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Abstract
We report our discovery of an important player in the development of skin �brosis, a hallmark of
scleroderma. Scleroderma is a �brotic disease, affecting 70,000 to 150,000 Americans. Fibrosis is a
pathological wound healing process that produces an excessive extracellular matrix to interfere with
normal organ function. Fibrosis contributes to nearly half of human mortality. Scleroderma has
heterogeneous phenotypes, unpredictable outcomes, no validated biomarkers, and no effective treatment.
Thus, strategies to slow down scleroderma progression represent an urgent medical need. While a
pathological wound healing process like �brosis leaves scars and weakens organ function, oral mucosa
wound healing is a scarless process. After re-analyses of gene expression datasets from oral mucosa
wound healing and skin �brosis, we discovered that several pathways constitutively activated in skin
�brosis are transiently induced during oral mucosa wound healing process, particularly the amphiregulin
(Areg) gene. Areg expression is upregulated ~ 10 folds 24hrs after oral mucosa wound but reduced to the
basal level 3 days later. During bleomycin-induced skin �brosis, a commonly used mouse model for skin
�brosis, Areg is up-regulated throughout the �brogenesis and is associated with elevated cell proliferation
in the dermis. To demonstrate the role of Areg for skin �brosis, we used mice with Areg knockout, and
found that Areg de�ciency essentially prevents bleomycin-induced skin �brosis. We further determined
that bleomycin-induced cell proliferation in the dermis was not observed in the Areg null mice.
Furthermore, we found that inhibiting MEK, a downstream signaling effector of Areg, by selumetinib also
effectively blocked bleomycin-based skin �brosis model. Based on these results, we concluded that the
Areg-EGFR-MEK signaling axis is critical for skin �brosis development. Blocking this signaling axis may
be effective in treating scleroderma.

Background
Scleroderma affects 70,000 to 150,000 Americans1,2. Due to the heterogeneous phenotypes,
unpredictable outcomes, no validated biomarkers, and no effective treatment, scleroderma is a very hard
disease to manage in the clinic. Similar to other �brotic diseases, scleroderma is a pathological wound
healing process that produces an excessive extracellular matrix to interfere with normal organ function3–

6. Fibrosis is known to contribute to nearly half of human mortality7. While molecular mechanisms
underlying �brosis remain elusive, �brosis shares several commons processes. Chronic injury in tissues is
the initial trigger for �brosis, which draws in�ammatory responses3. Effector cells, such as �broblasts,
become activated in order to repair tissue damages. During the repair process, extracellular matrix (ECM)
is produced. Unlike scarless wound repair in oral mucosa 8, �brosis is caused by excessive ECM
production from over-activated effector cells. As a result, �brotic tissues are formed, leading to abnormal
tissue function or even organ failure.

One critical step in �brosis is production of excessive ECM from over activated effector cells. In contrast
to �brosis, oral mucosa wound healing has less ECM and controlled number of effector cells9. We
hypothesize that by comparing scarless oral mucosa wound healing with skin �brosis on gene
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expression, we may �nd molecules that are critical for scleroderma development8. Since there are many
studies on the time course of gene expression during oral mucosa wound healing and skin �brosis, we
took the advantage of public datasets to re-analyze gene expression during oral mucosa wound healing.
Speci�cally, we are interested in those genes with transient induction after injury in oral mucosa9. These
genes will be further analyzed for their expression at different time points during skin �brosis.

We found that Areg and the ErbB signaling pathway is transiently induced during oral mucosa wound
healing. In contrast, Areg is highly expressed throughout the process of skin �brosis. Using Areg knockout
mice and a speci�c inhibitor of downstream effector MEK, selumetinib, we demonstrated that the Areg-
EGFR-MEK signaling axis is critical for bleomycin-induced skin �brosis.

Results

Gene expression comparison between oral wound and skin
�brosis
We hypothesized that the genes, that are transiently induced during oral mucosa wound healing but
upregulated during skin �brosis, may be critical for driving skin �brosis. Several public datasets are
available on gene expression during oral cavity wound healing, skin wound and skin �brosis. We chose to
use GSE23006 in which gene expression data from multiple time points during oral wound healing are
available 9,10. GSE132869 (from Geo datasets) was used for re-analyses of gene expression during
bleomycin-induced skin �brosis.

In analyses of GSE23006, we focused on the genes induced 12hr and 24hrs after wound but returned to
the basal level (+/-20%) 3 days after injury. Only genes induced over 2 folds after injury were further
analyzed for their expression in bleomycin-mediated skin �brosis. As shown in Fig.S1, 91 genes were
induced shortly after injury but returned to the basal level 3 days later. Gene ontology analysis indicates
that two of these genes are ErbB-related molecules AREG and HBEGF (Fig.S1, Fig. 1A). Others include
molecules related to immunity, keratinization, antivirus defense and chemotaxis (Fig. 1A).

We further analyzed expression of these genes in GSE132869, and 9 genes were up-regulated in
bleomycin-induced skin �brosis (Fig.S2). These molecules include molecules known to be involved in
�brosis, such as Mmp9, Cxcl1, Ccl5, Fosl1 and Stat1. For example, Mmp9 is known to be important for
skin �brosis 11–13. The function of other 3 genes, Klra2, Slfn4 and Hdc, during �brosis is not known. In
contrast, the pattern of Areg expression is very intriguing. Areg was induced to ~ 10 folds shortly after
oral cavity wound, returned to the basal level 3 days later (Fig. 1B), but was up-regulated throughout
bleomycin-induced skin �brosis (Fig.S2, Fig. 1C). We have con�rmed elevated Areg expression during skin
�brosis using skin specimens at different time points (Fig. 1D). Since Areg is a known growth factor with
well-characterized signaling downstream effectors (Areg-EGFR-RAS-RAF-MEK), we focused our efforts to
determine the role of Areg signaling for bleomycin-mediated skin �brosis.
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Skin �brosis in Areg null mice
Because Areg is one of the few genes with transient induction during oral wound healing but maintains
high expression throughout skin �brosis, we used Areg knockout mice to determine the signi�cance of
Areg for bleomycin-induced �brosis.

We used skin thickness as a way to measure skin �brosis. Skin thickening is one of the earliest
manifestations of scleroderma; and is one of the most widely used measures in the clinical trials 14–17.
Several studies have demonstrated that the extent of skin involvement directly correlates with internal
organ involvement and prognosis in scleroderma patients.

We obtained Areg knockout mice and wild type mice to perform bleomycin-induced skin �brosis through
daily intradermal injection of bleomycin (50 microliter of 1mg/ml bleomycin in PBS) for 10 days. At the
end of the study, skin biopsies at the injected site or at a site far away the injection site were harvested to
perform H&E staining, and the skin thickness, which is the combination of epidermis and dermis, was
measured by Image J. In wild type mice, bleomycin injection increased the skin thickness ~ 80–150%
(Fig. 2, P < 0.001). In Areg null mice, however, we only observed < 20% increase of skin thickness after
intradermal injection of bleomycin. The data from gene knockout mice demonstrates that Areg is critical
for skin �brosis.

Increased proliferation of �broblasts and other cell types is accompanied with �brosis, and the level of
cell proliferation has been used to monitor disease progression or treatment outcomes in the mouse
models18–20. We detected expression of Ki-67 in skin specimens following bleomycin injection to
determine the speci�c effects on cell proliferation and �brosis progression in mice. We detected an
increase in Ki-67 positivity in dermis of bleomycin-injected mice (Fig. 3), indicating an elevated cell
proliferation during skin �brosis. Our data are consistent with previous studies to show elevated cell
proliferation during �brosis21. In Areg null mice, however, bleomycin did not increase the level of Ki-67
positivity in skin dermis, suggesting a role of Areg for cell proliferation in skin dermis during �brosis
(Fig. 3).

Blocking MEK signaling prevents bleomycin-induced skin
�brosis
There are several downstream effectors of Areg, including the receptor EGFR, MEK and PI3K. Selumetinib
(also AZD6244) is a speci�c MEK inhibitor, now approved by FDA to treat children 2 years and older with
neuro�bromatosis type I 22–24. We hypothesized that if MEK mediates Areg effects in skin �brosis,
treatment of selumetinib should reduce bleomycin-mediated skin �brosis.

First, we determined that MEK is activated in skin �brosis. Using speci�c antibodies to phospho-ERK, we
found that a high percentage of phospho-ERK positive cells in the skin from mice treated with bleomycin
(Fig. 4). Next, we treated mice with selumetinib (oral gavage, 15mg/kg/every other day), together with
intradermal injection of bleomycin (50 microL of 1mg/ml bleomycin in PBS) for 2 weeks and determined
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skin thickness after H&E staining of the skin biopsies. As shown in Fig. 5, we found that while wild type
control skin increased its thickness over 80% after bleomycin treatment, selumetinib treated skin tissues
had < 10% of increase in skin thickness. This result demonstrates that selumetinib is effective in reducing
bleomycin-induced skin �brosis.

We further examined the level of phospho-ERK in selumetinib-treated skin specimens and found that
phospho-ERK is undetectable after selumetinib treatment (Fig. 4).

Our data using selumetinib further demonstrate that the Arge-EGFR-MEK signaling axis is critical for
development of skin �brosis.

Discussion
Fibrosis is associated with changes in many cell types and a variety of signaling events, many of them
interconnected. There are several approaches to dissect the signaling networks critical for the
development of �brosis: 1) analyses of human specimens to determine the signaling changes in
�brosis25–27; 2) use of mouse models of �brosis to dissect changes at different times during �brosis28;
3) comparing different wound healing processes to identify the abnormalities in the �brosis process9. Our
approach is to compare the differences between oral mucosa wound healing and skin �brosis with the
assumption that �brosis is a pathological wound healing process. Thus, identifying the abnormalities in
the �brotic process may help establish new ways to restore the tissue remodeling process. Indeed, we
have proved that Areg, a molecule transiently induced in oral wound healing but constitutively
upregulated in skin �brosis, is critical for development of bleomycin-induced skin �brosis, a hallmark of
scleroderma. We further showed that inhibiting downstream signaling of Areg by MEK inhibitor
selumetinib is as effective as Areg knockout in prevention of skin �brosis development. Based on these
data, we predict that inhibitors of the Areg-EGFR-MEK signaling axis may be effective in treatment of
scleroderma and other �brotic diseases.

We showed the signi�cance of Areg for skin �brosis, but the exact mechanisms of action remain to be
determined. Using single cell RNA-seq, we generated data to indicate that Areg expresses in at least two
cell populations: immune cells and �broblasts (or myo�broblasts) (Fig. S3). Further analyses of Areg
signaling in these two cell populations will help lineate the signaling network of Areg during skin �brosis.
Previous studies showed that Areg is highly expressed in type 2 innate lymphoid cells (ILC2), which is
induced by IL3329. It is also reported that Areg can be regulated by TGFbeta signaling or Hippo-YAP
signaling 30–32. Our single cell RNA-seq showed correlative expression of IL33 and Areg in immune cells,
suggesting a role of IL33 in regulation of Areg. Additional analyses of downstream effectors may also
help understand Areg signaling during skin �brosis. Our data with MEK inhibitor selumetinib not only
showed the signi�cance of the Areg-EGFR-MEK signaling axis for �brosis, but also provided novel ways
to treat/prevent �brosis. Whether blocking the Areg-EGFR-MEK signaling axis is effective in treatment of
skin �brosis will require additional experiment using mice with established skin �brosis.
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Are our data relevant to human scleroderma? Gene expression of bulk scleroderma specimens of skin
often does not reveal up-regulation of AREG in the diseased biopsies although a recent report showed up-
regulation in scleroderma patients 33. However, activated immune cells from scleroderma show a high
level of Areg expression34, indicating that expression of AREG is associated with speci�c cell types in the
disease process, rather than the overall gene expression. Indeed, single cell analyses indicate that AREG
is highly expressed in myo�broblasts, not other types of �broblasts in scleroderma patients 25. Additional
work is needed to show the relevance of Areg signaling in other types of scleroderma specimens, such as
lung and kidney specimens at the single cell level.

During our studies, we also identi�ed several other molecules with similar features as Areg, and their roles
in �brosis have not completed proven. While Fosl1, Mmp9, Cxcl1, Ccl5 and Stat1 have been linked to
�brosis in the literature, their direct evidence for mechanisms of action during �brosis remain elusive. On
the other hand, there are limited resources for studies of Slfn4, Klra2 and Hdc. One approach will be to
use gene knockout mice. Knockout mice of Mmp9, Cxcl1, Ccl5, Hdc and Stat1 are viable and may be
obtained commercially from Jackson laboratory. Alternatively, neutralizing antibodies to Cxcl1 and Ccl5
can be used to block the function of the targets35,36. These studies likely generate additional ways to
mitigate scleroderma development and progression.

Conclusions
Based on our results, we conclude that Areg and the Areg-EGFR-MEK signaling axis plays an important
role in the development of skin �brosis in bleomycin-based mouse model. Since skin �brosis is a
hallmark of scleroderma, we believe that inhibitors of Areg signaling may be effective in prevention and
treatment of scleroderma.

Methods
1. Chemicals

AZD6244 (selumetinib) was purchased as a research agent from the Selleckchem Chemicals LLC
(Houston, TX, USA). AZD6244 (selumetinib), originally developed by AstraZeneca, is a highly potent and
selective non-ATP competitive inhibitor of MEK with an IC50 of 14 nM37. Bleomycin Sulfate, Streptomyces
verticillus, was purchased from Sigma (St. Luis, MO).

2. Animals, bleomycin-based skin �brosis, and treatment

Areg knockout and C57Bl/6 mice were purchased from Jackson laboratory (Bar Harbor, ME). Use of
animal was approved by the IACUC committee in Indiana University School of Medicine (ethical code
11370; approval date—15 February 2020). We mated Areg knockout and C57Bl/6 mice over 7 generations
to obtain Areg knockout and wild type mice in a similar genetic background. Genotyping of mice was
performed by PCR with speci�c primers provided by the vendors using lysed tail from each mouse [0.3
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cm tail in 100 mL of PCR Direct (tail) solution (Viagen Inc., Los Angeles, CA) with 1 mg/mL proteinase K
at 55°C overnight, then 85°C for 45 minutes, and use 0.5–1 microL of the lysate for each 25 microL PCR
reaction].

Skin �brosis was generated according to a previously published protocol 38. In brief, bleomycin was made
in PBS in 1mg/ml, and intradermal injection was performed using gauge needle #27 with
50microL/injection onto the back of mouse skin (at low right side) after fur removal. At up left, we used
PBS for injection after fur removal. The procedure was approved by the IUCUC Committee in Indiana
University School of Medicine and was strictly followed in the study. We injected mice daily for 10 days
before harvesting skin tissues for analyses in skin thickness, gene expression and histology [hematoxylin
and eosin (H&E) staining and Immuno�uorescence (IF)]. In bleomycin-induced skin �brosis studies, we
used 10 mice per group (control PBS injection or bleomycin injection, 5 females and 5 males). We used 3
mice for AZD6244 (selumetinib) treatment, and 5 mice for the control group.

AZD6244 was suspended in sterile PBS by sonication at 5 mg/mL. For drug treatment, mice were treated
with AZD6244 (oral gavage 10 mg/kg daily) or vehicle control (PBS) in each group.

3. Histology, IF staining and tissue measurement

Histology was performed according to a previously published procedure39. Fresh tissue was harvested
and �xed with 10% buffered-formalin or zinc-based �xative. Five-micron para�n-embedded sections were
labeled with primary antibodies against phosphor-p44/p42 MAPK (Erk1/2) (Thr 202/Tyr 204) (Cell
Signaling Technology Cat# 4370, 1:200, Danvers, MA, USA), Ki-67 (ab15580, 1:500, AbCam, Cambridge,
MA, USA).

The skin thickness was quanti�ed using ImageJ. To avoid discrepancy from age and genetic
backgrounds of the mice, we used littermates from the same mating cage for selection of treatment
groups or genotypes. Because of the variation between back skin and abdomen skin in tumor
development, we used back skin for injection and histology studies.

4. RNA Extraction, RT-PCR and Real-Time PCR

Total RNAs from tissues were extracted using Tri-RNA reagent from Sigma (St Luis, MO) according to the
manufacturer’s instruction and 1 microG of total RNA was reverse transcribed into cDNAs using the �rst-
strand synthesis kit (Roche, Tucson, AZ, USA). Real-time quantitative PCR analyses were performed
according to a previously published procedure 39. Triplicate CT values were analyzed in Microsoft Excel
using the comparative Ct(DDCt) method as described by the manufacturer (Applied Biosystems, Foster
City, CA, USA). The amount of target (ddCt) was obtained by normalization to an endogenous reference
(Gapdh for mice) and relative to a calibrator. All TaqMan primers and probes were purchased from
Applied Biosystems Inc.
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5. Single cell RNA-seq, Sequence Alignment, Differential Expression Analyses Tissue was dissociated
with Collagenase IV 1mg/ml 37C for 1 hour. Cells were washed with 5%FBS/PBS twice, each centrifuged
(1000rpm), and dead cells were removed by dead cell removal kit (Miltenyi Biotec, Somerville, MA).
Prepared cells were used to perform 10X Genomics according to a previously published protocol40. In
brief, appropriate number of cells were loaded on a multiple-channel micro-�uidics chip of the Chromium
Single Cell Instrument (10x Genomics) with a targeted cell recovery of 9,000. Single cell gel beads in
emulsion containing barcoded oligonucleotides and reverse transcriptase reagents were generated with
the v3.1 Next GEM Single Cell 3  reagent kit (10X Genomics). Following cell capture and cell lysis, cDNA
was synthesized and ampli�ed. Illumina sequencing library was then prepared with the ampli�ed cDNA.
The resulting library was sequenced using a custom program on Illumina NovaSeq 6000. 28 bp of cell
barcode and UMI sequences and 91 bp RNA reads were generated with Illumina NovaSeq 6000 at CMG of
Indiana University School of Medicine. Sequencing analyses were performed as previously reported 41.

6. Statistical analyses Data are presented as mean SD. Statistical analyses were performed using the
Mann–Whitney test or the Student t test (two-tailed) to compare the results, with P values of < 0.05 as
statistically signi�cant.

Abbreviations
AREG- amphiregulin

ECM- extracellular matrix

MEK- MAPK/ERK kinase, ERK- extracellular receptor-stimulated kinase, MAPK- mitogen-activated protein
kinase.

EGFR- Epidermal Growth Factor Receptor

H&E- Hematoxylin and Eosin

ILC2- group 2 innate lymphoid cells

IL33- Interleukin 33
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Figures

Figure 1

Areg expression in oral wound healing and skin �brosis. A shows a summary of ontology analysis of
transient up-regulated genes during oral mucosa wound healing. The list of genes with transient



Page 13/16

induction is shown in Supplementary Table 1. B shows a re-analysis of Areg expression during oral
mucosa wound healing 8, and * indicates a signi�cant change (p<0.01). C shows re-analysis of Areg gene
expression from GSE132869 (from Geo datasets), con�rming the signi�cant expression in bleomycin-
induced skin �brosis. Each dot represents one sample. PBS was used as a control, and BLM indicates
bleomycin treatment. D shows time-dependent expression of Areg during bleomycin-induced skin �brosis.
Please note that Areg was consistently highly expressed in the skin biopsies after bleomycin treatment at
different time points. * indicates a signi�cant change (p<0.01).
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Figure 2

A signi�cant role of Areg in bleomycin-induced skin �brosis. A & B show H&E images of skin biopsies
from control mice treated with PBS control (A) or bleomycin (B). C shows a summary of data from 10
mice for each group (5 females and 5 males from wild type or Areg knockout). * indicates < 0.05, and **
indicates p< 0.0001. Dashed bars indicate skin thickness.

Figure 3

Ki67 positivity in skin biopsies. We detected Ki67 positivity in skin biopsies either treated with PBS or
bleomycin through immuno�uorescence (IF) staining with ki67 speci�c antibodies. A shows images with
positive Ki67 staining (green, indicated by arrows). B shows a summary of ki67 staining from 6 mice (3
females and 3 males) in each group. * indicates p < 0.0001.



Page 15/16

Figure 4

ERK-p expression in skin �brosis and after AZD6244 (selumetinib) treatment. A shows images of nuclear
staining with DAPI or ERK-p speci�c antibodies. The method is described in details in experimental
methods. B is a summary of ERK-p staining using the number of positive cells per �eld under microscope
(200 X). ** indicates p <0.0001.
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Figure 5

The effect of MEK inhibitor AZD6244 (shown as AZD, also selumetinib) on bleomycin-induced skin
�brosis. A shows typical H&E images of skin biopsies from bleomycin-based mouse model of skin
�brosis. B shows H&E images from mice treated with AZD6244 during bleomycn-induced skin �brosis. C
shows the summary of the data from two groups of mice treated with AZD6244 or PBS (n=3). Dashed
bars indicate skin thickness. ** indicates p <0.0001, and * indicates p= 0.045.
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