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Although the early growth response-2 (Egr-2, alias
Krox20) protein shows structural and functional simi-
larities to Egr-1, these two related early-immediate tran-
scription factors are nonredundant. Egr-2 plays essen-
tial roles in peripheral nerve myelination, adipogenesis,
and immune tolerance; however, its regulation and
role in tissue repair and fibrosis remain poorly
understood. We show herein that transforming
growth factor (TGF)-� induced a Smad3-dependent
sustained stimulation of Egr2 gene expression in
normal fibroblasts. Overexpression of Egr-2 was
sufficient to stimulate collagen gene expression and
myofibroblast differentiation, whereas these profi-
brotic TGF-� responses were attenuated in Egr-2–
depleted fibroblasts. Genomewide transcriptional
profiling revealed that multiple genes associated
with tissue remodeling and wound healing were
up-regulated by Egr-2, but the Egr-2–regulated gene
expression profile overlapped only partially with
the Egr-1–regulated gene profile. Levels of Egr-2
were elevated in lesional tissue from mice with
bleomycin-induced scleroderma. Moreover, ele-
vated Egr-2 was noted in biopsy specimens of skin

and lung from patients with systemic sclerosis.
These results provide the first evidence that Egr-2 is
a functionally distinct transcription factor that is
both necessary and sufficient for TGF-�–induced
profibrotic responses and is aberrantly expressed
in lesional tissue in systemic sclerosis and in a mu-
rine model of scleroderma. Together, these findings
suggest that Egr-2 plays an important nonredun-
dant role in the pathogenesis of fibrosis. Targeting
Egr-2 might represent a novel therapeutic strategy
to control fibrosis. (Am J Pathol 2011, 178:2077–2090;

DOI: 10.1016/j.ajpath.2011.01.035)

Scleroderma or systemic sclerosis (SSc) is an acquired
connective tissue disease of unknown etiology associated
with progressive fibrosis in the skin and internal organs.1–3

There is no effective therapy to prevent or control the pro-
gression of fibrosis in SSc. Transforming growth factor
(TGF)-� is a potent inducer of collagen synthesis, myofibro-
blast differentiation, and epithelial-mesenchymal transition;
and is implicated in both physiological and pathological
tissue repair.4,5 The intracellular signaling pathways that
mediate fibrotic TGF-� responses remain incompletely un-
derstood.

The early growth response (Egr) transcription factors be-
long to a family comprising Egr-1 (alias Krox-20), Egr-2
(alias Krox-24), Egr-3, and Egr-4, along with their endoge-
nous inhibitors, NGFI-A binding protein (NAB1 and
NAB2).6,7 These pleiotropic early-immediate gene products
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are induced in response to multiple extracellular signals,
such as growth factors, cytokines, hypoxia, and mechanical
forces associated with injury and cellular stress. Egr-1,
Egr-2, and Egr-3 share conserved zinc finger DNA-binding
domains that recognize a 9-bp GC-rich DNA sequence
called Egr-binding element (EBS) found in multiple target
gene promoters.8 The induction of Egr-1 is characteristically
rapid and transient.9 In contrast to Egr-1, which has been
extensively investigated, the regulation and function of
Egr-2 and Egr-3 remain less well characterized. These tran-
scription factors show a high degree of homology to each
other and to Egr-1 but are regulated by distinct intracellular
signaling pathways in a cell type–specific manner. More-
over, it is becoming clear that individual members of the Egr
gene family serve nonredundant and occasionally even op-
posing biological functions. The functional divergence is
highlighted by genetic studies that showed that, although
Egr-1–null mice have no spontaneous phenotype,10 target-
ing Egr-2 resulted in early mouse lethality due to defective
myelination.11 Functional divergence is also evident in im-
mune regulation: Egr-2 appears to be required for immune
tolerance, whereas Egr-1 enhances T-cell activity in re-
sponse to T-cell receptor engagement.12,13 These and sim-
ilar observations underline the significant differences that
exist between these two structurally related members of the
Egr transcription factor family.

In previous studies14 investigating the expression and
function of Egr-1 in the context of fibrogenesis, we
showed that Egr-1 was required for TGF-�–induced fibro-
blast activation and played an important role in both
physiological and pathological fibrogenesis. The expres-
sion of Egr-1 was rapidly induced by TGF-� in skin and
lung fibroblasts, and Egr-1 was sufficient to stimulate the
transcription of COL1A2 and other TGF-�–inducible
genes.14,15 Moreover, mice with targeted deletion of
Egr-1 were protected from bleomycin-induced fibrosis.16

In contrast to Egr-1, the expression, regulation, and phys-
iological roles of Egr-2 in connective tissue metabolism
remain incompletely understood. Therefore, the present
studies focused on Egr-2 in the context of TGF-�–medi-
ated fibrogenesis in vivo and in vitro. The results demon-
strate that Egr-2 is markedly elevated in skin and lung
biopsy specimens from patients with SSc and in a mouse
model of scleroderma. In explanted normal fibroblasts,
TGF-� stimulated the expression of Egr-2; however, the
kinetics and signal transduction pathways were distinct
from those associated with Egr-1. Overexpression of
Egr-2 in these cells was associated with induction of
profibrotic gene responses. Taken together, these find-
ings identify Egr-2 as a novel TGF-�–inducible mediator
of profibrotic responses that is aberrantly expressed in
SSc and murine fibrosis and suggest an important nonre-
dundant functional role for Egr-2 in pathogenesis.

Materials and Methods

Cell Culture and Reagents

Primary cultures of skin fibroblasts were established by

explantation from biopsy specimens of healthy adults
(n � 3) or patients with diffuse cutaneous SSc (n � 3) or
from neonatal foreskin specimens.17 The protocols for
skin biopsies were approved by the Institutional Review
Board at Northwestern University, Chicago, IL. Fibro-
blasts were maintained in Eagle’s minimum essential me-
dium or Dulbecco’s modified Eagle medium, supple-
mented with 10% fetal bovine serum (Lonza, Basel,
Switzerland), 50 �g/mL penicillin, and 50 �g/mL strepto-
mycin, in a humidified atmosphere of 5% CO2 at 37°C;
and studied between passages 2 and 8.17 At confluence,
serum-free media supplemented with 0.1% bovine serum
albumin (BSA) were added to the cultures for 16 hours
before the addition of TGF-�2 or TGF-�1 (both from
Peprotech, Rocky Hill, NJ). Mouse embryonic fibro-
blasts explanted from Smad3�/� or wild-type embryos
were maintained in Dulbecco’s modified Eagle me-
dium. In selected experiments, LY294002 (Cell Signal-
ing, Danvers, MA), SB431542 (Glaxo Smith Kline, King
of Prussia, PA), or U0126 (Cell Signaling) was added to
the cultures.

RNA Isolation and Real-Time Quantitative PCR

At the end of each experiment, cultures were harvested and
RNA was isolated using minikits (RNeasy Plus; Qiagen,
Valencia, CA) and examined by real-time quantitative PCR
(qPCR).18 RNA, 1 �g, was used for cDNA synthesis in a
20-�L reaction volume using supermix (cDNA Synthesis
Supermix; Quanta Biosciences, Gaithersburg, MD): 8 �L
cDNA, 2 �L primers (2 �mol/L each), and 10 �L �2 mix
(Power SYBR Mastermix; Applied Biosystems, Foster City,
CA). qPCR was performed in triplicate on a thermocycler (ABI
7300; Applied Biosystems). Data were normalized to 18S
RNA, and fold change was represented as follows: 2���Ct

(2
�[(Ct target-Ct 18S)treatment-(Ct target-Ct 18S)nontreatment]

). Theprimersused forqPCR
are listed in Table 1.18

Plasmids and Transient Transfection Assays

The Egr–2–luciferase (luc) construct harbors a truncated
human Egr2 gene promoter with 5= ends at –1.3 kb fused
to firefly luc.19 pCMV Egr-1 or pCMV Egr-2 contains the
full-length Egr-1 or Egr-2 coding sequence, respec-
tively.20 772COL1A2–CAT harbors the truncated human
COL1A2 promoter with 5= ends at �772 bp fused to
chloramphenicol acetyltransferase (CAT).21 p[EBS]4-luc
harbors four copies of the minimal Egr-1–responsive el-
ement linked to luc.22 ASMA–luc harbors a 1.1-kb pro-
moter fragment from the mouse alpha smooth muscle
actin (ASMA; gene symbol, ACTA) gene upstream of
luc.23 Fibroblasts at early confluence were transfected
with the indicated constructs using a kit (SuperFect
Transfection kit; Qiagen). Cultures were incubated in se-
rum-free media containing 0.1% BSA for 16 hours, fol-
lowed by TGF-�2 for a further 24 hours. Cultures were
harvested and whole cell lysates were assayed for their
chloramphenicol acetyltransferase activities by liquid
scintillation counting or luc activities using the dual-luc
reporter assay system (Promega, Madison, WI). In each
experiment, Renilla luc pRL-TK (Promega) was cotrans-

fected as a control for transfection efficiency.24 Transient
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transfection experiments were performed in triplicate and
repeated at least twice, with consistent results.

Short-Interfering RNA-Mediated Knockdown
and Adenovirus Infection

Duplex oligo short-interfering RNAs (siRNAs) specific to
human Smad3 (Pierce, Rockford, IL) or Egr-2 (Dharma-
con, Lafayette, CO) and scrambled control siRNA were
used to deplete endogenous Smad3 or Egr-2. Skin fibro-
blasts in serum-free media containing 0.1% BSA were
transfected with indicated siRNA at a final concentration
of 10 nmol/L. Sixteen hours later, fresh media containing
TGF-� were added and the incubations were continued
for a further 24 hours. Knockdown efficiency was deter-
mined by measuring endogenous protein or mRNA levels
by Western analysis or real-time qPCR. For adenovirus
(Ad) infection, confluent fibroblasts in serum-free media
were infected with Ad–Egr-2 (Vector Biolabs, Philadel-
phia, PA) or Ad GFP (green fluorescent protein) and
incubated for up to 48 hours before harvesting.

Confocal Immunofluorescence Microscopy

Fibroblasts (10,000 cells per well) were seeded onto
eight-well chamber-glass slides (Lab-Tek II; Nalge Nunc
International, Naperville, IL) and incubated in serum-free
Eagle’s minimum essential medium with 0.1% BSA for 16
hours. Fresh media with TGF-�2 (10 ng/mL) were added,
and the incubations were continued for a further 1 to 24

Table 1. Primers Used for qPCR

Gene name Prime

18S ribosomal RNA Olg1 5=-CCCCATGAA
Olg2 5=-GGGACTTAA

GAPDH Olg3 5=-CATGAGAAG
Olg4 5=-AGTCCTTCC

COL1A2 Olg10 5=-CGGACGACC
Olg11 5=-CATTGTGTC

ACTA2 (�-SMA) Olg20 5=-CAGGGCTGT
Olg21 5=-GCCATGTTC

CTGF (CCN2) Olg18 5=-AGCTGACCT
Olg19 5=-GATAGGCTT

Egr-1 Olga 5=-TGCGGCAGA
Olgb 5=-TGAGGAAGG

Egr-2 Olg26 5=-AACGGAGTG
Olg27 5=-ATGGGAGAT

Egr-3 Olg31 5=-GCGACCTCT
Olg32 5=-ATGGGGAAG

COL1A1 Olg149 5=-GCTGGTGTG
Olg150 5=-GGGAACACC

Pai1 Olg151 5=-CGCCTCTTC
Olg162 5=-GCAGTTCCA

Plod2 Olg179 5=-CTTTAGTGT
Olg180 5=-GACTCAATG

Col5A1 Olg230 5=-TCGCTTACA
Olg231 5=-GTTGTAGAT

Itgb1 Olg222 5=-CAGCGCATA
Olg223 5=-TCTCCAGCA

Primer sequences were obtained using computer software (Primer Exp
primer pairs span two exons, except the intronless 18S ribosomal RNA. Pr
The base pairs that the forward primer starts and reverse primer ends ar
hours. At the end of the experiments, cells were fixed,
permeabilized, and incubated with primary antibodies to
Egr-2 at 1:200 dilution (Covance, Princeton, NJ) or to type
I collagen at 1:100 dilution (Southern Biotech, Birming-
ham, AL).14 Cells were then washed with PBS and incu-
bated with secondary antibodies at 1:200 dilution (Alexa
Fluor 488 and 594; Invitrogen, Carlsbad, CA) and viewed
under a confocal microscope (Nikon C1Si).25

Western Analysis

At the end of each experiment, fibroblasts were har-
vested, lysed in radioimmunoprecipitation assay buffer
supplemented with 1� protease inhibitor cocktail and
whole cell lysates (100 �g), and subjected to Western
analysis using antibodies to Egr-2 (Covance), type I colla-
gen (Southern Biotech), and glyceraldehyde-3-phosphate
dehydrogenase (Zymed, San Francisco, CA). Images were
detected by electrochemiluminescence reagents (Pierce)
and developed on film.

Microarray Procedures and Data Analysis

To examine genomewide changes in gene expression
induced by Egr-2, serum-starved confluent fibroblasts
were infected with Ad–Egr-1, Ad–Egr-2, or Ad-GFP using
multiplicity of infection 50, previously shown to be optimal
for high-level expression. Close to 100% of infected fibro-
blasts showed strong GFP expression by immunofluores-
cence microscopy. After 48 hours of incubation, total
RNA was isolated from three independent cultures using

ences RNA accession no.

GAATT-3= NR_003286
GCAAGCTT-3=
CAACAGCCT-3= NM_002046
ACCAAAGT-3=
AGAGA-3= NM_000089
ATGCCTT-3=
CATCCAT-3= NM_001613
GGTACTTC-3=
AGAACATTAAG-3= NM_001901
TTTTGGGAGTA-3=
AAGAAAGC-3= NM_001964
TGCTGACC-3=
AGAT-3= NM_000399
GACCTCTT-3=
GAGCC-3= NM_004430
GCTGTCC-3=
ATTC-3= NM_000088
CT-3=
ATCA-3= NM_000602
TCGTA-3=
CAGATGTTG-3= NM_182943
CAGAAA-3=
ACCAAAG-3= NM_000093
CCAGGAAG-3=
AAATTTGG-3= NM_002211
AAACCC-3=

0; Primerbank Boston, MA) or were from published sequences.14,18 Most
re tested by dissociation curve analysis to ensure only a single amplicon.
on RNA sequence. All primers are located inside the coding sequence.
r sequ

CGAGG
TCAAC
TATGA
ACGAT
TGGTG
CCCTA
TTTCC
TATCG
GGAAG
GGAGA
AGGAC
GAAGC
GCCGG
CCAAC
ACTCA
AGATT
ATGGG
TCGCT
CACAA
GGATG
GGATG
CTCCC
GAGTC
GGAGA
TCTGG
AAGTG

ress 3.
kits (RNeasy Mini Plus Kits; Qiagen). The integrity of RNA
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was determined using a bioanalyzer (Agilent, Santa
Clara, CA). Fluorescently labeled cDNA was prepared
using labeling kits (Ambion, Austin, TX), followed by hy-
bridization to microarray chips (Illumina Human HT-12
Version 3) containing 44,000 probes (Illumina, San Di-
ego, CA).

Raw signal intensities for each probe were obtained
using data analysis software (Beadstudio; Illumina) and
imported to the Bioconductor lumi package for transfor-
mation and normalization.26–28 The data were prepro-
cessed using a variance stabilization transformation
method,28 followed by quantile normalization. Data from
probes that produced signals near or lower than back-
ground levels (estimated based on Illumina negative con-
trol probes) with all samples were discarded. Genes that
showed greater than twofold up- or down-regulation in
Egr-2–expressing fibroblasts compared with controls at
48 hours were subjected to further analysis.

IHC in a Scleroderma Model

To examine the tissue expression of Egr-2 in vivo, sclero-
derma was induced in mice by bleomycin injections
(Jackson Laboratory, Bar Harbor, ME).29 The animal pro-
tocols were institutionally approved by the Northwestern
University Animal Care and Use Committee. Filter-steril-
ized bleomycin (20 �g per mouse dissolved in PBS)
(Mayne Pharma, Paramus, NJ) or PBS was administered
by daily s.c. injections into the shaved backs of 6- to
8-week-old female BALB/c mice.30 Each experimental
group consisted of at least five mice. At the end of the
experiments, mice were sacrificed and lesional skin was
harvested.25 Sections (4 �m) were deparaffinized, rehy-
drated, and immersed in TBS–T buffer (Tris-buffered sa-
line and 0.1% Tween-20); and treated with target retrieval
solution (DAKO, Carpinteria, CA) at 95°C for 10 minutes,
followed by incubation with primary antibodies against
Egr-2 (Covance) at 1:200 dilution (anti–Egr-2 antibody
was used for both mouse and human sections). Second-
ary antibodies (Histomouse-Max kit; Zymed) at 1:200
dilution were used to detect bound antibodies. Substi-
tution of the primary antibodies with isotype-matched
irrelevant IgG served as negative controls. After coun-
terstaining with hematoxylin, sections were mounted
(Permount; Fisher Scientific, Pittsburgh, PA) and

Figure 1. TGF-� stimulates Egr-2 expression. Confluent foreskin fibroblasts (
in serum-free media with TGF-�2 (10 ng/mL, unless otherwise indicated) fo
RNA was subjected to qPCR. The results represent the mean � SEM of triplicate

cell lysates were subjected to Western analysis. Representative autoradiograms are sh
incubated with TGF-�2 for 24 hours. Cell lysates were assayed for their luc activities.
viewed under a microscope (Olympus BH-2).25 Unam-
biguously immunopositive fibroblastic cells were
counted by a blinded observed. Results are shown as
the mean � SEM from a representative section from
each of five mice per experimental group.

Immunodetection of Egr-2 in Skin and Lung
Biopsy Specimens

Skin biopsy specimens from the affected forearm from
patients with early diffuse cutaneous SSc or healthy adult
control subjects were obtained under protocols ap-
proved by the Institutional Review Boards for Human
Studies at Thomas Jefferson University, Philadelphia, PA,
or Northwestern University. Paraffin-embedded or frozen
sections (4-�m thick) were immunostained with the same
primary antibody to Egr-2 (Covance) as used in the
mouse studies (previously described), followed by incu-
bation with rabbit IgG secondary antibodies (Alexa Fluor
488; Invitrogen). The entire skin section was scanned at
�20 magnification at four different microscopic fields
spanning the dermis under a confocal laser scanning
microscope (Zeiss LSM 510 META). The computer then
generated 2.5-dimensional images plotting the fluores-
cence intensity of each microscopic field. Sections were
analyzed with software (Image J) that calculated the sum
of the intensity of each pixel in a given microscopic field
as the integrated density of fluorescence. Each biopsy
specimen is represented as the mean of four integrated
density of fluorescence values per specimen.31

Egr-2 expression was also examined in lungs from pa-
tients with SSc-associated pulmonary fibrosis undergoing
lung transplantation and in normal donor lungs. The biopsy
protocols were approved by the Institutional Review Board
for Human Studies at the University of Pittsburgh, Pitts-
burgh. Paraffin-embedded sections of lung tissue (6 �m)
were immunostained with antibodies to Egr-2 (Covance) at
1:200 dilution, followed by incubation with biotinylated anti-
rabbit IgG secondary antibodies (sc-2089; Santa Cruz Bio-
technology, Santa Cruz, CA) at 1:200 dilution. Tissue sections
from a lung tumor were used as positive control, and substi-
tution of nonspecific rabbit IgG for Egr-2 antibody was used as
a negative control.32 Images were taken using a microscope
(Zeiss Axioskop) with a CRi Nuance spectral camera.

d D) or healthy adult skin and lesional SSc skin fibroblasts (C) were incubated
dicated periods (A and D) or for 120 minutes (B and C). A through C: Total
ations from three independent experiments. *P � 0.05; ***P � 0.001. D: Whole
A, B, an
r the in
determin
own. E: NIH-3T3 fibroblasts were transiently transfected with Egr-2–luc and
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Statistical Analysis

Each experiment was repeated at least three times. Sta-
tistical analysis was performed (GraphPad Prism 4;
GraphPad Software, La Jolla, CA) using the Student’s
t-test. The results are shown as the mean � SEM. P �
0.05 was considered statistically significant.

Results

TGF-�2 Stimulates Egr2 Gene Expression and
Egr-2 Promoter Activity

Previously, TGF-� induced rapid and transient Egr-1 ex-
pression in skin and lung fibroblasts.14 In the present
studies, we focused our attention on the regulation of
Egr-2. The results of qPCR showed that TGF-�2 stimu-
lated Egr-2 mRNA expression in foreskin fibroblasts in a
time- and dose-dependent manner (Figure 1, A and B).
An identical stimulation of mRNA expression was seen in
normal adult skin fibroblasts and fibroblasts from a pa-
tient with diffuse cutaneous SSc (Figure 1C). The levels of
Egr-2 showed a similar time-dependent increase in TGF-
�2–treated fibroblasts (Figure 1D). TGF-�1 elicited a
comparable stimulation of Egr-2 (data not shown). To
further characterize the regulation of Egr-2, transcrip-
tional stimulation by TGF-� was examined using an Egr-2
reporter construct transiently transfected into mouse 3T3
cells. The results showed that TGF-� induced a dose-
dependent increase in Egr-2 promoter activity in 3T3
fibroblasts (Figure 1E).

Time-course experiments were performed to compare
the Egr-2 response with that of the Egr-1 response. The
results showed that the stimulation of Egr-2 mRNA and
protein by TGF-� was somewhat delayed compared with
the rapid stimulation of Egr-1, but the response was sub-
stantially more durable (Figure 2, A and B). To further
examine the regulation of Egr-2, fibroblasts incubated
with TGF-�2 for various periods were examined by
confocal immunofluorescence microscopy. The results
showed that, although only low levels of Egr-2 could be
seen localized in both the cytoplasm and nucleus of
untreated fibroblasts, incubation with TGF-�2 for 24
hours resulted in a long-lived increase and nuclear ac-
cumulation of Egr-2 (Figure 2C).

Intracellular Pathways Mediating Egr-2 Stimulation

Next, a series of studies was undertaken to characterize
the intracellular signaling mechanisms underlying the
stimulation of Egr-2 expression by TGF-�. Pretreatment of
the fibroblast cultures with either U0126 (a MAP/ERK
inhibitor) or SB431542 (a TGF-� type 1 receptor kinase
inhibitor) dramatically attenuated the stimulation of Egr-2
mRNA (Figure 3A). In contrast, LY294002 (a phosphoino-
sitol-3-kinase inhibitor) had only a partial effect. Because
these results implicated canonical Smad signaling in
TGF-�2–induced Egr-2 regulation, we proceeded to ex-

amine the role of Smad3 in their response using two
complementary approaches. First, we used RNA interfer-
ence to suppress endogenous Smad3. Transfection of
fibroblasts with Smad3-specific siRNA consistently
achieved a �50% reduction in Smad3 mRNA and protein
expression, whereas a scrambled siRNA had no effect
(Figure 3B and data not shown). TGF-�–induced stimu-
lation of Egr-2 mRNA was approximately 50% lower in
fibroblasts with Smad3-specific knockdown, whereas lit-
tle change in Egr-2 stimulation was noted in fibroblasts
transfected with scrambled siRNA, suggesting an impor-
tant role for Smad3 in mediating the Egr-2 response.
Second, we examined the effect of TGF-� in mouse fibro-

Figure 2. Sustained Egr-2 stimulation by TGF-�. Foreskin fibroblasts at conflu-
ence were incubated in serum-free media with TGF-� (10 ng/mL or as indicated)
for the indicated periods (A and B) or for 24 hours (C). A: qPCR. The results
represent the mean � SEM of triplicate determinations from three independent
experiments. B: Western analysis. C: Confocal microscopy. Cells were fixed and
immunostained with antibodies to Egr-2 (green), type I collagen as a positive
control (red), or DAPI (blue). Representative immunofluorescence photomicro-
graphs are shown. Original magnification, �100.
blasts lacking Smad3. These experiments showed that
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the magnitude of Egr-2 stimulation by TGF-� was dra-
matically reduced in Smad3�/� fibroblasts compared
with Smad3�/� control fibroblasts (Figure 3, C and D).
Together, these results indicate that the canonical
Smad pathway plays a dominant role in the regulation
of Egr-2 by TGF-�.

In previous studies using genomewide expression mi-
croarray to examine changes in gene expression in-
duced by Ad–Egr-1 infection for 48 hours, we identified
Egr-2 as a direct target gene for Egr-1 in fibroblasts (S.B.,
S.L., and J.V.; data not shown). The levels of Egr-2 mRNA
were 10-fold greater in Egr-1–overexpressing fibroblasts
compared with fibroblasts infected with Ad-GFP. Analysis
of the data showed that Egr-2 mRNA levels increased for
up to 24 hours after Egr-1 overexpression in normal fibro-
blasts and then declined after 48 hours (Figure 4A). In
contrast, when induced by TGF-�, Egr-2 expression
showed sustained elevation (Figure 2). qPCR analysis
confirmed that wild-type Egr-1 and a mutant form of Egr-1
lacking the Nab binding domain (discussed later) stimu-
lated Egr-2 mRNA expression (Figure 4B).

The transient transfection assays showed that overex-
pressed Egr-1 stimulated the activity of p[EBS]4-luc but
had no effect on Egr-2 promoter-driven luc activity. As a
positive control, we show that p[EBS]4-luc activity in the
same cells was induced by TGF-�. In contrast, TGF-� in
the same experiments caused a greater than fourfold
stimulation of Egr-2–luc activity. Because the proximal
1.3 kb of the Egr-2 promoter lacks a perfect consensus
Egr-1 binding site, we speculate that stimulation of Egr-2
expression by Egr-1 might be mediated through more
upstream enhancer elements in the Egr-2 promoter. The
related supportive data are in Supplemental Figure
S1 (available at http://ajp.amjpathol.org). Results also

Figure 3. Stimula
ent fibroblasts wer
TGF-� (10 ng/mL)
the mean � SEM
siently transfected w
(10 ng/mL) for a fu
the results of Wes
incubated in paralle
or up to 28 hours
glyceraldehyde-3-p
showed that, although overexpressed Egr-2 stimulated
the activity of p[EBS]4-luc, Nab2 attenuated the re-
sponse, indicating that, similar to Egr-1, Egr-2 is also a
subject of negative regulation by Nab2 (see Supplemen-
tal Figure S2 at http://ajp.amjpathol.org).

Egr-2 Induces Fibrotic Gene Expression

Next, we turned our attention to the biological responses
modulated by Egr-2 in the context of TGF-�–mediated fibro-
genesis. Fibroblasts were infected with Ad–Egr-2, and
whole cell lysates were prepared after 48 hours of incuba-
tion. The results of Western analysis showed that overex-

gr-2 expression via Smad3 and extracellular signal–regulated kinase 1/2. A: Conflu-
bated for 30 minutes with SB431542 (SB), U0126, or LY294002 (LY), followed by

ther 120 minutes before RNA isolation. qPCR was performed. The results represent
te determinations from three independent experiments. B: Fibroblasts were tran-
d3-specific siRNA or scrambled control siRNA in parallel and incubated with TGF-�
minutes before RNA isolation and qPCR analysis. *P � 0.05. The lower panel shows
lysis. C and D: Fibroblasts from Smad3�/� or Smad3-/- mouse embryos were
F-�2 (10 ng/mL) for up to 120 minutes before RNA isolation and qPCR analysis (C)

isolation of whole cell lysates for Western analysis (D). ***P � 0.001. GAPDH,
e dehydrogenase; cgn, collagen.

Figure 4. Egr-1 stimulates Egr-2 expression. A and B: Foreskin fibroblasts at
confluence were infected with Ad–Egr-1 or Ad-GFP, followed by incubation
in serum-free media for the indicated periods. RNA was isolated and sub-
jected to qPCR analysis. A: Analysis using microarrays (Illumina). Egr-2
mRNA signal intensity for each point was determined. Results, indicating fold
change in Egr-1–infected fibroblasts compared with Ad-GFP–infected fibro-
blasts, are expressed as mean � SEM from triplicate determinations. B: qPCR
tion of E
e preincu
for a fur
of triplica
ith Sma

rther 120
tern ana
l with TG
was performed. The results represent the mean � SEM of triplicate determi-
nations from three independent experiments. **P � 0.01.
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pressed Egr-2 caused a dose-dependent augmentation of
type I collagen and ASMA protein levels, with a greater than
threefold increase at 48 hours (Figure 5A). In transient trans-
fection assays, overexpressed Egr-2 significantly enhanced
the activity of reporter genes driven by COL1A2 and ASMA
(gene symbol, ACTA) promoters (Figure 5, B and C).

Figure 6. Egr-2 is required for maximal TGF-� responses. Fibroblasts were

Figure 5. Overexpressed Egr-2 stimulates profibrotic gene expression. A:
control virus. After 48 hours’ incubation, fibroblasts were harvested and wh
shown. B and C: Fibroblasts were transiently cotransfected with pCMV–Egr-2
(C). After 48 hours’ incubation, whole cell lysates were assayed for their CA
two independent experiments. **P � 0.01. cgn indicates; GAPDH, glycerald
incubation with 10 ng/mL TGF-� for 24 hours, RNA was isolated and analyzed by qP
represent the mean � SEM of triplicate determinations from three independent exp
Egr-2 Is Required for TGF-� Stimulation of
Collagen and ASMA (gene symbol, ACTA)
Gene Expression
An RNA interference strategy was used to investigate the
requirement for Egr-2 in TGF-�–induced fibrotic responses.

tly transfected with Egr-2–specific siRNA or scrambled control siRNA. After

nt fibroblasts were infected with increasing concentrations of Ad–Egr-2 or
lysates were subjected to Western analysis. Representative immunoblots are
with 772COL1A2–chloramphenicol acetyltransferase (CAT) (B) or ASMA-luc
activities. The results represent the means of triplicate determinations from
-phosphate dehydrogenase; cgn, collagen; MOI, multiplicity of infection.
transien
Conflue
ole cell
, along
CR. The results are shown as fold change compared with control siRNA and
eriments. *P �0.05; **P �0.01. CTGF, connective tissue growth factor.
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Fibroblasts were transiently transfected with Egr-2–specific
siRNA or scrambled control siRNA and incubated with
TGF-� for 24 hours. qPCR analysis showed that basal Egr-2

Figure 7. Genomewide expression changes induced by Egr-2. Fibroblasts were
RNA isolation and processing for microarray analysis. A: Heat map. The genes
Ad-GFP were further analyzed. B: The top gene ontology categories were regula
genes regulated by Egr-1 (751) and Egr-2 (677). *P � 0.05; **P � 0.01. rRNA, rib
Itgb, integrin �.
mRNA was reduced by approximately 80%, and Egr-2 stim-
ulation by TGF-� was significantly attenuated in fibroblasts
transfected with si-Egr-2 (Figure 6). These cells showed
significantly reduced stimulation of collagen, ASMA, and

ted with Ad-GFP or Ad–Egr-2 or left untransfected (control) for 48 hours before
wed greater than twofold up- or down-regulation by Ad–Egr-2 compared with
r-2. C: qPCR validation for selected Egr-2–regulated genes. D: Overlap between
NA; FC, fold change; Plod, procollagen-lysine 1, 2-oxoglutarate 5-dioxygenase;
transfec
that sho
ted by Eg
connective tissue growth factor mRNA expression by
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TGF-�, whereas basal levels of Egr-1 mRNA were moder-
ately elevated. The attenuated TGF-� response in fibro-
blasts with reduced Egr-2, despite elevated levels of Egr-1,
suggests that Egr-2 plays a more important role in mediat-
ing the response.

Egr-2 Regulates a Tissue Remodeling Gene
Program

To further characterize the importance of Egr-2 on the
regulation of fibrotic responses, genomewide changes
induced by Egr-2 overexpression were examined by tran-
scriptional profiling. Thus, foreskin fibroblasts were in-
fected with Ad–Egr-2 or control virus; total RNA was har-
vested; and, after amplification and labeling, total RNA
was hybridized to whole-genome cDNA microarrays
(Illumina) containing 44,000 probes. An analysis of the
results showed that at 48 hours, Egr-2 had a broad effect
on fibroblast gene expression. Close to 700 transcripts
showed a greater than twofold change (314 increased
and 363 decreased) (Figure 7A). Table 2 and Table 3
showed the 40 genes with the greatest change. The
expression of Egr-1 was reduced, whereas Egr-2 mRNA
levels were increased in Egr-2–overexpressing fibro-
blasts. The complete list of Egr-2–regulated genes is
shown in Supplemental Table S1 (available at http://ajp.
amjpathol.org). Gene ontology analysis revealed multiple
biological functions that were significantly enriched with
Egr-2–regulated genes (Figure 7B). qPCR was used to
validate Egr-2–induced changes in the expression of se-
lected genes (Figure 7C). All three genes (ie, Plod2,
Col5A1, and integrin �1) were up-regulated in fibroblasts
infected with Ad–Egr-2, whereas Egr-1 mRNA was re-
duced (Figure 7C). Nab1, Nab2, and Egr-3 have little
change in Egr-2–overexpressing fibroblasts. Other fi-
brotic genes, such as connective tissue growth factor,
and Pai1 mRNA also increase in Egr-2–overexpressing
fibroblasts (see Supplemental Table S1 at http://ajp.
amjpathol.org).

Although Egr-2 shares substantial structural similarity
with Egr-1, including conserved zinc fingers, these two
related transcriptional factors show divergence of N- and
C-terminal amino acid sequences. To compare gene ex-
pression regulated by Egr-1 and Egr-2, microarray anal-
ysis was performed. Changes in mRNA expression in
fibroblasts infected with Ad–Egr-1 and Egr-2 were com-
pared with virus-infected fibroblasts at 48 hours (Figure
7D). Egr-1 modulated the expression of 751 genes, and
Egr-2 modulated the expression of 677 genes. However,
only nine genes showed concordant up-regulation by
both Egr-1 and Egr-2: PAI1, TIMP3, TXNDC12, P4HA2,
CDK5RAP2, CHN1, NEDD4, SPOCK1, and ITGB1 (integ-
rin �1). ASMA and connective tissue growth factor were
both induced by Egr-1 and Egr-2, with less fold change
(less than the cutoff). In contrast, the following 24 genes
showed concordant down-regulation by both Egrs: NFIX,
CAST, C5orf26, ISG15, TNFSF12, IFI6, CRIP1, SERPINF1,
CCL8, RPS29, TERF1, CFD, STC1, PSMB10, LGALS3,
IFITM3, OAF, C10orf116, S100A10, CAMK2N1, TCEA3,

IFI35, CLDN11, and IFITM1.
To confirm the effect of Egr-2 overexpression in adult
fibroblasts, normal adult and SSc fibroblasts were in-
fected with Ad–Egr-2. Results showed that Col5A1 was
induced by overexpression of Egr-2 in both normal adult
or SSc fibroblasts (see Supplemental Figure S3 at http://
ajp.amjpathol.org); the effect was similar compared with

Table 2. Top 40 Genes Up-Regulated by Egr-2

Gene EntrezID Description FC

ACTBL3 440915 Actin, �-like 3 7.2
EIF4G2 1982 Eukaryotic translation initiation

factor 4 �, 2
5.0

FER1L3 26509 Fer-1–like 3, myoferlin
(Caenorhabditis elegans)

5.0

CXCL12 6387 Chemokine ligand 12 (stromal
cell–derived factor 1)

5.0

SC4MOL 6307 Sterol-C4-methyl oxidaselike 4.8
DCN 1634 Decorin 4.5
SEC61A1 29927 Sec61 � 1 subunit

(Saccharomyces cerevisiae)
4.4

GNG12 55970 Guanine nucleotide–binding
protein (G protein), � 12

4.4

TIMP3 7078 TIMP metallopeptidase
inhibitor 3

4.4

TUBB 203068 Tubulin, � 4.3
ACTB 60 Actin, � 4.2
CSNK1A1 1452 Casein kinase 1, � 1 4.1
TUBA1A 7846 Tubulin, � 1a 4.0
SNX6 58533 Sorting nexin 6 4.0
FAM65A 79567 Family with sequence

similarity 65, member A
3.9

C1R 715 Complement component 1, r
subcomponent

3.9

C17orf70 80233 Chromosome 17 open
reading frame 70

3.8

FSTL1 11167 Follistatinlike 1 3.7
C1S 716 Complement component 1, s

subcomponent
3.7

CTNNB1 1499 Catenin (cadherin-associated
protein), � 1, 88 kDa

3.7

SEC23A 10484 Sec23 homolog A (S.
cerevisiae)

3.7

SLC7A5 8140 Solute carrier family 7 3.6
EHD1 10938 EH-domain containing 1 3.6
TCEA1 6917 Transcription elongation factor

A (SII), 1
3.6

ATP2B4 493 ATPase, Ca2� transporting,
plasma membrane 4

3.6

VCP 7415 Valosin-containing protein 3.6
C1R 715 Complement component 1, r

subcomponent
3.5

CBX6 23466 Chromobox homolog 6 3.5
RNF150 57484 Ring finger protein 150 3.5
TNC 3371 Tenascin C 3.4
MAP1B 4131 Microtubule-associated

protein 1B
3.4

FBLN1 2192 Fibulin 1 3.4
SAFB 6294 Scaffold attachment factor B 3.4
NEK7 140609 NIMA-related kinase 7 3.4
ACTG1 71 Actin, � 1 3.4
TUBB6 84617 Tubulin, � 6 3.3
ADAM10 102 ADAM metallopeptidase

domain 10
3.3

CTNNB1 1499 Catenin (cadherin-associated
protein), � 1, 88 kDa

3.3

ITGB1 3688 Integrin, � 1 3.3
MSRB3 253827 Methionine sulfoxide

reductase B3
3.2

FC, fold change.
normal foreskin fibroblasts.
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To investigate if Egr-2 sensitizes the TGF-� signaling
pathway, fibroblasts were infected with Ad–Egr-2, fol-
lowed by TGF-� treatment. Results showed that Col1A1
mRNA was induced by TGF-� by twofold and by 3.2-fold
after Egr-2 and TGF-� treatment together (see Supple-
mental Figure S4 at http://ajp.amjpathol.org), suggesting
an additive effect of Egr-2 and TGF-�. ASMA mRNA was
induced by TGF-� or Egr-2 by sixfold or twofold, respec-
tively; and by approximately 12-fold on Egr-2 overexpres-
sion and TGF-� treatment together (see Supplemental
Figure S4 at http://ajp.amjpathol.org), suggesting a syn-
ergistic effect of Egr-2 and TGF-�. Taken together, these
results suggest that Egr-2 sensitizes gene expression

Table 3. Top 40 Genes Down-Regulated by Egr-2

Gene EntrezID Description FC

RPL26 6154 Ribosomal protein L26 �10
EEF1B2 1933 Eukaryotic translation �8

elongation factor 1 � 2
RP11 442454 Ubiquinol–cytochrome c �8

reductase binding
protein pseudogene

CLEC2D 29121 C-type lectin domain �7
family 2, member D

LOC127295 127295 Similar to 60S ribosomal �6
protein L36

C14orf156 81892 Chromosome 14 open �6
reading frame 156

SSBP1 6742 Single-stranded DNA �5
binding protein 1

LOC391370 391370 Similar to hCG1818387 �5
CAMK2N1 55450 Calcium/calmodulin- �5

dependent protein
kinase II inhibitor 1

COX7B 1349 Cytochrome c oxidase �5
subunit VIIb

RPL36 25873 Ribosomal protein L36 �5
NDUFB3 4709 NADH dehydrogenase �5

(ubiquinone) 1 �
subcomplex, 3, 12 kDa

HCFC1R1 54985 Host cell factor C1 �5
regulator 1 (XPO1
dependent)

COX5A 9377 Cytochrome c oxidase �5
subunit Va

COX7C 1350 Cytochrome c oxidase �5
subunit VIIc

NDUFB3 4709 NADH dehydrogenase �5
(ubiquinone) 1 �
subcomplex, 3, 12 kDa

SELM 140606 Selenoprotein M �5
FXYD5 53827 FXYD domain–containing �4

ion transport regulator 5
PFDN5 5204 Prefoldin subunit 5 �4
C5orf26 114915 Chromosome 5 open �4

reading frame 26
RPS17 6218 Ribosomal protein S17 �4
LY96 23643 Lymphocyte antigen 96 �4
LOC441377 441377 Similar to ribosomal �4

protein S26
LSM3 27258 LSM3 homolog, U6 �4

small nuclear
RNA associated
(S. cerevisiae)

FC, fold change.
responsive to TGF-�.
Elevated Egr-2 Expression in Murine
Scleroderma
In light of the profibrotic activities associated with Egr-2
and its involvements in mediating TGF-� responses in
fibroblasts, we sought to characterize in vivo the tissue
expression of Egr-2 associated with fibrosis. The s.c.
injection of bleomycin in mice induces progressive
sclerodermalike skin and lung pathological features be-
cause of TGF-�–mediated fibroblast activation.33 BALB/c
mice were sacrificed after 21 daily injections of bleomy-
cin or PBS, and lesional skin was examined. By IHC,
Egr-2 was barely detectable in the dermis of PBS-in-

Gene EntrezID Description FC

UQCRB 7381 Ubiquinol–cytochrome �4.7
c reductase
binding protein

ATP5H 10476 ATP synthase, H� �4.7
transporting

MT1A 4489 Metallothionein 1A �4.7
HINT1 3094 Histidine triad �4.7

nucleotide
binding protein 1

GSTO1 9446 Glutathione �4.6
S–transferase �
1

EIF3K 27335 Eukaryotic �4.5
translation
initiation factor 3,
subunit K

ATP5H 10476 ATP synthase, H� �4.5
transporting

RPS26L1 441502 Ribosomal protein �4.5
S26-like 1

DRAP1 10589 DR1-associated �4.5
protein 1
(negative
cofactor 2 �)

C20orf52 140823 Chromosome 20 �4.5
open reading
frame 52

HCG2P7 80867 HLA complex �4.4
group 2
pseudogene 7

CISD1 55847 CDGSH iron sulfur �4.4
domain 1

NDUFA3 4696 NADH �4.4
dehydrogenase
(ubiquinone) 1 �
subcomplex, 3,
9 kDa

UXT 8409 Ubiquitously �4.4
expressed
transcript

LOC440737 440737 Similar to �4.3
ribosomal
protein L35

NDUFS4 4724 NADH �4.3
dehydrogenase
(ubiquinone)
.2

.1

.4

.6

.6

.5

.4

.4

.4

.4

.2

.2

.2

.1

.1

.0

.9

.9

.8

.8

.8

.8

.7
jected mice or untreated mice (Figure 8 and data not
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shown). In contrast, a substantial increase in Egr-2 ac-
cumulation was noted in the lesional dermis from bleo-
mycin-injected mice. Abundant Egr-2 immunostaining
was observed in dermal fibroblastic cells [5.4 � 2.6 im-
munopositive cells in PBS-injected mice versus 14.0 �
6.1 cells in bleomycin-injected mice (mean � SEM from
five mice); P � 0.003]. Moreover, a significant increase in
Egr-2 mRNA levels in the lesional dermis was demon-
strated by qPCR (Figure 8B). Enhanced Egr-2 gene ex-
pression in these tissues probably reflects local TGF-�
activity and in situ fibroblast stimulation.

Elevated Egr-2 Expression in SSc

To explore the involvement of Egr-2 in SSc, we pro-
ceeded to examine Egr-2 expression in lesional tissue
from patients with diffuse cutaneous SSc. First, skin bi-
opsy specimens from three patients with diffuse cutane-
ous SSc and three healthy controls, matched for age and
sex, were studied in parallel. Immunofluorescence anal-
ysis showed that, in contrast to healthy dermis, in which
little Egr-2 was detectable, in all three SSc skin biopsy
specimens, many dermal fibroblastic cells were positive
for Egr-2 (Figure 9A). Egr-2 could be detected in cells in
both the papillary and reticular dermis and at the inter-
face between the dermis and adipose layers. Interest-
ingly, the epidermis showed rather strong Egr-2 expres-
sion in both healthy controls and patients with SSc. The
proportion of Egr-2–positive dermal fibroblasts in SSc
showed a 60% increase compared with healthy controls
(Figure 9B).

Fibrosis commonly affects the lungs in SSc and is
associated with activation of parenchymal fibroblasts.34

To examine the expression of Egr-2 in SSc lungs, sam-
ples from three patients with SSc-associated pulmonary
fibrosis and three normal donor controls were examined
by IHC. Low levels of Egr-2 were detected in normal lung
tissue (Figure 9C). In contrast, lung tissues from all three
patients with SSc showed a marked increase in paren-
chymal Egr-2. Expression was most prominent at fibro-
blastic loci, in which Egr-2 could be detected in most
Figure 8. Elevated Egr-2 expression in mouse
scleroderma. Dermal fibrosis was induced by daily
s.c. injections of bleomycin (Bleo) for 28 days, and
lesional skin was harvested. A: Sections were
stained with antibodies against Egr-2 and counter-
stained with hematoxylin. Representative photo-
micrographs are shown. Original magnification:
�100 (upper panels); �400 (lower panels).
Lower panels in A represent the areas delineated
by the squares in the upper panels. Arrows in-
dicate immunopositive fibroblastic cells in the der-
mis. Omission of primary antibodies resulted in no
staining (negative control). The number of immu-
nopositive fibroblastic cells was determined in five
separate microscopic fields by a blinded observer.
B: Total RNA was isolated from the skin and sub-
jected to qPCR. The results represent the mean �
SEM of three determinations from five mice per
group.
blood vessels, macrophages, airway-lining cells, endo-
Figure 9. Elevated Egr-2 expression in SSc. A: Skin biopsy specimens from
patients with SSc (n � 3) or healthy controls (n � 3) were stained with
antibodies to Egr-2 and examined by immunofluorescence. Representative
images are shown, with red lines delineating the epidermis. Original magni-
fication: �200 (upper panels); �630 (lower panels). B: Quantification of
Egr-2 immunofluorescence in the dermis (the Materials and Methods section
provides details). Bars represent the mean � SEM of three determinations. C:
Lung tissues from nonfibrotic donors (n � 3) (normal) or patients with SSc
who have pulmonary fibrosis (n � 3) (SSc) were examined. Representative
images were captured by a microscope (Zeiss Axioskop) with a CRi Nuance
spectral camera. Original magnification: �100 (left); �1000 (middle).

Right: Panels showing the magnified images (from the boxes). Brown indi-
cates Egr-2–positive cells. Nuclei are counterstained with hematoxylin (blue).
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thelial cells, interstitial fibroblasts, and alveolar epithelial
cells (Figure 9C). Taken together, the results of the Egr-2
IHC from lesional skin and lungs provide correlative evi-
dence, suggesting a potential correlative role of elevated
Egr-2 in the development of fibrosis.

Discussion

Fibrosis, the hallmark of fibrosing disorders such as SSc,
represents aberrant fibroblast activation with autono-
mous up-regulation of extracellular matrix gene expres-
sion and transition into myofibroblasts.35 TGF-� is capa-
ble of inducing the full repertoire of fibrotic responses
and is implicated in the pathogenesis of SSc. Egr-1 was
previously identified as an Smad-independent intracellu-
lar mediator of TGF-� signaling. Egr-1 expression was
rapidly and transiently induced by TGF-�, and Egr-1 di-
rectly activated the transcription of COL1A2.15 The pres-
ent studies reveal that Egr-2 is also stimulated by TGF-�
but via distinct regulatory pathways and with distinct ki-
netics characterized by slower, but more durable, induc-
tion compared with Egr-1. Endogenous Egr-2 was re-
quired for fibrotic responses, and overexpressed Egr-2
expression in normal fibroblasts was sufficient to stimu-
late collagen gene expression and myofibroblast differ-
entiation in the absence of TGF-�. Interestingly, although
the expression of many genes was induced by Egr-2, the
overlap between Egr-1– and Egr-2–regulated gene ex-
pression was only modest, indicating largely nonredun-
dant function for these two structurally related TGF-�–
inducible transcription factors. An abnormally elevated
Egr-2 in lesional tissue biopsy specimens might suggest
a novel role for Egr-2 in the pathogenesis of fibrosis in
SSc and in a bleomycin-induced mouse model of sclero-
derma.

Egr-2 is a ubiquitous transcription factor whose ex-
pression is induced by synaptic activity in neurons,36

T-cell receptor ligation,37 and extracellular cues, such as
the canonical Wnt3a in a variety of cell types.38 These
responses are mediated through diverse signaling mech-

Figure 10. Proposed mechanistic model highlighting the role of Egr-2 in
TGF-�–induced profibrotic responses. The expression of Egr-1 is rapidly and
transiently induced by TGF-� via extracellular signal–regulated kinase (ERK)
1/2. In turn, Egr-1 induces Egr-2. The ERK1/2 and Smad2/3 pathways also
stimulate Egr-2, leading to its sustained expression. Egr-1 and Egr-2 directly
stimulate COL1A2 transcription. SBE, smad binding element.
anisms involving Ca2� flux, nuclear factor for activated T
cell, and extracellular signal–regulated kinase cascades.
Because T-cell receptor ligation acts as a potent stimulus
for Egr-2 in lymphocytes, Egr-2 function has been studied
most extensively in the context of immune tolerance and
autoimmunity. In general, Egr-2 acts as a potent negative
regulator of adaptive immune responses.39 The Egr2
gene has been a susceptibility locus for human autoim-
mune diseases.40 Mice with spontaneous lupuslike dis-
ease show deficient Egr-2 expression,41 and genetic tar-
geting of Egr-2 is associated with expansion of
autoreactive T cells, loss of self-tolerance, and develop-
ment of autoimmunity.42

Although Egr-2 shows substantial structural similarity
to Egr-1, including identical zinc finger DNA-binding do-
mains, there is divergence at the C and N termini.43

Because Egr-1 and Egr-2 appear to bind to identical
GC-rich DNA elements, the distinct or even opposing
biological activities of Egr-1 and Egr-2 are thought to
reflect the different repertoires of cofactors recruited into
the transcriptional complex as the result of divergent
non–DNA-binding domains.12,44 The functional distinc-
tion between Egr-1 and Egr-2 is highlighted by genetic
targeting studies demonstrating that, although Egr-1–null
mice show little spontaneous phenotype,10 loss of Egr-2
is associated with embryonic lethality.11 Moreover, bio-
logical responses can even be antagonistically regulated
by Egr-1 and Egr-2. For instance, although Egr-1 en-
hances T-cell function,45 Egr-2 acts as a negative regu-
lator.46 The functional divergence of Egr-1 and Egr-2 is
also seen in adipogenesis, with Egr-2 stimulating preadi-
pocyte differentiation and Egr-1 inhibiting the process.44

The Egr1 and Egr2 genes show divergent patterns of
expression during embryogenesis.47 These observations
highlight important differences in the regulation, expres-
sion, and function of Egr-1 and Egr-2.

In the present studies, we show that the expression of
Egr-2 was markedly enhanced in normal fibroblasts stim-
ulated by TGF-�. In contrast to Egr-1, whose expression
was induced by TGF-� within 15 minutes but then
declined to basal levels by 60 minutes, Egr-2 stimula-
tion was delayed, with maximal effect at 120 minutes;
and substantially elevated Egr-2 mRNA and protein
accumulation persisted for as long as 48 hours. A
comparison of promoter architecture revealed no sig-
nificant similarity between Egr-1 and Egr-2. The diver-
gent kinetics of induction suggest that Egr-1 and Egr-2
play distinct roles in injury and repair, with Egr-1 re-
quired for the early-immediate response and sustained
Egr-2 expression driving persistent profibrotic gene
expression. Consistent with this model, we show that
Egr-1 itself stimulates the expression of Egr-2, which
might, therefore, serve to amplify or sustain the re-
sponse. The stimulation of Egr-2 expression by TGF-�
occurs at the level of transcription; in contrast to Egr-1,
Egr-2 appears to involve both canonical Smad path-
ways that are dominant and, potentially, non-Smad
pathways, as shown by genetic targeting and RNA
interference experiments.

In contrast to Egr-1, the biological functions of Egr-2
are not well understood. The present results indicate that

Egr-2 is sufficient to induce collagen gene expression
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and ASMA (gene symbol, ACTA) promoter activity. Unbi-
ased genomewide expression profiling indicated that
Egr-2 stimulated the expression of multiple genes that
play a role in fibrosis. These include structural extracel-
lular matrix proteins, such as collagen V, tenascin, fibulin,
and decorin; lysyl hydroxylase 2 (PLOD2), a key enzyme
involved in the generation of hydroxylysine aldehyde–
derived collagen cross-links48; TIMP1; soluble mediators,
such as CXC chemokine ligand 12; c-Abl; and catenin.
Each of these molecules is known to be abnormally ex-
pressed, and play a role, in the pathogenesis of fibrosis
and SSc.49 In previous studies,14 Egr-1 similarly induced
the expression of fibrotic genes.

An important consideration is the redundant versus
unique expression and function of Egr-1 and Egr-2. Both
show TGF-� inducibility, and the transcriptional function
of both is abrogated by Nab2, a target gene for TGF-�.
However, the pattern of gene expression regulated by
these two transcription factors shows only a modest de-
gree of overlap. Taken together with the different out-
comes of genetic targeting of Egr-1 and Egr-2 in the
mouse, these results indicate complementary, but largely
nonredundant, biological functions for Egr-1 and Egr-2.
The divergent kinetic profiles of induction of the Egr
family members suggest a plausible mechanistic
model (Figure 10). Early and short-lived Egr-1 induction
by TGF-� results in direct stimulation of fibrotic re-
sponses, such as collagen gene transcription, but a more
delayed and long-lasting stimulation of Egr-2 transcrip-
tion. Thus, Egr-2 might serve as a critical nexus linking
early short-term cellular responses to long-lived fibrotic
responses characteristic of aberrant tissue repair and
pathological fibrosis. Although Egr-2 expression is up-
regulated transiently during normal wound healing,50–52

lesional skin and lung biopsy specimens from patients
with SSc show sustained aberrant Egr-2 expression. An
association between constitutive Egr-2 expression and
pathological fibrosis was further illustrated in the bleomy-
cin-induced model of scleroderma, in which marked ele-
vation of Egr-2 protein and mRNA was evident in the
lesional skin. Taken together, these results indicate that
Egr-2 is a TGF-�–inducible transcription factor that plays
an important nonredundant role in profibrotic responses
and shows aberrant expression in fibrosis. Based on
these findings, we propose that Egr-2 might serve as a
critical switch in the cellular signaling machinery that
transforms a short-term self-limited tissue response, lead-
ing to regeneration, into a deregulated persistent process
that culminates in pathological fibrosis.
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