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Abstract 

Background: PRC1, a microtubules(MTs)-associated protein, is essential in the mitosis and cell cycle 
regulation. It has been recently linked to chemoresistance and tumorigenesis. The current study sought 
to explore the role of PRC1 on chemoresistance and postoperative prognosis of hepatocellular 
carcinoma(HCC).  
Methods: PRC1 was transfected into HCC cells to detect its effects of chemoresistance to 
5-fluorouracil in vitro and in vivo. This study also investigated the impact of PRC1 on 5-FU-induced 
G2/M phase arrest and the potential molecular mechanism. Surgical specimens from HCC patients were 
examined immunohistochemically for PRC1 expression.  
Results: Ectopic expression of PRC1 significantly increased the chemoresistance, promoted the tumor 
growth and abrogated 5-FU-induced G2/M phase arrest via p21/p27-pRBs pathway. In clinical 
specimens, high expression of PRC1(immunostaining score≥3) in HCC cells predicted an unfavorable 
postoperative survival of HCC patients(P=0.019), especially for whom received postoperative 
chemotherapy(P=0.002). In multivariate Cox analyses, high PRC1 expression significantly predicted an 
unfavorable postoperative prognosis, not dependent of TNM stage.  
Conclusion: High PRC1 expression in HCC cells increased chemoresistance, attenuated 5-FU-induced 
apoptosis, abrogated 5-FU-induced G2/M phase arrest, and predicts an unfavorable survival, especially 
for the patients who received chemotherapy. PRC1 might be a novel prognostic and predictive marker 
and therapeutic target for HCC patients. 

Key words: PRC1, chemoresistance, postoperative, survival, hepatocellular carcinoma. 

Introduction 
Hepatocellular carcinoma(HCC) is one of most 

common malignancies and the second leading cause 
of cancer death worldwide, with estimated 745,500 

deaths per annum[1, 2]. The prognosis of HCC is 
really poor and surgery in combination with adjuvant 
chemotherapy offers the possibility of long-term 
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survival for HCC patients. However, a part of patients 
benefit little from chemotherapy and develop 
platinum/5-florouracil(5-FU)-resistant relapse[3]. To 
characterize this heterogeneity, it is necessary to 
develop effect predictive/prognostic markers to 
identify HCC patients who will get better prognosis, 
which may provide a guidance for individualized 
therapeutic intervention of HCC. 

 PRC1 is a microtubules(MTs)-associated protein 
(MAP) which are involved in cytokinesis and MTs 
organization[4, 5]. MTs are very important in cell 
cycle, trafficking and chemoresistance. Cytotoxic 
agents trigger the mitotic checkpoint through 
interfering with mitotic spindle dynamics, thus 
induce cell G2/M-phase arrest & apoptosis [6, 7]. 
MAPs promote microtubule assembly/stabilization, 
and correlate with increased chemoresistance of 
cytotoxic agents[8]. As a member of MAPs, PRC1 was 
found a higher expression in HCC tissues compared 
with matched adjacent-non-cancer liver, in recurrence 
HCC compared with primary HCC tissues[9]. Further 
qPCR validated the results from data mining of 
microarray[10]. Chen et al. also reported the 
oncogenic properties of PRC1 in HCC[10]. But the 
effect of PRC1 in chemoresistance as a MAP was 
unknown. Therefore we detected the PRC1 expression 
in formalin-fixed paraffin embedded (FFPE) 
specimens from 222 HCC patients(123 patients 
received postoperative chemotherapy). Stratification 
analysis showed that high expression 
(immunohistochemistry score≥3) of PRC1 in patients 
received chemotherapy was significantly associated 
with a favorable prognosis after curative surgery. 
However, this effect was not found in those without 
chemotherapy. To summarize, PRC1 may be a novel 
prognosis factor in predicting the benefit of HCC 
patients received from chemotherapy.  

 In the current study, we report that PRC1 
expression confer chemoresistance and predict an 
unfavorable postoperative prognosis of HCC patients, 
especially for those who received 5-FU/platinum 
chemotherapy. These intriguing findings reveal the 
important role of PRC1 in chemoresistance and 
provide a predictive marker for HCC prognosis. 

Materials and Methods 
HCC patients and postoperative Follow-up 

 Consecutive HCC patients who received 
curative surgery at Department of Gastroenterology, 
Rizhao People's Hospital(Rizhao, China) from Sep 
2003 to May 2009 were enrolled in our study. All the 
patients were pathologically confirmed and signed 
the informed consent. Follow-up was performed via 
in person interview or telephone calls according to the 

standard epidemiologic procedure twice a year. The 
final date of follow-up was Dec 12, 2015. A total of 222 
patients with intact follow-up information and PRC1 
immunohistochemistry data were included in 
survival analysis. Freshly frozen and FFPE tumor 
specimens and the matched adjacent non-cancer 
tissues from 48 patients were collected for 
comparative analysis of PRC1 expression. All the 
protocols conformed to the Declaration of Helsinki 
and were approved by ethics committee of the Rizhao 
people's hospital. 

Adenovirus preparation and HCC xenograft 
models construction 

 Ad-PRC1, a replication-deficient adenovirus 
vector expressing PRC1, was constructed as 
described[11]. The pAd-Easy1 adenovirus system was 
purchased from Addgene (Cambridge, MA, USA). 
The recombinants were identified with Pac I prior to 
transfection. 2 weeks later, the viruses were collected 
and expanded for 3 cycles. The viruses were purified 
according to the manufacturer's instruction(Clontech, 
Mountain View, CA). Before transduction the viruses 
should be examined at different titers. The animal 
study protocol was approved by the ethics committee 
of the Rizhao people's hospital. Female pathogen-free 
nude mice (nu/nu, 4-6 weeks) were purchased from 
Laboratory Animal Center of Qingdao University 
(Qingdao, China). To establish Huh7 HCC xenograft 
models, 1×106 cells in 100μL DMEM were 
subcutaneously injected into the right flank of each 
mice. All mice were monitored for activity, body 
weight, and tumor growth. While the tumor volume 
reached ~50 mm3, the mice bearing xenografts were 
randomly divided into four groups: Ad-Vector, 
Ad-PRC1, Ad-Vector+5-FU, Ad-PRC1+5-FU 
(n=10/group). A total of 2×109 infectious particles (IP) 
of Ad-Vector or Ad-PRC1 were intratumoral injected 
every 3 days; 5-FU(5 mg/kg) was intraperitoneal (i.p.) 
injected weekly for about 4 weeks[12-14]. The control 
group only received the vehicle.  

Flow cytometry for cell cycle analysis 
 Cells were digested by 0.25% trypsin (Beyotime, 

Jiangsu, China), and fixed overnight in 70% cold 
ethanol at 4˚C. Then the cells were stained by 1 mL 50 
μg/mL PI solution(0.1% Triton X-100 + 0.1 mg/ml 
RNase) for 30 min(dark, 37℃). The cell cycle were 
analysised on Beckman-coulter Gallios flow 
cytometer(Beckman Coulter Inc., Brea, CA). Flowjo 
software (Tree Star Inc., Ashland, OR, USA) was 
applid to calculate the percentages of cells in G2/M 
phase. 

Western Blot  
 Protein was extracted, quantified, and separated 
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by12% SDS-PAGE. Then it was transferred to PVDF 
membranes (Millipore, Bedford, USA), incubated 
with antibodies for Cip/p21, Kip/p27 and pRBs 
(Santa Cruz, 1:1000). Finally, the membranes were 
immersed in ECL substrate solution (Biorad, USA) 
and detected using SyngeneTM gel imaging analysis 
system. β-actin was an internal control. 

Immunohistochemistry 
 The PRC1 expression in primary HCC 

specimens were detected by immunohistochemistry. 
Rabbit monoclonal antibody against PRC1 (ab51248, 
1:100, Abcam) was applied for immunostaining. The 
score was independently evaluated by 2 researchers 
(Y.W., S.X.). They were blind to the clinical features of 
patients. Immunostaining scores were calculated from 
the multiplication of the intensity and the extent. The 
intensity was graded as 0(-, negative), 1(+, weak), 
2(++, moderate), and 3(+++, intense). The extent of 
positive staining cells was classified as 0(0-4%), 
1(5-24%), 2(25-49%), 3(50-74%), 4(75-100%). After fully 
evaluated, a mean score of 3 random selected visual 
fields were given to each specimen. The median score 
of 3 was determined as the cutoff point best 
dichotomized patients into high-expression and 
low-expression groups. Quantitative analysis was 
performed with the Image-Pro Plus 4.5 software 
(Media Cybernetics, Silver Spring, USA). The stained 
sections were examined at 200× magnification. 10 
representative staining fields/each section were 
evaluated to generate the Mean Optical Density 
(MOD). MOD represents the intensity of staining 
signals as measured positive pixels. The negative 
control was used for background subtraction. The 
average MOD difference between two groups was 
statistically analyzed by t-test, and P<0.05 was 
considered significant. 

Statistics 
 Chi-square test and Student t test were used to 

detect the differences in categorical variables and 
continual variables, respectively. The correlation 
between immunostaining score and clinical features 
was determined by Spearman rank test. The survival 
was evaluated by Kaplan-Meier analysis with 
log-rank test. Cox regression analysis was employed 
to generate hazard ratio and correlated 95% 
confidence interval of factors which were associated 
with HCC-specific survival. All statistical tests were 
2-side and performed with SPSS 18.0 for windows 
(SPSS, Chicago, III). P<0.05 were considered 
significant. 

Results 
Ectopic Expression of PRC1 Increased 
Chemoresistance to 5-FU and Conferred 
Resistance to Cytotoxic Agent-Induced 
Apoptosis 

 PRC1-transfected and empty-vector-transfected 
Huh-7 cells were tested by CCK-8 assay for their 
sensitivity to 5-FU. The IC50 concentrations were 
192.3 μg/mL, 146.7μg/mL, respectively. Ectopic 
expression of PRC1 notably increase the 
chemoresistance of HCC cells to 5-FU (Fig. 1A). After 
being treated with 5-FU at different concentration, the 
ratio of apoptotic cells was calculated. The ratio in 
empty-vector-transfected Huh-7 cells was 
significantly higher than that in PRC1-transfected 
Huh-7 cells (25μg/mL: 15.7%±2.1% vs. 5.6%±1.3%, 
P=0.019; 50μg/mL: 25.9±3.4% vs. 14.5±2.6%, P=0.005; 
100μg/mL: 43.7%±9.1% vs. 21.6%±5.2%, P=0.011) (Fig. 
1B). 

 

 
Figure 1. PRC1 ectopic expression increased Chemoresistance of HCC cells and conferred resistance to 5-FU-induced apoptosis. (A)CCK-8 assay was used to 
evaluate the cell growth inhibition of 5-FU in Vector or PRC1 groups; (B) The apoptosis status of cells from Vector or PRC1 groups was examined under a 
fluorescence microscope after Hoechst 33258 staining. All experiments were performed in triplicate. Data was presented as mean ±SD. 
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PRC1 promoted the growth of xenograft 
tumors and increased the resistance of tumors 
to 5-FU in vivo 

 To detect the chemoresistance effect of PRC1 in 
vivo, nude mice bearing HCC xenograft tumors were 
intratumorally injected with Ad-PRC1. The data 
indicated that Ad-PRC1 promoted the growth of 
xenograft tumors by 20.3% (Fig 2A). 5-FU treatment 
significantly decreased the volume of tumors by 
50.5%. However, the combination of 5-FU and 
Ad-PRC1 only reduced tumor growth by 33.1%, 
suggested that Ad-PRC1 infection increased the 
chemoresistance to 5-FU in vivo (P=0.008, Fig 2A). Of 
note, there was no obvious change in the body 
weights between the four groups (Fig 2B). The similar 
results were found in tumor weight detection (Fig 2C, 
Fig 2D). 

PRC1 reversed the 5-FU-induced G2/M-phase 
arrest and regulated the expression of 
cell-cycle correlated molecules 

 To investigate the potential mechanism by 

which PRC1 promoted tumor growth and increased 
the tumor resistance to 5-FU, we examined the cell 
cycle of cells in different groups and the expression of 
relevant molecules in cell cycle arrest. As shown in Fig 
3A and 3B, 5-FU treatment induced an obvious 
G2/M-phase arrest compared with vector group 
(31.8±2.1% vs. 11.4±0.78, P=0.001). While combined 
with PRC1 overexpression, the percentage of 
G2/M-phase cell significantly decreased (31.8±2.1% 
vs. 21.6± 0.85%). These data suggested that PRC1 
significantly abrogated the G2/M-phase arrest 
induced by 5-FU, which might contribute to the 
chemoresistance of PRC1. Furthermore, we detected 
expression level of the G2/M phase checkpoint 
proteins and the phosphorylation of downstream pRB 
molecules. The western blot data revealed that PRC1 
reversed the effect of 5-FU which down-regulated the 
expression of Cip1/p21 and Kip1/P27 and triggered 
the phosphorylation of pRB, p107, p130(Fig 3C). These 
observations were consistent with data of cell cycle 
distribution. 

 

 
Figure 2. PRC1 promoted the growth of HCC xenograft tumors and conferred resistance of tumors to chemotherapy in vivo. (A) The tumor volume was measured 
once every 5 days and calculated by the formula: length×width2×1/2. (B)The body weights of xenograft models with different treatment were examined once every 
5 days. It was a surrogate marker for toxicity.(C)The representative pictures of nude mice xenograft models with different treatment. C1: Ad-Vector; C2:Ad-PRC1; 
C3: Ad-Vector+5-FU; C4: Ad-PRC1+5-FU. (D)Tumor weights in different groups. 
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Figure 3. PRC1 abrogated the G2/M-phase arrest and regulated Cip1/p21 and Kip1/p27 expression in HCC cells. (A) The cell cycle distribution in cells from different 
groups was analyzed by flow cytometry via PI staining. (B) The rate of G2/M phase cells from different groups was shown in histogram(*P<0.05, **P<0.01). (C) The 
expression levels of Cip1/p21, Kip1/p27 and the phos-pRB/p107/p130 protein levels were examined using western blot assay. β-actin was used as internal control. 

 

Table 1. Demographics and Clinical Features of the Patients With 
Hepatocellular Carcinoma Involved in Survival Analysis. 

Characteristics PRC1 expression P 
value Low 

expression(score<3) 
High 
expression(score≥3) 

Number of cases, n(%) 99(44.6) 123(55.4)  
Sex    
Male 70(31.5) 85(38.3) 0.911 
Female 29(13.1) 38(17.1)  
Age(year)    
 <50 48(21.6) 50(22.5) 0.302 
 ≥50 51(23.0) 73(32.9)  
TNM stage    
 I 45(20.3) 30(13.5)  
 II 24(10.8) 31(14.0) 0.004 
 III 25(11.3) 48(21.6)  
 IV 5(2.2) 14(6.3)  
Differentiation grade    
Differentiated 63(42.3) 55(42.8)  
undifferentiated 36(2.3) 68(12.6) 0.008 
Postoperative 
chemotherapy 

   

Yes 58(26.1) 56(25.2) 0.285 
No 41(18.5) 67(30.2)  
Serum carcinoembryonic 
antigen (ng/mL) 

   

≤2.62 45(20.3) 30(13.5) <0.001 
<2.62 54(24.3) 93(41.9)  
a5-Fluorouracil+oxaliplatin/cisplatin (without lymph node metastasis); 
5-fluorouracil+oxaliplatin/cisplatin+paclitaxel (with lymph node metastasis). 
Abbreviations: TNM, tumor-node-metastasis. 

 

Significant association between up-regulation 
of PRC1 and clinical aggressiveness of HCC 

 To further detect whether PRC1 up-regulation 
was associated with the clinical aggressiveness of 
HCC, 222 FFPE specimens were cut into 4μm sections 
and immunohistochemical stained. The results were 
summarized in Table 1. High level of PRC1 expression 
were present in cytoplasm of tumor cells of primary 
HCC. In contrast, PRC1 was slightly detectable in the 
adjacent non-cancerous tissues (Fig 4A). Quantitative 
analysis suggested that the MODs of PRC1 
immunostaining in HCC specimens were higher than 
that in adjacent non-cancerous tissues (P<0.001; Fig 
4B). Moreover, the expression of PRC1 was slightly 
lower in specimens from stage I and II than in those 
from stage III and IV HCC. But spearman correlation 
analysis indicated the expression of PRC1 was not 
associated with TNM stage (P=0.067). These results 
supported the hypothesis that PRC1 was involved in 
malignant transformation of HCC. 

PRC1 expression in cancer predicted the 
unfavorable prognosis of HCC patients 

 Demographic and clinicopathological variables 
of HCC patients included in survival analysis were 
presented in Table 1. High level of PRC1 expression in 
tumor cells was significantly correlated with an 
unfavorable postoperative survival (Fig 5). 
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Furthermore, stratification analysis indicated that this 
correlation was only found in those patients who 
received 5-FU/platinum-based chemotherapy after 
curative surgery, but not in the patients without 
chemotherapy. The results of multivariate Cox 

regression analysis depicted the contribution of PRC1 
expression and clinicopathological variables to 
HCC-specific survival (Table 2). High expression of 
PRC1 in tumor significantly predicted the unfavorable 
prognosis. 

 

 
Figure 4. Expression pattern of PRC1 in adjacent non-cancerous tissues(ANT) and tumor tissues with different TNM stage. (A) Representative micrographs of PRC1 
expression in histopathological sections which were examined by immunohistochemistry(IHC). Magnification: 200×; (B) The average MOD of PRC1 staining was 
drawn in histogram. Data was represented as mean±SD. 

 
Figure 5. Kaplan-Meier analysis of postoperative survivals of HCC patients with different PRC1 expression levels in tumor specimens. Blue line: low PRC1 
expression(immunostaining score:<3); Green line: high PRC1 expression(immunostaining score:≥3). (A)The curves for all the 222 patients; (B)Curves for patients 
with postoperative chemotherapy; (C) Curves for patients without chemotherapy. 
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Table 2. Clinicopathological Variables and PRC1 expression in tumor specimens predicted postoperative survival of the 222 patients with 
hepatocellular carcinoma in the Cox proportional hazard models. 

Variables Univariate Cox Analysis Multivariate Cox Analysis 
HR 96%CI P HR 95%CI P 

Age,y(<50,≥50) 2.264 1.689-3.521 .003 2.137 1.596-3.287 0.005 
Sex(male vs. female) 1.446 0.912-2.283 0.129    
TNM stage 2.371 1.796-3.425 <0.001 2.362 1.782-3.391 <0.001 
Chemotherapy(yes vs. no) 3.127 2.145-5.392 0.007    
PRC1 score(<3 vs, ≥3) 4.942 1.591-15.347 0.006 4.458 1.418-14.019 0.011 
Abbreviations: CI, confidence interval; HR, hazard ratio; TNM, tumor-node-metastasis. 

 

Discussion 
 To our knowledge, this study is the first one 

declare that PRC1 expression confer HCC cells the 
chemoresistance to 5-FU, inhibit 5-FU-induced 
apoptosis, abrogate 5-FU related G2/M phase arrest, 
promote the growth of xenograft tumors, and 
contribute to the unfavorable prognosis in HCC 
patients, especially for whom receive postoperative 
chemotherapy.  

 Currently, the development of drug resistance is 
the major factor for failure in chemotherapeutic 
intervention of HCC and relapse[15]. Therefore, 
conventional chemotherapeutic avenues achieve poor 
efficacy and show little benefit to survival in 
advanced HCC patients[16]. However, the potential 
mechanism is not so clear. MAPs are proteins calling 
too much attention from researchers for the functions 
in promoting microtubule stabilization and 
chemoresistance[8]. In the study, we found that PRC1, 
a novel MAP molecule, was screened from microarray 
database and proved that it was involved in HCC 
recurrence[9, 10]. Interestingly, the Huh-7 cells with 
PRC1 ectopic expression exhibited a significant 
resistance to 5-FU-induced growth inhibition and 
apoptosis (Fig 1). The dose-response effects reflect the 
actual role of PRC1 in chemoresistance. 

Moreover, we detected the effect in 
chemoresistance of PRC1 in vivo. The data indicated 
that 5-FU treatment significantly decreased the 
volume of tumors by 50.5%. However, the 
combination of 5-FU and Ad-PRC1 only reduced 
tumor growth by 33.1%, suggested that intratumoral 
injected Ad-PRC1 infection increased the 
chemoresistance to 5-FU in vivo (P=0.008, Fig 2A). The 
similar results were found in tumor weight 
detection(Fig 2C, Fig 2D ). Taken together, our results 
demonstrated that PRC1 conferred the tumor cells 
chemoresistance to 5-FU both in vitro and in vivo. 
However, the underlying molecular mechanism 
should be explored. 

 Mounting evidences has shown that 
chemoresistance is correlated to mitotic checkpoint 
initiating, cell G2/M-phase arrest & apoptosis[17, 18]. 

Cip/p21 and Kip/p27 are negative regulators of cell 
cycle and inhibitors of cyclins, cyclin-dependent 
kinase(CDKs). They also play an pivotal role in the 
regulation of cytotoxic-agent resistance[19]. While 
receive anti-proliferative signals, the downstream 
molecules(pRB, p107, p130) of Cip/p21 and Kip/p27 
undergo phosphorylations during the progression 
through S and G2/M, and the de-phosphorylation of 
pRBs is essential for cells to pass the mitosis[20] . 
Therefore, to elucidate the mechanisms by which 
PRC1 could influence the chemoresistance of HCC 
cells, we extended our investigations to its effects on 
the cell-cycle distribution and the expression of these 
cell-cycle-regulatory molecules. Since pRb is 
phosphorylated and hyperphosphorylated in S and 
G2/M phase, respectively, we also examined the 
phosphorylation status of pRBs in HCC cells from 
different groups. Surprisingly, we found that the 
ectopic expression of PRC1 abrogated the G2/M 
phase arrest in 5-FU treated Huh-7 cells(31.8±2.1% to 
21.6± 0.85%)(Fig 3A and Fig 3B). In addition, we also 
demonstrated that up-regulated expression of cell 
cycle regulators was triggered by PRC1(Fig 3C). The 
phosphorylation status of downstream pRBs were 
subsequently altered. These evidences were consistent 
with changes of the cell cycle distribution. Our 
findings confirmed the viewpoint that PRC1 
enhanced the chemoresistance of HCC cells to 5-FU 
by abrogating the agent-induced G2/M-phase arrest. 
The effect of PRC1 on cell cycle distribution was 
mainly due to the up-regulation of CDK 
inhibitor-Cip1/p21 and Kip1/P27, and subsequently 
inhibition of the phosphorylation of pRBs. 

 Since PRC1 is an essential MAP molecule which 
confer chemoresistance of HCC cells, the association 
between PRC1 expression and prognosis should be 
evaluated. We included 222 HCC patient with intact 
clinicopathological informations, follow-up and PRC1 
immunohistochemical data in the survival analysis. 
The results suggested that PRC1 expression in HCC 
tissues was significantly associated with unfavorable 
postoperative survival, especially for the patients who 
received postoperative chemotherapy (Fig 5). This 
effect was independent of TNM stage (Table 2). 
Because PRC1 expression increases chemoresistance, 
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chemotherapy may screen a subset of HCC cells with 
high PRC1 expression. These cells might be major 
populations of cancer relapse. Targeting PRC1 
pathway might improve the effect of postoperative 
chemotherapy. Thus, this study provides a new 
candidate therapeutic target to improve HCC 
prognosis. 

 In conclusion, our findings demonstrated that 
higher expression of PRC1 in HCC cells contributed to 
the chemoresistance to 5-FU both in vitro and in vivo, 
reversal of 5-FU-induced G2/M-phase arrest, and the 
unfavorable prognosis in HCC patients, especially for 
whom received postoperative chemotherapy. This 
study provided a novel predictive marker for 
postoperative prognosis of HCC. Targeting PRC1 
might be an effective option in HCC combined 
chemotherapy intervention to improve the survival of 
patients. 
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