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Abstract
The genome-wide clustered regularly interspaced short palindromic repeats (CRISPR) screen is a powerful tool used to
identify therapeutic targets that can be harnessed for cancer treatment. This study aimed to assess the efficacy of genome-
wide CRISPR screening to identify druggable genes associated with sorafenib-treated hepatocellular carcinoma (HCC). A
genome-scale CRISPR knockout (GeCKO v2) library containing 123,411 single guide RNAs (sgRNAs) was used to
identify loss-of-function mutations conferring sorafenib resistance upon HCC cells. Resistance gene screens identified
SGOL1 as an indicator of prognosis of patients treated with sorafenib. Of the 19,050 genes tested, the knockout screen
identified inhibition of SGOL1 expression as the most-effective genetic suppressor of sorafenib activity. Analysis of the
survival of 210 patients with HCC after hepatic resection revealed that high SGOL1 expression shortened overall survival
(P= 0.021). Further, matched pairs analysis of the TCGA database revealed that SGOL1 is differentially expressed.

When we used a lentivirus Cas9 vector to determine the
effect of targeting SGOL1 with a specific sgRNA in HCC
cells, we found that SGOL1 expression was efficiently
inhibited and that loss of SGOL1 was associated with
sorafenib resistance. Further, loss of SGOL1 from HCC
cell decreased the cytotoxicity of sorafenib in vivo. We
conclude that the CRISPR screen is a powerful tool for
therapeutic target analysis of sorafenib treatment and that
SGOL1 serves as a druggable target for HCC treated with
sorafenib and an indicator of prognosis.

Background

Hepatocellular carcinoma (HCC) is one of the most com-
mon cancers, and its incidence is increasing in regions with
historically low incidences, such as Europe and the United
States [1, 2]. Although sorafenib and other agents are
available for treating HCC, overall survival has not mark-
edly increased since 2013 [3, 4]. Strategies that increase the
efficacy of sorafenib are therefore urgently required. Many
factors may contribute to the low efficacy of targeted
agents, although the main reason is our limited under-
standing of the highly complex nature of HCC, and its
phenotypic heterogeneity [5].

Genome-wide analyses and targeted loss-of-function
pooled screens using the RNA-guided CRISPR (clustered
regularly interspaced short palindromic repeats)-associated
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nuclease Cas9 in human cells reveals new physiological and
pathological mechanisms in diverse biological models [6,
7]. CRISPR pooled libraries comprise thousands of plas-
mids, each containing a single guide RNA (sgRNA) that
targets a specific gene. Moreover, the advent of next-
generation sequencing (NGS) has increased our knowledge
of tumor heterogeneity, thus enhancing our understanding
of the complexity of HCC [5, 8].

CRISPR screening experiments require electroporation
to amplify the pooled library, and NGS confirms library
representation. Thus, high-throughput molecular and
functional profiling of human cells is a key driver of
precision medicine [9, 10]. Moreover, NGS technologies
provide novel opportunities and challenges for precision
medicine in the age of Big Data [11]. The United States
Food and Drug Administration is contemplating NGS
regulations as a part of the President’s Precision Medicine
Initiative [12, 13]. For example, sorafenib is the first sys-
temic agent used to treat advanced HCC, although out-
comes are disappointing, partly because the “actionable”
driver genes of HCC associated with sorafenib activity are
unknown [14]. Biomarker-directed approaches to sor-
afenib therapy, specifically through genomic analyses,
represent an example of the foundation of precision
medicine [13].

To understand the phenotypic heterogeneity of HCC and
to identify new biomarkers to evaluate and improve sor-
afenib therapy, we used Genome-scale Human GeCKO
v2 sgRNA libraries comprising 123,411 sgRNAs to identify
loss-of-function mutations representing sorafenib-
associated druggable targets in HCC cells [15]. In screens
of druggable target genes, we selected the hits of all enri-
ched sgRNAs corresponding to essential genes. Of the ~
19,050 genes tested, the knockout screen identified loss of
SGOL1 as the most-effective genetic suppressor of sor-
afenib activity.

SGOL1 protects centromeric cohesin from cleavage
during mitotic prophase by regulating the phosphorylation
of a cohesin subunit [16]. Although SGOL1 functions in
mitosis, its role in carcinogenesis and drug resistance is
controversial [16]. Moreover, SGOL1 is associated with
worse prognosis of patients with HCC. Here we collectively
reviewed 210 patients with HCC who underwent liver
resection [17]. To improve data accuracy and reliability,
mRNAs expressed by HCCs were assessed using data sets
provided by the Cancer Genome Atlas (TCGA) tool [18].
The sequence data of 20,531 genes of 424 patients revealed
matches of the information of 50 patients. Subsequently,
matched pairs analysis indicated that SGOL1 was differ-
entially expressed.

In the present study, we evaluated whether loss of
SGOL1 was associated with resistance to sorafenib in vitro
and in vivo.

Materials and methods

Reagents

Sorafenib was purchased from Selleck Chemicals (Houston,
TX, USA). The BCA protein assay kit, the Cell Counting
Kit-8, and the Annexin V-FITC apoptosis detection kit were
purchased from KeyGen Biotech (Nanjing, China). The
EdU Apollo567 In Vitro Imaging Kit was purchased from
Guangzhou, People’s Republic of China. DAPI and paraf-
ormaldehyde (PFA) were purchased from GuGe Biotech
Co. Ltd. (Wuhan, China). Triton X-100 was purchased from
ShenGong Biotech. Co. Ltd. (Shanghai, China). Methanol
and ethanol were purchased from Shanghai LingFeng
Chemical Reagent Co. Ltd. DMSO, Tween 20 and glycine
was purchased from Sangon Biotech Co. Ltd. (Shanghai,
China). Skim milk was purchased from Becton, Dickinson
(San Diego, CA, USA). Primary antibodies against c-cas-
pase-3, c-caspase-9, and c-PARP were purchased from Cell
Signaling Technology (Danvers, MA, USA); GAPDH and
SGOL1 were purchased from Abcam (Cambridge, MA,
USA).

Cell lines, human subjects, tissue microarrays,
immunohistochemistry, and follow-up

The human HCC cell lines Huh7 and SMMC-7721 were
purchased from the Cell Bank of the Type Culture Collec-
tion of the Chinese Academy of Sciences, Shanghai Insti-
tute of Cell Biology, Chinese Academy of Sciences. Cell
lines were cultured in Minimum Essential Medium (MEM;
Gibco-Invitrogen, Carlsbad, CA, USA) supplemented with
10% fetal bovine serum.

Tissue microarray chips contained 210 biopsy samples of
paired HCC tissues. The study was approved by the
Research Ethics Committee (The Second Affiliated Hospital
and Yuying Children’s Hospital of Wenzhou Medical
University; First Affiliated Hospital, School of Medicine,
Zhejiang University). Written informed consent was
obtained from all patients at the time of admission,
authorizing the use of tissue specimens for scientific pur-
pose. The follow-up data for all patients with HCC were
reviewed. Measurement of survival rates was initiated at the
time of surgery.

Genome-scale Cas9-mediated knockout screen

The Human CRISPR Knockout Pooled Library was
acquired from Addgene (http://www.addgene.org/crispr/
libraries/geckov2/). The lentiCRISPR vector was produced
in HEK293T cells and concentrated to increase virus titer.
Lentivirus packaging and purification followed the proto-
cols of GeCKO v2 [15, 19, 20]. We first determined the
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concentration of sorafenib required to inhibit the prolifera-
tion of Huh7 cells. Huh7 cells were infected at a low
multiplicity of infection (0.4) to ensure that most cells
received the viral construct. The concentrated GECKO
library (30 µl) was applied to each well containing 3 × 106

cells, yielding a transduction efficiency of 30% (270 cells
per lentiCRISPR construct). Cells were selected with pur-
omycin (1 µg/ml) 72 h after infection and then incubated for
5 days in the presence of puromycin to maximize viral
integration and gene expression. The transduced Huh7 cells
were split equally in two with a minimum of 3 × 106 cells
per replicate, and 3 × 106 cells were cryogenically preserved
for subsequent genomic DNA analysis. Two replicates were
cultured in opti-MEM supplemented with 7.5 µM sorafenib,
and two replicates were cultured in opti-MEM supple-
mented with an equal volume of DMSO (vehicle). Repli-
cates were passaged, or fresh media was added every
3 days. Cell pellets (3 × 106) cells were prepared 14 days
after drug addition. Frozen cell pellets were thawed, and
genomic DNA was extracted with using a TIANamp
Genomic DNA Kit, DP304 (Tiangan, China). PCR was
performed following the manufacturer’s protocol. Primer
sequences for amplifying lentiCRISPR sgRNAs for the first
PCR were FI, TCTTGTGGAAAGGACGAAACACCG and
RI, CTCTAGAACCGGTCCTGTGTTCTG. The amplicons
were extracted from 2% agarose gels using an EasyPure
Quick Gel Extraction Kit (Transgent, China), quantified,
mixed, and then sequenced by the Novogene Bioinfor-
matics Institute (Beijing, China).

Lentiviral Cas9-easy-vector

The sgRNAs targeting SGOL1 from the GeCKO v2 library
were cloned into the lentiviral Cas9 vector (U6-sgRNA-
EF1a-Cas9-FLAG-P2A-EGFP). Genechem (Shanghai,
China) designed and cloned the corresponding sgRNAs into
the vector [21], and a nontargeting sgRNAs (NC-sgRNA)
were generated as controls. The SGOL1-sgRNA and NC-
sgRNA sequences were TGTCAGCTATATGCATTGAA
and CGCTTCCGCGGCCCGTTCAA, respectively. In
brief, Huh7 and SMMC-7721 cells were infected with the
lentivirus CRISPR construct harboring sgRNAs targeting
SGOL1 or NC guides, using the original protocol for the
GeCKO v2 screen. Puromycin (1 µg/ml) was added the day
after infection. Selection was performed for 5 days before
determining growth curves. SGOL1 expression was ana-
lyzed using western blotting. The Knockout and Mutation
Detection Kit (Genechem, Shanghai, China) was used to
analyze HCC cells at the indicated days postinfection. The
cells transduced with SGOL1-sgRNA and NC-sgRNA were
added at an appropriate concentration to 24-well or 6-well
plates. Cells were cultured in MEM media with DMSO or
sorafenib and counted in duplicate wells.

Western blot analysis and RT-PCR

In brief, the cells were lysed and sonicated. Protein con-
centrations were quantified using the Bradford assay (Bio-
Rad Laboratories, Hercules, CA, USA) according to the
manufacturer’s instructions. After denaturation, the proteins
were separated using 12% SDS-PAGE, electrophoretically
transferred to PVDF membranes (Bio-Rad Laboratories,
Hercules, CA, USA), and incubated with blocking buffer
for 2 h. After incubation at 4 °C overnight with primary
antibodies (diluted 1:1000), the membranes were incubated
at 37 °C for 2 h with appropriate secondary antibodies.
GAPDH (diluted 1:1000) was used as a control. Blots were
visualized using ECL detection reagents and quantified with
Image Lab software (Bio-Rad Laboratories, Hercules, CA,
USA). The reagents used and the detailed RT-PCR proce-
dures are published [22, 23].

Cell proliferation assay

HCC cells were treated with various concentrations of
sorafenib or DMSO for 24 h, 48 h, and 72 h. Cell pro-
liferation was determined using the Cell Counting Kit-8
(CCK-8; Dojindo Laboratories, Kumamoto, Japan)
according to the manufacturer’s instructions. The effect of
sorafenib on cell viability was assessed using a colorimetric
immunoassay (Cell-Light EdU Apollo567 In Vitro Imaging
Kit; Ribobio, Guangzhou, China) according to the manu-
facturer’s instructions.

Detection of cell death

To determine the percentage of apoptotic cells after sorafenib
treatment, we used the Annexin V-FITC Apoptosis Detection
Kit according to the manufacturer’s protocols (KeyGen,
Biotech, Nanjing, China). Huh7 and SMMC-7721 cells were
seeded into six-well plates, and control and treated cells were
collected after exposure to sorafenib. The HCC cells were
then washed with phosphate-buffered saline (PBS), incubated
with 100 µl RNase A (10 µg/ml) for 30min, and then
resuspended in 400 µl propidium iodide (PI) (50 µg/ml) for
30min at room temperature in the dark. To analyze apoptosis
after sorafenib or DMSO treatment, the cells were trypsi-
nized, washed in cold PBS, and then pelleted. The cells were
then stained using the Annexin V-FITC reaction reagent
(Annexin V-FITC and PI, 5 µl each) at room temperature for
20min in the dark and analyzed using a BD LSR II flow
cytometer. The In Situ Cell Death Detection Kit (Roche,
Germany) provides a nonradioactive technique for detecting
and quantifying apoptosis. The TUNEL reaction pre-
ferentially labels DNA strand breaks generated during
apoptosis. The experiments were performed according to the
manufacturer’s instructions.
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Mouse model

Animal experiments were performed in accordance with the
National Institutes of Health’s guidelines. The BALB/c nu
mouse (body weights 18–20 g, 6–7-week-old females) were
purchased from the Zhejiang Provincial Academy of Med-
ical Sciences (Animal Experimental Center) and maintained
under defined conditions in the National Organ Key
Laboratory. Cells (2 × 106) were resuspended in 100 ml of
PBS and then injected subcutaneously into the flanks of
nude mice (n= 28). The mice were treated with a sorafenib
(30 mg/kg) and olive oil (negative control) gavage once
every 2 days for 28 days. Tumor volumes and body weights
were measured every 4 days for 28 days, and tumors were
harvested after 28 days. Tumor volumes were calculated as
follows: V (cm3)=width2 (cm2) × length (cm)/2.

Statistical analysis

Data are expressed as the mean ± standard deviation.
Kaplan–Meier survival curves and log-rank tests were

performed to compare SGOL1-positive and SGOL1-
negative groups. A two-tailed Student's t-test and analysis
of variance of multiple comparisons were used for analyses.
P < 0.05 (two-sided) was considered statistically significant.
Data were analyzed using SPSS19.0 software.

Results

A genome-wide screen to detect genes associated
with resistance to sorafenib

Sorafenib is a multikinase inhibitor that exhibits anti-
angiogenic and antitumor activities. Few studies report the
use of genome-wide screens to identify druggable targets.
CRISPR/Cas9 is a useful tool for genetic screening
experiments, because its use of gRNAs and Cas9 can
modify virtually any genetic locus. First, we determined
concentration of sorafenib that killed Huh7 cells (Fig. 1a).
We employed a library (Human GeCKO v2) comprising
123,411 sgRNAs corresponding to unique siRNA duplexes

Fig. 1 Sorafenib sensitivity profiles. a The proliferation of HCC cells
after sorafenib treatment was assessed using the CCK-8 assay. b
Western blotting and the Knockout and Mutation Detection Kit was
used to evaluate if the sgRNAs efficiently knocked out SGOL1 from

HCC cells. c The proliferation rates of HCC cells after treated with 5
µM or 7.5 µM sorafenib for 72 h. d EdU assays of HCC cells after
incubation for 72 h with sorafenib (7.5 µM). Data are presented as the
mean ± SD, *P < 0.05
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targeting 19,050 unique human genes (Fig. 2a). This whole-
genome Cas9-sgRNA library is available from Addgene
(http://www.addgene.org/crispr/libraries/geckov2/). After
three treatments with sorafenib (7.5 µM) for 14 days, viable
Huh7 cells were collected to determine the enrichment of
sgRNAs. The sgRNA-coding regions were PCR-amplified,
sequenced and subjected to NGS to determine the repre-
sentation of the library (Fig. 2b). Our genome-wide
CRISPR screen detected enrichment of multiple sgRNAs,
suggesting that loss of their cognate genes contributed to
sorafenib resistance. SGOL1 represented most hits (File
S1). All log10-fold changes of the normalized counts were
combined into one heat map and ranked according to the
enrichment level of sorafenib/NC or NC/sorafenib (Fig. 3a).
Dz-value analysis was used to generate a summary statistic
by combining information corresponding to all sgRNAs for
a given gene.

Dz� value ¼log2
x2� x2
� �

σx2

����

����� log2
x1� x1
� �

σx1

����

���� ð1Þ

The sgRNAs were ranked according to their twofold
enrichment between groups. Of the 19,050 genes tested, the
knockout screen identified inhibition of SGOL1 expression
as the most-effective genetic suppressor of sorafenib
activity (Fig. 3c, d). The hits were further analyzed using
Gene Ontology (http://www.geneon-tology.org). The most
highly enriched GO target was “chromosome, centromeric
region” (Fig. 3e).

SGOL1 expression is associated with worse
prognosis of HCC

SGOL1 protects centromeric cohesin from cleavage in
mitotic prophase by regulating phosphorylation of a
cohesin subunit, and evidence indicates that SGOL1 is
associated with oncogenesis [16]. However, the
contribution of SGOL1 to the resistance of HCC cells to
sorafenib is unknown. Immunohistochemical analysis of
210 pairs of HCC samples detected SGOL1 expression in
the nucleus.

There was a statistically significant correlation between
SGOL1 expression and survival (Fig. 4a). Kaplan–Meier
analysis revealed that patients with HCC with high SGOL1
expression experienced worse overall survival (P= 0.021;
95% confidence interval, 38.55–53.22) (Fig. 4b). SGOL1
mRNA was expressed at higher levels in HCC tumor
tissues (Fig. 4c). SGOL1 protein expression was determined
by western blotting in 8HCC tissues (Fig. 4d). The
TCGA, which comprises a large sample of mRNA
sequences, was used to assess SGOL1 expression. The
TCGA database provides normalized count data of
RNA sequences, including mRNA expression profiles
obtained using the RNASeqV2 (level-3) system. HCC
level-3 RNA sequencing data, downloaded from the TCGA
database (https://tcga-data.nci.nih.gov/tcga/dataAccessMa
trix.htmlmode=ApplyFilter&showMatrix= true&disea
seType= LIHC&tumorNormal= TN&tumorNormal=
T&tumorNormal=NT), were collected using the Illumina
HiSeq 2000 RNA sequencing platform (Illumina Inc.,

Fig. 2 Genome-scale Cas9-
mediated knockout screen
identifies a druggable target to
enhance sorafenib treatment of
hepatocellular carcinoma
(HCC). a Design of an sgRNA
library for genome-scale
knockout of coding sequences
from Huh7 cells. Huh7 cells
were treated with the GeCKO v2
library to create the CRISPR
library and treated with
sorafenib (7.5 µM) or vehicle
(DMSO). Viable Huh7 cells
were collected to analyze the
enrichment of sgRNAs
harboring coding regions. These
sgRNAs were PCR-amplified
and sequenced. NGS was
performed to determine the
representation of the library. b
Sorafenib resistance screen of
Huh7 cells
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Hayward, CA, USA).The sequencing data of 20,531
genes of 424 patients revealed matched of the information
of 50 patients. Subsequently, matched-pair analysis
indicated that SGOL1 was differentially expressed
(P < 0.05) (File S2).

Loss of SGOL1 is associated with sorafenib
resistance

We next evaluated whether SGOL1 expression was asso-
ciated with sorafenib resistance. For this purpose, we used
an sgRNA-expressing lentivirus to knockout SGOL1 from
HCC cells. Western blotting was performed to evaluate
whether SGOL1-sgRNA inhibited SGOL1 expression,
(Fig. 1b). Further, the Knockout and Mutation Detection Kit
(Genechem, Shanghai, China) was used to determine whe-
ther the sgRNA efficiently knocked out SGOL1 vs the NC-
sgRNA control (Fig. 1b). The proliferation of HCC cells
was assessed using the CCK-8 and 5-ethynyl-20-

deoxyuridine (EdU) assays. Next, HCC cells expressing
SGOL1-sgRNA or NC-sgRNA were treated with 5 µM or
7.5 µM of sorafenib for 72 h. CCK-8 assays and EdU assays
revealed that SGOL1-sgRNA significantly decreased the
cytotoxic effects of sorafenib on HCC cells (Fig. 1c, d).

Knockout of SGOL1 reduces apoptosis after
sorafenib treatment

Knockdown of SGOL1 in colorectal cancer cells leads to
mitotic and chromosomal instability and apoptosis [16]. We
therefore investigated if knockout of SGOL1 led to apop-
tosis. SGOL1-sgRNA induced apoptosis of HCC cells to
the same extent compared with NC-sgRNA cells (P > 0.05)
(Fig. 5a). These results are consistent with those of the
CRISPR screen that frequently identified SGOL1.

We next found that sorafenib treatment reduced apop-
tosis of SGOL1-sgRNA HCC cells. Annexin V-FITC/PI
experiments showed that sorafenib-treated NC-sgRNA cells

Fig. 3 Genome-scale Cas9-mediated knockout screen of Huh7 cells
reveals genes whose loss confers sorafenib resistance. a The log10-fold
changes of normalized counts were incorporated into one heat map and
ranked according to enrichment levels from sorafenib/NC or NC/sor-
afenib. b Box plot demonstrating the distribution of sgRNA fre-
quencies at different times, enrichment of specific sgRNAs as follows:

day 0 (D0) Vehicle, 14 days (D14) of sorafenib treatment, candidate
sgRNA. c Scatterplot demonstrating enrichment of sgRNAs after
sorafenib treatment. d Identification of target genes using Dz-value
analysis. e The genes were analyzed using the Gene Ontology database
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underwent apoptosis at significantly higher rates compared
with those of SGOL1-depleted cells (Fig. 5a). Further,
TUNEL assays revealed significantly decreased the number
of apoptotic cells in SGOL1-depleted cells compared with
controls (Fig. 5c). Western blotting detected proteins that
mediate apoptosis, including c-caspase-9, c-caspase-3, and
c-PARP, which is consistent with the Annexin V-FITC/PI
and TUNEL data (Fig. 5b).

Loss of SGOL1 decreases sorafenib cytotoxicity
in vivo

We next evaluated whether loss of SGOL1 from
HCC decreased sorafenib cytotoxicity in vivo. Huh7
(NC-sgRNA and SGOL1-sgRNA) cells were sub-
cutaneously inoculated into nude mice. Sorafenib
was administered through gavage using a solution
of olive oil. Mice were treated with the sorafenib
(30 mg/kg) and olive oil (negative control) gavage once
every 2 days for 28 days. The tumor masses of SGOL1-
sgRNA-treated mice were significantly larger compared
with those of NC-sgRNA-mice (Fig. 6a-c). The tumor sizes

of NC-sgRNA–mice were significantly smaller compared
with those of the SGOL1-sgRNA-mice, with no significant
loss of body weight (Fig. 6e, f). Moreover, western blotting
and immunohistochemical analysis detected proteins that
mediate apoptosis, such as c-caspase-3 and c-PARP
(Fig. 6d, g). These results are consistent with the in vitro
results.

Discussion

An unique opportunity has arisen to deploy genome-wide
CRISPR screening of agents involved in HCC to identify
new molecular targets [6, 12, 24]. The current study
demonstrates that CRISPR/Cas9-mediated genome editing
in combination with NGS serves as a powerful tool for
discovering druggable targets of sorafenib activity to guide
treatment. Currently, no such clear, predictive druggable
target has been identified to guide sorafenib treatment of
HCC [25]. Our data show that SGOL1 may serve as a
druggable target to enhance sorafenib activity, specifically
because high SGOL1 expression correlated with shorter

Fig. 4 Increased levels of SGOL1 indicate worse patient prognosis. a
HCC samples in a tissue microarray were reacted with anti-SGOL1
monoclonal antibodies. b Survival analysis of SGOL1- negative and
-positive patients (log-rank test (P= 0.021; 95% CI, 38.55–53.22). c

Relative SGOL1 mRNA levels were higher in 30 pairs of HCC tissues
compared with those of adjacent tissues. d Western blot analysis of
SGOL1 expression in eight HCC tissues (C: cancer tissue, A: adjacent
tissue). Scale bar= 100 μm
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Fig. 5 SGOL1 knockout from HCC cells decreases the cytotoxicity of
sorafenib. a Cells expressing NC-sgRNA and SGOL1-sgRNA were
treated with sorafenib (7.5 µM) for 72 h. Apoptosis rates were deter-
mined using Annexin V-FITC/PI. The data are shown as the mean ±
SD from three experiments, *P < 0.05. b Western blot analysis of

proteins that mediate apoptosis. Data are shown as the mean ± SD. *P
< 0.05. c TUNEL and immunohistochemical analyses of apoptosis of
cells expressing SGOL1-sgRNA. Data represent the mean ± SD. *P <
0.05. Scale bar= 50 μm
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overall survival of patients with HCC after hepatectomy. To
the best of our knowledge, this is the first study to utilize
genome-wide CRISPR screening to identify a predictive
biomarker to select patients who are most likely to benefit
from sorafenib treatment [26].

SGOL1, which has a pivotal role in sister chromatid
cohesion during mitosis, protects centromeric cohesion
from cleavage during mitotic prophase by preventing
phosphorylation of a cohesion subunit [27, 28]. Reduced
SGOL1 expression leads to premature loss of sister chro-
matid missegregation, centromeric cohesion, and mitotic
arrest [28, 29]. SGOL1 is a potential therapeutic target for
HCC because of its role in cell division [30]. Here we show
that SGOL1 was the most highly enriched gene detected
using the CRISPR screen, indicating that knockout of
SGOL1 contributed to sorafenib resistance.

In support of this possibility, we found that knockout of
SGOL1, achieved using an sgRNA, induced apoptosis;
however, similar results were obtained when we
used the control sgRNA. The difference between these
results from those of a previous study may be explained by
the use of phenotypically different cell lines. As discussed
above, our understanding of the basis of the marked
heterogeneity of HCCs is limited. Similarly, the mechanism
through which SGOL1 contributes to oncogenesis is
unknown.

To confirm the reliability and efficacy of genome-wide
CRISPR screening, we first used Dz-value analysis to
evaluate sgRNAs that targeted the top five candidate genes.
These genes, which yielded new testable hypotheses
regarding the mechanism of sorafenib resistance, include
SGOL1, v-set and transmembrane domain containing 2 like,
cyclin-dependent kinase inhibitor 1C, testis specific serine
kinase 4, and ubiquitin specific peptidase 6 (File S1).
Together with the results of our experiments presented here
employing an HCC cell line and a mouse xenograft model
of HCC, we conclude that SGOL1 will serve as a new
druggable target of sorafenib resistance of HCC. To exploit
this possibility will require further research to identify the

details of the molecular mechanisms involved. For example,
distinct responses to mitotic checkpoint activation among
normal and HCC cells may facilitate efforts to selectively
target HCC cells with sorafenib, potentially avoiding its
adverse effects.

Together, our findings show that the CRISPR screen
serves as a powerful tool for the discovery of therapeutic
targets to enhance sorafenib treatment. Our experience
using CRISPR/Cas9 may serve as a new strategy for
enhancing our knowledge of the phenotypic heterogeneity
of HCC. Our data suggest that SGOL1 expression will serve
as an indicator of a patient’s prognosis. The high differential
expression of SGOL1 in HCC cells was associated with an
increased risk of poor prognosis. Thus, selectively targeting
SGOL1 in patients with HCC who are treated with sor-
afenib may increase survival by months, if not years.

Sorafenib is the only systemic drug approved for patients
with advanced HCC. Unfortunately, sorafenib treatment
increases patients’ survival by only a few months, and new
therapeutic targets are therefore urgently required. How-
ever, no definitive predictive biomarkers are available to
guide sorafenib treatment of advanced HCC. Our present
study demonstrates that CRISPR/Cas9-mediated genome
editing in combination with NGS serves as a powerful tool
for discovering biomarkers to guide treatment with
sorafenib. Our data support the conclusion that SGOL1 is a
druggable target that may enhance the efficacy of sorafenib
treatment. Further, high levels of SGOL1 are associated
with shorter overall survival of patients with HCC after
hepatectomy. To our knowledge, this study is the first use of
genome-wide CRISPR screens to identify a predictive
biomarker that can be used to select patients who are most
likely to benefit from sorafenib treatment.
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