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Abstract 

Although apatinib is a promising drug for the treatment of liver cancer, the underlying drug resistance 
mechanism is still unclear. Here, we constructed apatinib-resistant HepG2 cells. We then characterized 
the epigenomic, transcriptomic, and proteomic landscapes both in apatinib-resistant and non-resistant 
HepG2 cells. Differential expression, ATAC-seq, and proteomic data analyses were performed. We 
found that the cell cycle related protein RB1 may play an essential role in the process of apatinib resistant 
to hepatocarcinoma. Moreover, there were extensive variations at the transcriptome, epigenetic, and 
proteomic level. Finally, quantitative PCR (qPCR) and western blot analysis showed that expression level 
of RB1 in apatinib-resistant cell as well as the samples of patients in progressive disease were significantly 
lower than that in controls. Those results also showed that the RB1 pathway inhibitors CDK2-IN-73 and 
Palbociclib could relieve the resistance of apatinib resistant cells. Our results further enhance our 
understanding of the anti-tumorigenic and anti-angiogenic efficacy of apatinib in liver cancer and provide 
a novel perspective regarding apatinib resistance. Furthermore, we proved that CDKN2B inhibition of 
RB1 signaling promoted apatinib resistance in hepatocellular carcinoma. Those findings have greatly 
important biological significance for the resistance of apatinib and the treatment of liver cancer. 
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Introduction 
Based on the latest statistics, there are 42,030 new 

cases and 31,780 deaths related to liver cancer every 
year in the United States [1]. Liver cancer incidence 
has been rising faster than that in any other cancer 
worldwide [2]. Liver cancer is one of the most 
common cancers, particularly in males for its low 
overall survival rate [3, 4].  

Anti-angiogenesis plays a key role in the 
treatment of cancer [2, 5-7]. Yet, only a few 
angiogenesis inhibitors are currently clinically 
available for the treatment of different kinds of 
cancers. One of these angiogenesis inhibitors, 

apatinib, has shown satisfactory efficacy in the 
treatment of breast cancer [5]. It has been reported 
that apatinib is both safe and effective in the treatment 
of liver cancer [8]. Apatinib selectively inhibits the 
activity of VEGFR2, which negatively affects 
proliferation, cell migration, and tumor microvascular 
density mediated by VEGF [8, 9]. Clinical trials have 
shown that apatinib also has an effect on 
hepatocellular carcinoma (HCC) [10]. Since December 
31, 2020, the China National Medical Products 
Administration has officially approved the new 
indication for the anti-tumor angiogenesis drug of 
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apatinib developed by Hengrui Pharmaceuticals. 
Apatinib is used for patients with advanced 
hepatocellular carcinoma who have failed or became 
intolerable after receiving at least first-line systemic 
treatment in the past. However, drug resistance to 
therapies is a major obstacle to successful cancer 
therapy [11-14]. Our knowledge of apatinib resistance 
in human liver cancer is still insufficient. 

Consequently, we attempted to establish 
apatinib-resistant HepG2 cells and obtained 
ATAC-seq, RNA-seq, and proteomics data in 
apatinib-resistant cells using next-generation 
sequencing. Our study aimed to obtain a global view 
of the genome, transcriptome, and proteome in 
apatinib-resistant cells. Finally, we found that the cell 
cycle and the level of cell cycle-associated proteins, 
including Retinoblastomal 1 (RB1) are dramatically 
changed in apatinib-resistant cells. Our results further 
displayed that inhibition of RB1 signaling promotes 
apatinib resistance in HCC. 

Methods 
Cell culture and antibodies 

HepG2 cells were purchased from American 
Type Culture Collection (Gaithersburg, MD, USA). 
All cells were maintained in Roswell Park Memorial 
Institute 1640 medium (Gibco, Invitrogen, Carlsbad, 
CA, USA) supplemented with 10% fetal bovine serum 
(FBS; Gibco/BRL, MD, USA), 100 U/mL penicillin, 
and 100 mg/mL streptomycin (Beyotime Biotechno-
logy Co., Ltd., Shanghai, China). The cells were 
cultured at 37°C in 5% CO2. Antibodies against 
anti-rabbitRb1(RB), CDKN2B (p15 INK4B), PCNA, 
KIAA0101(PAF15), MCM7, and GAPDH were 
purchased from Cell Signaling Technology, while 
antibodies againstanti-rabbitCDKN2AIP were 
purchased from Thermo Fisher Scientific Co., Ltd. 

Screening of apatinib-resistant HepG2 cells 
Apatinib-resistant HepG2 cells were screened 

using a concentration gradient method [15, 16]. The 
initial apatinib (Selleck, Houston, TX, USA) 
concentration range was 5–10 µM for 48 h followed by 
normal culture for 24 h, and then a 20% increasing 
concentration gradient was administered to obtain the 
first stage drug-resistant concentration cells 
(HepG2-Apati-P1 cells). Then, HepG2-Apati-P1 cells 
was administered for 72 h, cultured for 48 h, and then 
administered according to a 5% increasing 
concentration gradient to obtain second-stage 
drug-resistant (HepG2-Apati-P2) cells. After 96 h of 
administration, 72 h of normal culture, followed by 
administration of a 1% increasing concentration 
gradient, the highest concentration of drug-resistant 
cells was obtained. For IncuCyte analysis, cells were 

plated as above in 96-well plates, and images were 
taken with the Real-Time Live-Cell Imaging System 
(Essen Bioscience, IncuCyte ZOOM, Ann Arbor, MI, 
USA) [17]. 

Identification of apatinib-resistant cells 
For cytotoxicity assays, apatinib-treated cells 

treated with 100 nM of 0.1% dimethylsulfoxide were 
incubated with 100 nM of YOYO-1 dye (Molecular 
Probes, Burlington, ON, Canada). We use a Real-Time 
Live-Cell Imaging System to monitor for more than 72 
hours, and regularly take pictures to calculate the 
degree of cell fusion in different time periods. The 
degree of cell fusion was used to calculate inhibition 
rate in each time periods. The 50% growth inhibitory 
concentrations (IC50s) were calculated using 
nonlinear regression, fitting to a sigmoidal dose- 
response curve using a commercially available 
software program (Prism 6.0, GraphPad Software, San 
Diego, CA, USA). The drug resistance index (RI) = 
IC50 of drug-resistant cells/IC50 of parental cells. RI 
grades 1 to 5 are low resistance, 5 to 15 are moderate 
resistance, and 15 or more are high resistance [18]. 

RNA-seq 
Total RNA was extracted from cells using TRIzol 

reagent (Invitrogen) according to the manufacturer’s 
instructions. First, the extracted total RNA was 
removed with a biotin-labeled specific probe 
(Ribo-Zero ™ rRNA Removal Kit) to remove 
ribosomal rRNA. After purification, the RNA was 
fragmented under a certain temperature and ionic 
environment. Then, random primers and reverse 
transcriptase were used in the TruSeq® Stranded kit 
to synthesize the first strand of cDNA, followed by 
the use of DNA polymerase I and RNaseH to 
synthesize the double-stranded cDNA. During 
second-strand cDNA synthesis, the RNA template 
was removed and dTTP was replaced by dUTP, 
which prevents the second strand of cDNA from 
being amplified in the subsequent process, for the 
reason that the polymerase could not cross the dUTP 
site on the template during extension [19]. The 
double-stranded cDNA product was subsequently 
ligated with an "A" base and a linker. The ligation 
product was amplified and the final cDNA library 
was obtained after purification. Finally, the 
constructed sequencing library was sequenced pair 
end on the BGISEQ-500/ MGISEQ-2000 System 
(BGI-Shenzhen, China). 

ATAC-seq  
Cells were harvested and then intact and 

homogenous HepG2-Apati cells were counted, 
followed by centrifugation of 50,000 cells for 5 min at 
500 g at 4°C. The cells were then washed once with 
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50 μl of cold phosphate-buffered saline (PBS) buffer 
and centrifuged again under the same conditions after 
removing and discarding the supernatant. After 
removing and discarding supernatant again, the pellet 
was gently resuspended in 50 μl of cold lysis buffer 
followed by centrifugation for 10 min [20]. After 
discarding the supernatant, resuspension of the nuclei 
pellet was carried out immediately using the prepared 
transposition reaction mix which contained Nextera 
Tn5 Transposase from Nextera kit. The transposition 
reaction was incubated at 37°C for 30 min. A Qiagen 
MinElute PCR Purification Kit was used followed by 
the application of 10 μl elution buffer (Buffer EB from 
the MinElute kit consisting of 10 mM Tris·Cl, pH 8) to 
elute transposed DNA. Finally, PCR amplification 
was performed to amplify transposed DNA 
fragments. Prior to amplification, adapters have to be 
completed with a 72°C extension step, as well as the 
qPCR and library quality control using gel 
electrophoresis is provided. Libraries were pooled at 
equimolar ratios with barcodes and sequenced on the 
BGISEQ-500 platform (BGI-Shenzhen, China) [21]. 

Proteomics 
HepG2-Apati and HepG2 cells were cultured on 

NHA for 24 h. Cells cultured in a Petri dish were used 
as a control. Cell lysis was performed to extract total 
proteins. The proteomics analysis was performed by 
Genome Technology Co. Ltd. (Beijing, China). The 
prepared samples were labeled with 8-plex iTRAQTM 
(Applied Biosystems, Foster City, CA, USA) and 
analyzed using 2D strong cationic exchange/reversed 
phase liquid chromatography matrix-assisted laser 
desorption/ionizationtandem mass spectrometry 
(MDS Sciex 4800 PLUS, Applied Biosystems Inc., 
SCX/RP-HPLC-ESI-MS/MS) [22]. The iTRAQ data 
were searched with ProteinPilot software v3.0 
(Applied Biosystems/MDS-Sciex) for protein 
identification and quantification. The experiment was 
performed in two independent runs.  

Processing of the ATAC-seq and RNA-seq 
data  

Raw data of ATAC-seq and RNA-seq have been 
deposited in https://www.ncbi.nlm.nih.gov/sra 
(accession no. PRJNA678418). The reads of ATAC-seq 
were mapped to the hg19 human genome using 
bowtie2[23]. We used Macs2 (v1.3.4d) to calculate the 
peaks of Ensembl annotated genes. ATAC-seq peaks 
were identified according to the Macs2 methods [24]. 
Then, the annotation of ATAC-seq peaks was per-
formed using “ChIPseeker” and "TxDb.Hsapiens. 
UCSC.hg19.knownGene" packages implemented in R. 
The differential analysis of ATAC-seq peaks was 
carried out using the “DiffBind” package imple-

mented in R. Short reads of RNA-seq were mapped to 
the hg19 human genome using hisat2[25]. We used 
cufflinks (v1.3.4d) to calculate the FPKM of Ensembl 
annotated genes. Gene Ontology (GO) analysis was 
achieved through DAVID (https://david.ncifcrf 
.gov/) with the genes expressed (TPM >1) as the 
background [26]. We used differently expressed genes 
as input data of DAVID database, and select the 
“Homo sapiens” species. Gene annotation enrichment 
analysis was performed. R was used to plot the result 
of gene annotation enrichment analysis from DAVID. 

The data were visualized using the Integrative 
Genomics Viewer (IGV) tool [27]. Differential gene 
expression analyses were performed based on the 
input data using DESeq2[28] according to the read 
counts of each gene determined by HTSeq [29]. The 
genes with false discovery rate (FDR) < 0.05 and mean 
counts per million (CPM) > 100 were determined to be 
differentially expressed genes. Then, we use a 
Wilcoxon test statistic on the log fold changes of 
ATAC-seq signal (Apatinib/NC). This test will reject 
the null hypothesis which suggests that no statistical 
relationship and significance exists. The log fold 
change is chosen here would be sensitive to 
differences. 

Processing of proteome data  
For the quantitative proteome, the 

‘ProteinGroups’ output files generated by the 
MaxQuant search were input into Perseus software. 
Proteome-wide label-free quantification was executed 
in MaxQuant[30, 31]. Subsequent data analysis and 
visualization were completed using Perseus [32]. GO 
analysis was also performed using DAVID with the 
genes as we described before. Finally, A binary (yes 
/no) interaction matrix of differentially expressed 
proteins obtained from the search tool for retrieval of 
interacting genes (STRING) (https://string-db.org) 
database to show the interaction map of these proteins 
[33]. STRING integrates both predicted and known 
protein–protein interaction, can be used to predict 
functional interactions of proteins. To seek potential 
interactions between differentially expressed proteins, 
the STRING tool was employed. Active interaction 
sources, including experiments, databases, text 
mining, and co-expression. In the networks, the nodes 
correspond to the proteins and the edges represent the 
interactions.  

Tissue specimens and Immunohistochemical 
staining  

This research was conducted under the approval 
and supervision of the Ethics Committee of 
Guangdong Second Provincial General Hospital. Five 
recruited HCC patients without any preoperative 
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chemotherapy or radiation therapy had signed the 
written informed consent prior to the study. Through 
percutaneous liver biopsy, we obtained liver 
metastasis samples during partial response (PR) and 
progressive disease (PD) periods following oral 
administration of apatinib (Hengrui Pharmaceutical 
Co., Ltd., Jiangsu, China) in the above five patients. 
HCC tissues were flash frozen in liquid nitrogen and 
stored at -80°C until RNA extraction [34]. 

Before used, all cases were diagnosed by two 
certificated pathologists without discrepancy. The 
paraffin-embedded tissues were first stained with 
hematoxylin and eosin (HE) for histological 
examination. Subsequently, deparaffinized sections 
were treated with 3% H2O2 and subjected to antigen 
retrieval by citric acid (pH 6.0). After overnight 
incubation with primary antibody (anti - RB1 and 
CDKN2B antibody; Boster Bio, Pleasanton, USA) by 
1:200 at 4 °C, sections were incubated for 15 minutes 
at room temperature with horseradish peroxidase- 
labeled polymer conjugated with secondary antibody 
(MaxVision Kits) and incubated for 1 minute with 
diaminobenzidine. The sections were then lightly 
counterstained with hematoxylin [35]. The sections 
without primary antibody were served as negative 
controls. Expression level of RB1 and CDKN2B was 
determined according to the average score of two 
pathologists’ evaluations based on the intensity and 
extent of staining. The staining intensity was graded 
as follows (intensity score): 0, negative staining; 1, 
weak staining; 2, medium staining; 3, strong staining. 
The following method was used to determine the 
proportion of stained cells in each speci-
men (proportional score): 0, <1%; 1,1% –25%; 2, 26% –
50%; 3, 51% –75%; 4, > 75%. The histological score 
(H-score) of each specimen was calculated using the 
following formula: H-score = proportional score × 
intensity score. Samples with H-score > 4 were 
considered as strong positive, H-score ≤ 4 was weak 
positive, and H-score ≤ 1 was negative [36]. 

Quantitative real-time PCR 
Using the RNA isolation kit (Takara Biomedical 

Technology [Beijing] Co., Ltd.) to extract total RNA 
from cell lines, we used MMLV reverse transcriptase 
to synthesize cDNA using the SYBR Green reaction 
system (Takara Biomedical Technology [Beijing] Co., 
Ltd.) to amplify cDNA [37]. GAPDH was used as an 
internal reference to analyze the differences in mRNA 
expression levels of RB1, CDKN2B, CDKN2AIP, 
PCNA, KIAA0101, and MCM7. The PCR sequences 
were as follows: RB1: sense: 5'-GGAAGCAACC 
CTCCTAAACC-3', antisense: 5'-TTTCTGCTTTTGC 
ATTCGTG-3'; CDKN2B: sense: 5'-CCAGAAGCAAT 

CCAGGCGCG-3', antisense: 5'-CGTTGGCAGCClTC 
ATCG-3'; CDKN2AIP sense: 5′- ATGGGCCAACAAC 
GTGTTTC-3′, antisense: 5′-GAAAACAGGGGCAT 
CCTCCA-3′; PCNA: sense: 5′-CCATCCTCAAGAAG 
GTGTTGG-3′, antisense: 5′-GTGTCCCATATCCG 
CAATTTTAT-3′; KIAA0101: sense: 5′-CCCAGGC 
AACATAGCGTAAA-3′, antisense: 5′-GGATGGTCT 
CGATCTCCTGA-3′; MCM7: sense: 5′-TCAATTTGTG 
AGAATGCCAGGCGC-3′, antisense: 5′-CACAGTT 
ACCAACTTCCCCACAGA-3′; GAPDH: sense: 
5′-TCCTGCACCACCAACTGCTTAG-3′, antisense: 
5'-TCTTACTCCTTGGAGGCCATGT-3'. 

Western blot  
After trypsin digestion of cells and tissue 

samples, RIPA protein lysis solution and protease 
inhibitors were added, and samples were placed on 
ice for 20 min and centrifuged at 4°C for 10 min at 
12,000 rpm. The supernatant was transferred to a 
microfuge tube and stored at -80℃ for later use. The 
BSA protein standard (0.5 mg/ml) and DEPC water 
were diluted to create five protein standard solutions 
of different concentrations. Then, 200 μL BCA 
working solution was added and samples were 
incubated in a 96-well plate at 37°C. The absorbance 
was measured at 562 nm, a standard curve was 
prepared, and the protein concentration of each 
sample was measured. 

Cell proliferation 
The Cell Counting Kit-8 (CCK8) was used to 

detect proliferation. Cells in logarithmic growth phase 
were tryps inized at a density of 5 × 104/mL in a 
96-well plate and incubated for 24 h followed by the 
addition of various concentrations of apatinib, 
CDK2-IN-73 (Selleck, Houston, TX, USA), Palbociclib 
(Selleck), or 10% FBS to each well. After 72 h, 10 μL of 
CCK-8 reagent was added to each well, and the 
samples were incubated at 37°C for 1 h. The 
absorbance was measured at 450 nm, and each 
experiment was performed at least three times. 

Statistical analysis 
All wet-lab experiments were repeated three 

times, and the results are expressed as mean ± 
standard deviation. Student’s t-test was used to 
analyze statistical differences between apatinib group 
and control group for wet-lab experiments. The graph 
was made using GraphPad Prism 6 (La Jolla, San 
Diego, CA, USA), and SPSS V17 Student Edition 
Software was used for statistical analysis. P < 0.05 was 
considered statistically significant for wet-lab 
experiments. 
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Figure 1. Construction and identification of HepG2-resistant cells. A. HepG2 cells. B. HepG2-resistant cells resistant to apatinib, with a drug resistance concentration 
of 40 μmol/ml. C. HepG2 cells treated with apatinib at 40 μmol/ml for 120 h. D. HepG2-apatinib-40μM cells treated with 40 μmol/ml apatinib for 120 h. E. Proliferation curves 
(real-time dynamic cell fusion) of HepG2 and HepG2-apatinib-40μM cells after treatment with different concentrations of apatinib. F. Proliferation inhibition curves of apatinib for 
HepG2 and HepG2-apatinib-40μM cells. 

 

Results 
Establishment of apatinib-resistant HepG2 
cells and their general biological 
characteristics 

We used intermittent, repetitive, and increasing 
concentration gradient methods to establish 
apatinib-resistant HepG2 cells, with a drug resistance 
concentration of 40 μmol/ml. Compared with 
parental cells, HepG2-apatinib-40 μM cells exhibit 
overlap, aggregation, growing volume, cytoplasmic 
vacuole formation, increasing granules, and the 
formation of scattered giant cells. The number of 
chromosomes increased, hyperdiploidy was evident, 
and the division index was low (Fig. 1A, B). These 
cells can proliferate at an apatinib concentration of 
40 μmol/ml (Fig. 1C, D). The in vitro cell growth and 
proliferation curve showed that HepG2-apatinib- 
40 μM cells reached a peak in 4 to 5 days, while the 
growth and proliferation of HepG2 cells at the same 
concentration significantly declined (Fig. 1E). The 
effect of the concentration of apatinib on the 
proliferation of HepG2-apatinib-40μM resistant strain 
cells was much greater than that of HepG2 cells (Fig. 
1F). The linear regression method determined that the 
IC50 values of apatinib for HepG2-apatinib-40 μM 
and HepG2 cells were 268.8 μmol/ml and 
43.66 μmol/ml, respectively. The resistance index of 
HepG2-apatinib-40μM cells to apatinib was 6.15, 

which demonstrated moderate resistance. 

Changes in chromatin accessibility of apatinib- 
resistant cells 

It is unknown if chromatin accessibility is related 
to drug resistance. The ATAC-Seq profiles in 
apatinib-resistant cells compared with HepG2 cells is 
shown in Figure 2A. Apatinib-resistant cells were 
likely to have less accessible chromatin regions than 
HepG2 cells, because the down-regulated peaks were 
more than the up-regulated peaks in Figure 2A, and 
these different accessible chromosomes were 
clustered in transcription start site (TSS) regions (Fig. 
2B, C). An example of ATAC-seq read counts in the 
TSS region of Protein Phosphatase 1 Regulatory 
Subunit 15A (PPP1R15A, also known as GADD34) 
was presented (Fig.2D). Theoretically, the expression 
level of genes was different between apatinib-resistant 
and HepG2 cells. Further, we found that there was 
significant discrepancy in gene expression among 
several essential genes including PPP1R15A (Fig. 2E). 
PPP1R15A has an effect on rates of translation 
initiation and thereby protein synthesis in response to 
stressful conditions [38]. It gives us a hint that 
proteomic changes in progression of 
apatinib-resistance. By analyzing gene sequences 
enriched in ATAC-seq differential sites between 
drug-resistant strains and wild-type cells, we found 
that these differential sites were mainly enriched in 
CTCF, BORIS, Jun-ap1, and Fra1 proteins, indicating 
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that these differential sites would be affected by 
transcription factors. Universal regulation plays an 

important role in regulating gene expression 
(Supplemental Figure 1). 

 

 
Figure 2. Changes in chromatin accessibility of resistant HepG2 cells. A. Volcano plot showing the differentially ATAC-seq peaks between apatinib-resistant cells and 
untreated HepG2 cells, there are 3,891 peaks were increased in chromatin accessibility and 2,389 peaks were decreased based on read counts in apatinib-resistant cells. B. Pie 
chart of the genomic location distribution of different levels of ATAC-seq sites. C. The average profile of the ATAC-seq signals is a graph showing the read count frequency in 
the range from -3000 bp to +3000 bp (Up); Heatmap of different ATAC-seq signals in region around TSS (Down). D. Genome tracks showing a comparison of apatinib-resistant 
HepG2 ATAC-seq profiles to untreated HepG2 ATAC-seq profiles in PPP1R15A. E. The mRNA expression levels of PPP1R15A in apatinib-resistant versus untreated HepG2 
cells. 
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Transcriptome sequencing of apatinib- 
resistant cells 

To further verify the relationship between global 
gene expression level and patterns of chromatin 
accessibility in apatinib-resistant cells and untreated 
HepG2 cells, we performed gene differential 
expression analysis to obtain a list of statistically 
differential genes (i.e., all genes with FDR < 0.05) in 
apatinib-resistant and non-resistant HepG2 cells (Fig. 
3A). Then, we identified GO terms that are 
statistically enriched in this gene list. Gene expression 
level analysis showed that a range of differentially 
expressed genes were down-regulated in apatinib- 

resistant cells and the most significant GO terms were 
phospholipase C activity, vasoconstriction, transla-
tional initiation, and cell cycle (Fig. 3B, Supplemental 
Table-1). We concluded those biological functions 
were highly related to the apatinib resistance, 
especially for vasoconstriction, translational initiation, 
and cell cycle. Apatinib is a tyrosine kinase inhibitor 
that suppresses vascular endothelial growth factor 
receptor-2 (VEGFR2). Thus, it is easy to understand 
that the GO terms are enriched in vasoconstriction [39, 
40]. How translational initiation and the cell cycle 
affect apatinib resistance is less clear.  

 

 
Figure 3. Transcription profiles in resistant and non-resistant HepG2 cells. A. Heatmap shows significantly (FDR ≤0.05) differentially expressed genes across two 
comparisons (blue, low expression; red, high expression). B. GO analysis showed that differentially expressed genes are involved in the activation of phospholipase C activity, 
vasoconstriction, translational initiation, cell cycle, and so on.  
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Figure 4. Changes in chromatin accessibility are consistent with global transcriptome changes. A. Genome tracks showing a comparison of ATAC-seq profiles of 
RB1 in apatinib-resistant and non-resistant HepG2 cells. B. The mRNA expression levels of RB1 in apatinib-resistant versus untreated HepG2 cells, statistical analysis was 
performed by Student t-test. C. Boxplots of chromatin accessibility values for high expression genes and low expression genes in apatinib-resistant cells. 

 

Changes in chromatin accessibility are 
consistent with global transcriptome changes 

Our analysis indicated that the changes in 
chromatin accessibility are consistent with global 
transcriptome changes. To further understand the 
relationship between translational initiation and drug 
resistance of apatinib, as exemplified in Figure 4A, the 
ATAC-seq peak for the Retinoblastoma-associated 
protein RB1 was down-regulated in apatinib-resistant 
cells. The expression level of RB1 was also 
down-regulated in apatinib-resistant cells (Fig. 4B). 
Eukaryotic translation initiation factor 2A (EIF2A), 
which catalyzes the formation of puromycin-sensitive 

80S preinitiation complexes, was down-regulated in 
apatinib-resistant cells (data not shown). The highly 
expressed genes in apatinib-resistant cells had a 
higher ATAC-seq signals, while the genes with lower 
expression had lower ATAC-seq signals (Fig. 4C). 
Overall, the results showed that the whole region of 
open chromosome status was significantly correlated 
with the gene expression level. 

Proteome profiles support the result that the 
cell cycle plays a key role in apatinib-resistance 

Integrating proteomics data is more accurate 
than integrating transcriptomics for most conditions. 
Thus, we performed quantitative proteomics to 
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analyze proteome profiles in apatinib-resistant and 
untreated HepG2 cells. We used Proteome Profilers to 
elucidate the protein profiles in apatinib-resistant and 
non-resistant cells. We generated a volcano plot to 
illustrates significantly differentially abundant 
proteins in apatinib-resistant cells compared with 
HepG2 cells, which showed that the level of Rb1, a 
well-known tumor suppressor gene, decreased 
significantly in apatinib-resistant cells (Fig. 5A). 
Apatinib-resistant cells enriched in some important 

pathways including cell cycle, metabolism of RNA, 
and RNA splicing (Fig. 5B, Table. s1). A total of 45 
genes are differentially expressed at both mRNA and 
protein levels (Supplemental Table-2). Bioinformatics 
STRING (Protein-Protein Interaction Networks 
Functional Enrichment Analysis) analysis of the 
proteomic data from the label-free mass spectrometric 
study of different expressed proteins in apatinib- 
resistant and untreated HepG2 cells was performed 
(Supplemental Figure 1). 

 

 
Figure 5. Proteome profiles in apatinib-resistant cells support the result that the cell cycle plays a key role in apatinib resistance. A. Volcano plot reflecting 
the results from the statistical analysis of the proteins quantified among apatinib-resistant and non-resistant HepG2 cells, statistical significance was considered for FDR < 0.05, 
statistical analysis was performed by Student t-test. B. GO analysis showed that a number of differentially expressed proteins are involved in the cell−cell adhesion, regulation of 
mRNA stability and cell cycle. 
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Expression of RB1 pathway targets at the 
cellular level and in clinical samples 

Subsequently, we used qPCR to detect the 
mRNA expression levels of RB1, CDKN2B, 
CDKN2AIP, PCNA, KIAA0101, and MCM7 in 
resistant and non-resistant HepG2 cells. The 
expression levels in the cells were significantly 
reduced, and the expression levels of CDKN2B and 
CDKN2AIP increased (Fig. 6A), consistent with 
multi-omics analysis. Western blotting was used to 
detect the expression level of the proteins encoded by 
the above genes, and the results were consistent with 
the qPCR detection trend (Fig. 6B). 

We biopsied tumor specimens from five patients 
with PR and PD to detect the protein and mRNA 
levels of RB1, CDKN2B, PCNA, and MCM7. qPCR 
revealed that CDKN2B was highly expressed in PD 
patients, while RB1, PCNA, and MCM7 exhibited low 
expression (Fig. 6C), which was consistent with the 
expression levels in HepG2 resistant cells, indicating 
that the development of drug resistance in clinical 
liver cancer patients is closely related with RB1 
Signaling pathway (Fig. 6D). We also examined the 
expression levels of RB1 and CDKN2B in tumor 
specimens from five patients with PR and PD using 
immunohistochemical staining. RB1 and CDKN2B 
were expressed in nucleus, which was consistent with 
previous reports. Our results indicated that RB1 
exhibited low expression (Fig. 6E), and CDKN2B was 
highly expressed in PD patients (Fig. 6F). The results 
of PD samples detection at the protein level were 
consistent with mRNA expression. 

Inhibitors CDK2-IN-73 and Palbociclib can 
relieve the resistance of cells to apatinib 

The CDK inhibitor, CDK2-IN-73 was used to 
treat HepG2 resistant and non-resistant HepG2 cells, 
and CCK8 was used to detect cell viability and drug 
resistance. The two groups of cells were treated with 
different concentrations of CDK2-IN-73 for 72 h. The 
IC50 of HepG2 resistant cells was 41.8 μM, while the 
IC50 of HepG2 cells was 120 μM (Fig. 6G), indicating 
that CDK2-IN-73 has a lower IC50 in drug-resistant 
cells. Drug-resistant cells were resistant to apatinib, 
while the low expression of CDKN2B in HepG2 
non-resistant cells was not sensitive to the inhibitory 
effect of CDK2-IN-73. Changes in the expression of 
RB1, CDKN2B, PCNA, and MCM7 were detected in 
the two groups of cells. In resistant cells, RB1, PCNA, 
and MCM7 were highly expressed while CDKN2B 
expression was low (Fig. 6H). 

Palbociclib is an inhibitor of CDK4/6, which is 
an important target of the RB1 pathway. Palbociclib 

was used to treat HepG2 resistant and non-resistant 
cells. CCK8 is used to detect cell viability and whether 
drug resistance is released. The two groups of cells 
were treated with different concentrations of 
Palbociclib for 72 h. The IC50 of HepG2 resistant cells 
was 0.42 μM while the IC50 of non-resistant cells was 
0.89 μM (Fig. 6I), indicating that Palbociclib can 
relieve apatinib resistance. The expression levels of 
RB1, CDKN2B, PCNA, and MCM7 were detected in 
the two groups of cells. RB1, CDKN2B, PCNA, and 
MCM7 were highly expressed in HepG2 resistant 
cells, indicating that CDK4/6 was inhibited, Resulting 
in RB1 activation and subsequent induction of 
apoptosis (Fig. 6J). Therefore, Palbociclib was a 
candidate therapeutic target for the treatment of 
apatinib resistance. 

Discussion 
In 2020, the Phase III registered clinical study of 

apatinib for second line and above treatment of 
advanced HCC (the AHELP study) was released at 
the ASCO annual meeting oral report: the study 
included a total of 393 patients who had previously 
received at least first-line systemic treatment patients 
with advanced HCC who failed or could not tolerate 
later. The results showed that apatinib could 
significantly prolong the median overall survival of 
patients: 8.7 months in the apatinib group versus 6.8 
months in the placebo group. The median 
progression-free survival of the apatinib group was 
4.5 months, which was also significantly higher than 
the 1.9 months of the control group. Based on the 
exciting results of this study, in second-line treatment 
of advanced HCC, the new guidelines officially 
include apatinib as a treatment recommendation; the 
recommendation level is level I, and the level of 
evidence is category 1A. However, we see that the 
effect of apatinib in the treatment of liver cancer is not 
satisfactory, which might be closely related to its drug 
resistance. 

In this study, RB1 was dramatically changed in 
apatinib-resistant cells contrast to normal cells. 
Moreover, the mRNA expression levels of five PR and 
PD biopsy tumor samples were detected, and it was 
found that RB1 and downstream genes of PD biopsy 
tumor samples showed low expression. Additionally, 
we characterized the epigenomic, transcriptomic, and 
proteomic landscape in apatinib-resistant cells in 
HCC. This conclusion will further accelerate our 
understanding of the anti-tumorigenic and 
anti-angiogenic efficacy of apatinib in liver cancer and 
provide a novel perspective regarding apatinib 
resistance.  
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Figure 6. Expression status of RB1 pathway targets in HCC cells and in clinical samples; CDK2-IN-73 and Palbociclib can relieve apatinib resistance. A. 
qPCR analysis showed that the expression levels of RB1, PCNA, KIAA0101 and MCM7 in HepG2-resistant cells were significantly reduced, and the expression levels of CDKN2B 
andCDKN2AIP were increased. B. Western blot detection of the above proteins is consistent with qPCR detection results. C. Analysis of mRNA expression of five PD patients 
showed high expression of CDKN2B and low expression of RB1, PCNA, and MCM7. D. Western blot analysis showed that PD patients had high expression of CDKN2B but low 
expression of RB1, PCNA, and MCM7. E. Representative photographs of staining of RB1 protein in a pair of HCC patients tissues in PD and PR (20X). F. Representative 
photographs of staining of CDKN2B protein in a pair of HCC patients tissues in PD and PR (20X). G. The proliferation inhibition curves of resistant HepG2 cells and HepG2 cells 
treated with CDK2-IN-73. H. Western blot analysis showed that the expression of CDKN2B in HepG2resistant cells was not significantly different, and the expression levels of 
RB1, PCNA and MCM7 were upregulated. I. Proliferation inhibition curves of HepG2 resistant cells and HepG2 cells treated with Palbociclib. J. Western blot analysis results 
showed that the expression levels of RB1, PCNA, and MCM7 were upregulated. The bars represent mean ± standard deviation; ∗P < 0.05. 
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Omic-technologies have a broad range of 
applications. Soon, large-scale omic data in specific 
biological systems will be available. We consider it is a 
great advantage to apply our computational strategies 
to these systems to uncover new mechanisms that 
may be important for specific systems. For instance, 
applying the framework to a population of cancer 
samples may reveal novel cancer target involved in 
tumorigenesis in certain types of cancers. 

Drug resistance is a well-known phenomenon 
that occurs when cancer is resistant to drug treatment. 
Some drug-resistant methods are disease-specific, 
while others, such as drug efflux observed in 
microorganisms and human drug-resistant tumors, 
are evolutionarily conserved [41-45]. Although many 
types of cancer are initially susceptible to 
chemotherapy [41-43, 46-50], they can subsequently 
develop resistance through certain underlying 
mechanisms, such as DNA mutations, cell cycle, stem 
cell and metabolic changes that promote drug 
inhibition and degradation [51-61].  

RB1 is a well-known cancer suppressor gene [62, 
63]. It has been reported that Rb1 and its metabolite 
compound K can effectively suppress cancer stem cell 
self-renewal without regrowth, and Rb1 and 
compound K treatment also sensitized cancer stem 
cells to clinically relevant doses of cisplatin and 
paclitaxel [64]. It has previously been reported that 
mutation of RB1 is significantly related to patient 
survival and early HCC recurrence after resection, 
and is an independent predictor of early recurrence 
after liver cancer surgery49. The inactivation of RB1 
leads to the activation of E2F1, causing tumor cell 
proliferation50. In this study, the inhibitors 
CDK2-IN-73 and Palbociclib could reverse the drug 
resistance effect caused by RB1 signaling, and 
Palbociclib could selectively inhibit CDK4/6. 
Approved to be marketed for the treatment of breast 
and gastric cancer, we found that Palbociclib could 
reverse the resistance of apatinib to HCC, providing a 
new option for the treatment of HCC patients with 
resistance to apatinib. 

Through the comprehensive analysis of the 
epigenome, transcriptome, and proteome of 
drug-resistant and wild-type cells, and verification at 
the cellular level and in clinical samples, we found 
that the mechanism of apatinib resistance in HCC 
depends on changes in RB1 signaling. The inhibitors 
CDK2-IN-73 and Palbociclib could reverse the drug 
resistance caused by RB1 signaling. This new 
perspective is expected to provide a solid theoretical 
basis for subsequent clinical trials in patients with 
liver cancer who are resistant to apatinib. 
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