla-
gen and fibronectin production. C-jun is a transcription
factor that can bind upstream promoter regions of colla-
gen type | and fibronectin genes and thus activate their
transcription.®’*2 Whether IGF-Il-activated c-jun leads to
increased transcriptional activity of collagen and fi-
bronectin or activation of other intracellular processes
remains to be determined.

IGF-II expression is normally high during fetal devel-
opment. Systemic IGF-Il levels dramatically decrease
shortly after birth. However, IGF-1I continues to be ex-
pressed in some tissues and may exert effects locally.
Immunohistochemical staining of lung sections from pa-
tients with SSc shows increased IGF-II expression in
fibroblastic foci and epithelial cells. It is conceivable that
increased IGF-II expression from epithelial cells, in addi-
tion to fibroblast-derived IGF-II, may exert local effects on
interstitial fibroblasts to promote fibroblast development
and ECM deposition.

No published studies have analyzed IGF-Il gene ex-
pression in fibrotic disorders. IGF-Il gene expression can
be initiated at one of four promoter sites. We demonstrate
a fourfold increase in IGF-Il mMRNA levels in lung fibro-
blasts from patients with SSc-associated pulmonary fi-
brosis. We also show that this mRNA in SSc fibroblasts is
generated primarily from P3. There were no detectable
levels of P1, P2, or P4 expression in any of the SSc and
normal lung fibroblasts. Some normal lung fibroblasts
showed detectable levels of total IGF-II mRNA, but only
one normal fibroblast showed detectable levels of P3
IGF-Il mMRNA. IGF-Il mRNA detected in Figure 2, but not
with the P1 to P4 promoter-specific primers in Figure 3,
may be attributable to very low levels of expression from
other promoters or a yet unidentified promoter. Promoter
usage has been found to be tissue- and development-
specific. IGF-Il mMRNA derived from P1 is primarily ex-
pressed in adult liver tissue.’” On the other hand, IGF-II
expression from P3 and P4 has been found in fetal tis-
sues and various malignancies such as Wilms’ tumor,
colon carcinoma, hepatocellular carcinoma, and ovarian
cancer.'® 821 Qur results suggest that IGF-II gene ex-
pression in SSc lung fibrosis is regulated by mechanisms
that are different from those in normal liver tissue. Prefer-
ential promoter usage for IGF-II transcription may be a
potential site of regulation of IGF-II expression. Studies to
identify the mechanism resulting in altered gene regula-
tion and promoter usage of IGF-I in SSc-associated pul-
monary fibrosis are currently under way in our laboratory.

IGF-Il is an imprinted gene that is normally expressed
from the paternal allele whereas the maternal allele re-
mains silent.®® Loss of imprinting leads to IGF-Il mRNA
expression from both alleles. Previous studies have



shown that fetal liver produces IGF-II transcripts through
promoters P2 to P4 from one parental allele,* suggesting
that imprinting mechanisms affect transcription from pro-
moters P2 to P4. Conversely, the adult liver expresses
IGF-Il from P1 and both alleles. Therefore, imprinting
mechanisms do not regulate IGF-II gene expression from
P1. Some Wilms’ tumors have loss of imprinting of the
IGF-IIl gene, leading to increased IGF-1I gene expression.
These tumors show biallelic expression from P2 to P4.'8
Loss of imprinting has also been found in other tumors
associated with increased IGF-Il levels.®> Whether in-
creased IGF-II expression in SSc lung fibrosis is related
to altered imprinting mechanisms of the IGF-Il gene re-
mains to be determined.

In conclusion, we demonstrate that IGF-Il expression is
increased in vivo and in vitro in lung tissues from patients
with SSc-associated pulmonary fibrosis. In primary SSc
fibroblasts, IGF-Il transcription occurs preferentially via
the P3 promoter. IGF-II contributes to the fibrotic pheno-
type by inducing collagen and fibronectin production
from lung fibroblasts in a dose- and time-dependent
manner. Increased expression of IGF-1I from fibroblasts
may act in an autocrine or paracrine manner to increase
ECM deposition. Furthermore, PI3K and JNK signaling
pathways mediate IGF-ll-induced ECM production. Our
studies establish IGF-II as a novel factor involved in the
pathogenesis of SSc-related pulmonary fibrosis and a
new potential target for the development of more effective
therapy for pulmonary fibrosis.
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