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 Background: Previous studies showed that the discoidin domain receptor tyrosine kinase 1 (DDR1) is significantly elevated 
in a variety of cancers, and it is closely related to the occurrence and development of tumors. However, its clin-
ical significance in hepatocellular carcinoma (HCC) is not fully elucidated. So, in this study, we aimed to sys-
temically evaluate the prognostic value of DDR1 in HCC.

 Material/Methods: A total of 200 individuals were enrolled in this study (including 120 HCC patients, 40 chronic hepatitis patients, 
and 40 health individuals). The contents of DDR1 in serum was measured by enzyme-linked immunosorbent 
assay (ELISA), while the expression level of DDR1 in para-tumor and tumor tissue was detected by immunohis-
tochemistry staining. Kaplan-Meier, Cox regression analyses, and log-rank test were used to assess the prog-
nostic value.

 Results: The contents of DDR1 in serum of HCC patients was significantly higher compared with chronic hepatitis pa-
tients (P<0.01) and health individuals (P<0.001). The expression level of DDR1 in tumors was higher than that 
in normal liver tissue, and it had relatively strong correlation with DDR1 in serum. We next demonstrated that 
high DDR1 has utility as a prognostic risk factor for tumor recurrence and metastasis, and it still retains its dis-
crimination ability in low-risk groups (BCLC 0+A). Moreover, DDR1 is as an independent predictor of progno-
sis in HCC patients with microvascular invasion (MVI), and is strongly associated with epithelial-mesenchymal 
transition (EMT)-related protein.

 Conclusions: DDR1 is a novel predictor for HCC recurrence. Integration of serum and tumor DDR1 detection into clinical man-
agement would provide convenience and enhanced accuracy in clinical practice.
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Background

As one of the leading causes of cancer-related death worldwide, 
the incidence and mortality rates of hepatocellular carcinoma 
(HCC) are quite high in China [1]. Currently, although great im-
provements have been made in treating this malignancy, the 
prognosis of HCC patients still remains poor. Approximately 
30-50% of HCC patients have recurrence and metastasis with-
in 5 years after curative resection [2,3]. Therefore, a reliable 
biomarker is urgently needed during clinical diagnosis to pro-
vide advanced treatment for patients.

Discoidin domain receptor tyrosine kinase 1 (DDR1) is a mem-
ber of the receptor tyrosine kinase (RTK) family [4], and its main 
function is to combine with ECM components to perform further 
biological functions [5,6]. It is highly expressed in epithelial cells 
and tissues, and acts as a cellular sensor, which can also trigger 
several transmembrane receptors, such as TGF-b and Notch and 
other adhesive receptors [7]. Consistently, accumulating evidence 
shows that DDR1 participates in cell physiological and pathophys-
iological process that regulate tumor cells progression, including 
polarity, adhesion, proliferation, and migration [8,9]. Recent stud-
ies revealed that activated DDR1 can stimulate matrix metallopro-
teinase (MMP) expression and activation [10,11], suggesting that 
DDR1 plays a vital role in tumor metastasis. Interestingly, after 
activation, DDR1 is secreted into peripheral blood, which strong-
ly suggests DDR1 is a promising biomarker for HCC. However, the 
clinical significance of DDR1 in HCC is not fully clarified.

Hence, we conducted a retrospective study to evaluated the 
prognostic value of DDR1 in pretreatment serum and tu-
mors, and found a correlation between DDR1 and patholog-
ical parameters.

Material	and	Methods

Enrollment	and	Specimen	Collection

We recruited 120 patients with HCC who received curative re-
sections at the Huashan Hospital, Fudan University from January 
2015 to September 2016, as well as 40 patients with chronic 
hepatitis and 40 health individuals without history of cancer or 
cardiovascular disease. In the clinic, the diagnosis of HCC was 
based on biochemistry tests and magnetic resonance imag-
ing (MRI). Simultaneously, 2 senior pathologists performed fur-
ther histopathology to confirm the diagnosis according to the 
guidelines of the American Association for the Study of Liver 
Diseases [12]; staging was defined by Barcelona Clinic Liver 
Cancer (BCLC) guidelines, and BCLC 0+A was considered to be 
early-stage disease. Tumor differentiation was defined based 
on the Edmondson grading system. The Child-Pugh scoring sys-
tem was used to access liver function. This study was approved 

by the Research Ethics Committee of Huashan Hospital. The 
approval for the use of human subjects was obtained from 
the Research Ethics Committee of Huashan Hospital (approv-
al number 2014-6-5), and written informed consent was re-
ceived from every patient and healthy individual in this study.

Sample	Management

Peripheral blood samples of HCC patients were obtained in the 
morning before their surgery, and the samples from chronic 
hepatitis patients and healthy individuals were collected in the 
morning as well. The blood sample was centrifuged at 3000 
rpm for 15 min immediately after being accepted from the 
ward, and about 2 ml of serum was obtained from each partic-
ipant. The serum samples were stored at -80°C before analysis. 
DDR1 concentration levels were measured using an enzyme-
linked immunosorbent assay (ELISA) kit (Sino Biological, China).

Tissue	Microarray	(TMA)

Tumor tissues and paired para-tumor normal tissues were col-
lected for immunohistochemical staining (IHC) by tissue mi-
croarray. The dilution of antibody including DDR1, E-cadherin, 
N-cadherin, and vimentin (Cell Signaling Technology, USA), 
was 1: 1000. TMA was cut into 4-µm-thick sections and par-
affin-embedded. All slides were incubated with the primary 
antibodies for 12 h at 4°C, followed by incubation with sec-
ondary antibody (rabbit anti-mouse) for 1 h on the next day. 
Phosphate-buffered saline was used instead of the primary 
antibody for negative controls. Two senior pathologists were 
responsible for the results of IHC. The IHC scores were deter-
mined based on staining proportion and intensity. The stain-
ing proportion was scored as follows: <10% scored 0 (neg-
ative), 10-40% scored 1 (weakly positive), 40-70% scored 2 
(moderately positive), and >70% scored 3 (strongly positive). 
The staining intensity was scored as follows: 0 for negative, 
1 for weak, 2 for intermediate, and 3 for strong. The final IHS 
scores were the sum of the intensity and proportion scores, 
which was divided into 7 categories (0-2 was considered as 
low level, while 3-6 was considered high level).

Patient	Follow-up

The patients were monitored by serum testing (including AFP, ALT, 
AST, DDR1) every month and abdomen ultrasonography every 2 
months after the surgery. Time to recurrence (TTR) of HCC was 
the interval between curative resection and recurrence or metas-
tasis that was confirmed based on imaging and serologic testing.

Statistical	Analysis

The statistical analysis was performed using SPSS 20.0 software 
(IBM, Chicago, USA). The Figure was created using GraphPad 
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Prism 8 (GraphPad Software, CA, USA). The experimental re-
sults are expressed in the form of mean±SD. Differences be-
tween the 2 groups were analyzed using Fisher’s exact proba-
bility test, the chi-square test, and the t test. Logistic regression 
analysis was used to evaluate the correlation between the ex-
pression of DDR1 in serum and tumors, along with adjacent 
tumors. The clinical utility of DDR1 in evaluating the prognosis 
of HCC was further confirmed through log-rank test, Kaplan-
Meier curve analysis, and Cox regression analysis. Cutoff val-
ues were analyzed using X-tile 3.6.1. P values <0.05 were con-
sidered statistically significant.

Results

Clinical	Characteristics	of	Individuals	Enrolled	in	the	Study

A total of 200 individuals were enrolled in the research, in-
cluding 120 HCC patients who receiving curative resection, 40 
chronic hepatitis patients, and 40 healthy donors. The mean 
age of the HCC patients was 52 years (range, 45-60), 53 (range, 
42-64) for chronic hepatitis patients, and 53 (range, 45-57) for 
healthy individuals. A total of 68 HCC patients had recurrence 
and distant metastasis. The median follow-up period was 26.1 

HCC Chronichepatitis Healthcontrol

n=120 % n=40 % n=40 %

Age 52 (45-60) 51 (42-64) 53 (45-57)

Sex

 Female 31 25.83 12 30.00 7 17.50

 Male 89 74.17 28 70.00 33 82.50

HBsAg

 No 18 15.00 8 20.00

 Yes 102 85.00 32 80.00

ALT 42.23±33.34 U/L 35.23±21.34 U/L

AFP 1765.23±2788.65 ng/ml 23.66±18.72 ng/ml

Livercirrhosis

 No 22 18.33

 Yes 98 81.67

Tumornumber

 No 87 72.50

 Yes 33 27.50

Tumorsize

 £5cm 60 50.00

 >5cm 60 50.00

Tumordifferentiation

 BCLC0-A 94 78.33

 BCLCB-D 26 21.67

Encapsulation

 Complete 110 91.67

 Incomplete 10 8.33

PVTT

 No 63 52.50

 Yes 57 47.50

Table 1. Clinical characteristic of individuals enrolled in the study.
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Figure 1.  The expression of DDR1 was increased in serum and tumor in HCC patients. (A) Distributions of serum DDR1 in HCC patients 
(n=120), CHB patients (n=40), and healthy donors (n=40) and its expression level after HCC patients receiving curative 
resection. (B) The expression of DDR1 in tumor and para-tumor tissues in HCC patients. (C) Strong correlation between DDR1 
in serum and in tumors. Scar bar: 100 nm.
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months (range, 7.8-42.0 months). The clinical characteristics 
of patients and health individuals are summarized in Table 1.

DDR1	was	Significantly	Elevated	in	HCC	Patients

To evaluate the clinical significance of DDR1 in HCC patients, 
we first used an ELISA kit to measure the contents of DDR1 
in serum. The result showed DDR1 was dramatically higher 
in HCC patients (523.23±76.33 pg/ml) compared with chron-
ic hepatitis patients (331.45±65.21 pg/ml) and health individ-
uals (177.87±61.19 pg/ml) (P<0.001) (Figure 1A), suggesting 
that serum DDR1 can distinguish HCC patients from hepatitis 
patients and health individuals. Meanwhile, DDR1 expression 
levels in serum from HCC patients were continuously monitored 
after surgery. The results showed DDR1 decreased significantly 
with tumor burden removed and alleviation from the second 
month after patients received curative resection (Figure 1A).

IHC was used to evaluate the expression of DDR1 in tumor 
tissue and para-tumor tissues in HCC patients. Interestingly, 
DDR1was upregulated in most tumor tissues; 59.17% of HCC 

patients were classified as DDR1 high expression, and 40.83% 
were considered as low DDR1 expression. Meanwhile, 65.83% 
para-tumors were considered as DDR1 low expression and 
34.17% were high expression, which was a significant differ-
ence (Figure 1B). Further investigation through logistic regres-
sion analysis showed DDR1 expression in serum had a strong 
correlation with that in tumor tissue (P<0.001), suggesting that 
HCC patients who had high DDR1 expression in tumors were 
very likely to have a high expression level in serum (Figure 1C). 
These results reveal that DDR1 in serum was greatly elevat-
ed in HCC patients and it might originate from tumor tissue.

Increased	Expression	of	DDR1	in	Serum	and	Tumor	
Predicted Poor Prognosis

The clinical significance of DDR1 in HCC patients’ prognosis was 
further investigated. As planned, the HCC patients were strat-
ified into 2 groups – the high-DDR1 group and the low-DDR1 
group – based on the cutoff value of DDR1 (514.77 pg/ml) in 
serum results from X-tile analysis, and we found 61.98% of pa-
tients had recurrence or distant metastasis in the high-DDR1 
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Figure 2.  Increased DDR1 in serum and in tumors was associated with poor outcome of HCC patients. (A) HCC patients with high 
expression of DDR1 trended to have high possibility of recurrence and metastasis. (B) ROC analysis of different variables for 
predicting recurrence (B1) and AUC (B2).
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group, while only 49.98% of patients had tumor recurrence in 
the low-DDR1 group. Consistently, the same trend was also 
observed in the high- and low-DDR1 tumor expression groups 
(Figure 2A). Consistently, ROC curve analysis demonstrated that 
DDR1 in serum and in tumors had a large AUC-ROC (DDR1 in 
serum AUC=0.654, 0.513-0.795; DDR1 in tumor AUC=0.685, 
0.553-0.817) for predicting recurrence among all variates in-
vestigated (Figure 2B).

Kaplan-Meier analysis showed HCC patients with high level of 
DDR1 in serum had shorter TTR, as well as those patients with 
high DDR1 expression in tumors. Next, the prognostic value 
of DDR1 in HCC low-risk groups (the AFP £400 ng/ml group, 
single-tumor group, and tumor size £5 cm group) was further 
analyzed, and we found that DDR1 in serum and in tumors re-
tained the ability to distinguished the HCC patients who were 
more likely to have recurrence (Figure 3A, 3B).

The	Correlation	Between	DDR1	and	Clinicopathological	
Parameters

We next investigated the association between DDR1 and oth-
er clinicopathological parameters. The results are shown in 
Table 2. HCC patients with high DDR1 in serum or in tumors 
tended to have higher possibility of microvascular invasion 
(MVI) and more circulating tumor cells (CTCs), while there was 
no difference in other clinicopathological parameters, including 
age, sex, AFP, cirrhosis, ALT, tumor number, tumor size, satellite 
lesion, Edmondson stage, and BCLC stage. This result suggest-
ed that patients with high DDR1 expression tended to have a 
tumor phenotype that presented more aggressively. Thus, we 
further evaluated whether epithelial-mesenchymal transition 
(EMT)-related protein had a relationship with DDR1. The re-
sults showed that DDR1 expression had a positive correlation 
with N-cadherin (P=0.015) and vimentin (P=0.022) and a neg-
ative correlation with E-cadherin (P=0.023) (Figure 4A, 4B).
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Figure 3.  DDR1 was a promising marker of prognosis for HCC patients in the low-risk HCC group. (A) Kaplan-Meier analysis of TTR 
evaluated with DDR1 expression in serum and tumors. (B) Kaplan-Meier analyses of TTR according to DDR1 in the low AFP 
(£400 ng/ml) group, the single-tumor group, the tumor size £5 cm group, and the BCLC 0-A group.
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Clinical	Characteristic
Patients 
Number 

DDR1 in serum
P

DDR1 in tumor
P

Low High Low High

Age

 £50 54 21 33
0.713 

19 35
1.000 

 >50 66 28 38 23 43

Sex

 Male 31 10 21
0.295 

10 21
0.808 

 Female 89 39 50 32 57

AFP

 £400 ng/mL 93 37 56
0.664 

31 62
0.499 

 >400 ng/mL 27 12 15 11 16

ALT

 £75 U/L 79 34 45
0.700 

26 52
0.689 

 >75 U/L 42 16 26 16 26

Tumor size

 £5 cm 67 30 37
0.354 

23 44
1.000 

 >5 cm 53 19 34 18 34

Tumor number

 Single 103 41 62
0.603 

37 66
0.785 

 Multiple 17 8 9 5 12

HbsAg

 Negative 18 6 12
0.606 

8 10
0.425 

 Positive 102 43 59 34 68

Liver cirrhosis

 No 22 10 12
0.639 

10 12
0.323 

 Yes 98 39 59 32 66

Microvascular invasion

 No 46 25 21
0.022 

23 23
0.010 

 Yes 74 24 50 19 55

CTC

 £2/5 ml 61 31 30
0.027 

30 31
0.001 

 >2/5 ml 59 18 41 12 47

Encapsulation

 Complete 81 32 49
0.696 

24 57
0.102 

 Incomplete 39 17 22 18 21

Table 2. Correlation between DDR1 and clinicopathologic characteristics.
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DDR1	is	a	Promising	Marker	of	Prognosis	for	HCC	Patients

Univariate and multivariate Cox regression analyses were ap-
plied for analyzing independent risk factors for recurrence in the 
HCC patients. Univariate analyses showed that AFP (HR: 1.774, 
95%, 1.100-2.862, P=0.019), tumor size (HR: 3.426, 95%, 2.090-
5.615, P=0.000), tumor number (HR: 1.783, 95%, 1.092-2.912, 
P=0.021), DDR1 in serum (HR: 1.902, 95%, 1.150-3.146, P=0.012) 
and DDR1 in tumors (HR: 2.199, 95%, 1.275-3.790, P=0.005) 
were correlated with HCC recurrence. Multivariate analyses 
showed tumor number (HR: 2.855, 95%, 1.686-4.636, P=0.000), 
DDR1 in serum (HR: 1.520, 95%, 1.078-2.640, P=0.045), and 
DDR1 in tumors (HR: 1.811, 95%, 1.117-3.241, P=0.032) were 
independent predictors for TTR (Table 3).

Discussion

DDR1 is a type of tyrosine kinase receptor, which contains a 
discoidin homology (DS) domain in its extracellular region, 
and it can be effectively activated by collagen [13,14]. Unlike 
typical RTKs, after binding collagens, DDR1 starts autophos-
phorylation with very slow and sustained kinetics [15], then 
breaking away from the cell surface and slowly entering the 
peripheral circulation. This might explain why DDR1 in serum 
had a close correlation with that in tumors. We also found that 
after patients received curative resection, DDR1 in peripheral 
circulation decreased dramatically, further suggesting that a 
large amount of DDR1 in peripheral circulation of HCC patients 
comes from tumor tissues. To the best of our knowledge, we 

Table 2 continued. Correlation between DDR1 and clinicopathologic characteristics.

Clinical	Characteristic
Patients 
Number 

DDR1 in serum
P

DDR1 in tumor
P

Low High Low High

Satellite lesion

 No 104 40 64
0.274 

34 70
0.259 

 Yes 16 8 8 8 8

Child-Pugh score

 A 111 46 65
0.736 

34 74
0.274 

 B 9 3 6 5 4

Edmondson stage

 I-II 73 31 42
0.664 

23 50
0.334 

 III-IV 47 18 29 19 28

BCLC Stage

 0-A 94 36 58
0.368 

33 61
1.000 

 B-D 26 13 13 9 17

were the first team to find an association between DDR1 in 
circulation and tumor tissue. This discovery suggests DDR1 is 
an effective biomarker for HCC recurrence.

However, previous studies have demonstrated that DDR1 par-
ticipates in progression of multiple cancers, including breast, 
head, and neck, lung, brain, esophagus, and prostate can-
cers [16,17]. Dysregulation and overexpression of DDR1 was 
reported to be correlated with unfavorable outcomes [18]. 
Here, we showed that DDR1 in serum was significantly high-
er in HCC patients than in people with chronic hepatitis and 
health individuals, and the same trend was also observed in 
cancerous and normal liver tissue, suggesting the potential 
role of DDR1 in HCC prognosis. Further research indicated that 
DDR1 in serum and in tumor could be independent risk fac-
tors for HCC recurrence, and DDR1 in tumor tissues showed a 
better discrimination ability.

Clinically, tumor progression is usually monitored by serolog-
ical testing, among which AFP is one of the most widely used 
biomarker for evaluating the status of HCC patients. However, 
it was challenging to monitor patients with low AFP levels, 
as well as those in the single-tumor group, small tumor size 
group, and BCLC 0-A groups; over 50% of these patients would 
still have recurrence and distant metastasis after surgery [19]. 
We found DDR1 retains its prognostic ability in those low-risk 
patients. In summary, our data show that DDR1 is a powerful 
and effective biomarker for HCC recurrence, and it might play 
a vital role in tumor management when combined with other 
monitoring methods such as AFP testing, CT or MRI.
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Next, we analyzed the unfavorable correlation between DDR1 
and clinicopathological parameters. Intriguingly, DDR1 is asso-
ciated with MVI and CTC. Accumulating clinical evidence con-
firms that MVI and CTC are related with the poor outcome of 
HCC patients [20-24]. Some investigators even suggested re-
ferral for liver transplantation of all patients who were found 
to have MVI after hepatic resection, due to the significant risk 
of recurrence [25]. However, MVI is a pathological character-
istic, only visible in resected HCC tissue or based on biopsy, 
which poses a serious problem in clinical practice. Since we 
found that DDR1 in serum had a close correlation with MVI, 
measurement of DDR1 in serum would make it possible to 
predict the MVI without performing complex surgery, which 
would help to improve the clinical management of HCC pa-
tients. Meanwhile, CTC was reported originating from solid 
tumors with epithelial–mesenchymal transition. When shed-
ding from a tumor and entering the circulation, CTC is trans-
ferred to distant sites, causing local or distant metastasis. In 
this process, EMT plays an important role in generating CTCs. 
Coincidently, DDR1 has been reported to upregulate matrix me-
talloproteinase (MMP) expression after binding collagen, and 

further affects cell migration ability [26]. Zhao et al showed that 
overexpression of DDR1 in prostate cancer cells activated the ERK 
signaling pathway, thus increasing tumor invasion and metasta-
sis [27]. While, Wang et al and Lin et al found that DDR1 can ac-
tivate the STAT3 pathway, which drives EMT and increases the 
expressions of MMPs in tumor progression [28,29].

Therefore, we investigated the correlation between EMT-related 
protein and DDR1 in HCC, and we found DDR1 was positive-
ly correlated with N-cadherin and vimentin, and it was nega-
tively correlated with E-cadherin. These results indicate that 
DDR1 might influence EMT-related protein expression to pro-
mote tumor recurrence and metastasis. However, the under-
lying mechanism needs to be further investigated in HCC.

Conclusions

In summary, our research showed that DDR1 had a great 
prognostic value and close correlation with tumor progres-
sion, as a new independent risk factor for HCC recurrence and 
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Figure 4.  The correlation between DDR1 and EMT-related protein. (A) Representative images of E-cadherin, N-cadherin, vimentin, 
and DDR1 immunohistochemistry in tissue microarray slides are shown. (B) Patients with high DDR1 tended to have higher 
N-cadherin and vimentin and lower E-cadherin. Scar bar: 100 nm.
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metastasis. It also has potential to predict MVI before surgery, 
which provides convenience and enhanced accuracy in clinical 
practice. However, this study still has certain limitations. First 
of all, the number of patients and healthy people recruited in 
the study was limited, and this was only a single-center ret-
rospective study. Although we found DDR1 can promote HCC 
progression through the mechanism of EMT, we were still not 
able to clarify the details. Since we found satisfactory perfor-
mance of DDR1, our team will conduct more researches on it.

Ethics	Approval	and	Consent	to	Participate

Ethics approval was obtained from the Research Ethics 
Committee of Huashan Hospital, Fudan University. Informed 
consent was obtained from every patient.

Variables
Univariate analysis Multivariate	analysis

HR P HR P

Age >50 vs £50  0.889 (0.551-1.434) 0.629 NA NA

Gender Male vs Female  1.076 (0.626-1.847) 0.791 NA NA

AFP >400 ng/mL vs £400 ng/mL  1.774 (1.100-2.862) 0.019  1.568 (0.945-2.603) 0.082

ALT >75 U/L vs £75 U/L  0.969 (0.586-1.602) 0.902 NA NA

Tumor size >5 cm vs £5 cm  1.783 (1.092-2.912) 0.021  1.375 (0.958-2.686) 0.073

Tumor number Multiple vs single  3.426 (2.090-5.615) 0.000  2.855 (1.686-4.836) 0.000

HbsAg Positive vs negative  2.167 (0.989-4.747) 0.053 NA NA

Liver cirrhosis Yes vs no  1.378 (0.669-2.681) 0.361 NA NA

Encapsulation Incomplete vs complete  1.115 (0.670-1.875) 0.675 NA NA

Satellite lesion Yes vs no  0.601 (0.274-1.315) 0.202 NA NA

Child-Pugh score B vs A  1.505 (0.678-3.296) 0.307 NA NA

Edmondson stage III-IV vs I-II  1.489 (0.920-2.408) 0.105 NA NA

BCLC Stage B-D vs 0-A  1.230 (0.708-2.137) 0.463 NA NA

DDR1 in serum High vs low  1.902 (1.150-3.146) 0.012  1.520 (1.078-2. 640) 0.045

DDR1 in tumor High vs low  2.199 (1.275-3.790) 0.005  1.811 (1.117-3.241) 0.032

Table 3. Univariate and multivariate Cox regression analysis of factors associated with recurrence.

Acknowledgment

The authors thank the patients who participated in this re-
search for providing clinical blood samples and tumor samples.

Declaration	of	Figure	Authenticity

All figures submitted have been created by the authors, who 
confirm that the images are original with no duplication and 
have not been previously published in whole or in part.

References:

 1. Lu C, Rong D, Zhang B, et al. Current perspectives on the immunosuppres-
sive tumor microenvironment in hepatocellular carcinoma: Challenges and 
opportunities. Mol Cancer. 2019;18:130

 2. Bruix J, Reig M, Sherman M. Evidence-based diagnosis, staging, and 
treatment of patients with hepatocellular carcinoma. Gastroenterology. 
2016;150:835-53

 3. Galle PR, Tovoli F, Foerster F, et al. The treatment of intermediate stage 
tumours beyond TACE: from surgery to systemic therapy. J Hepatol. 
2017;67:173-83

 4. Valiathan RR, Marco M, Leitinger B, et al. Discoidin domain receptor tyro-
sine kinases: New players in cancer progression. Cancer Metastasis Rev. 
2012;31:295-321

 5. Shrivastava A, Radziejewski C, Campbell E, et al. An orphan receptor tyro-
sine kinase family whose members serve as nonintegrin collagen recep-
tors. Mol Cell. 1997;1:25-34

 6. Vogel W, Gish GD, Alves F, Pawson T. The discoidin domain receptor tyro-
sine kinases are activated by collagen. Mol Cell. 1997;1:13-23

e933109-10
Indexed in: [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]  
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]  
[Chemical Abstracts/CAS]

Xu M. and Cui C. et al: 
A new biomarker for HCC recurrence

© Med Sci Monit, 2021; 27: e933109
CLINICAL RESEARCH

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



 7. Gao H, Chakraborty G, Zhang Z, et al. Multi-organ site metastatic reacti-
vation mediated by non-canonical discoidin domain receptor 1 signaling. 
Cell. 2016;166:47-62

 8. Vogel WF, Aszódi A, Alves F, Pawson T. Discoidin domain receptor 1 tyro-
sine kinase has an essential role in mammary gland development. Mol Cell 
Biol. 2001;21:2906-17

 9. Labrador JP, Azcoitia V, Tuckermann J, et al. The collagen receptor DDR2 
regulates proliferation and its elimination leads to dwarfism. EMBO Rep. 
2001;2:446-52

 10. Hou G, Vogel WF, Bendeck MP. Tyrosine kinase activity of discoidin domain 
receptor 1 is necessary for smooth muscle cell migration and matrix me-
talloproteinase expression. Circ Res. 2002;90:1147-49

 11. Ferri N, Carragher NO, Raines EW. Role of discoidin domain receptors 1 and 
2 in human smooth muscle cell-mediated collagen remodeling: potential im-
plications in atherosclerosis and lymphangioleiomyomatosis. Am J Pathol. 
2004;164:1575-85

 12. Bruix J, Sherman M. Management of hepatocellular carcinoma. Hepatology. 
2005;42:1208-36

 13. Leitinger B. Discoidin domain receptor functions in physiological and path-
ological conditions. Int Rev Cell Mol Biol. 2014;310:39-87

 14. Kadler KE, Baldock C, Bella J, Boot-Handford RP. Collagens at a glance. J Cell 
Sci. 2007;120:1955-58

 15. Shrivastava A, Radziejewski C, Campbell E, et al. An orphan receptor tyro-
sine kinase family whose members serve as nonintegrin collagen recep-
tors. Mol Cell. 1997;1:25-34

 16. Valiathan RR, Marco M, Leitinger B, et al. Discoidin domain receptor tyro-
sine kinases: New players in cancer progression. Cancer Metastasis Rev. 
2012;31:295-321

 17. Jian ZX, Sun J, Chen W, et al. Involvement of discoidin domain 1 receptor 
in recurrence of hepatocellular carcinoma by genome-wide analysis. Med 
Oncol. 2012;29:3077-82

 18. Cader FZ, Vockerodt M, Bose S, et al. The EBV oncogene LMP1 protects lym-
phoma cells from cell death through the collagen-mediated activation of 
DDR1. Blood. 2013;122:4237-45

 19. Yamao T, Yamashita YI, Imai K, et al. Clinical significance of preopera-
tive hepatocellular carcinoma with high lens culinaris agglutinin-reactive 
fraction of alpha-fetoprotein, but low alpha-fetoprotein. Anticancer Res. 
2019;39:883-89

 20. Finn RS, Zhu AX, Farah W, et al. Therapies for advanced stage hepatocel-
lular carcinoma with macrovascular invasion or metastatic disease: A sys-
tematic review and meta-analysis. Hepatology. 2018;67:422-35

 21. Banerjee S, Wang DS, Kim HJ, et al. A computed tomography radiogenom-
ic biomarker predicts microvascular invasion and clinical outcomes in he-
patocellular carcinoma. Hepatology. 2015;62:792-800

 22. Lee S, Kim SH, Lee JE, et al. Preoperative gadoxetic acid-enhanced MRI for 
predicting microvascular invasion in patients with single hepatocellular 
carcinoma. J Hepatol. 2017;67:526-34

 23. Ahn JC, Teng PC, Chen PJ, et al. Detection of circulating tumor cells and their 
implications as a novel biomarker for diagnosis, prognostication, and thera-
peutic monitoring in hepatocellular carcinoma. Hepatology. 2021;73:422-36

 24. Qi LN, Xiang BD, Wu FX, et al. Circulating tumor cells undergoing EMT pro-
vide a metric for diagnosis and prognosis of patients with hepatocellular 
carcinoma. Cancer Res. 2018;78:4731-44

 25. Sala M, Fuster J, Llovet JM, et al. High pathological risk of recurrence after 
surgical resection for hepatocellular carcinoma: An indication for salvage 
liver transplantation. Liver Transpl. 2004;10:1294-300

 26. Page-McCaw A, Ewald AJ, Werb Z. Matrix metalloproteinases and the reg-
ulation of tissue remodelling. Nat Rev Mol Cell Biol. 2007;8:221-33

 27. Zhao Z, Zhao S, Luo L, et al. miR-199b-5p-DDR1-ERK signalling axis sup-
presses prostate cancer metastasis via inhibiting epithelial-mesenchymal 
transition. Br J Cancer. 2021;124(5):982-94

 28. Wang Z, Sun X, Bao Y, et al. E2F1 silencing inhibits migration and inva-
sion of osteosarcoma cells via regulating DDR1 expression. Int J Oncol. 
2017;51(6):1639-50

 29. Lin Y, Jin H, Wu X, et al. The cross-talk between DDR1 and STAT3 pro-
motes the development of hepatocellular carcinoma. Aging (Albany NY). 
2020;12(14):14391-405

e933109-11
Indexed in: [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]  
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]  
[Chemical Abstracts/CAS]

Xu M. and Cui C. et al: 
A new biomarker for HCC recurrence
© Med Sci Monit, 2021; 27: e933109

CLINICAL RESEARCH

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)


