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Abstract

Objective: To define the transcriptomic changes responsible for the histologic

alterations in skeletal muscle and their progression in collagen VI-related mus-

cular dystrophy (COL6-RD). Methods: COL6-RD patient muscle biopsies were

stratified into three groups based on the overall level of pathologic severity con-

sidering degrees of fibrosis, muscle fiber atrophy, and fatty replacement of mus-

cle tissue. Using microarray and RNA-Seq, we then performed global gene

expression profiling on the same muscle biopsies and compared their transcrip-

tome with age- and sex-matched controls. Results: COL6-RD muscle biopsy

transcriptomes as a group revealed prominent upregulation of muscle extracel-

lular matrix component genes and the downregulation of skeletal muscle and

mitochondrion-specific genes. Upregulation of the TGFb pathway was the most

conspicuous change across all biopsies and was fully evident even in the mild-

est/earliest histological group. There was no difference in the overall transcrip-

tional signature between the different histologic groups but polyserial analysis

identified relative changes along with COL6-RD histological severity. Interpre-

tation: Overall, our study establishes the prominent dysregulation of extracellu-

lar matrix genes, TGFb signaling, and its downstream cellular pathways at the

transcriptomic level in COL6-RD muscle.
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Introduction

Collagen VI-related dystrophies (COL6-RDs) are a form

of congenital muscular dystrophy with a phenotypic con-

tinuum of variable clinical severity characterized by mus-

cle weakness, large joint contractures, and concurrent

distal joint hyperlaxity.1–3 Similar to the notable variabil-

ity in severity of COL6-RD clinical phenotypes, the sever-

ity of histologic findings in skeletal muscle in patients

with COL6-RD can also vary widely. Histologic changes

limited to myofiber atrophy and fiber type predominance

typify the mildly affected samples, while more severely

affected muscle biopsies show dystrophic changes, that is,

endomysial fibrosis, fatty infiltration, fiber size variability,

and myofiber degeneration and regeneration. In addition,

histologic severity does not always correlate with overall

clinical severity. Available serial biopsies in a few patients

support the notion that histologic findings evolve from

predominant myofiber atrophy without overt fibrosis4 to

dystrophic and fibrotic changes over time (unpublished

observations). However, it remains unclear how the skele-

tal muscle transcriptome, proteome, and structure evolve

over time in COL6-RD.

Collagen type VI is a microfibrillar component of the

muscle extracellular matrix (ECM) that is primarily

secreted by non-myogenic, interstitial fibro-adipogenic

progenitors (FAPs)5,6 in the muscle tissue. The three col-

lagen VI alpha chains encoded by COL6A1, COL6A2, and

COL6A3, undergo a complex assembly into tetramers of

heterotrimeric monomers before secretion into the extra-

cellular space. In the extracellular space, collagen VI tetra-

mers assemble head-to-head to form a beaded,

microfibrillar polymer with an apparent 100 nm periodic-

ity.7 Pathogenic variants in one of the three major colla-

gen 6 genes result in COL6-RD with both dominant and

recessive inheritance patterns.7–13 Disease-causing variants

result either in the absence or mislocalization of collagen

VI in the muscle ECM. How collagen VI loss or mislocal-

ization in the muscle ECM results in muscle weakness,

atrophy, and dystrophic change is not fully understood.

Both RNA-Seq and microarray-based gene expression

profiling have been used to shed light on the molecular

changes in a limited number of COL6-RD patient muscle

biopsies and patient-derived fibroblasts with somewhat

incongruous results.14–17 To complement and improve on

prior studies, we used a muscle transcriptome-wide

approach in a relatively large cohort of COL6-RD patients

(n = 22) compared to age-matched controls (n = 14). To

circumvent the limitations imposed by the variable dis-

ease and histologic severity in COL6-RD, we first strati-

fied the COL6-RD muscle biopsies into three groups

based on the subjective severity of histologic features, for

example, myofiber size, fibrosis, and overall appearance.

We then comprehensively characterized and compared

the gene expression profiles by both microarray and

RNA-Seq.

Materials and Methods

Patients and muscle biopsy samples

Ethical approval for human subject research included in

this study was obtained from the National Institutes of

Health/National Institute of Neurological Disorders and

Stroke (NINDS) Institutional Review Board for this study,

protocol 12-N-0095. Subjects (and/or parents, for minors

under the age of 18 years) who agreed to participate pro-

vided informed consent (and/or assent if applicable) to

provide access to their medical records.

Muscle biopsies used in this study were obtained as

part of standard clinical care and excess material was used

for the research studies. For COL6-RD patients, the vari-

ants in collagen 6 genes and immunostaining for collagen

VI in muscle and fibroblasts were used for confirmation

of the clinical diagnosis (Table S1). Two individuals

(UC106 and UC158) had equivocal confirmatory testing

and were also outliers in the microarray dataset (see

microarray in Materials and Methods) and thus were not

included in data analysis. The control muscle biopsies

were obtained from individuals who underwent muscle

biopsies as part of their clinical care and were chosen

from individuals who had no clinical or pathological sus-

picion for muscle disease after their diagnostic workup

was completed. The control muscle biopsies were all

obtained from the quadriceps muscle (Table S2).

Availability of data and materials

The datasets generated and/or analyzed during this study

are available in the NCBI repository, https://www.ncbi.

nlm.nih.gov/geo. The RNA-Seq data generated as part of

this analysis has been deposited in the NCBI Short Read

Archive (SRP117086) and NCBI Gene Expression Omni-

bus (GSE103975). The microarray data generated as part

of this analysis have been deposited in the NCBI Gene

Expression Omnibus (GSE103972).
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Microarray analysis

Coding RNA (cRNA) libraries were prepared according to

Illumina protocols (Illumina, Inc, San Diego, CA). For

RNA labeling, 500 ng of total RNA was hybridized to the

HumanHT-12 v4.0 Expression BeadChip. After washing

and staining, BeadChips were scanned using the Illumina

BeadArray Reader and the Illumina GenomeStudio Gene

Expression Module was used to generate summarized

expression measurements. The expression data were then

imported into R (http://cran.r-project.org/), Log2 trans-

formed, quantile normalized, quality inspected via Tukey

box plot, covariance-based principal component analysis

(PCA) scatter plot, and correlation-based heatmap. Post

quality inspection, two samples were removed as outliers

(UC106 and UC158) which belonged to patients with

variants of uncertain significance in collagen VI genes and

an equivocal molecular diagnosis of COL6-RD. After out-

lier removal, quantile normalization was repeated, mean

expression and coefficient of variation (CV) were calcu-

lated for each gene per group and modeled using locally

weighted scatter plot smoothing (CV ~mean). The result-

ing model fits were used to define system noise as the

mean expression value across groups at which the linear

relationship between CV (i.e., noise) and mean expression

(i.e., signal) is grossly lost. Genes that did not have at

least one normalized value (Quantile(Log2(RPKM+2)))
greater than system noise were discarded as noise-biased.

The normalized values for remaining genes that were less

than system noise were floored to equal system noise. To

identify differences in gene expression between COL6-RD

samples and control samples, the Welch-modified t-test

was applied under Benjamin–Hochberg (BH) false-

discovery rate (FDR) multiple comparison correction

(MCC) condition. Genes with a corrected p < 0.05 and

an absolute linear fold change ≥1.59 between groups

were considered to be differentially expressed. Annota-

tions for the genes were obtained from IPA (http://www.

ingenuity.com) which was also used for further analysis.

Comparison and intersection of results with those

obtained by RNA-Seq analysis were accomplished using

the IPA-assigned gene symbol.

RNA-Seq analysis

cDNA libraries were prepared according to Illumina proto-

cols (Illumina, Inc, San Diego, CA) and sequenced by

Beckman Coulter Genomics (Danvers, Massachusetts).

Briefly, mRNA libraries were constructed from 150 ng of

total RNA using the Illumina TruSeq RNA Sample Prep

Kits, version 2. The cDNA was fragmented using a Covaris

E210 and amplified using 12–15 cycles. Unique barcode

adapters were applied to each library. Equal volumes of

individual libraries were pooled and run on a MiSeq. The

libraries were then repooled based on the MiSeq demulti-

plexing results and sequenced on a HiSeq 2000 with ver-

sion 3 flow cells and sequencing reagents. On average,

69 million 100-base read pairs were generated for each

individual library. Quality inspection of the reads showed

an expected per-sample GC content peak around 60%,

ambiguity base content at nearly 0%, and average PHRED

score near 40 across all the samples, indicative of high

quality of the sequencing. Data were processed using RTA

1.13.48 and deplexed via CASAVA 1.8.2. After deplexing,

resulting fastq files were clipped to remove 3’ occurring

adaptor sequences using the FASTQ/A Clipper tool

(http://hannonlab.cshl.edu). Adaptor-trimmed fastq files

were then imported into the CLCbio Genomics Work-

bench (www.clcbio.com) for quality inspection, quality

trimming, filtering, and mapping. Per quality trimming,

15 bp from the 5’ end of each read for each sample was

globally removed along with 1bp from the 3’ end. Bases

with a call accuracy <95% were also removed. Per filtering,

read pairs having more than two ambiguities in at least

one read were discarded along with pairs <15 bp in length.

Filtering and trimming of the reads were uniform through-

out the samples and, most importantly, preserved 70%–
80% of the total reads sequenced. Per mapping, the RNA-

Seq tool was used under default parameters to align reads

in pairs to the human genome (hg19). Ninety nine percent

of the post-trimmed and filtered reads were successfully

mapped to the human genome.

Post mapping, the number of aligned reads falling in

each annotated gene were enumerated and converted into

number of Reads Per Kilobase of transcript Million

mapped reads (RPKM). RPKM values were then imported

into R (http://www.r-project.org/), pedestalled by 2

(RPKM + 2), log (base 2) transformed

(Log2(RPKM + 2)), and filtered to remove genes not hav-

ing a transformed value >1 for at least one sample. Post

filtering, transformed values for remaining genes were

quantile normalized (Quantile(Log2(RPKM + 2))) and

quality inspected via Tukey box plot, covariance-based

principal component analysis (PCA) scatter plot, and

correlation-based heatmap. Noise modeling and statistical

analysis were performed similar to the microarray dataset

analysis and genes with a corrected p < 0.05 and an abso-

lute fold change ≥1.59 were annotated (using IPA) and

analyzed further as described. Approximately 30% of the

total read depth was used to sequence just 16 genes

(mainly myosins and mitochondrial genes) that were

highly expressed but not differentially regulated in COL6-

RD. This, in effect, reduced the reading depth available to

sequence less abundant genes and in part explains why

we identified a higher total number of differentially

expressed genes by microarray compared to RNA-Seq.
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See Supplementary text (Data S1) for additional

description of the methods used in this study.

Results

Muscle biopsy samples and histological
severity stratification

Skeletal muscle biopsies of patients with a diagnosis of

COL6-RD were included in this study (Table S1). The

majority of the patients were children at the time of the

muscle biopsy (mean age � SD = 7.6 � 12.4; male/fe-

male = 16/11). The biopsy slides were evaluated by a

physician trained in neuromuscular pathology and subjec-

tively stratified into three histologic groups of increasing

severity: COL6-RD-1 (mild), COL6-RD-2 (moderate),

and COL6-RD-3 (severe) (Fig. 1A). To validate this clas-

sification approach, we performed an unbiased, auto-

mated quantification of myofiber atrophy, fiber size

variability, and fibrosis on a subset of the samples in each

stratified group, which confirmed a progressive increase

in fiber size variability (assessed by coefficient of variabil-

ity, normal <25018) and fibrosis, in correlation with

increasing histologic severity (Fig. 1B–D) (see Data S1).

Even though the ideal control group would include mus-

cle biopsies of age- and sex-matched patients with other

muscular dystrophies, due to the rarity of these samples

in children, we were unable to use the ideal disease con-

trol samples for comparison analysis. Thus, we focused

our analysis on comparing control biopsy samples of age-

and sex-matched controls (mean age � SD = 8.4 � 4.7;

male/female = 8/6) who had undergone diagnostic muscle

biopsies that were deemed to be normal by the interpret-

ing pathologist (Table S2).

Comparison of RNA-Seq and microarray
expression profiling

We performed both microarray-based gene expression

profiling and RNA-Seq to compare the transcriptome of

the COL6-RD muscle biopsies to age-matched controls

(Microarray: control n = 14, COL6-RD n = 20; RNA-Seq:

control n = 14, COL6-RD n = 22). Microarray analysis

identified 648 differentially regulated genes (n = 394

upregulated and n = 254 downregulated). In the RNA-

Seq dataset, a total of 248 genes were differentially

expressed (n = 169 upregulated and n = 79 downregu-

lated) (Fig. 2A). There was a strong concordance between

microarray and RNA-Seq in direction (R2= 1) and magni-

tude of fold change (R2 = 0.71) in differentially expressed

transcripts identified by both platforms (n = 138)

(Fig. 2B). In addition, we independently performed bioin-

formatic analysis using ingenuity pathway analysis (IPA)

on the results obtained from either platform. Microarray

identified 325 and RNA-Seq identified 268 canonical

pathways (overlap rate 59.2%; 220 of 371 unique path-

ways). None of the pathways exclusively identified by one

platform reached statistical significance (p < 0.05). Thus,

to facilitate our discovery-based approach, we used a

combined list of differentially expressed genes by at least

one platform for the remainder of data analysis. For genes

detected by both methods, the higher absolute value of

the fold change was used. Hierarchical heatmaps and

PCA of either method clearly differentiated controls and

COL6-RD muscle biopsies (Fig. 2C and D), but no dis-

tinct differences between the different COL6-RD histo-

logic groups were identified. Consequently, we focused

our analysis on all COL6-RD patients as a single group

compared to controls.

Gene ontology analysis, functional
annotation, and individual genes

We used the Database for Annotation, Visualization, and

Integrated Discovery (DAVID)19,20 for gene ontology

analysis of the differentially regulated genes (n = 758) in

our dataset. Ranked by p-value, extracellular matrix-

related terms were the most prominent finding (Fig. 3A;

Table S3), driven in large part by upregulation of genes

that encode fibril-forming collagens, such as COL1A1

(fold change = 7.79; p = 8.41E-07), COL1A2 (fold

change = 6.87; p = 6.55E-08), and COL3A1 (fold

change = 6.90; p = 4.66E-07) and the ECM proteoglycans

BGN (fold change = 4.33; p = 3.36E-07), DCN (fold

change = 3.35; p-value = 4.10E-08), and LUM (fold

change = 4.44; p = 2.56E-06). In contrast, gene ontology

analysis of the downregulated genes identified several

terms related to myofibrils (driven in part by MYH1 [fold

change = �5.69; p = 7.23E-4], MYL1 [fold change =
�2.57; p = 5.89E-05], TTN [fold change = �2.07;

p = 0.002], and MYLK2 [fold change = �2.08;

p = 0.007]) as well as to mitochondria (driven in part by

ATP5D [fold change = �1.53; p = 4.02E-4], ATP5L [fold

change = �1.51; p = 1.93E-4], and PTGES2 [fold

change = 1.66; p = 1.69E-4]) (Fig. 3B; Table S3).

Cellular function analysis of the differentially regulated

genes using IPA was enriched in annotations relating to

cell movement in COL6-RD muscle biopsies (Table S4).

This was again largely driven by the predominance of

upregulated ECM genes implicated in these functions.

The downregulated cellular function annotations were far

fewer and related to cell metabolism (Table S4).

At the individual gene level, THBS4 (encoding

thrombospondin-4, a matrix-associated protein) had the

greatest difference between COL6-RD and control muscle

biopsies (fold change = 17.28; corrected p-value = 2.59E-
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09). Out of the 20 most highly upregulated genes in the

combined microarray/RNA-Seq list, two were involved in

cartilage and bone formation, (CILP and LUM), and four

were associated with connective tissue and fibrosis,

including CTGF, COL3A1, COL1A1, and COL1A2

(Fig. 3C). The proteoglycans decorin (fold change = 3.35;

p-value = 4.10E-08) and biglycan (fold change = 4.33; p-

value = 3.36E-07) were also significantly upregulated in

the COL6-RD samples.

Upstream regulator analysis

To assess the dataset at a more global level and to predict

cellular pathways that orchestrate the differentially

expressed gene signatures in COL6-RD skeletal muscle,

we used the upstream regulator analysis tool in the IPA

platform (Table 1). When sorted by z-score, TGFb signal-

ing pathway was by far the most activated upstream regu-

lator (p-value = 6.48E-18; z-score = 5.627) which was

driven by a robust upregulation of its downstream effec-

tor genes. Upstream regulator analysis also found down-

stream targets of TGFb that are in turn regulators of

distinct downstream pathways, such as CTGF (p-value =
1.77E-05; z-score = 2.402), SMAD1 (p-value = 5.14E-05;

z-score = 1.982), SMAD4 (p-value = 3.25E-03; z-score =
1.866), and SMAD3 (p-value = 9.13E-12; z-score =
1.652). This consistent and multilevel complexity suggest

that a TGFb-driven cascade of gene regulatory events may

be involved in the pathogenesis of COL6-RD. Consistent

with this finding, TGFb-related genes were consistently

found to be dysregulated in COL6-RD samples, regardless

of histologic severity (Fig. 4).

A few pathways were predicted to be inhibited, includ-

ing estrogen receptor signaling (ESR, p-value = 1.38E-15;

z-score = �4.062), the transcription regulator SPDEF (p-

value = 6.24E-14; z-score = �3.935), and the growth fac-

tor WISP2 (p-value = 2.91E-08; z-score = �2.714).

Polyserial correlation analysis

Polyserial correlation analysis helps to investigate genes

that show a consistent behavior (increasing or decreasing

expression level) in correlation with another variable

(worsening histologic severity). Using this data analysis

method, we identified 1154 genes (410 positively corre-

lated and 744 negatively correlated) in correlation with

the increasing severity of the histologic stratification (cor-

relation coefficient r ≥ 0.4) (Table S5). However,

Figure 1. Muscle histologic group classification and morphometry. (A) Representative hematoxylin & eosin and G€om€ori trichrome staining of

frozen muscle sections used to qualitatively stratify the biopsies into three histologic severity groups: COL6-RD-1, COL6-RD-2, and COL6-RD-3. (B–

D) Morphometric quantification of fiber size (B), fiber size variability (C), and fibrosis (D) of a subset of biopsies confirm the expected trends of

histologic severity and qualitative classification. Note the severe myofiber atrophy in COL6-RD muscle biopsies (B). The dotted line in panel C

indicates the cutoff for normal coefficient of variability (250). The error bars represent standard error of the mean. Scale bar = 50 lm.
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Figure 2. Summary of microarray and RNA-Seq data. (A) Comparison of the number of differentially expressed genes (p-value <0.05; fold

change magnitude ≥ 1.5) detected by microarray and RNA-Seq. (B) Correlation of fold change in expression between differentially regulated

genes detected by microarray and RNA-Seq. There was high concordance of direction (R2 = 1) and magnitude (R2 = 0.71) of fold change.

Hierarchical heatmap and principle component analysis of microarray (C) and RNA-Seq (D) gene expression profiling. Control samples cluster

together and segregate from the COL6-RD samples, while there is no clear clustering of the COL6-RD samples by histology severity group.
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consistent with our prior results, the majority of the mag-

nitude of differences were noted when comparing controls

with any of the COL6-RD histologic groups (Fig. 5A).

Gene ontology and upstream regulator analysis of the list

of genes identified by polyserial correlation analysis did

not uncover any previously overlooked terms or pathways

(Table S5).

Validation of differentially expressed genes
by qRT-PCR and western blotting

To validate the RNA-Seq and microarray methodology

and findings, we selected 18 target genes (BECN1, CILP,

COL1A2, COL3A1, CTGF, DCN, FN1, LUM, MGP,

MYH1, CDKN1A, TGFB1,TGFB3, THBS4, BGN, TP53,

ATROGIN1, and BNIP3), performed quantitative reverse

transcription PCR (qRT-PCR), and evaluated the gene

expression levels across the different methods, that is,

microarray, RNA-Seq, and qRT-PCR (Fig. 5B). The dif-

ferent methods showed strong concordance; however,

qRT-PCR fold change was almost always more pro-

nounced for the genes assessed.

Validation at the protein level was limited due to scar-

city of samples but we confirmed that thrombospondin-4,

with the highest fold change, and decorin, an ECM pro-

teoglycan in the top 20 upregulated genes, were increased

in COL6-RD samples at the protein level, consistent with

the transcriptomic data (Fig. 5C). To further evaluate the

TGFb pathway at the protein level, we compared phos-

phorylated Smad2 (P-Smad2) to total Smad2 protein

levels in muscle biopsies to assess this canonical effector

of this pathway. P-Smad2/Smad2 ratio was variable but

trended higher in COL6-RD biopsies relative to controls,

especially in a subset of biopsies with a higher degree of

histologic severity (Fig. 5C and D).

Discussion

In this study, we set out to investigate relevant molecular

pathways that contribute to the pathogenesis of COL6-

RD. Cellular pathways such as apoptosis and ultrastruc-

tural abnormalities of mitochondria have been reported

in collagen VI-deficient mice (Col6a1�/�) and myoblasts

derived from muscle biopsies of COL6-RD patients.21,22

Dysregulation of the autophagy pathway is suggested to

be the underlying cause for both the mitochondrial alter-

ations and increased apoptosis seen in collagen VI defi-

ciency.23 In a more recent study, dysregulation of the

circadian rhythm genes was found in correlation with

defective skeletal muscle regeneration.16 Impaired satellite

cell self-renewal has also been reported, in particular rela-

tion to changes in stiffness of the satellite cell niche.24

However, a direct mechanistic link between collagen VI

loss from the muscle matrix and downstream cellular

pathways is not conclusively identified to date.

In muscular dystrophies, including COL6-RD, the

relative severity of disease manifestations in different indi-

vidual muscles within the same patient can be heteroge-

neous8,25–27 and change over time. Hence, when it comes

to staging the disease, muscle biopsy specimens are prone

Figure 3. Gene Ontology functional categories most represented among the upregulated genes (A) and the downregulated genes (B) in COL6-

RD skeletal muscle biopsies. (C) A list of top 20 individual upregulated and downregulated genes. The scale represents the linear fold change.
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to significant variability due to sampling variations. It is

reasonable to surmise that the histologic changes observed

in a muscle biopsy specimen represent the severity of the

underlying pathogenic molecular processes directly in the

sampled tissue. Using this rationale, we set out to circum-

vent the inherent sampling variability in COL6-RD mus-

cle biopsies by stratifying them into three groups of

increasing histologic severity before transcriptomic analy-

sis. We hoped to see correlations between the transcrip-

tomic data and the severity of muscle pathological

changes.

We were surprised to find an essentially similar pattern

of altered gene expression among the different histologic

stages of COL6-RD. The prominent ECM transcriptomic

signature, typically associated with fibrosis, was already

apparent in the least severe histologic group (COL6-RD-

1), which lacked overt fibrosis, thus representing very

early stages of muscle remodeling. Extracellular matrix

genes were the most prominent group of upregulated

genes based on gene ontology analysis (155 of 462 total).

Among these genes, fibril-forming collagens, such as

COL1A1, COL1A2, and COL3A1 and the ECM proteogly-

cans BGN, DCN, and LUM were consistently upregulated.

Fewer genes were downregulated than upregulated (296

vs. 462). These genes were predominantly related to

myofibrils (e.g., MYH1, MYL1, TTN, and MYLK2) as well

as to mitochondria (e.g., ATP5D, ATP5L, and PTGES2).

Remarkably, none of the classical atrophy pathways,

including the ubiquitin�proteasome system, autophagy�
lysosome system, nor apoptosis stood out as prominently

dysregulated in our analysis. In particular, FOXO3 and its

mediators, ATROGIN1 and BECN1, responsible for ubiq-

uitination and lysosomal degradation, respectively, were

unchanged between COL6-RD and controls at the tran-

script level. The apparent discrepancy between differential

regulation of BECN1 in our dataset and other reports23

may reflect the rapid changes in selected transcript levels

depending on fasting status at the time of biopsy. Dysreg-

ulation of circadian rhythm genes in Col6a1�/� mouse

muscle as well as a small number of COL6-RD patient

muscle biopsies has also been recently reported.16 How-

ever, in our dataset, circadian rhythm or the AKT1 path-

way was not identified in the upstream regulator analysis.

In another transcriptomic study of muscle biopsies in

COL6-RD (n = 6), activation of an immune response

attributed to M2 macrophages was reported.14 We did

Table 1. Upstream regulator analysis results of the differentially regulated genes obtained from the combination of microarray and RNA-Seq

data.

Upstream regulator p-value Activation z-score Upstream regulator p-value Activation z-score

TGFB1 6.48E-18 5.627 HDAC6 7.63E-07 2.157

ERK 6.21E-06 3.553 PGR 1.30E-08 2.116

ERBB2 1.78E-07 3.313 EGFR 1.71E-04 2.109

SYVN1 2.29E-07 3.298 IL5 9.10E-02 2

P38 MAPK 3.25E-07 3.146 RLIM 1.75E-04 2

PDGF BB 1.41E-12 3.112 SMARCD3 1.59E-03 2

JNK 5.30E-04 2.765 MAP3K14 1.87E-02 2

GLI1 3.24E-08 2.746 TAZ 5.14E-05 2

PKC 2.87E-04 2.574 NEDD9 6.69E-03 2

HIF1A 4.18E-10 2.552 RBPJ 2.00E-03 �2

CCL5 3.11E-03 2.449 MAP3K7 2.88E-02 �2

RELA 1.11E-02 2.425 miR-29b-3p 2.38E-03 �2.219

PRKCD 1.35E-03 2.414 HDAC 3.57E-05 �2.273

CTGF 1.77E-05 2.402 COL18A1 1.08E-04 �2.538

TWIST1 3.13E-04 2.236 WISP2 2.91E-08 �2.714

EIF2AK2 4.87E-02 2.236 FBN1 2.75E-09 �2.797

MYB 1.20E-04 2.215 FOXA1 1.08E-04 �2.802

AKT 3.52E-03 2.213 IgG 2.25E-06 �3.5

TWIST2 1.26E-04 2.207 MGEA5 1.30E-13 �3.55

CSF2 1.62E-01 2.2 SPDEF 6.24E-14 �3.935

LDL 8.56E-03 2.186 ER 1.38E-15 �4.062

The top 30 predicted upstream regulators, sorted by p-value, are reported in this table.

Figure 4. Expression levels of 95 TGFb-related genes in the RNAseq dataset are depicted in a heatmap format using row Z-scores derived from

Log2(RPKM + 2) for each sample. Nearly all of these selected genes, with rare exceptions (e.g., DEPTOR), are upregulated in the COL6-RD

samples.
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not identify a similar activation of immune response in

our dataset. There are a number of potential reasons for

seeming discrepancies in results obtained by us and other

studies. Our data were obtained from the analysis of a

comparatively larger set of COL6-RD patient biopsies and

age-matched controls, providing greater statistical power

and making it less prone to sampling bias and statistical

drift.28 However, our cohort was also intentionally more

broad in disease severity. In addition, methodologic dif-

ferences in both transcriptomic approaches and sequenc-

ing platforms may account for a portion of the

differences noted between the studies. In view of these

differences, additional comparative studies are needed to

identify common disease mechanism/networks across

these different datasets. For example, M2 macrophages

identified in another report14 may be activated by

TGFb,29,30 especially in tissue repair in response to

chronic injury,31 which is entirely consistent with our

finding of TGFb pathway upregulation in COL6-RD mus-

cle biopsies.

TGFb and some of its downstream effectors (e.g., ERK,

P38 MAPK, and CTGF) were the most prominently dys-

regulated pathways based on upstream regulator analysis

of our dataset (TGFb; z-score = 5.627; p-value = 6.48E-

18) (Table 1, Fig. 4). Increased p-SMAD2/SMAD2 ratio,

the canonical effector in the TGFb pathway in COL6-RD

muscle biopsies, was also consistent with increased TGFb
activity (Fig. 5C and D). Increased TGFb activity has been

reported in other muscular dystrophies, possibly reflecting

the progressive development of fibrosis, a prominent

characteristic of late stages of chronic muscle disease in

general.32–34 For example, in Duchenne muscular dystro-

phy (DMD), ECM-related genes (COL1A1, COL1A2,

COL3A2, and FN1), and TGFB1 are prominently upregu-

lated. However, in DMD, this upregulation appears in

later stages of the disease, while inflammatory pathways

(e.g., TNFa or NF-kB) dominate the abnormalities early

in the disease course.33,35,36 Thus, the prominent upregu-

lation of TGFb-regulated genes in COL6-RD diverges

from other muscular dystrophies such as DMD in its

Figure 5. (A) Expression level of selected genes identified by polyserial correlation analysis. Expression levels are depicted in a heatmap format

using row Z-scores derived from Log2(RPKM + 2) for each gene. RPKM = Reads per kilobase of transcript per million (B) Technical validation of

microarray and RNA-Seq data by qPCR on 17 genes performed on a randomly selected subset of controls (n = 5) COL6-RD (n = 6, two from each

histologic severity group) muscle biopsies. The relative expression levels are plotted in a heatmap using row Z-scores: microarray and RNA-Seq:

Log2(RPKM + 2), qPCR: linear fold change normalized to a control sample). (C) Representative western blot of human muscle biopsy lysates for

detection of P-SMAD2, SMAD2, thrombospondin-4 (THBS4), and decorin (DCN). (D) Densitometry of p-SMAD2/SMAD2 ratio in control (n = 6)

and COL6-RD (n = 10) skeletal muscle samples normalized to control samples in each group of analysis. P-SMAD2/SMAD2 ratio trends higher in

COL6-RD samples with a high degree of variability.
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early prominence. The significance of this finding remains

unclear, and additional studies are necessary to further

investigate its mechanistic implications.

A conspicuous finding emerging from our study was

the early and prominent upregulation of two small

leucine-rich proteoglycans, decorin (fold change = 3.35;

p-value = 4.10E-08) and biglycan (fold change = 4.33; p-

value = 3.36E-07), which was consistent with a prior

study of a few COL6-RD muscle biopsies.14 Dysregulation

of decorin and biglycan has also been reported in other

muscular dystrophies such as DMD, LGMD 2A/LGMD

R1 (calpainopathy), and Pompe disease, likely reflecting

the development of fibrosis and muscle ECM remodeling

in these disorders.35,37–40 Decorin and biglycan are known

to directly interact with collagen VI,41,42 and while the

functional implications of these interactions are complex,

they may involve the regulation of growth factors includ-

ing TGFb. Decorin in particular has been shown to inhi-

bit TGFb activity in skeletal muscle, counteracting the

stimulating effect of TGFb and other members of the

TGFb superfamily (e.g., TGFb2 and myostatin) on fibrob-

last proliferation, thus enhancing muscle regeneration and

decreasing the amount of fibrosis, both in vitro and

in vivo.43,44 Of note, the actual composition of the sur-

rounding ECM plays a crucial role in determining the cel-

lular response to decorin45; therefore, the development of

fibrosis over time might in turn modulate decorin–TGFb
interactions and their effects on cells. Biglycan also binds

TGFb with similar affinity to decorin in vitro.46 However,

unlike decorin, biglycan overexpression in vivo does not

prevent the pro-fibrotic effects of TGFb1.46 Additional

mechanistic studies are necessary to investigate the role of

biglycan and decorin in COL6-RD and their contribution

to fibrotic changes in muscle.

Another novel finding in our study was the upregula-

tion of two cartilage-specific genes, CILP (fold change =
5.27; p-value = 1.31E-09) and MGP (fold change = 3.83;

p-value = 1.12E-07), suggestive of transdifferentiation of

muscle-resident cells to chondrocytes or adipocytes.

Under normal conditions, cartilage intermediate layer

protein (CILP) is exclusively expressed in articular carti-

lage and is synthesized and deposited into the ECM by

chondrocytes.47,48 CILP protein has been implicated in

calcium crystal deposition in articular cartilage in patients

with osteoarthritis and rheumatoid arthritis during aging

and in response to increased concentrations of TGFb.49–51

Matrix Gla Protein (MGP) is expressed in a broad range

of tissues and cells,52,53 but accumulates to significant

levels only in cartilage, bone, and calcified cartilage.52

MGP-deficient mice show extensive calcification of the

aorta and articular cartilage,54,55 suggesting that MGP

inhibits calcification of soft connective tissues. MGP and

CILP thus seem to have opposite effects when secreted in

the cartilage ECM, possibly suggesting that they counter-

balance each other. CILP transcriptional regulation is

mediated by the canonical TGFb/Smad2/3 pathway via

SK1 and S1P3,56–58 as well as non-canonical TGFb signal-

ing pathways involving PI3K, MEK/ERK, and p38.59,60

Taken together, with apparent upregulation of TGFb in

COL6-RD muscle, the TGFb-induced transdifferentiation

of muscle-resident cells may thus contribute to the patho-

genesis of COL6-RD or secondary histologic changes such

as fatty replacement and ECM remodeling. Since we did

not perform single-cell or single-nuclei transcriptome anal-

ysis, it remains unclear which cell type in muscle (e.g.,

myonuclei, FAPs, endothelial cells, tenocytes, inflammatory

cells, etc), primarily drives the upregulation in cartilage

and adipose transdifferentiation genes. Future studies that

use single-cell/nuclei isolation followed by transcriptome

analysis will help to answer these important questions.

THBS4 was the most highly upregulated gene in our

dataset (THBS4; fold change = 17.28; p-value = 2.59E-09),

which is also upregulated in other muscular dystrophies such

as in DMD and in dy3k/dy3k mice, a mouse model of LAMA2-

related muscular dystrophy.35,61 Expression of THBS4 is nor-

mally restricted to skeletal and cardiac muscle, and the ner-

vous system. In cardiac muscle, thrombospondin-4 is mainly

localized to the perimysium and endomysium and may play a

role in mechanosignaling, protecting against cardiac fibro-

sis.62,63 Thrombospondin-4 is also part of the endoplasmic

reticulum (ER) stress response mediated through ATF6.64 In

skeletal muscle, thrombospondin-4 is particularly abundant

in endomysium and perimysium of oxidative muscles (e.g.,

soleus), where it is thought to stabilize the muscle mem-

branes,65 and in tendon, where it is thought to regulate the

structural organization of collagen fibrils.66 The significant

upregulation of THBS4 mRNA and protein in our cohort of

COL6-RD patients did not correspond to upregulation of ER

stress response genes or proteins (e.g., ATF6 and BiP) perhaps

suggesting a more classical role in regulating mechanosignal-

ing in skeletal muscle. Mechanistic studies are necessary to

further elucidate the role of thrombospondin-4 in the patho-

genesis of COL6-RD.

Microarray-based and RNA-Seq transcriptomic analyses

each have technical advantages and disadvantages.67 Given

our discovery-based approach, by combining both data-

sets, we set out to circumvent the limitations of each

method. The two methods performed concordantly in

our dataset (Fig. 2A), and both were validated by the

gold-standard of qPCR (Fig. 5A). Analysis of the differen-

tially expressed transcripts using each platform indepen-

dently gave very similar results.

In summary, in this comparatively large transcriptomic

study of histologically staged COL6-RD muscle biopsies,

we demonstrate that ECM-related and TGFb-responsive
genes are highly upregulated in this disease. Furthermore,
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this upregulation is established early in the disease pro-

cess, preceding histologically evident fibrosis. Given the

direct role of ECM in regulation of TGFb activity, we

propose that dysregulation of TGFb may be an early and

primary driver of disease in COL6-RD as a direct result

of collagen VI absence or mislocalization in the ECM.

The direct mechanistic connection between collagen VI

and TGFb activity regulation is under active investigation,

and, if confirmed, would posit a divergent role for the

TGFb pathway compared to what occurs in other muscu-

lar dystrophies with secondary engagement of the path-

way. Thus, we define the TGFb signaling pathway as a

rational choice for the future exploration of biomarkers

and therapeutic targets in COL6-RD.
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