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ABSTRACT

Peripheral blood contains numerous mRNAs that have the potential to influence cardiac
physiology. Although stage B2 Myxomatous Mitral Valve Disease (MMVD) is known to
involve prolonged hemodynamic stress and remodeling of cardiac chambers due to mitral
regurgitation, the gene-expression alterations present in the blood of affected dogs have not yet
been clearly defined. To explore these changes, we compared the blood transcriptomes of
healthy dogs (NC) with those of dogs naturally diagnosed with stage B2 MMVD. High-
throughput sequencing followed by Weighted Gene Co-expression Network Analysis
(WGCNA) and functional enrichment analyses (GO and KEGG) revealed a “turquoise” gene
module that showed the strongest association with echocardiographic measurements. Within
this module, 64 genes were differentially expressed and predominantly mapped to pathways
involved in platelet activation. From these, five genes—MDM2, ROCK1, RIPK1, SNAP23,
and ARHGAP35—were chosen for further examination. qPCR validation showed that four of
them (MDM2, ROCK1, RIPK1, and SNAP23) displayed significant expression differences (P
< 0.01) between MMVD and control dogs. Additionally, correlation analyses indicated that
these four genes were inversely related to several cardiac structural indices, mirroring the
trends observed in the WGCNA output. Our investigation highlights four platelet activation—
associated genes—MDM?2, ROCKI1, RIPKI1, and SNAP23—as potential blood-based
biomarkers for identifying stage B2 MMVD. These results enhance understanding of the
molecular changes accompanying early disease progression.
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Myxomatous mitral valve disease (MMVD) is the most prevalent acquired cardiac disorder in dogs and represents

approximately 75%—80% of heart disease cases in small breeds weighing

20 kg or less, such as Poodles, Cavalier King Charles Spaniels, and Chihuahuas [1, 2]. The resulting mitral
regurgitation (MR) produces sustained volume overload, leading to enlargement of the left atrium, eccentric
hypertrophy of the left ventricle, and progressive remodeling of the mitral valve, often accompanied by leaflet
prolapse [2, 3]. While these structural adaptations may initially support cardiac output to meet metabolic needs,
the disease ultimately advances, with congestive heart failure (CHF) being the typical indicator of transition to

end-stage MMVD [4, 5]. Therefore, understanding the mechanisms driving these hemodynamic changes is crucial

for developing preventive strategies.
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Diagnosis commonly relies on a combined dynamic—static imaging approach using echocardiography and
radiography, which together offer a more reliable assessment of cardiovascular disorders [6, 7]. Based on imaging
variables—including normalized left ventricular internal diameter in diastole (LVIDDN), the left atrial-to-aortic
ratio (LA:AOQ), and vertebral heart size (VHS)—the American College of Veterinary Internal Medicine (ACVIM)
classifies MMVD into stages A through D. Stage B consists of dogs with identifiable structural abnormalities but
no clinical symptoms and is further divided into B1 and B2 depending on whether cardiac remodeling is observed.
Stage B2 marks the earliest detectable phase of remodeling and represents the point at which medical therapy is
recommended to slow disease progression [2, 8]. However, both echocardiographic and radiographic evaluations
require substantial time and are susceptible to inter-observer variability [9].

Several circulating molecules—including leptin, adiponectin, and NT-ProBNP—have been explored as potential
biomarkers for MM VD [1, 10]. Nonetheless, elevations in leptin and adiponectin have been documented primarily
in stage C rather than in stages A or B [1], and NT-ProBNP concentrations cannot reliably differentiate between
stages B1 and B2 [10]. To date, no blood-based biomarker has been validated specifically for MM VD stage B2.
Moreover, most omics investigations have focused on valvular tissues rather than blood [11-13], and
transcriptomic correspondence between blood and tissue remains weak [14]. Existing biomarkers also suffer from
limited specificity and may be influenced by non-cardiac conditions, reducing their diagnostic and prognostic
value [15]. Consequently, there is a clear need for new peripheral biomarkers that can accurately identify stage
B2 MMVD.

Rapid advancements in sequencing and computational technologies have positioned transcriptomics as an
effective strategy for identifying novel biomarkers and exploring their functional roles [16, 17]. Compared with
proteomic approaches, transcriptomic analyses generally offer greater sensitivity, increased reproducibility, and
broader genome coverage [18]. Among transcriptomic tools, Weighted Gene Co-expression Network Analysis
(WGCNA) is widely used for detecting gene modules associated with clinical phenotypes [19], and recent
applications in cardiovascular research have provided important mechanistic insights [20, 21].

In this prospective study, we aimed to identify blood-based biomarkers for MMVD stage B2 in dogs. We applied
WGCNA to determine gene modules linked to clinical traits and used Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analyses to investigate the biological functions of differentially
expressed genes (DEGs). Candidate biomarkers emerging from these analyses were first screened in a discovery
cohort and subsequently validated through qPCR and correlation analyses. The findings contribute to identifying
phenotype-associated DEGs and elucidating molecular pathways active during stage B2 MMVD, offering a new
framework for studying disease mechanisms and developing genetic markers applicable to early-stage MMVD
diagnosis.

Results

Animal characteristics

In the discovery cohort, dogs in the NC and MMVD groups showed no significant differences in sex distribution
or body weight (P >0.05). However, in the validation cohort, age differed significantly between NC and MMVD
dogs (P <0.05). Radiographic indicators—LA:AO, LVIDDN, and VHS—were significantly higher in stage B2
MMVD dogs than in NC dogs in both the discovery and validation cohorts.

Quality control and RNA sequencing assessment

Across the eight samples analyzed, sequencing produced 672.7 million raw reads (about 201.6 Gbps). After
removing reads containing excessive N bases (more than 10%), low-quality reads, and adaptor sequences, 668.0
million high-quality clean reads remained (approximately 200.4 Gbps, with 23.1-27.7 Gbps per sample). Clean
reads achieved mean Q20 and Q30 values above 98.3% and 95.2%, respectively. When aligned to the CanFam3.1
reference genome, 95.8% of reads from the NC group and 95.5% from the MM VD group successfully mapped to
the Canis lupus familiaris genome, and GC content exceeded 56.4%. These metrics confirm that sequencing
quality was high and suitable for downstream analyses.

Gene expression profiling
Gene expression was quantified based on transcript abundance using FPKM values. Overall, 25,464 genes were
detected, including 884 newly annotated genes. In both NC and MMVD groups, 84.6% of genes showed low
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expression (FPKM < 3), 12.9% displayed moderate expression (FPKM 3-60), and only 2.5% were highly
expressed (FPKM > 60).

Using FPKM-based expression values from all eight samples, we calculated pairwise correlation coefficients and
visualized them in a heat map (Figure 1A). While expression correlations varied between groups, samples within
the same group displayed highly similar patterns. To further assess grouping based on MMVD status, PCA was
performed using all quantified transcripts. PC1 and PC2 accounted for 58.7% and 8.7% of the total variance,
respectively, and clearly separated NC from MMVD samples, while showing tight clustering within each group
(Figure 1B). Altogether, the gene expression analyses confirm strong reproducibility among replicates and
validate the suitability of the samples for differential expression analysis.
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Figure 1. Sample correlation and principal component analysis. A. Heatmap depicting hierarchical
clustering of all eight samples (3 NC and 5 MMVD) generated using Pearson correlation. Bolded numbers
indicate the R? values (squared Pearson correlation coefficients) for the respective sample replicates. All
correlations were highly significant (P < 1x1071¢). B. PCA plot illustrating sample distribution. NC samples
are shown as yellow triangles, while MM VD samples are represented as green circles. Each group is enclosed
within a 95% confidence ellipse. The percentages on each axis correspond to the proportion of total variance
explained

Weighted correlation network analysis

Weighted gene correlation network analysis (WGCNA) enables the identification of gene groups that change in a
coordinated manner and allows exploration of how these gene clusters relate to specific phenotypic traits. To
determine which gene modules were most strongly associated with MMVD-related clinical features, we applied
WGCNA to the transcriptome dataset.

Clinical variables incorporated into the analysis included sex, age, and body weight, as well as radiologic
measurements such as LA, AO, LA/AO ratio, LVIDDN, and VHS. Using a soft-thresholding power of 10 (scale-
free R? = 0.7), the analysis generated 41 distinct gene modules, which are displayed in the cluster dendrogram in
Figure 2A-B.

The module—trait correlation heatmap revealed eight modules with significant associations with at least one
structural cardiac parameter (Figure 2C). Among these, the turquoise module showed the strongest relationships:
it was positively correlated with AO (r = 0.80, P < 0.05), and negatively correlated with LA (r = -0.74), LA:AO
(r =-0.92), and LVIDDN (r = —0.90), all with P < 0.05. A moderate negative association with VHS was also
observed (r =—0.60, P < 0.05). In contrast, correlations with sex, age, and body weight were weak (r = —0.14, —
0.46, and 0.24, respectively; P > 0.05).

The turquoise module contained 1324 genes in total. Based on the intramodular connectivity (kWithin) values,
we selected the top 100 genes as hub genes for subsequent analyses.
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Figure 2. Identification of MMVD associated modules using WGCNA. 4 Soft-thresholding analysis
showing the scale-free topology fit (left) and mean connectivity (right) across different § values; B Gene
clustering dendrogram generated from topological overlap measurements, with module assignments indicated
by color; C Heatmap illustrating correlations between module eigengenes and MMVD clinical variables.
Each cell reports the correlation coefficient alongside its corresponding P-value

Differentially expressed gene (DEG) analysis

Raw read counts from the transcriptome dataset were processed to determine differential expression. Genes
meeting the criteria |log2 fold change| > 0 with P < 0.05 were classified as DEGs. In total, 990 DEGs were
detected between healthy controls and MMVD dogs, comprising 934 annotated genes and 56 novel transcripts.

Of these, 407 were upregulated and 583 were downregulated, as visualized in the volcano plot (Figure 3A). A

hierarchical clustering heatmap further demonstrated a clear separation in expression patterns between the NC
and MMVD groups (Figure 3B).
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Figure 3. Detection and visualization of DEGs

A Volcano plot illustrating differential gene expression between NC and MM VD groups. The x-axis shows log2
fold changes, while the y-axis reflects the statistical significance of those changes. Each point corresponds to a
single gene: red indicates significantly upregulated genes, green denotes significantly downregulated genes, and
blue represents genes without significant expression shifts.
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B Heatmap displaying hierarchical clustering of DEGs. Rows correspond to individual genes and columns
represent samples. The color gradient (log2FC scale) ranges from red for higher expression to blue for lower
expression.

Functional enrichment analysis of DEGs

To clarify the biological relevance of the identified DEGs, Gene Ontology (GO) enrichment analysis was
performed. Among the enriched categories, phosphorylation (GO:0016310; 40 DEGs) was most represented
within biological processes, nuclear components (GO:0005634; 26 DEGs) dominated the cellular component
category, and DNA-binding activity (GO:0003677; 41 DEGs) was the most abundant molecular function (Figure
4A). All enriched terms met the significance threshold of P < 0.05.

The top 20 GO terms enriched by DEGs are summarized in Figure 4B. The most strongly enriched molecular
function terms were ubiquitin-protein transferase activity (GO:0004882; P =7.68x107%; 10 DEGs) and ubiquitin-
like protein transferase activity (GO:0019787; P = 7.68x107%; 10 DEGs). These terms were driven by the same
set of 10 genes, including HERC3, MSL2, UBRS, TRIP12, UBE3A, UBE4A, among others, all of which encode
enzymes involved in ubiquitin or ubiquitin-like protein transfer.
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Figure 4. GO and KEGG enrichment analyses and Venn diagram of candidate genes

Panel A shows GO enrichment of the DEGs, with the x-axis representing the top 10 GO terms and the y-axis
indicating their statistical significance. Biological processes (BP) are shown in red, cellular components (CC) in
green, and molecular functions (MF) in blue. Panel B displays the 20 most enriched GO terms in dogs with
MMVD. Panel C summarizes KEGG pathway classifications for the 990 DEGs, while Panel D highlights the 20
pathways with the highest enrichment.

KEGG pathway enrichment
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KEGG annotation of the 990 DEGs allowed identification of the pathways in which these genes are involved.
Among broad functional categories, signal transduction (70 DEGs) accounted for the largest proportion of
environmental information processing, folding, sorting, and degradation (34 DEGs) dominated genetic
information processing, and the immune system (26 DEGs) was the most represented within organismal systems
(Figure 4C). Overall, 286 KEGG pathways were mapped, and the top 20 pathways with the strongest enrichment
are presented in Figure 4D. The most significantly enriched pathways included platelet activation (KEGG:
cfa04611, P =3.47x107, 19 DEGs), the NOD-like receptor signaling pathway (KEGG: cfa04621, P =7.68x107%,
22 DEGs), and the human cytomegalovirus infection pathway (KEGG: cfa05163, P = 2.01x1073, 25 DEGs).
Integrating the GO and KEGG results highlighted five key functional pathways: ubiquitin-like protein transferase
activity, ubiquitin-protein transferase activity, platelet activation, NOD-like receptor signaling, and human
cytomegalovirus infection. Across these pathways, 64 DEGs were identified, of which 19 were upregulated and
45 were downregulated.

Candidate gene identification

To assess whether hub genes in the turquoise module overlapped with platelet activation-related DEGs, a Venn
diagram was generated. Among the 100 hub genes, 66 also belonged to the DEGs, and five genes specifically
overlapped with platelet activation-associated DEGs. These genes were MDM2 (log:FC = —1.94, P < 0.05),
ROCKI (log:FC =-1.92, P <0.05), RIPK1 (logFC =-1.79, P < 0.05), SNAP23 (log:FC =-1.69, P <0.05), and
ARHGAP35 (logFC = —1.58, P < 0.05). Based on these results, these five genes were selected as candidate
biomarkers for subsequent experimental validation.

KEGG-GO-Platelet related DEGs

0
59 0
D
865 61 34
All  DEGs WGCNA-Turquoise-Top 100 hub genes

Figure 5. illustrates a Venn diagram showing the overlap among all DEGs, platelet activation-related DEGs
identified through KEGG and GO analyses, and the top 100 hub genes from the turquoise module

RT-qPCR validation of transcriptome results

Based on the integrated results from differential expression analysis, functional enrichment (KEGG and GO), and
WGCNA, five candidate genes—MDM?2, ROCK 1, RIPK 1, SNAP23, and ARHGAP35—were selected for further
validation due to their strong association with platelet activation pathways and echocardiographic parameters.
Expression of these genes was assessed in a cohort of 108 dogs (52 NC, 56 MMVD) using RT-qPCR to confirm
the RNA-seq findings. Statistically significant downregulation was observed for MDM2, ROCK1, RIPK1, and
SNAP23 in MMVD dogs compared with controls (P <0.01). Although ARHGAP35 was also downregulated, this
change did not reach statistical significance (P > 0.05). Overall, the expression trends of these five candidate genes
were consistent with the RNA-seq data (Figure 6), supporting MDM2, ROCK 1, RIPK1, and SNAP23 as potential
biomarkers and therapeutic targets for MMVD.
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Figure 6. Real-time PCR validation of the candidate genes in the validation cohort. (**P <0.01)

Correlation of candidate gene expression with radiographic parameters

To evaluate the relationship between the four candidate genes and cardiac structural changes, RT-qPCR
expression levels in the validation cohort were correlated with radiographic measurements. MDM2, ROCK1,
RIPK1, and SNAP23 all showed significant negative correlations with LA/AO, LVIDDN, and VHS (P < 0.01),
as illustrated in Figure 7. Among these, LA/AO and LVIDDN exhibited the strongest association with MDM2,
with a correlation coefficient of —0.89. In contrast, LA demonstrated only a moderate negative correlation with
the four genes (correlation coefficients <—0.6), and no correlation was observed with AO. Overall, these findings
largely mirrored the WGCNA results derived from the RNA-seq data, though the correlations with LA and AO
were somewhat reduced in magnitude.

LA AO LA/AO LVIDDN

MDM2

SNAP23

RIPK1

ROCK1

Figure 7. Correlation analysis between the radiology parameters and the candidate genes in the validation
cohort (**P<0.01)

Discussion

This study aimed to integrate RNA-seq with the systems biology approach of Weighted Gene Co-expression
Network Analysis (WGCNA) to identify blood-based biomarkers associated with clinical features of MMVD
stage B2, potentially informing diagnostic and therapeutic strategies. WGCNA is a widely used method for
detecting clusters of highly co-expressed genes, forming modules, and assessing their relationships with specific
traits [22]. To date, WGCNA has not been applied to MMVD, and in this study, it was employed to uncover genes
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linked to cardiac remodeling and other clinical characteristics, providing a foundation for identifying novel
biomarkers and therapeutic targets.

Transcriptomic profiling of eight blood samples—three from healthy controls and five from dogs with MMVD
stage B2—resulted in the identification of 25,464 genes. Using WGCNA, these genes were organized into 41 co-
expression modules. Analysis of module—trait relationships revealed that the turquoise module was most closely
associated with key echocardiographic parameters, including LA, AO, LA:AO, and LVIDDN (Figure 2C), with
LA:AO showing the strongest correlation. LA:AO is a body size—independent and convenient index commonly
used to assess left atrial enlargement in dogs with MMVD [8, 23], supporting the selection of the turquoise module
for further analyses. Within this module, the top 100 hub genes, determined by intramodular connectivity
(kWithin), were identified as closely linked to cardiac remodeling and used for subsequent investigations.
Differential expression analysis is a standard approach for exploring candidate biomarkers. Applying criteria of
|log2(fold change)l > 0 and P < 0.05, a total of 990 DEGs were identified, including 407 upregulated and 583
downregulated genes. Functional enrichment analysis using GO and KEGG revealed that these DEGs were
significantly involved in platelet activation, NOD-like receptor signaling, human cytomegalovirus infection, and
ubiquitin/ubiquitin-like protein transferase activity (Figure 4B, D). In contrast, transcriptomic analyses of
valvular tissue in dogs with MMVD have highlighted enrichment in epithelial-to-mesenchymal transition,
basement membrane components, and TGF-f signaling [11-13, 24]. Nonetheless, inflammation, extracellular
matrix organization, and platelet function-related pathways were enriched in both blood and tissue transcriptomes,
suggesting that these processes are central to MM VD pathogenesis.

Platelet activation is functionally linked to NOD-like receptor signaling, human cytomegalovirus infection, and
ubiquitin/ubiquitin-like protein transferase activity [25-27]. Among these, platelet-related pathways have
garnered considerable attention due to their involvement in diverse cardiac disease processes [28, 29]. NOD-like
receptor signaling has been shown to induce platelet activation during heatstroke and sepsis [25, 30]. Human
cytomegalovirus directly modulates the platelet-derived growth factor system, and interactions between the virus
and platelets trigger pro-inflammatory and pro-angiogenic responses, which exacerbate tissue damage and
contribute to atherogenesis [31, 32]. Furthermore, extensive protein ubiquitylation occurs during platelet
activation, highlighting the role of ubiquitin-mediated processes [33—35]. Collectively, these findings indicate that
platelet activation-associated genes, intersecting with NOD-like signaling, cytomegalovirus-related pathways, and
ubiquitin transferase activity, play a critical role in the progression of MMVD. Accordingly, DEGs enriched in
these pathways were designated as platelet activation-related genes for downstream analysis.

Platelets are small, anucleate cells released from megakaryocytes into the bloodstream [36] and are critical
contributors to cardiovascular pathology, including conditions such as atherosclerosis, myocardial infarction, and
diabetic coronary artery disease [37-39]. In dogs with MM VD, turbulent high-speed blood flow and altered shear
stress near the mitral valve leaflets have been implicated in triggering platelet activation [24, 28]. Supporting this
notion, a recent proteomic study in dogs experiencing MMVD-related acute congestive heart failure found that
the majority (60%) of platelet proteins were downregulated [28]. Similarly, our analysis revealed that 45 of 64
platelet activation-associated DEGs (approximately 70%) were reduced in expression in MMVD dogs, suggesting
a notable suppression of platelet-related gene activity. Larger-scale studies are necessary to clarify the
mechanisms underlying this downregulation.

Within the top 100 hub genes of the turquoise module, five genes—MDM2, ROCK1, RIPK1, SNAP23, and
ARHGAP35—were linked to multiple platelet-associated biological pathways. The combined RNA-seq and
network analyses indicate that platelet-related molecular processes may play a key role in the pathophysiology
and potential diagnosis of MMVD stage B2.

The proto-oncogene MDM2 encodes a RING-type E3 ubiquitin ligase [40]. In oncology, MDM?2 has been shown
to promote tumor cell proliferation by activating platelet-derived growth factor signaling and modulating
ubiquitination, and is overexpressed in soft-tissue sarcomas including osteosarcoma [41], retroperitoneal
liposarcoma [42], and other liposarcomas [43]. Antagonism of MDM?2 in cancer patients frequently results in
thrombocytopenia [44—46]. In certain breeds predisposed to MM VD, such as Cavalier King Charles Spaniels and
Maltese, low platelet counts are considered an inherited trait, potentially contributing to early disease onset [47,
48]. In the present study, MDM?2 expression was markedly lower in dogs with MMVD stage B2 compared to
controls, and negatively correlated with LA:AO, LVIDDN, and VHS (correlation coefficients = —0.89, —0.89, —
0.80; P < 0.01) (Figures 5-6). These findings highlight MDM2 as a promising biomarker and therapeutic
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candidate, although the study did not measure platelet counts or functional status, leaving the link between reduced
MDM2 expression and platelet physiology unresolved.

ROCKI1, also referred to as Rho-kinase B, functions as a serine/threonine kinase and a downstream effector of
RhoA GTPases [49]. RhoA signaling is critical for platelet regulation, mediating responses to vasoactive stimuli
to maintain hemostasis and influencing cardiovascular disease progression [50, 51]. Inhibition of ROCK1/2 has
been associated with increased megakaryocyte ploidy, aberrant proplatelet formation, and
macrothrombocytopenia [52—54]. Interestingly, dogs with MM VD exhibiting macrothrombocytopenia also show
increased left ventricular fractional shortening and reduced platelet activation, reflecting a hypercoagulable state
[55]. In line with these findings, ROCK1 expression was significantly decreased in MMVD stage B2 dogs,
suggesting that impaired ROCK1 may contribute to disease progression by limiting platelet activation.
Moreover, this study identified RIPK1 and SNAP23 as novel genes not previously studied in MMVD. RT-qPCR
validation and correlation analyses confirmed their differential expression in stage B2 disease and a significant
association with cardiac remodeling. These findings suggest that RIPK1 and SNAP23 represent new potential
biomarkers and therapeutic targets for MM VD stage B2.

Study Limitations

Several limitations in this study should be acknowledged. First, the relatively small number of animals, especially
in the discovery cohort, may reduce the reliability and generalizability of the results. This limitation may partly
explain why ARHGAP35 was identified as differentially expressed in RNA-seq analysis but failed to reach
significance in the validation cohort comprising multiple breeds. Second, the discovery cohort was restricted to a
single breed (Poodles), which may limit the applicability of the findings to other dog breeds. Furthermore, this
study represents an initial investigation into the genes associated with MMVD stage B2. More comprehensive
analyses comparing healthy dogs with those at stages B1 and B2 are required to better understand stage-specific
gene expression changes. Additionally, platelet counts and functional assays were not performed, leaving gaps in
understanding how platelet-related hub genes influence disease progression. Future studies should explore the
mechanistic roles of these hub genes in platelet activation and MMVD development both in vivo and in vitro.

Conclusions

This study demonstrates the utility of RNA-sequencing combined with systems-level bioinformatic analysis to
identify gene networks linked to cardiac remodeling in MMVD stage B2. By applying WGCNA, we uncovered
modules of co-expressed genes correlated with clinical echocardiographic parameters and highlighted hub genes
involved in platelet activation pathways. To our knowledge, this is the first study to integrate WGCNA with
clinical phenotypes in dogs with MMVD stage B2. Importantly, four candidate genes—MDM2, ROCK 1, RIPK1,
and SNAP23—were identified and validated as differentially expressed. While these genes have recognized roles
in human cardiovascular diseases such as chronic heart failure, atherosclerosis, and diabetic cardiomyopathy, their
involvement in MMVD has not been previously reported. The present findings provide a foundation for future
research into the mechanistic contribution of these genes to MM VD pathogenesis and their potential as biomarkers
or therapeutic targets.

Animals and blood sampling

This study involved canine patients presented at the Veterinary Medical Teaching Hospital of Huazhong
Agricultural University (Wuhan, China) between August 2020 and December 2021. No animals were euthanized
for research purposes. Blood samples were collected after obtaining written informed consent from the owners,
and all procedures were approved by the Huazhong Agricultural University Animal Care and Use Committee
(HZAUMO-2015-12). Following sample collection and clinical evaluation, the dogs were returned to their
owners.

Based on the ACVIM consensus guidelines for canine myxomatous mitral valve disease (MMVD), 118 dogs were
initially screened and assigned to either the healthy control group (NC) or the naturally occurring MMVD stage
B2 group. Two dogs were excluded due to aggressive behavior during sampling. The study included a discovery
cohort consisting of three NC Poodles and five MMVD stage B2 Poodles, and a validation cohort including 52
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NC and 56 MMVD stage B2 dogs from multiple breeds. Healthy controls exhibited no abnormal findings on
physical examination, radiography, echocardiography, or laboratory tests.

Dogs in the MMVD stage B2 group met all of the following: (1) a cardiac murmur intensity of > 3/6, (2) left atrial
to aortic ratio (LA:AO) > 1.6 measured via right-sided short-axis echocardiography, (3) vertebral heart size (VHS)
> 10.5 on radiographs, and (4) left ventricular internal diameter normalized to body weight > 1.7. Exclusion
criteria included severe systemic disease (liver, kidney, lung, or other organs), malignancy, recent medication use
within 30 days, or aggressive behavior. Echocardiographic parameters were averaged across three consecutive
cardiac cycles. Two board-certified veterinary radiologists, blinded to the group allocation, independently
reviewed all imaging data.

Blood was collected from the jugular vein into EDTA tubes and immediately mixed with TRIzol reagent (Ambion,
Thermo Fisher Scientific, USA) at a 1:3 ratio. Samples were agitated until the floccules disappeared, incubated at
room temperature for 10 minutes, and stored at —80°C. All analyses were completed within one year of collection.

RNA extraction and library construction

Total RNA was isolated according to the manufacturer’s protocol using TRIzol. RNA integrity and concentration
were assessed on a Bioanalyzer 2100 with an RNA Nano 6000 Assay Kit (Agilent Technologies, CA, USA) [56].
Polyadenylated mRNA was purified from total RNA using magnetic beads with oligo(dT) primers. RNA
fragments were generated via divalent cation-mediated cleavage at elevated temperature. First-strand cDNA
synthesis employed random hexamer primers and M-MuLV Reverse Transcriptase, followed by degradation of
RNA with RNase H. Second-strand synthesis was performed with DNA Polymerase I and dNTPs, and resulting
overhangs were converted to blunt ends. After adenylation at the 3 ends, adaptors containing hairpin loops were
ligated. Fragments ranging from 370 to 420 bp were selected with AMPure XP beads (Beckman Coulter, USA),
amplified by PCR, and purified using the same system. Libraries were quantified using a Qubit 2.0 Fluorometer,
diluted to 1.5 ng/uL, and fragment size validated on an Agilent 2100 Bioanalyzer. Paired-end sequencing (150
cycles) was performed on a NovaSeq 6000 platform (Illumina, USA) [57].

Genome alignment and gene annotation

Quality control of raw sequencing reads was performed using in-house Perl scripts, removing reads containing
adapters, reads with N bases, and low-quality reads. Metrics including Q20, Q30, and GC content were calculated
for the filtered clean reads [58]. The Canis lupus familiaris reference  genome
(http://asia.ensembl.org/Canis_lupus_familiaris/Info/Index) was indexed using Hisat2 (v2.0.5), and paired-end
reads were aligned to the reference genome with the same software. Assembled transcripts for each sample were
generated using StringTie v1.3.3b, allowing for novel transcript prediction. Gene-level read counts were obtained
using FeatureCounts v1.5.0-p3, and functional annotation was performed using BLAST against GO and KEGG
databases.

Gene expression quantification and DEG identification

FeatureCounts was used to quantify the reads mapped to each gene. Gene expression levels were calculated as
FPKM (Fragments Per Kilobase of transcript per Million mapped reads), accounting for both gene length and
sequencing depth [59]. Differential expression analysis between NC and MM VD groups was performed using the
DESeq2 R package (v1.20.0), which models count data with a negative binomial distribution. P-values were
adjusted for multiple testing using the Benjamini—Hochberg procedure. Genes with an adjusted P-value < 0.05
and [log2 fold change| > 0 were considered significantly differentially expressed [60].

Clustering of differentially expressed genes

FPKM values were log-transformed to approximate a normal distribution. Euclidean distances between all
transformed data points were calculated, and hierarchical clustering was performed using the complete linkage
method. Initially, each data point was treated as a separate cluster, and the two closest clusters were iteratively
merged based on the shortest inter-cluster distance until all points formed a single hierarchical structure.

Functional enrichment analysis
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GO term and KEGG pathway enrichment analyses of DEGs were conducted using the clusterProfiler R package
(v3.8.1). Terms or pathways with adjusted P-values < 0.05 were considered significantly enriched. The most
significant GO categories and KEGG pathways were selected according to their enrichment scores.

Weighted Gene Co-expression Network Analysis (WGCNA)

All 25,464 identified genes were used for WGCNA to identify modules associated with clinical traits. Expression
values (FPKM) were used as input for the analysis. The R package WGCNA was used to construct co-expression
networks, setting the soft-thresholding power to 10 (scale-free R* = 0.70) and the minimum module size to 10
genes. Modules showing the strongest correlations with clinical features were identified, and hub genes were
defined as genes with high module membership (KME) values.

Validation of Candidate Genes by RT-qPCR

Total RNA was extracted with TRIzol (Invitrogen, USA) and reverse transcribed into cDNA using HiScript 11
Reverse Transcriptase (Vazyme, Nanjing, China). RT-qPCR was performed on a StepOne Plus system (Roche
LightCycler@96, USA) using SYBR Green Master Mix. Relative expression levels were normalized to GAPDH
using the 2*-AACt method. Primers were designed with Primer Premier 5.0.

Statistical analysis

All analyses were conducted in GraphPad Prism v8.0.2. Data are presented as mean + SEM. Comparisons between
groups were performed using unpaired Student’s t-tests. A two-sided P-value < 0.05 was considered statistically
significant. All experiments were repeated in triplicate.
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