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SerpinG1: A Novel Biomarker Associated
With Poor Coronary Collateral in Patients
With Stable Coronary Disease and Chronic
Total Occlusion
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BACKGROUND: This study aimed to explore predictive biomarkers of coronary collateralization in patients with chronic total
occlusion.

METHODS AND RESULTS: By using a microarray expression profiling program downloaded from the Gene Expression Omnibus
database, weighted gene coexpression network analysis was constructed to analyze the relationship between potential mod-
ules and coronary collateralization and screen out the hub genes. Then, the hub gene was identified and validated in an inde-
pendent cohort of patients (including 299 patients with good arteriogenic responders and 223 patients with poor arteriogenic
responders). Weighted gene coexpression network analysis showed that SERPINGT in the light-cyan module was the only
gene that was highly correlated with both the gene module and the clinical traits. Serum levels of serpinG1 were significantly
higher in patients with bad arteriogenic responders than in patients with good arteriogenic responders (472.53+197.16 ver-
sus 314.80+208.92 ug/mL; P<0.001) and were negatively associated with the Rentrop score (Spearman r=—0.50; P<0.001).
Receiver operating characteristic curve analysis indicated that the area under the curve was 0.77 (95% Cl, 0.72-0.81; P<0.001)
for serum serpinG1 in prediction of bad arteriogenic responders. After adjusting for traditional cardiovascular risk factors,
serum serpinG1 levels (per SD) remained an independent risk factor for bad arteriogenic responders (odds ratio, 2.20 [95%
Cl, 1.76-2.74]; P<0.001).

CONCLUSIONS: Our findings illustrate that SERPINGT screened by weighted gene coexpression network analysis was associ-
ated with poor collateralization in patients with chronic total occlusion.

Key Words: chronic total occlusion ® coronary artery disease ® coronary collateralization m weighted gene coexpression
network analysis

complete coronary artery stenosis without antero-
grade flow for at least 3months and represents the
most advanced form of coronary artery disease.! In the
presence of severe obstructive or occluded coronary

Chronio total occlusion (CTO) is characterized by

lesions, coronary collateralization is an important com-
pensatory mechanism for myocardial ischemia and
improves symptoms and quality of life because it can pro-
vide additional blood supply to rescue the ischemic re-
gion of the myocardium.?>* Abundant evidence suggests
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CLINICAL PERSPECTIVE

What Is New?

e This study performed weighted gene coexpres-
sion network analysis using a publicly available
gene expression data set (GSE7547) to find
SERPING associated with collateral circulation
and validated it in an independent cohort.

e This study identified serpinG1 as an independ-
ent risk factor for poor collateralization in patients
with stable angina and chronic total occlusion.

What Are the Clinical Implications?

e As a novel risk factor, serpinG1 may facilitate the
identification of poor collateral formation in patients
with stable angina and chronic total inclusion.

e Because intravenous plasma-derived serp-
inG1 (Cinryze) and subcutaneous treatments
with plasma-derived serpinG1 are approved for
hereditary angioedema-targeted therapy, this
study also suggests that patients with stable
coronary disease who supplement with serp-
inG1 for therapeutic purposes need to be more
carefully assessed for their clinical benefit.

Nonstandard Abbreviations and Acronyms

BAR bad arteriogenic responder
CTO chronic total occlusion

DEG differentially expressed gene
GAR good arteriogenic responder

GO Gene Ontology

WGCNA weighted gene coexpression network
analysis

that patients with well-developed collateral vessels have
lower rates of cardiac mortality and major adverse car-
diac events than those without collateral vessels.5= In
adults, coronary collateral development has been pos-
tulated to occur through a combination of angiogenesis
and arteriogenesis.'®"" Angiogenesis and arteriogenesis
are regulated by multiple clinical and biochemical fac-
tors, inflammatory cytokines, and growth factors.®'213
Despite increasing putative angiogenic and arteriogenic
factors, the benefits of medical therapies based on these
factors to improve ischemic tissue perfusion are limited.

In recent years, with the remarkable evolution of
systems biology, extensive microarray data have been
used to identify hub genes and crucial pathways in-
volved in collateralization. Systems biology focuses
on the concerted regulation of whole gene networks,
which may lead to greater insight into the physiology of
collateral development. Weighted gene coexpression
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network analysis (WGCNA) is a highly used systems
biology algorithm used to analyze gene expression and
clinical traits.'*' The hierarchical clustering function
of WGCNA can discover modules comprising highly
correlated genes, identify gene module-trait relation-
ships, and extract important genes from biologically
meaningful modules. Consequently, WGCNA can be
used to investigate hub genes closely related to clinical
traits, which will provide us with the hope of discov-
ering new molecular biomarkers involved in collateral
development.

In the present study, we aimed to identify suscep-
tible modules and hub genes associated with the for-
mation of collateral coronary arteries by establishing
a WGCNA algorithmic model and to provide novel
noninvasive biomarkers by analyzing serum levels of
candidate genes from patients with complete coronary
occlusion with good or poor collaterals.

METHODS

The microarray data set used for WGCNA was down-
loaded from the Gene Expression Omnibus database
of the National Center of Biotechnology Information
(GSE7547), and the remaining data and materials that
support the findings of this study are available from the
corresponding author on reasonable request.

Acquiring and Preprocessing the
Microarray Data

The microarray data set and clinical traits were down-
loaded from the Gene Expression Omnibus database
of the National Center of Biotechnology Information. We
used the GSE7547 data set to identify the relationship
between changes in hub gene expression and the de-
gree of coronary collateral artery formation.'® GSE7547
was based on the platform of the GPL5104 Sentrix
HumanRef-8 v2 Expression BeadChip and collected cir-
culating cells from patients scheduled for percutaneous
coronary intervention for coronary artery disease.'® All
patients underwent coronary angiography to distinguish
between good arteriogenic responders (GARs) and bad
arteriogenic responders (BARs). For patients with multiple
technical replicates, the average quantity was used as the
expression value. Finally, we used the resting monocyte
expression profile to identify the relationship between
changes in hub genes and the formation of coronary col-
lateral arteries from GARs (n=18) and BARs (n=19).

Identification of Differentially Expressed
Genes

After data were normalized, and the differentially ex-
pressed genes (DEGs) between the BARs and GARs
were analyzed using the R package limma (version
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4.1.1), as described previously.""'® The fold change of
all genes was log2 transformed to normalize the ex-
pression level, and the P value was adjusted using the
Benjamini-Hochberg method. The gene with absolute
log2 fold change >0.25 and P<0.05 was considered as
a significant DEG.

Construction of the Weighted Gene
Coexpression Network

In our study, we constructed agene coexpression network
using the standard WGCNA procedure.'* After the gene
expression data were obtained, the top 25% of genes
with high expression variance were selected for analysis.
The Pearson correlation coefficient between any 2 genes
was calculated using a pairwise correlation matrix to con-
struct a gene coexpression network. Following this, the
Pearson correlation matrix was switched to an adjacency
matrix with the proper power value when the scale-free
R? was first >0.90. Subsequently, the topological over-
lap matrix was converted using the blockwiseModules
function in the R software with the following parameters:
minClusterSize=50, and power=7. Then, a clustering
dendrogram was constructed and visualized using the
plotDendroAndColors function, and the branches of the
clustering tree were merged into different gene modules
using the dynamic tree-cutting algorithm.'® Different gene
modules were represented by different colors. Genes
that could not be included in any module were classi-
fied into the gray module and removed in subsequent
analysis.

We performed Pearson correlation tests to assess
the correlation between modules and clinical features
to find the meaningful modules. For each module, we
defined a quantitative measure of module membership
as the correlation of the module eigengene, gene ex-
pression profile, and correlation of the gene and clinical
trait as gene significance. We performed further anal-
yses of the genes included in the meaningful modules
with the highest module membership and gene signif-
icance values.

Functional Enrichment Analysis

The DEGs in the modules of interest were selected
and functionally analyzed using the Gene Ontology
(GO) database. GO annotations were divided into 3
categories: molecular functions, biological processes,
and cellular components. The clusterProfiler package
in R software was used to perform GO analyses, as
described previously.'®

Study Population

A total of 634 consecutive patients with stable angina
and CTO (>3months) of at least 1 major epicardial cor-
onary artery between March 2018 and October 2021
were screened from the database of the Shanghai
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Rui Jin Hospital Percutaneous Coronary Intervention
Outcomes Program. Stable angina was diagnosed ac-
cording to the criteria recommended by the American
College of Cardiology/American Heart Association.?°
The duration of coronary occlusion was estimated on
the basis of information obtained from a previous an-
giogram, a history of myocardial infarction in the area
of the myocardium supplied by the occluded vessel, or
the first onset of an abrupt worsening of existing angina
pectoris. For this study, 112 patients were excluded
because of a history of coronary artery bypass grafting
(n=29), percutaneous coronary intervention within the
past 3 months (n=38), chronic heart failure with New
York Heart Association class Ill or IV (n=15), pulmonary
heart disease (n=12), renal failure requiring hemodialy-
sis (n=4), immune system disorders or malignant tumor
(n=7), and type 1 diabetes (n=7) as these conditions
could impact collateral formation. A total of 522 pa-
tients were included in the final analysis. This analysis
was approved by the Ruijin Hospital and Shanghai Jiao
Tong University School of Medicine Ethics Committee
(RJH20140311), and written informed consent was ob-
tained from all patients.

Coronary Angiography

Coronary angiography was performed through the
femoral or radial artery using 6F diagnostic catheters.
Quantitative coronary angiography was independently
performed by 2 experienced cardiologists who were
blinded to the study protocol and biochemical meas-
urements. The degree of coronary collateralization sup-
plying the distal area of the total coronary occlusion was
visually graded using the Rentrop scoring system as fol-
lows: O=no visible collaterals; 1=poorly opacified collat-
erals with faint visualization of the distal vessel; 2=partial
filing of the collateral vessels; and 3=complete filling of
the collateral vessels. Patients were then classified as
BARs (Rentrop scores of O and 1) or GARs (Rentrop
scores of 2 and 3), according to the Rentrop score.?' In
case of disagreement, any difference in interpretation
was resolved by the third reviewer.

Biochemical Studies

Blood samples were obtained from all patients on
the day of angiography after overnight fasting. Blood
plasma samples were collected and stored at —80
°C before analysis. Serum levels of glucose, creati-
nine, urine urea nitrogen, triglyceride, total cholesterol,
low-density lipoprotein cholesterol, and high-density
lipoprotein cholesterol were assessed using a stand-
ard laboratory protocol (HITACHI 912 Analyzer; Roche
Diagnostics, Germany). Glomerular filtration rate (GFR)
was estimated using the Chronic Kidney Disease
Epidemiology Collaboration equation: GFR (mL/min per
1.73m?) = 141xmin (creatinine/k, 1) axmax (creatinine/k,
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Figure 1.

Flowchart describing the schematic overview of the current study design.

We used the GSE7547 data set to identify the relationship between changes in hub genes expressed on monocytes and the degree
of coronary collateral artery formation. After data processing, the light-cyan module was identified as the most significant module
through the WGCNA. DEGs in the light-cyan module were analyzed using the limma package of R. GO enrichment analysis was
performed on DEGs in the light-cyan module. Finally, the hub gene SERPING1 was identified and validated in an independent cohort
of patients. CTO indicates chronic total occlusion; DEGs, differentially expressed genes; GEO, Gene Expression Omnibus; GO,
Gene Ontology; MAD, median absolute deviation; NYHA, New York Heart Association; PCI, percutaneous coronary intervention; and

WGCNA, weighted gene coexpression network analysis.

1) —1.209x0.993agex1.018 (if female sex), where kis 0.7
for female patients and 0.9 for male patients, a is —0.329
for female patients and —-0.411 for male patients, min
indicates the minimum creatinine/k or 1, and max indi-
cates the maximum creatinine/k or 1.22

Serum levels of serpinG1 were measured via a com-
mercially available ELISA kit, according to the manu-
facturer’s instructions (CSB-EL021086HU; CUSABIO).
The detection range of the kit was 18.75to 1200ng/mL,
and the sensitivity of the kit was 4.7 ng/mL. As for the
precision of the kit, the average intra-assay coefficient
of variance and the average interassay coefficient of
variance were <8% and 10%, respectively. The serum
samples were diluted 1:1000 with dilutant buffer before
performing the detection. The optical density of each
sample was determined using a microplate reader at
450 nm. The levels of serpinG1 were calculated using
the optical density values of the standard curve.

Statistical Analysis

In our study, continuous variables are presented as
the mean+SD and median (25th—75th percentile) for
normal and nonnormal distributions, respectively,
and categorical data are summarized as frequencies
(percentages). The differences between groups for
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continuous variables and categorical variables were
analyzed using the Student t-test and x° test, re-
spectively. Pearson and Spearman correlation analy-
ses were performed as appropriate. We constructed
multivariable logistic regression models to assess
the independent determinants of poor collateraliza-
tion without (model 1) and with (model 2) serpinG1.
Receiver operating characteristic curve analyses were
performed with serum serpinG1 and predicted prob-
abilities (C statistic) for BARs derived from regression
models with and without serpinG1. The areas under
the curves were compared using the DelL.ong method
with MedCalc software for Windows (version 11.4;
Mariakerke, Belgium). All analyses used 2-sided tests
with an overall significance level (o) of 0.05, and all tests
were performed using R software (version 4.1.1) and
SPSS 25.0 for Windows (SPSS, Inc, Chicago, IL).

RESULTS

Data Preprocessing

We set up a workflow, as seen in Figure 1, to iden-
tify diagnostic biomarkers for BARs in patients with
coronary artery disease. We used the GSE7547 data
set to identify the relationship between changes in hub
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genes expressed on monocytes and the degree of 18 BAR samples with 6398 gene expression profiles
coronary collateral artery formation. In this database, were included in the WGCNA. Before constructing the
there were 48 resting, unstimulated monocyte samples weighted coexpression network, we selected an ap-
from patients with BARs and GARs. For patients with propriate power value to balance scale independence
multiple technical replicates, the average quantity was and mean connectivity of the gene module. After cal-
used as the expression value. The remaining samples culation, we found that the scale independence was
(n=37) were clustered by the average linkage method. >0.90 and had a higher mean connectivity when the
On the basis of these results, we excluded one outlier ~ power value was equal to 7 (Figure S2B and S2C).
sample and included 36 samples for further analysis By calculating the scale-free topology fitting index,

(Figures S1 and S2A). the value of R? reached 0.9 (Figure S2D and S2E).

. . Thus, the power value was selected as 7 in the fol-
Construction of Weighted Gene lowing analysis. As a result, we obtained a hierarchical
Coexpression Networks clustering tree, and an aggregate of 16 coexpression

WGCNA methods were applied to explore the causal modules was established for further analysis. The
genes of the disease using the expression profile with ~ number of genes in these modules ranged from 56
the highest 25% variance. In summary, 18 GAR and  to 1160 (Figure S3A). Genes whose expression levels
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Figure 2. Identification and functional enrichment analysis of hub genes.

A, Heat map of the correlation between clinical traits, including GARs, BARs, and CFI. Each column corresponds to a clinical trait,
and each row corresponds to a module. Each box contains the corresponding correlation coefficient and P value. Green represents
negative correlation, and red represents positive correlation. B, Eigengene adjacency heat map showing extramodular connectivity
among all the modules and clinical traits. Red indicates high adjacency (positive correlation), and blue indicates low adjacency (negative
correlation). C, Heat map of the DEGs in the light-cyan module. The expression level of each gene in one sample is represented in the
shade of red or blue, which represents upregulation and downregulation, respectively. D, The top GO terms enriched by 14 DEGs in
the light-cyan module. E, Correlation between MM of modules of interest and GS with clinical traits. Scatterplot of GS for BARs vs MM
in the light-cyan module. F, Violin plot of the expression level of SERPING1. The orange violin represents the GAR group as control, and
the blue violin represents the BAR group. BARS indicates bad arteriogenic responders; CFl, collateral flow index; DEGs, differentially
expressed genes; GARs, good arteriogenic responders; GO, Gene Ontology; GS, gene significance; ME, Module eigengene E; and
MM, module membership.
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could not be contained in any module were assigned
to the gray modules and eliminated for further analysis.
A topological overlap matrix was built to analyze the
independence of the 16 coexpression modules. As de-
scribed in the topological overlap matrix, a light color
indicated high overlap, whereas dark colors indicated
low overlap. On the basis of the topological overlap
matrix, there were no significant differences among the
16 coexpression modules (Figure S3B).

Correlation Between Modules and
Identification of Key Modules

In this study, the clinical features were provided by the
GSE7547 profile in the Gene Expression Omnibus da-
tabase. First, the correlation between genes and as-
sociated traits in the module was validated using an
eigengene dendrogram and an eigengene adjacency
heat map. As shown in the results, genes in the light-
cyan module were significantly associated with the
occurrence of BARs (Figure 2A). Module-trait associ-
ations were analyzed by correlating module sample
eigengenes with clinical traits to identify significant
associations. Only 1 module, the light-cyan mod-
ule, was significantly correlated with BARs (r=0.36;
P=0.03) (Figure 2B). A scatterplot showing the gene
significance for BARs versus module membership
in the light-cyan module indicated that the light-cyan
module was significantly positively correlated with
BARs (r=0.41; P=1.5e-05) (Figure 2E). In summary, we
identified the light-cyan module as the most significant
module for the occurrence of poor collateral formation.

Identification and Functional Enrichment
Analysis of Hub Genes

We performed a more detailed analysis of the light-cyan
module to identify hub genes associated with poor col-
lateral formation. DEGs in the light-cyan module were
analyzed using the limma package of R, as described
previously. A total of 14 DEGs with absolute log2 fold
change >0.25 and P<0.05 were identified (Figure 2C).
GO enrichment analysis was performed on the DEGs
in the light-cyan module to better understand the mod-
ules associated with the collateral formation genotype.
We found that these DEGs were mainly involved in the
interferon-y response, smooth muscle contraction,
and cytokine receptor binding (Figure 2D). To identify
hub genes that are associated with poor collateral for-
mation, 3 criteria were applied, which included the fol-
lowing: (1) the candidate gene is particularly relevant to
both module and clinical traits; (2) mRNA expression
of this gene is different between the 2 groups; and (3)
the gene must be a secreted protein to detect easily
and has multiple biological functions. In our study, we
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Table 1. Baseline Demographic and Clinical
Characteristics in Patients With BARs and GARs
Characteristic GARs (n=299) BARs (n=223) | P value
Male sex, n (%) 250 (83.6) 164 (73.5) 0.005
Age, y 62.86+10.67 64.97+11.11 0.029
Body mass index, 24.95+3.19 25.23+3.66 0.361
kg/m?
Hypertension, n (%) | 214 (71.6) 140 (62.8) 0.033
Diabetes, n (%) 135 (45.2) 134 (60.1) 0.001
Cigarette smoking, 88 (29.4) 85 (38.1) 0.037
n (%)
Dyslipidemia, n (%) 68 (22.7) 65 (29.1) 0.097
Systolic blood 136.24+19.76 133.88+26.46 | 0.243
pressure, mmHg
Diastolic blood 77.29+11.99 77.02+12.31 0.805
pressure, mmHg
Fasting blood 6.25+2.09 6.71+2.50 0.023
glucose, mmol/L
HbA1c, % 6.37+1.09 6.76+1.63 0.001
Serum creatinine, 88.61+44.77 98.61+64.82 0.038
umol/L
Serum uric acid, 377.90+105.37 367.34+115.63 | 0.279
umol/L
GFR, mL/min per 80.80+18.18 76.23+23.92 0.014
1.73m?
Triglyceride, mmol/L | 1.68+0.96 1.82+1.27 0.140
Total cholesterol, 4.13+1.14 4.31+1.34 0.094
mmol/L
HDL cholesterol, 1.04+0.25 1.02+0.22 0.362
mmol/L
LDL cholesterol, 2.51£1.00 2.68+1.19 0.075
mmol/L
Apolipoprotein A, g/L | 1.13+0.21 1.13+0.20 0.839
Apolipoprotein B, g/L | 0.84+0.24 0.87+0.29 0.168
Lipoprotein (a), g/L 0.33+0.52 0.27+0.24 0.116
hs-CRP, mg/L 1.60 (0.60-4.32) 2.75(0.85-6.77) | <0.001
Severity of CAD, n (%)

1 Vessel 43 (14.4) 36 (16.1) 0.578

2 Vessels 88 (29.4) 56 (25.1) 0.275

3 Vessels 168 (56.2) 131 (58.7) 0.559
Medication, n (%)

Antiplatelet 223 (74.6) 170 (76.2) 0.665
ACEIs/ARBs/ARNIs | 182 (60.9) 137 (61.4) 0.896
B-Blockers 149 (49.8) 106 (47.5) 0.603
Calcium channel 75 (25.1) 59 (26.5) 0.722
blockers
Statins 218 (72.9) 154 (69.1) 0.336
serpinG1, ug/mL 314.80+08.92 472.53+197.16 <0.001

Values are given as mean+SD, median (25th—75th percentile), or number
(percentage). ACEIl indicates angiotensin-converting enzyme inhibitor;
ARB, angiotensin receptor blocker; ARNI, angiotensin receptor-neprilysin
inhibitor; BAR, bad arteriogenic responder; CAD, coronary artery disease;
GAR, good arteriogenic responder; GFR, glomerular filtration rate; HbA1c,
glycated hemoglobin; HDL, high-density lipoprotein; hs-CRP, high-sensitivity
C-reactive protein; and LDL, low-density lipoprotein.
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Figure 3. The relationship between plasma serpinG1 levels and coronary
collateralization.

A, Serum levels of serpinG1 were significantly higher in patients with BARs than those in
patients with GARs. B, The serum levels of serpinG1 increased stepwise according to the
decrease in the Rentrop score. BARS indicates bad arteriogenic responders; and GARs,

good arteriogenic responders.

found that SERPING1 met these criteria. In the scat-
terplot, we found that serpinG1 was the only gene with
a module membership >0.9 and a gene significance
>0.41 in the light-cyan module (Figure 2E). Moreover,
the expression of serpinG1 was expressed higher in
patients with BARs than in those with GARs (8.43+0.56
versus 8.04+0.32 FPKM; P = 0.014) (Figure 2F). Finally,
serpinG1 seems to be one of the most abundant pro-
tease inhibitors in the blood circulation, which is known
to regulate coagulation, complement, and contact
(kallikrein-kinin enzyme) system activation.?3 Therefore,

we speculated that serpinG1 might play a critical role
in poor collateral growth.

Validation of Hub Gene in an Independent
Patient Cohort

The serum levels of serpinG1 were analyzed using
ELISA in an independent patient cohort to confirm the
main conclusion obtained from the microarray analy-
sis. In this cohort, patients with BARs were mostly
older individuals and women, had a history of cigarette
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Figure 4. ROC curve analysis for detecting poor collateral growth.

A, ROC curves of plasma serpinG1 for diagnosing coronary collateralization. B, Predicted
probabilities derived from regression models for detecting bad arteriogenic responders.
Traditional risk factors include variables of male sex, age, body mass index, hypertension,
diabetes, cigarette smoking, total cholesterol/high-density lipoprotein cholesterol ratio,
glomerular filtration rate, and log-transferred hs-CRP. hs-CRP indicates high-sensitivity
C-reactive protein; and ROC, receiver operating characteristic.
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smoking and diabetes, and exhibited higher serum
levels of blood glucose, glycosylated hemoglobin,
creatinine, and hs-CRP(high-sensitivity C-reactive
protein) but had a lower percentage of hypertension
and a lower GFR than those with GARs (for all com-
parisons, P<0.05). However, there were no significant
differences between the 2 groups in terms of the body
mass index, history of dyslipidemia, brachial blood
pressure, the severity of coronary artery disease, or
lipid profiles and medical treatments (for all compari-
sons, P>0.05) (Table 1).

Serum levels of serpinG1 were significantly higher
in patients with BARs than those in patients with GARs
(472.53+£19716versus 314.80+208.92 ug/mL; P<0.001)
(Figure 3A). The serum levels of serpinG1 increased
stepwise according to the decrease in the Rentrop score
(@ll P<0.05) (Figure 3B). Moreover, serum levels of serp-
inG1 were negatively associated with the Rentrop score
(Spearman r=-0.50; P<0.001). After adjusting for male
sex, age, body mass index, hypertension, diabetes, cig-
arette smoking, total cholesterol/high-density lipoprotein
cholesterol ratio, GFR, and log-transferred hs-CRP, the
serum levels of serpinG1 still correlated with the Rentrop
score (Spearman r=—0.38; P<0.001). Receiver operat-
ing characteristic curve analysis indicated that the area
under the curve was 0.77 (95% Cl, 0.72-0.81; P<0.001)
for serum serpinG1 in prediction of BARs, with an op-
timal cutoff point of 289.34 ug/mL (sensitivity=88.34%,
and specificity=61.54%) (Figure 4A).

Multivariable logistic regression analysis was per-
formed to analyze the association between serpinG1
and BARs. After adjusting for male sex, age, body mass
index, hypertension, diabetes, cigarette smoking, total
cholesterol/high-density lipoprotein cholesterol ratio,
GFR, and log-transferred hs-CRP, serum levels of ser-
pinG1 (per SD) remained an independent risk factor for
BARs (odds ratio, 2.20 [95% ClI, 1.76-2.74]; P<0.001)
(Table 2). The additional inclusion of serum levels of
serpinG1 provided a significantly improved goodness
of fit and predictive performance with an increase in
Nagelkerke R? of 12.6% (P<0.001) and C statistic of
0.090 (95% Cl, 0.055-0.12; P<0.001) (Figure 4B).

In the subgroup analysis, the diagnostic value of
serpinG1 (per SD) for detecting BARs was consistent
(P interaction >0.11) in all patient subgroups (Figure 5).

DISCUSSION

In the present study, we built a coexpression module
using WGCNA and identified SERPINGT as the hub
gene with poor coronary collateralization. This study
also demonstrated that increased serum serpinG1 levels
were inversely associated with the degree of coronary
collateralization in patients with stable angina and CTO.
In our study, we used WGCNA to analyze genes
potentially associated with collateral formation, and
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identified the light-cyan module as a significantly rele-
vant cluster to poor coronary collateralization in patients
with CTO. GO analyses on this module demonstrated
that both the type 1 interferon response and interferon-y
signaling pathway were enriched during the inhibition of
collateralization. Accumulating evidence suggests that
interferon is a crucial inhibitor of collateralization.?*26 The
high enrichment of interferon signals in the light-cyan
module was consistent with a previous report,'® which
proved the rationality of this WGCNA model from the
side. In addition to the interferon-related genes IFITM1
and GBP (guanylate-binding protein) family (GBP1,
GBP4, and GBP5), the poor collateral-associated
susceptibility genes in the light-cyan module also in-
cluded CXCL10 (C-X-C motif chemokine ligand 10) and
SERPING1. CXCL10 is an interferon-inducible chemo-
kine best known for its chemoattractant effect on T
cells and leukocytes and has previously been shown
to have controversial angiostatic properties.?” For ser-
pinG1, despite being the only gene highly correlated
with both gene module and clinical traits (poor coronary
collateralization) in our WGCNA model, the association
between serpinG1 and collateralization has never been
reported before. Therefore, we assayed serum serpinGi

Table 2. Multivariate Logistic Regression Analyses for
Poor Collateral Growth in Patients With Coronary Artery
Disease

Variables OR (95% ClI) P value

Model 1
Male sex 0.50 (0.31-0.80) 0.004
Age (per 10y) 1.26 (1.03-1.55) 0.022
Body mass index 1.06 (1.00-1.12) 0.048
Hypertension 0.59 (0.39-0.88) 0.010
Diabetes 1.66 (1.14-2.40) 0.008
Smoking 2.21 (1.44-38.39) <0.001
Total cholesterol/HDL 1.12(0.99-1.27) 0.082
cholesterol ratio
GFR 0.99 (0.98-1.00) 0.058
Log-transferred hs-CRP 1.16 (1.06-1.27) 0.001

Model 2
Male sex 0.52 (0.31-0.86) 0.011
Age (per 10y) 1.22 (0.98-1.51) 0.070
Body mass index 1.06 (0.99-1.12) 0.075
Hypertension 0.61 (0.40-0.93) 0.023
Diabetes 1.52 (1.02-2.25) 0.038
Smoking 1.85 (1.17-2.91) 0.008
Total cholesterol/HDL 110 (0.96-1.26) 0.176
cholesterol ratio
GFR 0.99 (0.98-1.00) 0.020
Log-transferred hs-CRP 1.18 (1.07-1.30) 0.001
serpinG1 (per SD) 2.20 (1.76-2.74) <0.001

GFR indicates glomerular filtration rate; HDL, high-density lipoprotein;
hs-CRP, high-sensitivity C-reactive protein; and OR, odds ratio.
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Subgroup OR(95%Cl) p interaction

Overall < 2.20(1.76-2.74)

Gender 0.150

Female(n=108) —— 1.62(1.05-2.49)
Male(n=414) qf;;— 2.40(1.85-3.12)

Age, years 0.778
265(n=264) —_— 2.28(1.64-3.17)
<65(n=258) —_— 2.30(1.67-3.16)

Body mass index, Kg/m? 0.698
225(n=260) e — 2.31(1.66-3.22)
<25(n=262) —_—— 2.20(1.61-3.01)

Hypertension 0.553

No(n=168) e — 2.00(1.37-2.91)

Yes(n=354) —_ — 2.33(1.76-3.09)

Diabetes 0.113

No(n=253) L —_— 1.83(1.36-2.48)

Yes(n=269) —_—— 2.66(1.90-3.73)

Smoking 0.421

No(n=349) L — 2.08(1.58-2.75)

Yes(n=173) _— 2.48(1.68-3.66)

GFR, mL/min/1.73m? 0.357
290(n=174) —_— 1.86(1.30-2.65)
<90(n=348) —— 2.40(1.79-3.21)

0.25 1 4
Odds Ratio

Figure 5. Adjusted ORs of poor collateralization in predefined subgroups.

GFR indicates glomerular filtration rate; and ORs, odds ratios.

levels in patients with CTO with good and poor collat-
eral formation to clarify the relationship between serp-
inG1 and collateral formation. The results showed that
serum serpinG1 increased in the poor collateral group
and correlated inversely with the Rentrop score, even
after adjusting for multiple variables. Receiver operating
characteristic curve analysis revealed a fair diagnostic
accuracy of the serum serpinG1 level alone for detect-
ing poor coronary collateralization. This suggests that
serpinG1 may be a negative biomarker for coronary col-
lateral formation in patients with CTO.

SerpinG1, also known as C1-inhibitor, is a member of
the serine protease inhibitor gene superfamily (serpins).
Serpins are an ancient superfamily of structurally similar
proteins, most of which use an elegant suicide inhibition
mechanism to target serine proteinases. Thirty-seven
known human serpins are involved in various biological
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processes, including blood coagulation, embryonic de-
velopment, and extracellular matrix turnover.?®® Some
exhibited potential angiogenesis-inhibiting properties.
For example, pigment epithelium-derived factor is a se-
creted glycoprotein with a molecular weight of 50 kDa
that blocks extracellular proliferation and angiogenesis
by reducing vascular endothelial growth factor expres-
sion, partly via the suppression of oxidative stress.?®
Maspin, a noninhibitory member of the serpin super-
family, inhibits the migration of human endothelial cells
to angiogenic factors (vascular endothelial growth fac-
tor, basic fibroblast growth factor, and interleukin-8) in a
dose-dependent manner.*°

Similar to other serpins, serpinG1 has a serpin do-
main with protease inhibitory activity at the carboxy
terminus, which is known to regulate coagulation,
complement, and contact (kallikrein-kinin enzyme)
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system activation by inhibiting the proteolytic activity
of C1r and C1s. It also contains a highly glycosylated
amino terminus with no homology to other serpin fam-
ily members, possibly related to functions other than
protease inhibition.3' Recent studies have found that
serpinG1 exhibits robust anti-inflammatory functions
both in vivo and in vitro and has the potential to an-
tagonize COVID-19% and sepsis. Anti-inflammatory
mechanisms of serpinG1 include interactions with
leukocytes to enhance phagocytosis, with endothe-
lial cells via E- and P-selectins to interfere with leuko-
cyte rolling and suppress transmigration of leukocytes
across the endothelium, and interactions with extracel-
lular matrix components to limit overrange activation of
the complement and contact system.33

Although there is no direct evidence that serpinG1 in-
hibits collateral formation, based on the known biological
functions of serpinG1, including the inhibition of inflam-
matory cell infiltration and the ability to regulate vascular
endothelial permeability, we believe that increased serp-
inG1 itself has the potential to inhibit collateralization. Mild
inflammation is a necessary stimulus for angiogenesis or
arteriogenesis, and inflammatory cells, such as neutro-
phils, macrophages, and mast cells, migrate to ischemic
sites and release angiogenic cytokines, which is a critical
step in collateral formation.®* The inhibition of serpinG1 on
inflammatory cell migration leads to a lack of inflammatory
cells and damages the angiogenic microenvironment. In
addition, the entire process of collateralization requires
local and dynamic remodeling of cell-cell junctions to
maintain the integrity of the neovascular sprouts.®® The
serpinG1 has been found to bind to extracellular matrix
proteins, such as type IV collagen, laminin, and entactin,3®
which have the potential to reduce the adaptability of the
extracellular matrix and intercellular connections, leading
to endothelial cell leakage and detachment. Notably, these
observations suggest that further studies are required to
determine the precise role of serpinG1 in the regulation of
collateral growth in patients with CTO.

Finally, serpinG1 deficiency induces hereditary an-
gioedema, afatal disease in which vascular permeability is
briefly increased because of elevated bradykinin levels.3”
Both intravenous plasma-derived serpinG1 (Cinryze) and
subcutaneous treatments with plasma-derived serpinGi
are approved for hereditary angioedema-targeted ther-
apy. Therefore, this study also suggests that patients
with stable coronary disease who supplement with serp-
inG1 for therapeutic purposes need to be more carefully
assessed for their clinical benefit.

Limitations

We recognize that there are several limitations in our
study. First, the study is cross-sectional for the point
of coronary collateral investigation, thereby allowing
us to detect associations and not predict outcomes.
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Second, we evaluated the presence and degree of col-
lateral growth according to the Rentrop scoring system.
Coronary collaterals may be more accurately assessed
using the collateral flow index with simultaneous meas-
urement of aortic pressure and distal pressure within
the occluded segment of the culprit coronary artery.
Finally, further large-scale studies with molecular ex-
periments are required to clarify the effect of the serp-
inG1 mechanism on coronary collateralization.

CONCLUSIONS

In conclusion, the present study demonstrated that
SERPINGT screened by WGCNA is associated with
poor collateralization in patients with CTO. These ob-
servations might provide a rationale for improving clini-
cal outcomes in patients with stable coronary disease
and CTO. However, further studies are warranted to
elucidate the specific mechanism of serpinG1 in the
regulation of collateral growth in patients with CTO.
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Figure S1. Sample clustering to detect outliers
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One outlier sample was excluded from our further analysis.



Figure S2. Clustering of samples and determination of soft thresholding power

A B D

Scale independence Histogram of k

Sample dendrogram and trait heatmap e {____zeei0iziaicie
§‘<‘ CCCR RO OO 2500
@
o s 2000
8 8831 « g
-] 3 g 1500
o 9
. * A e
) = e 2 % 500
3 o
= ermaed g 82 2, 0
34 g, egﬁ Qg 0 5 10 15 20 0 50 100 150 200
§§§3 2 o = Soft Threshold (power) k
g J &2 Boegii 1128, o s%%%gg
= St S RDL Check Scale free topolo
8% 28 Eﬁé\gé =3 §§§9,z§§x @ C Mean connectivity E S RAAe 600, lopae: A28,
o; PSTTZEO 1
ST Opz=BssT 1 w
2= O guﬁ g % 4
e & Ze
e - -
5 g
o & 2
g &7 g
> 3 =
= 4
P~ 5678910 12 14 16 18 20 o
S
5 10 15 20 '
Soft Threshold (power) 101 “Io;:l)(‘k: 20, 22

(A) Sample dendrogram and trait heatmap. The clustering analysis was based on the expression
data of GSE7547, which contains of 18 good arteriogenic responders (GARs) and 18 bad
arteriogenic responders (BARs). (B) Analysis of scale-independence index for various soft
threshold powers. (C) Analysis of mean connectivity for various soft threshold powers. (D) The
histogram of k of the samples. (E) The correlation coefficient between k and p (k) of the samples,
and the R2 reached 0.9. BAR, bad arteriogenic responders; CFI, collateral flow index; and GAR,

good arteriogenic responders.



Figure S3. Construction of co-expression modules by the weighted gene co-

expression network analysis (WGCNA) package in R
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(A) Clustering dendrograms of genes. Each branch in the diagram represents a gene, and each
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color below represents a co-expression module. We got an aggregate of 16 co-expression
modules for further analysis. (B) A topological overlap matrix (TOM) was built to analyzed
the independence among the 16 co-expression modules. In the heatmap, a light color

indicated high overlap, while dark colors indicate low overlap.
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