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A B S T R A C T

Collagen IV is a major constituent of basement membranes and mutations in the genes COL4A1 and COL4A2 
present clinically as a variable, multi-system disorder called COL4A1 (Gould) syndrome. Evidence from case 
reports supports a cardiac component to this disease, but the phenotypic and functional implications affecting the 
heart, their progression and underlying mechanisms all remain poorly characterised. Indeed, the role of the 
basement membrane (BM) in adult cardiac disease remains underexplored. We set out to address these knowl
edge gaps by combining in-depth phenotypic and molecular analyses of a Col4a1 mutation on cardiac biology in 
a murine model (Col4a1+/svc) of Gould Syndrome. This revealed morphological cardiac defects including car
diomyocyte hypertrophy with myocardial and vascular fibrotic remodelling that impaired cardiac function. The 
Col4a1 mutation causes systolic and diastolic dysfunction with reduced left ventricular developed pressure. 
Mechanistically, we show these defects are due to secretion of mutant protein and BM defects rather than 
collagen misfolding and proteotoxic stress. The BM defects lead to a pro-fibrotic state with increased fibrillar 
collagen deposition, cardiac stiffness, and ECM compositional defects. These are accompanied by altered regu
lation of pathways involved in sarcomere formation, sarcolemma stability and cardiomyocyte metabolism, 
establishing a molecular signature of COL4A1-related cardiac disease. Intriguingly, aspects of this molecular 
signature including cardiac metabolic pathways, regulation of cardiac muscle contraction and BM component 
expression, are shared with common cardiomyopathies such as coronary micro-embolism, and dilated, ischemic 
and hypertrophic obstructive cardiomyopathies. By defining the molecular and phenotypic cardiac components 
of Gould syndrome these data show that the BM is essential for maintaining systolic and diastolic function and 
that alterations to the BM leads to a fibrotic response. These data increase insight into the role of the basement 
membrane and collagen IV in cardiac biology, and highlights mechanisms shared between Gould syndrome and 
common adult cardiac disease.

Introduction

Basement membranes (BMs) are extracellular matrix (ECM) 

structures that anchor cells to the surrounding interstitial matrix, and 
influence cell differentiation, signalling, and migration [1,2]. Within the 
heart BMs surround cardiomyocytes, and the vascular BMs separates 
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endothelial and vascular smooth muscle cells [3]. Little is understood 
about how BMs in the heart regulate cardiac function and the impact of 
mutations in BM components thereon [3].

Collagen IV is a heterotrimeric protein encoded by six genes, 
COL4A1–6, encoding α chains α1-α6(IV). Three collagen IV α chains 
interact in the endoplasmic reticulum (ER) to produce three hetero
trimeric protomers; α1.α1.α2(IV), α3.α4.α5 (IV), and α5.α5.α6 (IV) 
which when secreted form a three-dimensional lattice style network in 
the BM [4,5]. The original description of phenotypes in mice with 
Col4a1 mutations, including Col4a1+/svc (small with vacuolar cataract), 
led to the identification of COL4A1 and COL4A2 mutations in patients 
and the description of a complex multi-systemic syndrome, called Gould 
Syndrome (aka COL4A1/2-related Syndrome) that encompasses 
vascular, ocular, renal and muscular defects [6]. The cerebrovascular 
phenotypes have received most attention and COL4A1/2 variants are 
now recognised as major factors in sporadic and genetic forms of stroke 
and small vessel disease [4,7–16]. Missense mutations affecting the Gly 
residue of the Gly-Xaa-Yaa motif of the central collagenous domain ac
count for ~70 % COL4A1 and COL4A2 mutations in Gould Syndrome 
[17]. The development of Gould Syndrome and the severity of the 
phenotypes is dependent on the type of mutation and its location within 
the α chain [6,18]. Drosophila [19] and murine models effectively 
recapitulate this phenotypic heterogeneity as the Col4a1+/svc (G1064D) 
and Col4a1+/bru (G627W) mouse lines have more severe disease pro
gression compared to Col4a1+/raw mice (K950E) [13]. The Col4a1+/svc 

(G1064D) mutation affects a glycine residue three repeats from a two 
amino acid interruption in the Gly-Xaa-Yaa repeat [6] and maps close to 
a putative HSP47 binding site [20]. Combined, these data underscore 
the power of these mouse models to uncover molecular disease mech
anisms and phenotypes in the human disease.

Cardiac defects have been reported in patients with COL4A1 or 
COL4A2 mutations. Case studies reported mitral valve defects affecting 
outflow from the left ventricle [21], dilation of the right ventricle, hy
poplasia of the left ventricle, ventricular septal defect and hypoplastic 
aortic arch [22]. Reported functional defects include supraventricular 
arrhythmia [10,23] in HANAC Syndrome, a clinical sub-entity of Gould 
Syndrome, and depressed LV systolic function accompanied with severe 
respiratory distress and bradycardia in a single neonate [24]. In addition 
to these missense variants, deletions of regions of chromosome 13 that 
encompass COL4A1 and COL4A2 have been implicated in congenital 
heart defects including double outlet right ventricle, pulmonary steno
sis, and both atrial and ventricular septal defects [25,26]. All these 
studies were limited in scope, did not provide an in-depth analysis and 
were often single case reports. Thus, the cardiac component of Gould 
Syndrome remains poorly defined.

Genetic studies further support a role for collagen IV in cardiac dis
ease in the general population, identifying COL4A1 and COL4A2 vari
ants as risk factors for myocardial infarction, arterial stiffness, familial 
coronary artery dissection, and cardiovascular mortality [27–31], while 
elevated α1(IV) plasma levels have been identified as a biomarker for 
atrial fibrillation [32]. Altogether, this supports the concept that 
COL4A1/COL4A2 mutations can affect cardiac morphology and 
function.

Mouse models with Col4a1 mutations, such as Col4a1+/svc, faithfully 
recapitulate Gould Syndrome [6,33–36]. COL4A1/2 mutations can 
cause disease either due to mutant protein incorporation in the BM, 
reduced collagen IV levels in the BM, and/or retention of mutant protein 
in the endoplasmic reticulum (ER) resulting in ER stress [7,34,37,38]. 
Unabated ER stress can be pathogenic, and collagen IV ER retention was 
associated with disease in a family carrying a COL4A2 mutation, while 
in mice it was associated with intracerebral haemorrhage severity [33,
39]. These upstream mechanisms are not mutually exclusive, and we 
previously showed evidence of cell specific mechanisms for the same 
mutation [37,40] Absence of collagen IV in mice leads to rudimentary 
disorganised BMs that no longer fully surround cardiomyocytes, and 
embryonic lethality with extensive cardiac defects [41].

BM components interact dynamically with mechanosensitive cell 
membrane receptors including integrins, dystroglycan and discoidin 
domain receptors with specific isoforms of these receptors being 
expressed throughout the myocardium [42–47]. The transduction of 
biomechanical changes via the ECM and cell membrane receptors results 
in intracellular changes critical for cardiomyocyte function but that can 
also drive pathological changes [48].

Here, we investigated the impact of Col4a1 mutations on cardiac 
morphology and function to identify key underlying pathomolecular 
pathways. This revealed that the Col4a1+/svc mutation causes cardiac 
pathology and contractile dysfunction via biomechanical and composi
tional basement membrane defects. Proteomic analysis coupled with 
analysis of proteomic datasets of mouse and human heart disease, 
including sporadic cardiomyopathy and coronary embolism, revealed a 
shared molecular signature encompassing mitochondrial function, car
diac contractility and metabolic processes. These data underscore the 
role of basement membranes in heart physiology and pathophysiology.

Results

Col4a1+/svc mice develop age dependent cardiac phenotype with increased 
fibrosis and passive myocardial tissue stiffness

To shed light on the cardiac component in Gould Syndrome and the 
impact of collagen IV mutations on cardiac morphology and patho
physiology, we carried out a histopathological analysis of Col4a1+/svc 

hearts including H&E staining for general morphological defects and 
picrosirius red staining to determine if there was a fibrotic response to 
the mutant Col4a1 protein. This revealed increased collagen deposition 
in Col4a1+/svc intramyocardial coronary vessels that was most notable 
around the vascular adventitia and indicate the development of peri
vascular fibrosis (Fig. 1A). In addition, infiltration of collagen fibres 
within the tunica media occurred in mutant vessels, disrupting smooth 
muscle cell layer organisation (Fig. 1A). While in 3-month-old mice this 
fibrosis was primarily localised to the coronary vasculature, regions of 
fibrosis within all regions of myocardium were noticed in a subset of 
older Col4a1+/svc mice (Fig. 1B).

Haematoxylin and eosin (H&E) staining and analysis revealed 
normal overall cardiac morphology at 3-months old. However, the 
presence of invaginations, called clefts, was observed in the myocar
dium. These occur between individual cardiomyocytes and analysis of 
12-month-old mutants revealed this pathology progressed with age most 
prominently within the left ventricle (Fig. 1C-D). 3-month-old Col4a1+/ 

SVC mice showed no alterations in heart weight (Supplemental Fig. 1A- 
C).

To determine if this pathology alters the biomechanical properties of 
the myocardium, atomic force microscopy, was performed on heart 
sections to measure elasticity and stiffness of left and right myocardial 
tissue. This technique involves precise surface indentations of the ma
terial of interest and has been previously used to establish stiffness and 
elasticity in myocardial tissue and cardiomyocyte preparations [49–51]. 
This demonstrated a significantly increased Young’s modulus in the left 
and right ventricular myocardium of Col4a1+/svc mice (Fig. 1E-F) with a 
2.7-fold (LV, WT - 4.46 kPa ± 9.6, Col4a1+/svc − 15.2 kPa ± 18.2) and 
2.2-fold (RV, WT - 15.8 kPa ± 31.8, Col4a1+/svc - 41.02 kPa ± 61.54) 
increase, respectively (p < 0.0001, unpaired two-tailed t-test, n = 3). 
These data reveal that Col4a1 mutations cause progressive cardiac pa
thology with increased passive myocardial stiffness and fibrosis.

Col4a1+/svc mice develop right ventricular cardiomyocyte hypertrophy

The density of the capillary network is important to provide 
adequate perfusion of the cardiomyocyte to prevent hypoxia and deliver 
metabolic substrates. Col4a1 mutations have been associated with 
angiogenesis defects in other tissues [52,53]. Thus, to establish if 
changes in capillary density was a phenotypic feature in 12-month-old 
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Col4a1+/svc mice, we stained endothelial cells with Isolectin B4 
(Fig. 2A). This revealed no significant differences in capillary density 
(left ventricle p = 0.657, interventricular septum p = 0.293, right 
ventricle p = 0.219) (Fig. 2B).

To investigate if Col4a1 mutations impact cardiomyocyte size we 
performed wheat germ agglutinin staining, which stains the sarcolemma 
(Fig. 2C), to calculate cardiomyocyte cross-sectional area (CSA). This 
showed in Col4a1+/svc mice that WGA positive regions were 

(caption on next page)
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inconsistent, and not all cardiomyocytes were fully surrounded 
(Fig. 2C). CSA analysis of intact cardiomyocytes of 3-month-old animals 
revealed no evidence of hypertrophy, but 12-month-old Col4a1+/SVC 

mice had hypertrophic cardiomyocytes (1.56-fold increase) in the right 
ventricle (Fig. 2D). This indicates a hypertrophic response accompa
nying the fibrosis. Coupled with the lack of increase in capillary density, 

Fig. 1. Characterising cardiac morphology of Col4a1+/svc mice. (A) Picrosirius red stained sections of mutant coronary vasculature show increased collagen 
deposition within the tunica media and perivascular fibrosis (arrows). One 12-month-old Col4a1+/svc animal also revealed extensive myocardial fibrosis within the 
right ventricle and fibrosis and occlusion of the right coronary artery. (B) Areas of focal myocardial fibrosis present surrounding atrial cardiomyocytes, interven
tricular septum (IVS), left ventricle (LV) and right ventricle (RV) within a severely affected Col4a1+/svc 12-month-old mouse. (C) Haematoxylin and eosin staining 
shows an increase in the presence of myocardial cleft size within the left ventricular myocardium of 12- month-old mutants compared to 3-month-old mutants (black 
arrows), highlighting disease progression with age (WT = 28.62 %, Col4a1+/svc = 39.08 % p = 0.041. Interventricular Septum - WT = 29.59 %, Col4a1+/svc = 34.94 % 
p = 0.281. Right Ventricle - WT = 39.05 %, Col4a1+/svc = 42.85 % p = 0.442. Unpaired two-tailed t-tests, WT = 6, Col4a1+/svc = 5). (D) Cleft size analysis the left 
ventricle (LV), interventricular septum (IVS), and right ventricle (RV) of 3 and 12-month-old mice revealed an increase in myocardial spacing within the LV of older 
mutants. (E) Col4a1+/svc mice have significantly decreased elasticity of the left and (F) right ventricular myocardium. Young’s modulus analysis of left and right 
ventricular myocardium revealed a statistically significant increase in the stiffness of the myocardial tissue in both regions in Col4a1+/svc hearts compared to WT 
controls (Left ventricular myocardium WT = 5564 kPa v Col4a1+/svc 

= 15,200 kPa, p < 0.0001. Right ventricular myocardium WT = 19,116 kPa v Col4a1+/svc 
=

41,771 kPa p < 0.0001, unpaired two-tailed t-test of 75 mapped data points per animal, per region, n = 3).

Fig. 2. Assessment of myocardial vascularisation and hypertrophy. (A) Capillary density quantification of Col4a1+/svc myocardium. Myocardial capillaries 
were visualised by Isolectin B4 immunostaining for endothelial cells. The number of capillaries per region was quantified however not statistically significant 
difference was detected in capillary density in any region of myocardium (left ventricle p = 0.657, interventricular septum p = 0.293, right ventricle p = 0.219, WT n 
= 9, Col4a1+/svc n = 6). Cardiomyocyte cross-sectional area (CSA) in Col4a1+/svc hearts. (B) Wheat germ agglutinin staining of the right ventricle in WT & Col4a1+/svc 

mice (green). (C) CSA analysis of the left ventricle, right ventricle and interventricular septum revealed a significant increase in the CSA of cardiomyocytes only 
within the right ventricle (WT = 248.7 μm, Col4a1+/svc = 387.2 μm p = 0.5531, unpaired two-tailed t-tests, n = 4).
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this points towards potential inadequate perfusion of hypertrophic 
cardiomyocytes.

Col4a1+/svc mice display impaired left ventricular contractile capacity

To assess the extent to which the Col4a1 cardiomyopathy affects 
cardiac function we performed Langendorff isolated heart perfusion 
experiments. In 3-month-old mice this revealed maximal pressure 
(Pmax) was significantly decreased, which is indicative of systolic 
dysfunction and a reduced contractile capability of the left ventricle 
(Fig. 3A). Calculation of left ventricular developed pressure (LVDP), a 
commonly used measured of LV performance, was reduced in Col4a1+/ 

svc mice with a 54 % reduction in contractile function (p = 0.0004 un
paired two-tailed t-test). Calculation of the maximum rates of relaxation 
and contraction (dP/dtmin, dP/dtmax) also uncovered a significant 44 
% and 48 % reduction in the rate of relaxation and contraction of the left 
ventricle respectively (p = 0.0047 and p = 0.0014 respectively, unpaired 
two tailed t-test) (Fig. 3A).

In Col4a1+/svc hearts, dP/dtmin (derivative of time to minimum 
pressure) progressively declined with increasing stimulation rate 
(Fig. 3B). This diminished response reflected poorer diastolic function 
compared to WT hearts (Supplementary Table 1.1). In addition to the 
reduced dP/dtmin response, the rate of contraction (dP/dtmax) and LV 
developed pressure were significantly decreased in mutant hearts as 
stimulation rate increased (Supplementary Fig.3, Supplementary 
Tables 1.2 & 1.3). These data together indicate both systolic and dia
stolic dysfunction in Col4a1+/svc hearts.

Col4a1+/svc hearts display no change in the localisation of key basement 
membrane components

Work by us and others revealed reduced secretion of collagen IV due 
to glycine mutations [4,9,18,35,54], and that in kidney reduced BM 
deposition can lead to fibrotic ECM deposition [55]. To determine if 
altered levels and/or mislocalisation of key BM components was a 
feature of Col4a1+/svc myocardial tissue, we performed immunohisto
chemistry on 3 and 12-month-old hearts. Surprisingly, and in contrast to 
for example kidney, overall α1(IV) expression was not significantly 
altered [35] (Fig. 4A) (LV p = 0.4248 − 13.95 %, IVS p = 0.4000 − 15.79 
%, and RV p = 0.0703 − 21.87 % unpaired two-tailed t-test). Data from 
drosophila and Col4a1+/svc kidney support that perlecan levels can be 
influenced by collagen IV BM deposition [37,56]. However, perlecan 
levels were not reduced in the cardiac BM (Fig. 4B) (LV p = 0.5031, IVS p 
= 0.9006, RV p = 0.9593 unpaired two-tailed t-tests). PAS staining to 
investigate if the fibrosis in Col4a1+/svc hearts was associated with gross 
BM zone defects showed overt interruptions and reduced staining in 
mutant hearts, indicating BM defects and a fibrotic ECM due to the 
Col4a1 mutation (Fig. 4C). We complemented this analysis by deter
mining levels of Col4a1, Col4a2, Lama2, Lama4, Lama5, Nid1 and Nid2 
mRNA. Col4a1 was not altered in 3 or 12-month-old Col4a1+/svc mice. 
However, Col4a2 levels significantly increased in the mutant hearts with 
age (Col4a2p = 0.05 3-month-old WT vs. 12-month-old Col4a1+/svc, p =
0.0011 3-month-old Col4a1+/svc vs. 12-month-old Col4a1+/svc, 
Kruskal-Wallis with Dunn’s multiple comparisons test) (Fig. 4D). No 
significant differences were observed for laminin or nidogen.

Col4a1+/svc mice display increased expression of ER-stress markers with 
disease progression

Collagen misfolding due to glycine mutations with subsequent ER 
stress has emerged as a convergent mechanism for diseases associated 
with several collagen types including collagens I, III, IV, and X [9,
57–60]. It is well documented that ageing reduces the capacity of cells to 
maintain proteostasis. This made us question whether age-related ER 
stress can occur in Gould Syndrome and thus be associated with the 
increasing severity of cardiac histological phenotypes with age. 

However, only Grp94 protein levels were significantly elevated (p =
0.0006, unpaired two-tailed t-test), while the ratio of p-Eif2α to total 
Eif2α was significantly decreased (Fig. 5A-C). This suggest that in 
12-month-old mice activation of the PERK arm of the UPR is supressed 
(PERK phosphorylates eIF2α; p = 0.0049, unpaired two-tailed t-test). 
Combined this does not present a clear sign of ER stress with UPR 
activation but it does point towards potential dysregulated ER proteo
stasis with age. Upregulation of the apoptotic marker Caspase3 was 
observed in younger Col4a1+/svc animals (Fig. 5D-E).

Col4a1+/svc cardiac disease includes dysregulated cell-matrix adhesion

ECM homeostasis is determined by a balance between ECM deposi
tion and turnover and degradation, which is mediated by proteases and 
their inhibitors. Recent in vitro evidence has indicated elevated MMP 
levels due to COL4A1 mutations [61]. Analysis of mRNA levels of a 
subset of proteins involved in matrix turnover and degradation, Mmp14, 
Mmp2, Mmp9, Timp2 and Adam12, revealed significant increases in ECM 
proteinases in mutants at 3 months which declines in older mice 
(Fig. 6A). This is accompanied by altered mRNA levels of proteins 
involved in cell-cell and cell-ECM adhesion and signalling such as αPax, 
Icam-1, and Itga2.

Altogether, expression analysis of 50 candidate genes previously 
implicated in cardiovascular disorders revealed a global shift in 
expression coinciding with the onset of functional impairment in 3- 
month-old Col4a1+/svc mice (Fig. 6A). Gene Ontology analysis of asso
ciated biological process further revealed the key pathways in which 
these candidate genes are involved and among the top 20 significant 
pathways were regulation of cell adhesion, migration and motility, heart 
and circulatory system development, cell-matrix adhesion (Fig. 6B). 
Tube and branching epithelial morphology was also identified high
lighting the role of BM genes in angiogenic processes (Fig. 6C).

Basement membrane composition and ECM-cell interaction in Col4a1+/ 

SVC

Our candidate mRNA analysis provided support that extensive 
changes in gene expression occur in response to the Col4a1 mutation. To 
create holistic insight into underlying molecular pathways, including 
ECM composition and cellular responses, we performed proteomic 
analysis on ECM-enriched and cellular fraction of hearts from 3-month- 
old Col4a1+/svc mice and wild type littermates. Proteins in the matrix 
enriched fractions were normalised to matrisomal protein abundance 
and classified using MatrisomeDB classifications [62] (Supplementary 
figure 5). Complete lists of proteins identified in intracellular and 
extracellular fractions are provided in Supplementary Tables 6.1 & 
6.2.

Mutant hearts showed overall reduced levels of collagens but higher 
levels of ECM regulators (Fig. 7A), such as Cathepsin B and Trans
glutaminase 2 that function in ECM remodelling and degradation, and 
progression of cardiovascular diseases [63–66]. Many BM components 
were increased in mutant hearts. Increased levels of α1(IV) and α2(IV) in 
ECM enriched fractions compared (α1(IV): fold change 1.136, p = 0.026; 
α2(IV) fold change 0.751, p = 0.046) support secretion of mutant 
collagen IV. This is combined with increases for some laminins (Lama2: 
fold change 0.176, p = 0.00004; Lama4 fold change 0.631, p = 0.00007), 
nidogen (Nid2 fold change 0.609, p = 0.00024) and perlecan (Hspg2, 
fold change 0.370, p = 2.45579E-21). In contrast collagen VI alpha chain 
3 (fold change − 0.129, p = 0.00007) and alpha 6 (fold change − 0.293, p 
= 0.00338) showed reduced levels (Fig. 7B), while fibrillar collagens e. 
g. α1(I) and α2(I) were not altered.

Col4a1+/svc hearts displayed alterations in ECM-cell and cell-cell 
binding (Fig. 7C). This is illustrated by increased levels of four-and-a- 
half LIM domains 2 protein (Fhl2) (p = 1.51E-15, fold change 0.568), 
vinculin (p = 1.66279E-17, fold change − 0.318), which links the cyto
skeleton to adherens junctions and focal adhesions to organise 
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cardiomyocyte myofibrils and gap junctions [67,68], and Plakoglobin (p 
= 0.00379, fold change − 0.169), a component of cardiomyocyte 
desmosome and adherens junctions (Fig. 8& 9).

Altered cardiomyocyte morphology and repair, and sarcomere formation 
in Col4a1+/SVC hearts

Cardiomyocyte membrane integrity and sarcolemma micro
architecture are critical to cardiac function. Upregulated proteins 
involved in caveolae formation (Fig. 9), including the proteins EH- 
domain containing 2 (Ehd2) and Polymerase I and transcript release 
factor (Ptrf, also known as Cavin-1) support alterations in membrane 
morphological features. Higher levels of Mitsugumin 53, which recruits 
small vesicles to sites of membrane injury [69] provides evidence of 
sarcolemma repair and damaged cardiomyocytes in Col4a1+/svc hearts.

Sarcomeres are critical for cardiac contraction and function, and 
lower levels of the sarcomere proteins titin (Ttn, p = 0.00128, fold 
change − 0.857) and desmin (Des; p = 0.0008, fold change − 0.226) 
levels in Col4a1+/svc could reflect a reduction in sarcomere number and/ 
or formation (Fig. 9). Titin contributes to passive myocardial stiffness in 
response to mechanical strain [70] and desmin is the major intermediate 
filament component in striated muscle cells that links sarcomeres to the 
cytoskeleton, intercalated disks, and organelles [71]. Similar to 
Col4a1+/svc hearts, Des-/- deficiency induces cardiac hypertrophy, sys
tolic dysfunction and increased fibrotic and calcified deposits [72,73]. 
The lower levels of Ttn and Des are accompanied by upregulation of 
proteins involved in cardiomyocyte sarcomere assembly and function 
(Fig. 9) including Myosin Light Chain 2 (Myl2) and 4 (Myl4), Titin-cap 
(Tcap) (Myl2 p = 0.000319, 0.829-fold change, Myl4 p = 0.00399, 
1.077-fold change, Tcap p = 0.00015, 0.493-fold change), Myomesin 2 
(Myom2) and Myozenin 2 (Myoz2) (Myom2p = 9.89069E-20, 0.282-fold 
change, Myoz2p = 0.0209, 0.199-fold change). Overall, this may point 
to the activation of programmes aimed at repairing sarcomere damage 
and loss.

Modulators of the cardiac hypertrophy/injury response are altered

Our staining indicated hypertrophy in Col4a1+/svc hearts. Signal 
transducers and transcriptional activation protein 1 (Stat1) regulates cell 
differentiation and apoptosis [74] and Stat1-/- mice develop pressure 
overload induced hypertrophic cardiomyopathy with pro-fibrotic sig
nalling and impaired mitochondrial function [75]. Focal adhesion ki
nase (Fak) regulates cell-ECM adhesion and migration [76], activates 
Stat1 in cell migration with Stat1 depletion causing enhanced cell 
adhesion [77] and Fak inactivation promotes cardiac hypertrophy [78]. 
Stat1 was one of the most downregulated proteins in Col4a1+/svc (p =
0.023, fold change − 1.523) (Fig. 8) and while Fak levels were not 
altered in Col4a1+/svc, Talin 1 (Tln1) a mechanosensitive protein that is 
recruited to focal adhesions by Fak [79], was significantly down
regulated (p = 6.99E-06, fold change − 0.219). This suggests altered focal 
adhesion dynamics in cardiac hypertrophy of Col4a1 mutant mice.

Cardiac metabolism is perturbed in Col4a1+/SVC mice

Proteomic analysis of Col4a1+/svc hearts indicates dysregulated car
diac metabolism (Fig. 7C). Fatty acid beta oxidation and ATP metabolic 
processes via the TCA cycle appeared downregulated as levels of en
zymes in each of these pathways were lower. This included: Electron- 
transfer-flavoprotein, alpha subunit (Efta, p = 0.00028, fold change 
− 0.48) and Electron transfer flavoprotein dehydrogenase (Etfgh, p =
0.000122, fold change − 0.646) for fatty acid beta oxidation; Succinyl- 
CoA ligase (GDP-forming) L subunit alpha (Suclg1 p = 0.0189, fold 

change − 0.464) and Succinyl-CoA ligase (ADP-forming) subunit beta, 
mitochondrial (Sucla2, p = 0.0049, fold change − 0.301) for TCA cycle; 
subunits of respiratory complex 1, NADH dehydrogenase, (Ndufs1 p =
0.00231, fold change − 0.139. Nudfa8 p = 0.008, fold change − 0.459. 
Ndufa7 p = 0.019, fold change − 0.171) and subunits of the key enzyme 
in cellular respiration, ATP synthase (Atp5c1 p = 0.0309, fold change 
− 0.984. Atp5f1 p = 0.0000252, fold change − 0.362. Atp5pb p = 0.0189, 
fold change − 0.386). This indicates metabolic shift from fatty acid beta 
oxidation to less efficient glycolysis (Fig. 8–9).

Shared proteomic signature of Col4a1+/SVC cardiac proteome with 
common cardiac pathologies

To provide further insight into the nature of the cardiac disease and 
relevance of collagen IV to human cardiac disease in the general popu
lation, we cross-referenced differentially expressed proteins with other 
published proteomic datasets combining human and murine studies of 
dilated/hypertrophic/ischemic/obstructive cardiomyopathies and cor
onary micro-embolism [80–83]. GEO biological process analysis 
revealed that the majority of the shared DEP’s between dilated cardio
myopathy and ischemic cardiomyopathy and Col4a1+/svc are involved in 
fatty acid beta-oxidation using acyl-CoA dehydrogenase and the respi
ratory electron transport chain including electron transfer flavoprotein 
dehydrogenase (Etfdh), electron transfer flavoprotein subunit alpha 
(Etfa) and cytochrome-C oxidase subunit 5B (Cox5b). All biological 
processes with an FDR p < 0.05 with the exception of muscle organ 
development (p = 2.88E-05) were related to cardiac metabolic activity 
highlighting the similarity of perturbed metabolic processes between 
DCM, ICM and Col4a1+/svc hearts (Fig. 10B) and the impact of ECM 
alteration thereon.

The greatest overlap between data sets was with a murine model of 
coronary micro-embolism (CME) (Fig. 10C&D). GO analysis of shared 
DEP’s alpha actinin 1 (Actn1), filamin A (Flna), and Myomesin-2 
(Myom2) points to biological function of regulation of cardiac muscle 
contraction. Plakoglobin (Jup), a component of adherens junctions and 
desmosomes, was also differently expressed in CME hearts. Jup-/- 

knockout mice display clinical features of arrhythmogenic right ven
tricular cardiomyopathy (ARVC) [84]. This includes the development of 
myocardial fibrosis and hypertrophic cardiomyopathy due to a signifi
cant loss in desmosomes in Jup-/- hearts, both of which are phenotypic 
features of Col4a1+/svc mice. The overlap in signature with the CME 
dataset is also reflective of the vascular remodelling in our mutant an
imals which suggests it initiates a molecular response similar to that of 
coronary occlusion.

We were also interested to explore if there are convergent effects 
between Col4a1+/svc cardiomyopathy and human heart failure, which 
could highlight a role for the ECM in heart failure. Cross-comparison 
with DEPs of hypertrophic obstructive cardiomyopathy [85,86] 
revealed that both displayed changes in the BM components Col4a1, 
Col4a2 and Col4a6. Furthermore (Myosin heavy chain 6) Myh6, Myosin 
light chain 4 (Myl4), Actn1, Vinculin (Vcl), Etfdh, Atp2a2, troponin I 
(TnnI3), Cysteine and glycine-rich protein 3 (Csrp3), Phosphogluco
mutase 5 (Pgm5), Acetyl-CoA Acyltransferase 2 (Acaa2), and (2,4 
Dienoyl-CoA reductase (Decr1) were all shared- highlighting the rele
vance of our model and collagen IV in heart pathophysiology with 
conserved signature involving BM components, sarcomeric proteins, 
fatty acid beta oxidation and mitochondrial respiration (Fig. 11B) [87]. 
These proteins were also shared in a study of the human heart failure 
with preserved ejection fraction (HFpEF) [88].

relationship between dP/dtmin with increasing stimulation rate (300–800 BPM) revealed consistently reduced rate of relaxation irrespective of stimulation rate 
(error bars representative of SEM, WT n = 8 and Col4a1+/svc n = 6).
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Fig. 4. Assessing the expression and localisation of key basement membrane components. Immunohistochemical analysis revealed (A) α1(IV) expression was 
not significantly altered in Col4a1+/svc mice α1(IV) (LV p = 0.4248 − 13.95 %, IVS p = 0.4000 − 15.79 %, and RV p = 0.0703 − 21.87 % unpaired two-tailed t-tests, 
WT n = 4, Col4a1+/svc n = 4). (B) Perlecan was also not significantly reduced in Col4a1+/svc mice across all regions analysed (LV p = 0.5031, IVS p = 0.9006, RV p =
0.9593 unpaired two-tailed t-tests, WT n = 4, Col4a1+/svc n = 4). (C) Periodic acid Schiff staining of left ventricular myocardium in 3 and 12-month-old mice. PAS 
positive staining (vivid purple) which stains glycoproteins present within the gross basement membrane zone was evident surrounding WT cardiomyocytes and 
vasculature. At both age points, regions of sparse PAS positive staining were identified in Col4a1+/svc hearts (black arrows). qRT-PCR analysis of basement membrane 
component mRNA expression in 3 and-12-month-old WT and Col4a1+/svc hearts. (D) Col4a1, Col4a2, Lama2, Lama4, Lama5, Nid1 and Nid2 mRNA levels were 
quantified with no significant difference detected except for Col4a2 (p = 0.05 3-month-old WT vs. 12 m Col4a1+/svc, p = 0.0024 3-month-old Col4a1+/svc vs. 12- 
month-old Col4a1+/svc, Kruskal-Wallis with Dunn’s multiple comparisons test). Gene expression levels normalised to 18 s mRNA (WT n = 8, Col4a1+/svc n = 8).
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Discussion

Cardiac structural and functional phenotypes in Col4a1+/SVC mice

Our investigation of the cardiac aspects of collagen type IV related 
disease has identified novel cardiac phenotypes and expanded the 
spectrum of cardiac defects due to Col4a1 mutations. This is a key new 

insight as Gould syndrome remains poorly defined, and our data also 
indicate a potential of age-dependent cardiac failure in patients.

Mutations in Col4a1 results in hypertrophic response of the right 
ventricular myocardium and increased size of myocardial clefting of the 
left ventricular myocardium. The development of tissue and cell type 
dependent mechanisms within a single organ has been previously 
characterised by our group for the kidney [37]. The molecular basis of 

Fig. 5. Col4a1+/svc mice display age dependant activation of the unfolded protein response. (A) Quantification of protein levels of key UPR activation markers 
at 3-months old (Bip p = 0.2926, unpaired two-tailed t-test. Grp94 p = 0.7209, Mann-Whitney U test. p-Eif2α/Eif2α p = 0.9591, unpaired two-tailed t-test, WT n = 8, 
Col4a1+/svc n = 8) and12-months-old (Bip p = 0.0753, unpaired two-tailed t-test), Grp94 (p = 0.0006, unpaired two-tailed t-test), EIF2α: p-EIF2α (p = 0.0049, 
unpaired two-tailed t-test, WT n = 8, Col4a1+/svc n = 8). (B) Representative immunoblots of Bip, Grp94, and EIF2α: p-EIF2α in 3-month-old and (C) 12-month-old 
mice. Levels normalised to total protein (ponceau stain). (D) Expression of pro-apoptotic gene Chop was not significantly altered in 3 or 12-month-old mutant animals 
(p = 0.1721 mean fold change WT = 1.028 Col4a1+/svc = 0.8068, two-tailed t-test, WT n = 5–8, Col4a1+/svc n = 8). (E) Caspase3 mRNA expression significantly 
increased in 3-month-old Col4a1+/svc mice (p = 0.0289 mean fold change WT = 1.049 Col4a1+/svc = 2.908, unpaired two-tailed t-test, WT n = 8, Col4a1+/svc n = 8). 
Expression levels normalised to 18 s mRNA.
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these region-specific phenotypes develop remains unclear, but several 
possibilities exist. Firstly, the development of myocardial fibrosis and 
hypertrophy within the right ventricular myocardium can be a hallmark 
of pulmonary disease, specifically pulmonary arterial hypertension 
[89–92]. Interestingly in this regard is the association of reduced 
collagen IV levels with pulmonary arterial hypertension and that a 
different Col4a1 mutant mouse model has lung defects including 
reduced alveolarization [93,94]. Additional mechanical strain on the 
right ventricle due to increased pressures within the pulmonary circu
lation could trigger maladaptive remodelling of the RV to compensate in 
a similar fashion to that in Col4a1+/svc hearts. The specific temporal 
relationship between the onset of these phenotypes also remains to be 
determined.

Our characterisation of the cardiac phenotype in Col4a1 mutant mice 
provides further evidence for cell and tissue specific molecular mecha
nisms of mutations, enhancing our knowledge of how different tissue 
and cell types respond to the same mutation in a major BM component. 
In the heart we provide evidence that the disease is underpinned by 
secretion of mutant protein as opposed to ER stress or collagen IV 
deficiency [33,35]. In addition, there may also be subtle yet uncharac
terised differences in the relative composition of the basement 

membranes to accommodate the different biomechanical loads the two 
ventricles experience. Higher levels of collagen IV may be present to 
cope with the increased demand and as a result a Col4a1 mutation acting 
by secreting the mutant protein could lead to phenotypic differences 
between ventricles. The actual impact of the Col4a1 mutation on 
collagen IV network stability and binding to other BM components re
mains unclear. These could probed using assays which explore dimer 
and tetramer formation would provide an insight into how glycine 
missense mutations affect collagen IV network assembly [95].

The importance of the basement membrane to key cardiac processes

Major BM components co-localise with sarcomere landmarks, 
implying a role in sarcomerogenesis. However, this was only observed in 
isolated cardiomyocytes [96]. We provide here in vivo evidence that the 
BM is important for cardiomyocyte sarcomere and sarcolemma organi
sation. BM defects in Col4a1+/svc were associated with altered levels of 
proteins, titin and desmin involved in sarcomere arrangement and as
sembly. Furthermore, Ehd2 and Trim72, which are involved in sarco
lemma stability and repair, were also altered, supporting our hypothesis 
that the BM contributes to cardiomyocyte sarcolemma stability and 

Fig. 6. Gene expression profile of cardiac candidate genes in Col4a1+/svc mice. (A) Heatmap of the average fold change in mRNA levels of 50 candidate genes 
indicated proportional to fold change normalised to 18 s mRNA levels. Upregulated biological processes in 3-month-old Col4a1 mutant hearts. (B) GO enrichment for 
biological processes for upregulated genes expressed in Col4a1+/svc hearts. The top 20 pathways identified are shown. (C) Downregulated biological processes in 3- 
month-old Col4a1 mutant hearts. GO enrichment for biological processes for downregulated genes expressed in Col4a1+/svc hearts. The top 9 pathways are repre
sented (-Log10 adjusted p-values represented).

E. Boland et al.                                                                                                                                                                                                                                  Matrix Biology 141 (2025) 82–100 

91 



Fig. 7. Proteomic assessment of ECM enriched cardiac proteins in WT and Col4a1+/svc hearts (A) Composition of matrix enriched fraction base on MatrisomeDB 
classification of matrix proteins. (B) Volcano plots highlight the most significant up and downregulated filtered and normalized to the matrisome. (C) GO enrichment 
for biological processes for proteins significantly upregulated in Col4a1+/svc hearts. The top 20 pathways identified are shown in each case, excluding those judged to be 
overlapping by Revigo. Downregulated biological processes in 3-month-old Col4a1 mutant hearts. (D) GO enrichment for biological processes for proteins signifi
cantly downregulated in Col4a1+/svc hearts (-Log10 adjusted p-values represented).
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maintenance of the microarchitecture necessary for 
excitation-contraction coupling [3].

It is tempting to suggest a role for altered cardiomyocyte-ECM 
adhesion and focal adhesion biology caused by compromised BM 
integrity in this process. While focal adhesion kinase (Fak) levels were 
not altered, there was downregulation of focal adhesion protein Talin 1, 
which is recruited by Fak to focal adhesions, and Stat1 which can be 
activated by Fak to promote cell migration [77,79]. Furthermore, levels 
of Fhl2, which acts in the cellular response to substrate rigidity by 
shuttling from the nucleus to binding Fak when the extracellular envi
ronment is in a rigid, high-tension state [97], were higher. Given the 
reduction in myocardial tissue compliance in Col4a1+/svc hearts, this 
could indicate increased interaction between Fhl2 and Fak. Overall, this 
provides evidence for a mechanism whereby mutant collagen IV in the 
BM affects the structural support provided by the BM and cell-ECM 
interaction. This then affects sarcolemma and sarcomere biology and 
may leave the cardiomyocyte sarcolemma more vulnerable to mechan
ical injury, which could contribute to the contractile impairment in 
Col4a1+/svc hearts. While this hypothesis requires mechanistic analysis, 
support comes from recent work demonstrating cardiac dysfunction 
with fibrosis in Pomt1loxP/loxP/M-CKCre (Pomt1 cKO) mice [98]. The dys
troglycan receptors in these matriglycan deficient mice no longer 
effectively bind their ECM ligands, which caused t-tubules, a cardiac 
membrane organelle, to become vulnerable to isoprenaline induced 
cardiac injury [98]. Thus, our data support that BM composition in
fluences the crosstalk between the sarcolemma and ECM for the struc
tural stability of cardiomyocyte microdomains and overall membrane 
strength.

We also established altered cell metabolic pathways in response to a 
Col4a1 mutation, a mechanistic feature likely exacerbates the cardiac 
functional defects observed. Evidence suggesting a reduced ability to 
generate ATP was observed through reduced levels of enzymes involved 
in fatty acid beta oxidation, TCA cycle and mitochondria respiratory 

chain. This could explain the reduced cardiac function in Col4a1+/svc 

mice. Reduced mitochondrial function resulting in impaired cardiac 
metabolism is well-documented in cardiovascular disease [98]. How
ever, it remains to be determined whether the metabolic defects are a 
second primary effect of the mutation or a consequence of other defects 
as mitochondrial dynamics requires a highly organised sarcomeric 
network within the cardiomyocytes, a feature which is disrupted in 
Col4a1+/svc hearts. The suggested metabolic shift from fatty acid beta 
oxidation to glycolysis for ATP generation observed in Col4a1 mutant 
mice has previously been observed in hypertrophic cardiomyopathy 
[99]. This all points towards altered mitochondrial function in response 
to the cardiac structural defects in Col4a1+/svc mice. Alternatively, or in 
addition, the structural changes including the development of vascular 
fibrosis and cardiomyocyte hypertrophy coupled with impaired cell-cell 
and cell-matrix interaction may lead to increased metabolic demand on 
the heart which is unable to be met. Together, these changes highlight 
important crosstalk between the BM, mitochondrial dysfunction and 
adverse metabolic remodelling, a feature commonly observed in heart 
failure [100].

Conclusion

These data provide novel insight into the role of BM within cardiac 
biology and both rare hereditary and common cardiovascular disorders. 
They highlight that the BM plays a vital role in regulating cardiac con
tractile function, the onset and progression of fibrosis, and via alteration 
due to a Col4a1 mutation, can lead to altered cardiovascular metabolic 
process. Many patients with COL4A1 mutations present early in child
hood and cardiac assessment has remained under-reported, meaning 
evidence of a cardiac component has been limited. However, given the 
age dependent progression observed here, our data support that moni
toring of cardiac function as patients age is warranted. Our data also 
points to potential cardiac manifestations that may occur in Gould 

Fig. 8. Protein interaction networks of significantly downregulated proteins in Col4a1+/svc hearts (proteins identified in both intracellular and extracellular 
matrix enriched fractions).
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Syndrome patients. Furthermore, we previously detected rare coding 
putative pathogenic COL4A1/2 variants in a population cohort of 
intracerebral haemorrhage and small vessel disease [33], and myocar
dial infarcts were genetically associated with a COL4A1 variant [101]. 
Thus, our data raises the hypothesis that genetic COL4 variants may also 
contribute to some cases of heart disease in the general population. The 
comparison between our novel cardiac proteome of Col4a1+/svc hearts 
and published proteomics datasets reveal a convergence in proteome 
changes between various cardiac pathologies in both mouse and human 
samples, which provides evidence of a potential role of the BM and ECM 
in some of these cardiac diseases. Finally, our novel mechanistic data 
presents an unexplored opportunity to target and develop therapeutics 
focussing on restoration of BM-cardiomyocyte interactions to target 
collagen IV associated cardiac disease.

Experimental procedures

Animal studies

All animal work was carried out under UK Home Office project li
cense number 9995833. Col4a1+/svc mice harbour a Col4a1 glycine to 
aspartic acid mutation (G1064D) [102]. The strain of Col4a1+/svc (small 
with vacuolar cataract) mice used in this study were of a C57/BL6J 
genetic background with littermate WT mice included as age matched 
controls. Cohorts consisted of male and female mice, and allocation of 
animals to cohorts was randomised and researchers were blinded to 
genotype. All tissues were harvested between 9 am and 12pm to reduce 
any confounding impact of circadian rhythm.

Histology

Hearts were fixed overnight in 4 % paraformaldehyde, sectioned 
longitudinally into 1 mm slice with a 4 chambered view using an acrylic 
sagittal mouse heart slicer matrix (Zivic Labs, Model # HSMA001–2), 
and paraffin embedded. 5 µm sections were stained using haematoxylin 
and eosin, periodic acid Schiff and picrosirius red using standard 
protocols.

Immunohistochemistry

Cryosections for immunohistochemistry were prepared from OCT- 
embedded 1 mm longitudinal slices frozen on liquid nitrogen as previ
ously described and were sectioned (10 µM) using a Leica CM1520 
cryostat [33]. Cryosections were briefly fixed in acetone before antigen 
retrieval with 0.1 M HCl/KCl for 10 min. Following blocking in phos
phate buffered saline 0.1 % Tween (PBST) with 10 % goat serum for 1 
hour, sections were incubated overnight at 4 ◦C with primary antibodies. 
Following and secondary antibodies (details provided in supplemen
tary Tables 4.1–4.4) prior to nuclear staining with Hoechst #33342 
2ug/ml (Life technologies - #H3570). Slides were imaged using the 
Nikon ECLIPSE Ts2-FL microscope and NIS-Elements (Nikon) imaging 
software. Images were taken of the left ventricle, interventricular 
septum, and right ventricle. Fluorescence was quantified as corrected 
integrated density using ImageJ analysis.

Langendorff isolated heart preparations

Mice were euthanized using cervical dislocation and the heart 
rapidly excised from the level above the thymus and immediately 

Fig. 9. Protein interaction networks of significantly upregulated proteins in Col4a1+/svc hearts (proteins identified in both intracellular and extracellular 
matrix enriched fractions).
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PPI of differentially expressed proteins DCM, ICM vs Col4a1+/svc
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Fig. 10. Proteomic dataset based on (Lu et al., 2019). (A) Protein-protein interactions of shared differentially expressed proteins between Col4a1+/svc, dilated 
cardiomyopathy and ischaemic cardiomyopathy mapped using STRING v12.0 PPI network mapping platform. (B) GO enrichment analysis (PANTHERv19.0) for 
shared biological processes between Col4a1+/svc, dilated cardiomyopathy and ischaemic cardiomyopathy. (C) Proteomic dataset based on (Chen et al., 2018). 
Protein-protein interactions of shared differentially expressed proteins between Col4a1+/svc and coronary microembolism. (D) GO enrichment analysis (PAN
THERv19.0) for shared biological processes between Col4a1+/svc and coronary microembolism.
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Differentially expressed proteins in HOC & HCM vs Col4a1+/svc
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Fig. 11. Proteomic dataset based on (Coats et al., 2018), (Previs et al., 2022), and (Munoz et al., 2022). (A) Protein-protein interactions of shared differentially 
expressed proteins between Col4a1+/svc, hypertrophic obstructive cardiomyopathy and hypertrophic cardiomyopathy mapped using STRING v12.0 PPI network 
mapping platform. (B) GO enrichment analysis (PANTHERv19.0) for shared biological processes between Col4a1+/svc, dilated cardiomyopathy and ischaemic 
cardiomyopathy.
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arrested in ice cold Tyrode’s solution (Composition detailed in sup
plementary Table 5). Isolated hearts were secured to a Langendorff 
retrograde perfusion apparatus (ADInstruments LTD, UK) and immedi
ately perfused with 37 ◦C Tyrode’s solution which was constantly 
oxygenated with 95 % oxygen 5 % CO2. The LV pressure balloon was 
inserted into the left ventricle before inflating to a Pmin of ~8 mmHg. 
Recordings were collected and analysed using LabChart data acquisition 
software. Parameters of cardiac function included Pmin (mmHg), Pmax 
(mmHg), dP/dtmin (mmHg/s), dP/dtmax (mmHg/s), left ventricular 
developed pressure (mmHg), coronary flow (mL/min), and heart rate 
(BPM). Stimulation rates were controlled using right atrial pacing and 
contractility parameters recorded over a range of frequencies.

Immunoblotting

Samples were mixed and heated to 95 ◦C for 5 min prior to loading on 
10 % SDS-PAGE gels. Gels were loaded in Mini-PROTEAN® Tetra Ver
tical Electrophoresis Cell Tanks (Bio-Rad) with tris-glycine-SDS running 
buffer (0.25 M glycine, 16.75 mM tris, 0.05 % SDS) and a pre-stained 
molecular weight ladder (Blue Pre-stained Protein Standard, Broad 
Range 11–250 kDa P7718, NEB). Proteins were transferred onto 0.2 µm 
pore nitrocellulose membrane (GE Healthcare) using wet transfer pro
tocol in transfer buffer (24.8 mM tris, 0.67 M glycine, 20 % absolute 
ethanol) at 350 mA for 90 min. After blocking membranes for 1 hour at 
room temperature with 1x TBS 0.2 % tween (TBS-T) containing 5 % non- 
fat dry milk, membranes were incubated with primary antibodies at 4 ◦C 
overnight in 5 % non-fat dry milk or 5 % BSA TBS-T for probing of 
phosphorylated proteins. Following washes (3 × 10 min), blots were 
incubated with horse radish peroxidase (HRP) conjugated secondary 
antibodies in 5 % milk TBS-T for 1 hour at room temperature. Protein 
bands were detected via chemiluminescence using LuminataTM Forte 
Western HRP Substrate (Merck Millipore) on a Bio-Rad ChemiDoc XRS 
Gel Documentation System and imaged with Quantity One® 1-D anal
ysis software. Protein loading was corrected using total protein densi
tometry analysis following ponceau staining (0.5 % ponceau S, 1 % 
acetic acid). Densitometric analysis of the bands detected and ponceau 
stains was carried out using ImageJ software.

Enrichment of extracellular matrix proteins from cardiac protein lysates

Enrichment of extracellular matrix proteins for proteomic analysis 
was achieved through adaptation of previously described protocols for 
ECM enrichment in both kidney and cerebrovascular tissue [103,104]. 
100 mg of ventricular tissue was homogenised and resuspended in ice 
cold TB buffer 10:1 vol to tissue weight (10 mM Tris, 150 mM NaCl, 25 
mM EDTA, 1 % (vol/vol) Triton X-100, Roche cOmplete™ EDTA-free 
Protease Inhibitor Cocktail). Resuspended lysates were centrifuged, 
and supernatant removed. The pellet was washed with TB buffer (10:1 
ratio) before resuspension and decellularisation in ice cold EB buffer (20 
mM NH4OH, 0.5 % (vol/vol) Triton-X in PBS) 10:1 vol to tissue weight. 
The remaining ECM enriched pellets were resuspended in sample buffer 
(100 mM Tris pH 6.8; 25 % glycerol; 10 % SDS; 10 % 
beta-mercaptoethanol) in 5:1 vol to tissue weight. Protein samples were 
stored at − 80 ◦C until further use. Validation of ECM enrichment was 
established following proteomic analysis of extracellular and intracel
lular fractions of two wild type samples (Supplementary figure 4).

Mass spectrometry and proteomic analysis

Dried peptides were resuspended in 10 µL 0.1 % formic acid in 5 % 
acetonitrile (ACN). Samples were analysed using an ultiMate® 3000 
Rapid Separation LC system (RSLC, Dionex Corporation) coupled to first 
a Orbitrap Elite, for quality control, and then a Q Exactive HF Mass 
Spectrometer (Thermo Fisher). Peptides were selected by DDA for 
fragmentation automatically and data was acquired for 90 min in pos
itive mode. Mass spectrometry results files were exported into Proteome 

Discoverer (PD) for identification and quantification. All searches 
included the fixed modification for carbamidomethylation on cysteine 
residues resulting from IAA treatment to prevent cysteine bonding. The 
variable modifications included in the search were oxidised methionine 
(monoisotopic mass change, +15.955 Da) and phosphorylation of 
threonine, serine, and tyrosine (79.966 Da). A maximum of 2 missed 
cleavages per peptide was allowed. Peptides were searched against the 
Swissprot database using Sequest HT with a maximum false discovery 
rate of 1 %.

Assessment of tissue deformation and elasticity using atomic force 
microscopy (AFM)

AFM is a technique utilised to provide micromechanical character
ization of a substrate and derivation of the Young’s Modulus, a measure 
of a material’s stiffness and its ability to resist deformation [105]. The 
Young’s modulus of 10 µm cryosections of the heart was analysed using 
a NanoWizard 3 Bioscience AFM (JPK, Berlin, Germany). Nano
indentation measurements were performed at room temperature on 
sections incubated with PBS containing 1:1000 protease inhibitor 
cocktail solution (Sigma-Aldrich). Calibration of cantilever sensitivity 
against a glass slide was performed using 0.3 N/m cantilevers (TL-CONT 
from Nanosensors) mounted with a 20 µm diameter spherical silica bead 
using a cantilever approach speed of 2.0 µm/s. The thermal noise 
method was used to determine spring constant using the JPK SPM 
software. Nanoindentation measurements were then performed using 
force mapping mode in 100 × 100 μm2, 5 × 5 pixels maps. Young’s 
moduli were calculated using the processing functions of JPK DP soft
ware; curves were fitted to no more than 10 % indentation depth to 
ensure compliance with the Hertz model. Regional mapping information 
is detailed in supplementary data (Supplementary figure 2).

Gene expression analysis

Using a 1 mm acrylic coronal heart matrix (Harvard Apparatus UK) a 
3 mm portion of the heart at the level of the mid myocardium was 
collected. Cardiac tissue was homogenised and RNA isolated with 1 ml 
of TRIzol™ reagent (Invitrogen #15596026). Isolated RNA was treated 
with DNase (DNA-free™ Kit DNase Treatment and Removal Reagent – 
Thermofisher AM1906) and RNA concentration was determined using a 
NanoDrop ND-1000 spectrophotometer. cDNA was synthesized from 
1ug of DNase treated RNA using the High-Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems #4368814). qRT-PCR was carried 
out using an Applied Biosystems 7900HT Fast Real-Time PCR system. Ct 
values were corrected to mouse 18S mRNA. PCR and qRT-PCR cycling 
conditions and primer information is detailed in supplementary Ta
bles 2.1, 2.2 & 3.

Comparisons of the Col4a1+/SVC proteome with published cardiac disease 
datasets

Published proteomics datasets of both murine and human cardiac 
pathologies including hypertrophic cardiomyopathy, dilated cardio
myopathy, ischemic cardiomyopathy and coronary microembolism 
were collated and filtered for differentially expressed proteins (adjusted 
P value <0.05) [80,82,83,88,106]. These DEPs were then manually 
cross-referenced with DEPs from our Col4a1+/svc dataset to identify 
shared significantly up and down-regulated proteins. GO enrichment 
analysis (PANTHERv19.0) for shared biological processes was per
formed between shared DEPs and mapped using STRING v12.0 PPI 
network mapping platform.
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