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Abstract

Background: Despite the rising prevalence of liver cirrhosis and HCC

worldwide, reliable prognostic blood biomarkers are lacking. Melanoma cell

adhesion molecule (MCAM) is a cell adhesion protein, and its cleavage by

metalloproteinases, known to be enriched in fibrotic and malignant diseases,

results in the release of a soluble form into the blood. The aim of this study

was to characterize MCAM expression in patients with chronic liver disease

and to evaluate soluble MCAM (sMCAM) as a prognostic blood biomarker in

patients with liver cirrhosis and HCC.

Abbreviations: AFP, alpha-fetoprotein; BCLC, Barcelona Clinical Liver Cancer; F0–F4, stages of chronic liver disease; GSEA, gene set enrichment analysis; HA,
hyaluronic acid; LI-RADS, Liver Imaging Reporting and Data System; MCAM, melanoma cell adhesion molecule; mRECIST, modified Response Evaluation Criteria in
Solid Tumors; sMCAM, soluble melanoma cell adhesion molecule blood level; UMAP, Uniform Manifold Approximation and Projection for Dimension Reduction.
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Methods: Expression of MCAM in liver tissue was assessed using tran-

scriptomic data sets as well as by immunohistochemical analyses in patients

with liver cirrhosis and HCC. Moreover, sMCAM blood levels were deter-

mined in plasma samples from healthy controls (n = 8), patients with chronic

liver disease (n = 66), liver cirrhosis (n = 236), and HCC (n = 72).

Results: Single-cell RNA sequencing and immunohistochemistry indicated

MCAM to be highly expressed by liver endothelial cells and fibroblasts. Expres-

sion was upregulated in liver tissue of patients with liver fibrosis and especially

HCC independent of the underlying etiology (p < 0.05, respectively). Blood levels

of sMCAM increased with fibrosis stage and peaked in patients with concomitant

HCC, showing a comparable diagnostic performance as the fibrosis markers

hyaluronic acid (HA) and TIMP1 for diagnosis of liver cirrhosis (AUROCsMCAM =

0.84, AUROCHA = 0.89, AUROCTIMP1 = 0.87) and as alpha-fetoprotein (AFP)

for diagnosis of HCC (AUROCsMCAM = 0.72, AUROCAFP = 0.72). Finally, high

sMCAM levels predicted worse survival in HCC (p < 0.001).

Conclusions: Collectively, our study suggests sMCAMas a blood biomarker of a

liver microenvironment that drives the progression of liver disease in patients with

liver cirrhosis and HCC.

Keywords: CD146, liver cancer, prediction, hepatocellular carcinoma, tumor
microenvironment

INTRODUCTION

Liver cirrhosis is a major public health burden with high
morbidity and mortality worldwide.[1] Patients with liver
cirrhosis are at high risk of developing HCC, which
represents one of the leading causes of death in these
patients.[2] Considering the rising numbers of patients
with liver cirrhosis and HCC worldwide, stable and easily
accessible biomarkers to diagnose and predict patients’
prognosis are urgently needed. Transient elastography
represents the current clinical gold standard for non-
invasive assessment of liver fibrosis; however, several
blood markers of liver fibrosis, such as hyaluronic acid
(HA) and TIMP1, have found their way into clinical
diagnostics.[3,4] In patients with liver cirrhosis, the
occurrence and number of previous decompensation
events are the strongest prognostic factors.[1] In addition,
clinical composite scores, such as the MELD score and
transient elastography, have been shown to moderately
correlate with survival in patients with compensated
cirrhosis.[5,6] In patients with HCC, tumor characteristics
such as tumor size and parameters of liver function are
the most important determinants of prognosis.[5] More-
over, a high alpha-fetoprotein (AFP) level has been
identified as an indicator of poor prognosis.[6] However, a
high proportion (57.92%) of HCCs are AFP-low or
-negative,[7] and blood biomarkers with better prognostic
and predictive discrimination in these patients are yet

unavailable. Furthermore, despite its close pathophysio-
logical association, common blood biomarkers that
combine risk prediction in patients with both liver cirrhosis
and those with concomitant HCC are absent.

Melanoma cell adhesion molecule (MCAM) is a cell
surface adhesion molecule functionally involved in cell-cell
cohesion and cell differentiation.[8] MCAM has been
reported to be overexpressed and associated with
migration and invasion in numerous solid cancers,
including HCC.[9,10] Interestingly, MCAM cleavage by
metalloproteinases, known to be enriched in fibrotic and
malignant diseases of the liver, including liver fibrosis and
HCC, results in the release of a soluble form of MCAM
(sMCAM) that can be detected in patients’ blood.[10,11] The
aim of this study was to thoroughly characterize MCAM
overexpressing cirrhotic and tumorous liver tissue and to
evaluate sMCAM as a blood biomarker in patients with
chronic liver disease, liver cirrhosis, and patients with HCC.

METHODS

Clinical cohorts retrieved from database
repositories

Microarray data sets of clinical cohorts with and without
chronic liver disease (GSE33814,[12] n = 25 patients;
GSE63067,[13] n = 16 patients; GSE103580,[14]
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n = 73 patients; GSE84044,[15] n = 124 patients;
GSE49541,[16] n = 72 patients; GSE76427,[17] n = 167
patients; and GSE112790,[18] n = 198 patients) were
retrieved from Gene Expression Omnibus (Geo
database[19]) and used for unbiased gene expression
studies. Single-cell RNA sequencing data sets
GSE124395[20] and GSE151530[21] were retrieved from
the Geo database and analyzed.

Ethics

All patients provided written informed consent before
inclusion. The study was conducted according to
federal guidelines and local ethics committee regula-
tions (Albert-Ludwigs-Universität, Freiburg, Germany;
vote: EK 474/14 and 20-1066) and in accordance with
both the Declarations of Helsinki and Istanbul. Analysis
of blood and tissue samples was performed in a
retrospective manner.

Human subjects recruited in this study

HCC tumor tissue and adjacent nontumor liver tissue
samples were recruited through the Department of
Pathology, University Medical Center Freiburg, and
used for immunohistochemical imaging studies (n = 9
patients, clinical characteristics shown in Supplemental
Table S1, http://links.lww.com/HC9/B47). To investigate
the potential of sMCAM as a noninvasive biomarker,
sMCAM blood levels were determined in 2 independent
cohorts of patients with liver disease and healthy
controls. Plasma samples were collected between
2004 and 2024 as part of routine blood samplings and
prospectively enrolled in a blood biobank with immedi-
ate storage at −20°C. All samples of this biobank were
then retrospectively screened for eligibility to this study.
Cohort 1 included samples from 8 healthy controls and
66 patients with chronic liver disease and available
transient elastography data at the time of blood
sampling (Supplemental Table S2, http://links.lww.
com/HC9/B47). Cohort 2 included 236 patients with
liver cirrhosis and 72 patients with HCC with available
clinical follow-up data (Supplemental Table S3, http://
links.lww.com/HC9/B47). Given the potential impact of
invasive diagnostic or therapeutic procedures on
sMCAM bioavailability, patients with TIPS implantation,
transarterial chemoembolization, selective internal
radiotherapy, liver biopsies, or liver operations at the
time of blood withdrawal were excluded. Diagnosis of
liver cirrhosis was based on histology or a combination
of medical history, characteristic laboratory changes,
and diagnostic criteria in ultrasound examination or
radiological imaging. The diagnosis of HCC was based
on radiological imaging, and the diagnostic criteria were
met for category 5 of Liver Imaging Reporting and Data

System (LI-RADS based on multiphasic CT or MRI[22]).
The stage of liver fibrosis was determined according to
liver stiffness measurement by transient elastography
and etiology-specific cutoff values.[23] To evaluate the
diagnostic value in terms of longitudinal disease
monitoring in individual patients (subcohort for longi-
tudinal analyses, Supplemental Table S4, http://links.
lww.com/HC9/B47), sMCAM blood levels were further
determined at different time points of disease course. In
this context, sMCAM levels were measured just before
and after curative resection, as well as before receiving
systemic therapy with atezolizumab/bevacizumab.
Tumor response was assessed by CT or MRI and
classified as complete response, partial response,
stable disease, or progressive disease using modified
Response Evaluation Criteria in Solid Tumors
(mRECIST).[24] In all patients, routine clinical diagnostic
parameters taken every 6–12 months were assessed
retrospectively. The mean time of follow-up was
36.7 months (±29.1).

Immunohistochemistry

From a total number of n = 9 patients who underwent
liver resection for treatment of HCC, adjacent non-
tumorous and corresponding tumorous HCC liver tissue
was recruited and immediately fixed in formalin,
followed by embedment in paraffin. Paraffin-embedded
tissue blocks were sectioned for immunohistochemical
staining leading to n = 3–8 technical replicates per
donor. Following heat-induced antigen retrieval and
peroxidase blocking, the sections were incubated with
recombinant anti-CD146 antibody (ab75769, Abcam,
RRID: AB_2143375). Sections were washed 3 times in
sterile PBS and incubated with horseradish
peroxidase–conjugated antibody against rabbit immu-
noglobulin G (EnVision Detection System, K5007,
Dako, Agilent Technologies). After color development
using the DAB substrate kit (EnVision Detection
System, K5007, Dako, Agilent Technologies), sections
were counterstained with Mayer’s hematoxylin (Sigma
Aldrich). Representative microscopic images were
taken using Axio Observer (Zeiss Microscopy, 40×/
0.75, room temperature) and AxioCam MRC (Zeiss
Microscopy). The acquisition software used was Zen 2
lite. CD146-positive staining was quantified using
ImageJ (software version 1.53k).

ELISA

Patients’ blood samples were de-frozen and diluted at
1:300 in PBS. Human MCAM/CD146 Duoset ELISA
(DY932-05, R&D Systems), Human TIMP-1 Duoset
ELISA (DY970, R&D Systems), and Hyaluronan ELISA
Kit—Quantitine (DHYAL0, R&D Systems) were
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performed according to the manufacturer’s instructions.
Absorbance at 450 nM was read on a plate reader
(TECAN). Each sample was detected in duplicate.

Statistical analysis

Statistical analyses were performed using GraphPad
Prism 9.0 (GraphPad Software) software. Gene set
enrichment analysis (GSEA) was performed using GSEA
software v4.3.2 using the Hallmark collection of gene sets
from the Molecular Signature Database (MSigDB v.
7.4)[25] or previously described gene sets of response to
atezolizumab/bevacizumab therapy.[26] Cell type enrich-
ment analysis in liver and HCC tissue with high
(>median) or low (<median) MCAM expression was
performed using xCell, as described.[27] MCAM gene and
protein expression in patients’ tissues and sMCAM blood
levels did not show normal distribution as assessed by the
Shapiro-Wilk normality test. Therefore, nonparametric
tests were applied for comparison of median expression
and blood levels. MCAM expression in patients’ tumorous
tissues was normalized to mean expression in adjacent
liver tissue and compared using the Mann-Whitney U test
(U test). The single-cell RNA sequencing data sets were
analyzed using R (v4.3.2) and Seurat (v5.0.1). The data
sets were obtained from the GEO database and
normalized, scaled, and dimensionally reduced using the
default settings of Seurat. Subsequently, UMAP embed-
dings were calculated using the RunUMAP function, with
dimensions set to 1:30 for the GSE124395 data set and
1:10 for the GSE151530 data set. Cell annotations were
added based on information provided by the original
authors. In the case of the GSE151530 data set, manual
annotation of cell types “Hepatocytes” and “Cholangio-
cytes” was performed. This involved conducting a
differential gene expression analysis using the FindAll-
Markers function, thereby identifying distinctive marker
genes associated with the aforementioned cell types.

sMCAM blood levels in different patient cohorts were
analyzed using U test. Wilcoxon matched pairs test was
used to compare paired samples. The chi-square test
was applied for the analysis of categorical variables.
The diagnostic test performance of sMCAM blood levels
was evaluated by drawing the receiver operating
characteristic curve and determining the AUC. The
cutoff value for allocation into patients with high or low
sMCAM was determined using the Youden Index for
differentiation of patients with liver cirrhosis and HCC
and detectable sMCAM levels. Kaplan-Meier and log-
rank analysis were used to evaluate differences in
survival between subgroups of patients with sMCAM
concentrations above or below this cutoff value.
Univariable and multivariable Cox proportional hazard
regression was performed to identify independent
prognostic factors in patients with HCC. Parameters
with a p value < 0.05 in the univariable model entered

the multivariable model with no further variable selec-
tion. The results are presented as the mean ± SEM
unless stated otherwise. Differences in all statistical
analyses were considered significant when *p < 0.05.
**p < 0.01; ***p < 0.001; ****p < 0.0001. Results from
GSEA were adjusted for the false discovery rate using
the Kolmogorov-Smirnov test. A false discovery rate
<0.05 was considered as statistically significant.

RESULTS

MCAM expression is upregulated in
advanced liver fibrosis and HCC
independent of the underlying etiology

To investigate the role of MCAMas a biomarker in patients
with chronic liver disease, we first analyzed its gene
expression in the liver tissue of patients with liver disease
of different stages and patients with HCC. Assessment of
2 independent cohorts indicated MCAM gene expression
levels to be similar in patients with metabolic dysfunction–
associated steatohepatitis and healthy controls
(GSE33814[12] and GSE63067[13]; Supplemental Figures
S1A, B, http://links.lww.com/HC9/B47). However, MCAM
expression significantly increased with fibrotic disease
progression, independent of the underlying etiology of
chronic liver disease. In fact, MCAM was significantly
upregulated in patients with metabolic dysfunction–
associated steatohepatitis with advanced fibrosis (fibrosis
stage 3–4) compared to those with mild fibrosis (fibrosis
stage 0–1) (GSE49541,[16] p = 0.003, U test, Figure 1A).
In line, patients with alcoholic cirrhosis showed significant
upregulation of hepatic MCAM gene expression
compared to alcoholic steatosis (GSE103580,[14] p =
0.03, U test, Figure 1B). Further corroborating an etiology-
independent association of MCAM with fibrosis, patients
with chronic HBV infection and moderate or advanced
fibrosis (fibrosis stage 3–4) showed higher expression
compared to patients with HBV with mild or absent fibrosis
(fibrosis stage 0–2) (GSE84044,[15] p = 0.01, U test,
Figure 1C). Interestingly, MCAM was found to be highly
overexpressed in tumorous HCC tissue, as compared to
adjacent cirrhotic tissue (GSE76427,[17] p < 0.0001, U
test, Figure 1D). Collectively, these data indicate an
etiology-independent increasing expression of MCAM
along the progression of chronic liver disease to liver
cirrhosis and, finally HCC.

MCAM is most highly expressed by
endothelial cells and fibroblasts in both
liver fibrosis and HCC

Next, we aim to elucidate the cellular origin and
molecular characteristics of MCAM overexpression in
liver cirrhosis and HCC. In line with the transcriptomic
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data, immunohistochemistry of MCAM in HCC tumorous
and adjacent liver tissue validated MCAM overexpres-
sion in HCC also at the protein level (p < 0.0001, U test,
Figures 2A, B). Interestingly, immunohistochemistry
further depicted the highest MCAM expression in
stromal cells of the liver microenvironment. Indeed,
analysis of 2 independent single-cell RNA sequencing

data sets[20,21] confirmed highest expression of MCAM in
liver endothelial and stellate cells in healthy liver
(GSE151530,[21] Figure 2C, Supplemental Figure S2,
http://links.lww.com/HC9/B47) as well as in tumor-asso-
ciated endothelial cells and cancer-associated fibro-
blasts in HCC (GSE151530,[21] Figure 2D,
Supplemental Figure S3, http://links.lww.com/HC9/
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B47). In contrast, malignant tumor cells showed very low
or absent expression (GSE151530,[21] Supplemental
Figure S4, http://links.lww.com/HC9/B47).

Corroborating stromal cells as the cellular source of
increased MCAM expression in liver cirrhosis and HCC,
deconvolution of liver bulk transcriptomic data using cell
type enrichment analysis revealed significant enrichment
of the stromal microenvironment in tumor tissue with high
MCAM expression (GSE112790,[18] p < 0.0001,
Figure 2E). As shown in Figures 2F, G, particularly
endothelial cells and fibroblasts were strongly enriched in
MCAM overexpressing liver tissue (GSE112790,[18]

GSE49541,[16] p < 0.05, U test, respectively, Figures
2F, G). While the composite enrichment score for the
stromal microenvironment was highly increased in HCCs
with high MCAM expression, the tumor immune
microenvironment did not differ between tumors with
high or low expression (p = 0.11, Figure 2E). As
expected, given its endothelial cell and fibroblast-
dominated microenvironment, both liver and HCC
tumor tissues with high MCAM expression showed
enrichment of genes related to epithelial-mesenchymal
transition and angiogenesis, hallmarks of both liver

fibrogenesis and carcinogenesis (Supplemental Figures
S5A, B, http://links.lww.com/HC9/B47). Taken together,
these data suggest MCAM overexpression in liver
cirrhosis and HCC as a consequence of a stromal cell
type–enriched liver microenvironment that is associated
with liver disease progression, particularly with epithelial-
mesenchymal transition and angiogenesis.

sMCAM is a biomarker of chronic liver
disease and liver cirrhosis

Cleavage of membranous MCAM by metalloprotei-
nases has previously been described to result in the
release of a soluble form of MCAM (sMCAM) that can
be detected in patients’ blood.[11] Our transcriptomic
analysis of MCAM tissue expression indicates MCAM to
be already overexpressed in tissue with advanced
fibrosis and cirrhosis; thus, we first aimed to evaluate
the diagnostic value of sMCAM for diagnosis of liver
cirrhosis among patients with chronic liver disease
(cohort 1: n = 8 healthy controls and n = 66 patients
with chronic liver disease of various etiologies,

is shown as gene UMAP (GSE151530[21]). (E) Cell type enrichment analysis in MCAM high or low expressing HCC tumors (GSE112790[18]).
Shown are xCell scores (dots represent individual tumor samples) for Hepatocytes as “Parenchyme” and the composite scores for the stromal and
immune microenvironment (p = 0.008, p < 0.0001, and p = 0.11, U test, respectively). (F) Stromal cell type enrichment analysis in MCAM high
versus low expressing HCC tissue (GSE112790[18]). Box plots indicate xCell scores for the corresponding stromal cell types in MCAM high versus
low expressing HCCs (p < 0.0001, p = 0.008, p = 0.15, p = 0.06 U test). xCell scores for pericytes are shown as HSCs, the liver-specific pericyte
compartment. (G) Stromal cell type enrichment analysis in MCAM high or low expressing MASH tissue (GSE49541,[16] p = 0.02, p = 0.02, p =
0.16, p = 0.56, U test). xCell scores for pericytes are shown as HSCs, the liver-specific pericyte compartment. All patients of this cohort were
diagnosed with previous diagnosis criteria for NASH. *p< 0.05; **p<0.01; ***p<0.001; *****p<0.0001; Abbreviations: CAFs, cancer-associated
fibroblasts; EPCAM, epithelial cell adhesion molecule; FDR, false discovery rate; MASH, metabolic dysfunction–associated steatohepatitis;
MCAM, melanoma cell adhesion molecule; MSC, mesenchymal stem cell; NES, normalized enrichment score; NK, natural killer cell; NKT, natural
killer T cell; TAMs, tumor-associated macrophages; TECs, tumor endothelial cells; Tregs, regulatory T cell; UMAP, Uniform Manifold Approxi-
mation and Projection for Dimension Reduction.
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Supplemental Table S2, http://links.lww.com/HC9/B47).
As shown in Figure 3A, sMCAM levels were significantly
elevated in patients with chronic liver disease compared
to healthy controls (p < 0.01, U test). In addition,
sMCAM strongly increased in patients with F4 fibrosis
stage (median F4 vs. F0/1 = 199.9 vs. 99.9 ng/mL, p =
0.0007, Figure 4A). The etiology of liver disease, on the
other hand, did not affect sMCAM levels (Supplemental
Figure S6, http://links.lww.com/HC9/B47). Notably,
AUROC indicated a similar performance of sMCAM in
the diagnosis of liver cirrhosis as compared to
previously validated fibrosis markers such as TIMP1
and HA[3,4] (AUROCMCAM= 0.84 [95% CI = 0.72–0.97];
AUROCTIMP1 = 0.87 [95% CI = 0.77–1.00]; AURO-
CHA = 0.89 [95% CI = 0.76–0.99], Figures 3B, C,
Supplemental Figure S7A, http://links.lww.com/HC9/

B47). Yet, in contrast to HA and TIMP1, sMCAM levels
did not differ in patients with fibrosis stages F0/1–F3,
thus suggesting its sole applicability as a cirrhosis
biomarker.

Levels of sMCAM are increased in patients
with HCC

Given the strongest overexpression of MCAM in
cirrhotic and tumorous liver tissue (Figures 1 and 2),
we next investigated sMCAM blood levels in a second
independent cohort of patients with liver cirrhosis (n =
236) and HCC (n = 72). In all patient subgroups,
alcoholic steatohepatitis was the most common etiology
of chronic liver disease (liver cirrhosis: 44.5%, HCC:
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F IGURE 5 sMCAM blood levels correlate with noninvasive markers of liver cirrhosis and are highly prognostic in patients with HCC. (A)
sMCAM blood levels in patients with liver cirrhosis and liver stiffness by transient elastography <25 (n = 23) or ≥25 kPa (n = 19) (p = 0.001, U
test). (B) sMCAM blood levels in patients with liver cirrhosis and MELD scores ≤ 9 or 10–19 or ≥20 points (n = 109, n = 117, and n = 10,
respectively) (p = 0.001, p = 0.0005, p = 0.04, respectively, U test). (C) Kaplan-Meier survival curves for patients with HCC and high or low
sMCAM blood levels (p = 0.0007, log-rank test). Cutoff blood level of 407.9 ng/mL was determined using the ROC statistic and the Youden Index
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negative HCC and high or low sMCAM blood levels (cutoff: 407.9 ng/mL, p = 0.006, log-rank test). *p < 0.05; **p < 0.01; ***p < 0.001; ****p <
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TABLE 1 Baseline clinical characteristics of patients with liver cirrhosis and HCC with high or low sMCAM blood levels

Group

Liver cirrhosis HCC

sMCAM low sMCAM high p sMCAM low sMCAM high p

Patients included n = 221 n = 15 — n = 53 n = 19 —

Age (years) 58.1 ± 11.6 50.4 ± 12.6 p = 0.02 64.1 ± 10.3 65.7 ± 9.5 p = 0.69

Female/male 38.9%/61.1% 13.3%/86.7% p = 0.047 11.3 ± 88.7% 36.8 ± 63.2 p = 0.01

Etiology of chronic
liver disease

ASH (43.0%)
cHCV (21.7%)
Other (17.6%)
MASH (13.1%)
cHBV (4.5%)

ASH (66.7%)
cHCV (13.3%)
MASH (13.3%)
Other (6.7%)

p = 0.42 ASH (37.7%)
cHCV (20.8%)
MASH (17.0%)
cHBV (13.2%)
Other (11.3%)

ASH (36.8%)
cHCV (31.6%)
Other (15.8%)
cHBV (10.5%)
MASH (5.3%)

p = 0.67

CHILD (points) 6.7 ± 1.8 7.3 ± 2.0 p = 0.24 6.2 ± 1.5 6.9 ± 2.5 p = 0.37

MELD 11.0 ± 4.1 14.1 ± 5.4 p = 0.01 9.6 ± 3.9 10.5 ± 4.4 p = 0.56

AST (U/L) 60.1 ± 48.8 46.9 ± 25.0 p = 0.09 79.7 ± 71.6 81.4 ± 66.8 p = 0.82

ALT (U/L) 40.6 ± 35.5 76.2 ± 35.4 p = 0.014 51.9 ± 42.1 43.7 ± 32.0 p = 0.33

Bilirubin (mg/dL) 1.7 ± 1.5 3.6 ± 3.5 p = 0.0003 1.3 ± 0.6 1.8 ± 1.9 p = 0.91

INR 1.2 ± 0.2 1.3 ± 0.2 p = 0.002 1.2 ± 0.2 1.2 ± 0.17 p = 0.92

BCLC stage — — — A (39.5%)
B (23.7%)
C (28.9%)
D (7.9%)

A (37.5%)
B (37.5%)
C (25.0%)
D (0.0%)

p = 0.76

M1 — — — 14.3% 33.3% p = 0.13

AFP-positivity (%) — — — 33.3% 47.0% p = 0.32

Max. tumor size (cm) — — — 4.0 ± 3.5 5.3 ± 3.8 p = 0.15

Singular/multinodular — — — 59.1%/40.9% 57.9%/42.1% p = 0.93

Note: Cutoff for sMCAM: 407.9 ng/mL; cutoff for AFP= 20 ng/mL. Continuous variables are shown as mean ± SD. Bold p values indicate statistical significance.
Abbreviations: AFP, alpha-fetoprotein; ASH, alcoholic steatohepatitis; BCLC, Barcelona Clinical Liver Cancer; cHBV, chronic Hepatitis B virus infection; cHCV, chronic Hepatitis C virus infection; CHILD, Child-Pugh score; INR,
international normalized ratio; M1, distant metastases (TNM classification); MASH, metabolic dysfunction–associated steatohepatitis; sMCAM, melanoma cell adhesion molecule blood level.
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37.5%), followed by chronic HCV infection (21.2% and
23.6%, respectively) and metabolic dysfunction–
associated steatohepatitis (13.1% and 13.9%, respec-
tively). Patients of all Child-Pugh score clinical stages of
liver disease were included, with most patients showing
Child-Pugh class A liver cirrhosis and no signs of
decompensation (patients’ characteristics shown in
Supplemental Table S3, http://links.lww.com/HC9/
B47). Blood levels of sMCAM were more frequently
detectable and further significantly increased in patients
with HCC compared to patients with liver cirrhosis (p <
0.0001, U test, Figure 4A). The best cutoff for diagnosis
of HCC with a specificity of 93.64% was 407.9 ng/mL.
Remarkably, AUROC indicated comparable
performance of sMCAM in diagnosis of HCC among
patients with liver cirrhosis as AFP, the currently applied
standard HCC blood biomarker (AUROCsMCAM vs.
AUROCAFP: 0.72, 95% CI = 0.65–0.78 vs. 0.72, 95%
CI = 0.64–0.81, respectively, Figures 4B, C). sMCAM
levels did not differ in patients with different etiologies of
HCC (Supplemental Figure S8A, http://links.lww.com/
HC9/B47). Thus, the diagnostic performance of sMCAM
could be validated in the most common etiological
subgroups of patients with alcoholic steatohepatitis and
chronic Hepatitis C virus infection (Supplemental
Figures S8B–E, http://links.lww.com/HC9/B47).

An important limitation of AFP as the current
standard HCC blood biomarker in clinical routine is
the frequency of AFP-negative tumors. Interestingly,
blood levels of sMCAM were significantly increased in
the subgroup of AFP-negative (<20 ng/mL) HCC
compared to patients with liver cirrhosis (p < 0.0001,
U test, Figure 4D). In fact, diagnostic discrimination of
patients with liver cirrhosis and those with concomitant
HCC significantly improved by simultaneous assess-
ment of AFP and sMCAM (Figure 4E). Finally, sMCAM
blood levels not only increased along the progression of
liver cirrhosis and development of HCC but also during
tumor progression of HCC. Thus, blood levels of
sMCAM were significantly higher at the time of

radiologically confirmed tumor progress compared to
baseline or at the time of stable disease (p = 0.002,
Wilcoxon matched pairs test, Figure 4F). In patients with
curative liver resection, on the other hand, sMCAM
levels significantly decreased after surgery (p = 0.004,
Wilcoxon matched pairs test, Figure 4G).

Taken together, these data indicate sMCAM as a
supplemental diagnostic and longitudinal biomarker in
patients with HCC.

sMCAM blood levels correlate with liver
cirrhosis stage and with overall survival in
patients with HCC

Given the strong association of sMCAM blood levels
with liver disease progression, we hypothesized its
value as a prognostic biomarker. In patients with liver
cirrhosis, sMCAM blood levels correlated with liver
stiffness, measured by transient elastography. In
patients with liver stiffness ≥25 kPa and thus assum-
able portal hypertension with high risk for hepatic
decompensation,[28] sMCAM blood levels were mark-
edly increased compared to patients with lower liver
stiffness (p = 0.001, U test, Figure 5A). In line, patients
with a MELD score ≥10–19 and ≥ 20 points were
characterized by significantly higher sMCAM levels
compared to patients with MELD ≤ 9 points and less
advanced disease (p = 0.001 and p = 0.0005, U test,
respectively, Figure 5B).

To elucidate further clinical characteristics associ-
ated with high or low sMCAM levels, we used the
previously defined cutoff of 407.9 ng/mL for allocation of
patients into subgroups. As shown in Table 1, patients
with liver cirrhosis and high sMCAM levels had higher
ALT levels, worse liver synthesis parameters (bilirubin
and international normalized ratio) as well as overall
increased MELD scores (all p < 0.05, Table 1). In
patients with HCC, on the other hand, we did not find a
correlation of sMCAM levels with specific tumor

TABLE 2 Cox regression model for overall survival in patients with HCC

Group

HCC

Univariable model Multivariable model

HR 95% CI p HR 95% CI p

Age (years) 1.01 0.97–1.05 p = 0.74 — — —

Bilirubin (mg/dL) 1.99 1.34–2.88 p = 0.0003 1.50 0.99–2.19 p = 0.039

Creatinine (mg/dL) 1.90 0.96–3.15 p = 0.027 1.80 0.80–3.38 p = 0.095

High sMCAM 4.59 1.95–10.71 p = 0.0004 4.40 1.71–11.32 p = 0.002

Tumor diameter (cm) 1.07 0.92–1.22 p = 0.31 — — —

Tumor expansion (multifocal vs. solitary) 1.23 0.53–2.76 p = 0.63 — — —

AFP ≥ 400 ng/mL 2.78 0.63–8.83 p = 0.12 — — —

Note: Cutoff for sMCAM: 407.9 ng/mL. Bold p values indicate statistical significance.
Abbreviations: AFP, alpha-fetoprotein; sMCAM, melanoma cell adhesion molecule blood level.
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characteristics, such as tumor size or BCLC (Barcelona
Clinical Liver Cancer) stage. However, patients with
HCC and high sMCAM levels showed a significantly
worse median survival compared to patients with low
sMCAM levels (sMCAM high vs. low: 27 mo vs. not
reached, p = 0.0007, log-rank test, Figure 5C). In fact,
sMCAM was the strongest independent predictor of
survival among multiple clinical parameters tested,
including tumor size and AFP level (Table 2). Thus,
sMCAM blood levels >407.9 ng/mL were associated
with a 4.4 times increased risk of death within follow-up
(univariable model: HR = 4.59, p = 0.0004 [95% CI:
1.95–10.71], multivariable model: HR = 4.40, p =
0.002 [95% CI: 1.71–11.32], Table 2). The prognostic
value of sMCAM could be validated in the most
common etiologies of chronic liver disease in our HCC
cohort (alcoholic steatohepatitis, p = 0.02; HCV: p =
0.03, log-rank test, respectively, Supplemental Figures
S9A, B, http://links.lww.com/HC9/B47). Of note, these
prognostic associations were also detectable in the
subgroup of AFP-negative HCC (median survival
sMCAM high vs. low: 11 mo vs. not reached, p =
0.006, log-rank test, Figure 5D).

Supporting its role as a stable prognostic blood
biomarker, sMCAM blood levels were independent of
acute clinical states of decompensation (Supplemental
Figure S10, http://links.lww.com/HC9/B47) in patients
with liver cirrhosis.

Collectively, these data suggest sMCAM as an
independent prognostic blood biomarker in patients
with liver cirrhosis and HCC.

MCAM overexpressing tumors show
enrichment of a signature predicting
response to systemic atezolizumab/
bevacizumab therapy

High expression of MCAM in endothelial cells, as well as
enrichment of angiogenesis gene signatures in HCCs
with high MCAM expression, led us to question an
association of MCAM with response to current first-line
systemic therapy atezolizumab/bevacizumab that targets
endothelial cells and the immune microenvironment. We,
therefore, assessed a previously described gene signa-
ture predictive for treatment response to atezolizumab/
bevacizumab[26] in HCC tissues with high versus low
MCAM gene expression. Indeed, HCC tissues with high
MCAM expression showed significant enrichment of the
atezolizumab/bevacizumab response signature (normal-
ized enrichment score = 2.00, false discovery rate
<0.0001, Kolmogorov-Smirnov test, GSE112790,[18]

Supplemental Figure S11A, http://links.lww.com/HC9/
B47). In a small pilot study, we assessed sMCAM just
before receiving atezolizumab/bevacizumab for HCC
therapy. Interestingly, patients with partial response
to atezolizumab/bevacizumab tended to have higher

sMCAM levels compared to those with stable or
progressive disease (Supplemental Figure S11B, http://
links.lww.com/HC9/B47); however, the small number of
patients did not allow final conclusions. These data
suggest future studies on sMCAM as a potential
predictive marker of the HCC tumor microenvironment
mediating response to VEGF inhibitors.

DISCUSSION

The rising number of deaths worldwide due to liver
cirrhosis–related complications indicates the need for
prognostic biomarkers that identify patients requiring
close clinical monitoring.[1] In this study, we identified
sMCAM as a potential prognostic biomarker in patients
with liver cirrhosis and HCC. A comprehensive inves-
tigation of hepatic MCAM gene expression in diverse
large-scale transcriptomic data sets from patients with
liver disease revealed a previously unknown associa-
tion of MCAM with fibrogenesis. In fact, our study
reveals significant upregulation of hepatic MCAM gene
expression along fibrotic disease progression, indepen-
dent from the underlying etiology. In line with the strong
association of MCAM tissue expression with fibro-
genesis, our study indicates its soluble form sMCAM
as a noninvasive biomarker of liver cirrhosis. In fact,
sMCAM levels strongly increased in patients with F4
fibrosis/liver cirrhosis and further correlated with tran-
sient elastography and MELD score in patients with
cirrhosis. While sMCAM reached comparable diagnos-
tic performance for liver cirrhosis as TIMP1 and HA,
these validated fibrosis markers are superior in differ-
entiating lower fibrosis stages.

Overexpression of MCAM in malignant diseases has
previously been shown for diverse solid tumors.[10,29] In
line, this study revealed highly significant upregulation of
MCAM in human HCC tissue on both gene and protein
levels. While we could also confirm previous reports of
MCAM association with epithelial-mesenchymal transi-
tion in malignant HCC tissue, our study further links these
functional tumor characteristics with a specific composi-
tion of the tumor microenvironment. Thus, in line with our
analyses in fibrotic tissue, our single-cell RNA sequenc-
ing and cell type enrichment analyses indicate MCAM
overexpressing HCCs to be enriched in stromal cell
types, particularly in endothelial cells and fibroblasts,
which are further the predominant source of MCAM
overexpression. Besides MCAM tissue expression, we
also found sMCAM blood levels to be highly upregulated
in patients with HCC. Of note, sMCAM was also
upregulated in patients with AFP-negative HCC and
could, therefore, serve as a supplemental tumor bio-
marker in this subgroup of patients. The association of
sMCAM levels with tumor progression and surgical
treatment response, as well as overall survival, corrob-
orates its potential as a noninvasive biomarker for
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diseasemonitoring. Interestingly, in our cohort of patients
with HCC, the prognostic impact of sMCAM was superior
to that of AFP. This might be due to the functional
association of MCAM with both tumor and fibrosis
progression; however, future studies need to validate
this hypothesis in larger patient cohorts.

Finally, the association of MCAM with tumor endo-
thelial cell enrichment and previous reports of sMCAM
as a proangiogenic factor[30] suggest its evaluation as a
predictor of response to endothelial cell targeting
therapies[31] as bevacizumab that is currently applied
in combination with atezolizumab in first-line treatment
of advanced HCC. Indeed MCAM overexpressing
tumors showed enrichment of a well-defined tran-
scriptomic signature predictive for response to atezoli-
zumab/bevacizumab therapy.[26] The mild tendency of
higher sMCAM levels in atezolizumab/bevacizumab
responders in our pilot study does not allow conclusive
assumptions on the role of sMCAM as a predictor of
response to VEGF-targeting therapies. Since MCAM
overexpression is only associated with endothelial cell
enrichment but not with alterations of the immune
microenvironment, future studies addressing this ques-
tion might require a high number of patients but could
address the clinically relevant decision of treating
patients with atezolizumab/bevacizumab or with the
alternative first-line combination of 2 checkpoint inhib-
itors (tremelimumab/durvalumab).[32]

An important limitation of sMCAM as a blood
biomarker in liver cirrhosis and HCC is the absent
specificity of MCAM expression for the liver. Thus,
MCAM is also expressed by multiple other organs, and
sMCAM blood levels thus may be prone to potential
confounding origins of MCAM release.[33] Concomitant
malignant diseases of the skin, the lung, or the colon
that have been reported to overexpress MCAM might,
therefore, limit the sensitivity and specificity of sMCAM
as a biomarker.[33,34] Importantly, particularly in
patients with liver cirrhosis, sMCAM levels were
frequently below our detection limit. Since we could
not identify clinical characteristics associated with
undetectable sMCAM, future studies are needed to
evaluate factors affecting its bioavailability. Finally,
although the overexpression of MCAM in fibroblasts
and endothelial cells, as well as the mechanism of
sMCAM blood release by matrix metalloproteinase-
mediated cleavage, most likely determine its prognos-
tic role, the detailed pathophysiology behind these
observations needs to be elucidated in further
studies. The observation of MCAM expression with
clinical disease progression further supports the
investigation of MCAM as a therapeutic target in both
patients with liver fibrosis and cirrhosis as well
as HCC.

Taken together, our study identifies MCAM as a
marker of nonparenchymal cells associated with liver
disease progression and its soluble variant sMCAM as

a prognostic biomarker for disease monitoring in
patients with liver cirrhosis and HCC.
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