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Abstract 

Rippling Muscle Disease (RMD) is a rare skeletal myopathy characterized by abnormal muscular excitability manifest-
ing with wave-like muscle contractions and percussion-induced muscle mounding. Hereditary RMD is associated 
with caveolin-3 or cavin-1 mutations. Recently, we identified cavin 4 autoantibodies as a biomarker of immune-
mediated RMD (iRMD), though the underlying disease-mechanisms remain poorly understood. Transcriptomic studies 
were performed on muscle biopsies of 8 patients (5 males; 3 females; ages 26-to-80) with iRMD. Subsequent pathway 
analysis compared iRMD to human non-disease control and disease control (dermatomyositis) muscle samples. Tran-
scriptomic studies demonstrated changes in key pathways of muscle contraction and development. All iRMD samples 
had significantly upregulated cavin-4 expression compared to controls, likely compensatory for autoantibody-medi-
ated protein degradation. Proteins involved in muscle relaxation (including SERCA1, PMCA and PLN) were significantly 
increased in iRMD compared to controls. Comparison of iRMD to dermatomyositis transcriptomics demonstrated 
significant overlap in immune pathways, and the IL-6 signaling pathway was markedly increased in all iRMD patient 
muscle biopsies and increased in the majority of iRMD patients’ serum. This study represents the first muscle transcrip-
tomic analysis of iRMD patients and dissects underlying disease mechanisms. Increase of sarcolemmal and cellular 
calcium channels as well as PLN, an inhibitor of the SERCA pump for calcium into the sarcoplasm, likely alters the cal-
cium dynamics in iRMD. These changes in crucial components of muscle relaxation may underlie rippling by altering 
calcium flux. Our findings provide crucial insights into the differential expression of genes regulating muscle relaxa-
tion and highlight potential disease pathomechanisms.
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Introduction
Rippling muscle disease (RMD) is a rare disorder of mus-
cle excitability which manifests with wave-like muscle 
contractions and percussion-induced rapid muscle con-
traction, often resulting in myalgia and muscle stiffness 
[1]. Muscle weakness occurs in a subset of patients [2–6]. 
RMD can be either hereditary (hRMD) or immune-medi-
ated (iRMD). Mutations in two genes are so far known to 
cause hRMD, caveolin 3 (CAV3) and cavin-1 (CAVIN1). 
While caveolin-3 is a muscle-specific protein, cavin-1 is 
a caveolin-associated protein expressed in several tissues. 
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CAV3-RMD demonstrates a wide spectrum of disease 
spanning from asymptomatic creatine kinase elevation 
to muscle weakness with predominant proximal or distal 
involvement [4, 5, 7–16]. CAVIN1-RMD is characterized 
by congenital generalized lipodystrophy and often associ-
ated with muscular dystrophy and additional extra-skele-
tal muscle manifestations [17–19].

Conversely, iRMD has an autoimmune etiology which 
is supported by the lack of pathogenic variants in CAV3 
and CAVIN1, clinical response to immunotherapy, post-
immunotherapy restoration of caveolin-3 expression at 
the sarcolemma, coexistence of other autoimmune disor-
ders, and occasional presence of inflammatory reaction 
in muscle [20–25]. Overlap syndrome with iRMD coex-
isting with seropositive myasthenia gravis and a posi-
tive response to immunotherapy has been also reported, 
supporting a role for autoimmunity in the driving of the 
rippling [26, 27]. Additionally, work from our group has 
identified autoantibodies against cavin-4, another cave-
olin-associated protein, as a specific biomarker of iRMD 
[25].

Proteins involved in both hRMD and iRMD are key 
structural components of the caveolae or play a crucial 
role in the formation of caveolae [18, 28–31]. These are 
invaginations of the sarcolemma with various functions, 
including regulation of endocytosis and exocytosis, sar-
colemma repair, muscle development, and interaction 
with the T-tubule to mediate excitation contraction cou-
pling (ECC) [25, 32, 33].

Recent studies have demonstrated a critical role for 
cavin-4 in muscle cell integrity, particularly in the devel-
opment of T-tubules, a key component of ECC and the 
critical reservoir for calcium in skeletal muscle [30, 34]. 
The recent finding of cavin-4 autoantibodies in iRMD, 
accompanied by sarcolemmal cavin-4 loss with a mosaic 
pattern matching caveolin-3 loss in muscle, has led to the 
hypothesis that autoimmune responses disrupting key 
proteins involved in skeletal muscle excitation and relax-
ation underlie disease pathogenesis in iRMD.

To explore this hypothesis, we conducted transcrip-
tomic analysis of skeletal muscle tissue from iRMD 
patients. When compared to non-disease controls, sev-
eral key genes involved in muscle relaxation were altered 
in iRMD, and such findings were confirmed by immuno-
histochemical studies on patients’ skeletal muscle tissue. 
Pathways of skeletal muscle development and differen-
tiation were also significantly altered in iRMD. Addition-
ally, investigation of autoimmunity pathways revealed a 
unique signature of iRMD with a robust induction of the 
interleukin-6 (IL-6) pathway in the absence of interferon 
one or two induction. This study lays the foundation for 
the development of targeted therapies by elucidating crit-
ical pathogenic alterations at the core of iRMD.

Methods
Patients
The study was approved by the Mayo Clinic Institutional 
Review Board (IRB#18–010637). Patients were identi-
fied by searching Mayo Clinic medical records and the 
muscle pathology laboratory database between 01/2000 
through 08/02/2021. All patients included were evaluated 
by a neuromuscular specialist and diagnosed with iRMD 
based on: (1) Percussion and/or stretch induced rolling 
movements across a muscle or muscle group (rippling), 
(2) Percussion induced rapid muscle contraction with or 
without percussion induced muscle-mounding, (3) Lack 
of fibrillation, fasciculation and motor unit action poten-
tials detected by needle electromyography (EMG) during 
the muscle rippling or mounding, (4) Absence of patho-
genic variants in CAV3 and CAVIN1 by DNA sequenc-
ing, (5) Presence of cavin-4 autoantibodies in all but one 
patient (tested after receiving IVIG treatment) as previ-
ously published [25].

RNA isolation and sequencing
RNA was extracted from muscle tissue of eight iRMD 
patients using the AllPrep Universal Kit. Total RNA 
was quantified using the Quant-iT™ RiboGreen RNA 
Assay Kit and normalized to 5 ng/µl. Subsequently, 2 µL 
of ERCC controls were spiked into each sample. 325 ng 
per sample was transferred into library preparation using 
an automated variant of the Illumina TruSeq™ Stranded 
mRNA Sample Preparation Kit. Oligo dT beads were 
used to select mRNA from the total RNA sample, fol-
lowed by heat fragmentation and cDNA synthesis from 
the RNA template. cDNA then underwent dual-indexed 
library preparation: ‘A’ base addition, adapter ligation 
using P7 adapters, and PCR enrichment using P5 adapt-
ers. After enrichment the libraries were quantified using 
Quant-iT PicoGreen at a 1:200 dilution. Samples were 
normalized to 5 ng/µL, and the set was pooled and quan-
tified using qPCR. All pipetting was done by either Agi-
lent Bravo or Hamilton Starlet.

Pooled libraries were normalized to 2  nM and dena-
tured using 0.1 N NaOH prior to sequencing. Flowcell 
cluster amplification and sequencing were performed 
according to the manufacturer’s protocols using the 
NovaSeq 6000. Each run consisted of 101 bp paired-end 
reads with an eight-base index barcode. Muscle RNA 
extraction and sequencing was performed in a commer-
cial laboratory (Broad Institute, Massachusetts Institute 
of Technology, Cambridge, MA).

The raw reads for the eight iRMD muscle biopsies, as 
well as eight publicly available GTex non-disease control 
cohort samples and previously published NIH non-dis-
ease control and dermatomyositis cohorts were aligned 
using the MAPR-seq pipeline (v3.1.0) and hg38 reference 
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genome [25, 35, 36]. Alignment was achieved using the 
STAR aligner and counts were generated using feature-
Counts [37]. Variants were called using the RVBoost 
module from MAPR-seq. Gene and exon expression 
quantification was performed using the Subread pack-
age to obtain both raw and normalized (FPKM—Frag-
ments Per Kilobase per Million mapped reads) reads 
[38]. FASTQC, MultiQC, and RSEQC tools were used for 
comprehensive quality control assessment of the aligned 
reads. Principle Component Analysis (PCA) analysis was 
performed to ensure there were no outliers and to ensure 
fidelity in each group. Differential expression was deter-
mined using EdgeR [39]. Pathway analysis was performed 
using Gene Ontology (GO-Term) analysis [40, 41]. False 
discovery rate was set as Padj < 0.05.

Immunohistochemistry and image acquisition
Muscle biopsies from the eight patients with iRMD from 
the RNA sequencing cohort underwent confirmatory 
immunohistochemistry studies. Three pathologically 
normal muscle biopsies from patients with normal cre-
atine kinase and without a diagnosis of muscle disease 
were used as non-disease control tissue.

Samples were cut at 6 µm for fluorescent immunohisto-
chemistry and fixed in – 20 °C methanol for 4 min prior 
to staining. Non-specific binding was blocked for 20 min 
in 10% normal donkey serum (Jackson ImmunoResearch, 
#017-000-121). Sections were incubated at room temper-
ature for 1 h in each primary antibody, followed by three 
5-min rinses in 1X PBS buffer (ScyTek, PBD999). Sec-
tions were then labeled with the corresponding second-
ary antibodies for 1 h at room temperature, then rinsed 
in running distilled water for 5 min before mounting with 
Vectashield antifade mounting medium (Vector Labora-
tories, H-1000-10).

The following primary antibodies were used for 
immunohistochemical studies: CACNA1S (1:200 Ther-
moFisher, MA3-290), SERCA1 (1:100, Abcam, ab2819), 
PMCA (1:50, ThermoFisher, MA3-914), Phospholam-
ban (1:200, ThermoFisher, MA3-922), TOMM20 (1:250, 
Santa Cruz, sc-17764), RYR1 (1:100, Cell Signaling, 
#8153). The following secondary antibodies were used 
for labeling: FITC Affinipure Donkey Anti-Mouse IgG 
(1:200, Jackson ImmunoResearch, #715-095-150) and 
TRITC Affinipure Donkey Anti-Rabbit (1:200, Jackson 
ImmunoResearch, #711-025-152).

Confocal images were captured using an LSM 910 
Zeiss microscope.

Quantification and statistical analysis
All images were quantified using Cell Profiler (Broad 
Institute) [23]. Heatmaps and data visualizations were 

generated using matplotlib and python. For immuno-
fluorescent studies, statistical analysis was performed 
in Graphpad Prism using two-tailed unpaired Stu-
dent’s t-test. α < 0.05 was set as the threshold for signifi-
cance. A schematic illustration figure was created using 
BioRender.

Results
Upregulation of CAV3, CAVIN1 and CAVIN4 in iRMD 
skeletal muscle biopsies
To define the transcriptomic profile of iRMD skeletal 
muscle, RNA sequencing was performed on muscle biop-
sies from a cohort of eight iRMD patients (Supplemental 
Table 1). Findings were compared to those from a cohort 
of previously published non-disease control skeletal 
muscle biopsies [35]. Hierarchical clustering and PCA 
analysis showed clear separation between iRMD patient 
muscle biopsies and non-disease controls (Supplemental 
Fig.  1  and 2). When compared to non-disease controls, 
8640 genes displayed significantly (padj < 0.05, FC > 1.5) 
altered expression in iRMD patient muscle biopsies. 4577 
genes showed increased expression in iRMD muscle and 
4063 were diminished in expression.

As previous studies have demonstrated acquired patchy 
loss of caveolin-3 in iRMD skeletal muscle and because 
hRMD is caused by mutations in CAV3 or CAVIN1, 
we first determined whether expression of these genes 
is altered in iRMD [11, 15, 20, 42]. Compared to non-
disease controls, iRMD patient muscle demonstrated 
significantly increased mRNA expression of CAV3 and 
CAVIN1 (Fig. 1).

Given the recent discovery of anti-cavin-4 auto-anti-
bodies and patchy loss of sarcolemmal cavin-4 in iRMD, 
we also sought to determine if CAVIN4 expression was 
altered in iRMD skeletal muscle [25]. Similarly to CAV3, 
CAVIN4 expression also was significantly increased in 
iRMD skeletal muscle samples compared to non-disease 
control (Fig. 1).

Further, when iRMD patient muscle biopsies were 
compared to an independent GTEX cohort of non-dis-
ease controls, CAVIN4 and CAV3 remained greater than 
five-fold upregulated, although CAVIN1 was not differen-
tially expressed (Supplemental Table 2).

Pathways of Skeletal Muscle Function and Calcium Ion 
Signaling are altered in iRMD patient skeletal muscle
We next sought to determine whether pathways of 
skeletal muscle function were significantly altered in 
iRMD patient muscle biopsies compared to non-disease 
controls.

Gene Ontology pathway analysis (GO-Term) was per-
formed on all genes with significantly altered expression 
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between iRMD and non-disease control. Several path-
ways involved in skeletal muscle development or differ-
entiation were identified as enriched (Fig.  2A). Notably, 
these pathways included CAV3 and CAVIN4, identifying 
these genes as key players of skeletal muscle alteration in 
iRMD (Fig.  2B, and Supplemental Table  3). Differential 
pathways showed relatively equal splits between genes 
increased and decreased in expression in iRMD patient 
muscle biopsies (Fig.  2B, C). Further, pathways of both 
T-tubule organization as well as regulation of cardiac 
muscle contraction by calcium ion signaling were sig-
nificantly and differentially expressed in iRMD skeletal 
muscle compared to non-disease controls (Fig. 2A, Sup-
plemental Table 3).

Additionally, bridging integrator 1 (BIN1), which 
encodes a cavin-4 interacting protein concentrated at 
T-tubules known to cause a centronuclear myopathy 
when mutated, is also dysregulated in iRMD (Supple-
mental Table 4) [30, 43]. Such findings support a critical 
role for calcium dysregulation underlying the phenom-
enon of rippling (Fig. 2A, C).

Channels of muscle excitation and mitochondria remain 
unchanged at the protein level in iRMD muscle
Given iRMD is characterized by wave-like muscle con-
tractions and stretch induced muscle mounding, we 
aimed to determine whether changes in expression of 
genes involved in muscle excitation or relaxation occur 
in iRMD skeletal muscle. This was performed by utiliz-
ing the transcriptomics data set and immunofluores-
cence staining quantification.

The pathways of muscle excitation and relaxation 
have been previously well characterized. In brief, cal-
cium initially enters the cytoplasm via membrane 

calcium channel Cav1.1 (CACNA1S). This influx 
of calcium triggers ryanodine receptor 1 (Ryr1) to 
release calcium from the sarcoplasmic reticulum [44, 
45]. To allow relaxation, calcium is pumped back into 
the extracellular space by the plasma membrane Ca++ 
ATPase (PMCA) and into the sarcoplasmic reticu-
lum by SarcoEndoplasmic Reticulum Calcium ATPase 
(SERCA) [45]. Phospholamban (PLN) has been dem-
onstrated to inhibit the SERCA activity allosterically, 
causing significant reduction in pump affinity for cal-
cium and decreasing ATPase activity of SERCA [46, 
47].

Compared to non-disease controls, iRMD muscle 
shows a significant increase in CACNA1S expression 
(5.38 fold increase, p = 7.5E−42), while RYR1 expres-
sion was not significantly different (1.22 fold increase, 
p = 0.178). We also assessed and compared protein 
levels of CACNA1S and RYR1 between iRMD skel-
etal muscle and non-disease controls and found no 
significant difference between CACNA1S and RYR1 
immunofluorescence quantification (Fig.  3).  Given 
ATP is produced by mitochondria in close proximity 
to T-tubules forming mitochondrial associated mem-
branes with the structure, and that the pattern of colo-
calization is disrupted in other myopathic disorders, 
we also analyzed TOMM20 RNA expression and pro-
tein level. Though TOMM20 expression was increased, 
there was no change in the protein level by immuno-
histochemical quantification or its colocalization with 
RYR1 in iRMD compared to controls (Fig. 3).

Fig. 1  Proteins implicated in hereditary RMD (hRMD) and immune mediated RMD (iRMD) display increased expression in iRMD. RNA was isolated 
from iRMD skeletal muscle biopsies and sequenced, and compared against previously published non-disease controls (Ctrl). Z-scores for CAV3, 
CAVIN1, and CAVIN4 were calculated from expression levels across samples. iRMD = immune mediated rippling muscle disease, Ctrl = non-disease 
control biopsies

(See figure on next page.)
Fig. 2  iRMD Skeletal Muscle shows alterations in pathways of calcium regulation, muscle contraction, muscle development, and muscle 
differentiation. A Bubble plot of GO Term analysis of differentially expressed genes in iRMD skeletal muscle compared to healthy controls shows 
pathways of muscle t-tubules, calcium regulation, muscle differentiation, and muscle development are significantly altered in iRMD. B Heatmap 
of differentially expressed genes in muscle organ development GO-Term. C Heatmap of differentially expressed genes in regulation of cardiac 
muscle contraction by calcium ion signaling GO-Term
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Fig. 2  (See legend on previous page.)
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Changes in key muscle relaxation gene expression occur 
at the RNA and protein level in iRMD muscle
Next, we investigated whether expression of 
genes involved in muscle relaxation was altered in 
iRMD.  SERCA1 (1.39 fold, p = 0.022), PMCA (2.12 fold, 
p = 1.12E−10), and PLN (33.96 fold, p = 5.5E−146) all 
showed a statistically significant increase in expression. 
SERCA1 did not meet 1.5 fold change criteria (Fig. 4A), 
though it did attain a statistically significant padj (Fig. 4A). 
Immunofluorescence staining further demonstrated that 
protein level changes mirror expression level changes of 
PLN, PMCA, and SERCA1 in iRMD muscle (Fig. 4B and 
Supplemental Fig.  3).  Though PLN RNA expression has 
been shown to be a marker of type 1 fibers, several other 
markers of type 1 fibers were not increased in expression 
in our RNA-seq dataset in iRMD muscle biopsies (Sup-
plemental Table  5), suggesting that induction of PLN is 
not due to changes in predominant fiber type or fiber 
type shift [48].

Interferon pathways are not significantly induced in iRMD 
compared to healthy controls
Our group has recently demonstrated that auto-antibod-
ies against cavin-4 are a specific biomarker of iRMD [25]. 
Hence, we next examined whether activation of pathways 
of autoimmunity observed in autoimmune myopathies 
are activated in iRMD. Interferon alpha has been sug-
gested to play a key role in dermatomyositis (DM) where 
dendritic cells produce an abundance of interferon alpha 
and the interferon pathway is expressed at high levels in 
muscle biopsies [49, 50]. Utilizing previously described 
upregulated markers of type 1 interferon activation in 
dermatomyositis, we evaluated whether type 1 inter-
feron-inducible gene overexpression represented a sig-
nificant hallmark of iRMD [49]. In iRMD compared to 
non-disease controls, only one of these genes showed sig-
nificantly increased expression, RSAD2, with many genes 
showing significantly decreased expression, including 
ISG15, IFI6, MX1, MX2, OAS1, IRF9, and IFI35 (Fig. 5A).

Given the lack of robust interferon type-1 induc-
tion, we next evaluated whether type-2 interferon 
signaling was activated in iRMD. Previous literature iden-
tified increased expression of interferon type-2-induce-
able genes in dermatomyositis, inclusion body myositis, 

anti-synthetase syndrome, and more recently in immune 
checkpoint inhibitor-dermatomyositis and myositis with 
associated myocarditis [49, 51]. In these disorders, spe-
cific markers of IFN2 induction included IFI30, GBP2, 
GBP1, PSMB8 [49, 51]. We evaluated expression of these 
genes in iRMD compared to non-disease controls and 
found that only GBP2 showed significantly increased 
expression, while IFI 30, GBP1, and PSMB8 were 
unchanged, suggesting that iRMD lacks induction of the 
type-2 interferon pathway as well (Fig. 5B).

The IL‑6 pathway is induced in iRMD muscle
Induction of the IL-6 pathway was recently shown in 
patients with various subtypes of immune checkpoint 
inhibitor myositis [51]. IL-6 also serves as a myokine with 
multiple pro- and anti-inflammatory properties [52]. To 
evaluate whether the IL-6 pathway is induced in iRMD, 
we initially compiled a list of genes known to be part of 
the IL-6 mediated signaling pathway by gene ontology 
analysis (GO: 0070102) [41, 51]. When filtered by genes 
detected in our data set, 14 genes comprised the list of 
IL-6 inducible genes (IL-6ST, IL-6R, FER, CTR9, SRC, 
SPI1, SMAD4, STAT3, CEBPA, YAP1, JAK1, GAB1, JAK2, 
and ZCCHC11). All of these genes were significantly dif-
ferentially expressed in iRMD patients’ muscle biopsies 
compared to non-disease controls except for SMAD4 and 
ZCCHC11 (p = 0.038 by hypergeometric test), demon-
strating significant induction of the IL-6 pathway (Fig. 6). 
Further, when patient serum was analyzed, four out of six 
iRMD patients showed increased IL-6 protein levels, with 
half of patients showing IL-6 levels above the 99th per-
centile of the normal range (Supplemental Table 6).

Given the identification of IL-6 pathway activa-
tion through transcriptomic analysis of iRMD muscle 
as well as the recent finding of cavin-4 antibodies in 
iRMD, we next sought to compare changes in gene 
expression in iRMD to an autoimmune inflamma-
tory myopathy. To accomplish this, a previously pub-
lished transcriptomics dataset of dermatomyositis was 
reanalyzed along the same pipeline and to the same 
control group to compare expression level changes in 
dermatomyositis to iRMD [35]. Genes which were dif-
ferentially expressed in both iRMD and dermatomy-
ositis were analyzed with GO-Term analysis. Pathways 

Fig. 3  CACNA1S, RYR1 and TOM20 expression level and immunofluorescence in iRMD compared to non-disease controls. A Heatmap 
of CACNA1S expression in transcriptomic data set of iRMD compared to non-disease controls. B Immunofluorescence staining of CACNA1S 
showed no significant difference in protein level. C Significantly increased expression was found for TOMM20 but not RYR1 using RNA sequencing 
transcriptomic analysis on iRMD patient’s skeletal muscle biopsies compared to non-disease controls. D Immunofluorescence staining of RYR1 
and TOMM20 demonstrated no significant difference in expression or colocalization in iRMD patient’s compared to non-disease controls. Scale 
bar = 10um., ns = not significant

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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involved in immune response, immune activation, or 
signaling pathways of immune activity were signifi-
cantly enriched amongst overlapping genes between 
iRMD and DM (Supplemental Fig.  4). These findings 
likely represent overlapping nonspecific pathways 
of autoimmune myopathies supporting the role of 
immune activation in iRMD.

Discussion
This study represents the first transcriptomic analysis 
performed in skeletal muscle of iRMD patients and sheds 
light on its so far poorly understood pathogenesis (Fig. 7). 
We demonstrate two key findings in iRMD muscle: (1) 
Changes in RNA transcripts and related protein expres-
sion of key genes involved in muscle relaxation which 
could underlie the rippling phenomenon (Figs.  1, 2, 3, 
4); (2) A robust induction of immune pathways with a 

Fig. 4  Skeletal muscle from iRMD patients shows altered expression and protein level of critical regulators of calcium flux and muscle relaxation. 
A Heatmap showing expression of PLN, PMCA, and SERCA1 in iRMD patient skeletal muscle biopsies compared to non-disease controls. B 
Immunofluorescent staining of iRMD skeletal muscle compared to non-disease controls. *p < 0.05, **p < 0.01. Scale bars: PLN = 50um, PMCA = 10um, 
SERCA1 = 50um
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unique signature with lack of induction of the IFN1 and 
IFN2 pathways and robust induction of the IL6 pathway 
(Figs. 5, 6, Supplemental Fig. 4).

Our findings suggest that the early events in mus-
cle contraction that involve the nicotinic acetylcholine 
receptor, Cav1.1 (CACNA1S) and RYR1 are unchanged 
at the protein level, indicating adequate compensa-
tion in skeletal muscle of iRMD patients (Fig. 3). At the 
transcript (mRNA) level, however, CACNA1S, as well as 
TOMM20, are both increased, and this may represent 
an attempted compensatory response to preserve the 
machinery involved in muscle excitation.

Conversely, muscle relaxation is expected to be com-
promised as suggested by the increased PLN, PMCA, and 
SERCA​ at both the mRNA and protein level. Notably, 
PLN is elevated nearly 30-fold at the RNA level (Fig. 4). In 
skeletal muscle, PLN overexpression can impair SERCA 
activity and alter muscle contractility and relaxation [53, 

54]. In cardiac muscle, PLN regulates cytosolic calcium 
by modulating SERCA affinity for calcium and inhibit-
ing its ATPase activity, thereby slowing calcium reuptake 
into the sarcoplasmic reticulum [47, 55, 56]. Therefore, 
the increased PLN expression (at both the mRNA and 
protein level) in iRMD could play a crucial role in driving 
impaired muscle relaxation. It is likely that the increase 
in PLN RNA and protein level plays a key role in main-
taining high levels of cytosolic calcium in iRMD and this 
in turn could lead to prolonged or recurrent sarcomeric 
contraction. SERCA is critical for terminating muscle 
contraction by pumping calcium back into the sarco-
plasmic reticulum [44]. The finding of increased SERCA 
level could represent a compensatory response to its sup-
pressed activity by PLN. The increased PMCA expres-
sion, which pumps calcium back into the extracellular 
space and is equally relevant in stopping muscle contrac-
tion, could constitute an attempt to restore intracellular 

Fig. 5  Interferon type-1 and Interferon type-2 pathways are not induced in iRMD skeletal muscle biopsies. A Heatmap of expression z-scores 
of Interferon type-1 inducible genes in iRMD skeletal muscle biopsies compared to non-disease controls. B Heatmap of expression z-scores 
of Interferon type-2 inducible genes in iRMD skeletal muscle biopsies compared to non-disease controls

Fig. 6  The IL-6 pathway is activated in iRMD. Heatmap of IL-6 inducible genes in iRMD skeletal muscle biopsies compared to non-disease controls
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calcium concentration and normal muscle contractil-
ity. All this would support a defect in muscle relaxation 
underlying the muscle rippling and mounding that char-
acterize iRMD. Of relevance, despite the expression of 
both PLN and cavin-4 in cardiac muscle, iRMD patients 
had no cardiac symptoms and those who underwent 
cardiac studies showed minimal electrocardiographic 
abnormalities, though not all patients underwent com-
prehensive heart investigations [25].

Muscle of iRMD patients also shows increased tran-
script levels of caveolin-3 and cavin-4, both of which are 
involved in iRMD. Indeed, mosaic loss of caveolin-3 with 
corresponding loss of cavin-4 is the immunohistopatho-
logical hallmark of iRMD while cavin-4 autoantibod-
ies are its serological biomarker and likely responsible 
for the cavin-4 depletion [25]. Interestingly, muscle lev-
els of caveolin-3 and cavin-4 transcripts are increased 
(Fig.  1). This may represent a compensatory increase in 
mRNA transcripts in response to rapid degradation of 
the proteins, although the possibility of a translational 
block cannot be excluded. Considering that transcrip-
tomic analysis was performed on bulk RNA, one cannot 
establish with certainty if the increased transcript levels 
of caveolin-3 and cavin-4 occurs diffusely in muscle, only 
in muscle fibers with reduced expression of these specific 
proteins or in normal muscle fibers. Based, however, on 
our previous estimate that approximately 80% of fibers in 

a muscle biopsy of iRMD patients show loss of caveolin-3 
and cavin-4 [25], it is likely that the increased CAV3 and 
CAVIN4 transcripts occur in muscle fibers with loss of 
these specific proteins.

BIN1, which encodes a protein interacting with cavin-
4, is also increased in expression (Supplemental Table 4). 
Previous upregulation of BIN1 was observed in response 
to cavin-4 loss and suspected to represent a compen-
satory mechanism [30]. Cavin-4, caveolin-3 and bin1 
are all expressed on the T-tubule membrane. Cavin-4 
is intimately linked to caveolin 3 in the caveolae along 
T-tubules [57], and directly interacts with bin1 [30]. 
Cavin-4 is important in maintaining the structural and 
functional integrity of the T-tubules and its loss leads 
to T-tubule fragmentation and impaired calcium release 
[30]. Bin1 was suggested to drive T-tubule formation.

We hypothesize that a breakdown in the T-tubule-
SERCA interactions in iRMD results in a decreased abil-
ity to pump calcium out of the cytosol leading to a failure 
of relaxation at the site of stimulation with propagation 
to surrounding areas.

This study also identifies induction of immune acti-
vation pathways supporting the role of autoimmun-
ity in disease pathogenesis, which is in line with the 
detection of cavin-4 autoantibodies in serum and com-
plement membrane attack complex (MAC) on non-
necrotic muscle fibers in iRMD [25]. Here, we expand the 

Fig. 7  Schematic illustration of pathophysiologic changes in iRMD. Left: Calcium enters the skeletal muscle cytosol through Cav1.1 and RyR1. In 
iRMD, antibodies bind to Cavin-4 at caveolae. IL6 expression and protein level are increased. Right: SERCA1 and PMCA, proteins involved in muscle 
relaxation, are increased at the protein level. PLN, an inhibitor of SERCA1, is dramatically increased in expression in iRMD skeletal muscle. This may 
interfere with the ability of calcium to return to the sarcoplasmic reticulum, instead exiting through PMCA to the extracellular space. Blue arrows: 
RNA expression level. Red arrows: Protein expression level
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understanding of iRMD pathogenesis by illustrating the 
complex interplay between skeletal muscle gene expres-
sion and immune system activation. iRMD is character-
ized by a unique immunologic signature. It did not show 
induction of the IFN1 and IFN2 pathways as is charac-
teristic of certain immune-mediated myopathies, such as 
dermatomyositis (Fig. 5) and to a lesser degree immune 
mediated necrotizing myopathy (IMNM) [49]. We iden-
tified the upregulation of IL6 in iRMD, a myokine with 
diverse roles in immune modulation and skeletal muscle 
physiology [52]. IL6 secretion exponentially increases 
with physical activity and is controlled at transcription 
level [52]. In iRMD, IL6 overexpression may reflect con-
tinuous muscle activity secondary to a defect in muscle 
relaxation, a marker of immune response or a combina-
tion of both. IL6 is upregulated in congenital myotonic 
dystrophy, another disorder of muscle contractility, 
supporting a role for IL6 induction in the pathogenesis 
of disorders with aberrant muscle contraction [58]. Fur-
ther, IL6 is upregulated in immune checkpoint inhibitor-
myositis [51]. Contrary to this type of myositis, where 
many biopsies showed an inflammatory reaction most 
iRMD muscle specimens revealed no inflammation [25]. 
Given IL-6 production can occur in response to muscle 
contraction, its role in immune response and its upreg-
ulation in iRMD, available IL6 receptor inhibitors and 
other drugs targeting the IL6 pathway could represent an 
additional novel therapeutic tool in iRMD.

There are several limitations to this study. The number 
of biopsy samples is limited and expansion of transcrip-
tomics studies to more patient specimens could help to 
better dissect disease mechanisms and validate findings. 
Single-nuclei RNA sequencing only in muscle fibers 
depleted of caveolin-3 and cavin-4 could provide a more 
precise profile of gene expression changes. Future stud-
ies focusing on longitudinal analysis of gene expression 
could inform the progression of these molecular changes 
and their relationship with clinical outcomes. Addition-
ally, investigating the functional consequences of these 
gene expression changes in muscle cells could provide 
insights into the molecular mechanisms driving iRMD 
symptoms.

Despite these limitations, this study provides insight 
into the mechanisms leading to the electrically silent rip-
pling phenomenon and lays the groundwork for targeted 
therapeutic approaches that can modulate the identified 
pathways, offering new avenues for treatment in iRMD 
and similar disorders.
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