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Abstract

Aims Familial hypertrophic cardiomyopathy (HCM) is the most common form of inherited cardiac disease. It is characterized
by myocardial hypertrophy and diastolic dysfunction, and can lead to severe heart failure, arrhythmias, and sudden cardiac
death. Cardiac fibrosis, defined by excessive accumulation of extracellular matrix (ECM) components, is central to the patho-
physiology of HCM. The ECM proteoglycan lumican is increased during heart failure and cardiac fibrosis, including HCM, yet its
role in HCM remains unknown. We provide an in-depth assessment of lumican in clinical and experimental HCM.
Methods Left ventricular (LV) myectomy specimens were collected from patients with hypertrophic obstructive cardiomyop-
athy (n = 15), and controls from hearts deemed unsuitable for transplantation (n = 8). Hearts were harvested from a mouse
model of HCM; Myh6 R403Q mice administered cyclosporine A and wild-type littermates (n = 8–10). LV tissues were analysed
for mRNA and protein expression. Patient myectomy or mouse mid-ventricular sections were imaged using confocal micros-
copy, direct stochastic optical reconstruction microscopy (dSTORM), or electron microscopy. Human foetal cardiac fibroblasts
(hfCFBs) were treated with recombinant human lumican (n = 3) and examined using confocal microscopy.
Results Lumican mRNA was increased threefold in HCM patients (P < 0.05) and correlated strongly with expression of col-
lagen I (R2 = 0.60, P < 0.01) and III (R2 = 0.58, P < 0.01). Lumican protein was increased by 40% in patients with HCM
(P < 0.01) and correlated with total (R2 = 0.28, P = 0.05) and interstitial (R2 = 0.30, P < 0.05) fibrosis. In mice with HCM,
lumican mRNA increased fourfold (P < 0.001), and lumican protein increased 20-fold (P < 0.001) in insoluble ECM lysates.
Lumican and fibrillar collagen were located together throughout fibrotic areas in HCM patient tissue, with increased
co-localization measured in patients and mice with HCM (patients: +19%, P < 0.01; mice: +13%, P < 0.01). dSTORM
super-resolution microscopy was utilized to image interstitial ECM which had yet to undergo overt fibrotic remodelling. In
these interstitial areas, collagen I deposits located closer to (�15 nm, P < 0.05), overlapped more frequently with (+7.3%,
P < 0.05) and to a larger degree with (+5.6%, P < 0.05) lumican in HCM. Collagen fibrils in such deposits were visualized using
electron microscopy. The effect of lumican on collagen fibre formation was demonstrated by adding lumican to hfCFB cultures,
resulting in thicker (+53.8 nm, P < 0.001), longer (+345.9 nm, P < 0.001), and fewer (�8.9%, P < 0.001) collagen fibres.
Conclusions The ECM proteoglycan lumican is increased in HCM and co-localizes with fibrillar collagen throughout areas of
fibrosis in HCM. Our data suggest that lumican may promote formation of thicker collagen fibres in HCM.
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Introduction

Familial hypertrophic cardiomyopathy (HCM) is the most
common inherited cardiac disease, affecting 1:500 of the
global population.1 In HCM, cardiomyocyte sarcomere gene
variants lead to increased left ventricle (LV) wall thickness,
attributed to cardiomyocyte hypertrophy and disarray,
inflammation, and accumulation of fibrosis.1,2 Such adverse
remodelling causes heart failure, with diastolic dysfunction,
arrhythmias, and increased risk of sudden cardiac death.2,3

Fibrosis is becoming increasingly recognized as a critical path-
ophysiological process in HCM, correlating with adverse clin-
ical outcomes and present in most patients with HCM.4,5

Cardiac fibrosis is characterized by the excessive produc-
tion of extracellular matrix (ECM), where structural fibrillar
collagens I and III are deposited by activated cardiac fibro-
blasts in focal areas of cardiomyocyte death (replacement fi-
brosis), between cardiomyocytes (interstitial fibrosis) and
around vessels (perivascular fibrosis).6 Not only the quantity
but also the quality of the remodelled matrix affects the pro-
gression of heart failure.7,8 The quality of the cardiac ECM is
mainly determined by the organization of its components, of
which fibrillar collagen I is most abundant. Therefore, exam-
ining molecules that may govern fibrillar collagen organiza-
tion in fibrosis, such as the ECM proteoglycans, is an impor-
tant step in identifying routes for anti-fibrotic therapy in
HCM patients.

The small leucine-rich proteoglycans (SLRPs) constitute a
family of secreted, glycosylated proteins with distinct roles
in the cardiac ECM, including collagen organization.9 The
SLRP lumican, specifically, is increased in patients with heart
failure10,11 and is shown to be important for heart failure pro-
gression and survival during studies of lumican knockout
mice.12,13 Moreover, lumican was found to be one of the
most regulated proteins in HCM, and studies in non-cardiac
tissues indicate a role for lumican in development of
fibrosis.11,14–16 Despite this, lumican has not yet been exam-
ined in HCM in detail at the molecular level. Therefore, we
have studied the production and localization of lumican in
myectomy samples from patients with HOCM, hearts from
the well-established Myh6 R403Q mouse model of HCM
and human foetal cardiac fibroblasts (hfCFBs) treated with
lumican, with special focus on relationship to collagen.

Methods

Ethics

The human biopsy protocol was approved by the Regional
Committee for Medical Research Ethics (REK ID S-02295 and
S-05172) and the South-Eastern Regional Health Authority
of Norway and conformed with the principles outlined in

the Declaration of Helsinki. Informed consent was provided
by patients and next of kin of heart donors. Mouse protocols
were approved by the Norwegian National Animal Research
Committee and the Norwegian Food Safety Authority (FOTS
ID 7466 and 17235) and conformed to the Animals in Re-
search: Reporting In Vivo Experiments (ARRIVE) Guidelines.17

HOCM patients and myectomy samples

LV biopsies were obtained during septal myectomy from
HOCM patients (n = 15) which had been referred for septal
reduction therapy at Oslo University Hospital (OUH). Tissue
samples were snap-frozen in liquid nitrogen and stored at
�80°C. For cryosections, a small number of flash-frozen
samples were embedded at a later time-point using
OCT-COMPOUND (Chemi-Teknik AS, Oslo, Norway). LV tissue
from non-diseased hearts considered for transplantation but
deemed unsuitable served as controls (initial n = 10), with
two samples excluded from further analyses due to degraded
tissue/poor quality (final n = 8).

HOCM patient characteristics for samples used in qPCR
and WB analyses were described previously.6 In brief, the di-
agnostic criteria were LV wall thickness >15 mm with other
causes of hypertrophy excluded, with non-dilated LV and
EF ≥ 50%. Indication for septal reducing therapy was the pres-
ence of symptoms despite optimal medical treatment, signif-
icant blood flow obstruction in LV outflow tract with peak
gradient >30–50 mmHg, and basal septal wall thickness
>15 mm. Histological examination of fibrosis was performed
by an experienced pathologist.6 Blood sampling was per-
formed at the time of septal myectomy to measure circulat-
ing collagen peptides in serum: the amino terminal peptide
of type I procollagen (PINP), the amino terminal peptide of
type III procollagen (PIIINP), and the carboxy-terminal
telopeptide of type I collagen (ICTP).

Mouse model of HCM

Mice were 129SvEv background (Taconic). Comparisons were
made between animals heterozygous for the alpha myosin
heavy chain 6 R403Q mutation (αMHC403/+) and wild-type lit-
termates. This well-established and extensively characterized
genetic mouse model of HCM exhibits an accelerated pheno-
type upon administering cyclosporine A (CsA).18–20 A total of
36 mice were used in this study (n = 8–10).

Male mice aged 7.6–10.0 weeks received CsA or vehicle
(Veh) for 3 weeks. CsA was administered orally to achieve
continuous dosage. Each mouse received 40 g of chow
soaked for 24 h in a 10 mL mixture of 0.0375% 100 mg/mL
CsA (Sandimmun Neoral Mixture, NOVARTIS) in sesame oil
(ACROS Organics, Thermo Fisher), replaced once per week.
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Transthoracic echocardiography was performed under
light isoflurane (1.7%) anaesthesia at baseline and prior to or-
gan harvest. Echocardiograms were performed by an experi-
enced researcher blinded to genotype and treatment. Mea-
surements were made of the interventricular septum (IVS),
LV posterior wall (LVPW), LV inner dimension (LVID), and left
atrial diameter (LAD), as previously described.21 Anaesthesia
time was 5–10 min per mouse. Images were analysed by a
single blinded, independent observer.

Mice were weighed prior to harvest to collect body weight
(BW). To harvest mice, mice were anaesthetized with
isoflurane (4%), and the heart and lungs excised. Excised tis-
sues were washed in ice-cold PBS. Lung weights (LW) and
whole heart weights (HW) were collected. A transverse
mid-ventricular cut through the heart was performed and
pieces washed in ice-cold PBS. The basal half was
snap-frozen in 2-methylbutane using embedding matrix,
OCT-COMPOUND (Chemi-Teknik AS, Oslo, Norway) for cryo-
sections, and the apical half, containing tissue from both
the septum and posterior wall, was directly snap-frozen for
individually matched molecular biology analyses.22 After har-
vesting tissues, hind limbs were excised above the knee and
tissue removed to measure tibia length (TL). Frozen mouse
tissues were pulverized using a Multisample Biopulverizer
(12-well, BioSpec Products, #59012MS) prior to RNA or pro-
tein isolation.

Human foetal cardiac fibroblasts

hCFBs (#306-05f, Cell Applications Inc., CA) at Passage 5 were
cultured for 5 days with 2 μg/mL recombinant human
lumican protein (#2846-LU carrier-free, R&D) or vehicle
(dPBS) added at Day 0. Concentration of recombinant
lumican was based on previous studies.14,23,24 Immunohisto-
chemistry was performed for lumican and collagen I (see
Data S1 for further description). Entire coverslips were
scanned at 20× using an AxioScan Z1 (Carl Zeiss) and 63× Z-
stack confocal images of 2–3 μm thickness were obtained
using an LSM800 Airyscan (Leica) microscope. Three biologi-
cal replicates were performed. Seven randomly selected im-
ages were quantified using CT Fire (see Data S1 for further
description).

Gene expression

RNA was isolated and qPCR performed using frozen tissue as
described previously.10 Frozen mouse LV tissue was homoge-
nized in QIAzol Lysis Reagent (Qiagen) using the TissueLyser
system (Qiagen). RNA extraction was performed with the
miRNeasy RNA isolation kit (#217084, Qiagen). RNA concen-
tration was measured using a Multiskan Sky Microplate Spec-
trophotometer (Thermo Fisher). cDNA was synthesized using

an iScript™ cDNA Synthesis Kit (Bio-Rad). TaqMan™ assays
(Applied Biosystems, Thermo Fisher) were used for qPCR. Hu-
man TaqMan assays: RPL32 Hs00851655_g1; LUM
Hs00929860_m1; COL1A2 Hs01028956_m1; COL3A1
Hs00943809_m1. Mouse TaqMan assays: Rpl32
Mm02528467_g1; Lum Mm01248292_m1; Col1a1
Mm00801666_g1; Col1a2 Mm00483888_m1; Col3a1
Mm00802331_m1; Lox Mm00495386_m1; Tgfb1
Mm01178820_m1; Postn Mm01284919_m1; Ctgf
Mm01192932_g1; Nppa Mm01255747_g1; Nppb
Mm01255770_g1; and Myh7 Mm00600555_m1. RPL32 and
Rpl32 were used as reference genes.

Immunoblotting

Protein was isolated from human and mouse LV biopsies.
Proteins from patient biopsies were isolated prior to this
study using a PBS-based lysis buffer (1% Triton X-100/0.1%
Tween-20/PBS), yielding total lysates containing cellular plus
soluble/loosely bound ECM proteins. From mouse LV tissue,
proteins were separated into two protein lysates; a cellular
plus soluble/loosely bound ECM fraction (cell + sol. ECM)
and an ECM-enriched fraction, containing tightly ECM-bound
and insoluble ECM proteins (insol. ECM). The cell + sol. ECM
fraction was isolated through homogenization in a PBS-based
lysis buffer (1% Triton X-100/0.1% Tween-20/PBS) and the
insol. ECM fraction isolated from the remaining insoluble pel-
let with 1% SDS lysis buffer.25

Immunoblotting was performed as previously
described10,13,26 using 5% BSA/TBS-T blocking solution and
1:500 goat anti-human lumican antibody (R&D AF2846) or
goat anti-mouse lumican antibody (R&D AF2745). Deglycosyl-
ation of lumican was performed using PNGaseF as previously
described.13,26 Blots were developed with the Azure 600
imaging system (Azure Biosystems, CA) and automated quan-
tification performed with AzureSpot software. Total protein
was used as loading control (Coomassie blue for patient
tissues; Revert 700 Total Protein Stain #926-11011 LI-COR
for mouse tissues). Glycosylated lumican was detected at
50–75 kDa, omitting the non-specific band at approximately
75–80 kDa, as previously described.13 Deglycosylated lumican
(i.e. the remaining core protein after deglycosylation) was de-
tected at 38 kDa as previously described13 and was used as a
measure of total lumican protein levels.

Confocal microscopy

All imaging was performed on 7 μm cryosections on poly-L-ly-
sine coated slides (Poly-Prep, Sigma-Aldrich) maintained at
�20°C during cutting and stored at �80°C prior to fixation.
Cryosections were fixed and immunohistochemistry was per-
formed for lumican and collagen I (see Data S1 for further de-
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scription). Negative antibody controls were performed in pa-
tient tissues (Figure S1A), mouse tissues (Figure S1B) and cell
cultures (Figure S1C).

Confocal imaging was performed with a 63× objective on
an LSM800 Airyscan (Leica) microscope before scanning the
entire section using an AxioScan Z1 (Carl Zeiss). Type of
fibrosis identified was based on previous definition in the
HOCM patient cohort.6 Quantification was performed using
Fiji/ImageJ or QuPath software using scans of entire sections
for quantification of lumican signal (mean signal intensity,
normalized to background signal via F/F0). Representative
images were chosen based on visual representation of quan-
tified data.

dSTORM super-resolution imaging

All dSTORM imaging was performed on 4 μm cryosections.
Cryosections were fixed and immunohistochemistry per-
formed for lumican and collagen I (see Data S1 for further de-
scription). Imaging was performed using a 63× objective on
an LSM710/Elyra microscope (Leica). The blinded operator
selected interstitial areas where lumican and collagen were
present, then acquired lumican signal emission at 647 nm
wavelength and collagen signal at 555 nm wavelength with
dSTORM.

Resulting images were processed, thresholded to remove
intracellular signal and analysed using a custom Python script
to group collagen and lumican deposits in each image. ‘De-
posits’ were defined by localization, with the assumption
that, if a group of pixels viewed via dSTORM did not have a
gap distinguishable at 25 nm resolution, then they likely
corresponded to proteins interacting in the ECM. Defining a
group of proteins as a single deposit enabled quantification
of deposit characteristics (overlap, inter-deposit distance).
Additional analyses were performed using Fiji/ImageJ (see
Data S1 for further description). 3D dSTORM images were
rendered using ParaView software.

Electron microscopy (EM)

Mouse hearts were excised, 1 mm mid-ventricular sections
cut using a razor blade, fixed and processed before cutting
100 nm ultrathin sections for imaging via transmission elec-
tron microscopy (TEM) (see Data S1 for further description).

Statistics

GraphPad Prism 9 was used for statistical comparisons. All
single comparisons were performed using a Student’s t-test
and evaluated for Gaussian distribution of residuals. If the
F-test displayed significant difference between variances, Stu-
dent’s t-test with Welch’s correction was used. If normality of

residuals tests were failed (alpha = 0.05), the Mann–Whitney
U test was used instead. When comparisons were between
multiple variables, one-way ANOVA with Tukey post hoc anal-
ysis was applied. Where variances were significantly differ-
ent, Brown–Forsythe and Welch ANOVA with Dunnett’s T3
was used, and where normality tests failed, Kruskal–Wallis
test with Dunn’s multiple comparisons used. Correlations
were analysed via simple linear regression.

Results

Lumican is increased in the myocardium of HOCM
patients

Lumican levels were increased in myectomy specimens from
HOCM patients vs. controls. Lumican mRNA levels were
threefold higher in HOCM (Figure 1A). Immunostaining sec-
tions for lumican protein (Figures 1B and S1D) showed a
35% increase in signal in HOCM (Figure 1C). Immunoblotting
revealed a twofold increase in 50–75 kDa glycosylated
lumican protein levels in HOCM (Figure 1D, i and iii, complete
blots Figure S2A). Deglycosylation of these samples to total
lumican protein level at 38 kDa displayed a 1.4-fold increase
(Figure 1D, ii and iv, complete blots Figure S2B). Lumican de-
position was evident across areas of replacement, interstitial
and perivascular fibrosis (Figure 1E, white arrowhead indicat-
ing fibrosis).

Lumican co-localizes with collagen I in fibrotic
regions of the HOCM myocardium

Confirming cardiac fibrosis in HOCM patients, collagen I ex-
pression (measured via COL1A2) was increased 3.6-fold and
collagen III expression (measured via COL3A1) was increased
2.9-fold in HOCM (Figure 2A). LUM mRNA levels correlated
positively with COL1A2 (R2 = 0.60) and COL3A1 (R2 = 0.58),
displaying positive covariance between increased collagen
and lumican in HOCM (Figure 2B). Similarly, total lumican pro-
tein levels in myocardial specimens were positively correlated
with total and interstitial fibrosis determined by histological
examination (Figure 2C). Despite this, total lumican protein
was not correlated with circulating collagen biomarkers PINP
(Figure S3A, left panel), ICTP (Figure S3A, right panel), nor
PIIINP (Figure S3B). Co-staining HOCM and control sections
for collagen I and lumican demonstrated increased
co-localization in HOCM (Figure 2D), quantified as a 3.5-fold
increase (Figure 2E). Qualitative assessment of lumican and
collagen I revealed that lumican spread pervasively through-
out fibrotic areas and was often found localized closely to col-
lagen I (Figure 2F, white arrows indicating typical lumican and
collagen I localization).
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Lumican and collagen are upregulated and
localized across the left ventricles of mice with
HCM

Patient samples were limited and collected from regional bi-
opsies. Thus, to assess fibrotic remodelling across the entire
LV, we utilized the Myh6 R403Q mouse model where HCM
develops in response to CsA treatment.18–20

Echocardiography, organ weights and gene expression pro-
files after CsA treatment confirmed the expected HCM phe-
notype in Myh6 R403Q mice vs. WT Veh controls (Table 1).
Increased HW, HW/TL ratio, LVPW during diastole (LVPW;d),
and expression of pathological molecular markers (including
Myh7) indicated hypertrophic remodelling (Table 1), most no-
tably in the posterior wall, as observed previously in this
model.18,19,22 Hypercontractility was evident by increased

fractional shortening (FS) (Table 1). Pulmonary congestion
and congestive heart failure were indicated by increased
LW, LW/TL ratio, LAD, and expression of heart failure bio-
markers Nppa and Nppb (Table 1). Increased expression of fi-
brillar collagens I (Cola1, Col1a2) and III (Col3a1) by 6.7- to
8.6-fold indicated expected levels of fibrosis (Figure 3A). Ac-
cordingly, expression of the collagen cross-linking enzyme
lysyl oxidase (Lox) was increased by 6.2-fold (Figure 3B). Ex-
pression of Tgfb1, Ctgf, and Postn were increased, indicating
increased TGF-β activity (Table 1).

Lum mRNA was upregulated 4.2-fold in HCM mice vs WT
Veh controls (Figure 3C). Immunoblotting for LV lumican pro-
tein showed that lumican protein from cell + sol. ECM lysates
increased threefold, whereas lumican protein from insol.
ECM lysates (containing tightly ECM-bound and insoluble
ECM proteins) increased 20-fold in HCM (Figure 3D, complete

Figure 1 Lumican is increased in the myocardium of HOCM patients. Left ventricular (LV) myectomy samples were obtained from HOCM patients and
compared with LV samples from control hearts (Ctrl). (A) Patient lumican (LUM) mRNA expression relative to control (n = 3 Ctrl, n = 14 HOCM). (B)
Cryosections were immunostained for lumican (green) and scanned at 20×, from control (left) and HOCM (right) tissues. Negative antibody control
displayed in Figure S1A. Scale bars have a width of 1 mm. (C) Quantification of lumican protein via mean signal intensity in control and HOCM tissue
sections (n = 3 Ctrl, n = 3 HOCM). (D) Immunoblotting of total lysates for lumican protein in control and HOCM tissues, displaying lumican in its 50–
75 kDa glycosylated state (blot displayed in i and quantified as ‘glycosylated’ in iii). These samples were deglycosylated using PNGaseF to measure total
lumican protein via the 38-kDa core protein (blot displayed in ii and quantified as ‘deglycosylated’ in iv). Representative bands are shown, with com-
plete blots and loading controls displayed in Figure S2. Schematic of the small leucine-rich proteoglycan lumican is displayed with its four N-glycan sites
where keratan sulfate glycosaminoglycan (GAG) modification can occur. Scissors indicate the removal of N-glycans, and hence, GAG chains with
PNGaseF. (E) Representative images from HOCM patient tissues displaying lumican in replacement (left panel), interstitial (centre-left panel) and
perivascular (centre-right panel) fibrosis, with control tissue (right panel) for comparison. White arrowheads display lumican in the relevant area.
WGA (magenta) displays remaining ECM proteins and outlines cardiomyocytes, whereas DAPI (light blue) displays nuclei. Scale bars indicate a width
of 250 μm. Data are presented as means ± SD with individual points; statistical comparisons were performed by t-test. *P < 0.05, **P < 0.01.
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Figure 2 Lumican co-localizes with collagen I in fibrotic regions of the HOCM myocardium. Correlation and co-localization between lumican and col-
lagen I were examined in left ventricular (LV) myectomy samples from HOCM patients and compared with control hearts (Ctrl). (A) mRNA expression
levels of collagen types I and III were analysed via COL1A2 (left) and COL3A1 (right), shown relative to control (n = 5 Ctrl, n = 14 HOCM). (B) Correla-
tions (R

2
) for collagen I or III mRNA expression with lumican mRNA expression in HOCM samples (n = 14). (C) Levels of total lumican protein via West-

ern blotting correlated against fibrosis (%), quantified via histological examination of HOCM patient myectomy tissues (n = 14) by an experienced
pathologist. Total fibrosis percentage in the tissue is displayed (left panel), with interstitial fibrosis (right panel) correlated separately. R

2
and P values

displayed within the graph. (D) Cryosections were binarized to assess degree of red/green overlap through Fiji/ImageJ (n = 3 Ctrl, n = 3 HOCM, lumican
in green, collagen I in red, and overlap in yellow). Scale bars have a width of 1 mm and representative images follow Pearson’s R quantification. (E)
Pearson’s R value describes degree of overlap between red and green wavelengths of emission as indicated by the yellow areas (values 0–1 = 0–
100% overlap). (F) Representative confocal images displaying typical presentation of lumican (green) and collagen I (red) in control vs. HOCM tissues.
White arrows indicate where lumican and collagen are found together. Negative antibody control displayed in Figure S1A. Scale bars indicate a width of
25 μm. WGA (cyan) displays the remaining ECM and outlines cardiomyocytes. DAPI (light blue) displays nuclei. Data are presented as means ± SD with
individual points; statistical comparisons were performed via linear regression or t-test. *P < 0.05, **P < 0.01, ***P < 0.001.
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blots Figure S4). Immunohistochemistry revealed lumican de-
position across the LV increased by 36% in HCM (Figure 3E).
Co-staining for lumican and collagen revealed that co-
localization increased by 13% in HCM (Figure 3F).

Lumican and collagen I in areas with and without
apparent fibrosis in HCM

Confocal imaging in control mouse tissues revealed lumican
deposition was mostly restricted to areas between sheets of
healthy cardiomyocytes. (Figure 4A, green arrow), whereas
collagen surrounded cardiomyocytes in a thin layer (Figure
4A, red arrow). Similar patterning could be observed in
HCM mouse tissues in areas that had not yet undergone fi-
brotic remodelling, which we termed ‘without apparent fibro-
sis’ (Figure 4B, pink arrow). Observations in entire scans of
the LV revealed that lumican remodelled in parallel with de-
gree of fibrosis, from ‘unapparent’ to severe (Figure 4B, white
dashed arrow). Using confocal microscopy, we visualized
lumican clearly in areas that appeared to be at the very be-
ginning of fibrotic remodelling (Figure 4C, left panel, white ar-
row) and in areas with severe fibrotic remodelling (Figure 4C,
right panel). This led us to examine whether we could ob-
serve subtle alterations in lumican and collagen deposition
in areas as yet without overt fibrotic remodelling.

Collagen I deposits reach larger sizes more
frequently and co-localize more with lumican in
areas without apparent fibrosis in HCM

Examining alterations in areas without overt remodelling pre-
sented a novel challenge, due to the subtle nature of the re-
modelling we wished to observe. Therefore, we applied
dSTORM to obtain images of lumican and collagen down to
25 nm resolution in interstitial ECM areas without apparent
fibrosis (Figure 5A). Binarizing these images enabled defini-
tion of protein deposits and establishment of where they
overlapped (Figure 5B). Even in areas without apparent fibro-
sis, collagen deposits reached a larger size more frequently in
HCM, indicating early or low levels of fibrotic remodelling
(Figure 5C). We used EM to directly visualize such collagen
deposits, displaying how collagen fibrils collect to form larger
structures in healthy tissue (Figure 5D, upper panel), in areas
without apparent fibrosis (Figure 5D, centre panel) or with
overt fibrosis (Figure 5D, lower panel). Quantifying
inter-deposit distances in these interstitial areas via dSTORM
revealed that collagen deposits localized more closely to
lumican in HCM (Figure 5E). Collagen deposits also over-
lapped with lumican more frequently (Figure 5F, left panel)
and to a greater extent (Figure 5F, right panel) in HCM. This
co-localization was visualized via 3D dSTORM reconstruction
in control (Figure S5) and HCM (Figure S6).

Table 1 HCM phenotype of Myh6 R403Q mice using CsA induction

WT Myh6 R403Q

Treatment Veh CsA Veh CsA
N 9 8 9 10

Biometric data at harvest
Age (weeks) 11.8 ± 0.9 11.8 ± 0.8 11.8 ± 0.9 11.7 ± 0.9
BW (g) 22.7 ± 2.1 20.2 ± 2.1* 22.8 ± 2.5 18.2 ± 2.5***
TL (mm) 17.1 ± 0.4 17.2 ± 0.4 17.1 ± 0.3 17.0 ± 0.5
HW (mg) 122.1 ± 19.0 118.7 ± 19.2 117.4 ± 17.2 137.6 ± 19.4*
HW/TL (mg/mm) 7.1 ± 1.0 6.9 ± 1.2 6.8 ± 0.9 8.1 ± 1.1#

LW (mg) 145.4 ± 20.2 144.6 ± 10.9 143.7 ± 16.7 216.0 ± 62.3**##

LW/TL (mg/mm) 8.5 ± 1.1 8.4 ± 0.6 8.4 ± 0.9 12.7 ± 3.8**##

M-mode echocardiography
LAD (mm) 2.16 ± 0.29 2.33 ± 0.49 2.26 ± 0.26 2.87 ± 0.63*
LVPW;d (mm) 0.65 ± 0.10 0.70 ± 0.11 0.82 ± 0.11 1.23 ± 0.48**##

IVS;d (mm) 0.77 ± 0.15 0.70 ± 0.13 0.76 ± 0.10 0.71 ± 0.19
LVID;d (mm) 4.01 ± 0.40 3.78 ± 0.47 3.80 ± 0.57 3.05 ± 0.76**#

FS (%) 16.9 ± 5.4 20.5 ± 7.1 27.7 ± 8.7* 33.7 ± 13.3**#

Relative LV mRNA expression (qPCR)
Nppa/Rpl32 1.0 ± 0.6# 3.5 ± 1.4* 2.7 ± 1.7 21.3 ± 4.4***
Nppb/Rpl32 1.0 ± 0.1 1.2 ± 0.5 1.3 ± 0.9 2.0 ± 0.5**
Myh7/Rpl32 1.0 ± 0.4 0.7 ± 0.4 1.7 ± 0.6# 3.1 ± 1.6**###

Tgfb1/Rpl32 1.0 ± 0.3 1.3 ± 0.2 1.0 ± 0.3 1.9 ± 0.3***###

Ctgf/Rpl32 1.0 ± 1.4 0.8 ± 0.3 1.0 ± 1.3 1.9 ± 0.6*#

Postn/Rpl32 1.0 ± 0.3 2.2 ± 0.7 2.7 ± 1.9 15.1 ± 4.1***#

Rpl32 1.0 ± 0.1 1.0 ± 0.1 1.1 ± 0.1 1.0 ± 0.2

BW, body weight; FS, fractional shortening; HW, heart weight; IVS;d, interventricular septal end diastole; LAD, left atrial diameter; LVID;d,
left ventricular internal dimension end diastole, LVPW;d, left ventricular posterior wall end diastole; LW, lung weight; TL tibia length.
Biometric data, M-mode echocardiography and left ventricular (LV) mRNA expression characteristics (means ± SD) of heterozygousMyh6
R403Q and wild-type (WT) male mice subjected to 3 weeks of cyclosporine A (CsA) or vehicle (Veh) treatment. mRNA expression data
shown relative to WT Veh average. Statistical comparisons were performed by one-way ANOVA, the Kruskal–Wallis test, or
Brown-Forsythe and Welch, as appropriate; for treatment group vs, WT Veh *P < 0.05, **P < 0.01, ***P < 0.001; vs. WT CsA
#P < 0.05, ##P < 0.01, ###P < 0.001.

Lumican accumulates with fibrillar collagen in fibrosis in hypertrophic cardiomyopathy 7

ESC Heart Failure (2022)
DOI: 10.1002/ehf2.14234

 20555822, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ehf2.14234 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [16/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Exogenous lumican increases collagen fibre width
in cultured human foetal cardiac fibroblasts

To investigate whether the co-localization of lumican to areas
of collagen accumulation indicates a causal role in the accu-
mulation process, we added recombinant human lumican to
hfCFBs cultured for 5 days. Recombinant lumican was inte-

grated into the ECM and co-localized with collagen I (Figure
6A), resulting in formation of thicker (Figure 6B) and longer
(Figure 6C) collagen fibres. Collagen fibres were found to be
fewer in number in cultures with lumican (Figure 6D). As fi-
bres in cultures with lumican were larger, yet fewer, this sug-
gests that lumican may promote formation of thicker colla-
gen fibres via accumulation of collagen.

Figure 3 Lumican and collagen are upregulated and localized across left ventricles of mice with HCM. Heterozygous Myh6 R403Q and wild-type (WT)
littermate male mice were subjected to 3 weeks of cyclosporine A (CsA) or vehicle (Veh) administration (n = 8–10). Myh6 R403Q mice have an accel-
erated phenotype upon treatment with CsA. (A) mRNA expression levels of collagens I (Col1a1, left, Col1a2, centre) and III (Col3a1, right) shown rel-
ative to WT Veh control. (B) mRNA expression levels of collagen cross-linking enzyme lysyl oxidase (Lox) shown relative to WT Veh control. (C) mRNA
expression levels of lumican (Lum) normalized to Rpl32 and relative to WT Veh control. (D) Lumican protein in its native 50–75 kDa glycosylated form
as detected in two protein lysate fractions; left lane = cellular, membrane and soluble/loosely bound ECM fraction (cell + sol. ECM); right lane = ECM-
enriched fraction containing insoluble ECM protein (insol. ECM). Representative bands shown, complete blots and loading controls displayed in Figure
S4. Quantification was performed between 50 and 75 kDa, shown relative to WT Veh control. (E) Lumican protein localization across the LV displayed in
transverse, mid-ventricular cryosections from control (WT Veh, left) and HCM (Myh6 R403Q CsA, right) mice, quantified using mean signal intensity of
lumican protein (n = 5 Ctrl, n = 5 HCM). Representative images shown. Negative antibody control displayed in Figure S1B. Scale bars indicate a width of
1 mm. (F) Sections were digitally processed to only contain the LV when measuring co-localization (n = 5 Ctrl, n = 5 HCM), showing lumican (green) and
collagen I (red) staining with overlap (yellow) measured via Pearson’s R (values 0–1 = 0–100% overlap). Representative images shown. Scale bars in-
dicate a width of 1 mm. All data are given as means ± SD; multiple statistical comparisons performed as appropriate by one-way ANOVA, the Kruskal–
Wallis test or Brown–Forsythe and Welch vs. WT Veh; single comparisons made by t-test. *P < 0.05, **P < 0.01, ***P < 0.001.
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Discussion

In the present study, we demonstrate that the ECM proteo-
glycan lumican co-localizes with fibrillar collagen I in fibrotic
areas of the myocardium in both patients and mice with
HCM. Using a novel application of dSTORM, we reveal that
this relationship extends even to sites of subtle fibrotic re-
modelling, suggesting that lumican is broadly located in any
area where collagen accumulates. Importantly, we show that
adding lumican to cardiac fibroblasts results in the formation
of thicker and longer, yet fewer, collagen fibres, suggesting
that lumican directly influences collagen accumulation in
the fibrotic setting during HCM. These findings provide the
first in-depth report of lumican in HCM at a molecular level.

Previous studies have associated levels of cardiac lumican
with fibrosis in heart disease.10,13,26–28 In HCM, a proteomic
analysis of the HOCM patient myocardium found lumican to
be among the most upregulated proteins.11 In the aforemen-
tioned study, correlation of lumican with diagnostic parame-
ters showed that increased myocardial lumican was associ-
ated with amount of fibrosis and diastolic dysfunction via
magnetic resonance imaging.11 In our data, we show that
levels of myocardial lumican protein correlate with total

and interstitial fibrosis, as measured by histology. Our results
display localization of lumican to the fibrotic ECM, across any
type of fibrosis, which increases in proportion with fibrotic re-
modelling. Seen together with previously published reports,
this correlation and co-localization of increased lumican pro-
tein with fibrillar collagen indicates that lumican’s role in
HCM is likely to be through regulation of collagen. Such a role
is consistent with previous understanding of lumican, as
lumican has been shown to affect collagen in connective
tissues29 and has the ability to bind directly to collagen I with
high affinity.30,31

The accumulation of collagen and, hence, fibrosis around
dysfunctional cardiomyocytes is a common delineator for pa-
tients presenting with HCM, regardless of which sarcomere
gene variant causes their HCM phenotype. Novel therapeu-
tics for HCM, such as the myosin inhibitor mavacamten, act
to reduce hypercontractility of cardiomyocytes, yet do not
specifically target or reverse existing fibrosis in patients with
an overt phenotype.22,32 As the remaining fibrotic ECM alone
can induce an HCM phenotype in healthy cardiomyocytes,33

it is unlikely that therapeutic strategies for HCM will reach
their full potential until we improve our understanding of
molecular mechanisms of fibrosis. To approach mechanistic

Figure 4 Lumican and collagen I in areas with and without apparent fibrosis in HCM. Confocal imaging of lumican and collagen I deposition in hetero-
zygous Myh6 R403Q and wild-type (WT) littermate male mice administered 3 weeks of cyclosporine A (CsA) or vehicle (Veh). Transverse
mid-ventricular sections were used for imaging, where Ctrl = WT Veh (n = 5), HCM =Myh6 R403Q with CsA (n = 5). Negative antibody control displayed
in Figure S1B. (A) Representative image displaying typical organization of lumican (green) and collagen I (red) in the ECM in control. Cardiomyocytes
are outlined with collagen 1 and WGA. The scale bar indicates a width of 25 μm. (B) Representative image of lumican and collagen I distribution across
an HCM mouse LV, following progressive fibrotic remodelling (white dashed arrow indicates increase in severity of fibrosis from left to right). The pink
arrow displays an area of HCM tissue that resembles control tissue, which is defined as an area ‘without apparent fibrosis’ for the purposes of this
study. The scale bar indicates a width of 100 μm. (C) Representative images from HCM mouse LV displaying lumican deposition between cardiomyo-
cytes in areas with either little (left panel, white arrow) or extensive (right panel) fibrotic remodelling. The scale bar indicates a width of 25 μm. WGA
(cyan) displays remaining ECM proteins and outlines cardiomyocytes, whereas DAPI (light blue) displays nuclei.
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understanding, we must first thoroughly examine key players
in the ECM. Our findings contribute to this gap by thoroughly
assessing lumican in fibrosis in HCM, describing its clear
co-localization with collagen I and identifying that it may
act to promote collagen fibril accumulation in this setting.
From these findings, we speculate that a therapeutic strategy
targeting lumican could attenuate fibrosis when used in com-
bination with a drug targeting hypercontractility, such as
mavacamten.

Previous studies in lumican knock-out mice provided im-
portant initial insights into lumican’s role in cardiac fibrosis.
Lumican knock-out mice with pressure overload experienced
extreme LV dilatation, attributed to alterations in collagen,13

whereas heterozygous lumican knock-out mice (50% reduc-
tion in lumican gene expression) experienced attenuated fi-
brotic remodelling.26 Lumican’s effects on cardiomyocyte hy-
pertrophy have been studied previously, where lack of
lumican was thought to alter collagen organization in the

Figure 5 Collagen I deposits reach larger sizes more frequently and co-localize more with lumican in areas without apparent fibrosis in HCM.
Super-resolution imaging via dSTORM and electron microscopy (EM) of lumican and collagen I in Myh6 R403Q CsA and wild-type (WT) littermate male
mice administered 3 weeks of cyclosporine A (CsA) or vehicle (Veh). Transverse mid-ventricular sections were used for imaging, where Ctrl = WT Veh
(n = 3), HCM = Myh6 R403Q with CsA (n = 3). (A) Lumican (green) and collagen I (red) in confocal images of the LV (box labelled 1), with control (Ctrl)
tissue in upper panels and HCM tissue in lower panels. Interstitial areas without apparent fibrosis were selected for dSTORM imaging (dashed box,
labelled 2). Cardiomyocyte indicated by CM. Negative antibody control displayed in Figure S1B. The scale bar indicates a width of 10 μm on the left
(confocal) and 5 μm on the right (dSTORM). (B) Binarized dSTORM images of lumican and collagen deposits (dotted box, labelled 3) and overlap be-
tween them (yellow). The scale bar indicates a width of 0.5 μm. (C) Frequencies of collagen deposits above 1 μm2 are displayed via histogram for HCM
(teal) and control (superimposed, pink). Collagen deposits between 0 and 1 μm2

are not shown due to equally high numbers in both control and HCM
tissues. (D) EM in control and HCM mouse LVs was performed to give direct visualization of collagen fibrils (white arrows) across different areas of
fibrotic remodelling, displaying how fibrils can collect to form larger fibre structures. Representative images were selected based on dSTORM quanti-
fication. The scale bar indicates a width of 1 μm (E) The average distance from one collagen deposit to the nearest lumican deposit. (F) The number of
collagen deposits that overlapped with a lumican deposit, displayed as a percentage (left panel). The degree collagen overlapped with lumican, calcu-
lated using Mander’s coefficient M2 (right panel). All data presented as means ± SD; and statistical comparisons performed by t-test. * P < 0.05,
**P < 0.01, ***P < 0.001.
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pericellular ECM, and hence the biomechanical properties of
the cardiac tissue, causing a hypertrophic response.12 These
findings suggest that disrupting the balance of lumican in
the myocardium can have important secondary effects and
that lumican plays a critical role in maintaining the structural
integrity of cardiac tissue. Our study also indicates that this
role in structural integrity arises through fibrillar collagen or-
ganization, potentially through regulating the thickness of
collagen fibres, as demonstrated in the cornea in pioneer
studies of lumican.34–36 As lumican can bind to collagen I
through leucine-rich repeats 5–7, it is possible that lumican’s
ability to influence collagen fibre formation could be through
direct interaction.30,31 Other studies also indicate that
lumican may have a profibrotic role in cardiac diseases and
could induce collagen production,10,13 yet we have not pro-
vided data on this role here.

The Myh6 R403Q mouse model has been instrumental in
preclinical studies of HCM.20,22 By examining tissues from
the Myh6 R403Q mouse model, we were able to expand
the scope of our study to examine fibrotic remodelling in de-
tail across an entire LV. By examining patient tissue alone, we
were restricted to end-stage, regional septal biopsies derived
from a variable control cohort. Therefore, using this mouse
model ensures our results are robust when examining subtle

alterations in ECM remodelling, as we have performed with
dSTORM. However, whole sections could also be examined
by defining regions that have undergone similar levels of fi-
brotic remodelling in order to understand whether lumican
is most relevant to a specific stage of fibrosis.

Using dSTORM to generate super-resolution images of the
ECM in cardiac tissue and to quantify protein deposition are
novel applications of the method. dSTORM itself is a rela-
tively new technique,37 and, to date, it has only been used
to describe ECM in kidney tissue.38 We believe that applying
dSTORM in the cardiac ECM, as we have for lumican and col-
lagen, will facilitate further research into how critical ECM
proteins initially or subtly remodel in cardiac fibrosis. Such
an application will be relevant to cardiac fibrosis across the
field of heart failure, not just in HCM.

One of the limitations to our study, however, is that we
were unable to apply dSTORM to examine details within
areas of severe fibrotic remodelling, due to saturation of sig-
nal. We were therefore unable to provide an in-depth assess-
ment of the relationship between lumican and collagen in
areas of severe fibrosis, when thick collagen fibres are already
present. Similarly, it was beyond the scope of this study to ex-
amine how lumican co-localization with collagen I causes
thickening of collagen fibres. Future studies should aim to

Figure 6 Exogenous lumican increases collagen fibre width in cultured human foetal cardiac fibroblasts. Confocal imaging of lumican (green) and col-
lagen I (red) in human foetal cardiac fibroblasts (hfCFBs) cultured for 5 days with recombinant lumican (Lum) or vehicle (Veh), n = 3 biological repli-
cates. (A) Representative confocal images of collagen I fibres (right panels, red), lumican (middle panels, green) and merged image (left panels). DAPI
(light blue) displays cell nuclei. Seven images were chosen at random from each culture for quantification. Negative antibody control displayed in
Figure S1C. Scale bar indicates a width of 100 μm. (B) Mean width of all collagen fibres in images. (C) Mean length of all collagen fibres in images.
(D) The average number of collagen fibres in images. All data are shown as mean ± SD; statistical comparisons performed by t-test. * P < 0.05,
**P < 0.01, ***P < 0.001.
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elucidate whether increased lumican impacts collagen fibre
macrostructure in cardiac tissue via mechanisms previously
highlighted in lumican-deficient mice, for example, through
alterations to collagen fibril diameter.12 Regardless, we be-
lieve our assessment provides a strong starting point for up-
coming studies that wish to define, and perhaps utilize, this
molecular mechanism of cardiac fibrosis in HCM.

In conclusion, the importance of proteoglycans in ECM re-
modelling in heart failure is becoming increasingly
demonstrated.9,39,40 In this study, we have provided the first
detailed description of lumican in HCM at a molecular level.
We located increased levels of lumican to fibrotic areas and
displayed lumican’s co-localization with fibrillar collagen.
We have also used a novel application of dSTORM imaging
to super-resolve the cardiac ECM, observing co-localization
and subtle alterations in areas even without overt fibrosis.
We suggest that this co-localization of lumican promotes col-
lagen fibril accumulation and hence the formation of thicker
collagen fibres. Such a role would directly affect such tissue
properties as tensile strength and stiffness,29 properties that
determine diastolic function and are therefore of clinical im-
portance in HCM. In conclusion, we identify lumican is an
ECM protein of interest that could hold potential for thera-
peutic regulation of collagen fibres in fibrosis in HCM.
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Data S1. Supporting Information
Figure S1. Lumican immunostaining of individual patient tis-
sues and negative antibody controls. Complete data for immu-
nohistochemistry in tissues and cell cultures. (A) Representa-
tive images of HOCM patient tissue immunostained with an
antibody-negative control buffer (goat serum + rabbit IgG), re-
vealing any nonspecific binding of secondary antibodies. WGA
(cyan) has been used to indicate presence of ECM, while DAPI
(light blue) displays nuclei. The scale bar indicates a width of
250 μm. (B) Representative images of HCM mouse tissues
(R403Q + CsA) immunostained with an antibody-negative con-
trol buffer (goat serum + rabbit IgG), revealing any nonspecific
binding of secondary antibodies. WGA (cyan) has been used
to indicate presence of ECM, while DAPI (light blue) displays
nuclei. The scale bar indicates a width of 250 μm. (C) Repre-
sentative images of human foetal cardiac fibroblast cultures
immunostained with an antibody-negative control buffer
(goat serum + rabbit IgG), controlling for nonspecific binding
of secondary antibodies. DAPI (light blue) displays nuclei.
The scale bar indicates a width of 100 μm. (D) Patient tissues
stained for lumican (green) via immunohistochemistry are
displayed in addition to the representative images displayed
in Fig. 1B (n = 3). These images were quantified as part of
Fig. 1C. The scale bar indicates a width of 1 mm.
Figure S2. Complete lumican Western blots with loading con-
trols for patient cohorts. Complete Western blots displaying
lumican protein for all patient samples with associated total
protein loading controls (via Coomassie blue) represented
and quantified in Fig. 1D. (A) Western blots of control (Ctrl)
and HOCM patient samples where lumican protein remains
in its native glycosylated state (non-processed). (B) Western
blots of control (Ctrl) and HOCM patient samples where
lumican protein has been deglycosylated with PNGaseF for
further quantification (as described in Fig. 1D).
“Ctrl*” = samples omitted from analyses due to poor quality.
Figure S3. HOCM patient circulating biomarker data correlated
with lumican protein levels. Levels of myocardial lumican pro-
tein determined via Western blotting (deglycosylated protein
via processing with PNGaseF) were correlated with serum
levels of fibrosis biomarkers in HOCM patients (n = 13–14).
(A) Serum amino terminal peptide of type I procollagen (PINP,
left panel) and serum carboxy-terminal telopeptide of type I
collagen (ICTP, right panel), i.e., biomarkers of fibrosis through
collagen I, correlated with levels of myocardial lumican. R2 and
p values displayed within the graph. (B) Serum amino terminal
peptide of type III procollagen (PIIINP) i.e., biomarker of fibro-
sis through collagen III, correlated with levels of myocardial
lumican. R2 and p values displayed within the graph.
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Figure S4. Complete lumican Western blots with loading con-
trols for mouse cohorts. Complete Western blots displaying
lumican protein for all mouse samples with associated total
protein loading controls, represented and quantified in Fig.
3D. Lumican blotting is displayed on the left, with total pro-
tein in the same gel displayed on the right. For each individ-
ual, the left lane contains cellular, membrane and soluble/
loosely-bound ECM protein (cell+sol. ECM) and the right lane
contains insoluble and ECM-bound protein (insol. ECM).
Figure S5. Reconstruction of lumican and collagen co-localiza-
tion in control mouse tissues using 3D dSTORM. Reconstruc-
tion of typical lumican and collagen co-localization as viewed
via 3D dSTORM in interstitial areas without overt fibrosis in
control (WT Veh) mouse tissue. Collagen localization was ob-
tained with dSTORM imaging and lumican location obtained
via confocal imaging. Colour scalars on the right-hand side
display colour ‘heatmap’ used to visualise density of collagen
(lower scalar; blue-white = least dense signal and red = most

dense signal) and lumican (upper scalar; purple = least dense
signal and yellow-green = most dense signal). On the left-
hand side, X (red), Y (yellow) and Z (green) axis arrows display
orientation during rotation with scale bar displaying 1 μm.
Figure S6. Reconstruction of lumican and collagen co-localiza-
tion in HCM mouse tissues using 3D dSTORM. Reconstruction
of typical lumican and collagen co-localization as viewed via
3D dSTORM in interstitial areas without overt fibrosis in
HCM (Myh6 R403Q + CsA) mouse tissue. Collagen localization
was obtained with dSTORM imaging and lumican location ob-
tained via confocal imaging. Colour scalars on the right-hand
side display colour ‘heatmap’ used to visualise density of col-
lagen (lower scalar; blue-white = least dense signal and
red = most dense signal) and lumican (upper scalar;
purple = least dense signal and yellow-green = most dense sig-
nal). On the left-hand side, X (red), Y (yellow) and Z (green)
axis arrows display orientation during rotation with scale bar
displaying 1 μm.
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