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Figure S5. Related to Figure 1. Genes induced by TNF in the MSigDB Hallmark 

gene set called "Interferon Alpha Response" are repressed by IL-17A. 

(A,C,E) Volcano plots, showing fold change estimates and p-values for the contrast of TNF and 

IL-17A (10 ng/mL) versus TNF. The top 10 genes with lowest p-values are highlighted in red. 

The titles indicate the number of genes measured in RNA-seq Data 1 and the total number of 

genes in the gene set, e.g. 96 of the 97 genes in the MSigDB Hallmark gene set called 
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"Interferon Alpha Response" are measured in RNA-seq Data 1. (B,D,F) Expression over time, 

shown as mean +/- SEM of the Log2 transcripts per million (TPM). 
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Figure S6. Related to Figure 2. ENCODE CUX1 ChIP-seq peaks in promoters of 

CXCL2, CXCL3, C15orf48 (NMES1), IL6, and near CXCL6. 

(A) We used UCSC Genome Browser to visualize CUX1 ChIP-seq data 

(https://www.encodeproject.org/targets/CUX1-human/) in three cell lines: MCF-7, K562, 

GM12878. ChIP-seq tracks show fold change over control and optimal IDR peak calls. We also 

show H3K27Ac (7 cell lines from ENCODE) and DNase 1 hypersensitivity peak clusters from 

ENCODE (95 cell types). (B) A 74 bp sequence with motifs for NFKB1, CUX1, and STAT3 is 

only present in the promoters of CXCL1, CXCL2, CXCL3, and CXCL1P1. We used the following 

human genomic sequence of 74 nucleotides (hg38 chr4:74038713-74038786 strand=+) as a 

query with NCBI BLAST: 

GGATCGATCTGGAGCTCCGGGAATTTCCCTGGCCCGGCCGCTCCGGGCTTTCCAGTCTCA

ACCATGCATAAAAA 

We queried against “Human genomic plus transcript (Human G + T)” and found 7 hits. 3 hits 

were on transcripts (CXCL3 mRNA, CXCL2 mRNA, and uncharacterized LOC105377275). 4 

hits were on genomic sequences, shown in this figure to be located at the promoters of CXCL1, 

CXCL2, CXCL3, and pseudogene CXCL1P1. 
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Figure S7. Related to Figure 2. Efficiency of silencing each transcription factor 

with siRNA, and effects of transcription factor silencing on selected genes.  

(A) CUX1, LIFR, STAT3, and STAT4 were effectively silenced by siRNA. We cultured 4 RA 

synovial fibroblast cell lines and measured silencing efficiency in each one. For CUX1, LIFR and 

STAT3 siRNA, the silencing efficiency was measured at basal conditions. For STAT4 siRNA, it 

was quantified 16 hours after costimulation with TNF and IL-17A. (B) qPCR analysis of the 

cDNA libraries prepared for RNA-seq. We show results for CCL7, CCL8, CCL20, IL6, CXCL3, 

CXCL2, CXCL1. After incubating 4 cell lines with siRNAs for CUX1, LIFR, STAT3, or STAT4, 

we measured the selected genes with qPCR relative to GAPDH. Transcription of CXCL1, 

CXCL2, and CXCL3 is repressed after silencing CUX1, but not as much after silencing LIFR, 

STAT3, or STAT4. Transcription of CCL7, CCL8, CCL20, and IL6 is repressed after silencing 

LIFR, but not as much after silencing CUX1. Dots represent mean fold change relative to control 

siRNA, and error bars represent 95% confidence intervals. Black color indicates FDR < 0.05. 
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Tables 

Table 1. HOMER de novo motifs in gene promoters. 

Best Match P 
FG 
(%) 

BG 
(%) 

Consensus Promoters 

NFkB-p65-
Rel(RHD)/ThioMac-LPS-
Expression(GSE23622) 

10-12 16 0.0043 
CAGGGAATTTCC 

CXCL1, CXCL2, CXCL3, 
CXCL6 

CUX1/MA0754.1/Jaspar 
10-10 16 0.016 

TCCGGATCGATC 
CXCL1, CXCL2, CXCL3, 
PIM2 

Nur77(NR)/K562-NR4A1-
ChIP-Seq(GSE31363) 

10-10 16 0.025 
ACCTTYMCAWKA 

CCL20, CSF2, MMP3, 
TNFSF13B 

REL/MA0101.1/Jaspar 
10-9 20 0.11 

TCCGGGSTTTCC 
CXCL1, CXCL2, CXCL3, 
NFKBIZ, PTGS2 

GLI2/MA0734.1/Jaspar 
10-9 16 0.027 

GACCGCGCTGGC 
C15orf48, CD83, G0S2, 
IL4I1 

Hic1/MA0739.1/Jaspar 
10-8 24 0.51 

GCGATGGCCC 

C15orf48, CCL20, CXCL1, 
CXCL2, CXCL3, G0S2, 
NFKBIZ 

EWSR1-
FLI1/MA0149.1/Jaspar 

10-7 12 0.019 
GAAGGAAGGCGA CXCL1, CXCL2, CXCL3 

JUND/MA0491.1/Jaspar 
10-6 20 0.56 

GACTCATCCT 
CCL7, CSF2, IL11, MMP3, 
NFKBIZ 

 

HOMER de novo motif analysis of the promoters of 25 genes with statistically significant 

difference (log2 FC > 1.5 and FDR < 0.05) for 10 versus 1 ng/mL of IL-17A. For each discovered 

motif, we show the name of a known motif that is similar to the newly discovered motif, the 

hypergeometric p-value from HOMER, the percent of matches in the foreground (FG) gene set 

of 25 genes, the percent of matches in the background (BG) gene set of 39,486 genes, and the 

list of genes in the foreground that have a match for the motif. 
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Supplemental Tables 

Table S1. Full analysis of Microarray Data 1. 

We calculated fold-changes, 95% confidence intervals, p-values, and q-values for each gene: 

effect of IL-17A versus media, TNF versus media, and TNF and IL-17A versus TNF. 

Table S2. Full analysis of Microarray Data 2. 

We calculated fold-changes, 95% confidence intervals, p-values, and q-values for each gene: 

effect of TNF versus media, TNF and IL-17A versus media, and TNF and IL-17A versus TNF. 

Table S3. Full analysis of RNA-seq Data 1. 

We calculated fold-changes, 95% confidence intervals, p-values, and q-values for each gene: 

effect of TNF at each time point versus 0h, TNF and IL-17A (1 ng/mL) versus TNF, and TNF 

and IL-17A (10 ng/mL) versus TNF. This table also includes the category for each gene, as 

defined in Figure 1D. 

Table S4. Full analysis of RNA-seq Data 2. 

We calculated average expression, 95% confidence intervals, p-values, and q-values for each 

gene: average expression for control siRNA at 0, 1, 6, 16h after stimulation with TNF and IL-17A 

(0 or 1 ng/mL IL-17A). 

Table S5. Sequences of primers used in qPCR and ChIP assays. 

We used the provided sequences for qPCR and ChIP experiments assaying IL-6, GAPDH, 

STAT3, STAT4, CUX1, LIFR, CXCL1, CXCL2, CXCL3, LIF, IL-8, CCL20. 
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Methods 

Cell Lines and Reagents 

Human synovial fibroblasts were isolated as previously described (Kiener et al., 2006) from 

tissues discarded after synovectomy or joint replacement surgery. Each line was derived from a 

unique donor and used experimentally between passages 5 and 8.  Cells were maintained in 

Dulbecco’s modified Eagle’s medium (DMEM, Gibco) supplemented with 10% fetal bovine 

serum (FBS; Gemini), 2 mM L-glutamine, 50 µM 2-mercaptoethanol, antibiotics (penicillin and 

streptomycin), and essential and nonessential amino acids (Life Technologies). The following 

antibodies were used: anti-CUX1 (EMD Millipore); anti-p100/p52, anti-IκBζ (Cell Signaling 

Technology); anti-p65 (Santa-Cruz); anti-β-tubulin (Sigma); anti-CD45, anti-CD11b, anti-CD66b, 

(BioLegend);  anti-CD14 (eBioscience). Other reagents were purchased from the following 

vendors: IL-6, IL-8, CCL2 and MMP3 ELISA kits, TNF, IL-17A (R&D Systems). All siRNAs 

(Silencer Select) were purchased from Life Technologies. 

Immunoprecipitation 

Total cell lysates were collected by washing cells once with cold PBS followed by addition of 

lysate buffer (50mM HEPES pH 7.5, 5% glycerol, 100 mM NaCl, 0.25% TritonX-100, 

supplemented with a protease inhibitor cocktail (Roche) and phosphatase inhibitors (sodium 

orthovanadate, sodium fluoride, and beta-glycerol phosphate). Cells were lysed for 30 minutes 

on ice followed by centrifugation at 15000rpm for 15 minutes at 4oC.  Immunoprecipitation was 

done overnight at 4oC using Protein A resins together with a rabbit antibody against the relevant 

target. 

Quantitative Real-Time PCR 

mRNA samples were extracted from cells using an RNeasy Micro Kit (Qiagen). cDNA synthesis 

was carried out using the QuantiTect Reverse Transcription Kit (Qiagen). qPCR reactions were 

performed in duplicate using the Brilliant III Ultra-Fast SYBR reagent (Agilent). qPCR primers 
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are listed in Table S5. Relative transcription level was calculated by using the ΔΔCt method with 

GAPDH as the normalization control. Fold induction was calculated by dividing the normalized 

mRNA at a certain time point with that at time 0hr. Fold change is the ratio of the normalized 

mRNA from cells expressing a specific siRNA vs. Ctrl siRNA. 

Chromatin Immunoprecipitation Assays 

Fibroblasts were stimulated with TNF (1 ng/mL) + IL-17A (1 ng/mL) for different durations of 

time as indicated followed by fixation with formaldehyde (1% final concentration) for 10 minutes. 

Cells were lysed in swelling buffer for 15 minutes (25mM HEPES pH 7.8, 1.5 mM MgCl2, 10mM 

KCl, 0.1% NP-40, 1mM DTT, protease inhibitor cocktail) then in sonication buffer (50mM 

HEPES pH 7.8, 140mM NaCl, 1mM EDTA, 0.1% SDS, 1% TritonX-100 supplemented with 

protease inhibitor cocktail). Samples were sonicated for 2 minutes with 20-second pulse 

intervals and 1 minute off at each interval at 4oC using a Qsonica sonicator set at 28% output. 

Chromatin was immunoprecipitated using Dynabead Protein A resins (Life Technologies) 

together with a rabbit antibody against the relevant target at 4oC overnight. DNA was purified 

using the phenol/chloroform precipitation method. The amount of DNA precipitated was 

quantified using qPCR. Fold recruitment was calculated by dividing the amount of ChIP-ed DNA 

at indicated time point (normalized with input DNA) with that at 0hr (normalized with input DNA). 

ChIP primers are listed in Table S5. 

Western Blotting 

Total cell lysates were collected by washing cells once with cold PBS followed by addition of 

lysate buffer (50mM HEPES pH 7.5, 10% glycerol, 100 mM NaCl, 0.1% SDS, 1% NP-40, 

supplemented with protease inhibitors and phosphatase inhibitors sodium orthovanadate, 

sodium fluoride, and beta-glycerol phosphate). Cells were lysed for 30 minutes on ice followed 

by centrifugation at 15000rpm for 15 minutes at 4oC. Protein concentration was measured by 

the microBCA kit (Pierce). Equal amounts of total protein (~20 µg per lane) were separated on 
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an 8% SDS-PAGE gel. Proteins were transferred onto a PVDF membrane and blocked with 5% 

BSA in PBS and probed with primary antibodies overnight at 4oC, followed by secondary 

antibodies conjugated with IRDye 680 or 800 (Rockland). Membranes were scanned with a Li-

COR Odyssey scanner.   

Leukocyte Migration 

Fibroblasts were transfected with a control siRNA, or siRNA against a gene by reverse 

transfection using the RNAiMax reagent (Life Technologies) on day 1. The following day, cells 

were switched to 0.5% serum media and after 24 hours they were stimulated with TNF (0.5 

ng/mL) + IL-17A (0.5ng/mL) for another 24 hours before supernatants were collected and added 

to the bottom well of a 24-well plate. Neutrophils (PMNs) purified from blood using the neutrophil 

isolation kit (Stem Cell Technologies) and peripheral blood mononuclear cells (PBMC) 

containing monocytes purified from blood using Ficoll isolation technique were then introduced 

to the top well (Corning, 3µm pores insert) at the concentration of 1 million 1x106 cells per mL 

for PMNs and 2x106 cells per mL for PBMC. After 75 mins (PMN migration) or 3 hours 

(monocyte migration), cells from the bottom well were collected and the number of neutrophils, 

monocytes recruited toward the bottom well were quantified by flow cytometry using (anti-

CD66b and anti-CD11b for neutrophils), (anti-CD14 and anti-CD45 for monocytes), and cell 

numbers were normalized using counting beads (Spherotech). 

RNA-seq Expression Profiling 

Fibroblasts were plated on day 1 at 50,000 cells per well in 24-well plates in 10% FBS 

containing media. Cells were serum-starved on day 2 by changing to 1% FBS-containing media.  

Cells were either left unstimulated or stimulated with TNF (1 ng/mL) or TNF (1 ng/mL) + IL-17A 

(1 ng/mL) for various durations of time. Samples were collected and RNA was extracted using 

the RNeasy Micro Kit (Qiagen). RNA-seq libraries were prepared with the Smart-Seq2 protocol. 
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siRNA Silencing 

Fibroblasts were transfected with an siRNA by reverse transfection at 30 nM using the RNAi 

Max reagent (Life Technologies) in 10% FBS containing media. Cells were then switched to 

serum-starving media containing 1% FBS on day 2.  Cells were stimulated as indicated on day 

3. Efficiency of siRNA silencing was assessed by qPCR (Figure S7). 

Data Visualization 

All of the figures were created with R (https://www.R-project.org) and many supporting 

packages, including: ggplot2, ggrepel, patchwork, RColorBrewer, seriation, viridis. 

Microarray Data Analysis 

We normalized the data from 60 microarrays with the robust multi-array averaging (RMA) 

algorithm (Irizarry et al., 2003) from the oligo R package (Carvalho and Irizarry, 2010), 

downloaded from Bioconductor (Huber et al., 2015). To assess quality of the microarray data, 

we looked at the Normalized Unscaled Standard-Errors (NUSE) and Relative Log-Expression 

(RLE), and decided to keep all microarrays in our analysis. 

We used the BioMart R package (Durinck et al., 2005, 2009) (from Bioconductor) to 

download gene names and identifiers for all of the oligonucleotide probe identifiers that match 

the array name "affy_hugene_1_0_st_v1". We averaged all of the probes for each gene. 

 We assess the quality of expression data for each array as follows. For each array, we 

computed the median M RMA expression value across all genes. For each gene, we computed 

the percent P of microarrays with expression greater than M. We defined a set of 7,891 genes 

with P > 90% and call them "common genes". In other words, the common genes had high 

expression in most microarrays. For each microarray, we computed how many of the common 

genes had expression greater than M. This is the percent of common genes detected for each 

microarray. All of the 60 microarrays detected 97% or more of the common genes, so we 

decided to keep all of them in our analysis. 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 11, 2019. ; https://doi.org/10.1101/571315doi: bioRxiv preprint 

https://doi.org/10.1101/571315
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 
Slowikowski, Nguyen, et al. Mediators of response to TNF and IL-17A in stromal fibroblasts 

45 
 

We used the limma R package (Ritchie et al., 2015) to fit a linear model to each gene 

and test for differential gene expression across contrasts of interest. For Microarray Data 1, we 

fit the following model: 

GeneExpression ~ TimeFactor + TreatmentFactor 

TimeFactor represents 7 indicator variables, one for each time point (we excluded t = 0). 

TreatmentFactor represents 3 indicator variables, one for each treatment: (1) IL-17A, (2) TNF, 

and (3) TNF and IL-17A. We illustrate the experimental design in Figure S1A. 

For Microarray Data 2, we fit the following model: 

GeneExpression ~ TreatmentFactor 

TreatmentFactor represents 3 indicator variables, one for each treatment after 24 hours: 

(1) media, (2) TNF, and (3) TNF and IL-17A. We illustrate the experimental design in Figure 

S2B. 

RNA-seq Data Analysis 

We used kallisto (version 0.43.1) (Bray et al., 2016) to quantify transcripts per million (TPM) for 

all of the transcripts reported in Ensembl release 89 (Aken et al., 2016). To get TPM for each 

gene, we added the TPM values for all of the transcripts that belong to a gene. 

 We assessed the quality of each RNA-seq sample with a similar approach to the 

microarray data analysis. For each gene, we computed the percent P of 175 samples with 

expression greater than 0. We defined a set of 12,087 genes with P > 90% and call these the 

"common genes". These are genes for which expression was detected in most samples. For 

each sample, we computed how many of the common genes had expression greater than 0. 

This is the percent of common genes detected for each sample. All of the 175 samples detected 

98% or more of the common genes, so we kept all of them in our analysis. 
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We used the limma R package (Ritchie et al., 2015) to fit a linear model to each gene 

and test for differential gene expression across contrasts of interest. For RNA-seq Data 1, we fit 

the following model: 

GeneExpression ~ TimeFactor + DoseFactor 

TimeFactor represents 8 indicator variables: one for each time point after stimulation with TNF. 

DoseFactor represents 2 indicator variables: one for TNF and IL-17A (1 ng/mL), and one for 

TNF and IL-17A (10 ng/mL). 

We used the CAMERA algorithm from the LIMMA package to compute gene set 

enrichment p-values with gene sets from MSigDB (Liberzon et al., 2015). 

We used HOMER (Heinz et al., 2010) to find transcription factor binding motifs that are 

overrepresented in promoter sequences. First, we selected 26 genes with at least 1.5 log2 fold-

change (2.83 fold-change) greater expression for 10 versus 1 ng/mL IL-17A at 5% false-

discovery rate (FDR). We ran the findMotifs.pl script with the Ensembl gene identifiers for these 

26 genes as input to find motifs overrepresented in their promoters relative to the background of 

all other genes. HOMER accepted 25 of the 26 genes for analysis. 

We assessed the power gained in RNA-seq Data 1 by comparing results from analysis 

of the full data with 9 time points (0, 2, 4, 6, 8, 10, 12, 18, 24 hours) and results from analysis of 

a subset of the data with 2 time points (0, 24 hours). In the full analysis and the subset analysis, 

we fit two linear models (reduced model and full model) and computed the F statistic to test how 

many genes have a significantly better fit with the full model at FDR < 0.05. 

Reduced model: GeneExpression ~ TimeFactor 

Full model: GeneExpression ~ TimeFactor + DoseFactor 

We found 253 genes were significantly better fit by the full model than the reduced model when 

we used 9 time points. In contrast, we found 144 genes when we used 2 time points. 
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Supplemental Information 

Data availability 

Microarray Data 1, Microarray Data 2, RNA-seq Data 1, and RNA-seq Data 2 will be 

available at NCBI GEO upon publication. 
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