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Supplementary file #1: Materials & Methods
The anti-fibrotic factor KLF4 is repressed by the miR-10/TFAP2A/TBX5 axis in dermal fibroblasts:
insights from twins discordant for systemic sclerosis.
Maya Malaab1#, Ludivine Renaud1#, Naoko Takamura1#, Kip D. Zimmerman2,3, Willian A. da Silveira4,
Paula S. Ramos1,5, Sandra Haddad6, Marc Peters-Golden7, Loka R. Penke7, Bethany J. Wolf5, Gary
Hardiman4,5, Carl D. Langefeld2,3, Thomas A. Medsger Jr.8, Carol A. Feghali-Bostwick1*

Subjects
A total of 15 female twin pairs discordant for SSc were recruited for this study (Table 1): 12 pairs European,
2 pairs African, and 1 pair Hispanic. All subjects have been previously described and zygosity of the samesex twin pairs confirmed.1 Seven twin pairs were discordant for dcSSc and 8 twin pairs were discordant for
lcSSc. Of the 7 dcSSc twins, 5 were monozygotic (MZ) and 2 dizygotic (DZ) twins. Of the 8 lcSSc twins,
5 were MZ and 3 DZ twins (Fig. 1a). Dermal fibroblasts (dFBs) were cultured (passage 3) from skin punch
biopsies obtained from all SSc and healthy twins as previously described.2 Skin was obtained from the arm
of healthy twins and dcSSc patients and the finger for lcSSc patients. Total RNA from all twins was
analyzed by RNAseq, and the genomic DNA (gDNA) of 6 dcSSc and 4 lcSSc twin pairs was analyzed for
DNA methylation. In addition, skin was obtained from the finger of 4 cadaveric donors as unrelated controls
(2 skin biopsies were sampled from each finger, n=8) to validate RNAseq data from the 8 lcSSc twins (Fig.
1b). To validate RNAseq data, qPCR was also performed on all twins and unrelated control samples. For
dcSSc patients with early disease (disease duration: 8-24 months), dFBs from 5 non-twin patients with early
dcSSc and 5 age-matched healthy twins were also analyzed by qPCR (Fig. 1c). This study was approved
by the Institutional Review Board of the University of Pittsburgh. Informed consent was obtained from all
participants. All research included in this manuscript conforms with the Declaration of Helsinki.
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duration (yrs)
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Disease
subtype

1
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10
12
16
4
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13
14
15

SSc twin
(A: affected)

Twin pair#

Table 1: Discordant twin pairs for SSc. Characteristics of the twin pairs discordant for SSc used for the DNA
methylation, gene expression analysis, and qRT-PCR gene expression validation. In total this study recruited 16 twin
pairs, all females, including 11 monozygotic (MZ) and 5 dizygotic (DZ) twin pairs. MZ: monozygotic; DZ: dizygotic;
ACA: anticentromere; RNA pol: anti–RNA polymerases; ATA: anti–topoisomerase I; U1: anti–U1 RNP; U3: anti–
U3 RNP; PL-7: anti-PL-7; PM-Scl: anti-PM-Scl; Unknown: autoantibodies did not recognize known autoantigens;
JT: joint or tendon; GI: gastrointestinal; DU: digital ulcers; LN: lung; RN: renal; yrs: years; yo: year old.
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Fig. 1: Patient allocation and disease progression. a, Allocation of the discordant twins for SSc for genome-wide
DNA methylation, RNAseq and qRT-PCR analyses. Amongst the 15 twins with SSc, 8 were diagnosed with lcSSc and
7 with dcSSc disease subtype. Total RNA from all twins (diseased and healthy) was analyzed by RNAseq, and the
gDNA of 6 dcSSc and 4 lcSSc twin pairs was analyzed for DNA methylation. b, Total RNA extracted from the skin
collected from the finger of cadavers (unrelated controls) was used to validate our RNAseq data in lcSSc twins. c, For
the early disease study (disease duration: 8-24 months), dFBs from 5 non-twin patients with early dcSSc and 5 healthy
twins (siblings to either dcSSc and lcSSc twins combined, age-matched to early dcSSc twins) were also analyzed by
qRT-PCR.
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Differential gene expression analysis by RNAseq
Total RNA was extracted from each dFB cell strain in passage 3 for gene expression analysis using the
CsCl-gradient purification method2. RNA integrity (RINs ≥ 8) was verified using Agilent 2200 TapeStation
(Agilent Technologies, Palo Alto, CA). RNAseq libraries were prepared for all dcSSc and lcSSc twin
samples using the TruSeq RNA Sample Prep Kit following manufacturer’s protocol (Illumina, San Diego,
CA) at the Hollings Cancer Center Genomics Core at MUSC (Fig. 2). Libraries were clustered at a
concentration to ensure at least 100 million reads per sample on the cBot as described by the manufacturer
(Illumina, San Diego, CA). Clustered RNA-seq libraries were paired-end sequenced using version 4 with
2X125 cycles on an Illumina HiSeq2500. Demultiplexing was performed utilizing bcl2fastq-1.8.4 to
generate Fastq files. A second paired-end RNAseq analysis for lcSSc twins and unrelated controls was
performed at Novogene with the NEBNext Ultra TM RNA library prep kit on the Illumina NovaSeq 6000
instrument.
Gene level analyses were completed using the OnRamp BioInformatics Genomic Research Platform
(OnRamp Bioinformatics, San Diego, CA)3 and the Novogene pipeline. Briefly, Fastq files quality control
was performed by FastQC, adapters were trimmed and filtered by CutAdapt, and alignment to the hg19
human genome was done by STAR RNAseq aligner. Gene-level count data were generated by HTSeq and
FeatureCounts, and differential expression analysis was carried out by DESeq2. For each gene, DESeq2
reported estimated log2 fold change (log2FC) and provided a false discovery rate (FDR) adjusted p-value
(q-value). Transcript count data were sorted according to their q-value. FDR is the expected fraction of
false positive tests among significant tests and was calculated using the Benjamini-Hochberg multiple
testing adjustment procedure. Differentially expressed (DE) genes were defined by q-value < 0.1 and
log2FC > 0.6 or log2FC < -0.6 for up and downregulation respectively.
Systems level analysis was performed using iPathwayGuide (Advaita Bioinformatics, Ann Arbor, MI), a
tool that uses a systems biology approach to identify pathways that are significantly impacted in any
condition from high-throughput gene expression data. The impact analysis incorporates the classical
probabilistic component of the magnitude of the expression changes of each gene, the position of the DE
genes on the given pathways, the topology of the pathway that describes how these genes interact, and the
type of signaling interactions between them. DE genes were also entered in ToppFun 4 for functional
enrichment.
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Genome-wide DNA methylation profiling
In addition to total RNA, gDNA was isolated from primary passage 3 dFBs of 12 twin pairs discordant for
SSc (Table 1), and 1 μg gDNA was treated with sodium bisulfite using the EZ 96-DNA methylation kit
(Zymo Research, USA), following the manufacturer's standard protocol. Genome-wide DNA methylation
was assessed using the Illumina Infinium HumanMethylation450 BeadChip (Illumina, USA), which
interrogates over 485,500 CpG sites that cover 99% of RefSeq genes (including the promoter, 5'UTR, first
exon, gene body, and 3'UTR), as well as 96% of CpG islands and island shores (Fig. 2). Arrays were
processed using the manufacturer's standard protocol. Location of individuals on arrays was randomized
to minimize potential confounding (e.g., batch effects). Sample files and Expression IDAT files were
imported into GenomeStudio Software v.1.9 (Illumina, USA) for primary evaluation of the data. This
included initial quality control.
The data was then analyzed with the R package Chip Analysis Methylation Pipeline (ChAMP);5 probes
with bead count < 3, CpG too close to a SNP and p-value > 1x10-5 (poor confidence that a given transcript
is expressed above the background defined by negative probes) were dropped. A total of 447,254 CpG sites
were analyzed. The data was normalized using beta-mixture quantile normalization (BMIQ) method. MDS
plots based on the 1,000 most variable methylation sites were created as a result of the normalization process
and examined for clustering; out of the 12 samples analyzed, 2 samples from individuals of different
ethnicity (African American and Hispanic) clustered together away from the European American (EA)
group, therefore these two samples were removed to obtain a more homogenous group consisting
exclusively of females EA (10 samples). Singular value decomposition (SVD) was applied to the matrix to
obtain the most significant components of variation. These components were observed in a heatmap
showing the association between the principal components and the biological factors. To adjust for batch
effects due to multiple chips, the ChAMP5 package employs “ComBat” which uses Empirical Bayes’
methods to correct for technical variation. Methylation variable position (MVP) and differentially
methylated regions were defined using Limma and the hunting algorithm “probe lasso”. The Beta values
were exported into output table for further analysis based on normalized data batch corrected.
A paired t-test was performed for each CpG site to test the null hypothesis that the mean difference of Beta
values for each set of twins is zero (μ=0). All data for MZ twins (9 pairs) were analyzed first followed by
a replication of that analysis with the data for dizygotic twins (1 pair). A meta-analysis of the two separate
analyses was then performed using METAL6 to get a single p-value for each CpG site. False discovery rate
(FDR) q-values were then calculated for each site and top results were evaluated. Since no differentially
methylated cytosine was identified with FDR-corrected P < 0.05, unadjusted P-values are reported.
Significant differentially methylated (DM) genes were defined by P < 1.0E-04 and W Beta > 0.20 or W
Beta < -0.20 for increased and reduced methylation respectively.
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Quantitative real-time PCR (qPCR)
Total RNA was extracted using the CsCl-gradient purification method,2 and cDNA synthesized using
SuperScript IV Reverse Transcriptase following the manufacturer instructions by Thermo Fisher Scientific,
using 1µg of RNA as template. For each sample, 5uL of Taqman gene expression master mix, 3L of
nuclease-free water, 0.5L of GAPDH or B2M (housekeeping gene controls) VIC primer and 0.5L of the
corresponding target FAM primer were added to 1L of undiluted cDNA from the above reaction. Primers
were purchased from Thermo Fisher Scientific (Table 2). Primers were duplexed with the housekeeping
gene primers. The reaction was performed using StepOne Plus Real time PCR machine by Applied
Biosystems using the following protocol: A. Holding stage: 1) 15 mins at 48°C, 2) 10 mins at 95°C. B.
Cycling Stage: 1) 1min at 95°C, 2) 1min at 60°C for a total of 40 cycles. Data were analyzed using the
quantitative ΔΔCt method normalized to GAPDH. Samples with low expression levels of the target gene
and whose Ct value was greater than 40, were given a Ct value of 41 by convention.
For miRNA qPCR, cDNA was synthesized using TaqMan™ Advanced miRNA cDNA Synthesis Kit
(Applied Biosystems, Germany) following the manufacture instructions. Briefly, 10 ng of total RNAs were
extended by Poly(A)-tailing reaction, using 0.5 μl 10X Poly(A) Buffer, 0.5 μl 10 mM ATP, and 2.5 U
Poly(A) polymerase. The mixture was incubated for 45 min at 37°C and 10 min at 65°C, then subjected to
adaptor ligation reaction. The adaptor ligation reaction product was converted into cDNA through reversetranscriptase reaction contained 1.2 μl of 25 mM dNTPs, 3 μL of 10X Reverse Transcriptase, 6 μl of 5X
Reverse Transcription Buffer, 1.5 μl of 20X Universal RT primer, 3.3 μl nuclease-free water. The mixture
was incubated for 15 min at 42 °C and for 5 min at 85 °C. The miR-Amp Reaction was performed before
proceeding qPCR. Next, 5 L of Taqman fast advanced gene expression master mix, 2 L of nuclease-free
water, 0.5 L of the corresponding target FAM primer were added to 2.5 L of undiluted cDNA from the
above reaction. The reaction was performed using StepOne Plus Real time PCR machine by Applied
Biosystems using the following protocol: A. Holding stage: 20 secs at 95°C, B. Cycling Stage: 1) 1 sec at
95°C, 2) 20 secs at 60°C for a total of 40 cycles. Data were analyzed using the quantitative ΔΔCt method
normalized to miR-191-5p.
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Table 2: Gene primers. List of human and mouse primers for genes of interest quantified by qRT-PCR in this study.
All reagents are from Thermo Fisher Scientific unless stated otherwise in the table.
Primer
SMA/ACTA2
SMA/ACTA2
B2M
COL1A1
COL1A1
CTGF
CTGF
FN/FN1
FN/FN1
GAPDH
HOXA1
HOXA10
HOXA11
HOXA11-AS
HOXA13
HOXA5
HOXB1
HOXB2
HOXB3
HOXB4
HOXB5
HOXB6
HOXB7
HOXB8
HOXC10
HOXC4
HOXC5
HOXC6
HOXD10
HOXD4
hsa-miR-10a-5p
hsa-miR-10b-5p
hsa-miR-191-5p
KLF4
KLF4
NANOG
OCT4/POU5F1
SOX2
TBX5
TFAP2A
WNT2
WNT4
WNT16

Species
Human
Mouse
Mouse
Human
Mouse
Human
Mouse
Human
Mouse
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Mouse
Human
Human
Human
Human
Human
Human
Human
Human

Catalog #
Hs00426835_g1
Mm00725412_s1
Mm00437762_m1
Hs00164004_m1
Mm00801666_g1
Hs01026927_g1
Mm01192933_g1
Hs00365052_m1
Mm01256744_m1
Hs02758991_g1
Hs00939046_m1
Hs00172012_m1
Hs00194149_m1
Hs03296531_m1
Hs00426284_m1
Hs00430330_m1
Hs00157937_m1
Hs01911167_s1
Hs01587922_m1
Hs00256884_m1
Hs00357820_m1
Hs00980016_m1
Hs04187556_m1
Hs00256885_m1
Hs00213579_m1
Hs03043989_m1
Hs00232747_m1
Hs00171690_m1
Hs00157974_m1
Hs01117477_g1
479241_mir
478494_mir
477952_mir
Hs00358836_m1
Mm00516104_m1
Hs02387400_g1
Hs04260367_gH
Hs01053049_s1
Hs00361155_m1
Hs01029413_m1
Hs00608224_m1
Hs01573505_m1
Hs00365138_m1
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Silencing assays
Normal dFBs (passages 3-7) from healthy non-twin patients were used to determine the effect of silencing
miR-10a-5p, miR-10b-5p, TBX5, TFAP2A and KLF4 on genes of interest. Briefly, dFBs were plated in 6well plates at 200,000 cells/well and allowed to adhere overnight. The media was switched to 1 mL/well
DMEM with 10% FBS but without antibiotics or antimycotics. 500 µL of OptiMEM-I (Gibco by Life
Technologies) was mixed with 5 µL of lipofectamine 2000 (Invitrogen) and 1.5 µL of the silencing reagent,
and added to each well to achieve a final siRNA concentration of 100 nM for KLF4 (72hrs transfection),
TBX5 and TFAP2A (24hrs transfection), and final antagomiR concentration of 100 nM for miR-10a-5p and
miR-10b-5p (48hrs transfection). See Table 3 for reagent specifics.
Table 3: Reagents. List of all reagents used in this study for specific applications, including gain and loss of function
studies and Western blot analysis (WB).
Reagent - company name
TBX5 siRNA by Dharmacon
TFAP2A siRNA by Dharmacon
microRNA Hairpin Inhibitor Negative Control #1
- miRIDIAN by Dharmacon
miR-10a-5p antagomir - miRIDIAN by
Dharmacon
miR-10b-5p antagomir - miRIDIAN by
Dharmacon
hsa-miR10a-5p-mimic - miRIDIAN by
Dharmacon
hsa-miR10b-5p-mimic - miRIDIAN by
Dharmacon
Mimic negative control#1 - miRIDIAN by
Dharmacon
KLF4 siRNA - Dharmacon
Ad-h-KLF4 – Vector Biolabs
Ad-CMV-Null (control virus) – Vector Biolabs
Antibody KLF4 goat polyclonal - R&D
Antibody COL1A1 mouse monoclonal - Santa
Cruz
Antibody FN/FN1 mouse monoclonal - Santa
Cruz
Antibody SMA/ACTA2 rabbit polyclonal Abcam
Antibody CTGF mouse monoclonal - Santa Cruz
Antibody GAPDH mouse monoclonal - Santa
Cruz
Antibody -catenin mouse monoclonal - NOVUS
Antibody -actin mouse monoclonal – Santa Cruz
Antibody histone H3 rabbit polyclonal – Cell
Signaling
Mouse; Anti-Mouse IgG (H+L), HRP Conjugate Promega
Rabbit; Rabbit IgG HRP Linked Whole Ab - GE
Healthcare
Goat; mouse anti-goat IgG-HRP - Santa Cruz

Application
Loss of function in normal dFBs, tranfected for
24hrs
Loss of function in normal dFBs tranfected for
24hrs
Loss of function in normal dFBs, tranfected for
48hrs
Loss of function in normal dFBs, tranfected for
48hrs
Loss of function in normal dFBs, tranfected for
48hrs
Gain of function in SSc dFBs transfected for
72hrs
Gain of function in SSc dFBs transfected for
72hrs
Gain of function in SSc dFBs transfected for
72hrs
Loss of function in normal dFBs, tranfected for
72hrs
Gain of function in normal dFBs, tranfected for
24hrs (TGF stimulation experiment for 72hrs)
Gain of function in normal dFBs, tranfected for
24hrs (TGF stimulation experiment for 72hrs)
WB
WB
WB
WB
WB
WB

Catalog #
s13834
s14004
IN-001005-01-05
C-300549-03-0002
C-300550-07-0002
C-300549-03-0004
C-300550-07-0005
CN-001000-01-05
L-005089-00-0005
1787
1300
AF3640-SP
sc-293182
sc-8422
ab5694
sc-365970
sc-47724

Nuclear chromatin fractions

NBP1-54467

Nuclear chromatin fractions

sc-47778

Nuclear chromatin fractions
WB
WB
WB

#9715
W402B
NA934
sc-2354
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miR-10a-5p and miR-10b-5p mimic transfection
Skin fibroblasts from early diffuse SSc were plated in 6-well plates at 150,000 cells/well and allowed to
adhere overnight. The media was changed to 1mL/well DMEM with 10% FBS without antibiotics or
antimycotics. 500uL of Opti-MEM-I was mixed with 5uL of lipofectamine 2000 and miR mimic at a final
concentration of 50nM. Cells were incubated for 72 hours and harvested for western blot analysis.
Adenoviral-mediated KLF4 overexpression and TGF stimulation
Normal dFBs (passages 3-7) were plated in 6-well plates at 150,000 cells/well in DMEM with 10% FBS
and 1% antibiotic/antimycotic and infected with replication-deficient adenovirus, ad-NULL or ad-KLF4,
for 24hrs at MOI of 50. In both groups, cells were serum starved for 1hr and then treated with either TGF1
at 5 ng/mL concentration or vehicle for 72hrs prior to harvesting. See Table 3 for reagent specifics.
Ex vivo human skin organ culture
Normal human skin was obtained from residual tissue following plastic surgery. All tissues were obtained
according to the guidelines of the Medical University of South Carolina Institutional Review Board without
any identifiers. The ex vivo human skin organ culture model was used as previously described7, 8. Three 3mm skin punches were placed in each well of a 6-well plate with the epidermal side up. Skin punches were
cultured in an air-liquid interface in serum free DMEM with antibiotics and antimycotics containing
10ng/mL of TGF1 or vehicle control for 1 hour, then following which 1.5l of 1x1010 PDF/mL ad-NULL
or ad-KLF4 were added. Skin punches were harvested at 24 hours for further analysis.
Western blotting analysis
Plates were rinsed with 1X PBS once and the fibroblasts were scraped directly in 2X sodium dodecyl sulfate
gel-loading buffer (100 mmol/L Tris-Cl, pH 6.8, 200 mmol/L mercaptoethanol, 4% sodium dodecyl sulfate,
0.2% bromophenol blue, 20% glycerol). Samples were separated by 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis and transferred onto nitrocellulose blotting membranes (GE Healthcare
Life science). Membranes were then blocked with 5% milk and incubated with primary antibodies specific
for genes of interest and the housekeeping gene GAPDH (Table 3). Signals were detected using a
horseradish peroxidase-conjugated secondary antibody and the Western Lightning Plus-ECL enhanced
chemiluminescence substrate (PerkinElmer, Inc, MA, USA).
KLF4 conditional knock-out mice
To investigate the specific role for KLF4 in dermal fibroblasts in vivo, Col12Cre/Klf4fl/fl floxed mice
were generated at the University of Michigan by Dr. Peters-Golden as previously described.9 Briefly,
Klf4loxP/wt mice (strain B6.129S6-Klf4tm1Khk/Mmmh purchased from MMRRC) were intercrossed to
obtain homozygous floxed Klf4 (Klf4fl/fl) mice. Specific PCR primers for exon 1 and exon 2 were used
(5’-CTG GGC CCC CAC ATT AAT GAG-3’ and 5’-CGC TGA CAG CCA TGT CAG ACT-3’
respectively) to confirm the homozygosity of floxed allele for Klf4. Female Klf4fl/fl mice and male
Col12-Cre-ER(T)+/0 mice were bred on a C57BL/6 background to obtain Klf4fl/WT Col12-CreER(T)+/0 mice. Once established, a female Klf4fl/fl mouse was bred with a male Klf4fl/WT Col12-CreER(T)+/0 mouse to generate tamoxifen-inducible fibroblast-specific Klf4-deficient mice Col12-CreER(T)+/0 Klf4fl/fl (abbreviated KLF4-KO). Cre genotyping was performed as we described previously9
by qPCR method using primers Cre_Fwd 5’-CGGTTATTCAACTTGCACCA-3’ and Cre_Rev 5’AGGTTCGCAAGAACCTGATG-3’. Col12-Cre-ER(T)+/0 Klf4fl/fl mice were treated with Tamoxifen
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(Sigma-Aldrich) from a stock of 10 mg/mL Tamoxifen (obtained by diluting 100 mg/mL tamoxifen in
ethanol in corn oil) by intraperitoneal (IP) injection daily for 15 days of diluted stock of tamoxifen
suspension at 0.1 mL/mouse. Control group (Ctrl) received equal volume of corn oil for the same duration.
Skin was harvested for measurement of hydroxyproline assay and histology. Dermal dFBs were cultured
and used in passage 3. RNA was extracted from dFBs using the RNeasy kit (Qiagen). All studies were
approved by the University of Michigan IACUC.
Hydroxyproline assay
For measurement of hydroxyproline content, 3-mm skin punch biopsies were collected from KLF-4
conditional KO mice or controls. Hydroxyproline assay was carried out as previously described 10. Briefly,
samples were digested for 4 hours at 100C in 1mL of 6 N HCL, 20L of digested samples were plated in
96 well plates and evaporated for 2 hours at 65C. 100L chloramine T solution was added to each well
and incubated for 15 min at room temperature, then 100L Erlich’s solution was added and incubated at
65C for 15 min. 560nM absorbance was measured with a SYNERGY H1 microplate reader (Biotec,
Winooski, VT, USA). Collagen content was calculated by comparison to a standard curve generated with
cis-4 hydroxy-L-proline (6.25–400 μg/mL; Sigma-Aldrich).
Mouse fibroblast nuclear chromatin fractions
Fibroblasts from KLF4-KO or control mice were grown in 6-well dishes for 4-5 days until they reached 8090% confluency. The chromatin fraction was obtained using the Subcellular Protein Fractionation Kit for
Cultured Cells (Thermo ScientificTM,# 78840) according to the manufacturer’s instructions. See Table 3
for reagent specifics.
Masson’s trichrome staining
Mouse skin samples were fixed in 10% neutral-buffered formalin, embedded in paraffin, sectioned, and
stained with Masson’s trichrome staining reagents. Images were captured on an Axio Observer Microscope
(Carl Zeiss Microscopy GmbH, Oberkochen, Germany) using identical camera settings.
Statistical Analysis
GraphPad Prism 8 version 8.2.1 (GraphPad Software, Inc.) was used for statistical analysis. When
applicable, we used a two-tailed unpaired t-test with 95% confidence level (figures 1B, 3B, 4A-C), a twotailed Wilcoxon test with 95% confidence level (figures 2B-C, 3D-E), a RM one-way ANOVA with HolmSidak’s multiple comparisons test (figures 2E-F, 3F) and a two-tailed Mann-Whitney test with 95%
confidence level (figure 3A). P<0.05 was considered significant: *P<0.05, **P<0.01, ***P<0.001,
****P<0.0001. Error bars = SEM.
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