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Clinical application of thioredoxin
reductase as a novel biomarker
in liver cancer

Xuping Wu?, Qi Wang?, Yousheng Lu3, Jinye Zhang*, Hanwei Yin? & Yongxiang Yi'**

Hepatic cancer is often amenable to surgery, including percutaneous ablation, trans-arterial
chemoembolization. However, in metastatic cases, surgery is often not an effective option.
Chemotherapy as a conventional clinical method for treatment of malignant diseases may be useful in
such cases, but it is likewise not always able to slow or halt progression, therefore novel approaches
for treatment of hepatic cancer are needed. Current research suggests that molecular tumor markers
(TM) can play a crucial role for diagnosis and prognostic evaluation of malignancies, and TM such as
AFP, CEA, CA19-9 have been reported in many malignant diseases. Thioredoxin reductase (TrxR),

a type of anti-oxidant biomarker, has become a TM of significant interest. However, little is known
about the above TM and TrxR activity in liver cancer. Therefore, this paper aimed to assess these TM
with regards to diagnosis and and monitoring treatment efficacy in both primary and metastatic liver
cancer. Our results showed TrxR had superior performance for discriminating between liver cancer
patients and healthy controls than AFP, CEA, and CA19-9. TrxR also exhibited superior performance
for assessing benefits of chemotherapy regardless if patients had PLC or MLC. Meanwhile, due to
diagnostic efficiency of unresponsive chemotherapy patients, TrxR also showed a higher activity levels
than other general markers in liver metastasis patients. Our results suggest that application of TrxR

in combination with other tumor markers may maximize the efficiency of diagnosis and assessment
of therapeutic efficiency, and provide new insights for the clinical application of TrxR as a candidate
biomarker for liver cancer.

Primary liver cancer (PLC) is a common life-threatening tumor"* with a current mortality rate close to that of
lung cancer®. Due to the long latency period of PLC, a large number of patients reach advanced stages before
diagnosis and clinical intervention*’. Many patients are therefore also characterized by high recurrence and
high metastasis rates®'’. Numerous studies have shown that several risk factors, such as excessive alcohol con-
sumption, smoking, cirrhosis, and type 2 diabetes, predispose to PLC progression'*""*, and these risk factors
may also contribute to disease initiation. However, a main cause of PLC is viral hepatitis, which accounts for a
large percentage of cases in China'®!”. Approximately 85% of cirrhosis and liver cancer patients are diagnosed
with viral hepatitis, which indicates that viral hepatitis constitutes a significant risk factor for liver cancer'®".

Hepatic metastasis as an advanced stage of secondary growth carcinoma is etiologically different from PLC**2".
In these patients, tumors originate from distant liver metastasis through epithelial-mesenchymal transformation
and circulating tumor cells, such as from esophageal and gastric cancers*. These tumor cells can circulate to
the liver through the bloodstream, even in patients who underwent surgery*>*, and a large number of patients
experience recurrence. Application of transcatheder arterial chemoembolization (TACE) might alleviate the
progression of liver metastases to some extent?>?, but the treatment of invasive secondary cancers is often inef-
fective. Therefore, it would be helpful to improve the early detection of (metastatic) liver cancers and to evaluate
the efficacy of chemotherapy with regards to survival of patients.

Timely control of tumor progression is beneficial to improving the quality of life of patients. Tumor markers
have been used for almost 160 years and constitute an important clinical auxiliary tool. Specific antigens, includ-
ing carbohydrate antigen (CEA) and carbohydrate antigen 19-9 (CA19-9), exhibit a partial diagnostic accuracy
for some cancers”’~?, and alpha-fetoprotein (AFP) levels are abnormally elevated in liver disease®. Unfortunately,
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the aforementioned tumor markers lack significant diagnostic value after chemotherapy, which make it difficult
to evaluate disease progression (PD)?. Novel circulating biomarkers are therefore being explored.

TrxR is an enzyme of the triphosphopyridine nucleotide (NADPH) oxidative pathway and plays a key role in
several physiological activities, such as redox pathways and DNA synthesis®*. Previous studies suggested that
TrxR indicates higher levels of abnormally proliferating cells, and may have a superior diagnostic efficacy than
other conventional tumor markers. In addition, TrxR activity is rapidly downregulated after chemotherapy in
non-small cell lung cancer (NSCLC), gastric cancer, and breast cancer®>~*. Previous studies consistently dem-
onstrated that TrxR has potentially high value for clinical diagnosis and assessment of therapeutic efficacy. Here,
we assess the role of TrxR and other TM in primary and metastatic liver cancer (PLC and MLC, respectively).
To the best of our knowledge, it is the first study to investigate the role of TrxR in the evaluation of therapeutic
efficiency in the primary liver cancer (PLCs). Furthermore, this study included the comparison of TrxR activity
between PLCs and MLCs, providing a new insight to the clinical appliance of TrxR in the diagnosis and monitor-
ing therapeutic efficiency in liver cancer.

Methods

Patients. Cancer patients were eligible for enrollment based on histologically confirmed liver cancer, as
described in Supplementary materials (Supplemental Table S1), and were consecutively recruited from The
Second Hospital of Nanjing (Nanjing, China), Jiangsu Cancer Hospital (Jiangsu, China), and Nantong Tumor
Hospital (Jiangsu, China). Enrollment occurred from 2017 to 2020. Sex- and age-matched health controls and
patients diagnosed into other diseases (such as hepatitis) based on hematological, histopathological and com-
puted tomography (CT) analyses, were also enrolled.

Specimen properties. Sample collection was conducted as described in the literature®. Extra-cellular
blood samples were obtained in tubes containing EDTA or no anticoagulant for 2 h preoperatively, after which
the samples followed by centrifugation at 3500 rpm for 5 min at room temperature. The upper serum plasma was
collected and stored in EP tubes at 4 °C.

The tumor marker analysis. Levels of CEA, CA19-9, and AFP as tumor markers associated with liver can-
cer were obtained at the indicated times during patient visits. Following previous literature?**, CEA, AFP and
CA19-9 were analyzed by electrochemiluminescence-based immunoassay (ECLIA) with Cobas analyzer (Roche
Diagnostics, Mannheim, Germany), following the manufacturer’s instructions. Reference values for all tumor
markers were selected based on the Chinese Society of Clinical Oncology, and three clinical thresholds were set
at 39 U/mL for CA19-9, 7.0 ng/mL for AFP, and 3.5 ng/mL for CEAY.

Assay for TrxR activity analysis. The activity of thioredoxin reductase (TrxR) in plasma was measured
by UV spectrophotometry as previously described in the literature*****, The kits used were commercial Kkits
approved for marketing and purchased from Clairvoyance Health Technology Co., Ltd, Wuhan, China. All
operations were performed according to the manufacturer’s instructions®***. A single-blinded experimental
protocol was designed.

Statistical analysis. The diagnostic efficacy of the biomarker was assessed by the receiver operator curve
(ROCQ), assessing the value of the area under the curve (AUC), and the operating characteristics of the 95%
confidence interval (CI). All statistical analyzes were performed in GraphPad Prism 7 (Graphprism, USA) and
SPSS19.0 (SPSS Inc, USA). The correlation between TrxR and other tumor markers was analyzed in R by regres-
sion correlation. The non-parametric Mann-Whitney U test was applied to evaluate the difference for two paral-
lel groups. Statistical significance was considered as P<0.05%".

Ethics statement. This current study, including all experimental protocols, was approved by the ethics
committees of The Second Hospital of Nanjing (Nanjing, China), Jiangsu Cancer Hospital (Jiangsu, China) and
Nantong Tumor Hospital (Nantong, China). The methods were carried out in accordance with the approved
guidelines and regulations. Informed consent was obtained from all patients.

Results

This retrospective analysis was carried out on 1286 specimens enrolled from Jiangsu Province Cancer Hospi-
tal, Nanjing Second People’s Hospital, and Nantong Cancer Hospital between 2017 and 2020, including 327
patients with primary liver cancer before (n=183) or after (n = 144) clinical intervention, 809 patients with liver
metastases (n=161 for therapeutic evaluation), and 150 healthy controls, respectively. Besides, 510 patients
with other liver diseases [hepatitis (n=327), liver injury (n=61), liver dysfunction (n=26), cirrhosis (n=85),
and fatty liver (n=11)], were also enrolled for the comparison of TrxR levels between liver cancer and other
common liver diseases.

Pre-intervention plasma TrxR activity and AFP, CEA, and CA19-9 levels in primary liver cancer
patients and healthy controls. To assess potential differences in TrxR activity in healthy individuals
and patients with primary liver cancers (PLCs), 183 PLCs and 150 of healthy individuals were enrolled in this
study. TrxR activity and levels of AFP, CEA, and CA19-9 [median (IQR)] were measured in PLCs and healthy
controls before the clinical intervention. TrxR activity was significantly elevated in PLCs [8.63 (6.38, 10.05) U/
mL] relative to healthy controls [2.80 (1.7, 3.6) U/mL] (Fig. 1A). Likewise, serum AFP, CEA, and CA19-9 levels
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Figure 1. Scatter plot of the distribution of plasma TrxR (A), serum AFP (B), CEA (C), and CA19-9 (D)
levels between healthy people and PLC groups before clinical interventions. P values were calculated by the
nonparametric Mann-Whitney U test. Statistical significance was considered as P<0.05.

were significantly increased in PLCs relative to healthy controls, indicating that TrxR activity and AFP, CEA, and
CA19- are potentially sensitive biomarkers for liver cancer before clinical intervention (Fig. 1B-D).

Potential suitability of TrxR activity as a diagnostic biomarker for primary liver cancer.  Analy-
sis of ROC curves was performed to evaluate the suitability of TrxR plasma activity as a biomarker for the
diagnosis of primary liver cancers (PLCs)*2. The optimal cutoff for TrxR activity was calculated using the maxi-
mum Youden index (sensitivity + specificity-1) to distinguish PLC patients from healthy controls. As presented
in Fig. 2A, the diagnotic cut-off value of TrxR activity in PLC patients was calculated to be 3.85 U/mL for a
sensitivity of 92.31% and a specificity of 81.33% based on the ROC curve (AUC 0.939; 95% CI 0.915-0.964). In
comparison, CEA showed the second highest AUC for distinguishing liver cancer patients from healthy controls
(Table 1; 0.838; 95% CI 0.797-0.879). Simultaneously, we showed that CA19-9 and AFP have a moderate ability
to discriminate between PLC patients and healthy controls, with AUCs of 0.677 (95% CI 0.618-0.735) and 0.598
(95% CI0.537-0.658), respectively. The sensitivity of CA19-9 was less than 50%, which suggested that the use of
CA19-9 and AFP for PLC diagnosis had a high risk for false negatives. It was therefore evident that TrxR activity
was superior to other tumor markers for clinical diagnosis in PLC patients.

Furthermore, combinations of CA19-9, CEA and AFP displayed an increased efficacy for detecting PLC
patients (AUC 0.887; 95% CI 0.853-0.920) compared with the three individual levels (P <0.5). Remarkably, by
adding TrxR to this combination group, there was further improvement in the diagnostic efficiency for PLC (AUC
0.984; 95% CI 0.887-0.984). These results provide a promising diagnostic combination of four biomarkers for
PLC diagnosis, which could be used for future clinical applications (Fig. 2B and Table 1).

Additionally, we also investigated the level of TrxR activity in other liver diseases including hepatitis, liver
injury, liver dysfunction, cirrhosis, and fatty liver. As shown in Supplemental Fig. S1, other liver diseases also
showed lower levels of TrxR activity compared to PLCs, suggesting TrxR level was specifically elevated in PLCs
instead of other liver diseases.
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Figure 2. ROC curve analyses of TrxR, AFP, CEA, CA19-9 (A), and the combinations (B) for the differentiation
of PLCs and healthy controls.

PLC patients before clinical intervention

Tumor markers AUC (95%CI) | SEN% [SPE% [PPV% |NPV% [PLR |NIR
PLC patients vs. healthy controls

TrxR 0.939 (0.915-0.964) | 92.31 81.33 83.18 91.36 4.95 |10.57
AFP 0.677 (0.618-0.735) | 86.26 4533 | 61.21 76.75 1.58 3.30
CEA 0.838 (0.797-0.879) | 74.73 75.33 75.18 74.88 3.03 2.98
CA19-9 0.598 (0.537-0.658) | 34.62 87.33 73.21 57.19 2.73 1.34
CEA +CA19-9+ AFP 0.887 (0.853-0.920) | 68.13 92.00 | 89.49 74.27 8.52 2.89
CEA +CA19-9+AFP +TrxR 0.984 (0.974-0.994) | 94.51 93.33 | 93.41 94.44 14.18 | 16.99

Table 1. The diagnostic efficiency of TrxR, CA19-9, CEA , AFP and their combinations in distinguishing PLC
patients from healthy controls. SPE: specificity; SEN: sensitivity; NPV: negative predictive value; PPV: positive
predictive value;NLR: negative likelihood ratio. PLR: positive likelihood ratio; the diagnosic threshold of TrxR
activity was 3.85 U/mL.

Assessment of therapeutic efficacy by monitoring TrxR activity after chemotherapy in PLC
patients. To further investigate TrxR activity with regards to response to chemotherapy in patients with
PLC, two groups of 144 PLC patients were divided based on clinical results. These patients were classified as
Clinical Unresponsive Patients (CUP, 49 patients) or Clinical Responsive Patients (CRP, 95 patients) according
to CT results. Patients with complete response (CR), partial response (PR) or stable disease (SD) mostly benefted
from the chemotherapy and were included into CRP group. On the contrary, patients with progressive disease
(PD) or uncontrolled condition afer chemotherapy were included into CUP group.Further statistical analysis
was performed by measuring plasma TrxR levels in the CUP and CRP groups.

Firstly, we investigated if TrxR activity is an independent indicator for the diagnosis and therapeutic evalua-
tion in liver cancer. As shown in Supplemental Fig. S2, correlation analysis indicated no significant correlation
between TrxR activity and CEA, CA19-9, or AFP in either healthy group or liver patients. Thus, TrxR activity
can be considered as an independent indicator for the diagnosis and therapeutic evaluation in liver cancer, and
TrxR level was not affected by other TMs. Meanwhile, a detailed analysis has been performed to compare the
TrxR activity among different histological types of PLCs. As shown in Supplemental Fig. S3, TrxR activity was
not significantly different among hepatocellular carcinoma (HCCs), intrahepatic cholangiocarcinoma (ICCs),
and combined HCCs/ICCs in PLCs either before clinical interventions or after chemotherapy, suggesting that
TrxR levels in PLCs were not affected by the histological types of primary liver cancer.
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Figure 3. (A) Scatter plot of the distribution of plasma TrxR activity levels between liver cancer patients before clinical
interventions and PLC patients after chemotherapy. (B-E) Scatter plot of the distribution of plasma TrxR (B), serum AFP
(C), CEA (D), and CA19-9 (E) among PLC patients with different clinical outcome after chemotherapy (CUP vs. CRP). CUP:
clinical unresponsive patient; CRP: clinical responsive patients. P values were determined by the Mann-Whitney U test.

N.S: no statistical significance. (F-G) ROC curve analyses of TrxR, AFP, CEA, CA19-9 (F), and the combinations (G) for the
differentiation of PLCs with different clinical outcome after chemotherapy (CUP vs. CRP).
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PLCs after chemotherapy

Tumor markers AUC (95%CI) [SEN% [SPE% [PPV% [NPV% |PLR |NLR
Primary carcinoma of liver: CUPs vs.CRPs

TrxR 0.776 (0.687-0.865) | 73.47 80.00 | 78.60 75.10 3.67 |3.02

AFP 0.624 (0.529-0.718) | 75.51 47.37 | 58.93 65.92 143 |1.93

CEA 0.588 (0.485-0.691) | 36.73 87.37 | 74.41 58.00 291 | 138

CA19-9 0.433 (0.333-0.534) | 22.45 82.11 55.64 51.43 1.25 |1.06

CEA +CA19-9+ AFP 0.574 (0.466-0.681) | 44.90 80.00 |69.18 59.21 224 | 145

CEA +CA19-9+AFP +TrxR 0.781 (0.693-0.869) | 75.51 78.95 | 78.20 76.32 359 322

Table 2. The assessment of therapeutic efficiency by TrxR, AFP, CA19-9, and CEA and their combinations
after chemotherapy in PLC patients. SPE: specificity; SEN: sensitivity; NPV: negative predictive value; PPV:
positive predictive value;NLR: negative likelihood ratio. PLR: positive likelihood ratio; the diagnosic threshold
of TrxR activity level was 7.45 U/mL in PLC patients.

Figure 3A shows overall post-chemotherapy TrxR levels in the PLC group [7.09 (5.90, 8.87) U/mL], which
were lower than in pre-intervention patients [8.63 (6.38, 10.50) U/mL]. Notably, TrxR activity levels in the CRP
group [6.60 (5.70, 8.20) U/mL] were significantly decreased compared with the CUP group [8.80 (7.53, 10.23) U/
mL], indicating that TrxR levels decrease in PLC patients benefitting of chemotherapy (Fig. 3B). The TrxR levels
in the CUP group remained unchanged compared with patients before the clinical intervention. Consistent with
TrxR activity, AFP levels were also reduced in CRP patients compared with CUP patients (Fig. 3C). Downregula-
tion of other tumor markers, including CEA and CA19-9 levels was not significantly different between the CRP
and CUP groups (Fig. 3D,E and Supplemental Fig. S4).

To further confirm that TrxR offers effective therapeutic evaluation in PLC patients after chemotherapy, we
analysed the therapeutic value by ROC curve. As shown in Fig. 3F and Table 2, the threshold for TrxR activity to
discriminate between CUPs and CRPs was calculated at 7.45 U/mL, with a sensitivity of 73.74% and a specific-
ity of 80.00% (AUC 0.776; 95% CI 0.687-0.865). Meanwhile, AFP showed the second highest AUC level (AUC
0.624; 95% CI 0.529-0.718) in distinguishing CUPs from CRPs. CA19-9 and CEA had very limited ability to
discriminate between CUPs and CRPs, with corresponding AUCs of 0.433 (95% CI 0.333-0.534) and 0.588 (95%
CI 0.485-0.691). The sensitivity of CA19-9 and CEA was less than 50%, which indicates that CA19-9 and CEA
for therapeutic evaluation had a high risk for false negatives. When adding TrxR to a combination panel of AFP,
CA19-9 and CEA, the value of therapeutic evaluation in patients with PLC was further strengthened relative to
TrxR alone or to the other three biomarker combination panel (AUC 0.781; 95% CI 0.693-0.869) (Fig. 3G and
Table 2). In summary, the ability to monitor therapeutic evaluation by plasma TrxR activity was superior to CEA,
CA19-9 and AFP, but combination of all four markers exhibited the highest AUC.

Assessment of therapeutic efficacy by monitoring TrxR activity after chemotherapy in MLC
patients. Above studies have investigated the relevance between TrxR and PLCs, however, so far it was not
known whether TrxR is associated with the prognosis of metastatic liver cancer (MLCs). As shown in Supple-
mental Fig. S5, TrxR activity was not significantly different among MLCs originated from different tumor enti-
ties, which includes intestinal cancer, gastric cancer, breast cancer, lung cancer, pancreatic cancer, esophageal
cancer and nasopharyngeal cancer, suggesting that TrxR levels in MLCs were not affected by the primary organs
of the tumor. Consistent with the observation in PLCs, analysis of TrxR activity revealed a significant decrease
after chemotherapy [7.35(5.62, 9.79) U/mL] in MLCs compared with those before clinical intervention [8.63
(6.38,10.50) U/mL] (Fig. 4A).

Image-based methods such as CT were often used to observe the efficacy of chemotherapy for metastatic
liver cancer***. Here in MLC patients, the decrease in TrxR activity was greater in the CRP group [7.70 (5.78,
10.21) U/mL] than in the CUP group [9.40 (7.55, 11.27) U/mL] (Fig. 4B). However, other TMs such as CEA,
CA19-9 and AFP, were not significantly different between CRP and CUP groups in MLCs (Fig. 4C-E and Sup-
plemental Fig. S6), suggesting TrxR exerted a significant advantage over other TMs in the therapeutic evaluation
of chemotherapy in MLCs. Similar to the observations in PLC patients, plasma TrxR activity exhibited higher
sensitivity and specificity (AUC 0.630; 95% CI 0.542-0.718) than CEA, CA19-9 and AFP levels in discrimination
between CRPs and CUPs in MLCs based on ROC analysis (Fig. 4F and Table 3). Application of TrxR in combina-
tion with other TMs enhanced the sensitivity and specificity of assessment of therapeutic efficacy (AUC 0.643;
95% CI 0.556-0.729) compared with the other tumor markers alone (Fig. 4G and Table 3). The above results
provide an insight for evaluating the efficiency of chemotherapy in MLC patients using biomarkers. TrxR appears
to play an important role as a novel serum biomarker and was able to effectively assess therapeutic efficacy in
hepatic metastasis patients.

TrxR, AFP, CA19-9 and CEA were elevated in MLC patients compared to PLC patients in both
CUP and CRP group. Within the CUP or CRP group, it was crucial to further compare biomarkers and
combination panels between the MLC and PLC groups to explore if the therapeutic efficiency of TrxR and other
TMs were affected by the type of liver cancer.
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Figure 4. (A) Scatter plot of the distribution of plasma TrxR activity levels between liver cancer patients before clinical
interventions and MLC patients after chemotherapy. (B-E) Scatter plot of the distribution of plasma TrxR (B), serum AFP
(C), CEA (D), and CA19-9 (E) among MLC patients with different clinical outcome after chemotherapy (CUP vs. CRP).
CUP: clinical unresponsive patient; CRP: clinical responsive patients. P values were determined by the Mann-Whitney U test.
N.S: no statistical significance. (F-G) ROC curve analyses of TrxR, AFP, CEA, CA19-9 (F), and the combinations (G) for the
differentiation of MLCs with different clinical outcome after chemotherapy (CUP vs. CRP).
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MLCs after chemotherapy

Tumor markers AUC (95%CI) [SEN% [SPE% [PPV% [NPV% |PLR |NLR
Metastatic carcinoma of liver: CUPs vs. CRPs

TrxR 0.630 (0.542-0.718) | 63.93 63.00 |63.34 63.59 1.73 | 1.75

AFP 0.544 (0.453-0.636) | 57.38 58.00 57.74 57.64 1.37 | 1.36

CEA 0.511 (0.417-0.605) | 13.11 97.00 81.38 52.75 4.37 1.12

CA19-9 0.519 (0.427-0.611) | 24.59 84.00 |60.58 52.69 154 |1.11

CEA +CA19-9+ AFP 0.570 (0.476-0.663) | 63.93 53.00 57.63 59.51 1.36 |1.47

CEA +CA19-9+AFP +TrxR 0.643 (0.556-0.729) | 68.85 63.00 |65.05 66.92 1.86 |2.02

Table 3. Assessment of therapeutic efficiency using TrxR, AFP, CA19-9, CEA and their combinations after
chemotherapy in MLC patients. SPE: specificity; SEN: sensitivity; NPV: negative predictive value; PPV: positive
predictive value;NLR: negative likelihood ratio. PLR: positive likelihood ratio; the diagnosic threshold of TrxR
activity level was 8.285 U/mL in MLC patients.

Among all CUP patients, as shown in Fig. 5A,B and Table 4, TrxR activities and other TMs in MLC patients
were significantly higher than those in PLC patients. The diagnostic cut-off value of TrxR activity to distinguish
between PLC and MLC patients was calculated at 8.48 U/mL, with a sensitivity of 59.02% and a specificity of
71.43% based on ROC results (AUC 0.615; 95% CI 0.508-0.721). The combination of TrxR with other TMs
could significantly improve the diagnostic sensitivity in the CUP group (AUC 0.683; 95% CI 0.583-0.783),
suggesting that levels of TrxR and other TMs were significantly higher in MLCs compared with PLCs in CUP
group. Consistently, in CRP group, TrxR activities in MLC patients were also remarkably higher than those in
PLC patients, with a sensitivity of 88.82% and a specificity of 35.56% based on ROC results (AUC 0.605; 95% CI
0.538-0.718) (Fig. 5C,D and Table 4). Collectively, these data suggested that in both CRP and CUP groups, all
these TM markers (TrxR, CEA, CA19-9, AFP) were consistently elevated in MLCs in comparison with PLCs.

Discussion

Primary liver cancer (PLC) is a common clinical malignant tumor*** with high mortality rates especially in
western developed countries'®#. The causes of PLC are so far not completely elucidated. It is generally considered
that PLC is closely associated with viral hepatitis, liver cirrhosis, excessive drinking, and other risk factors*”*.
Most of the patients are diagnosed at low-differentiated stages, which seriously impacts the prognosis of these
patients®. Screening tests and timely treatment could significantly improve the quality of life and survival in PLC
patients. Different from the pathogenesis of PLC, patients with liver metastasis as secondary liver tumors develop
these tumors as distal metastasis of other cancers, such as colorectal cancer®®®!, In these cases, surgical resection
alone may offer little benefit, and chemotherapy is the main therapeutic strategy for advanced patients®>. However,
the clinical benefits of liver metastasis chemotherapy are not always obvious and multiple chemotherapy leads to
an additional burden of patients due to adverse effects®***. Therefore, the therapeutic response of patients with
liver metastasis and timely control of the progression of liver metastases are of great significance to improve the
survival and clinical benefits of patients with liver metastasis.

Tumor markers have become an important auxiliary tool for clinical diagnosis®. It has been reported that
CA19-9 has high accuracy and detection efficiency as a tumor marker for the diagnosis of pancreatic cancer
and liver cancer®™?°. CEA also offers diagnostic value for liver cancer, breast cancer, intestinal cancer, and other
malignant tumors”. The expression of AFP is elevated in liver cirrhosis and liver cancer®’. However, although
these tumor markers offer certain diagnostic value for liver cancer, they offer limited value for assessing thera-
peutic efficacy following chemotherapy and thus new strategies are being developed.

Thioredoxin reductase (TrxR) is a NADPH-dependent dimeric selenide containing FAD domains. Numer-
ous studies have shown that levels of TrxR are significantly higher than those of CEA and CA19-9 in malignant
diseases such as breast, lung, and colorectal cancers***®. In addition, TrxR has shown great therapeutic value in
malignant diseases such as renal and lung cancer, and the combined sensitivity of TrxR compared with conven-
tional tumor markers alone seems to be superior®*. Therefore, the combination of TrxR with other conventional
tumor markers has important clinical implications for the diagnosis and monitoring of therapeutic efficacy.

To further study the diagnostic value of TrxR and conventional tumor markers for liver cancer, this study
assessed TrxR and CEA, CA19-9, AFP in a primary liver cancer group and a healthy control group. The results
show that TR activity was significantly enhanced in PLC patients compared with healthy controls (Fig. 1A and
Table 1). Other tumor markers, including CEA and AFP, also had a high diagnostic sensitivity, which could
therefore also be used to distinguish the liver cancer patients and healthy controls. The diagnostic value of CA19-9
was not as high, which may be due to the fact the control group included people with chronic basic diseases,
such as chronic pharyngitis and diabetes. In addition, we also used TrxR combined with conventional tumor
markers to evaluate the diagnostic efficacy of liver cancers (Fig. 2B), which showed the highest performance of
markers assessed in this study.

Analysis of the levels of TMs which indicate clinical response may also be of great value to monitor the thera-
peutic efficacy after chemotherapy. The role of TrxR levels in liver cancer following chemotherapy was so far
unknown. Here, we showed that TrxR levels decreased following chemotherapy in both PLC and MLC (Figs. 3A,
4A). The levels of TrxR and AFP were lower in the CRP group compared with those in the CUP group, while
other tumor markers showed no significant difference before and after chemotherapy (Figs. 3B-E, 4B-E). These
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Figure 5. (A, B) ROC curve analyses of TrxR, AFP, CEA, CA19-9 (A), and the combinations (B) for the
differentiation of CUPs with different cancer types (PLCs vs. MLCs). (C, D) ROC curve analyses of TrxR, AFP,
CEA, CA19-9 (C), and the combinations (D) for the differentiation of CRPs with different cancer types (PLCs
vs. MLCs).

results revealed a suitability of TrxR for monitoring chemotherapy response. Furthermore, plasma TrxR activity
and combination panels had an obvious effect on improving assessment of therapeutic efficiency over individual
TM levels (Tables 2, 3). These results suggested that AFP and other conventional tumor markers alone may
not be sufficient to distinguish CRP from CUP patients. Combination of TrxR and the other TMs significantly
improved diagnostic efficiency in both MLC and PLC patients. Regardless of clinical outcome (CUP or CRP),
the TrxR levels were significantly elevated in MLCs compared with PLCs.

In summary, this is the first study to identify the role of TrxR activity in the diagnosis and therapeutic evalua-
tion of liver cancer. According to our results, TrxR activity was generally more effective than other routine tumor
markers including AFP, CEA, and CA19-9 in the diagnosis and monitoring the therapeutic efficiencies in both
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Liver cancer patients after chemotherapy

Tumor markers AUC (95%CI) |SEN% [SPE% |PPV% |NPV% |PLR |NIR
CUPs for differences between PLCs and MLCs

TrxR 0.615 (0.508-0.721) | 59.02 |71.43 |67.38 | 63.54 |2.07 |1.74
AFP 0.529 (0.417-0.642) | 100.00 | 1429 |53.85 |100.00 |1.17 | —
CEA 0.568 (0.459-0.678) | 81.97 |36.73 |5644 | 67.07 | 130 |2.04
CA19-9 0.540 (0.431-0.648) | 59.02 |53.06 |5570 | 5642 |126 |1.29

CEA +CA19-9+AFP 0.618(0.513-0.724) 83.61 |38.78 57.73 70.29 1.37 | 2.37
CEA +CA19-9+ AFP + TrxR 0.683 (0.583-0.783) 62.30 | 69.39 67.05 64.79 203 |1.84
CRP:s for differences between PLCs and MLCs

TrxR 0.605 (0.538-0.718) 88.82 |35.56 |57.95 76.08 |1.38 |3.18
AFP 0.522 (0.456-0.587) 31.18 |92.59 |80.80 57.36 | 4.21 |1.35
CEA 0.728 (0.672-0.785) 57.65 |78.52 |72.85 6496 |2.68 |1.85
CA19-9 0.631 (0.567-0.695) 64.12 | 60.00 |61.58 62.58 | 1.60 |1.67
CEA +CA19-9+AFP 0.763 (0.771-0.816) 6294 |79.26 |7521 68.14 |3.03 |2.14
CEA + CA19-9+AFP +TrxR 0.705 (0.645-0.766) 80.59 |57.78 |65.62 74.85 191 |2.98

Table 4. Assessment of therapuetic efficiency by TrxR, CEA, AFP, and CA19-9 and their combinations

in distinguishing MLC from PLC patients in the CUP and CRP group. SPE: specificity; SEN: sensitivity;
NPV: negative predictive value; PPV: positive predictive value;NLR: negative likelihood ratio. PLR: positive
likelihood ratio.

PLCs and MLCs. Combination of TrxR with other TMs may significantly enhance the clinical diagnostic value
and assessment of therapeutic efficacy of liver cancer patients. Furthermore, this study included the compari-
son of TrxR activity between PLCs and MLCs, providing a new insight to the clinical appliance of TrxR in the
diagnosis and monitoring therapeutic efficiency in liver cancer. Among common liver diseases, TrxR level was
specifically elevated in primary liver cancer compared with other liver diseases or healthy controls, suggesting
the upregulation of TrxR is only sensitive to the carcinogenesis in liver, and can be considered as a promising
auxiliary tool in the clinical diagnosis of liver cancer. Taken together, this study has revealed TrxR as a novel
biomarker in liver cancer with strong clinical relevance, suggesting TrxR as a promising tool in future clinical
application of liver cancer diagnosis and therapeutic evaluation.
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