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in comparison with siRNA control. In addition, 
overexpression of the wild-type and mutant allele of GNMT 
had opposite effects (Figure S3D–S3E), i.e., inhibition or 
promotion of cell proliferation and migration, respectively.

FAH was mainly expressed in the liver and kidney 
[29, 30], which is the last enzyme in the tyrosine catabolism 
pathway that synthesizes acetoacetate and fumarate from 

L-phenylalanine [31, 32]. A deficiency of FAH is associated 
with type 1 hereditary tyrosinemia [33, 34]. The exact 
crystal-structure of FAH is unknown, and we performed 
homologous modeling of FAH upon mouse Fah (PDB: 
1HYO) (Figure S4A). The residue (I392) is located in the 
FAA hydrolase domain which functions in hydrolase and 
catalytic activities. The mutant residue (Valine) is smaller 

Figure 3: Effects of a loss-of-function mutation (S247T) in HNF1A. (A) Schematic diagram of domains (left panel) and image 
of crystallographic model (right panel) (PDB: 1IC8) of HNF1A. The Ser247 (phosphoserine) residue is locates on the homeobox domain. 
Nonsynonymous mutations occurring in hepatocellular carcinoma (from the COSMIC database) are shown by vertical lines. The side 
chains of both the wild-type and mutant allele of residue are shown in green and red, respectively. (B) Hepatoma cell lines SMMC-
7721, SK-Hep1, PLC/PRF/5 and Huh7 cells were infected with HNF1A-targeting siRNA (AdsiHNF1A) or nontargeting control siRNA 
(AdsiControl). At 12 h after infection, cells were plated into a 24-well plate at 0.5 × 104/ml and were counted every 24 h in triplicate. Data 
are presented as the mean ± sd. (C) The Transwell assay of cell migration property in hepatoma cells. Cells were treated as described in 
Figure 3B. Quantitative evaluation of cell migration activity is presented as the means ± sd of five randomly selected microscopic fields 
from three independent experiments. Magnification: ×200. (D) Hepatoma cells were mock-transfected or transfected with HNF1A-WT or 
HNF1A-Mut (S247T), respectively. Tumor cell growth was measured similar to Figure 3B. (E) Cells were treated as described in Figure 3D. 
Cell migration was determined by Transwell assay.
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than the wild-type (Isoleucine) residue, which will cause 
an empty space in the protein core. Therefore, the mutation 
may affect the domain interaction and protein function. We 
found that loss-of-function of FAH promoted hepatoma 
cell growth (Figure S4B) and migration (Figure S4C) 
in comparison with siRNA controls. Additionally, 
overexpression of the wild-type and mutant allele of FAH 
had opposite effects (Figure S4D–S4E), i.e., inhibiting or 
promoting cell proliferation and migration, respectively.

SPTBN1 plays an important role in the determination 
of cell shape, the arrangement of transmembrane proteins 
and the organization of organelles [35]. A recent report 
showed that by regulating the Wnt inhibitor kallistatin, 
loss of SPTBN1 activates Wnt signaling and promotes 

progression of hepatocellular carcinoma and Wnt signaling 
[36]. The mutation (N1952K) is located in one of the 
spectrin repeats (Figure S5A). We constructed the protein 
structure of SPTBN1 by homologous modeling using 
SWISS-MODEL [37] but with a GMQE (Global Model 
Quality Estimation) of 0.16, indicating a lower reliability. 
Loss-of-function of SPTBN1 promoted hepatoma cell 
proliferation and migration (Figures S5B–S3D).

DISCUSSION

In the present study, we provided supporting evidence 
for validating the patient-specific mutation-driver genes that 
was prioritized based on a multi-omics strategy (Figure 1) 

Figure 4: S247T mutation reduced HNF1A transactivity. (A) Luciferase assay of human HNF4A promoter constructs in HepG2 
and SMMC-7721 cells. HepG2 and SMMC-7721 cells were co-transfected with pGL3-HNF4A and pAdTrack-HNF1A (HNF1A WT) or 
pAdTrack-HNF1AS247T (HNF1A Mut). At 36 hours after infection, cells were collected for luciferase assays. Results are presented as the 
mean relative luciferase activity against the activity of the pGL3-Basic control sample ± SD of three independent experiments. (B) SMMC-
7721 cells were infected with adenoviruses expressing wild-type (AdHNF1Awt) or mutated-HNF1A (AdHNF1Amut). Thirty-six hours 
after adenovirus infection, HNF1A expression was detected by immunofluorescence with an anti-HNF1A antibody and an Alexa Fluor 
647-labeled secondary antibody. Cells were counterstained with DAPI to label nuclei. The cellular localization of HNF1A were visualized 
under a fluorescence microscope. Magnification: 600×.
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[8]. We hypothesized that the translated tumor-mutated 
allele would impact the structure-function relationship of 
the encoded protein. Therefore, the mutant-type of protein 
may play an important role in carcinogenesis.

Our results suggested that the prioritized mutation-
driver genes act as tumor suppressor genes instead of 
oncogenes to regulate cell cycle. The in vitro evidence 
showed that loss- and gain-of-function of these genes had 
obvious effects on cell proliferation and migration in four 
hepatoma cell lines. In addition, we confirmed that the 
mutant-type protein was expressed in vitro (Figure 2), and 

the patient-specific missense mutations in four genes have 
similar loss-of-function effects. Of note, we characterized 
the functional consequence of S247T in HNF1A, in which 
phosphorylation of HNF1A at Ser247 was involved in 
HNF1A transcriptional activity [38]. Although both the wild- 
(serine) and mutant- (threonine) type can be phosphorylated, 
significantly reduced transcriptional activity was noted in the 
HNF1A mutant-type for HNF4A reporter (Figure 4A).

IDH1 was thought to be an oncogene whose mutations 
have stimulated the burgeoning field of tumor metabolism 
[9]. There is a mutation hotspot (R132H) in IDH1 in glioma 

Figure 5: Effects of V294M in IDH1. (A) Schematic diagram of domains and multiple sequence alignment of IDH1 (270-300 AAs) 
(left) and image of a crystallographic model (right) (PDB: 1T0L) of IDH1 [49]. The V294 residue resides in the iso-dh domain. The side 
chains of both the wild-type and mutant allele of the residue are shown in green and red, respectively (right). (B) Cell growth curve. 
Hepatoma cell lines SMMC-7721, SK-Hep1, PLC/PRF/5 and Huh7 cells were infected with AdsiIDH1 or AdsiControl, respectively. Cell 
growth was determined by MTS assay similar to Figure 3B. (C) The Transwell assay of cell migration property in hepatoma cells depletion 
of IDH1. Magnification: ×200. (D) Hepatoma cells were mock-transfected or transfected with IDH1-WT and IDH1-Mut (V294M), 
respectively. Tumor cell growth was measured by MTS assay. (E) Cells were treated as described in Figure 3D. Cell migration was 
determined by Transwell assay.
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[39] and acute myeloid leukemia [40] that is responsible for 
driving tumor progression. However, the hotspot R132H 
mutation was significantly under-represented in intrahepatic 
cholangiocarcinoma [41], suggesting a differential mutation 
pattern of IDH1 in different cancer types. Mutant IDH1 
inhibits HNF4A to block hepatocyte differentiation and 
promote intrahepatic cholangiocarcinomas [42]. The 
promotion of cell proliferation and migration by siRNA 
knockdown (Figure 5B–5C), as well as its effects by 
overexpression of the wild-type and mutant allele of IDH1 
(Figure 5D–5E), indicated that IDH1 may act as a tumor 
suppressor gene on hepatoma cell lines.

There are several limitations in the present study. First, 
we adapted tumor cells as model, which may not support 
the key role of driver genes in tumor cell transformation. 
However, the prioritized genes/mutations modulate tumor 
cell growth and aggressiveness (i.e., progression), which 
features one of malignant characteristics of tumor cells. 
Second, it is unclear whether there are synergistic effects of 
these candidate driver genes.

In conclusion, we validated the strategy for 
prioritizing personalized mutation-driver genes using 
multi-omics data. Our study provided evidences that these 
expressed mutations exert potential oncogenic effects, thus 
may have translational potential in personalized therapy. 
The proposed strategy provides a new avenue for the 
identification of personalized cancer driver mutations in a 
patient-specific manner.

MATERIALS AND METHODS

Homology modeling and mutation analysis

Information about protein domains was based on 
the Pfam [43] or Interpro [44] database. We used HOPE 
[45] to analyze the three-dimensional (3D) structural and 
functional effects of a non-synonymous mutation in the 
protein. HOPE has been suggested to perform similarly 
to manual approaches. HOPE collected information from 
1) structural calculations on the PDB file base on WHAT 
IF [46]; if the PDB file was not available, YASARA was 
used to perform homology modeling, 2) conservation scores 
estimation by HSSP [47], 3) sequence-based predictions by 
DAS-servers [48], and 4) sequence annotations by Uniprot. 
All these data were combined with the known properties of 
the amino acids in a decision schedule, i.e., the effect of the 
mutated-allele on the 3D-structure of the protein. We also 
used the SWISS-model to perform homologous modeling if 
the crystallographic model was unknown for the interested 
protein.

Cell lines

Human hepatoma cell lines (SMMC-7721, SK-
Hep1, PLC/PRF/5 and Huh7 cells) and a normal hepatic 
cell line (LO2) were maintained in Dulbecco’s modified 
Eagle’s medium (DMEM; Hyclone™, UT). All culture 
media were supplemented with 10% fetal bovine serum 
(FBS; Gibco®, Rockville MD), 100 units/mL penicillin, 
and 100 µg/mL streptomycin (Hyclone™).

Plasmids and adenoviruses

Full length coding sequences of human HNF1A, 
GNMT, FAH, and IDH1 were amplified by the polymerase 
chain reaction (PCR) and inserted into the shuttle vector 
pAdTrack-TO4 (obtained from Dr. T-C He, University 
of Chicago, Chicago IL). Mutated plasmid of HNF1A 
(S247T), FAH (I392V), IDH1 (V294M), and GNMT 
(A14T) (Table 1) were constructed by overlapping 
extension PCR and subcloned into pAdTrack-TO4 (primer 
sequences were listed in Table S1). All recombinant vectors 
were confirmed by Sanger sequencing. Recombinant 
wild-type HNF1A (AdHNF1Awt) and S247T-mutated 
HNF1A (AdHNF1Amut) were generated successfully in 
HEK293 cells using the AdEasy system. All recombinant 
adenoviruses expressed green fluorescent protein (GFP) as 
a marker for monitoring of infection efficiency.

Three pairs of oligonucleotides containing siRNA 
(Table S2) target sites for the coding region of HNF1A, 
GNMT, FAH, IDH1 and SPTBN1 were designed and 
subcloned into the Sfi I site of pSES vector (from Dr. T-C 
He) to generate adenovirus AdR-siHNF1A, AdR-siGNMT, 
AdR-siFAH, AdR-siIDH1, and AdR-siSPTBN1 using 
the AdEasy system. A scrambled shRNA control (AdR-
siControl) that expresses RFP was used as a control.

The HNF4A promoter-luciferase reporter was 
generated by cloning an approximately 1 kb PCR fragment 
into the pGL3-Basic vector (Promega, Madison WI; E1751).

Western blotting

Proteins were extracted from cells with cell lysis buffer 
(Beyotime Biotechnology, Jiangsu, China) containing 1 mM 
phenylmethanesulfonyl fluoride (Beyotime). Approximately 
50 μg proteins were separated on 10% polyacrylamide gels 
and electrotransferred to PVDF membranes (Millipore, 
Billerica MA). The membranes were immunoblotted with 
the following antibodies: HNF1A (Abcam, Cambridge UK; 
ab204306), FAH (Bioworld™, Atlanta GA; BS8270), IDH1 
(Bioworld™; BS6918), GNMT (Bioworld™; BS8292) 
and SPTBN1 (Abcam; ab72239). Secondary goat anti-
rabbit IgG (H+L)-horseradish peroxidase antibodies were 
purchased from Bioworld™ (BS13278). Endogenous 
β-actin (Bioworld™; AP0060) expression was used as the 
normalization control.
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Immunofluorescence staining

Cells were washed twice with phosphate-buffered 
saline (PBS) and fixed with 4% formaldehyde for 30 min. 
Cells were then permeabilized with 0.5% Triton and 
incubated with HNF1A antibody (Abcam; ab204306) at 
4°C overnight. After washing, cells were incubated with an 
Alexa Fluor 647-labeled secondary antibody (Invitrogen®, 
Carlsbad CA; A21244) for 1 h at room temperature and 
counterstained with 4′,6-diamidino-2-phenylindole (DAPI; 
Roche, Basel, Switzerland) for 5 min. The expression of 
HNF1A was visualized under a laser scanning confocal 
microscope (Nikon, Tokyo, Japan; A1+R).

Cell migration assay

Cell migration was measured using transwell 
units with a polycarbonate filter (BD, San Jose CA). For 
knockdown assay, cells were mock-infected or infected with 
AdR-siHNF1A, AdR-siGNMT, AdR-siFAH, AdR-siIDH1, 
AdR-siSPTBN1 or AdR-siControl. For overexpression 
assays, cells were transfected with HNF1A-WT, HNF1A-
Mut (S247T), GNMT-WT, GNMT-Mut (A14T), FAH-WT, 
FAH-Mut (I392V), IDH1-WT, IDH1-Mut (V294M), or 
vector control. Twenty-four hours after transduction, cells 
were suspended in 200 μL of serum-free medium and added 
at 4 × 104 cells/well in the upper chamber. A DMEM medium 
(600 μL) containing 10% FBS was added into the lower 
chamber to act as a chemoattractant. Cells were incubated 
at 37°C under 5% CO2. After 12 h, cells were fixed with 4% 
formaldehyde and stained with crystal violet. The numbers 
of migrated cells were counted in five fields (200×) on each 
membrane and the average per field was calculated.

Cell proliferation assay

Cell proliferation was measured using the CellTiter 
96 AQ One Solution Cell Proliferation Assay (MTS) 
(Promega). Cells were treated as mentioned in cell 
migration assay. Infected cells (2 × 103) were re-plated in 
96-well plates, 20 μL of the MTS reagent were added into 
each well, and the plates were incubated for 2 h at 37°C. The 
absorbance at 490nm was measured every 24 h until day 4 
using a microplate reader (Bio-Tek, Winooski VT).

Luciferase assay

HepG2 and SMMC-7721 cells were cultured in 
25 cm2 cell culture flasks and co-transfected with 3 μg of 
HNF4A responsive luciferase reporter pGL3-HNF4A 
and pAdTrack-HNF1A wt or pAdTrack-HNF1A mut 
using Lipofectamine V F2000 (Promega) following 
the manufacturer’s instructions. The pRL-TK plasmid 
(Promega) was added as an internal control. Cells were 
harvested 36 h post-transfection and subjected to the Dual-
Luciferase® Reporter Assay (Promega). Each assay was 
performed in triplicate and repeated three times.

Amplification and sequence analysis of the 
targeted mutation sites of the five genes

The genome DNA was extracted from hepatoma 
cell lines using the Wizard Genomic DNA Purification 
Kit (Promega; A1120) according to the manufacturer’s 
instructions. The targeted mutation sites of the five genes 
were amplified by PCR and were sequenced by Sanger 
sequencing. All primer sequences are listed in Table S3.

Statistical analysis

Pairwise comparison for statistical significance was 
conducted with Student’s t test, and analysis of variance 
(ANOVA) was used to test for the effect of overexpression 
of the wild- and mutant-type gene in cell proliferation. We 
considered p < 0.05 to be statistically significant.
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