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Abstract 

Background—Cardiac ischemic injury induces a pathological remodeling response, which can 
ultimately lead to heart failure. Detailed mechanistic insights into molecular signaling pathways 
relevant for different aspects of cardiac remodeling will support the identification of novel 
therapeutic targets.
Methods—While genome-wide transcriptome analysis on diseased tissues has greatly advanced 
our understanding of the regulatory networks that drive pathological changes in the heart, this 
approach has been disadvantaged by the fact that the signals are derived from tissue 
homogenates. Here we used tomo-seq to obtain a genome-wide gene expression signature with 
high spatial resolution spanning from the infarcted area to the remote to identify new regulators 
of cardiac remodeling. Cardiac tissue samples from patients suffering from ischemic heart 
disease were used to validate our findings.
Results—Tracing transcriptional differences with a high spatial resolution across the infarcted 
heart enabled us to identify gene clusters that share a comparable expression profile. The spatial 
distribution patterns indicated a separation of expressional changes for genes involved in specific 
aspects of cardiac remodeling, like fibrosis, cardiomyocyte hypertrophy, and calcium-handling 
(Col1a2, Nppa, and Serca2). Subsequent correlation analysis allowed for the identification of 
novel factors that share a comparable transcriptional regulation pattern across the infarcted 
tissue. The strong correlation between the expression levels of these known marker genes and the 
expression of the co-regulated genes could be confirmed in human ischemic cardiac tissue 
samples. Follow-up analysis identified SOX9 as common transcriptional regulator of a large 
portion of the fibrosis-related genes that become activated under conditions of ischemic injury. 
Lineage-tracing experiments indicated the majority of COL1-positive fibroblasts to stem from a 
pool of SOX9-expressing cells and in vivo loss of Sox9 blunted the cardiac fibrotic response 
upon ischemic injury. The co-localization between SOX9 and COL1 could also be confirmed in 
patients suffering from ischemic heart disease.
Conclusions—Based on the exact local expression cues, tomo-seq can serve to reveal novel 
genes and key transcription factors involved in specific aspects of cardiac remodeling. Using 
tomo-seq we were able to unveil the unknown relevance of SOX9 as key regulator of cardiac 
fibrosis, pointing to SOX9 as potential therapeutic target for cardiac fibrosis.  

Key Words: remodeling; ischemic heart disease; fibrosis; cardiac remodeling, fibrosis, 
ischemia, sox9
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issue. The strong correlation between the expression levels of these known markkererer gggeneneneseses aaandndnd ttthehehe

expression of the co-regulated genes could be confirmed in human ischemic cardiac tissue 
amples. Follow-up analysis identified SOX9 as common transcriptional regulator of a large
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Clinical Perspective

What is new?

SOX9 is a key regulator of cardiac fibrosis after ischemic injury in mice by regulating the 

expression of many extracellular matrix-related proteins.

SOX9 is induced in cardiac tissue from patients suffering from ischemic heart disease 

and co-localizes with COL1 expression. 

Reduced levels of SOX9 lead to less cardiac fibrosis after ischemic injury in mice.

Tomo-seq can be used to identify new players in cardiac biology and disease. 

What are the clinical implications?

Our data suggest that therapeutic inhibition of SOX9 in the diseased heart could lead to a 

reduction in cardiac fibrosis. reduction in cardiac fibrosis. 



10.1161/CIRCULATIONAHA.117.027832

4 

Ischemic heart disease induces a heterogeneous remodeling response across the damaged area 

that involves fibroblast activation, cardiomyocyte hypertrophy and changes in calcium handling, 

all of which are eventually detrimental for cardiac function.1, 2 Fibroblast activation and 

cardiomyocyte hypertrophy occur as a direct effect of the local stress signals caused by the loss 

of viable tissue in the infarcted area. Subsequently, there is a decline in contractility of the 

surviving cardiomyocytes, which is caused by a change in metabolism and calcium handling 

genes.3

 Genome-wide transcriptome analysis on extracts from diseased tissues has significantly 

enhanced our understanding of the gene regulatory networks that drive these pathological 

changes in the heart.4, 5 However, to date, these approaches have been disadvantaged by the fact 

that the signals are derived from tissue homogenates, which inherently causes the loss of spatial 

information and dilutes out more localized expression signatures. Recent developments in RNA 

amplification strategies provide the opportunity to use small amounts of input RNA for genome-

wide sequencing. Here we use tomo-seq6 to obtain a genome-wide gene expression signature 

with high spatial resolution spanning from the infarcted area to the remote. Tracing 

transcriptional differences across the infarcted heart enabled us to identify clusters of genes with 

a comparable gene expression profile. In these individual clusters we recognized genes with 

well-known functions in specific aspects of heart remodeling, such as Col1a2 for fibrosis, Nppa

for cardiomyocyte hypertrophy, or Serca2 for contractility. Correlation analyses using the spatial 

distribution patterns of these marker genes allowed for the identification of novel factors that 

share a comparable transcriptional regulation pattern across the infarcted tissue. Subsequent 

functional annotation analysis indicated that these genes could be linked to the known gene 

function of their reference gene. The strong correlation between the expression levels of the 

changes in the heart.4, 5 However, to date, these approaches have been disadvantagagededed bbby y y thththe e fafafacct 

hat the signals are derived from tissue homogenates, which inherently causes the loss of spatial 

nformation and dilutes out more localized expression signatures. Recent developments in RNA 

amplplpliifi ication ststs rrar tetetegiesese ppproror viidedede tthehehe oppporo tunitytyt  too uuse e smsmsmalalalll l amama ououountntn s s ofof inpppututut RRRNANAN  fororo gggenenenomomome-

widedede sequencinnngg.g  HeH re we usususe tomo-seeqq6 to obbbttainn a gggenenenomomo ee-widede gennee exxxpprp essionnn siggnnaturee 

with high spatial resolul tion spannini g from theh iinffarcted area to the remote. TTraciing
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markers genes and the expression of the co-regulated genes could be confirmed in human 

ischemic tissue samples. 

Our data show that the high spatial resolution in gene expression signatures obtained by 

tomo-seq reveals new regulators, genetic pathways and transcription factors that are active in 

well-defined regions of the heart and potentially involved in specific aspects of heart disease. 

Using this technique, we identified SOX9 as a potent regulator of many of the Col1a2 co-

regulated genes. In vivo loss of Sox9 reduced the expression of many extracellular matrix (ECM) 

genes which coincided with a blunted cardiac fibrotic response upon ischemic injury. These data 

unveil the currently unknown relevance of SOX9 as key regulator of cardiac fibrosis and 

underscores that tomo-seq can be used to increase our mechanistic insights into cardiac 

remodeling to help guide the identification of novel therapeutic candidates.

Methods

An expanded Methods section is available in the Supplemental Material online. Primers used to 

create ISH probes and for real-time PCR analysis are listed in the Supplemental Tables 7 and 8, 

respectively.

Ischemia reperfusion model

Animal experiments were performed in accordance with the institutional review committee at the 

Hubrecht Institute. Mice were randomly subjected to either sham or ischemia reperfusion surgery 

as previously described.7 Two weeks after surgery, cardiac tissue was collected for further 

analysis.

underscores that tomo-seq can be used to increase our mechanistic insights into cacardrddiaiaiac c 

emodeling to help guide the identification of novel therapeutic candidates.

Meeeththhods

An eexpxx anded MeMM thhoodss sectioioion is availabable in ththt e SuSuppppplelelemmem ntn aal MMaateriaall ooonnln ine. Prrir memerrs usedd tto 

create ISHS  probes and d fof r real-time PCR analysis are listed in the Supplemental Tables 7 and d 8,8  
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Tomo-seq

Tomo-seq experiments were performed as described elsewhere.6 In short, 2.5 mm wide portions 

of cardiac mouse tissue spanning from the infarct towards the remote region of the left 

ventricular anterior wall were embedded in tissue freezing medium, frozen on dry ice, and 

cryosectioned into 48 slices of 80 m thickness. We extracted RNA from individual slices and 

prepared barcoded Illumina sequencing libraries according to the CEL-seq protocol.8 Paired-end 

reads obtained by Illumina sequencing were aligned to the transcriptome using BWA.9 The 5’ 

mate of each pair was used for mapping, discarding all reads that mapped equally well to 

multiple loci. The 3’ mate was used for barcode information. Reads counts were normalized to 

the same number of total reads per section. Tomo-seq data analysis was performed in MATLAB 

(MathWorks) using custom-written code. For data analysis we used an expression cut-off of >4 

reads in >1 section. In differential expression analysis (Figure 1C), we determined the boundary 

between remote and infarcted zone based on the spatial partitioning detected by pairwise 

comparison of sections across all genes in one biological replicate (Figure 1B). For the infarcted 

zone, we used sections 1-26, and for the remote zone we used sections 29-47. The border zone 

(sections 27-29) was omitted in order to reduce ambiguity in assignment of sections to zones. We 

then compared the sections within and outside the infarcted zone and assessed statistical 

significance with Wilcoxon rank sum test. For this analysis, each section was considered as an 

independent measurement. Furthermore, filtering was applied for genes that showed at least a 

two-fold expression difference between remote and infarcted zone. For this analysis, the mean 

expression levels for each gene in the two zones was calculated. Concerning the hierarchical 

clustering, expression traces of the genes that passed the differential expression filter in Figure 

1C were used for analysis. The data was standardized by Z-score normalization (along rows of 

he same number of total reads per section. Tomo-seq data analysis was performeedd ininn MMMATATATLALALAB

MathWorks) using custom-written code. For data analysis we used an expression cut-off of >4 

eads in >1 section. In differential expression analysis (Figure 1C), we determined the boundary 

betwwweeeen remotetete andndnd infnfn arararctctc eddd zzzonononee e bab ssede  on thhhe e sppatiaaall papapartrtrtitititioioniniingngng dedetetectededd bybyby papapairwiwiw sesese 

compmpmparison of f f seses cctiionns acrosososs all geness in oneee bbiooloogigiicacacalll rreplp iicate (Figguuree e 11B). Foorr r ththe infarccteed 

zone, we used sections 1-26, and ffor the remote zone we used sections 292 -47.7  Theh  borded r zone 
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data) so that the mean expression is zero and the standard deviation is 1 in order to remove 

differences in expression level between genes. Euclidean distance was used as distance metric.

The assignment of genes to clusters I-III (Figure 1D) was determined manually considering the 

similarity in gene expression pattern across the ischemic heart.

SOX9 animal models 

Sox9 (Sox9fl/fl) mutant mice harboring two loxP sites flanking the exons 2-3 10 were crossed with 

Rosa26-CreERT2 mice (R26CreERT2) to obtain an inducible Sox9 loss-of-functional model 

(Sox9fl/+;R26CreERT2). For lineage tracing studies, mice expressing CreERT2 under the control of 

the Sox9 promoter 11 were bred with the Rosa26-tdTomato reporter mouse (R26RTdT) to obtain 

Sox9CreERT2;R26RTdT mice. To induce the CreERT2 protein, Sox9fl/+;R26CreERT2 and 

Sox9CreERT2;R26RTdT mice were injected with Tamoxifen (corn oil/ethanol) intraperitoneally (2

mg at the day of surgery and 2 and 4 days after injury). Control mice (referred to as 

Sox9fl/+;R26CreERT2 Vehicle) received an equal volume of the vehicle that was used to deliver 

Tamoxifen.

Pathway and transcription factor binding site enrichment

To investigate whether genes share a similar biological function, we searched for over-

representation in the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway using 

DAVID.12 The enriched genes in the KEGG pathway are shown as p values corrected for 

multiple hypothesis testing using the Benjamini-Hochberg method.  

 Detection of over-represented conserved transcription factor binding sites in the set of 

genes spatially co-regulated to Col1a2 was determined using single site analysis in oPOSSUM 

3.0 (online software). The enrichment of SOX9 binding sites was determined using the Z-score, 

which uses the normal approximation to the binomial distribution to compare the rate of 

Sox9CreERT2;R26RTdT mice. To induce the CreERT2 protein, Sox9fl/+99 ;R26CreERT2 andnd 

Sox9CreERT2;R26RTdT mice were injected with Tamoxifen (corn oil/ethanol) intraperitoneally (2

mg at the day of surgery and 2 and 4 days after injury). Control mice (referred to as 

Sox9x9x9flflfl//+/99 ;R26CrreEeEeERTRR 22 VeVeVehihiclclcle)e) rrecececeieieiveveved d anan equal vvolumume ofofof tthehehe vvehehiciciclele thahat waaasss usususededed to dededelililiveveverr r 

Tammmooxo ifen.

Pathway and transcription factor binding site enrichment



10.1161/CIRCULATIONAHA.117.027832

8 

occurrence of a TFBS in the set of target genes to the expected rate estimated from the pre-

computed background set.  

Human heart samples

Approval for studies on human tissue samples was obtained from the Medical Ethics Committee 

of the University Medical Center Utrecht, The Netherlands (12#387). Written informed consent 

was obtained or in certain cases waived by the ethics committee when obtaining informed 

consent was not possible due to death of the patient. In this study, we included tissue from the 

left ventricular free wall of patients with end-stage heart failure secondary to ischemic heart 

disease. This end-stage heart failure tissue was obtained at explanation of the failing heart during 

heart transplantation or at autopsy. For each case, three areas of the infarcted heart tissue were 

included; 1) infarct zone, 2) border zone, and 3) remote area. For in situ hybridization (ISH) 

analysis, three patients were included. From these patients, the border zone of the infarcted 

hearts was used for ISH to verify tomo-seq. Gene expression values in infarct zone, border zone, 

and remote area obtained by real-time PCR were plotted for correlation analysis. Left ventricular 

free wall of non-failing donor hearts that could not be transplanted for technical reasons, were 

used for comparison. In these cases, neither donor patient histories, nor echocardiography 

revealed signs of heart disease.

Statistical analysis

Values are presented as mean ± s.e.m. Previous studies were used to predetermine sample size. 

Statistical analyses between two groups were conducted using the two-tailed unpaired or paired 

Student's t-test or a Mann-Whitney test when the normality assumption was not met. Comparison 

among more than two groups was performed using a two-way ANOVA with Bonferroni’s post-

hoc test. Pearson's correlation coefficients were used to calculate gene pair correlation based on 

heart transplantation or at autopsy. For each case, three areas of the infarcted heartrt tttisisissususue e e wewewererere 

ncluded; 1) infarct zone, 2) border zone, and 3) remote area. For in situ hybridization (ISH) 

analysis, three patients were included. From these patients, the border zone of the infarcted 

hearara tststs was useeddd fooor r r ISSSH H tototo vverererififify yy tototomomo-s-seq. GeGeG nen eexprereressssssioioionn n vaaluluuesese in n ini farcrcrct t t zozozonenen , booordrdrderere zzzonoo e,

and d d rerer mote areeea a a obbttainneed byyy real-time PPCR weeerre ppllottttttededed fffor correellationn anananalysis. LLLeeft vventricucular

free walll of non-failil ng donor hearts that could not be transplantedd for technici al reasons, were 
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gene expression in human samples. KEGG pathways are ranked by their respective p value 

corrected for multiple hypothesis testing using the Benjamini-Hochberg method. p value <0.05 

was interpreted to denote statistical significance. Prism 6 (GraphPad Software, Inc.) was used for 

statistical analyses.

Results

Tomo-seq performed on the infarcted mouse heart

To obtain precise spatial information on local gene expression changes occurring in the heart in 

response to ischemic injury, we collected cardiac tissue from infarcted mice exposed to one hour 

of ischemia followed by either one or fourteen days of reperfusion (1 and 14 dpIR) and harvested 

tissue from sham-operated mice as control (Sham) (Figure 1A and Supplemental Figure 1).7

Histological and molecular analysis confirmed a classical cardiac remodeling response in our 

model of ischemic injury, as exemplified by cardiac hypertrophy (Hematoxylin and Eosin 

staining, H&E), fibrosis (Sirius Red staining) and a change in expression of cardiac markers 

(Supplemental Figure 1).7 Using microdissection, a small portion of the anterior wall of the left 

ventricle spanning from the infarct towards the remote (2.5 mm wide and 4.0 mm long) was 

processed into ~50 consecutive cryosections with a thickness of 

RNA extraction from individual slices followed by RNA amplification, barcoding strategies and 

RNA sequencing 6 provided genome-wide data about the spatial distribution in gene expression 

across the injured heart (Supplemental Databases 1 through 3). A spatial partitioning between 

infarcted and remote area was visible at 1 and 14 dpIR, but not in the sham-operated samples 

when performing pairwise comparison of sections across all expressed genes (Figure 1B and 

Supplemental Figure 2A). The spatial separation became considerably more pronounced after 

of ischemia followed by either one or fourteen days of reperfusion (1 and 14 dpIR)R) aaandndnd hhharara vevevestss ed

issue from sham-operated mice as control (Sham) (Figure 1A and Supplemental Figure 1).7

Histologgical and molecular analysis confirmed a classical cardiac remodeling response in our 

modededel of ischeeemmmic c c inii juuuryryry,,, asa eeexexexempmpmplil fieded by caaardr iacc hyyypepepertrtrtrororophphy y y (HeHemamatoxyxylilin n anand EoEosisin n 

taiinining, H&E)E),,, fiibrbrossis (Siiiriiius Red staaiining) annd aa chahahangngn e iniin expprressioion ofofof cardiacacac mmaarkers

Supplemental Figure 1).77 Using microdiissection, a small portioi n of the anterior wall of the leftf  
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filtering for genes that showed an at least two-fold and statistically significant differential 

expression between the infarct and remote zone by tomo-seq (Figure 1C and Supplemental 

Figure 2B). The number of regulated genes was found to be the highest 14 dpIR, which included 

2357 coding genes and 134 non-coding transcripts (Figure 1D, Supplemental Figure 2C and 

Supplemental Databases 4 through 6). KEGG analysis on these regulated genes showed an 

enrichment for inflammatory pathway activation at day 1 after injury, while pathways involved 

in ECM, disease and cardiomyocyte remodeling were found to be regulated 14 dpIR 

(Supplemental Figure 2D and Supplemental Tables 1 and 2).

Gene expression patterns reveal localized remodeling responses

Tracing transcriptional differences across the infarcted heart enabled us to identify clusters of 

genes with a comparable differential regulation throughout the infarcted heart at 14 dpIR (Figure 

1D). The individual clusters contained well-known marker genes for specific aspects of heart 

remodeling, Collagen type I alpha 2 (Col1a2) (identified in cluster I), Natriuretic peptide A 

(Nppa) (identified in cluster II) and sarco/endoplasmic reticulum Ca2+-ATPase (Serca2) (located 

in cluster III). Col1a2 is expressed in activated fibroblasts and important for cardiac fibrosis,13

while Nppa is a cardiomyocyte-specific stress marker involved in myocyte hypertrophy.14

Cardiomyocyte contractility is regulated by calcium fluxes to and from the sarcoplasmic 

reticulum and is impaired during heart disease. Serca2 is a key regulator of Ca2+ transfer into the 

sarcoplasmic reticulum in muscle cells that is decreased during heart failure, which contributes to 

the decline in function.3 The expression traces for Col1a2, Nppa and Serca2 confirmed a gene-

specific differential regulation from the infarcted area to the remote (Figure 1E). As expected 

Col1a2 and Nppa were more abundantly expressed in the infarcted region 14 dpIR, while Serca2

actually showed a decrease in expression towards the infarcted region (Figure 1E). ISH on 

Tracing transcriptional differences across the infarcted heart enabled us to identiffyy clclclususu tetetersrss ooof ff

genes with a comparable differential regulation throughout the infarcted heart at 14 dpIR (Figure

1D). The individual clusters contained well-known marker genes for specific aspects of heart 

emomomodded ling, CoCoollllagagagen ttypypypee e I alalalphphpha a a 222 (CoCol1a2) (i(ideenntifieieied d d ininn ccclul ststererer II),) NNatriiururureteteticicic pppeptitit dedede AAA 

Nppppapapa) (identifffieieiedd iin ccluusterrr IIII) and sarrco/endopopo laasmmicicic rrretetetiicululuum CCa2+--ATATTPPaP se (Seercrca2a2) (locatated

n cluster IIII). Col1l a22 iis expressed d in activated fibbroblasts and important for cardid ac ffibibrosis,13313
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cardiac tissue 14 dpIR confirmed the Col1a2 expression to originate from activated fibroblasts, 

while the transcriptional peaks for Nppa stemmed from the stressed, hypertrophic 

cardiomyocytes immediately flanking the fibrotic regions (Figure 1F). We observed a decline in 

Serca2 expression more towards the injured area, which is likely due to both a loss in 

cardiomyocytes as well as a decrease in transcriptional activation since the Nppa signals clearly 

indicate the presence of viable myocytes in this region (Figure 1F). The reproducibility of the 

obtained gene expression profiles was confirmed on a second set of samples (Supplemental 

Figure 3).

Tomo-seq identifies potential new players for cardiac remodeling and function

An important advantage of tomo-seq over genome-wide sequencing techniques on tissue 

homogenates is that the local information on gene regulation allows for correlation analysis to 

identify genes with a comparable spatial distribution in transcriptional regulation.6 Since we 

observed a gene-specific expression profile throughout the infarcted tissue for Col1a2, Nppa and 

Serca2, we used the Euclidean distance of Z-score transformed spatial expression traces 6 to 

measure pattern similarity between genes 14 dpIR using Col1a2, Nppa and Serca2 as reference 

genes. In doing so, we obtained a gene list that showed the greatest similarity in expressional 

differences across the infarcted tissue with our reference genes (Table 1, Figure 1G and 

Supplemental Databases 7 and 8), a vast majority of which could be identified within the 

corresponding gene cluster identified in Figure 1D. Interestingly, next to Col1a2, Nppa or 

Serca2, these lists also contained other well-known genes related to the biological function of the 

reference genes. Among the Col1a2 co-expressed genes, we recognized additional genes known 

for their function in ECM deposition (like Sparc and Col3a1),2 while many of the genes co-

regulated with Nppa encode for proteins involved in cardiomyocyte hypertrophy (Nppb and 

An important advantage of tomo-seq over genome-wide sequencing techniques onon tttisisissususue e e

homogenates is that the local information on gene regulation allows for correlation analysis to 

dentify ggenes with a comparable spatial distribution in transcriptional regulation.6 Since we 

obseses rrrved a gennnee-e spppecee ififi icicc eeexpxpprereressssssioioion nn prrofo ile throror ugghhoututut ttthehehe iiinfnn ararcctc edede  tisssus e fofofor r r CoCoCol1ll a222, NpNpNppapapa aand

Sercrccaaa2, we useeed dd thhee EuEuclideaeaean distancee of Z-ZZ sscooree ttrananansfsfsfororo memed sppaatial eexprprpression tttrraceces 6 to 

measure pattern siimilarity between genes 14 4 dpIRR using Col1a2, Nppa and SeS rca2 as reference 
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Myh7). The gene list for Serca2 contained Pln and Ryr2, both well known for their importance in 

cardiac calcium handling and contractility 3 (Table 1, Supplemental Databases 7 and 8). This co-

expression of genes could be confirmed by ISH and indicated the signals to stem from the same 

cell population (Figure 1H). The connection between the spatially co-regulated genes and their 

biological function was underscored by KEGG pathway analysis. The one hundred fifty genes 

with the highest similarity in expressional changes with either Col1a2, Nppa or Serca2

throughout the infarcted heart at 14 dpIR, indicated an enrichment for the cellular function 

known to be associated with the reference genes (Figure 1I through K, Supplemental Tables 3

through 5, and Supplemental Databases 7 and 8). The known biological link of several of the 

listed genes and the functional connection based on gene ontology analysis suggests that the 

correlation analysis can serve to identify genes that are functionally related to the biological 

function of the reference genes.  

RNA sequencing (RNA-seq) on whole tissue homogenates from the infarcted area from 

three independent mice 14 dpIR showed a comparable directional regulation in gene expression, 

with the Col1a2- and Nppa-related genes going up after infarct, while the Serca2-related genes 

are going down compared to sham-operated mice (Supplemental Figure 4). However, in contrast 

with the data obtained by tomo-seq, the changes observed by RNA-seq on tissue homogenates 

failed to provide spatial information on co-expression of genes and showed smaller changes with 

a high inter-animal variation (Supplemental Figure 4). Since tomo-seq analysis is based on the 

correlation in gene expression within a single sample, the variation between animals is of lesser 

importance.

Tomo-seq analysis for lncRNAs specifically, showed localized expression changes, albeit 

far less pronounced and specific than for coding genes (Supplemental Figure 5), which is likely 

isted genes and the functional connection based on gene ontology analysis suggeeestststs s s thththaaat t t thththe e e 

correlation analysis can serve to identify genes that are functionally related to the biological 

function of the reference genes.  

RNA sesesequququenenenciiingngng (((RNRNRNAAA-s-s-seqeqeq) ) ) onnn wwholeee tttissusue hohohomomomogegegenananatetetes ss frfrfrommm theee iiinfnfnfarararctctcted aaarererea a a frfrfromomom 

hreeee ee independddenenent mmicecece 14 dpdpdpIR showeweddd a compmpmparraablelele dddiririrecectitt oono aaal rreguuulaatioioion n in genenneee exexexpressiiioono , 

with the Col1a2- and Nppad -related genes going up after infarct, while the Serca2-related genes
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due to the low abundance of lncRNA transcripts. 

The correlation in expression of novel genes linked to cardiac remodeling and function is 

conserved in humans

While multiple well-known markers of fibrosis, hypertrophy and calcium handling could be 

identified among the genes with a similar transcriptional activation pattern, we also found

multiple ill-studied genes that so far have not been linked to aspects of cardiac remodeling 

(Supplemental Databases 7 and 8). To confirm the correlation in transcriptional activation, we 

randomly chose one candidate from each list to explore in more detail. The Z-score transformed

expression traces at 14 dpIR indicated a close correlation in expressional regulation between 

Col1a2 with Fstl1, Nppa with Pmepa1, and Serca2 with Chchd2 (Figure 2A), which could be 

confirmed by ISH on murine cardiac tissue 14 dpIR (Figure 2B). Further confirmation for a 

correlation in expression of these novel factors with COL1A2, NPPA and SERCA2 was obtained 

by ISH on ischemic human heart tissue (Figure 2C).  

 The validity of using tomo-seq to identify genes that are expressionally linked was 

strengthened by the observation that real-time PCR analysis on cardiac tissue from patients 

suffering from ischemic heart disease confirmed the correlation between the expression levels of 

COL1A2, NPPA, SERCA2 and the newly identified genes (Figure 2D through F). The correlation 

was strongly reduced when we cross-referenced genes from different lists (Supplemental Figure 

6). The density plot for the cumulative Pearson correlation coefficients validates the shift 

towards a higher correlation between genes that belong to the same list (co-regulated) compared 

to the genes that were not shown to be co-regulated (randomized) by tomo-seq (Figure 2G). 

While it remains to be determined which of the newly defined genes are relevant for cardiac 

remodeling, the functional link between the co-regulated genes and the fact that we can validate 

Col1a2 with Fstl1, Nppa with Pmepa1, and Serca2 with Chchd2 (Figure 2A), whhhicicich h h cococoulululd d d bebebe 

confirmed by ISH on murine cardiac tissue 14 dpIR (Figure 2B). Further confirmation for a 

correlation in expression of these novel factors with COL1A2, NPPA and SERCA2 was obtained 

by IIISHSHSH on ischhhemememicicic humumumanana hheaeaeartrtr tttisisssue e (F( igurrree 2CC)).  

The valalidididittyy off uusinggg tomo-seq too identnttify ggenenenesss ththth tat aare eexxpressssiooonanan lly linkkkeded wwas 

trengthhenedd by thhe obbservation thhat real-l time PPCRR analysis on cardiac tissue from patiei nts 
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the co-regulation in both mice and human, implies that tomo-seq allows for the identification of 

novel genes that are potentially relevant for specific aspects of pathological remodeling of the 

infarcted heart. 

Tomo-seq identifies SOX9 as key transcription factor for cardiac fibrosis.

The overlap in differential expression throughout the infarcted heart triggered us to explore 

whether a common transcription factor (TF) could be responsible for the synchrony in 

transcriptional regulation of the different gene clusters. Using an in silico approach, we searched 

for TFs (using oPOSSUM 3.0) that contain one or more predicted binding site(s) in the promoter 

regions of the top thirty Col1a2 co-regulated genes (Table 1 and Supplemental Table 6). Among 

these factors, we identified SOX9 as a potential candidate. SOX9 is a TF that has been 

recognized for its role in chondrocyte differentiation.10  

 While so far unstudied in the adult heart, previous work showed that SOX9 has a potent 

function in fibrosis.15 Expression trace analysis for Sox9 revealed a strong spatial correlation 

with Col1a2 (Figure 3A). ISH indicated Sox9 to be expressed in the same region of the infarcted 

area as Col1a2, although at a much lower level (Figure 3B). Real-time PCR on tissues from 

infarcted mouse heart further confirmed Sox9 upregulation in the infarct zone (Figure 3C). Based 

on the predicted binding site(s) in the promoter regions of multiple Col1a2 co-regulated genes, 

its proposed function in liver fibrosis and the overlap in transcriptional regulation with Col1a2 in 

the infarcted heart, we decided to further pursue SOX9 in cardiac fibrosis. The induction in Sox9

expression was only observed 14 dpIR and restricted to the infarcted area (Supplemental Figure 

7A and B). Staining for both SOX9 and COL1 indicated SOX9 protein to be detectable in the 

same region as COL1 (Figure 3D).  

hese factors, we identified SOX9 as a potential candidate. SOX9 is a TF that has s bebeeenenen 

ecognized for its role in chondrocyte differentiation.10 

While so far unstudied in the adult heart, previous work showed that SOX9 has a potent

funcncn titition in fibrbrrooso isis..15 ExExxprprp esessisisiononon tttrararace aanalysiiiss foor Sox9x9x9 rereevevevealededd aaa sstronong spspspatata iaiaiall l coc rrrrelellatatatioioion n n

withthh Col1a2 (F(FFigigiguruure 3A3A3A). ISSSHH H indicateedd Sox9 too bebe expxpxprereressseded in ththe saamme rrrege ion ofofo  thehe infarccteed 

area as Col1a2, althhough at a muchh lower level (Figure 3B). Real-time PCR on tissues from 
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 To start exploring the fate of SOX9-expressing cells in the infarcted heart, we employed 

a lineage tracing approach using a TdTomato reporter mouse model driven by the promoter of 

the Sox9 gene (Sox9CreERT2;R26RTdT) (Figure 3E). Fluorescence-activated cell sorting (FACS) 

performed on single cells isolated from the left ventricle indicated a significant elevation of the 

SOX9-TdT+ cell population 14 dpIR compared to Sham (Figure 3F). Immunostaining clearly 

showed a co-localization between SOX9-TdT+ and COL1-expressing cells, which were 

surrounded by cardiomyocytes (marked by alpha-actinin-2, ACTN2) (Figure 3G and H). A

similar overlap in expression was observed between SOX9-TdT+ and cells labelled with two 

other fibroblast markers; periostin and vimentin (Supplemental Figure 8A and B, 

respectively).16,17 These data demonstrated that SOX9 is predominantly active in the fibroblast 

population that repopulates the infarcted area after injury. 

 To further explore whether SOX9 is involved in the transcriptional activation of the 

Col1a2 co-regulated genes, we treated fibroblasts with TGF 1 after we exposed them to either 

an siRNA against Sox9 or a control. In addition to a strong repressive effect on Sox9 expression, 

we also observed a significant repressive effect on 6 out of 15 potential SOX9 targets listed as 

Col1a2 co-regulated genes, with a general downward trend for the remaining genes 

(Supplemental Figure 7C). This was also true for additional fibrosis-related genes (Supplemental 

Figure 7D), indicating a global function for SOX9 in fibroblast activation. 

Real-time PCR analysis in tissue samples from human ischemic hearts showed a 

significant correlation between the levels of expression of COL1A2 and SOX9 (Figure 4A). In 

agreement with our mouse data, real-time PCR indicated an expressional increase in SOX9

expression towards the infarcted area (Figure 4B), where the majority of the fibrosis is located. 

ISH showed that a sub-population of COL1A2-positive cells was also positive for SOX9 in 

espectively).16,17 These data demonstrated that SOX9 is predominantly active in tthehehe fffibibbroror blblblasasastt t

population that repopulates the infarcted area after injury.

To further explore whether SOX9 is involved in the transcriptional activation of the 

Col1l1l1aa2a co-reguguullal tetet d dd gegeg nenenes,s, wwwee e trtrtreaeaeatett d fifibroblaaassts wwithhh TGTGTGFFF 1 afaffteeerr wewe exppposososededed ttthehh m m m totoo eeeitittheheher 

an sssiRiRRNA againininsst SSoxx9 or aa a ccoc ntrol. In aadditionono  too aa stststrororongngn  repepresssive efeffeeectctc  on Sox9x9x eexxpressioion, 

we also observed a significant repressive effef ct on 6 out off 15 5 potential SOX9X  targets llisted as 
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human ischemic hearts (Figure 4C). Immunostaining further confirmed that SOX9-expressing

cells were also positive for COL1 (Figure 4D and E). 

SOX9 regulates cardiac fibrosis during ischemia reperfusion injury. 

To examine the effect of SOX9 in vivo, we generated inducible Sox9 heterozygous knockout 

mice (Sox9fl/+;R26CreERT2) (Figure 5A). Tamoxifen injection at the day of surgery and 2 and 4 

days after injury resulted in a disruption of the Sox9 allele as confirmed by PCR on genomic 

DNA (Figure 5B), and further quantified by real-time PCR and immunofluorescence after IR in 

the infarcted region (Figure 5C through E). Sox9 loss of function was accompanied with a 

profound reduction in fibrosis, which was quantified by the amount of Sirius Red staining in the 

infarcted region (Figure 5F and G). Periostin (PSTN), a protein marking activated fibroblasts,17

was also reduced in the infarcted Sox9fl/+;R26CreERT2 mice treated with Tamoxifen, further 

confirming the importance of SOX9 as a key driver for fibrosis in the ischemic heart (Figure 

5H). Expression analysis for 15 randomly selected Col1a2 co-expressed genes showed an 

increase in expression in response to ischemic injury. Loss of Sox9 resulted in a significant 

reduction in expression for 13 out of 15 genes 14 dpIR compared to control animals (Figure 5I 

and Supplemental Database 7: highlighted in yellow).  

 High expression levels of SOX9 have previously been described in chondrocytes and

publically available SOX9 ChIP-seq data in this cell type18 showed that 15 out of the 30 genes 

that were co-expressed with Col1a2 in our study have at least one of their predicted binding sites 

directly occupied by SOX9 (for instance: Col1a2, Fn1, Lum and Vim; Table 1 and Supplemental 

Figure 9). Importantly, these sites were found enriched for the histone mark H3K27ac in the 

adult mouse heart (ENCODE dataset), which further demonstrates that these regions are active 

and open for transcription factors like SOX9 in vivo. Altogether, these data demonstrate that 

nfarcted region (Figure 5F and G). Periostin (PSTN), a protein marking activated d fifif brbrbroboboblalalastststs,s,s 1711

was also reduced in the infarcted Sox9fl/+99 ;R26CreERT2 mice treated with Tamoxifen, further 

confirminggg the importance of SOX9 as a key driver for fibrosis in the ischemic heart (Figure 

5H)).) EEExpressiooonn n anannalaa ysysy isss ffforo 111555 rararandndndommlyl  selecece tedd Col1l1l1a2a2a2 cococo-exexprprpresesseed d gennneseses ssshohohowed d d ananan 

ncrrreaeae se in exprprpreessisionn iin respspsponse to isschemiccc iinjurury.. LLLososo s ofof Sox9x9 resusultededed in a signgngnifficcant

eduction in expression for 13 out of 15 genes 114 dpd IR compared to control animals (FiF gure 5I 
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SOX9 has the ability to occupy the promoter region of ECM-related genes and may actively 

regulate these genes in the heart. 

Discussion

Here we applied tomo-seq to obtain a genome-wide gene expression profile with a high spatial 

resolution throughout the mammalian heart after ischemic injury. Cardiac ischemia reperfusion 

damage induces a heterogeneous remodeling response that involves several key processes, like 

cardiac fibrosis, cardiomyocyte hypertrophy, and a change in calcium handling within the heart 

muscle cells.2, 3, 13, 14 Localized expressional differences of well-known markers genes for these 

remodeling processes allowed us to uncover novel genes that showed a comparable 

transcriptional regulation and that are linked to specific aspects of cardiac remodeling. Using this 

data set, we identified SOX9 as a key transcriptional regulator of ECM-related genes and showed 

that in vivo loss of Sox9 after myocardial infarction blunted the cardiac fibrotic response upon 

ischemic injury. 

 While RNA sequencing techniques on tissue samples have been instrumental in defining 

genes relevant for cardiac remodeling and repair,4, 5 so far these approaches have been 

disadvantaged by the fact that the signals are derived from tissue homogenates, which inherently 

causes the loss of spatial information and dilutes out more localized expression signatures. 

Additionally, conventional methods for defining localized changes in genes expression, like ISH 

or immunohistochemistry, are limited to a defined set candidate genes and do not allow for 

genome-wide screening for novel relevant gene candidates. Recent developments in RNA 

amplification strategies provide the opportunity to use small amounts of input RNA for genome-

wide sequencing, as exemplified by tomo-seq.6 While recent studies showed this method to 

emodeling processes allowed us to uncover novel genes that showed a comparabblelee 

ranscriptional regulation and that are linked to specific aspects of cardiac remodeling. Using this

data set, we identified SOX9 as a key transcriptional regulator of ECM-related genes and showed

hattt ininin vivo losssss offf SoSS x9x9x aaaftftf erer mmmyoyoyocacacardiaial infarcrcr tionon bluuuntntntededd tttheheh ccararardidiacc ffibroootititic cc rererespsps onnnsesee uuupopopon nn

schhhememe ic injurry.y.y. 

WWhilel  RNAA sequencing techniques on tiissue samples hhave been instrumental ini  defining
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provide insightful data for both the developing and injured zebrafish heart,6, 19 our study for the 

first time shows the relevance for the mammalian heart after ischemic injury. Especially the 

transcriptional differences, introduced by the localized heterogeneity in remodeling throughout 

an individual infarcted heart, appeared to be valuable for the identification of clusters of genes 

that showed a comparable regulation in expression. For this study we focussed on genes that 

showed an equivalent transcriptional regulation pattern across the infarcted tissue as well-known 

functions in fibrosis, cardiomyocyte hypertrophy or contractility (Col1a2, Nppa or Serca2).2, 3, 13, 

14 Based on subsequent functional annotation analysis, expressional confirmation in human 

ischemic tissue samples and functional in vitro and in vivo assays, we conclude that the high 

spatial resolution in gene expression signatures obtained by tomo-seq allows for the 

identification of new relevant factors for specific aspects of heart disease. While we were 

preparing our manuscript, it was also reported that Fstl1, one of our top Col1a2 co-regulated 

genes, is important for cardiac fibroblast activation,20 which further underscores the relevance of 

our approach for identifying new players in specific cardiac remodeling responses. 

 Using our tomo-seq data, we identified SOX9 as common transcription factor able to 

regulate the expression of the majority of the Col1a2 co-regulated genes. SOX9 is a transcription 

factor essential for chrondrogenesis via the activation of many ECM genes.21 In the heart, SOX9 

is highly expressed during development where it promotes epithelial-to-mesenchymal transition 

and ECM organization during heart valve development.22, 23 In the adult heart, SOX9 has been 

shown to play a role in valve calcification.24, 25 While SOX9 has been implicated in the fibrotic 

response of the liver,15 so far it was unknown to play a role in cardiac fibrosis. We show that 

SOX9 is induced in response to ischemic injury and that in vivo loss of SOX9 after myocardial 

infarction blunts the cardiac fibrotic response upon damage, revealing a previously unknown 

patial resolution in gene expression signatures obtained by tomo-seq allows for ttthehehe 

dentification of new relevant factors for specific aspects of heart disease. While we were 

preparing g our manuscript, it was also reported that Fstl1, one of our top Col1a2 co-regulated 

genenenesss, is impoortrtrtananantt for r r cacacardrdr iaacc c fififibrbrbrobobo laastst activvvatatioon,n 20 whwhwhicicch h h fuff rtrtheheherr ununded rscococorereresss thththe reeeleleevavavancncnce ee of

our r apapapproach fffororor idedenttiffyinggg nnew playeyers in spppeecifficc cccararardididiaac reemododelinngg reeessps onses.. 

UUsing our tomo-seq data, we identified SOSOX9X as common transcription factor able to
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function for SOX9 in cardiac fibrosis. In addition, we show that SOX9 is mainly active in the 

fibroblast population that repopulates the infarcted area after injury.  

 In our efficacy studies, we make use of a reduction in SOX9 levels instead of complete 

deletion, which is sufficient to cause an effect on cardiac fibrosis after injury. An equally 

profound phenotype in the heart has been reported by others upon heterozygous deletion of Klf6

and Rock1, two other key regulators of fibrosis. 26, 27 This suggests that the molecular mechanism 

that drive cardiac fibrosis are sensitive to small perturbations in gene expression. Since 

therapeutical targeting of SOX9 would also moderately lower expression levels, we think this 

genetic model gives a good representation of what would happen when using an inhibitor of 

SOX9 in the clinic as a therapy for cardiac fibrosis. 

 Here we show that the high spatial resolution in gene expression signatures obtained by 

tomo-seq reveals new regulators, genetic pathways, and transcription factors that are active in 

well-defined regions of the heart and potentially involved in specific aspects of heart disease. 

This knowledge increases our mechanistic insights into cardiac remodeling and function, and 

will help guide the identification of novel therapeutic candidates. However, the applicability of 

this approach is far greater than ischemic heart disease and the remodeling aspects we now 

focused on, and can also serve to identify new relevant factors for many different biological 

processes and disease states.
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Table 1. Top thirty genes showing the most similar expression pattern to Col1a2.

Col1a2 similar genes SOX9 predicted binding site SOX9 validated binding site
Col1a2 x x
Sparc x
Fstl1 x x
Serping1 x
Pdgfrl x
Tmem45a x
Col3a1 x x
Sfrp1 x x
Lox x x
Ecrg4
Dkk3 x
Col1a1 x
Itgbl1 x
Fn1 x x
Thbs2
Cthrc1 x
Col8a1 x
Col5a2 x
Lum x x
Fbln2 x
Gas1 x x
Antxr1 x x
Thbs1 x x
Ogn x
Col16a1 x x
Vim x x
Cxcl16 x
Timp1 x x
Rnase4 x x
Ddah1 x x
Genes that contain a predicted/validated SOX9 binding site in their promoter region are marked. 

Cthrc1 x
Col8a1 x
Col5a2 x
Lum x x
Fbln2 x
Gas1 x x
Antxxxr1r1r1 xx x
Thbsbsbs111 x xxx
Ognnn x
Col1116a6a6a1 x xxx
ViVimm xxx xx
Cxcl16 x
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Figure Legends

Figure 1. High resolution gene expression atlas of the infarcted heart by tomo-seq. A,

Schematic representation of a mouse heart after sham surgery (Sham) and 14 days post ischemia 

reperfusion (14 dpIR). B, Pairwise correlation for all sections across all genes showing clusters 

of correlated sections 14 dpIR in one biological replicate. C, Pairwise correlation for all sections 

across genes exhibiting at least two-fold and statistically significant differential expression 

between the infarct and remote zones 14 dpIR. D, Hierarchical clustering of expression traces for 

all genes that were found to be differentially expressed in C. E, Spatial expression pattern of 

three reference genes Col1a2, Nppa, and Serca2 in the hearts from Sham, 1 dpIR, and 14 dpIR 

mice. F, Validation of the expression pattern by ISH 14 dpIR. Four chamber view (left) and

higher magnification (right) are shown. Scale bars, 1 mm (left right). G, Spatial 

expression traces of ten co-regulated genes 14 dpIR. Reference genes are shown in red, and ten 

most similar genes are shown in grey. Black bold traces show other known markers involved in 

fibrosis, hypertrophy, and contractility (Sparc, Nppb, and Pln, respectively). H, Validation of the 

co-expression pattern of Col1a2/Sparc, Nppa/Nppb, and Serca2/Pln

I through K, KEGG analysis showing the enriched pathways the top one hundred fifty genes 

Col1a2 (I), Nppa (J), and Serca2 (K) co-regulated genes are involved in. 

Figure 2. Identification of novel genes involved in remodeling and function of the ischemic 

heart. A, Spatial expression traces of three selected novel genes co-regulated with Col1a2 

(Fstl1), Nppa (Pmepa1), or Serca2 (Chchd2) in mice 14 dpIR in one biological replicate. 

Expression traces were normalized by Z-score transformation. B, Validation of co-expression of 

hree reference genes Col1a2, Nppa, and Serca2 in the hearts from Sham, 1 dpIRR, ananand dd 141414 dddpIpIpIR RR

mice. F, Validation of the expression pattern by ISH 14 dpIR. Four chamber view (left) and

higher magggnification (right) are shown. Scale bars, 1 mm (left right). G, Spatial 

exprprpreeession tracececes ofofof tenene cccooo-r- egegegulululatatatededed genenes 1444 dpd IRIR. ReReRefefeferererencncnce  ggeg nenen s arare shhhowowown n n ininin reddd, , ananand d d teteten 

moststst similar ggeneneness aree shownwnwn in greyy. BlB ack bobob ld trracececess s shshshoww othheer knonownwnwn markersrsrs invnvolvedd iin 

fibrosis, hypertrophhy, and contractility (SpS arc, NpN pb, and Pln, respectively). H, Validad tion of f the
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Col1a2/Fstl1, Nppa/Pmepa1, and Serca2/Chchd2 

C, Validation of the co-expression pattern of COL1A2/FSTL1, NPPA/PMEPA1, and 

SERCA2/CHCHD2 D through F,

Real-time PCR analysis of genes that are spatially co-regulated in mice 14 dpIR (see 

Supplemental Database 7) using human cardiac tissue from ischemic heart disease patients. 

Control hearts and remote, border-zone and infarct zones from ischemic hearts are plotted. Data 

are presented as log 2 transformed values. Pearson correlation (r) and significance of co-

regulated gene expression is shown (n=27–34; p<0.05 is considered significant). G, Kernel 

density plot of Pearson r values of the correlation in expression between the four corresponding 

COL1A2, NPPA, and SERCA2 co-regulated genes (co-regulated; n=12) vs genes that are not co-

regulated, i.e., genes cross-referenced from different lists (randomized; n=24) (see Supplemental 

Figure 6). Dotted lines depict the mean of the r values of all correlated and non-correlated genes. 

Figure 3. Identification of Sox9 as a key regulator of fibrosis-related genes. A, Spatial co-

expression of Col1a2 and Sox9 determined by tomo-seq in the heart 14 dpIR in one biological 

replicate. B, Validation of the co-expression of Sox9 and Col1a2 in mice determined by ISH 14 

C, Real-time PCR analysis of Sox9 expression in infarct (I) and 

remote (R) cardiac regions. Data are presented as fold change over sham-operated control hearts

(n=5–6; *p<0.05 vs sham). D, Validation of the co-expression of SOX9 and COL1 in the 

infarct/border-zone in mice determined by co-immunostaining 14 dpIR. Nuclei were 

counterstained with DAPI. White arrows point to cells expressing SOX9 in their nuclei (purple). 

E, Schematic representation of the lineage tracing strategy of Sox9 expressing 

cells. Reporter mice conditionally expressing TdTomato driven by the Sox9 promotor 

COL1A2, NPPA, and SERCA2 co-regulated genes (co-regulated; n=12) vs genes thththaat aarerere nnnototot cco-

egulated, i.e., genes cross-referenced from different lists (randomized; n=24) (see Supplemental

Figureree 666).)) DDDototottet d lililinnes depict the mean of the r valaluues of all correelal ted d aand non-r correlated genes.

Figuuurerere 3. Idenenenttit fiicatiioon of SoSoSox9 asasas a kkkeyeey regegeguulattoor ooof fibrrrososo is-reeelateedd gegegenenn s. AAA, ,, SpSSpaatial coo-

i f C l1 2 d S 9 d t i d b t i th h t 14 d IR i bi l i l
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(Sox9CreERT2;R26RTdT) were subjected to sham surgery or IR, injected with Tamoxifen at day 0, 

2, and 4 days post-surgery and analysed after 14 days. F, FACS quantification of cardiac SOX9-

TdT+ cells in the hearts from Sham and 14 dpIR mice (n=3–4; *p<0.05 vs healthy sham control 

hearts). G and H, Co-immunostaining against TdTomato (TdT) and ACTN2 (G) or COL1 (H) in 

the hearts from sham-operated mice and 14 dpIR. White stars in the Merge field indicate SOX9-

TdT-positive regions. Scale bars, 1 mm (4-

Figure 4. SOX9 is expressed in the fibrotic region in human cardiac tissue. A, Pearson 

correlation of SOX9 and COL1A2 expression determined by real-time PCR analysis on cardiac 

patient tissue (n=30). Data are presented as log 2 transformed values. B, Real-time PCR analysis 

of SOX9 expression in infarct (I) and remote (R) cardiac regions of ischemic tissue samples. Data 

are presented as fold change over healthy control hearts (n=3–10; *p<0.05). C, Validation of the 

co-expression pattern of SOX9/COL1A2 by ISH in human ischemic cardiac tissue. Scale bars, 

left right). D and E, Co-immunostaining against SOX9 and ACTN2 (D) or 

COL1 (E) in the hearts from control individuals or patients suffering from ischemic heart disease 

(IHD). White arrows point to cells expre

Figure 5. Loss of Sox9 in mice protects against cardiac fibrosis. A, Schematic representation 

of the targeting strategy for conditional Sox9 deletion. Sox9fl/+;R26CreERT2 were subjected to 

sham surgery or IR, injected with Tamoxifen at day 0, 2, and 4 days post-surgery and analysed 

after 14 days. B, PCR genotyping for Sox9 floxed deleted allele (Sox9fl del) and Cre transgene. 

Genomic DNA isolated from Sox9fl/+;R26CreERT2 treated with vehicle or Tamoxifen. Used 

forward (P1) and reverse primers (P2) are indicated as demi-arrowheads in A. M, Marker. C,

patient tissue (n=30). Data are presented as log 2 transformed values. B, Real-timme PPPCRCRCR aaanananalylylysis

of SOX9 expression in infarct (I) and remote (R) cardiac regions of ischemic tissue samples. Data

are pressenenteteted dd as folold change over healthy control hehh arts (n=3–10; *p* <00.0. 5). C, Validation of the

co-eeexxxpression patttern ofoff SOSOS X9X9X9/C/C/COLOLOL1AA2 2 by ISHSHS  inn humamamann isisischchc ememmicici  cacardrdiac c c tititissssssueueue. Scalalale e e bababarsrsrs, ,

left riiighghght). D aaandnd EE, Co--i- mmmmununnosososttaininnngg aggaainst SOSOOXX9X  and AAACTCTNN2 (DD) or

COL1 (E) in the hearts from control individuals or patients suffering from ischemic heart disease
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Real-time PCR analysis of Sox9 in the hearts (infarct zone) from Sox9fl/+;R26CreERT2 mice 14 

dpIR injected with either vehicle or Tamoxifen (n=4–7; *p<0.05 vs the indicated groups). D,

Co-immunostaining against SOX9 and ACTN2 on corresponding infarcted heart tissue 14 dpIR. 

Right panel shows E,

Quantification of SOX9 expression 14dpIR in the fibrotic region of the left ventricle or the 

corresponding region in Sham mice (n=3; **p<0.01, *p<0.05 vs Sham). F, Histological sections 

of infarcted hearts stained for Sirius Red (collagen) 14 dpIR. Scale bars, 1 mm (left) and 400 

(right). G, Quantification of Sirius Red-positive area in infarcted area or corresponding Sham 

region (n=3–7; **p<0.01; *p<0.05 vs corresponding Sham). H, Western blot analysis of the 

fibrotic protein periostin (PSTN) in the hearts from Sox9fl/+;R26CreERT2 mice 14 dpIR. GAPDH 

was used as a loading control (n=4–5; *p<0.05 vs MI vehicle injected mice). I, Real-time PCR 

analysis of Col1a2 co-expressed genes in the mouse hearts 14 dpIR (n=6; **p<0.01; *p<0.05 vs 

Sham injected with Vehicle). 

fibrotic protein periostin (PSTN) in the hearts from Sox9fl/+99 ;R26CreERT2 mice 14 dppIRIRR. GAGAGAPDPDPDHH H

was used as a loading control (n=4–5; *p* <0.05 vs MI vehicle injected mice). I, Real-time PCR 

analysisss ooff f CoCC l1a22 co-expressed genes in the moususse hearts 14 dpIR (n=6; **p* <0.01; *p* <0.05 vs 

Shamamam injected withthh Vehehehiciciclele).).). 
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