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Tissue Damage in Rheumatoid Arthritis Is Genetically Linked
to Low Peptidylglycine Alpha-Amidating Monooxygenase
Activity in Synovial Fibroblasts

Kevin J. Sheridan, PhD,1 Emma R. Dorris, PhD,1 Maria Inês Pimenta, MSc,1 Jemma Falkov, MSc,1

Matthew Fisher, BSc,2 Sam Pledger, MSc,3 Hector Devey, MSc,3 Munitta Muthana, PhD,2 Denis C. Shields, PhD,1

Richard E. Mains, PhD,4 Betty A. Eipper, PhD,4 Christopher D. Buckley, MB, PhD,3

and Anthony G. Wilson, MB, PhD1

Objective. Both susceptibility to, and severity of, rheumatoid arthritis (RA) is associated with the rs26232 C allele.

Our primary aim was to identify the biologic mechanism underlying this association.

Methods. Expression of surrounding genes was compared among rs26232 genotypes. Publicly available data-

bases were used to correlate expression with RA inflammation and single-cell synovial distribution. Inhibition of gene

expression and activity was achieved using small interfering RNA and a pharmacology agent and effects on RA syno-

vial fibroblasts (RASFs) characteristics in vitro were assayed. The amidated secretome of synovial fibroblasts were

characterized by mass spectrometry and enzyme-linked immunosorbent assay. Effects of amidated peptides on mac-

rophage polarity were determined using an RASF–macrophage coculture module.

Results. rs26232 C is associated with low expression of peptidylglycine alpha-amidating monooxygenase (PAM) in

multiple tissues including RASFs. Synovial PAM is highly expressed in RASFs but not immune cells, and levels are

inversely correlated with synovial and systemic levels of inflammation. Inhibition of PAM in RASFs increased tissue-

damaging activities such as invasiveness in vitro. The most abundant amidated peptides secreted by RASFs were

adrenomedullin (ADM) and pro-ADM N-terminal peptide (PAMP). Incubation of RASFs with either peptide inhibited

interleukin-6 (IL-6) and IL-8, increased transforming growth factor β production, and reduced invasiveness in vitro. Inhi-

bition of amidation in an RASF–macrophage coculture model skewed the macrophages to proinflammatory MerTK−

phenotypes.

Conclusion. Genetically determined low PAM reduces the anti-inflammatory and tissue-damaging activities of

ADM and PAMP mediated by macrophages and RASFs, explaining the association of rs26232 C with RA severity.

INTRODUCTION

Rheumatoid arthritis (RA) is a chronic autoimmune disease

characterized by inflammation in synovial joints that, if prolonged,

results in cartilage and bone damage with resultant stiffness, pain,

and reduced functional abilities. Pathogenesis involves both

genetic and environmental risk factors. The severity of tissue

damage in RA varies widely but has significant genetic input.1 Of

the more than 100 RA risk alleles identified in a genome-wide

association study (GWAS), there is significant enrichment within

immune-cell enhancers resulting in expression quantitative trait

loci (eQTL).2

It has also been established that 24% of RA genetic risk

arises from variants affecting gene expression in nonimmune cells

such as RA synovial fibroblasts (RASFs).3 These stromal cells are

central mediators of inflammation and tissue damage in RA.4 The
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invasive activities of RASFs in vitro are predictive of the rate of pro-

gression of joint damage.5 The C allele of the single-nucleotide

variant rs26232 is associated with both susceptibility to, and

severity of, RA. The minor T allele is protective and occurs at a fre-

quency of approximately 30%.6–8 Cultured RASFs of this geno-

type are more invasive and produce higher levels of inflammatory

cytokines and adhesion molecules compared with the CT geno-

type; although rs26232 is located within the first intron ofMACIR,

which has been shown to be involved in RASF-mediated tissue

damage9 and macrophage-directed inflammation,10 the variant

is not an eQTL for this gene.11 This suggests that the link between

rs26232 and RA may be related to the activity of another

nearby gene.

Here, we show that rs26232 is an eQTL for the enzyme

peptidylglycine alpha-amidating monooxygenase (PAM) that

catalyzes the amidation of many secreted peptides, with low

levels being associated with the RA risk C allele. Amidation

replaces the carboxyl group at the C-terminal of a peptide with

another amine group and is important for optimal activity of

hormones and messenger molecules. In RA synovial tissue,

PAM expression is predominantly restricted to RASFs. Inhibi-

tion of PAM results in greater tissue damage in vivo and

in vitro, as well as shifting macrophages toward a proinflamma-

tory phenotype. Lower amidation of two related secreted pep-

tides, adrenomedullin (ADM) and pro-ADM N-terminal peptide

(PAMP), is a mechanism underlying the association of

rs26232 C allele with RA severity.

MATERIALS AND METHODS

Cell culture. RASFs were purchased from Sigma-Aldrich

and maintained in RPMI medium, supplemented with 10% fetal

bovine serum (FBS), penicillin (100 units/mL), and streptomycin

(100 units/mL). The RNA for the 33 samples was taken from

RASFs collected from patients in Ireland. RASFs were used

between passages 3 and 8. For proteomic experiments, cells

were grown in RPMI media without phenol red, supplemented

with ascorbic acid (100 μM), CuSO4 (50 μM), and insulin, transfer-

rin, and selenium (Gibco, 41400-04). Peripheral blood mononu-

clear cells were isolated and macrophages differentiated as

previously described.11

Recombinant amidated ADM (ADM-NH2), glycine-

extended ADM (ADM-Gly) and amidated PAMP (PAMP-NH2)

peptides were acquired from Phoenix Europe GmbH. Glycine-

extended PAMP (PAMP-Gly) was custom ordered from

GenScript Biotech. All peptides were used at concentration of

50 nM. 4-Phenyl-3-butenoic acid (PBA; Sigma, 155322) was used

at a concentration of 1 μM. Tumor necrosis factor α (TNFα) was

used at a concentration of 50 ng/mL. Lipopolysaccharide (LPS)

was used at a concentration of 100 ng/mL. Hypoxia work was con-

ducted at 3%O2 using an InvivO2 400workstation (Baker Ruskinn).

Flow cytometry. Fibroblast–macrophage coculture was

seeded in RPMI at 2 × 105 cells/well per cell type and 4 × 105

cells/well for macrophage-only cultures. All media were treated

with ascorbic acid and incubated at 3% O2. Media was changed

at 24 hours, and 1 μM PBA was added to the treatment wells in

addition to ascorbic acid in both treatment (n = 3) and control

(n = 3) wells. At 48 hours, cells were harvested for flow cytometry

staining. Cells were washed in phosphate buffered saline (PBS)

and incubated for 20 minutes in Live Dead (1:1,000) and Fc block

(1:100) at 4�C. Samples were stained using the cell surface

markers CD45, CD48, CD86, MerTK, and CD206 (1:100). Sam-

ples were centrifuged and washed with fluorescence-activated

cell sorting (FACS) buffer (10% FBS in PBS). Samples were then

fixed in 4% paraformaldehyde (PFA) for 20 minutes in the dark at

room temperature and centrifuged, and the pellet was resus-

pended in 300 μL FACS buffer before being run on the BD For-

tessa X20. Data were analyzed using FlowJo version 10.

Small interfering RNA knockdown in cell culture.

Small interfering RNA (siRNA) targeting PAM (Dharmacon siGEN-

OME SmartPool) or a nontargeting control siRNA (siNTC; Dhar-

macon siGENOME nontargeting pool 2) were transfected into

RASFs at 30 nM using lipofectamine 2000 (Thermo Fisher) for

120 hours. siRNA targeting PRG4 (siPRG4; Dharmacon siGEN-

OME SmartPool) or siNTC (as above) were transfected into

RASFs at 5 nM using lipofectamine 2000 for 72 hours. Knock-

downs were confirmed using Western blot, and knockdown effi-

ciency was calculated using densitometry.

Quantitative polymerase chain reaction. Messenger

RNA (mRNA) was extracted from RASFs using Macherey-Nagel

nucleospin mRNA kit (740955.50) and reverse-transcribed using

Multiscribe reverse-transcriptase (Thermo Fisher, 4311235).

Real-time polymerase chain reaction (PCR) was conducted on a

Roche Lightcycler using Roche SYBR Green. Relative levels of

total RNA for target genes (PAM, GIN1, PPIP5K2, and MACIR)

were calculated using ΔΔCt method, with HPRT1 used as a

housekeeping gene. Primers used as listed in Supplementary

Data Table 1.

Protein extraction and Western blotting. Cells were

washed in cold PBS, then resuspended in N-PER Neuronal Pro-

tein Extraction Reagent (Thermo, 87792) containing protease

inhibitor cocktail (Roche, 04693116001). Samples were placed

on ice for 10 minutes, and the supernatant was collected after

centrifugation (13,000 revolutions per minute for 10 minutes at

4�C). Total cellular protein was determined by means of the

Bio-Rad DC protein assay (5000111). Protein samples were sub-

jected to sodium dodecyl sulfate–polyacrylamide gel electropho-

resis and then transblotted onto PVDF membranes. Membranes

were blocked in 5% bovine serum albumin (BSA) or milk before

overnight incubation at 4�C in primary antibody, then washed in
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Tris buffered saline–Tween and incubated with the appropriate

horseradish peroxidase-conjugated secondary antibodies for

one hour at room temperature. Western blots were imaged on

Vilber Fusion Fx 7 Edge. Antibody details are listed in Supplemen-

tary Data Table 2.

Invasion assay. RASFs were harvested, and 2 × 104 cells

were resuspended in 500 μL of serum-free RPMI medium in the

upper compartment of the Matrigel-coated inserts (Corning,

354480). The lower compartment was filled with complete media

and incubated at 37�C for 24 hours. The upper surface of the

insert was cleaned and then stained with 0.1% crystal violet. Five

fields of invading cells were counted.

Apoptosis assay. Apoptosis was measured using CellE-

vent Caspase-3/7 Detection Reagent (Thermo Fisher, C10423).

RASFs were seeded in triplicate in a 96-well plate at a density of

1,000 cells/well and incubated at 37�C overnight. Medium was

then removed, and the cells were incubated in 2 μM CellEvent

Caspase-3/7 Detection Reagent diluted in 5% FBS in PBS for

30 minutes at 37�C. Apoptosis was measured with an excita-

tion/emission of 502/530 nm using a BMG FLUOstar Omega

Platereader.

Proliferation assay. Proliferation was measured using

bromodeoxyuridine (BrdU) proliferation enzyme-linked immuno-

sorbent assay (ELISA; Roche, NC0947823). RASFs were seeded

in triplicate in a 96-well plate at a density of 1,000 cells/well and

incubated at 37�C overnight. BrdU labeling reagent was added

to the cell media, and the plate was incubated at 37�C overnight.

Cells were then fixed, incubated with peroxidase-conjugated anti-

BrdU antibody, and substrate solution was added. Absorbance

was measured at 370 nm using a BMG FLUOstar Omega

Platereader.

Migration assay. RASFs were seeded into a 12-well plate

at a density of 3 × 106 cells/well and incubated at 37�C overnight.

Using a micropipette tip, a scratch was made in the cell mono-

layer. Medium was then removed, cells were washed with PBS,

and fresh media was added. An image at zero hours was then

captured, and the area of the wound was calculated using EPview

software. The plate was then incubated at 37�C for 24 hours. A

24-hour image was then captured, and area of the wound was

calculated as before. The percentage of wound closure was then

calculated using the difference between the 0- and 24-hour

wound areas.

Fluorescent microscopy. RASFs were seeded at a den-

sity of 1 × 106 cells/mL into a Millicell EZ Slide eight-well glass

microscopy slide (Millipore, PEZGS0816) and incubated at 37�C

overnight. Medium was removed, and cells were fixed with 4%

PFA. Cells were permeabilized with 0.1% Triton X-100 and

blocked with 2% BSA in PBS. Primary antibodies were incubated

with cells at room temperature for two hours, followed by three

washes with PBS. Fluorescent secondary antibodies and DAPI

(1 μg/mL; Thermo Fisher, 62248) were incubated with cells at

room temperature for one hour in the dark and washed as before.

A glass coverslip was adhered to the cells with mounting medium.

Images were captured using Zeiss LSM 800 Airy microscope

using a 63× objective. Antibody details are listed in Supplemen-

tary Data Table 2.

Database searches. The GTEx Portal (https://www.

gtexportal.org/home/) was used to compare mRNA expression

in relation to rs26232 genotype. Correlation between PAM

expression and clinical markers of inflammation was gathered

from the Pathobiology of Early Arthritis Cohort database (https://

peac.hpc.qmul.ac.uk/).12 Single-cell RNA sequencing (RNAseq)

data for the RA synovium were acquired from the Accelerating

Medicines Partnership phase II (AMP2) RA project (https://

immunogenomics.io/ampra2/).13

RNAseq. RASFs (n = 7) were transfected as previously

described with siRNA targeting PAM (siPAM) or siNTC. mRNA

was extracted from cultured cells using Macherey-Nagel nucleos-

pin mRNA kit (740955.50). Reverse transcription and RNAseq

were conducted externally by Eurofins Scientific. The differential

expression analysis of the RNAseq data was performed using

edgeR package.14

ELISAs. Human ADM (EK-010-01) and PAMP (EK-010-05)

ELISA kits were purchased from Phoenix Europe GmbH, and

samples were analyzed as per the kit protocol. Transforming

growth factor β1 (TGFβ1; DY240-05), interleukin-6 (IL-6;

DY206-05), IL-8 (DY208-05), and TNFα (DY210) ELISA kits were

purchased from R&D Systems, and samples were analyzed as

per the kit protocol. ELISA plates were analyzed using BMG

FLUOstar Omega plate reader.

Half-life analysis. ADM-NH2 and ADM-Gly were added to

RPMI media (supplemented with 10% FBS) at a concentration of

50 ng/μL and incubated at 37�C for 1, 2, 4, 8, or 24 hours and

then stored at −20�C. The samples were then separated in a

15% polyacrylamide gel and analyzed via Western blot and densi-

tometry. Half-life was determined by plotting the relative density of

the ADM-NH2 and ADM-Gly time courses and using a best-fit line

to determine the time at which density reached 50%.

Collagen-induced arthritis mice. Eight-week-old male

DBA/1 mice (Harlan) were maintained under conventional animal

housing conditions in a specific pathogen–free setting in accor-

dance with the UK Animals (Scientific Procedures) Act, 1986.

Mice were immunized intradermally into the base of the tail with

50 μg/50 μL immunization Grade Bovine Type II collagen solution
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(Amsbio) previously emulsified in complete Freund’s adjuvant

(Merck). On day 21 after the initial collagen immunization, the mice

were intradermally boosted with 50 μg/50 μL bovine type II colla-

gen emulsified in Freund’s incomplete adjuvant. Severity of dis-

ease was graded by using a scale of 0 to 2. Scoring was based

on amount and severity of joint swelling, mobility, skin condition,

general appearance, bodyweight, body condition, and grimace

score. siRNA targeting murine Pam (Ambion In Vivo siRNA, assay

ID s224168) and nontargeting control (Ambion In Vivo Negative

Control 1) were purchased from Thermo Fisher. siPAM efficiency

was tested in N2A (mouse neuroblastoma) cells before com-

mencing the experiment (Supplementary Data Figure 1). Mice

were treated with 1 mg/kg siRNA against murine PAM (n = 8),

siNTC (n = 8), or the vehicle control (n = 8). Three intravenous

injections were given on days 20, 22, and 24. Seven mice were

given dexamethasone administered intraperitoneal (0.5 mg/kg).

The drug was given daily from day 20 until day 49. Three DBA/1

mice were not induced to have arthritis and were not treated.

Mass spectrometry. Supernatant from RASFs was col-

lected following a four-hour incubation. Peptides were isolated

and concentrated from the supernatant using PTMScan Peptide

Purification Kit (Cell Signaling Technology, 35741) and eluate

dried down in a speed vacuum concentrator, resuspended in

2M urea and reduced and alkylated using dithiothreitol and iodoa-

cetamide, then digested with trypsin overnight at 37�C. Resultant

peptide mixtures were analyzed via a Thermo Fisher Q-Exactive

mass spectrometer coupled to a Dionex RSLCnano. Protein iden-

tification was performed with Maxquant (version 2.4.2) using a

custom modification to detect the 58-Da loss (−H2C2O2) resulting

from the amidation of glycine.

Statistical analysis. Statistical analyses were conducted

using SPSS version 29. Anderson–Darling and Shapiro–Wilk tests

for normality were performed for all variables. For parametric data,

two-tailed paired Student’s t-test was used for paired samples

and unpaired Student’s t-test was used to compare independent

groups. Nonparametric data were analyzed using a Kruskal–

Wallis test. Linear regression (of log-transformed data) was used

to determine t1/2. All experiments were performed at least three

times unless otherwise stated. All hypothesis testing assumes an

α level of 0.05. Data will be shared upon request.

RESULTS

Genetically determined low PAM expression in

RASFs is inversely correlated with inflammatory

activity in RA. We measured expression of genes within 300

kilobases of rs26232 in RASFs by quantitative PCR (Figure 1A)

based on the regional block of strong linkage disequilibrium

(LD) between MACIR and PAM. The C allele was associated with

lower PAM mRNA levels but was not linked with expression of

MACIR, PPIP5K2, or GIN1 (Figure 1B). Interrogation of the online

Genotype-Tissue Expression database (https://www.gtexportal.

org/home/) revealed similar associations in multiple human

tissues (Figure 1C). Although we did not find rs26232 to be a

cis-eQTL for any other nearby genes in RASFs, multiple such

associations were detected in the GTEx database

(Supplementary Data Table 3). Analysis of the Pathobiology of

Early Arthritis database (https://peac.hpc.qmul.ac.uk/) showed

highest PAM mRNA expression in the fibroblast-rich compared

with either the lymphoid- or myeloid-rich synovial pathotypes

(Figure 1D); furthermore, levels were inversely correlated with both

systemic markers of inflammation, including C-reactive protein

(Figure 1E), erythrocyte sedimentation rate (Figure 1F),

ultrasound-assessed joint inflammation including synovial thick-

ness (Figure 1G), and power Doppler vascular signal (Figure 1H).

Single-cell RNAseq of RA synovial tissue from the AMP2 (https://

immunogenomics.io/ampra2/) revealed the highest expression in

all RASF subtypes, low levels in endothelium, and minimal expres-

sion in leucocyte subsets (Figure 1I; Supplementary Data

Figure 2).13 Fluorescent microscopy analysis demonstrated PAM

localized to the Golgi apparatus in RASFs but not the cilia

(Supplementary Data Figure 3). These data suggest that geneti-

cally associated low PAM expression in RASFs is linked with RA.

Inhibition of PAM expression increases tissue-

damaging activities of RASFs and inflammation in the

collagen-induced arthritis model. To explore the biologic

roles of PAM, we used siRNA to target expression in nine RASF

lines (Figure 2A). This resulted in increased invasiveness (+18%,

P = 0.001; Figure 2B) and proliferation (+37%, P = 0.002;

Figure 2C) and reduced apoptosis (−24%, P = 0.0003;

Figure 2D); compared to siNTC-treated cells, migration was unaf-

fected (Figure 2E). To determine whether the effects of PAM inhi-

bition were mediated directly by amidation, we used the PAM

enzymatic domain inhibitor PBA.15 Incubation of RASFs with

PBA resulted in similar effects to siRNA-mediated inhibition of

invasiveness in matched samples, confirming amidation as the

underlying mechanism (Figure 2F).

Having determined that PAM is an inhibitor of the pathologic

activities of RASFs in vitro, we hypothesized that inhibition would

result in greater disease activity in vivo. The collagen-induced

arthritis model was used to test this concept in Pam-knockdown

mice. Deletion of Pam is embryonically lethal in mice, so an siRNA

strategy to knock down Pam was employed to overcome this.16

Mice were injected with collagen at 0 and 21 days and with siRNA

(NTC or Pam) at 20, 22, and 24 days. At four and five weeks post-

immunization, the mean clinical score was significantly more

severe in the mice deficient of Pam compared with mice treated

with siNTC (P = 0.004; Figure 2G).

In RASFs inhibition of PAM expression resulted in increased

levels of 1,242 transcripts, whereas 1,253 were decreased com-

pared with siNTC-treated cells (Figure 2H), including genes linked
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with proliferation, apoptosis, and invasion (Figure 2I). Of note was

the reduced expression of PRG4 (lubricin; log2 fold change −3.01,

false discovery rate [FDR] P = 1.06 × 10−71; Figure 3F; Supple-

mentary Data Table 4). PRG4 is a major constituent of synovial

fluid, ensuring low frictional resistance in joints,17 and has anti-

inflammatory actions including reducing inflammatory cytokine–

induced RASF proliferation.18 PRG4 also regulates the balance

of synovial macrophage subtypes, promoting a higher ratio of

Figure 1. Relationship among rs26232 genotype, peptidylglycine alpha-amidating monooxygenase (PAM) expression, and rheumatoid arthritis

(RA). (A) Annotation of genes in the locality of rs26232 (located within the first intron of MACIR). (B) Relative expression levels of MACIR, PAM,

GIN1, and PPIP5K2 in RA synovial fibroblasts (n = 33) by rs26232 genotype (CC, CT or TT). Kruskal–Wallis test was performed. (C) Association

of rs26232 genotypes with PAM messenger RNA (mRNA) levels in human dermal fibroblasts, cerebellum, and whole blood in GTEx data. Rheu-

matoid synovial PAM mRNA levels and clinical activity in the Pathobiology of Early Arthritis study data (D) levels correlate with pathotype and

inversely with measures of systemic inflammation, (E) C-reactive protein, (F) erythrocyte sedimentation rate, and ultrasound (US)-assessed syno-

vitis including (G) synovial thickness (ST) and (H) blood flow. (I) Single-cell RNA sequencing in Accelerating Medicines Partnership phase II data

showing subsets for cell lineages within the synovium. This reveals high level expression in all fibroblast subtypes with lower levels in endothelial

cells and minimal expression in leucocytes. BJ, biopsy joint; CPM, counts per million; ns, not significant; PD, Power Doppler.
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Figure 2. Effects of peptidylglycine alpha-amidating monooxygenase (PAM) inhibition on rheumatoid arthritis synovial fibroblast (RASF) biology.

(A) Western blot demonstrating 92% reduction of PAM in RASFs following small interfering RNA targeting PAM (siPAM) treatment compared to

nontargeting control small interfering RNA (siNTC). RASFs treated with siPAM showed significantly higher (B) proliferation, (C) invasion, and

(D) lower apoptosis compared to RASFs treated with siNTC in n = 9 cell lines. (E) Migration rate was unaffected. (F) Inhibition of PAM enzymatic

activity increased invasiveness in n = 5 cell lines, similar to treatment with siPAM. (G) Small interfering RNA (siRNA) knockdown of PAM in the

collagen-induced arthritis (CIA) model increased clinical activity score at weeks 4 and 5 compared to mice treated with NTC (n = 8 each).

(H) Volcano plot of RNA sequencing data from RASFs after siPAM treatment revealed differential expression of genes involved in (I) proliferation,

invasion, and apoptosis pathways compared with siNTC. FDR, false discovery rate; No., number; PBA, 4-phenyl-3-butenoic acid.
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Figure 3. Identification of amidated peptides in rheumatoid arthritis synovial fibroblast (RASF) secretome. (A) Processing of preproadrenomedul-

lin (ADM) into amidated ADM (ADM-NH2) and amidated pro-ADM N-terminal peptide (PAMP-NH2). (B) Amidation of peptidylglycine substrates by

peptidylglycine alpha-amidating monooxygenase (PAM). (C) ADM enzyme-linked immunosorbent assay (ELISA) is specific for ADM-NH2 using

ADM-NH2 and glycine-extended ADM (ADM-Gly) peptides. (D) Detection of ADM-NH2 in RASF supernatants (n = 3) via ELISA in control and hyp-

oxia/tumor necrosis factor (TNF) conditions. (E) Detection of total PAMP in RASF supernatants (n = 3) via ELISA in control and hypoxia/TNF con-

ditions. (F) Mass spectrometry/mass spectrometry spectra of PAMP-NH2 detected in RASF supernatant. PAL, peptidylglycine amidoglycolate

lyase; PAMP-Gly, glycine-extended PAMP; PHM, peptidyl alpha-hydroxylating monooxygenase.
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CD86−/CD206+ (M2) to CD86+/CD206− (M1).3 Loss-of-function

mutations in PRG4 cause an autosomal recessive condition that

includes synovial hyperplasia, joint swelling, and damage.19

RASFs secrete amidated peptides, including ADM

and PAMP. Because amidation is an underlying mechanism reg-

ulating RASF invasiveness, it was important to identify the ami-

dated proteome of RASFs. Transcriptomic analysis revealed

several preprohormone peptides that are expressed in RASFs

(Supplementary Data Table 5). The highest expressed was

ADM, which encodes two peptides that are both amidated:

ADM and PAMP. ADM was significantly down-regulated in

siPAM-treated RASFs compared to siNTC (FDR P = 6.63−7).

Prepro-ADM is processed posttranslationally by the pro-

hormone convertase furin and a carboxypeptidase B-type

enzyme to produce ADM and PAMP20 (Figure 3A). PAM then

carries out amidation by conversion of the penultimate residue

of the peptidylglycine substrate into an alpha amide. The pepti-

dyl alpha-hydroxylating monooxygenase domain catalyzes the

hydroxylation of the alpha carbon, followed by the peptidylgly-

cine amidoglycolate lyase domain cleaving the N-C-alpha

bond to produce an alpha-amidated peptide and glyoxylate21

(Figure 3B). Amidation is oxygen dependent, and PAM is

induced by hypoxia (Supplementary Data Figure 4A and B),

which allows PAM to function in the low-oxygen environment

of the RA joint. This is demonstrated by the detection of

ADM-NH2 in the RASF secretome under hypoxic conditions

(Supplementary Data Figure 4C).

Specificity of the ADM ELISA for ADM-NH2 was confirmed

by using peptides, which demonstrate detection of ADM-NH2

only (Figure 3C). ADM-NH2 secretion from RASFs was con-

firmed by ELISA and was not influenced by either hypoxia or

TNFα (Figure 3D). Total PAMP secretion was measured by

ELISA, with hypoxia and TNFα having no effect (Figure 3E).

PAMP-NH2 secretion was confirmed using mass spectros-

copy (Figure 3F).

ADM-NH2 and PAMP-NH2 inhibit RASF inflammatory

cytokine production and invasiveness. ADM is a signaling

peptide with anti-inflammatory effects on an RA animal model22

and has shown efficacy in early-stage therapeutic trials of inflam-

matory bowel diseases.23 Little is known about the biologic activ-

ities of PAMP in inflammation. Peptide amidation has been shown

to increase half-life and receptor affinity.24 We used an in vitro

assay to measure half-life; this revealed ADM-NH2 to have a sig-

nificantly longer half-life than ADM-Gly; 21 versus 10.9 hours,

respectively (Figure 4A and B). Additionally, ADM-NH2 has been

reported to bind its cognate receptor with 40-fold greater affinity

compared with ADM-Gly.25 Amidation of ADM therefore results

in greater bioactivity.

We next compared the effects of amidated and non–ADM-

NH2 and PAMP-NH2 on TNFα-induced inflammatory cytokine

production by RASFs; incubation with both forms of PAMP

inhibited IL-6 production, with PAMP-NH2 being more potent

(−30%, P = 0.047); ADM variants did not have an effect

(Figure 4C). Similarly, both versions of PAMP inhibited IL-8 pro-

duction, with PAMP-NH2 having a greater effect (−23%,

P = 0.02; Figure 4D). The invasiveness of RASFs was reduced

upon incubation with ADM-NH2 (−19%, P = 0.03) and PAMP-

NH2 (−30%, P = 0.036) compared to their glycine-extended pre-

cursors; culture with both peptides resulted in greater reduction

than either alone (−38%, P = 0.043; Figure 4E).

ADM-NH2 induces expression of PRG4 via TGFβ

reducing RASF tissue–damaging activities. The reduction

of PRG4 expression following PAM inhibition was intriguing given

the formers critical role in joint homeostasis26 and inflamma-

tion.3 The therapeutic benefits of ADM-NH2 administration to

models of RA27 and inflammatory bowel diseases28,29 have

been linked with up-regulation of TGFβ production. PRG4

expression is up-regulated by TGFβ and inhibited by IL-1 and

TNFα.30 We hypothesized that ADM-NH2 may induce higher

PRG4 via TFGβ, resulting in altered RASF-associated tissue-

damaging activities. Incubation of RASFs with ADM-NH2 and

PAMP-NH2 resulted in significantly greater TGFβ than culture

with glycine-extended versions (ADM-NH2 +86%, P = 0.023;

PAMP-NH2 +38%, P = 0.037; Figure 5A). We next determined

the effect of PRG4 on RASF activities using siRNA (Figure 5B).

RASFs transfected with siPRG4 (n = 5) displayed greater inva-

siveness (+118%, P = 0.003) (Figure 5C) and proliferation

(+7%, P = 0.03; Figure 5D), whereas apoptosis was reduced

(−13%, P = 0.048; Figure 5D) compared to siNTC-exposed

cells; migration was not significantly changed (Figure 5F).

These results are broadly similar to those resulting from PAM

inhibition (Figure 2B–E).

Inhibition of amidation shifts macrophages toward

a proinflammatory state. Signals from RASFs can modulate

synovial macrophage polarization and disease activity.31 To

determine the role of amidation in mediating macrophage polarity,

we used an RASF–macrophage coculture model and PBA. Inhibi-

tion of amidation increased M1 macrophages (MerTK−CD48+

[+29%, P = 0.001] and MerTK−CD86+ [+31%, P = 0.001];

Figure 6A and B, respectively) and decreased M2 macrop-

hages (MerTK+CD86− [−32%, P = 0.004], MerTK+CD48+

[−12%, P = 0.001], and MerTK+CD86+ [−11%, P = 0.002] com-

pared to control; Figure 6C–E). Incubation of macrophages alone

with PBA had no effect on polarization (Supplementary Data

Figure 5), indicating that the effect is mediated by a secreted ami-

dated product of RASFs.

We next determined whether ADM and PAMP had effects on

the release of proinflammatory cytokines by LPS-induced macro-

phages (Figure 6F and G). Compared to control, ADM-NH2

reduced secretion of IL-8 (−55%, P = 0.011) and TNFα
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(−47%, P = 0.002), whereas ADM-Gly had no significant impact

for either cytokine compared to control. ADM-NH2 reduced IL-8

(−42%, P = 0.032) and TNFα (−43%, P = 0.024) compared to

ADM-Gly. Both PAMP-NH2 (−37%, P = 0.04) and PAMP-Gly

(−42%, P = 0.032) reduced IL-8 secretion compared to control,

whereas only PAMP-Gly (−27%, P = 0.015) reduced TNFα

Figure 4. Amidated adrenomedullin (ADM-NH2) and amidated pro-ADM N-terminal peptide (PAMP-NH2) inhibit rheumatoid arthritis synovial fibro-

blast (RASF) inflammatory cytokine production and invasiveness. (A) Western blot and (B) ADM-NH2 and glycine-extended ADM (ADM-Gly) degrada-

tion time course, ADM-NH2 half-life is 21 hours (h), ADM-Gly half-life is 10.9 h. RASFs were incubated with tumor necrosis factor (TNF) and ADM or

PAMP peptides. (C) Interleukin-6 (IL-6) production was reduced by PAMP-NH2 and glycine-extended PAMP (PAMP-Gly), with the former having a

greater effect. (D) IL-8 production was not altered by either form of ADM, only PAMP-NH2 had a significant effect. (E) Amidated peptides had greater

suppressive effects on RASF invasiveness compared with glycine-extended peptides. No., number; ns, not significant; Rel., relative.
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secretion compared to control. There was no significant differ-

ence observed between PAMP-NH2 and PAMP-Gly on IL-8 or

TNFα secretion.

DISCUSSION

Our data reveal the RA susceptibility and severity associated

variant rs26232 to be an eQTL for PAM, with the risk C allele

linked with low expression in RASFs. The resultant reduced levels

of ADM-NH2 and PAMP-NH2 increase the inflammatory and tis-

sue damage activities of RASFs and drive macrophages to proin-

flammatory subtypes. We show that the downstream effect on

RASFs is influenced by TGFβ-induced PRG4 activity.

PAM has critical functions in the posttranslational

modification of inactive peptidylglycine precursors to bioactive

alpha-amidated peptides and is mainly present in the secretory

pathway.32 Ablation of PAM is embryonically lethal; heterozygote

knockout mice have behavioral and metabolic defects.16 It has

roles in cytoskeletal organization as a secretagogue and in modu-

lating gene expression.33 Expression of PAM has similar sensitiv-

ity to hypoxia as hypoxia-inducible factor hydroxylases, whereas

the activity of the PHL domain of PAM is oxygen dependent and

falls linearly from 10% to 0%O2.
34 Despite the RA synovium being

hypoxic with O2 of 3%,35 we detected peptide amidation occur-

ring in RASFs cultured in these conditions.

The invasive activities of RASFs in vitro are positively corre-

lated with the rate of radiologically assessed joint damage over

subsequent years.5 The rs26232 C variant is associated with

greater radiologic damage, and RASFs of this genotype are more

invasive and express higher levels of chemokines and adhesion

molecules.11 Our data are consistent with a model in which lower

amidation of ADM and PAMP results in increased inflammatory

cytokine production and invasiveness of RASFs, and this is

related to lower TGFβ-induced PRG4 production. PRG4 is a key

regulator of synovial joint homeostasis, having both important

mechanical and anti-inflammatory effects.26

AMP2 data demonstrate that PAM expression is significantly

higher in RASFs compared to all other cell types in the synovium.

This suggests that RASFs are the most important source of ami-

dated peptides in the RA synovium, though the study of other

synovial cell types, particularly endothelial, is warranted. Although

PAM is not expressed in immune cells, by using an RASF–

macrophage coculture model, we found that pharmacological

inhibition with PBA increased polarization toward proinflamma-

tory MerTK−CD48+ and MerTK−CD86+ macrophages and

reduced anti-inflammatory MerTK+CD48+, MerTK+CD86+,

and MerTK+CD86− macrophages. MerTK+ macrophages are

Figure 5. Amidated adrenomedullin (ADM-NH2) and amidated pro-ADM N-terminal peptide (PAMP-NH2) induce expression PRG4 via trans-

forming growth factor β (TGFβ), resulting in reduced rheumatoid arthritis synovial fibroblast (RASF) tissue–damaging activities. (A) TGFβ secretion

is higher in tumor necrosis factor–stimulated RASFs exposed to ADM-NH2 or PAMP-NH2 compared with glycine (Gly)-extended peptides.

(B) RASF PRG4 protein levels are reduced by small interfering RNA targeting PRG4 (siPRG4) treatment compared to nontargeting control small

interfering RNA (siNTC). Inhibition of PRG4 leads to significantly greater (C) proliferation, (D) invasion, (E) lower apoptosis, and (F) no significant dif-

ference in migration compared to RASFs treated with siNTC in n = 5 cell lines. Ex/Em, excitation/emission; No., number.
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enriched in healthy controls/RA remission and are associated with

lower disease activity and inflammation markers. MerTK− macro-

phages are enriched in patients with active RA and are associated

with higher disease activity and inflammation markers.31 In this

way, genetically determined decreased levels of PAM can shift

macrophages toward a proinflammatory population, which

increases inflammation and disease severity. In the RASF secre-

tome, ADM is the most highly expressed amidated peptide.

These data are consistent with data showing that administration

of ADM to an animal model of uveitis resulted in decreased inflam-

mation, greater TGFβ expression, and a shift to M2

macrophages.36

Our data complement GWAS in several other common

human diseases; susceptibility to Parkinson disease (PD) is asso-

ciated with rs26431 C allele,37 which is in LD with rs26232 C

(D’ = 0.73, r2 = 0.53 in 1,000 genomes european cohort), and

primary biliary cirrhosis (PBC) is associated with the rs526231 C

allele,38 which is also in LD with rs26232 C (D’ = 0.92, r2 = 0.84

in 1,000 genomes european cohort). GTEx data reveal PAM to

be highly expressed in the brain but minimally in the liver, perhaps

implicating a low-frequency cell type in the pathogenesis of PBC

or the effect of an amidated peptide produced extrahepatically.

Low-frequency nonsynonymous PAM variants have been associ-

ated with risk of type 2 diabetes, which is attributed to reduced

amidation of chromogranin A, leading to lower insulin secretion

by pancreatic β cells.39 Characterizing the amidated proteome of

disease-relevant tissues in PD and PBC may reveal the mecha-

nisms by which low PAM activity contributes to the pathogenesis

of these conditions.

Our data reveal an important new mechanism regulating

fibroblast-mediated tissue damage in RA, representing the first

known role for PAM in both RA and fibroblast biology. We also

Figure 6. Inhibition of amidation in rheumatoid arthritis synovial fibroblasts (RASFs) results in a shift from M2 to M1 macrophages. Flow cytom-

etry data demonstrating an increase in (A) MerTK−CD48+ and (B) MerTK−CD86+ macrophages and decrease in (C) MerTK+CD86−,

(D) MerTK+CD48+, and (E) MerTK+CD86+ macrophages in RASF–macrophage cocultures incubated with 4-phenyl-3-butenoic acid (PBA). Mac-

rophages were incubated with lipopolysaccharide (LPS) and adrenomedullin (ADM) or pro-ADM N-terminal peptide (PAMP) peptides.

(F) Interleukin-8 (IL-8) production was reduced by amidated ADM (ADM-NH2), but not glycine (Gly)-extended ADM, and by amidated PAMP and

Gly-extended PAMP (PAMP-Gly). (G) Tumor necrosis factor (TNF) production was reduced by ADM-NH2 and PAMP-Gly only. ns, not significant.
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demonstrate the impact of amidated peptides on macrophages,

showing that PAM has an effect beyond fibroblasts in RA. Most

of the recent advances in RA treatment have targeted immune

cells; although highly clinically effective, the resulting immunosup-

pression increases the risk of infection.40 This risk is believed to be

lower using treatments centered on fibroblasts. Therapies based

on systemic administration of amidated proteins, such as ADM

and PAMP, may be effective in RA with the added potential of

using rs26232 genotype to preidentify patients most likely to ben-

efit from such agents.
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