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In brief

Jia et al. identify sCDCP1 as a robust
serum biomarker for NASH in obese
individuals through an Olink-based
proteomics study. They further develop
an algorithm (C-DAG) combining sCDCP1
with three clinical parameters that can be
potentially implemented as a non-
invasive test to rule in and rule out
patients with NASH.
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SUMMARY

The definitive diagnosis of non-alcoholic steatohepatitis (NASH) currently relies on invasive and labor-inten-
sive liver biopsy. Here, we identified soluble CUB domain-containing protein 1 (sCDCP1) as a top-ranked
non-invasive biomarker for NASH using Olink-based proteomics in 238 obese individuals with liver biopsies.
Both the circulating concentration and hepatic mRNA abundance of sCDCP1 were significantly elevated in
patients with NASH and correlated closely with each histological feature of NASH. In the pooled multicenter
validation cohort, sCDCP1 as a standalone biomarker achieved an area under the receiver operating charac-
teristic (AUROC) of 0.838 (95% confidence interval [CI] 0.789-0.887) for diagnosing NASH, which is better
than those achieved with cytokeratin-18 and other non-invasive tests. Furthermore, the C-DAG model
established by the combination of sCDCP1 with diabetes, aspartate aminotransferase (AST), and gender
accurately rules in and rules out both NASH and fibrotic NASH (gray zones <20%). Thus, sCDCP1-based
non-invasive tests can be potentially implemented for screening and early diagnosis of NASH and for ruling
out low-risk individuals to avoid unnecessary liver biopsies.

INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is the most common
form of chronic liver disease, posing a significant public health
burden. The global prevalence of NAFLD is approximately 32%
in the general population and up to 75% in the obese popula-
tion."? While non-alcoholic fatty liver (NAFL) has a comparatively
benign course, non-alcoholic steatohepatitis (NASH) and
advanced fibrosis are strongly associated with adverse hepatic

Gheck for
Updates

outcomes and are the leading indications for liver transplanta-
tion.>* Moreover, due to its largely asymptomatic (or minimally
symptomatic) nature in the early phase, a large proportion of pa-
tients remain undiagnosed until the disease has progressed into
more advanced and life-threatening stages.® Furthermore, the
presence of steatohepatitis increases the incidence of cardio-
vascular mortality independent of traditional risk factors.®
Thus, early detection of patients at high risk of NASH is of great
importance for timely intervention and management, particularly
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as clinical trial inclusion criteria all require the presence of NASH
and, typically, stage 2 or greater fibrosis.

To date, histological assessment of liver biopsy remains the
gold standard for the diagnosis of steatohepatitis and for staging
of liver fibrosis. However, the drawbacks of biopsy, such as sam-
pling error, high cost, invasiveness, procedure-related complica-
tions, time-consuming nature, and interobserver variability,7
restrict its routine use. Despite recent advances,® imaging-
based diagnostic tools, such as ultrasonography and magnetic
resonance imaging (MRI), are mainly used for the detection of
hepatic steatosis and fibrosis but cannot reliably differentiate pa-
tients with NASH from patients with NAFL. An MRI-based
scoring system was recently developed for the identification of
patients with NASH and significant fibrosis,® but it has not
been externally validated in different populations and is limited
by cost and availability. Although a number of circulating
biomarkers have been identified for potential diagnosis of
NASH, " their specificity, reproducibility, and accuracy remain
to be confirmed in independent liver-biopsy-proven NAFLD
cohorts.

To search for novel NASH-related serological biomarkers, we
conducted an unbiased quantitative proteomics analysis with a
proximity extension assay-based Olink platform in a liver-bi-
opsy-proven NAFLD cohort with the full histological spectrum
of this disease and identified soluble CUB domain-containing
protein 1 (sCDCP1) as a top candidate for differentiating patients
with NASH from patients with NAFL and normal livers. We sub-
sequently developed a highly specific and sensitive immuno-
assay for quantification of human sCDCP1 and validated its
diagnostic performance in biopsy-confirmed NAFLD cohorts
collected from several different clinical centers across China.

RESULTS

Identification of serum sCDCP1 as the top-ranked
biomarker of NASH by Olink proteomic screen

To systematically identify new circulating biomarkers for NASH,
we performed Olink-based proteomics analysis in the biomarker
discovery cohort of 202 patients with biopsy-proven NAFLD (100
NAFL and 102 NASH) and 36 subjects with normal livers (NL).
The subjects in this cohort were 31 (26, 38) years old, and 44%
were men. The body mass index (BMI) was 40.85 (35.90,
45.82) and 35.83 (31.98, 40.73) kg/m? in subjects with and
without NASH, respectively (Table S1).

After exclusion of those proteins that were not detected
in >25% of the total samples, 874 proteins from 12 Olink panels
were included for further analyses (Data S1). The reliability of our
Olink data was demonstrated by the optimal performance of
several well-known NASH-related biomarkers, such as fibroblast
growth factor 21 (FGF21), interleukin-6 (IL-6), fatty acid binding
proteind (FABP4), growth differentiation factor15 (GDF15), and
thrombospondin 2 (THBS2) (Data S1). Random forest feature se-
lection showed sCDCP1 as the top-ranked protein selected from
874 proteins detected in identifying NASH with the highest mean
decrease accuracy of 0.005 and was also selected as the best
identifier for NASH by support vector machine (SVM) analysis
(Figure 1A). Compared with individuals with NL and patients
with NAFL, the NASH group displayed markedly elevated
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sCDCP1 levels (NLs and NAFLs vs. NASH, —0.003 [—0.289,
—0.211] and 0.285 [0.009, —0.652] vs. 1.306 [0.749, 1.649]
normalized protein expression [NPX], respectively; p < 0.0001,
Kruskal-Wallis H test, and p for trend <0.0001; Figure 1B), which
remained significant even after adjustment for age, gender, BMI,
and homeostatic model assessment for insulin resistance
(HOMA-IR) (adjusted [ad].] p for trend <0.0001).

High sCDCP1 levels were positively associated with histolog-
ical characteristics of NASH (steatosis [p < 0.001], ballooning
[P < 0.001], inflammation [p < 0.001]) and NAS scores
(p < 0.001; Figure 1C). Remarkably, although sCDCP1 was
picked based on NASH identification, it was also tightly corre-
lated with the stage of fibrosis (p < 0.001; Figure 1C). Moreover,
sCDCP1 exhibited significant correlations with the presence
of several major NASH-related metabolic comorbidities,
including diabetes (p < 0.001), hypertension (p < 0.001),
dyslipidemia (p < 0.01), and metabolic syndrome (MetS)
(p < 0.001; Figure 1C).

Among the 104 biochemical and clinical parameters collected
in our cohort, serum sCDCP1 showed the strongest positive
correlation with the liver injury markers AST and alanine amino-
transferase (ALT), followed by several parameters of glucose
dysregulation and insulin resistance (HOMA-IR, HbA1c, and
C-peptide), BMI, waist circumference, and total triglycerides
(Figure 1D). After adjustment for gender, age, BMI, ALT, AST,
and HOMA-IR, high sCDCP1 levels (third tertile [T3]) were asso-
ciated with a roughly 11-fold increased risk of NASH (T3: odds
ratio [OR] = 11.48, 95% confidence interval [CI] 3.52-37.49 in
model 3; p < 0.001; Figure 1E). Furthermore, there were strong
positive correlations between sCDCP1 and several well-known
serum biomarkers of NASH, including cytokeratin-18 (CK18),
FGF21, and THBS2 (Spearman’s p for each <0.001, R > 0.3 for
all; Figure 1F). Notably, sCDCP1 showed better performance in
diagnosing NASH (area under the receiver operating character-
istic [AUROC] = 0.851, 95% CI 0.802-0.901) and fibrotic NASH
(n = 33, AUROC = 0.851, 95% CI 0.769-0.934) compared with
CK18, FGF21, and THBS2 (p < 0.05 for each, Delong’s test;
Figures 1G and 1H).

Increased CDCP1 mRNA expression in the liver in close
association with elevated circulating sCDCP1 in
patients with NASH

To explore whether the liver is an important production site for
elevated circulating sCDCP1 in patients with NASH, we investi-
gated mRNA abundance of the CDCP1 gene in the livers of 98
subjects (16 NL, 44 NAFL, and 38 NASH; Table S1). The RNA
sequencing (RNA-seq)-based transcriptomics results showed
CDCP1 to be progressively increased with the histological clas-
sification and was also able to differentiate NASH from non-
NASH at an AUROC of 0.724 (95% Cl 0.618-0.829)
(Figures S1A-S1C). Furthermore, there was a significant positive
correlation between CDCP1 mRNA expression levels in the liver
and circulating sCDCP1 concentrations measured by Olink anal-
ysis (Spearman’s p < 0.001, R = 0.40; Figure S1D), supporting
the liver as a potentially important source of elevated serum
sCDCP1 in NASH. Real-time PCR analysis further validated
significantly higher hepatic mRNA of CDCP1 in patients with
NASH than in individuals with NL and NAFL (Figure S1E).
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Figure 1. Olink proteomics-based identification of serum sCDCP1 as the top performer in identifying NASH in liver-biopsy-confirmed NAFLD
cohort

(A) Random forest feature selection (left) and SVM learning (right) showing sCDCP1 was the top-ranked protein in identifying NASH.

(B) Violin plot showing the distribution of sSCDCP1 levels in patients with biopsy-proven NL (n = 36), NAFL (n = 100), or NASH (n = 102).

(C) Heatmap based on the sCDCP1 expression level and the distribution of clinicopathological features. The p values of logistic regression between sCDCP1 and
features are shown. ***p < 0.001, **p < 0.01, *p < 0.05.

(D) The Spearman correlation plot of SCDCP1 with clinical indicators that closely correlated with NAFLD.

(E) Odds ratio (OR) for NASH with models being controlled for established risk factors in a stepwise manner. T1 (reference), the first tertile of sSCDCP1 (—1.124 to
0.203 NPX); T2, the second tertile of SCDCP1 (0.203-0.971 NPX); T3, the third tertile of sSCDCP1 (0.971-3.562 NPX). Model 1, non-adjusted; model 2, adjusted for
gender, age, and BMI; model 3, adjusted for gender, age, BMI, ALT, AST, and HOMA-IR.

(F) Interaction of sCDCP1 with CK18, FGF21m and THBS2. Spearman’s R and p values are shown within each rectangle, with color intensity indicating the
strength of association.

(G and H) Receiver operating characteristic (ROC) curve indicating the performance of sSCDCP1, CK18, THSB2, and FGF21 in the diagnosis of NASH and fibrotic
NASH. NPX, normalized protein expression, the Olink’s arbitrary unit.

Verification of sCDCP1 as a robust biomarker for NASH of NAFLD. The distribution of scores for each histological feature
in multiple cohorts and medication use, including antihypertensive, antidiabetic,
Cross-sectional studies and lipid-lowering drugs, are presented in Table S2. Serum
Another biopsy-proven NAFLD cohort (main cohort, n = 489 sCDCP1 levels ranged from 15.63 to 935.24 pg/mL in these
including 191 patients with NASH) and an external validation patients.

cohort (n = 135 including 43 patients with NASH) were used for In the main cohort, consistent with the findings from Olink
biomarker validation. As shown in Table 1, both the main and  proteomics analysis, serum sCDCP1 in patients with NASH
external validation cohorts shared similar demographic, meta-  (223.01 [125.47, 352.59] pg/mL) was markedly higher than in
bolic, and biochemical characteristics and histologic features individuals with NL (52.31 [25.81, 74.56] pg/mL) and NAFL
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Table 1. Demographic and clinical characteristics of main and external validation cohorts for ELISA analysis of sCDCP1

Main cohort (n = 489)

External validation cohort (n = 135)

Characteristic Total (n = 489) Training set (n = 326) Test set (n = 163)

Male, n (%) 211 (43.1) 137 (42.0) 74 (45.4) 56 (41.5)

Age (years) 31 (25, 36) 31 (25, 37) 31 (25, 35.5) 31 (27, 36)
Disease stage, n (%)

NL 75 (15.3) 56 (17.2) 19 (11.7) 30 (22.2)

NAFL 223 (45.6) 145 (44.5) 78 (47.9) 62 (45.9)

NASH 191 (39.1) 125 (38.3) 66 (40.5) 43 (31.9)

NAS score, n (%)

0-3 308 (63.0) 210 (64.4) 98 (60.1) 99 (73.3)

4-8 181 (37.0) 116 (35.6) 65 (39.9) 36 (26.7)
Fibrosis, n (%)

0-1 377 (77.1) 255 (78.2) 122 (74.8) 108 (82.2)

2-4 112 (22.9) 71(21.8) 41 (25.2) 27 (17.8)
Diabetes, n (%) 229 (46.8) 139 (42.6) 90 (55.2) 44 (32.6)

BMI (kg/m?) 38.2 (33.8, 43.6) 38.4 (34.3, 43.8) 37.9 (33.4, 42.3) 37.9 (33.4, 42.6)
ALT (U/L) 41.0 (25.0, 74.0) 40.0 (25.0, 68.8) 44.0 (25.0, 84.0) 40.0 (25.5, 63.0)
AST (U/L) 25.0(18.0, 40.0) 24.0 (18.0, 37.0) 25.0 (18.0, 42.5) 25.0(18.0, 38.1)
v-GT (U/L) 34.0 (23.0, 61.0) 32.5(23.0, 57.8) 38.0 (24.0, 69.0) 33.0 (22.0, 53.0)
TG (mmol/L) 1.61(1.17,2.21) 1.61 (1.13, 2.16) 1.65 (1.24, 2.36) 1.84 (1.36, 2.79)
HDL-C (mmol/L) 1.10 (0.92, 1.99) 1.11 (0.91, 2.08) 1.07 (0.98, 1.61) 1.08 (0.97, 1.17)
LDL-C (mmol/L) 2.57 (1.36, 3.19) 2.54 (1.35, 3.24) 2.63 (1.735, 3.095) 2.95 (2.31, 3.09)

Insulin (mIU/L)
HbA1c (%)

Fasting glucose (mmol/L)

HOMA-IR

19.11 (12.72, 26.69)

5.8 (5.4, 6.6)
5.58 (5.01, 7.01)
5.15 (3.21, 7.42)

19.02 (12.46, 25.49)

5.7 (5.4, 6.5)
5.49 (5.01, 6.48)
4.87 (3.06, 6.88)

19.60 (14.395, 28.44)

6.0 (5.5, 6.8)
5.85 (5.05, 7.68)
5.50 (3.74, 8.37)

16.22 (10.83, 27.40)

5.7 (5.3, 6.6)
5.49 (4.94, 7.06)
5.33 (2.34, 6.98)

Ferritin (ng/mL)
Platelet (*10%/L)

116.48 (48.56, 207.93)

109.64 (45.92, 190.11)
267.91 (228.47,310.17)  268.70 (230.02, 307.71)  267.80 (227.01, 313.94)  277.02 (240.51, 311.52)

122.30 (52.06, 259.12) 85.99 (28.64, 198.42)

Data are presented as n (%) or median (interquartile range; non-normally distributed variables). See also Table S2. NL, normal liver; NAFL, non-alco-
holic fatty liver; NASH, non-alcoholic steatohepatitis. BMI, body mass index; ALT, alanine aminotransferase; AST, aspartate aminotransferase; y-GT,
v-glutamyl transferase; TG, total triglyceride; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; HOMA-IR,

homeostatic model assessment for insulin resistance.

(72.84 [48.54, 102.60] pg/mL) (p < 0.0001, Kruskal-Wallis H test,
and p for trend < 0.001), and this significance remained robust
even after adjustment for age, gender, BMI, and HOMA-IR (ad;.
p for trend < 0.001; Figure 2A). The risk of NASH exhibited a suc-
cessive increase with the elevation in serum sCDCP1 levels, re-
flected by a higher OR (T3: OR = 5.00, 95% CI 3.39-7.36 after
adjustment for age, gender, BMI, ALT, AST, and HOMA-IR;
p < 0.001; Figure 2B). The levels of sSCDCP1 were comparable
between patients taking various medications and those not tak-
ing medication, and sCDCP1 remained a robust indicator for
NASH after adjusting for medications in the multivariate logistic
regression (adj. OR = 7.84, 95% CI 5.49-11.20; p < 0.001), sug-
gesting that medication use did not affect the association be-
tween sCDCP1 levels and NASH (Figure S2). Furthermore,
serum sCDCP1 levels correlated closely with the score of each
individual histological feature of NASH as well as fibrosis (Fig-
ure 2C). When patients were stratified according to fibrosis
stage—no/mild fibrosis (F 0-1, n = 377), significant fibrosis
(F 2-4, n = 112), and advanced fibrosis (F 3-4, n = 35)—sCDCP1
was significantly elevated across fibrosis stages (F 0-1, 79.65
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[61.79, 144.46] pg/mL vs. F 2-4, 250.82 [116.36, 424.25]
pg/mL vs. F 3-4, 311.46 [181.15, 409.28], p = 0.001, Kruskal-
Wallis H test; adj. p for trend = 0.008 after adjustment for age,
gender, BMI, and HOMA-IR), indicating that sCDCP1 may also
serve as a potential biomarker of fibrosis (Figure 2D).

Similarly, sCDCP1 levels were elevated progressively across
the disease spectrum in the external validation cohort
(NL and NAFL vs. NASH, 59.12 [42.64, 77.74] and 77.19
[50.45, 115.61] vs. 186.55 [110.84, 347.34] pg/mL, respectively;
p < 0.001, Kruskal-Wallis H test, and p for trend < 0.001 before
and < 0.002 after adjustment for age, gender, BMI, and
HOMA-IR; Figure 2E). Patients in the highest sSCDCP1 tertile dis-
playing a 2.08-fold (95% CI 1.27-2.35, p < 0.001) increased risk
of NASH after multivariable adjustment (Figure 2F). Significant
positive correlations were observed between sCDCP1 and
each histological feature (Figure 2G). Additionally, higher
sCDCP1 levels were also observed in patients with NASH with
advanced fibrosis (F 3-4, n = 13) or significant fibrosis (n = 27)
compared with those with no/mild fibrosis (n = 108) (F 0-1:
75.52 [47.36, 112.53] pg/mL vs. F 2-4: 212.12 [144.77, 356.89]
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Figure 2. Validation of circulating sCDCP1 as a robust biomarker for NASH by quantitative ELISA in multiple cohorts

Data were collected from the main cohort (n = 489) (A-D) and external validation cohort (n = 135) (E-H).

(A and E) Boxplot showing the distribution of serum sCDCP1 levels in patients with biopsy-proven NL, NAFL, or NASH (75/223/191 in main cohort, 30/62/43 in
external validation cohort). Adj. p for trend was calculated after adjustment of age, gender, BMI, and HOMA-IR. ***p < 0.001, **p < 0.01, *p < 0.05, ns, p > 0.05
(Dunn’s test).

(B and F) OR for NASH with models being controlled for established risk factors in a stepwise manner. T1 (reference), the first tertile of sSCDCP1; T2, the second
tertile of SCDCP1; T3, the third tertile of sSCDCP1; T1/T2/T3, 15.63-69.08/69.08-170.01/170.01-935.24 pg/mL in the main cohort and 15.63-57.78/57.78-125.98/
125.98-690.56 pg/mL in the external validation cohort. Model 1, non-adjusted; model 2, adjusted for gender, age, and BMI; model 3, adjusted for gender, age,
BMI, ALT, AST, and HOMA-IR.

(C and G) Heatmap based on serum sCDCP1 level and the distribution of histopathological features. The p values of logistic regression between sCDCP1 and
features were shown. ***p < 0.001, **p < 0.01, *p < 0.05.

(D and H) Serum sCDCP1 in patients with NASH stratified by fibrosis stage (F 0-1, F 2-4, and F 3-4; 377/112/35 in the main cohort, 108/27/13 in the external
validation cohort). Data are presented as Tukey boxplots. ***p < 0.001 (Dunn’s test).

vs. F 3-4: 224,12 [224.12, 448.23] pg/mL, p < 0.001, Kruskal-  changes in BMI after surgery (p = 0.006). Interestingly, changes
Wallis H test; adj. p for trend = 0.009 after adjustment for age, in serum sCDCP1 closely paralleled reductions in CK18 levels

gender, BMI, and HOMA-IR; Figure 2H). (Spearman’s p < 0.001, R = 0.56) and liver injury markers ALT
Longitudinal measurements of sCDCP1 levels before (Spearman’s p < 0.001, R = 0.67) and AST (Spearman’s
and after bariatric surgery p < 0.001, R = 0.61), further suggesting that sCDCP1 is a robust

In addition to cross-sectional studies, we compared the sCDCP1  marker closely related to NASH remission (Figure 3B).

levels before and after bariatric surgery in 151 obese patients

(including 75 patients with NASH) who were prospectively sCDCP1 and sCDCP1-based algorithms for

followed up with for 5-15 months (median: 12 months). identification and risk stratification of NASH

As expected, the BMIs of the patients decreased (average: sCDCP1 as a single biomarker

8.9 kg/m?, accompanied by significant improvements in To assess the diagnostic potential of SCDCP1 for NASH, the
glucose and lipid profiles and reduction in insulin, HOMA-IR, liver ~ main cohort was randomly divided into a training set (n = 326,
enzymes, and CK18 after the operation (Table S3). Compared including 125 patients with NASH) and a test set (n = 163,
with the baseline level, the overall sCDCP1 levels decreased including 66 patients with NASH) (Table 1), which resulted in
from 170.01 (82.69, 354.54) to 91.50 (28.31, 188.21) pg/mL  AUROC values of 0.874 (95% CI 0.835-0.913) and 0.848 (95%
with AsCDCP1 of —97.73 (95% CI —118.28, —80.40) pg/mL  CI 0.788-0.908), respectively. In the external validation cohort,
(p < 0.001). Notably, the magnitude of decrease in sCDCP1  the AUROC was 0.816 (95% CI 0.731-0.901). When combining
levels in patients with NASH was much greater than in thetestsetand external validation cohort into a pooled validation
those without NASH (AsCDCP1, —161.19 [95% CI —187.23, cohort, sCDCP1 showed an AUROC of 0.838 (95% CI 0.789-
—135.45] in NASH vs. —40.50 [95% CIl —54.75, —25.60] pg/mL  0.887), which outperformed several existing tests for NASH,
in non-NASH; p = 0.002; Figure 3A), which remained significant  including CK18 (0.779, 95% CI 0.724-0.833), the Nice model'?
after adjustment for age, gender, HbA1c, type of surgery, and (0.783, 95% CIl 0.728-0.837), and the NASH clinical scoring
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Figure 3. The decline in serum sCDCP1 was closely associated with decreases in CK18 and liver enzymes after bariatric surgery

(A) Line plot showing paired sCDCP1 serum levels at baseline and follow-up after the surgical intervention in patients with (n = 75) and without (n = 76) NASH.
(B) Correlations heatmap. Delta values (A) = post-operation values — pre-operation values. Spearman’s R and p values are shown within each rectangle, with
color intensity indicating the strength of association. ***p < 0.001, **p < 0.01, *p < 0.05

system (NCSS)'® (0.643, 95% Cl| 0.580-0.706). When the
Youden criterium was adopted, sCDCP1 exhibited the highest
sensitivity, specificity, negative predictive value (NPV), and pos-
itive predictive value (PPV) compared with the above tests
(Table S4). Moreover, sCDCP1 was the best-fitting model, as it
resulted in the lowest Akaike information criterion (AIC) score
(Table S4).

Using the dual threshold approach, the cutoff of sCDCP1 for
NASH rule out was <76.0 pg/mL with a sensitivity of 90.4%, a
specificity of 62.2%, and an NPV of 91.2%, while the cutoff for
NASH rule in was >153.3 pg/mL with a sensitivity of 64.8%, a
specificity of 90.1%, and a PPV of 80.2% in the training set.
When applying these two cutoffs to the test set and the external
validation cohort, similar NPVs and PPVs were observed
(Table S5). Approximately 70% of patients were classified, with
“gray areas” of 34.4%, 25.8%, 41.5%, and 34.2% in the training
set, test set, external validation cohort, and pooled validation
cohort, respectively.
sCDCP1-based algorithm for identification of NASH
To further improve the efficiency in diagnosing NASH, two
models were constructed and compared (Table S6). The
C-DAG model, combining sCDCP1 and 3 clinical variables (dia-
betes [yes = 1 and no = 0], AST, and gender [female = 0 and
male = 1]), was finally selected to predict the outcome of interest.
The C-DAG score is defined as

Our analysis showed that the C-DAG score was sensitive to
each individual histological feature and was not impacted by
medication use (adj. OR = 549.14, 95% CI 188.08-1,603.38;
p < 0.001) (Figure S8). Furthermore, the C-DAG score also
demonstrated a significant decrease after bariatric surgery
(0.477 [0.181, 0.871] pre-surgery vs. 0.244 [0.136, 0.494] post-
surgery, p < 0.001). Compared with sCDCP1 as a single marker,
the diagnostic accuracy of the C-DAG model for NASH further
improved the AUROCs to 0.911 (95% CI 0.881-0.941), 0.891
(95% CI 0.844-0.939), and 0.895 (95% CIl 0.844-0.946) in the
training set, test set, and external validation cohort, respectively
(Table 2). In the pooled validation cohort, the C-DAG model
showed an AUROC of 0.893 (95% CI 0.859-0.927), significantly
outperforming sCDCP1 alone (0.838, 95% CIl 0.789-0.887,
p = 0.004), CK18 (0.779, 95% CI 0.724-0.833, p < 0.001), the
Nice model (0.783, 95% Cl 0.728-0.837, p < 0.001), and the
NCSS (0.643, 95% Cl 0.580-0.706, p < 0.001) (Figure 4A).
Moreover, C-DAG had the lowest AIC, indicating the best fit,
and decision curve analyses showed that C-DAG had the high-
est clinical net benefit, further supporting that this algorithm will
lead to the best clinical results (Figure S4A). Notably, the results
of sensitivity analyses showed that the AUROCs of C-DAG
remained stable (>0.80) regardless of gender, age, BMI, and
presence/absence of diabetes, hypertension, or MetS in both
the training set and the pooled validation cohort and were

@~ 3495+0.007+ SCDCP1(pg/mL)+0.916  diabetes+0.028 + AST (U/L)+1.119 « gender

C — DAG =

{+e- 3.495+0.007+ SCDCP1(pg/mL)+0.916 » diabetes+0.028 « AST (U/L)+1.119 « gender *
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Table 2. Diagnostic performance of C-DAG algorithm for identifying patients with NASH

External validation cohort Pooled validation cohort

Training set (n = 326) Test set (n = 163) (n=135) (n =298)
Number of patients with NASH 125 66 43 109
AUROC (95% Cl) 0.911 (0.881-0.941) 0.891 (0.844-0.939) 0.895 (0.844-0.946) 0.893 (0.859-0.927)
Delong’s test p (vs. sCDCP1) <0.001 0.071 0.017 0.004
Rule-out cutoff <0.235 <0.235 <0.235 <0.235
n (%) 166 (50.9) 69 (42.3) 77 (57.0) 145 (48.7)
Sensitivity, % 90.3 93.9 86.0 90.8
Specificity, % 76.1 66.0 77.2 71.4
NPV, % 92.7 94.1 92.2 93.1
Rule-in cutoff >0.393 >0.393 >0.393 >0.393
n (%) 111 (34.0) 73 (44.9) 42 (31.1) 115 (38.6)
Sensitivity, % 72.8 77.3 65.1 72.5
Specificity, % 90.0 78.4 85.9 81.5
PPV, % 82.0 70.8 68.3 69.3
Gray zone n (%) 49 (15.0) 21 (12.9) 16 (11.9) 38 (12.8)

The pooled validation cohort combines the test sets of the main cohort and the external validation cohort. NASH, non-alcoholic steatohepatitis; PPV,

positive predictive value; NPV, negative predictive value.

significantly superior to the performance of sCDCP1 alone and
CK18 (Figure S5).

In the pooled validation cohort, a cutoff of 0.235 gave a sensi-
tivity of 90.8%, a specificity of 71.4%, and an NPV of 93.1% for
ruling out NASH. Conversely, a cutoff of 0.393 gave a specificity
of 81.5%, a sensitivity of 72.5%, and a PPV of 69.3% for ruling
in NASH.

The “gray zones” were 15.0%, 12.9%, 11.9%, and 12.8% in
the training set, test set, external validation cohort, and pooled
validation cohort, respectively, indicating that the C-DAG algo-
rithm yielded actionable clinical results in approximately 90%
of patients (Table 2).

C-DAG algorithm for risk stratification of fibrotic NASH

Patients with fibrotic NASH are at higher risk of disease progres-
sion and are candidates for clinical trials and emerging pharma-
cotherapies.'* Therefore, we subsequently evaluated the effi-
ciency of C-DAG for identification of fibrotic NASH from all
obese individuals (n = 54 in training set and 49 in pooled valida-
tion cohort). The AUROCs were 0.913 (95% CI 0.874-0.952) in
the training set, 0.900 (95% CI 0.843-0.957) in the test set, and
0.934 (95% CI 0.885-0.982) in the external validation cohort.
In the pooled validation cohort, the AUROC obtained from
the C-DAG algorithm was 0.908 (95% CI 0.869-0.948), which
was significantly higher than the AUROCs obtained with the
other indices'®: AUROC CK18 = 0.811 (95% Cl 0.742-0.880;
p = 0.017), AST-to-platelet ratio index (APRI) = 0.815 (95%
0.753-0.878; p = 0.002), fibrosis-4 index (FIB-4) = 0.652 (95%
Cl 0.564-0.741; p < 0.001), and NAFLD fibrosis score (NFS) =
0.588 (95% CI 0.489-0.677; p < 0.001) (Figure 4B). Decision
curves also indicated that C-DAG had the highest clinical net
benefit compared with the other tests (Figure S4B). The cutoff
for rule out of at-risk NASH was 0.342 and for rule in was 0.632
in the training set, with the full diagnostic performance detailed
in Table 3. In the training set, the NPV and the PPV were
92.8% and 60.3%, respectively, and 56 (17.2%) patients were

in the gray zone. When these cutoffs were applied to the pooled
validation cohort, the PPV and the NPV were 56.5% and 91.6%,
respectively, with 56 (18.8%) patients in the gray zone. Table S7
compares the diagnostic performance of our C-DAG score with
APRI, FIB-4, and NFS using dual cutoffs. In the pooled validation
cohort, the C-DAG score demonstrated the highest diagnostic
efficiency with the smallest proportion of patients classified
into the gray zone (18.8%). In contrast, the percentages of pa-
tients falling into gray zones, as calculated by APRI, FIB-4, and
NFS, were 43.6%, 44.6%, and 35.2%, which were significantly
higher than that determined by C-DAG.

DISCUSSION

The lack of reliable, non-invasive tests for the early diagnosis and
risk stratification of NASH represents a major challenge for clin-
ical management. In this study, we identified serum sCDCP1 asa
top-ranked biomarker for stratifying patients with NASH from pa-
tients with NL and NAFL and observed a close association be-
tween increased CDCP1 mRNA expression in the liver and
elevated circulating sCDCP1 in patients with NASH. Further-
more, we developed a highly sensitive ELISA for quantitative
measurement of circulating sCDCP1 and validated its diagnostic
accuracy, sensitivity, and specificity for NASH in liver biopsy-
proven NAFLD cohorts recruited from four different clinical cen-
ters across different geographic regions in China.

CDCP1 is a 135-150 kDa transmembrane glycoprotein
comprising 836 amino acids also known as CD318, SIMA135,
gp140, and Trask.'®"” It has 3 extracellular domains, a trans-
membrane domain, and a cytoplasmic domain that is highly tyro-
sine phosphorylated and overexpressed in several types of can-
cers.'® sCDCP1 is a 65 kDa amino-terminal fragment cleaved
from the ectodomain at R368 or K369 of CDCP1 by proteases
such as urokinase, tissue plasminogen activator, and plasmin.'®
Proteomic cleavage of CDCP1 is obligatory for dimerization of
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Figure 4. Comparison of the performance of sCDCP1 with CK18 and other non-invasive tests in diagnosing NASH and fibrotic NASH

(A and B) ROC curve of NASH (A) and fibrotic NASH (B) diagnosis in training set, test set, external validation cohort, and pooled validation cohort. The training set
(n = 326) and the test set (n = 163) were split from the main cohort (n = 489) recruited from the First Affiliated Hospital of Jinan University in a ratio of 2:1. The
external validation cohort (n = 135) was enrolled from three independent centers. The test set and the external validation cohort were combined into the pooled

validation cohort (n = 298). NCSS, NASH clinical scoring system.

the membrane-spanning carboxyl-terminal fragment, which in
turn triggers tyrosine phosphorylation and activation of several
key oncogenic and metastatic signaling cascades.”® However,
the functional role of sSCDCP1 shed from the plasma membrane
remains largely elusive, except one report has shown that it acts
as a potential ligand for CD6 involved in development of autoim-
mune diseases.'’ Several recent omics-based studies have
identified serum sCDCP1 as a reliable biomarker for hepatic
steatosis closely associated with liver fat deposition and liver en-
zymes in patients with NAFLD.?'*® However, diagnosis of
NAFLD was made by various imaging methods in the aforemen-
tioned studies, without reference to liver histological parameters.
In the current study, we identified sCDCP1, out of 874 serum
proteins, as the most discriminatory biomarker for identification
of NASH and observed a close correlation of serum sCDCP1
with several key histological features of NASH (lobular inflamma-
tion and ballooning) and fibrosis. Furthermore, our results
demonstrated markedly increased CDCP1 gene expression in
the liver as an important source for the elevated circulating
sCDCP1 in patients with NASH.

Notably, several known inducers of CDCP1 gene expression,
such as hypoxia,”* Ras/ERK 1/2 signaling,”> ADAM9 metallo-
peptidase,®®?” and Caveolin-1,°42° have been reported to pro-
mote NASH development. The downstream signaling pathways
of CDCP1, including PKC3 and ERK1/2, have been implicated in
the onset and progression of steatohepatitis and liver fibrosis,*°
suggesting the possible involvement of CDCP1 and/or its
secreted form in the pathogenesis of NASH. In line with previous
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reports showing the positive correlation of circulating sCDCP1
with impaired insulin secretion,®' insulin resistance,*>** and
body fat and ectopic visceral fat deposition,>"?>** our study
found a close association of high serum sCDCP1 with the pres-
ence of diabetes, dyslipidaemia, and MetS, well-known meta-
bolic contributors to NASH development.

Although a number of protein biomarkers for NASH have been
reported, none of them have been implemented clinically due to
the lack of specificity, reproducibility, accuracy, and indepen-
dent validation. The M30 fragment of CK18, which is cleaved
by caspases during cell apoptosis into the bloodstream, has
been extensively validated as a NASH biomarker with reason-
able diagnostic accuracy and has been used as a surrogate
marker for NASH-related clinical trials.®> Nevertheless, it has
not been introduced into the clinic due to the lack of standard-
ized cutoffs (spanning from 111 to 670 U/L in different studies),
and its diagnostic performance for NASH varies considerably
among different cohorts, ranging from 0.66 to 0.93.%%*" In both
our training and validation cohorts, we found that sCDCP1 as a
standalone biomarker can identify patients with NASH with
excellent reproducibility and accuracy with much better diag-
nostic performance than CK18 and the CK18-based Nice model
and the NCSS, as determined by comparison of AUROCs, NPVs,
PPVs, AICs, and clinical net benefits.

To further improve the diagnostic performance of sCDCP1
for NASH, we constructed the C-DAG model integrating
sCDCP1 with three routine clinical parameters (diabetes, AST,
and gender), which are well-established risk factors for NASH
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Table 3. Diagnostic performance of C-DAG algorithm for identifying patients with fibrotic NASH

External validation cohort Pooled validation cohort

Training set (n =326)  Test set (n = 163) (n=135) (n =298)
Number of patients with fibrotic NASH 54 28 21 49
AUROC (95% Cl) 0.913 (0.874-0.952) 0.900 (0.843-0.957)  0.934 (0.885-0.982) 0.908 (0.869-0.948)
Rule-out cutoff <0.342 <0.342 <0.342 <0.342
n (%) 202 (62.0) 84 (51.5) 88 (65.2) 172 (57.7)
Sensitivity, % 90.7 96.4 95.2 95.9
Specificity, % 721 60.7 76.3 68.3
NPV, % 92.8 88.1 94.6 91.6
Rule-in cutoff >0.632 >0.632 >0.632 >0.632
n (%) 68 (20.9) 47 (28.8) 24 (17.8) 70 (23.5)
Sensitivity, % 75.9 85.7 71.4 79.6
Specificity, % 90.1 83.7 93.0 88.0
PPV, % 60.3 52.2 65.3 56.5
Gray zone n (%) 56 (17.2) 32 (19.6) 23 (17.0) 56 (18.8)

The pooled validation cohort combines the test sets of the main cohort and the external validation cohort. NASH, non-alcoholic steatohepatitis; PPV,

positive predictive value; NPV, negative predictive value.

development. In the pooled validation cohort, the C-DAG algo-
rithm further improved the diagnostic performance for NASH
identification from an AUROC of 0.838 of sCDCP1 as a stand-
alone marker to 0.893 with stable performance across all
subgroups classified by age, gender, BMI, or other metabolic
comorbidities. Furthermore, compared with sCDCP1, CK18,
APRI, FIB-4, and NFS, the sCDCP1-based C-DAG algorithm ex-
hibited the best performance in identifying fibrotic NASH,
demonstrating its clinical applicability as a non-invasive test for
screening both early and fibrotic NASH in high-risk populations
such as obese individuals. Although the ARPI test showed the
acceptable AUROC values for both the training set and the
pooled validation cohort in our study, a significantly higher pro-
portion of patients (approximately 40%) fell into the gray zone
compared to the C-DAG test (<20%). The FIB-4 and NFS scores
exhibited suboptimal performance in this study, possibly due to
the fact that age is an important factor for calculation of both
FIB-4 and NFS scores, whereas our study population consisted
primarily of young adults.

In the clinic, patients with a C-DAG score <0.235 can be effec-
tively ruled out for NASH and can avoid further invasive liver bi-
opsy examination. Those patients with a C-DAG score >0.632
(rule-in cutoff value of fibrotic NASH) should be referred to hepa-
tologists for further evaluation and timely therapeutic and lifestyle
interventions. The C-DAG score can also be used to assist the se-
lection of patients with NASH for evaluation of novel pharmaco-
therapies in clinical trials. NIS4, an algorithm recently developed
based on a four-biomarker panel blood test (miR-34a-5p, alpha-2
macroglobulin, YKL-40, and HbA1c), has also been validated in
several large-scale cohorts for non-invasive diagnosis of fibrotic
NASH in the European population.®® However, unlike our cohorts,
only fibrotic NASH was included for establishment of the NIS4 al-
gorithm, and it remains unclear whether NIS4 can detect NASH
without fibrosis. Further studies are warranted to compare the
performance of our C-DAG and NIS4 in the diagnoses of NASH
and fibrotic NASH in different populations.

Although there are currently no FDA-approved drugs available
for treatment of NASH, bariatric surgery has been shown to be
highly effective in ameliorating NASH in obese individuals.®®
Our longitudinal study observed marked decreases in circulating
sCDCP1 after bariatric surgery, independent of weight loss.
Furthermore, the magnitude of decreases in sCDCP1 is more
obvious than CK18 and is closely associated with the liver injury
markers ALT and AST even after adjustment for multiple cofac-
tors, further supporting the use of SCDCP1 as a robust biomarker
for surrogate endpoints to monitor NASH progression in clinical
trials.

This study has a number of strengths, including our multi-
center cohorts with liver-histology-confirmed NAFLD by three in-
dependent pathologists, relatively large sample sizes, unbiased
large-scale proteomics screening, biological plausibility demon-
strated by paired hepatic transcripts, and high diagnostic perfor-
mance of sCDCP1 and an sCDCP1-based algorithm for detec-
tion and risk stratification of NASH. The sCDCP1 immunoassay
and the C-DAG algorithm established in this study may represent
highly promising non-invasive tools for clinical management of
NASH in obese individuals.

In conclusion, our study demonstrated that sCDCP1 is associ-
ated with the activity of NASH and that the sCDCP1-based algo-
rithm outperformed CK18 for both early diagnosis and risk strat-
ification of NASH. These data support the use of sCDCP1 and
the C-DAG model as easy-to-implement tools to identify patients
with NASH who are eligible for inclusion in clinical trials and to
avoid unnecessary liver biopsy in low-risk individuals.

Limitations of this study

A major limitation of the study is that we were unable to examine
the direct relationship between changes in circulating sCDCP1
and regression of NASH due to the lack of liver biopsies during
prospective follow-up after bariatric surgery. Moreover, the
sCDCP1 and C-DAG model for NASH was developed and vali-
dated only in morbidly obese Chinese individuals with relatively
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young age and a high percentage of non-fibrotic NASH. Further
studies in different ethnic groups with a wide age range are war-
ranted to validate the diagnostic efficacy of sSCDCP1 and C-DAG
and to evaluate the generalizability of sCDCP1 as a NASH
biomarker in non-obese populations and cohorts with higher
proportions of fibrotic NASH.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Human CDCP1 antibody R & D Systems Cat# AF2666; RRID: AB_442166

Biological samples

Human blood serum This paper N/A

Chemicals, peptides, and recombinant proteins

Human CDCP1 protein (extracellular domain) Immunodiagnostics Cat# 41C011; RRID: N/A

Critical commercial assays

Olink CARDIOMETABOLIC(v.3602) Olink N/A

Olink CARDIOVASCULAR lI(v.5004) Olink N/A

Olink CARDIOVASCULAR lll(v.6112) Olink N/A

Olink CELL REGULATION(v.3702) Olink N/A

Olink DEVELOPMENT (v.3511) Olink N/A

Olink IMMUNE RESPONSE(v.3202) Olink N/A

Olink INFLAMMATION(v.3012) Olink N/A

Olink METABOLISM(v.3403) Olink N/A

Olink NEURO EXPLORATORY/(v.3901) Olink N/A

Olink NEUROLOGY (v.8012) Olink N/A

Olink ONCOLOGY li(v.7003) Olink N/A

Olink ORGAN DAMAGE(v.3311) Olink N/A

M30 fragment of cytokeratin 18 ELISA kit Diapharma Cat# P10011

sCDCP1 ELISA kit This paper N/A

Deposited data

RNA-Seq data This paper NCBI BioProject: PRUINA1021341
Olink data This paper Figshare: https://doi.org/10.6084/m9.figshare.23828121.v3
R code This paper Zenodo: https://zenodo.org/record/8361775
Oligonucleotides

CDCP1 primer (Forward) This paper N/A
5'-GTTCAAGCTGGAGGACAAGC-3

CDCP1 primer (Reverse) This paper N/A

5'-CATGGCTCGCTCATTACTCA-3

Software and algorithms

R Software R core Team https://www.r-project.org

SPSS IBM https://www.ibm.com/support/pages/downloading-
ibm-spss-statistics-26

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to the lead Contact, Aimin Xu (amxu@hku.hk).

Materials availability
All reagents generated in this study are available from the Lead Contact with a completed Materials Transfer Agreement.

Data and code availability

o Olink proteomics data are available at Figshare (https://doi.org/10.6084/m9.figshare.23828121.v3).
o RNA-seq raw data can be accessed under NCBI BioProject accession number PRINA1021341.
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® This study reports original code deposited at Zenodo (https://zenodo.org/record/8361775).
® Any additional information required to reanalyze the data reported in this paper is available from the Lead Contact upon
request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Discovery cohort
A total of 302 patients with obesity were screened for eligibility from the bariatric surgery clinic at the First Affiliated Hospital of Jinan
University, China, during the period January 2017 to January 2019. Detailed inclusion and exclusion criteria were as follows:

Inclusion: (1) older than 18 years; (2) alcohol consumption less than 140 g/week for males or 70 g/week for females.

Exclusion: (1) positive for HBsAg or anti-HCV Ab; (2) hepatocellular carcinoma or any other cancer; (3) other chronic liver disease
including viral hepatitis, autoimmune liver disease, drug-induced liver disease, hemochromatosis, «.1-antitrypsin deficiency and Wil-
son’s disease; (4) liver cirrhosis-related complications including ascites and portal hypertension; (5) unqualified liver biopsy that was
not adequate in length or was uninterpretable.

A total of 238 participants spanning the full spectrum of NAFLD were enrolled, referred as the discovery cohort, and subjected to
Olink proteomic screening. 98 subjects were randomly selected from this cohort according to a balanced distribution of histological
stages for further RNA sequencing analysis.

Main cohort

A prospective cohort from the First Affiliated Hospital of Jinan University was recruited From January 2019 to March 2022. A total of
621 consecutive cases were evaluated with the same inclusion and exclusion criteria as above; 489 patients with qualifying liver bi-
opsy samples were finally enrolled into the main cohort for biomarker validation and model establishment. This study was approved
by the Institutional Review Board of Jinan University (2016-017) and the University of Hong Kong/Hospital Authority Hong Kong West
Cluster (UW 20-700).

External validation cohort
A total of 135 cases for external validation were enrolled from 3 independent centers from March 2021 to January 2022 with the same
inclusion and exclusion criteria as above, including i) Department of Hepatobiliary and intestinal Hernia Surgery, Zhengzhou Second
Hospital, Zhengzhou, China (n = 43); ii) Department of General surgery, the Second Hospital of Anhui Medical University, Hefei, China
(n=56); and iii) Department of Gastrointestinal surgery, General hospital of Ningxia Medical University, YinChuan, China (n = 36). This
study was approved by the Second Hospital of Anhui Medical University (YX2021-099(F1)), Zhengzhou Second Hospital (2020-003)
and General Hospital of Ningxia Medical University (KYLL-2020-11).

All studies were in accordance with the principles of the Declaration of Helsinki. Written informed consent was obtained from all
participants.

Follow-up evaluation after bariatric surgery

A total of 151 patients recruited in the main cohort were followed up for 5-15 months (median: 12 months) after bariatric surgery.
Fasting blood specimens were collected for biochemical tests and measurements of serum protein biomarkers with ELISA as
described above.

METHOD DETAILS

Liver biopsy and histology

Liver biopsies were obtained from the middle of the right lobe during laparoscopic bariatric surgery for all participants. The biopsies
were then processed to generate Hematoxylin-eosin—-stained and Masson trichrome-stained slides. Three independent liver pathol-
ogists evaluated the slides in a blinded manner at separate pathology laboratories using the NASH Clinical Research Network (NASH
CRN) criteria® to semi-quantitatively assess the presence of steatosis, ballooning, lobular inflammation, and fibrosis. The weighted
Kendall interobserver scores were 0.914 for steatosis, 0.778 for inflammation, 0.748 for ballooning, and 0.884 for fibrosis, respec-
tively. Any discrepancies were re-evaluated centrally and discussed among the pathologists until a consensus was reached. The
definition of histologically normal liver (NL), NAFL and NASH were based on the Fatty Liver Inhibition of Progression (FLIP) algo-
rithm.“® NASH activity was graded according to the Non-alcoholic Fatty Liver Disease Activity Score (NAS).*" Fibrotic NASH was
defined as NASH with NAS score of > 4 with fibrosis stage of > 2."*

Definition of metabolic comorbidities

According to the standards of the American Diabetes Association, type 2 diabetes mellitus (T2DM) was defined as fasting glucose >
7.0 mmol/L or HbA1c > 6.5% or having T2DM history and receiving hypoglycaemic treatment.“” Hypertension was defined as sys-
tolic blood pressure (SBP) > 130 mmHg or diastolic blood pressure (DBP) > 80 mmHg or with self-reported hypertension or current
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use of antihypertensive drugs.*® Dyslipidaemia was defined as the presence of hyper-non-HDL-C (non-HDL-C > 4.14 mmol/L) or
hypertriglyceridemia (triglyceride > 1.7 mmol/L).** The diagnosis of metabolic syndrome (MetS) was defined as meeting 3 or
more of the following criteria: (1) waist circumference > 90 cm for male or > 80 cm for female; (2) triglyceride > 1.7 mmol/L; (3)
HDL-C < 1.03 mmol/L for men or < 1.3 mmol/L for women; (4) SBP > 130 mmHg or DBP > 85 mmHg; and (5) fasting glucose >
5.6 mmol/L.*

Quantification of biomarkers related to NASH

Serum samples were collected in overnight fasting patients and stored at —80°C for biochemical tests, Olink proteomics analysis
(Uppsala, Sweden) and ELISA tests. The Olink assay, as described previously,’® was performed on 12 panels listed in the key
resource table, encompassing a total of 1104 proteins. The median intra-assay coefficient of variability (CV) was 10%, as assessed
by multiple replicates of a pooled sample included in the experiment. Values were presented as normalized protein expression (NPX)
units on alog2 scale. Proteins not detected in >25% of the total sample were excluded from the analysis. For those proteins included
in the analysis, values below the lower limit of detection (LOD) of the assay were replaced by the LOD. For biomarker validation, we
developed a highly specific and sensitive ELISA for quantification of circulating sCDCP1 in humans.The M30 fragment of cytokeratin
18 (CK18) was analyzed using an ELISA kit according to the manufacturer’s instructions (Cat. No P10011, Diapharma). Total liver RNA
was extracted from frozen liver tissues in TRIzol reagent (Invitrogen) using the Allprep DNA/RNA Micro Kit (Qiagen) and processed for
RNA-Seq on the lllumina NovaSeq 6000 System or real-time PCR analysis to quantify the relative abundance of CDCP1, as described
previously.*” The PCR primers for human CDCP1 were 5'-GTTCAAGCTGGAGGACAAGC-3’ (forward) and 5-CATGGCTCGCTCAT
TACTCA-3’ (reverse).

Development of ELISA for quantitative measurements of sCDCP1

Recombinant soluble amino-terminal fragment corresponding to 30-367 amino acid residues of human CDCP1 (Immunodiagnostics,
Hong Kong, Cat. No 41C011) were used as antigens for production of antibodies in New Zealand Rabbits and as ligand for affinity
purification of anti-human sCDCP1 IgG. The affinity-purified IgG and biotin-labelled antibody (R & D system, Cat. No AF2666) were
used for establishment of enzyme-linked immunosorbent assay (ELISA) kits as we described previously*® (Antibody and Immuno-
assay Services, University of Hong Kong). 100 uL of diluted human serum samples (1:4), calibrators, and quality control samples
were applied to 96-well microtiter plates pre-coated with an affinity-purified rabbit anti-human sCDCP1 antibody. A calibration curve
was constructed by plotting the absorbance values at 450 nm vs. the human sCDCP1 concentrations of the calibrators, and concen-
trations of unknown samples were obtained using this calibration curve. The intra- and inter-assay variations of the ELISA kits were
evaluated by measuring 3 different samples in 10 replicates in a single assay, or in duplicate in 5 consecutive assays, respectively.
The assay range of human sCDCP1 ELISA kit were 15.6-2000 pg/mL, and the lowest levels of human sCDCP1 that can be measured
by the assays were 7.8 pg/mL. The intra- and inter-assay coefficient of variation for human sCDCP1 ELISA kit was 2.8-3.9% and 3.7—
4.8%, respectively. The spiking recovery rate and linearity rate for human sCDCP1 ELISA kit was 96.4-104.6% and 94.3-114.5%
respectively.

QUANTIFICATION AND STATISTICAL ANALYSIS

The Shapiro-Wilk normality test was used to check the data distribution. Continuous variables are presented as mean + standard
error or as median (inter-quartile range) if skewed. Categorical data are shown as counts and valid percentages. Continuous variables
were compared by Student’s t test, Mann-Whitney U-test, one-way ANOVA with post hoc Tukey HSD or Kruskal-Wallis H test fol-
lowed by Dunn’s test, as appropriate. Categorical variables were compared by the 2 test or Fisher’s exact test. Analysis of covari-
ance (ANCOVA) was used to evaluate the changes of continuous parameters before and after bariatric surgery.

Random forest and SVM methods were employed to assess the relative importance of each feature to classify NASH. Lo-
gistic regression was used to explore the relationship between sCDCP1 levels and the disease stage (NL, NAFL and NASH),
grade of each histological feature and the presence/absence of metabolic comorbidities. To calculate odds ratios of NASH
using logistic regression, patients were divided into tertiles based on their sCDCP1 levels, with the lowest tertile serving as
the reference group.

The main cohort was randomly split into a training set and a test set in a 2:1 ratio with a balanced prevalence of NASH.
Receiver operating characteristic (ROC) curve analysis was performed, and the area under the receiver operating
characteristic curve (AUROC) and its 95% CI from 1000 times bootstrap were used to evaluate the predictive power. For diag-
nostic scoring model construction of NASH, in addition to sCDCP1, 125 clinical features were assessed, and 104 parameters
with less than 25% missing values were included in this study (Table S8). Further missing data imputation was conducted with
missForest package in R (version 4.0.4). The top 10 features with highest mean decrease in accuracy in random forest
were included in univariate logistic regression statistics. The variables with p < 0.01 in univariate analysis were then input
to multivariate logistic regression analysis. Two scoring algorithms were constructed by using the classic forward or backward
stepwise approach, and the model with a lower AIC*® was selected as the best-fitting model. Multicollinearity was considered
to be absent when the variance inflation factor (VIF) score was less than 5. AUROCs were compared using DeLong’s test. One
optimal cut-off value was selected according to maximized Youden index. Two cut-offs were determined corresponding to
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90% sensitivity (rule-out cut-off) and 90% specificity (rule-in cut-off). Values between these 2 cut-offs are referred to as
indeterminate or ‘“gray” zone. The positive predictive value (PPV), negative predictive value (NPV) were calculated at
different cut-offs of predicted probabilities. AIC and the decision curve analysis (DCA) were used to evaluate the model per-
formance.”® Statistical analyses were performed using SPSS version 26.0 (IBM, Armonk, NY, USA) and R software
(version 4.0.4).
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