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Glutamine synthetase-negative hepatocellular carcinoma has better
prognosis and response to sorafenib treatment after hepatectomy
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Abstract \
Background: Glutamine synthetase (GS) and arginase 1 (Argl) are widely used pathological markers that discriminate
hepatocellular carcinoma (HCC) from intrahepatic cholangiocarcinoma; however, their clinical significance in HCC remains
unclear.

Methods: We retrospectively analyzed 431 HCC patients: 251 received hepatectomy alone, and the other 180 received sorafenib as
adjuvant treatment after hepatectomy. Expression of GS and Argl in tumor specimens was evaluated using immunostaining.
mRNA sequencing and immunostaining to detect progenitor markers (cytokeratin 19 [CK19] and epithelial cell adhesion molecule
[EpCAM]) and mutant TP53 were also conducted.

Results: Up to 72.4% (312/431) of HCC tumors were GS positive (GS+). Of the patients receiving hepatectomy alone, GS negative
(GS—) patients had significantly better overall survival (OS) and recurrence-free survival (RFS) than GS+ patients; negative
expression of Argl, which is exclusively expressed in GS— hepatocytes in the healthy liver, had a negative effect on prognosis. Of
the patients with a high risk of recurrence who received additional sorafenib treatment, GS— patients tended to have better RFS
than GS+ patients, regardless of the expression status of Argl. GS+ HCC tumors exhibit many features of the established
proliferation molecular stratification subtype, including poor differentiation, high alpha-fetoprotein levels, increased progenitor
tumor cells, TP53 mutation, and upregulation of multiple tumor-related signaling pathways.

Conclusions: GS— HCC patients have a better prognosis and are more likely to benefit from sorafenib treatment after hepatectomy.
Immunostaining of GS may provide a simple and applicable approach for HCC molecular stratification to predict prognosis and
guide targeted therapy.
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Introduction factor receptor (PDGFR)-B. It is the first approved
) ) systemic targeted drug for advanced HCC, and it has
Hepatocellular carcinoma (HCC) is one of the most .., reported to be able to prolong the median survival
common malignancies, and cases in China account for .o 1o almost 3 months in patients with advanced
approximately hal.f of the HCC cases Worldwide.[l’zl For HCC.H}J’ Despite its wide use in advanced HCC since 2007,
carly HCC, surgical resection is the main treatment. o major challenge regarding sorafenib treatment is the

However, because most patients present with intermediate |, of reliable biomarkers for candidate screening.!

or gdvanced .dlse.ase at the tme of 1n1t1§ll dlagnosgj Currently, partial response after sorafenib treatment is
surgical resection is only an option for <20% of cases.

. o ey . achieved in only 3.3% (vs. 1.3% in the placebo group) of
Sorafenib acts as a multikinase inhibitor targeting the patients with advanced HCC, with 54% (vs. 27.6% in the
serlng—thrﬁpnlne klngs_es Ra}f_l andl B—Rafdan}cll 'clhelreceptoli placebo group) showing stable disease..[ I Several studies
tyrosine xinase activity ot vascular endotheliat growt have investigated the effect of sorafenib treatment as an
factor receptors (VEGFRs) and platelet-derived growth adjuvant therapy after surgery in HCC patients, but the
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results are inconclusive.l””®! The only phase III trial of
sorafenib as adjuvant therapy, the STORM trial, found no
difference in recurrence-free survival (RFS) after curative
resection or ablation between sorafenib and placebo
treatment in early HCC.!) This result is, in part, because
clinically meaningful molecular classification schemes that
can predict responders/non-responders to sorafenib are
not available.°" Although expression of certain markers,
such as high extracellular signal-regulated kinase (ERK)
activity or high tumor necrosis factor-a (TNF-a) levels in
HCC tissues,"'°! has been reported to be able to predict
the sensitivity of HCC to sorafenib, such markers are not
routinely analyzed in pathological diagnosis. Hence, the
key to improving HCC patient treatment is to find novel
biomarkers for predicting those who might respond to
targeted therapy.

Multiple molecular classifications of HCC based on
various gene signatures or immunological microenviron-
ment features have been proposed to predict prognosis in
HCC patients, such as G1-G6 subtyping, S1-S3 subtyp-
ing, proliferative and non-proliferative subtyping, muta-
tional signature 1-6 subtyping, integrating data of
multiple genomes (iC1-iC3) subtyping, subtyping based
on immunological features, and immune microenviron-
ment subtyping."''"'*1 All these classifications are helpful
for predicting patient outcome to some extent. For
example, an approved molecular classification divides
HCC into two subtypes: a zproliferation subtype and a
non-proliferation subtype.'"*! Compared with the non-
proliferation subtype, the main molecular characteristics
of the proliferation subtype include chromosomal insta-
bility, a high frequency of TP53 mutation, overexpression
of cell cycle genes, and overactivation of multiple signaling
pathways, such as Wnt-B-catenin, mitogen-activated
protein kinase (MAPK), and KRAS signaling. Patients
with the proliferation subtype of HCC usually have higher
serum levels of alpha-fetoprotein (AFP) and worse clinical
outcomes. However, these classification methods lack
practicability in the clinic due to their complex parameters
and high cost. In addition, these subtyping methods have
little reference value for systematic treatment, making
them inappropriate for evaluating patient response before
targeted therapy. New molecular classifications that more
practically, simply and effectively predict patient progno-
sis and guide systematic therapy are urgently needed.

One of the vital functions of the liver is ammonia
metabolism, whereby toxic ammonia is converted to non-
toxic urea or other metabolites, a process catalyzed by
several critical enzymes, including glutamine synthetase
(GS) and arginase 1 (Argl1). GS is a cytosolic enzyme that
catalyzes adenosine triphosphate (ATP)-dependent pro-
duction of glutamine from glutamate and ammonia; Argl
catalyzes the last step of the urea cycle that generates urea.
Interestingly, in normal liver tissue, GS and Argl are
mutually and exclusively expressed in spatially distributed
hepatocytes. GS is restricted to a small subpopulation
(approximately 7%) of hepatocytes around the central
vein, ! whereas Argl is expressed in other hepatocytes.
Immunostaining of both GS and Argl is widely used in
clinical pathology to discriminate HCC from intrahepatic
cholangiocarcinoma, though the role of GS and Argl
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immunostaining in the molecular classification of HCC is
still undefined. High GS expression appears to be
associated with poor prognosis in HCC, but this
conclusion is controversial."7>°! It has been reported
that GS positive (GS+) HCC tumors have a higher
differentiation grade!”! and that patients with GS+ HCC
tumors experience better overall survival (OS) after
radiofrequency thermal ablation.!"® In contrast, reports
from other groups have shown that GS may enhance
metastasis and recurrence in HCC,!"”! and patients with
higher GS expression have worse OS when receiving
postoperative adjuvant transcatheter arterial chemoem-
bolization.?°! Overall, the association between GS
expression and sensitivity to systemic chemotherapy, such
as sorafenib adjuvant therapy, remains unclear. In the
current study, we assessed GS and Argl expression in a
large cohort of HCC patients and retrospectively analyzed
the relationship between GS/Argl expression and patient
outcome. The correlation between GS/Argl expression
and response to adjuvant treatment with sorafenib after
radical hepatectomy was further evaluated. Our results
show that compared to GS+ patients, GS negative (GS—)
patients, who accounted for <30% of all patients and had
many molecular signatures and clinical features of the
non-proliferation subtype of HCC, had a better prognosis
and response to sorafenib administration after surgery.

Methods

Ethical approval

The study protocol conformed to the ethical guidelines of
the 1975 Declaration of Helsinki and was approved by the
Ethics Committee of West China Hospital, Sichuan
University (No. 2021607A). Written informed consent
forms were obtained from all participants.

Patients and the database

We retrospectively included HCC patients who underwent
curative resection between January 2010 and December
2019 at West China Hospital, Sichuan University. Our
inclusion criteria were as follows: (1) patients with
pathologically confirmed HCC who underwent radical
hepatectomy; (2) patients who received no anticancer
treatments before hepatectomy; (3) patients with no
history or concurrence of other malignant tumors; (4)
patients with Child-Pugh liver function grades A-B; and
(5) patients with complete clinicopathological and follow-
up data. Patients who received adjuvant sorafenib but
discontinued sorafenib therapy within 3 months due to
severe adverse effects were excluded. Demographic and
clinicopathological data were retrieved from the electronic
database of the hospital. In our center, all patients receive
comprehensive assessment before beginning sorafenib
treatment, including their general condition and tumor
features and blood tests. The final cohort included 251
HCC patients who received only curative resection and
180 patients who received sorafenib after resection.

Sorafenib therapy generally began at a dose of 400 mg
twice a day, and therapy interruption and dose reduction
were performed when adverse effects occurred. An initial
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dose of 200 mg twice a day due to an unsatisfactory
general condition and dose reduction to 400 mg every
other day were acceptable, but patients who required
further dose reduction were excluded from the study.

As administration of sorafenib is recommended for only
Barcelona Clinic Liver Cancer (BCLC) stage B/C, only
patients who simultaneously met both criteria were
included to assess the outcome of sorafenib-based
adjuvant therapy. A total of 164 patients who underwent
hepatectomy alone (control group) and 146 patients who
received hepatectomy combined with administration of
sorafenib (sorafenib group) were included. The BCLC
staging classification aims to combine tumor stage and
liver function parameters of HCC to provide accurate
stratification of patients to assess prognosis and guide the
treatment strategy through a well-defined schedule. Stage
A is defined as solitary HCC irrespective of size or as a
multifocal HCC up to three nodules (none of them >3
cm), without macrovascular invasion, extrahepatic spread
or cancer-related symptoms, and liver function must be
preserved. BCLC B includes asymptomatic patients with
multinodular tumors without vascular invasion or
extrahepatic spread; liver function belongs to Child-Pugh
class A. Stage C comprises patients with either symptom-
atic tumors or with an invasive tumoral pattern reflected
by the presence of vascular invasion or extrahepatic
spread.l*!!

Procedures

Full patient assessments, including tumor assessment,
complete blood count, and a chemistry panel, were
performed at the initial visit, at 1 and 3 months after the
initial visit, and every 6 months thereafter. After treatment
initiation, an independent data safety monitoring com-
mittee assessed safety and treatment adherence at 1 and 3
months and at every 6 months thereafter.

Outcomes and assessments

The primary endpoint of the study was RFS, defined as the
time from randomization to the first instance of disease
recurrence documented by independent radiological
assessment or death by any cause, whichever occurred
first. The primary endpoint was to identify biomarkers
predicting sorafenib efficacy in preventing HCC recur-
rence in terms of RFS. The secondary endpoint was OS, as
defined as the time from randomization to death by any
cause.

Immunostaining

Pathologic slides from paraffin blocks prepared using
surgical tissue specimens were stained with monoclonal
antibodies against the following: Arg1 (1:500; catalog No.
93668; D4E3M; monoclonal rabbit anti-human; Cell
Signaling Technology, Inc., USA); GS (1:1000; catalog
No. ab176562; EPR13022(B); monoclonal rabbit anti-
human; Abcam plc, USA); cytokeratin 19 (CK19) (1:500;
catalog No. ab52625; EP1580Y; monoclonal rabbit anti-
human; Abcam plc); EpCAM (1:500; catalog No.
EM1111; 3-E1-E2; monoclonal mouse anti-human;
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HUABIO, China); and TP53 (catalog no. MAB-0674;
MX008; monoclonal mouse anti-human; Maxim, China).

The immunostaining results were interpreted by three
experienced pathologists using a blinded method. GS
staining was recorded as positive (GS+) if it was equal to or
greater than that of the hepatocytes surrounding the
central vein in corresponding adjacent normal tissues.!"®!
Similarly, tumor specimens were recorded as Argl+ if the
staining was equal to or greater than that of adjacent
normal tissues. We identified expression of GS and Arg1 in
each HCC patient and divided all patients into four
subgroups: GS—Argl—, GS—Argl+, GS+Argl—, and GS
+Argl+. CK19 and EpCAM were regarded as positive if
>5% of tumor cells showed membrane staining.!**%
Cases with moderate or strong nuclear staining in >5% of
the cells were considered TP53 positive.

mRNA sequencing

Twenty primary resected HCC tissues (from at least four
patients in each subgroup) were collected for mRNA
sequencing.

Follow-up

Outpatient follow-up was conducted every 2 to 3 months
for the first year after surgery and every 3 to 6 months
thereafter. At each visit, patients underwent assessment of
liver function, measurement of tumor markers, and
computed tomography and/or magnetic resonance imag-
ing. The mean follow-up of patients who underwent only
hepatectomy was 33.5 months (range, 6.0-117.0 months)
and that of patients who received sorafenib after
hepatectomy was 41.3 months (range, 6.0-84.9 months).

Statistical analysis

Comparisons between groups were performed using the
Mann-Whitney U test, chi-squared test, or Fisher’s exact
test, as appropriate. Risk factors associated with the
prognosis of HCC patients were evaluated using Cox
regression analysis. Kaplan—Meier estimates, hazard
ratios (HRs), and 95% confidence intervals (Cls) were
calculated; and time-to-event curves were generated for
RFS and OS. Statistical significance was set at P < 0.05.
The statistical analysis was performed using SPSS (version
25.0; Chicago, IL, USA) and GraphPad Prism 8 (Graph-
Pad Software, San Diego, CA, USA).

Results

Baseline characteristics of patients

We retrospectively analyzed 251 HCC patients who
received only curative resection at West China Hospital,
Sichuan University, from 2010 to 2019 for clinical
information analysis. The clinical and pathological
characteristics are summarized in Supplementary Table 1,
http://links.lww.com/CM9/B168. The median age of the
patients was 51 years (23-83 years), and the patients were
mostly male (85.7%, 215/251). Hepatitis B virus (HBV)
infection was a dominant etiological factor. Patients with
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a history of liver cirrhosis accounted for 59.8% (150/251)
of the total. There were 104 patients with microvascular
invasion (MVI). The percentages of patients with BCLC
stage A and stage B/C disease were 35% (87/251) and
65.3% (164/251), respectively. Most patients had pre-
served liver function with Child-Pugh status A. RFS and
OS curves for all patients are shown in Supplementary
Figure 1, http://links.lww.com/CM9/B168.

The clinical and pathological characteristics of 180 patients
who received sorafenib treatment after hepatectomy are
also summarized in Supplementary Table 1, http:/links.
lww.com/CM9/B168. Compared with patients who re-
ceived surgery only, those who received sorafenib after
hepatectomy showed significant differences in multiple
clinical characteristics, such as tumor number, MVI,
satellite lesions, and liver cirrhosis.

All resected specimens were subjected to immunostaining
for GS and Argl. Overall, up to 72.4% (312/431) of
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patients were GS+, and 43.6% (188/431) of patients were
Argl+. The percentages of patients with GS+Argl+, GS
+Argl—, GS—Argl+,and GS—Argl— staining were 29.0%
(125/431),43.4% (187/431), 14.6% (63/431), and 13.0%
(56/431), respectively [Figure 1]. No significant differences
in the distribution of the four subgroups were observed
between those who did or did not undergo adjuvant
treatment with sorafenib [Supplementary Table 2, http://
links.lww.com/CM9/B168]. Among 431 patients, GS—
HCC tumors accounted for 24.8% (30/121) of BCLC stage
A tumors; GS— HCC tumors accounted for 28.7% (89/
310) of BCLC stage B/C tumors [Figure 2A and
Supplementary Table 2, http:/links.lww.com/CM9/B168].

GS positivity and Arg1 negativity predict worse prognosis in
HCC patients

In 251 patients who received only hepatectomy, bivariate
analysis showed AFP level, tumor size, tumor number,
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Figure 1: Subgrouping of HCC tumors based on immunostaining of GS and Arg1. Arg1: Arginase 1; GS: Glutamine synthetase; HCC: Hepatocellular carcinoma. Scale bar = 20 pm.
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Figure 2: Kaplan—Meier curves showing RFS according to immunostaining of GS and Arg1 in patients who received surgery alone or surgery combined with adjuvant sorafenib. Arg1:

Arginase 1; GS: Glutamine synthetase; RFS: Recurrence-free survival.

Table 1: The relationship between HCC recurrence/HCC-induced death and the immunostaining of GS and Arg1.

Recurrence Death

Variables Yes, n (%) No, n (%) P value Yes, n (%) No, n (%) P value
GS+ 133 (71.51) 3 (28.49) <0.0001 116 (62.37) 0 (37.63) <0.0001
GS— 1(32.31) 4 (67.69) 3 (20.00) 2 (80.00)

Argl+ 2 (51.49) 9 (48.51) 0.0084 7 (36.63) 4 (63.37) 0.0002
Argl— 102 (68.00) 8 (32.00) 2 (61.33) 8 (38.67)

GS—Argl— 0 (33.33) 0 (66.67) <0.0001 S (16.67) 5 (83.33) <0.0001
GS—Argl+ 1(31.43) 24 (68.57) 8 (22.86) 7 (77.14)

GS+Argl— 2 (76.67) 8 (23.33) 7 (72.50) 3 (27.50)

GS+Argl+ 1 (60.12) 5(39.88) 9 (43.94) 7 (56.06)

Argl: Arginase 1; GS: Glutamine synthetase; GS: Glutamine synthetase; GS—: GS negative; GS+: GS positive; HCC: Hepatocellular carcinoma.

tumor differentiation, and presence of MVI to be closely
related to HCC recurrence [Supplementary Table 3, http://
links.lww.com/CM9/B168]. In contrast to the much lower
proportion of GS+ cells in the healthy liver, 74.1% of
patients (186/251) were identified to have GS+ cells, far
exceeding the percentage of GS— patients. In addition,
101 (40.2%) cases were identified as Argl+. There were
no significant differences in patient characteristics be-
tween the GS+ and GS— or Argl+ and Argl— groups
[Supplementary Tables 4, http:/links.lww.com/CM9/
B168 and 5, http://links.lww.com/CM9/B168].

In the 186 GS+ patients, there were 133 recurrences
(71.5%) during the follow-up period; recurrence occurred
in 32.3% of GS— patients (21/65, P < 0.0001; Table 1).
Moreover, Kaplan-Meier curves showed that GS+ patients
had significantly shorter RFS than GS— patients
[Figure 3A]. The median RFS was 16.0 months in the GS
+ group compared with 52.0 months in the GS— group (HR
in the GS— subgroup, 0.29; 95% CI, 0.21 to 0.41;
P =0.0001). The 1-year, 3-year, and 5-year RFS rates were
56.4%, 28.9%, and 20.4%, respectively, for GS+ patients
and 87.3%, 74.9% and 39.8%, respectively, for GS—
patients. We further analyzed the association between GS
expression and OS in these cohorts; 20.0 % of GS— patients
and 62.4% of GS+ patients died during the follow-up
period (P < 0.0001; Table 1). According to Kaplan—-Meier
curve analysis [Figure 3B], 1-, 3-, and 5-year OS rates were
90.4%, 77.4%, and 60.7%, respectively, for the GS—
group and 67.4%, 43.5% and 26.8%, respectively, for the
GS+ group (P < 0.0001). Collectively, GS+ patients had
shorter RFS and OS than GS— patients.

The recurrence rates of Argl— and Argl+ patients were
68.00% and 51.49% during the follow-up period,
respectively [Table 1], and Argl— patients had signifi-
cantly shorter median RFS times than Argl+ patients
(18.0 months vs. 43.0 months; HR in the Arg1+ subgroup,
0.61; 95% CI, 0.45 to 0.83; P=0.0031; Figure 3C).
Overall, 1-, 3-, and 5-year RFS rates were 70.1%, 50.3%,
and 38.7%, respectively, for Argl+ patients and 59.3%,
31.3% and 23.6%, respectively, for Argl— patients
(P=0.0031; Figure 3D); 1-, 3-, and 5-year OS rates of
Argl— patients were 66%, 41.1%, and 24.6%, respec-
tively, for Argl— patients and 83.9%, 67.4% and 49%,
respectively, for Argl+ patients (P = 0.0002; Figure 3D).
The median OS was 27.0 months in the Argl+ group
compared with 56.0 months in the Argl— group (HR in
the Argl+ subgroup, 0.45; 95% CI, 0.32-0.63;
P=0.0001). Similarly, 36.6% of patients in the Argl+
group died from HCC, as compared with 61.3% of those
in the Argl— group (P =0.0002; Table 1). Collectively,
both RFS and OS were significantly higher in Argl+
patients than in Argl— patients.

Furthermore, patients were divided into four subgroups
according to combined immunostaining of GS and Argl:
GS—Argl— (11.9%), GS—Argl+ (14.0%), GS+Argl—
(47.8%), and GS+Argl+ (26.3%), with total recurrence
rates of 33.3%, 31.4%, 76.7%, and 60.1% (P < 0.0001)
and rates of mortality of 16.7%, 22.9%, 72.5%, and
43.9%, respectively [Table 1]. Kaplan—-Meier curves
revealed significant differences in RFS and OS between
the four subgroups (P < 0.0001). GS+Argl— subgroup
patients experienced the worst postoperative outcome,

2070


http://links.lww.com/CM9/B168
http://links.lww.com/CM9/B168
http://links.lww.com/CM9/B168
http://links.lww.com/CM9/B168
http://links.lww.com/CM9/B168
http://www.cmj.org

Chinese Medical Journal 2023;136(17)

WWW.CImj.org

A - B s C .
© Log-rank; 2=0/000% % Log-rank P=0.0001 -
=1 o =) = =
=65 Log-rank £ =0.0031
@3 ®» S o3
['4 n =65 (@] "4 n=101
< & <
o o (=)
o n=186 . N
° o n=186 S|~ Argt-
- GS+ — Arg1+ n =150
0 20 40 60 80 100 20 40 60 80 100 120 0 20 40 60 80 100
NO. at risk Time (months) NO. at risk Time (months) NO. at risk Time (months)
GS- 65 42 26 3 3 GS- 65 46 19 4 3 Arg1- 150 62 24 10 9
+ 186 78 31 14 8 GS+ 186 99 44 15 10 2
8 Arg1+ 101 58 27 4 3
D E F
2 3] Log-rank P <0.0001 2 Log-rank P <0.0001
@ @ @
° Log-rank £=0.0002 <) SR e n=35
© ©
n*° Qe (]
o o (e}
= = =
S S S
— GS-Argl+ = - GS-Argl+
S o 31 — Gs-Argl- 1260 31 ~ GS-Argl-
e - _ ~ GS+Arg1+ — GS+Arg1+ _
- Argl+ = — GS+Argl- n=120 — GS*Arg1- n=120
20 40 60 g0 100 120 20 40 60 80 100 0 20 40 60 80 100 120
NO. at risk Time (months) NO. at risk Time (months) NO. at risk Time (months)
Argi- 150 73 31 14 9 3 GS-Arg1+ 35 29 17 2 2 GS-Arg1+ 35 30 17 2 2
GS-Arg1- 30 14 9 3 3 GS-Arg1- 30 18 10 3 2
Arg1+ 101 72 36 5 4 GS+Arg1+ 66 30 12 3 3 GS+Arg1+ 66 44 21 5 3 2
GS+Arg1-120 49 19 9 8 GS+Arg1-120 55 25 12 8

Figure 3: Kaplan—Meier curves showing the RFS (A,C,E) and OS (B,D,F) of patients grouped by single or combined immunostaining of GS and Arg1. Arg1: Arginase 1; GS: Glutamine

synthetase; RFS: Recurrence-free survival; 0S: Overall survival.

with 1-, 3-, and 5-year RFS rates of 54.0%, 25.2%, and
18.4% and 1-, 3-, and 5-year OS rates of 59.8%, 34.3%,
and 19.9%, respectively [Figure 3E]. In contrast,
GS—Argl+ patients achieved the best outcome; 1-, 3-,
and 5-year RFS rates were 85.7%, 74.2%, and 65.4% and
1-, 3-, and 5-year OS rates 88.6%, 79.9%, and 73.8%,
respectively [Figure 3F].

In univariate analysis for RFS and OS, high GS expression
and low Argl expression were found to have a significant
correlation with unfavorable RFS and OS. In multivariate
analysis, high GS expression and low Argl expression
continued to be prognostic indicators for OS. Therefore,
GS+ was identified as an independent risk factor for RFS
and OS, and Argl+ was found to be associated with a
reduced risk of RFS and OS [Supplementary Figure 2,
http:/links.lww.com/CM9/B168].

GS— patients have a better response to adjuvant treatment
with sorafenib

Compared with patients who received only hepatectomy,
those who received adjuvant therapy with sorafenib did
not have significantly improved RFS [Supplementary
Figure 3A, http:/links.lww.com/CM9/B168], consistent
with the results of the STORM trial. Considering that
adjuvant therapy with sorafenib is often prescribed for
patients with a high risk of recurrence after surgery,
patients who met the criterion of BCLC stage B/C in each
group were selected for further analysis: 164 patients who
only received hepatectomy were assigned to the control
group, and 146 patients who received sorafenib after
surgery were assigned to the sorafenib group. However,
no significant differences were observed between the

sorafenib group and the control group with respect to the
baseline features, such as Child-Pugh status, HBV
infection, liver cirrhosis, MVI, tumor size, tumor number,
and satellites. In the sorafenib group, adverse events after
sorafenib therapy were mainly hand-foot skin reactions,
diarrhea, and alopecia and were gastrointestinal, consti-
tutional, or dermatological in nature. In particular, there
were no significant differences in the distribution of the
four subgroups between the two groups [Table 2]. In the
sorafenib group, GS+ HCC tumors still accounted for a
relatively high proportion (71.9%). In general, the median
RFS time did not differ significantly between the sorafenib
and control groups (HR in the control group, 0.88; 95%
CIL, 0.68-1.15; P=0.3252; Supplementary Figure 3B,
http://links.lww.com/CM9/B168).

Notably, for GS— patients, Kaplan-Meier curves showed
significant differences in RFS between the sorafenib group
and the control group (HR in the sorafenib group, 0.46;
95% CI, 0.23-0.93; P =0.0042). The 1- and 3-year RFS
rates of the sorafenib group were 89.9% and 71.7%,
respectively, and they were 78.2% and 60.9% in the
control group, respectively [Figure 2A]. Among GS—
patients, nine cases of recurrence (22.0%) occurred in the
sorafenib group during the follow-up period; recurrence
occurred in 41.7% of GS— patients (20/48) in the control
group. In contrast, GS+ patients did not show any effective
response to sorafenib treatment (P =0.6533; Figure 2B).
When the patients were stratified according to Argl
expression, Kaplan-Meier curves indicated no significant
therapeutic effect of sorafenib across both subgroups
[Figure 2C,D]. We further analyzed the sorafenib response
in the four subgroups stratified according to combined
immunostaining of GS and Argl. Interestingly, only GS—
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Table 2: Baseline patient demographics and disease characteristics in the two groups of patients with a high risk of recurrence.

Variable Control group (n=164) Sorafenib group (n=146) P value
Age (years) 51.0 (24.0-82.0) 52.7 (21.0-74.0) 0.0627
Female/male 25/139 22/124 0.6630
PLT (10°/L) 160.83 (38.00-476.00) 147.50 (30.00-458.00) 0.1707
TBIL (pwmol/L) 17.61 (0.00-391.00) 17.23 (3.80-71.20) 0.1373
ALT (U/L) 48.65 (8.00-279.00) 60.73 (8.00-781.00) 0.4658
AST (U/L) 42.89 (13.00-345.00) 65.95 (30.00-1412.00) 0.0352
Neutrophil (10°/L) 2.63 (0.86-40.00) 3.56 (1.29-58.40) 0.5128
Lymphocyte (10°/L) 1.50 (0.30-7.00) 1.44 (0.46-30.60) 0.4170
TP (g/L) 69.18 (26.00-87.00) 66.54 (26.00-84.90) 0.3404
ALB (g/L) 41.19 (20.40-73.10) 41.10 (5.40-73.10) 0.0070
GGT (U/L) 90.14 (12.00-625.00) 99.10 (14.00-1319.00) 0.0652
Differentiation 0.8405
Poor 85 (51.83) 74 (50.69)
Moderate-well 79 (48.17) 72 (49.31)
Etiology 0.9563
Hep B 143 (84.62) 127 (86.99)
Other 21 (15.38) 19 (13.01)
AFP 0.4660
Low (serum AFP <500) 91 (55.49) 87 (59.59)
High (serum AFP >500) 73 (44.51) 59 (40.41)
Satellites 37 (25.34) 43 (29.45) 0.1662
Cirrhosis 0.5322
Yes 88 (53.6) 80 (54.79)
No 76 (46.4) 66 (45.21)
Tumor size (cm), median (range) 8.69 (5.00-20.00) 8.96 (5.00-25.00) 0.5331
Tumor number 0.9908
One 143 (87.19) 128 (87.68)
Two 13 (7.93) 11 (7.53)
More 8 (4.88) 7 (4.79)
MVI (>1) 82 (50) 79 (54.11) 0.4953
Child-Pugh class, # (%) 0.1815
A 159 (96.95) 144 (98.63)
B 5(3.05) 2 (1.37)
BCLC stage, n (%) 0.2837
B 134 (81.71) 126 (86.30)
C 30 (18.29) 20 (13.7)
GS and Argl in HCC 0.6122
GS—Argl— 19 (17.68) 22 (15.07)
GS—Argl+ 29 (17.68) 19 (13.01)
GS+Argl— 66 (40.24) 60 (41.10)
GS+Argl+ 50 (30.48) 45 (30.82)

Data are presented as 7 (%) or median (interquartile range). ALB: Albumins; ALT: Alanine aminotransferase; AST: Aminotransferase; AFP: Alpha-
fetoprotein; Argl: Arginase 1; BCLC: Barcelona Clinic Liver Cancer; GGT: Glutamyltransferase; GS: Glutamine synthetase; GS—: GS negative; GS+:
GS positive; HCC: Hepatocellular carcinoma; MVI: Microvascular invasion; PLT: Platelet count; TBIL: Total bilirubin; TP: Total protein.

HCC patients exhibited a good response to sorafenib,
regardless of the Argl expression status [Figure 4].

Molecular characteristics and gene signatures of GS+ HCC

Our data suggest that HCC tumors with different GS and
Argl expression levels have distinct biological behaviors,
leading to different prognoses and responses to targeted
therapy. Because GS expression has better significance for
guiding prognostication and targeted therapy, we first
analyzed expression of the progenitor markers CK19 and
EpCAM, both of which have been adopted in molecular
classifications of HCC, and high expression of these

markers often indicates poor prognosis.*?>>*! Indeed, the
rates of positive CK19 and EpCAM expression in GS+
patients were significantly higher than those in GS—
patients [Figure SA and Supplementary Figure 4, http:/
links.lww.com/CM9/B168]. Moreover, GS+ patients
exhibited poorer differentiation and higher AFP levels as
well as much more frequent TP53 mutations [Figure SA].

We next conducted mRNA sequencing to determine gene
expression profiles of the four subgroups of HCC tumors.
The heatmap showed significant differences in gene
expression profiles between the four subgroups, with
the GS expression status having a more notable impact on
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Figure 4: Kaplan—Meier curves showing RFS according to combined immunostaining of GS and Arg1 in patients who received surgery alone or surgery combined with adjuvant sorafenib.

Arg1: Arginase 1; GS: Glutamine synthetase; RFS: Recurrence-free survival.

the profiles than the Argl expression status [Figure 5B].
Compared with GS— tissues, GS+ HCC tumors displayed
aberrant activation of multiple tumor-related signaling
pathways, such as the FoxO, Wnt, AMPK, MAPK, Hippo,
and cell cycle signaling pathways [Figure 5C]. We then
performed gene set enrichment analysis to more compre-
hensively describe the characteristics of GS— and GS+
HCC tumors. GS+ HCC tumors showed upregulated
signatures related to glucose metabolism, TGF-B signal-
ing, Wnt and KRAS signaling, whereas the mTOR, Notch
and JAK-STATS3 signaling pathways were downregulated
[Figure 5D].

Discussion

A clinically applicable molecular stratification that can
predict prognosis and guide systematic therapy in HCC is
still lacking. In the current study, we found that GS+ HCC
tumors had a poorer prognosis than GS— HCC tumors.
When patients with a high risk of recurrence were not
molecularly stratified, adjuvant treatment with sorafenib
after radical hepatectomy did not result in a significant
improvement in RFS. Nonetheless, GS— patients, who
accounted for <30% of all the HCC patients, were able to
benefit from sorafenib treatment. Moreover, GS+ HCC
tumors exhibited high AFP levels and immunostaining of
CK19, EpCAM, and mutant TP53, as well as poor
differentiation and aberrant activation of multiple tumor-
related signaling pathways.

HCC can be confidently diagnosed with imaging techni-
ques and serum-based methods. In general, the risk of
complications, such as tumor seeding and bleeding, has
limited the application of liver biopsy in HCC diagno-
sis.?*?1 As a result, liver biopsy is not routinely
performed for HCC patients according to the current
guidelines, which might have hampered the development
of molecular stratification schemes for HCC that can
define prognosis and guide targeted therapies. In the
normal liver, GS+ hepatocytes account for a very small
proportion of total hepatocytes; however, GS expression
is particularly dramatically upregulated in advanced
HCC." 1! Expression of GLUL, the gene encoding GS
and a downstream target of Wnt/B catenin signaling, is
enhanced in HCC due to the high frequency of activating
mutations of CTNNB1.12¢! GLUL is also transcrlptlonally
regulated through PI3K-AKT1-FoxO signaling.*”! By
catalyzing synthesis of glutamine, which provides carbon
and nitrogen for various biosynthetic processes, GS has

also been found to play an important role in promoting
tumor development. A previous study showed that GS
promotes nucleotide synthesis to facilitate repair of
damaged DNA and thus promote the growth of cancer
cells after radiation.*®! It is speculated that GS expression
increases with the progression of HCC; however, we only
observed a slight but insignificant increase in the positive
rate of GS expression in BCLC stage B/C HCC tumors
compared to stage A HCC tumors, which suggests that GS
expression might be determined at the initiation of HCC.
It would be interesting to identify whether these GS+ HCC
tumors primarily originate from pericentral hepatocytes
(GS+) or Argl+ hepatocytes that obtained GS expression
with activation of Wnt/B-catenin signaling. Recently, a
lineage-tracing strategy targeting GS+ cells has shown the
role of GS+ cells in liver repopulation; however, their fate
in tumorigenesis requires further examination. (230

As mentioned above, GS promotes nucleotide synthesis to
facilitate damaged DNA repair and promote breast cancer
cell growth after radiation. In addition, human HCC cell
lines that highly express GS exhibit strong drug resistance
and tend to be aggressive.*"! The benefit of sorafenib
treatment as adjuvant therapy after hepatectomy or
ablation is st1ll under debate. In agreement with the
STORM trial,'”! we did not observe that adjuvant treatment
with sorafenib improved RFS in BCLC stage B/C patients
when they were not molecularly stratified. Strikingly, GS—
patients had much better RFS with sorafenib treatment
after hepatectomy, suggesting that overexpression of GS
plays a role in promoting cancer resistance to tyrosine
kinase inhibitor (TKI) challenge. Although the mechanism
by which GS promotes drug resistance is still incompletely
understood, our findings provide a simple way to identify
potentially sensitive patients.

We noted that GS+ HCC tumors share many cellular and
molecular characteristics and gene signatures with the
well-established proliferation subtype of HCC, such as
poor differentiation, high AFP level, high frequency of
immunostaining of progenitor markers (CK19 and
EpCAM) and mutant TP53, and increased signaling
pathway dysregulation, in line with the established S1/52
class and G3 class. In contrast, GS— HCC tumors tended
to share characteristics with the non-proliferation subtype
of HCC, as characterized by S3 and G5/G6 signatures, a
moderately to well-differentiated status and low AFP
[Figure 6]. Collectively, immunostaining of GS might
allow for rough grouping of HCC tumors into prolifera-
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Figure 5: Analysis of gene expression profiles in HCC tumors with different GS and Arg1 expression levels. (A) Heatmap of multiple indicators after grouping according to GS expression in
251 HCC patients who received only hepatectomy. (B) Heatmap of differentially expressed genes. (C) Abnormal activation of multiple signaling pathways in GS+ HCC tumors. (D) GSEA
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Figure 6: GS+ HCC tumors share similar features with proliferation subtype HCC tumors.
GS: Glutamine synthetase; GS+: GS positive; HCC: Hepatocellular carcinoma.

tion or non-proliferation subtypes, and given that GS
immunostaining is widely performed in clinical pathology,
our work is expected to provide a very simple and
applicable approach to predict patient prognosis and
guide targeted therapy.

There were some limitations that may confine our results.
This study was retrospective and performed at a single
center. The lack of control by randomization and blinding
might limit the validity of our conclusions. In addition, the
limited number of patients, especially GS— patients after
subgrouping, is likely to lead to statistical bias. Most
importantly, sorafenib was used as an adjuvant treatment
following surgery in our study, and it is not clear whether a
similar response can be achieved in GS— patients who
have not undergone surgery. Therefore, a prospective
controlled trial to address this is urgently needed. In
addition, whether other TKIs used in HCC treatment,
such as regorafenib and lenvatinib, can achieve better
outcomes in GS— patients requires further analysis. Our
work also highlights the requirement for routine patho-
logical examination before targeted therapy, regardless of
whether a patient is subjected to hepatectomy.
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