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Abstract

Objective: As previous studies indicate that metabolism is altered in rheumatoid arthritis (RA) 

fibroblast-like synoviocytes (FLS), we hypothesize that changes in the genome-wide chromatin 

and DNA states of genes associated with nutrient transporters would help to identify activated 

metabolic pathways in RA FLS.

Methods: Data from a previous comprehensive epigenomic study in FLS were analyzed 

to identify differences in the genome-wide states and gene transcription between RA and 

osteoarthritis (OA). Single nearest genes to regions of interest were utilized for pathway analyses. 

HOME’s promoter analysis was used to identify enriched motifs for transcription factors. Role of 

SLC transporters and glutamine metabolism by RA FLS was determined by siRNA knockdown, 

functional assays, and incubation with CB-839, a glutaminase inhibitor. 1H-NMR was performed 

to quantify metabolites.

Corresponding author: Monica Guma, MD, PhD., University of California, San Diego (UCSD), 9500 Gilman Dr. MC 0663, La Jolla, 
CA, 92093-0663, +1 858-822 6523, mguma@health.ucsd.edu.
*these authors contributed equally as first co-authors
AUTHOR CONTRIBUTIONS
ANT, RC and JMS performed the FLS experiments, BP, RA, GN analyzed the epigenetic datasets, IC conducted the RNA-Seq 
experiment, JMS performed and interpreted the MRS analysis. ESL, AM, WW, GF and MG analyzed and interpreted the experiments. 
MG designed the project, supervised the overall project and wrote the manuscript.

Authors do not have any conflict of interest.

CONFLICTS OF INTEREST
The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

HHS Public Access
Author manuscript
Arthritis Rheumatol. Author manuscript; available in PMC 2023 July 01.

Published in final edited form as:
Arthritis Rheumatol. 2022 July ; 74(7): 1159–1171. doi:10.1002/art.42077.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Results: As per the unbiased pathway analysis, “SLC-mediated transmembrane transport” was 

one pathway associated with differences in at least 4 genome-wide states or gene transcription. 34 

amino acid and other nutrients transporters were associated with a change in at least 4 epigenetic 

marks. Functional assays revealed that SLC4A4 was critical for invasion and that glutamine was 

sufficient as an alternate source of energy to glucose. Experiments with CB-839 demonstrated 

decreased RA FLS invasion and proliferation. Finally, enrichment of motifs for c-MYC was found 

in several nutrient transporters.

Conclusion: This study demonstrates that changes in the epigenetic landscape of genes related 

to nutrient transporters and metabolic pathways identify RA-specific targets, including critical 

SLC transporters, enzymes, and transcription factors, to develop novel therapeutic agents.

Introduction

Metabolomic studies show that rheumatoid arthritis (RA) is associated with metabolic 

disruption. (1, 2) This is likely a reflection of the increased bioenergetic and biosynthetic 

demands of chronic inflammation and changes to nutrient and oxygen availability in 

tissues during inflammation. The synovial membrane lining layer is the principal site of 

inflammation in RA. (3) Here, fibroblast-like synoviocytes (FLS) are transformed toward 

overproduction of enzymes which degrade cartilage and bone, and cytokines which promote 

immune cell infiltration. (4, 5) Prior studies from our group and others have shown several 

metabolic changes in FLS from RA patients and these may be therapeutically targetable. (6–

9) These metabolic changes could be targeted without compromising systemic homeostasis 

as a novel approach for combination therapy independent of systemic immunosuppression.

Recent studies in cancer or other activated cells reveal similar metabolic changes. (10) 

These changes often involve increased expression of nutrient transporters to supplement 

the elevated needs of the activated cell. (11) Nutrient transporters, with the solute carrier 

(SLC) transporter families that contain approximately 400 genes and 52 subfamilies among 

others, serve as ‘metabolic gates’ for cells by mediating the transport of several different 

nutrients and metabolites such as glucose, amino acids, vitamins, neurotransmitters, and 

inorganic/metal ions. (12) For instance, an elevated level of glutamine transporters that 

correlate with an increase of glutamine metabolism is observed in activated cells in cancer 

(13) and other diseases including neurodegenerative diseases (14) and arthritis. (15) In 

response to these metabolic alterations, glutamine can be relied on to ultimately assist in the 

TCA cycle as an alternative carbon source to glucose. Other groups have recently described 

SLC transporter effects in arthritis in other nutrients besides glutamine in both FLS and 

lymphocytes. (16, 17) Other investigations of non-amino acid transporter roles in cancer are 

looking at mitochondrial carriers, (18) zinc transporters, (19) and bicarbonate transporters, 

(20) to name a few.

Epigenetic alterations such as DNA methylation and histone modification might contribute 

to disease pathogenesis by enhancing chromatin accessibility to activate genes coding for 

these nutrient transporters. (21, 22) Of interest, several studies have described epigenetic 

changes (DNA methylation, histone modification and microRNA expression) in FLS. (23, 

24) A comprehensive epigenomic characterization of RA FLS was recently described. (25) 
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As previous studies indicate that metabolism is altered in RA FLS, we hypothesize that 

changes in the histone landscape of genes associated to nutrient transporters would correlate 

with differences in expression and this would help identify activated metabolic pathways 

and thus targets for RA pathogenesis. Therefore, studying epigenetic changes in nutrient 

transporters may not only highlight important metabolic pathways, but it could also lead 

us to specific nutrients and transporters essential to creating a metabolic shift in inflamed 

tissue. Targeting these specific nutrients and pathways could result in an insufficient energy 

supply and thus reduce the aggressive FLS phenotype involved in the pathogenesis of RA.

Materials and methods

Genome-wide datasets:

A total of 191 genome-wide datasets were generated across 11 RA and 11 OA samples 

and characterized in our previous work, (25) and was deposited in Gene Expression 

Omnibus with the primary accession code GSE112658. Briefly, it includes 130 histone 

modification datasets, 22 open chromatin datasets, 20 RNA-seq datasets and 19 DNA 

methylation datasets. Six histone modification marks were analyzed, including histone 

H3 lysine 4 trimethylation (H3K4me3), associated with promoter regions; H3 lysine 4 

monomethylation (H3K4me1), associated with enhancer regions; H3 lysine 27 acetylation 

(H3K27ac), associated with increased activation of promoter and enhancer regions; H3 

lysine 36 trimethylation (H3K36me3), associated with transcribed regions; H3 lysine 

27 trimethylation (H3K27me3), associated with Polycomb repression; and H3 lysine 9 

trimethylation (H3K9me3), associated with heterochromatin regions. Additional epigenomic 

marks include open chromatin regions, profiled by ATAC-Seq, denoting regions of 

accessible chromatin, and typically associated with regulator binding; DNA methylation, 

commonly associated with repressed regulatory regions, profiled with whole-genome 

bisulfite sequencing (WGBS); and RNA-Seq used for measuring gene expression levels. 

Images were generated using Integrative Genomics Viewer version 2.3.98. Epigenetic 

analysis of the nutrient transporters was conducted as described in (25).

Human FLS:

FLS were extracted from patients with RA or OA undergoing total joint replacement as 

previously described. (26) RA and OA FLS were grown in Dulbecco’s Modified Eagle 

Medium (DMEM) without sodium pyruvate supplemented with 10% Fetal Bovine Serum 

(FBS), 2 mM L-glutamine, and 100 units/ml penicillin and 100 ug/ml streptomycin. 

Experiments testing glucose and glutamine concentrations were done with DMEM lacking 

glucose, glutamine, phenol red, and sodium pyruvate (Gibco, #A1443001) with dialyzed 

FBS (Gibco, #A3382001). In experiments testing the lack of various amino acids without 

glucose, we used DMEM with no glucose, sodium pyruvate, phenol red, lysine, and arginine 

(Gibco, #A24939-01) and dialyzed FBS.

RNA-Seq:

4 RA FLS cell lines and 3 OA FLS cell lines were plated using 100,000 cells per well in 

a 6-well plate, starved overnight in 1% dialyzed serum and stimulated with either 2mM or 
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25mM glucose in 6mM glutamine for 5 hours. RNA-Seq was performed and analyzed as 

described elsewhere, (27–29) and in supplementary methods.

Gene Set Enrichment Analysis (GSEA):

Analysis of signalling pathways regulated by differentially expressed genes was performed 

with the Molecular Signature Database (MSigDB) of GSEA (30–32) computing the overlaps 

with PID, Reactome, Wikipathways, Hallmark or KEGG datasets as indicated in the Figure 

legends and Supplementary Files.

Nuclear Magnetic Resonance (1H-NMR) experiments:

Approximately 600,000 RA FLS were starved for 4 hours of glutamine and glucose, and 

then incubated with either DMSO or CB-839 (300nM) with 10 ng/ml PDGF for 4 hours 

in media with 6mM glutamine and without glucose for metabolite extraction as described 

elsewhere, (33–35) and in supplementary methods.

NMR Acquisition and Processing:

NMR spectra were recorded using a 600 MHz Bruker Avance III NMR spectrometer 

fitted with a 1.7mm triple resonance cryoprobe. The standard Bruker pulse sequence 

“noesygppr1d” was used with a mixing time of 500 ms. A daily quality assurance procedure 

was performed before sample data acquisition, involving temperature checks and calibration 

as well as shim and water suppression quality. The data acquisition was obtained in the 

NMR facility of Skaggs School of Pharmacy and Pharmaceutical Science, University of 

California San Diego.

Metabolites Identification and Quantification:

The identification of metabolites was performed using the software Chenomx NMR 

suite 8.5 professional (Chenomx Inc., Edmonton, Canada) 600 mHz, version 11 which 

contains a library in the profile to match peaks of compound according to the chemical 

shift. Metabolite concentrations were normalized according to the TSP-d4. Cell pellet 

were normalized according to protein quantification through Bradford. Supernatants 

concentrations are provided after subtraction from media control, and a negative value 

suggests that the metabolite has been consumed by cells in culture. The metabolite 

concentrations were reported in micromolar (μM).

Statistical analysis:

Statistical analysis was performed with Prism software (version 8; GraphPad). Results 

are expressed as the mean ± standard deviation (SD). Normality of the variables was 

assessed using the Kolmogorov-Smirnov normality test or the Shapiro-Wilk normality test. 

For comparison between more than two conditions, ordinary one-way ANOVA or Kruskal-

Wallis tests were used depending on normality of the distribution of the variables followed 

by Tukey’s or Dunn’s multiple comparisons test, respectively. Results were considered 

significant if the 2-sided p-value was less than 0.05. Heat maps performed with R software 

show Pearson’s correlation coefficients for gene expression. Color keys are labeled above 

heat map and shows the strength and direction of the correlation. Correlation ranges from −1 
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to +1. The greater R-square the better the model. We considered weak correlation if Pearson 

Correlation coefficient was between −0.3 to −0.5 or 0.3 to 0.5, moderate correlation between 

−0.5 to −0.7 and 0.5 to 0.7, and strong correlation between <−0.7 and >0.7. Our sample size 

of 10 RA and 10 OA FLS can detect a Pearson’s correlation coefficient of r =0.7 with 80% 

power (alpha =0.05, two-tailed).

More detailed methods are provided as supplementary methods

Results

Unsupervised analysis of Metabolic Pathways Associated with Differential Marking 
between OA and RA FLS.

Histone modifications, WGBS, ATAC-Seq and RNA-Seq data were analyzed individually 

to identify metabolic pathways associated with differential genome-wide chromatin and 

DNA states, and gene expression between OA and RA FLS. Interestingly, together with 

the significant enrichment of pathways involved in inflammation, immune response, matrix 

regulation, and cell migration, listed in Supplementary File 1, we identified several enriched 

metabolic-related pathways in RA FLS. Figure 1A shows the metabolic-related pathways 

and number of occurrences, and Figure 1B shows the pathways per histone modification, 

WGBS, ATAC-Seq and RNA-Seq. Interestingly, enriched metabolic pathways were only 

associated with changes in activating histone marks linked to increased expression of 

the downstream genes such as H3K4me1, H3K4me3 and H3K27ac, but not in repressive 

histone marks such as H3K9me3, H3K27me3 or H3K36me3. Pathways associated with 

more than 5 differentially modified genome-wide chromatin and DNA states between OA 

and RA FLS included PI3K-Akt signaling and metabolism of carbohydrates. PI3K-Akt 

signaling is a well-known pathway involved in metabolic reprogramming and metabolism 

of carbohydrates and previously described to play an important role in the FLS aggressive 

phenotype by our groups and others. (36–40) The pathway “solute carrier (SLC)-mediated 

transmembrane transport” is another pathway that stood out to us as significant. These 

data indicate that alterations in chromatin accessibility and activation of regulatory regions 

associated with metabolic genes is a feature of FLS in RA.

SLC-mediated transmembrane transporters showed differential marking between OA and 
RA FLS.

Our epigenetic analyses suggest a role for SLC transporters in RA FLS. We decided to 

conduct a supervised analysis of the epigenetic changes in genes from the SLC transporter 

families. The histone modifications, WGBS, ATAC-Seq, and RNA-Seq data corresponding 

to approximately 350 genomically encoded genes of the SLC transporter family were probed 

for differences between RA and OA (Supplementary File 2). Of these SLC genes, 78 were 

associated with at least 3 differentially modified genome-wide chromatin and DNA states 

between OA and RA FLS, and 32 genes were associated with at least 4 (Supplementary File 

2). Pathway analysis with these 78 genes was performed to identify predominant nutrient 

transporters is shown in Figure 2A. Other than hexose transport (which includes glucose and 

fructose), the more significant transporters were classified as amino acids transporters.

Torres et al. Page 5

Arthritis Rheumatol. Author manuscript; available in PMC 2023 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The chart in Figure 2B details the genes with greater than 4 differentially modified 

marks comparing RA and OA FLS. H3K27ac and H3K4me1 were the most commonly 

differentially changed histone modifications and correlated with significant changes in 

ATAC-Seq. As shown in Figure 2B, these transporters were mostly related to amino acid 

transporters, including glutamine transporters (SLC38A1, SLC38A4, SLC7A11, SLC7A5, 

SLC7A8, SLC1A4). Other transporters that were differentially regulated between OA and 

RA were ions transporters including zinc and bicarbonate transporters, such as SLC4A4, 

a bicarbonate transporter that is heavily differentially regulated between OA and RA FLS 

(Figure 2B), and for which expression is comparatively higher in OA FLS (Figure 2C). 

Of note, siRNA knockdown of the SLC4A4 resulted in an increase of invasion but not 

migration compared to the control siRNA, suggesting that this transporter is repressed in 

RA FLS to increase its aggressive phenotype. (Figure 2D and Supplementary Figure 1A). 

Supplementary Figure 1B is a depiction of significant SLC transporter genes that have 

greater than 4 differentially modified marks comparing RA and OA FLS and their location 

in the cell.

We also performed correlations between the expression of the nutrient transporters more 

differentially marked between 10 RA and 10 OA FLS cell lines, and the expression of 

various genes related to FLS relevant functions including synovial fluid molecules (PRG4 
and HAS1), metalloproteinases (MMP1, MMP3), IL-6, chemokines (CXCL1, CCL2), genes 

involved in cell invasion and migration (POSTN, PLOD2, ACTA2, PDGF) and angiogenesis 

(VEGF, FGF2), and genes involved in fibrosis (PLOD2, COL1A1). (4–6, 36, 41–44) Figure 

2E and Supplementary Figure 1C shows the association between amino acid-related SLC 

transporters (Figure 2E) or other nutrient-related SLC transporters (Supplementary Figure 

1C). Several SLC transporters showed moderate or strong correlation with these genes in 

both OA and RA FLS, for instance between SLC15A4 and IL-6, suggesting a critical role 

of this transporter in IL-6 expression in all synovial fibroblasts. Of interest, two transporters, 

SLC38A1 (a transporter of glutamine) and SLC15A1 (transports the dipeptide L-alanyl-L-

glutamine) moderately or strongly correlated (correlation coefficient, r, more than 0.5) with 

more than one of these genes, including chemokines (CXCL1, CCL2), metalloproteinases 

(MMP1), and genes involved in cell invasion in RA FLS (POSTN, PLOD2 and PDGFC) 

in RA FLS. The expression of SLC39 transporters, which controls the influx of zinc into 

the cytoplasm, but not SLC30 transporters, which controls the efflux of zinc, moderately 

or strongly correlated with these genes in RA but not in OA FLS (Supplementary Figure 

1C). In OA FLS, other SLC transporters moderately or strongly correlated with more than 

one of these genes including SLC15A4 (histidine carrier), and SLC7A1 (alanine, serine, 

cysteine, and threonine transporter). As recent evidence emphasizes the emergent role of 

FLS-mediated synovitis in OA, (45) these differential correlations in RA and OA FLS 

suggest different key FLS transporters in both diseases.

Glutamine availability enhances invasion, migration and proliferation but not cytokine 
secretion in RA FLS

Among other nutrients, some of the more significant heavily differentially regulated SLC 

transporters between OA and RA FLS were related to amino acid transporters (Figure 2B), 

specifically glutamine transporter (SLC38A1, SLC38A4, SLC7A11, SLC7A5, SLC7A8, 
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SLC1A4), we tested whether glutamine metabolism was important for the FLS aggressive 

phenotype. We first determined glutamine uptake by measuring intracellular levels after 

glucose starvation and with or without additional PDGF stimulation. As shown in Figure 3A, 

intracellular glutamine increased after PDGF stimulation in RA FLS.

We then tested whether an increase of glutamine availability would enhance the invasive 

phenotype of RA FLS. As shown in Figure 3B and C, an increase of the amount of 

glutamine in the media increased the RA FLS invasiveness under glucose deprivation. These 

results were not observed when RA FLS were treated with different concentrations of 

arginine or lysine (Supplementary Figure 2A). Of interest, when comparing either glucose 

or glutamine in the media, RA FLS efficiently used either carbon sources during its invasion 

(Figure 3D). In addition, migration was also dependent on glutamine in RA FLS (Figure 

3E). Of note, OA FLS had a more heterogenous glutamine dependence during migration 

(Supplementary Figure 2B).

In Figure 4A–C, viability measured by MTT assay and proliferation measured by EdU assay 

showed glutamine dependence in the absence of glucose in RA FLS. As with the migration, 

RA FLS were found to also use glutamine in the absence of glucose for proliferation (Figure 

4D). OA FLS showed similar behavior that RA FLS in proliferation (Supplementary Figure 

2C). Of note, MMP3, IL6, and CCL2 secretion after PDGF and TNF stimulation were not 

glutamine dependent (Supplementary Figure 3A,B). Yet, siRNA knockdown of SLC38A1, 

one of the glutamine transporters that was heavily differentially marked between OA and 

RA, and for which expression was significantly upregulated in RA compared to OA FLS, 

did not decrease the invasion or migration. This suggests some redundancy in the glutamine 

transporters (Supplementary Figure 3C–E).

Glutamine pathways related enzymes showed differential marking between OA and RA 
FLS

Since targeting an enzyme might be a more feasible approach to inhibit the glutamine 

metabolic pathway than targeting several transporters involved in glutamine transport, we 

analyzed the enzymes related to the glutamine pathway. The different histone marks, 

RNA-Seq, ATAC-Seq and WGBS dataset with a change in signal in the RA vs. OA 

samples were analyzed in a list of 19 genomically encoded genes of glutamine related 

enzymes (Supplementary File 3). Given that glucose metabolism was associated with the 

FLS aggressive phenotype (38–40) and glucose transporters were also differentially marked 

between RA and OA FLS, we also analyzed 83 generically encoded genes related to glucose 

metabolism (Supplementary File 3). Figure 5A and Supplementary Figure 4A details 

the type of dynamic chromatin changes for each of the listed histone post-translational 

modifications, ATAC-Seq, RNA-Seq and WGBS signal of the genes associated with at least 

4 differentially modified genome-wide chromatin and DNA states in RA FLS compared 

to OA FLS. Several glucose metabolism related genes were heavily differentially marked 

and correlated with significant changes in ATAC-Seq, including PCK2, PDHB, PGM1. 

Of interest HK2, a glycolytic enzyme recently described as a key gene in regulating the 

aggressive phenotype in RA FLS, (26, 46) was also heavily differentially marked. HK2 was 

also the gene that moderate or strongly correlated with genes related to RA FLS aggressive 
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phenotype (Supplementary Figure 4B). Our epigenetic analysis also found GLS, GOT2 and 

GFPT2 as the glutamine metabolism related enzymes that were more differentially marked 

between RA and OA FLS. GLS and GOT2 seemed to be more critical in RA FLS and 

GFPT2 in OA FLS (Figure 5B).

Glutaminase, a key target for FLS aggressive phenotype

Glutaminase (GLS), which is responsible for the conversion of glutamine to glutamate, 

plays a vital role in upregulating cell metabolism for tumor cell growth and is considered 

to be a valuable therapeutic target for cancer treatment. Several GLS inhibitors have been 

developed and are currently being evaluated in phase 1 and 2 clinical trials. Thus, we 

focused on GLS to determine whether GLS could be a feasible target for the FLS aggressive 

phenotype. In Figure 5C, we show that GLS is expressed in both the lining and sublining 

of RA synovial tissue. We then looked at the effect of CB-839 compound, an inhibitor of 

glutaminase (GLS), on FLS metabolism, proliferation, and invasion. We first analyzed the 

metabolic effect of CB-839 after PDGF stimulation. Supplementary Figure 5A shows the 

effect of the inhibitor on glutamine levels. As expected, there was a significant increase 

of intracellular glutamine in the presence of the inhibitor. Interestingly, other intracellular 

nutrients including choline, isoleucine, glycine, and threonine were also more significant 

with CB-839 (Figure 5D and Supplementary Figure 5B,C). Results from MTT viability 

assays revealed CB-839 was non-toxic at a wide range of concentrations (Supplementary 

Figure 5D) and that CB-839 (300nM) was sufficient to significantly reduce the RA FLS 

invasion (Figure 5E) and proliferation (Figure 5F,G) but only under glucose free conditions 

(Figure 5E and Supplementary Figure 5E).

c-Myc, a key transcription factor for FLS aggressive phenotype

To determine the regulation of the nutrition transporters in RA FLS, we performed motif 

enrichment analysis of the promoters of the SLC genes exhibiting differential ATAC-Seq 

signal between RA FLS and OA FLS (Supplementary Figure 6A). In addition, we performed 

analysis of the motifs of the promoter regions of genes that displayed differentially 

modifications in at least four genome-wide chromatin and DNA states and found enrichment 

of motifs for c-MYC and the nuclear receptors TLX, RORa and RORg, (Figure 6A). 

Supplementary Figure 6B shows the number of putative c-Myc binding sites in the SLC 

transporters analyzed. Some of the SLC, including transporters involved in lactate/pyruvate 

(SLC16A3 and SLC16A6), zinc (SLC39A10), and amino acids (SLC38A1 and SLC7A8) 

had a high number of putative binding sites. Importantly, c-Myc was expressed in the 

lining of RA tissues (Figure 6B), and its inhibition in FLS altered the intracellular levels of 

pyruvate and several amino acids, including glutamine, , pyruvate, succinate, alanine, and 

valine suggesting changes in their transport and/or its metabolic pathways (Figure 6C and 

Supplementary Figure 6C).

Since c-Myc is known to regulate the expression of genes especially under glucose 

starvation (47), and RA FLS kept its aggressive phenotype even under glucose deprivation, 

we wondered whether c-Myc was also involved in the regulation of RA FLS phenotype 

under this condition. We performed RNA sequencing of 4 RA FLS and 3 OA FLS cell lines 

incubated with 25mM or 2mM of glucose for 5h. to address which signaling pathways 
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are deregulated upon glucose deprivation. Differential expression analysis showed 225 

upregulated genes in RA 2mM vs. OA 2mM, 138 unregulated genes in RA 25mM vs. 

OA 25mM, 167 downregulated genes in RA 2mM vs. OA 2mM, and 168 downregulated 

genes in RA 25mM vs. OA 25mM (Figure 6D). Gene set enrichment analysis (GSEA) of 

differentially expressed genes between RA 25mM vs. OA 25mM or RA 2 mM vs. OA 2 

mM showed activation of MYC targets and PI3K-AKT signaling, that were only differently 

activated in RA FLS 2 mM vs. OA FLS 2mM (Figure 6E). These results suggest that 

MYC and PI3K-AKT pathways are involved in the distinct response of RA FLS to starving 

levels of glucose. Upon investigation of the effect of a c-Myc inhibitor on RA FLS at a 

viable dosage (Supplementary Fig 6D), c-Myc inhibition attenuated RA FLS migration and 

invasion (Figure 6F,G). Of note, c-Myc inhibitor was able to significantly attenuate RA 

FLS migration only when cultured in 2mM of glucose and not in 25mM of glucose, but 

interestingly was equally attenuated in RA FLS invasion.

DISCUSSION

The epigenetic alterations of metabolic genes in OA vs. RA FLS are largely unknown. 

Here, we describe the epigenetic changes in metabolic genes related to SLC-transporters 

between RA and OA FLS. This might help to better understand the increased demand for 

nutrients in the RA synovial. (1) For instance, when glucose demand is high in the RA 

synovium, the upregulation of glutamine transporters may allow FLS to utilize other sources 

for energy. Our results showed that glutamine served as an alternate carbon source in the 

absence of glucose. In addition, RA FLS did not utilize other amino acids such as lysine and 

arginine. Even though FLS seemed to uptake other amino acids and nutrients during GLS 

inhibition, they did not have a role on invasion or proliferation. Of interest, OA FLS also 

utilized glutamine, although we were unable to detect large differences in in vitro glutamine 

metabolism between OA and RA FLS in these conditions. This could indicate that either 

the overall differences in glutamine metabolism between OA and RA FLS are subtle in cell 

culture, or we could not mimic the in vivo inflamed synovial conditions in which RA FLS 

would show greater glutamine metabolic changes than OA FLS.

Our results also suggest that inhibiting glutamine metabolism through a GLS inhibitor 

(CB-839) could potentially suppress aggressive features of RA FLS, such as invasion, 

migration, and proliferation. (48) Even though the differences with OA are small, the 

important role of glutamine in those functions suggest that they could be important in the 

context of rheumatoid synovitis. Glutamine metabolism has also been a focus in recent years 

for other diseases such as cancer, (49, 50) and clinical trials using glutaminase inhibitors 

are underway in cancer research. (50) Since glutamine metabolism seems not to play a 

role in cytokine secretion, the inhibition of glutamine metabolism would mostly target the 

FLS aggressive phenotype and could complement current immunotherapies. In addition, 

inhibiting the GLS enzyme could prove more effective than knockdown of certain SLC 

glutamine transporters, since they may have a redundant function.

Future studies are needed to investigate more in depth the role of glutamine and other 

amino acid transporters (such as SLC7A11) in order to inhibit its aggressive phenotype 

and to promote only essential homeostatic FLS functions. Tracing experiments and not just 
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paired supernatant-pellet concentrations are needed to better determine changes of amino 

acid levels and the role of these amino acid transporters. Of note, SLC transporters have long 

been used as a drug target in RA as sulfasalazine is a non-specific inhibitor of SLC7A11, 

which facilitates the import and export of the amino acid glutamate and cystine.

Other nutrient transporters are potential therapeutic targets. Our epigenetic analysis could 

help prioritize the transporters and target specific activated metabolic pathways in synovial 

RA. For example, many other transporters specific to choline, ions like zinc, sodium, 

and calcium, as well as bicarbonate, nucleosides, lactate and mitochondrial carriers are 

differentially regulated between RA and OA. A prior study from our group described a role 

of choline in RA FLS phenotype. (51) Our analysis points at SLC22A3 and SLC44A3 as 

potential key choline transporters in FLS. The role of zinc in FLS RA was also recently 

described. (52) SLC39A10 and SLC39A11 could be promising candidates for targeted 

inhibition of zinc transport. Although the correlation analysis could highlight specific FLS 

transporters in both OA and RA cell lines, results need to be interpreted with caution given 

the limited power of the analysis and the need for additional biologic validation.

Our study also suggests a possible role for bicarbonate transporters, mitochondrial carriers, 

and nucleosides for RA pathogenesis and might also serve as attractive transporter targets in 

RA. Bicarbonate transporters have large roles in regulating pH in cancer through the SLC4 

family of transporters. (20) The role of these transporters seems to have different purposes 

which need more exploration. For example, SLC4A4 is upregulated in breast cancer cells 

and its knockdown reduces migration (20). Yet, in FLS, SLC4A4 transporter is higher in OA 

as compared with RA and its downregulation further increases the invasive phenotype but 

not migration of RA FLS. Of note, migration across a surface and invasion into extracellular 

matrix are distinct biological functions and involve distinct patterns of gene expression, such 

as proteases, to degrade the matrix at the leading edge. The SLC25 family is comprised of 

mitochondrial carriers and have been found to be biomarkers in cancers and regulate several 

different types of substrates like amino acids, nucleotides, carboxylates, and keto acids. (18) 

Nucleosides can be used as precursors to essential molecules like ATP but can also be used 

as signaling molecules. (53) Yet, no information on the role of these transporters in RA 

FLS has been described so far. Future studies can look into the specific role of other SLC 

transporters in RA FLS, and will determine whether the specific transporter, a key enzyme, 

or a transcription factor is the most feasible option to regulate that metabolic pathway.

Other than specific transporters, one metabolic regulator, c-Myc, which plays an important 

role in cancer metabolism, (54) appeared in our analysis suggesting a role of this 

transcription factor in metabolic reprograming of RA FLS. C-Myc promotes glutamine 

usage by upregulating GLS and in addition upregulates GOT2 and glutamine synthetase, 

which allow for dependence on glutamine in cancer by turning glutamate back into 

glutamine. (47) Lactic acid and pyruvate can also be regulated by c-Myc. (55) SLC16A3, 

another transporter identified in our analysis, transports lactate and pyruvate. Interestingly, 

Ras- and c-Myc-dependent signaling events cooperated to regulate the growth and 

invasiveness of RA FLS. (56) Further experiments are needed to understand the role of 

c-Myc under stress conditions, such as starvation and hypoxia, on glutamine metabolism and 

how it might contribute to RA pathogenesis. In addition, while specific targets of c-Myc 
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have been challenging to create due to its structure and location, the identification of new 

binding partners such as BPTF, (57) and other new strategies to inhibit c-Myc have been 

recently described. (58)

Overall, RA FLS demonstrate changes in epigenetic marks associated with genes related to 

metabolism and nutrient transporters. Validation studies of one pathway demonstrated that 

the glutamine pathway, and specifically glutaminase inhibition, could regulate the aggressive 

phenotype of RA FLS. Additionally, this dataset has the potential to identify other RA 

targets that can be used to develop novel therapeutic agents.
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Figure 1. Unsupervised analysis of metabolic pathways associated with differentially modified 
genome-wide chromatin and DNA states and gene expression between OA and RA FLS.
A. Metabolic-related pathways and their occurrences in RA FLS. B. Metabolic pathways per 

histone modification, WGBS, ATAC-Seq and RNA-Seq.
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Figure 2. Supervised analysis of SLC-mediated transmembrane transporters showed differential 
marking between OA and RA FLS.
A. Pathway analysis using Reactome with the 78 genes associated with differentially 

modifications in at least 3 genome-wide chromatin and DNA states between OA and RA 

FLS to identify the existence of predominant nutrient transporters. B. Number and type of 

dynamic chromatin changes for each of the listed histone post-translational modifications, 

ATAC-Seq, RNA-Seq and WGBS signal between OA and RA FLS in the 32 genes 

associated with differentially modifications in at least 4 genome-wide chromatin and DNA 

states. C. Expression of SLC4A4 by RNAseq in TPM (transcripts per million). D. RA 

were transfected with SLC4A4 siRNA as described in methods and cells were scratched for 

migration (left) or plated in matrigel for invasion (right) and given media with glucose and 

glutamine. Results are an average of 3 cell lines graphed with standard deviation. P-values 

were obtained by using two-tailed t test. E. Heat map to show the association in gene 

expression between amino acid related SLC transporters and genes related to FLS aggressive 

behavior in 10 RA and 10 OA FLS. Color key above heat map shows Pearson’s correlation 

coefficients. * denotes p<0.05
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Figure 3. Glutamine availability enhances invasion and migration of RA FLS.
A. Quantification of luminescence of RA FLS to measure intracellular glutamine (gln) and 

glutamate (glu) levels after removal of glucose and 2-hour PDGF stimulation. B-C. RA 

FLS were starved overnight without glucose and then starved of glutamine for 4 hours. 

RA FLS were plated for invasion as described in methods. RA FLS were stimulated with 

various amounts of glutamine with or without PDGF stimulation. B. Quantification and 

C. Representative images of RA FLS invasion. D. RA FLS were plated for invasion as 

described in methods and stimulated with various amounts of either glucose (gluc) or 

glutamine with or without PDGF stimulation. Quantification of invaded area is shown. E-F. 
RA FLS were plated, starved overnight in media with 0.1% FBS and scratched. Media 

without glucose was added along with various concentrations of glutamine and allowed to 

migrate in 1% or 10% dialyzed FBS. E. Representative images of RA FLS migration. F. 
Quantification of migration as detailed in methods. (A-F) Results are average of 3-4 FLS 

cell lines. Averages were graphed with standard deviation. P-values were obtained by using 

one-way ANOVA followed by Tukey’s multiple comparisons test.
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Figure 4. Glutamine availability enhances proliferation of RA FLS.
A. RA FLS were plated as explained in methods, starved overnight with 0.1% FBS media, 

and stimulated with various amounts of glutamine without glucose. MTT was added after 

4 days of stimulation. B-C. FLS were starved overnight with media containing 0.1% FBS 

without glucose and different concentrations of glutamine, and left to proliferate for 4 days. 

Representative images are displayed in figure B for 0 mM and 6 mM glutamine in 1% or 

10% dialyzed FBS with Hoechst (blue) and EdU staining. C. Quantification of EdU positive 

cells divided by number Hoechst positive cells where control (C) is DMEM with 25mM 

glucose and 6mM of glutamine. D. Quantification of optical density from 7-day MTT of 

FLS stimulated with either glucose or glutamine in 1% FBS or 10% FBS. Results are an 
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average of 3 FLS cell lines graphed with standard deviation. P-values were obtained by 

one-way ANOVA followed by Tukey’s multiple comparisons test.
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Figure 5. Effect of GLS inhibition in FLS invasion and proliferation.
Number and type of dynamic chromatin changes of genes with a change in at least 4 

marks between OA and RA FLS. B. Heat map to show the association between glutamine 

related genes and genes related to FLS aggressive behavior in in 10 RA and 10 OA FLS. 

Color key above heat map shows Pearson’s correlation coefficients. C. Distribution of GLS 

expression in RA synovial tissue. D. 1D 1H-NMR spectrum and concentration (μM) of 

glutamine in pellet and supernatant (sup) in 3 RA FLS after 4-hours PDGF stimulation with 

and without CB-839 (10uM). P-values were obtained by two-tailed t- test. E. RA FLS were 

plated for invasion and deprived of glucose and given glutamine with and without CB-839. 

Quantification is shown. F. Quantification from 4-day MTT assay of RA FLS deprived of 

glucose in the indicated conditions. G. EdU proliferation of RA FLS with and without 

CB-839 as percentage of EdU expressing cells over total number of cells. Control (C) is 

DMEM with 25mM glucose and 6mM of glutamine. (E-G). Results are an average of 4 RA 

cell lines graphed with standard deviation. P-values were obtained by one-way ANOVA.
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Figure 6. Effect of c-Myc inhibition on FLS invasion and proliferation.
A. Motif analysis of the promoter of genes associated with altered in at least four genome-

wide states. B. Distribution of c-Myc expression in RA synovial tissue. C. Concentration 

(μM) of metabolites in pellet and supernatant obtained from 1D 1H- NMR spectrum using 

3 RA cell lines in 1% dialyzed media with 6mM glutamine with or without c-Myc inhibitor 

(10uM) for 24 hours. D. Venn Diagram of significantly upregulated genes in 4 RA compared 

to 3 OA FLS cell lines in 25mM and 2mM (top) and of significantly upregulated genes 

in OA compared to RA in 25mM and 2mM (bottom). E. Gene set enrichment analysis 

(GSEA) using Hallmark gene sets differentially expressed between RA FLS and OA FLS in 

25 mM or 2 mM glucose. F-G. RA FLS were plated for invasion or migration as described 

in methods in 1% dialyzed media with 6mM glutamine and either 2mM glucose or 25mM 

glucose, and with or without c-Myc inhibitor (i: 10uM). Results are an average of 3 cell lines 

with standard deviation. P-values were obtained by one-way ANOVA followed by Tukey’s 

multiple comparisons test.
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