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FDA

(sorafenib) (kinase)

(xenograft model) 96

(kinase) RNA(shRNA)

shRNA

(nexe-generation sequencing) 3

shRNA (Syk)

Syk

shRNA HuH-7 Syk

Syk

Syk sorafenib 50% (IC50) 6.7μM

4.0μM HuH-7 Syk

sorafenib

Syk
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Abstract

Hepatocellular carcinoma (HCC) is one of the most lethal and prevalent cancers in 

humans. Despite its significance, there are only limited numbers of effective therapeutic 

options, partially because our understanding of the genetic, molecular, cellular and 

environmental mechanisms that drive disease pathogenesis is far from comprehensive. 

So far, the only one molecular targeted therapy drug for HCC is sorafenib, which is a 

multi-kinase inhibitor. However, the mechanism underlying the therapeutic effect of 

sorafenib remains unclear, and several “off-targets” were recently discovered. Thus, to 

identify targets that sensitize to sorafenib may provide important information on HCC 

treatment.

Recently, genome-wide target gene knocked down by the pooled RNAi 

Consortium (TRC) shRNA library has been widely used, and it can be combined with 

drug treatment to become a platform for identifying potential drugs with synergistic 

effect. Based on this technology, we want to identify the sorafenib-sensitizing targets in 

HCC by in vivo RNAi screening. In our study, we transfected the pooled shRNA 

packaged by lentivirus into a HCC cell line, HuH-7 and injected these resulting cells 

subcutaneously into nude mice to knock down 96 kinases. After tumors grew, the nude 

mice were then divided into two groups, control and sorafenib treatment. After 

analyzing the genomic DNA of tumors by next-generation sequencing, three genes were 
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found that their shRNA ratios were dramatically different between treatment and control

groups. Although the functional roles of these genes among the list in resistance to 

sorafenib are still undetermined, Syk has been reported as a potent modulator of 

epithelial cell growth and may be a potent molecular target in cancers.

We then used shRNA and its specific inhibitor, BAY 61-3606, to knock down Syk 

activity in HuH-7 cells. By cell viability assay, the HuH-7 cells are more sensitive to 

sorafenib, and the IC50 of sorafenib drops from 6.7μM to 4.0μM as Syk is inactivated.

Furthermore, the growth rate of Syk silenced HuH-7 cells was also much slower 

than that of HuH-7 control cells, which suggested that Syk may have a synergistic effect 

with sorafenib on cell growth or survival and may be a potential target in HCC

treatment. Although the regulation mechanisms and functions of Syk still need to be 

further elucidated, the screening platform in this study can provide us some potential 

targets on disease treatment.

Key words: Hepatocellular carcinoma, RNA interference screening, sorafenib, Syk
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BSA Bovine serum albumin

DMEM Dulbecco’s modified eagle medium

DMSO Dimethyl sulfoxide

ECL enhanced chemiluminescence

E.coli Escherichia coli

EDTA Ethylenediamineteraacetic acid

HCC Hepatocellular carcinoma

Kb Kilo base pairs

kD Kilo Dalton(s)

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

NGS Nest-generation sequencing

PAGE Polyacrylamide gel electrophoresis

PCA Principal component analysis

PCR Polymerase chain reaction

PBS Phosphate-buffered saline

PVDF Polyvinylidene difluoride

RAGE Receptor for advanced glycation end products

SDS Sodium dodecylsulphate

shRNA short hairpin RNA

Syk Spleen tyrosine kinase

TEMED N,N,N’,N’’-tetramethylene diamine

TN Tris and NaCl buffer

TNT Tris, NaCl and Tween buffer

Tris Tris (hydroxymethyl)-aminomethane
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1.1 (liver cancer)

2011

[1]

[1, A]

[2]

[3]

( A 10 [1])

45 60



2 
 

1.1.1

(primary 

liver cancer)

(metastatic liver cancer) (hepatocellular 

carcinoma HCC) (cholangiocarcinoma)

(hemangiosarcomas) (hepatoblastomas)

85% 90%[4, 5]

(cirrhosis)

1.1.2 (risk factor)

1.1.2.1 (cirrhosis)

70% 80% [5]

(non-alcoholic steatohepatitis NASH)[5-7]

[8, 9](hereditary 

hemochromatosis) α1- (alpha1-antitrypsin deficiency)[9, 10]

(autoimmune hepatitis)[11] (porphyrias)[10, 11]

(Wilson’s disease)[12, 13]

[3]

1.1.2.2

1.1.2.2.1 B (hepatitis B virus HBV)

B (World 

Health Organization WHO) B
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B [14] B

1984 B

B

(Asia-Pacific region) 10% 20% B [15]

B (vertical transmission)

[16] B

(horizontal 

transmission)[17] B B

(inapparent infections) B

(cirrhosis) (hepatic decompensation) [18]

1.1.2.2.2 C (hepatitis C virus HCV)

C NRA

[19] 75% [20] C

[21] 2003

C

15-20 [22] 3% C [23] B

C 60% 80%

C B 10%[24] B

C

20% 1% 3% [25]

1.1.2.3 (aflatoxin)

[26]
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1.1.3 (hepatocarcinogenesis)

[27, B]

(monocyte) (proinflammatory cytokine)

(endotoxin) (kupffer cell)

(chemokine)[28]

p53

[29] B p53 [30]

[31]

[32]

C [24, 32]

( B [27])

[27, C]

(stellat cell) (scarring)
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(abnormal nodules)

(hyperplastic nodule) [33]

( C [27])

1.2

p53

[34, D] (sorafenib)

1.2.1

1.2.1.1 (Epidermal growth factor, EGF)

(EGF)

EGF [35]

EGF (EGFR) [36]

EGF (single 
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nucleotide polymorphism, SNP) [37] SNP

EGF mRNA EGF EGFR

(xenograft model) EGFR

[38] EGFR

[39, 40]

( D [34])

1.2.1.2 (Insulin-like growth factor, IGF)

IGF [41] IGF1 IGF2

IGFR IGF2

[42] IGF2

[43] C IGF1

[44]
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1.2.1.3 (Hepatocyte growth factor, HGF)

HGF (MET)

(ligand) MET HGF

(migration) HGF/MET

[45] MET

MET

HGF MET [46]

MET 20%

48% MET [47]

MET

1.2.1.4 (Akt) (MAPK)

EGFR IGFR MET Akt MAPK

HCC

Ras

Ras RAF MEK ERK (MAPK pathway)

[48] Ras

Akt

[49] mTOR Akt

mTORC1 mTORC2 Akt-mTOR

mTORC1

[35] mTOR

[50]
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1.2.2

Wnt Wnt

[51, 52] CTNNB1 AXIN1

Wnt β-catenin (ubiquitination)

[36, 53] Wnt

Hedgehog(HH)

1.2.3

-6(interleukin-6, IL-6)

Stat3

[54] IL-6

[55] IL-6 JAK/Stat3

1.2.4

(vascular endothelial growth factor, VEGF)

(fibroblast growth factor, FGF) VEGF VEGFR

VEGF

[56]
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FGF VEGF [57]

1.2.5 p53

P53 50%

DNA p53

(cell cycle arrest) DNA [58]

p53 [59] B X p53

DNA p53

1.3 (sorafenib)

(clinical 

diagnosis of HCC) (alpha-fetoprotein, AFP)

(des- -carboxy prothrombin, DCP)[60] 3(AFP-L3)[61, 62]

Stage0 StageA StageB StageC StageD [63

E]

( E [63])
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1.3.1

[1]

(Surgical resection)

(< 5 )

[63]

(Liver transplantation)

65 5

3 1 3

5 70% 15%

[63]

(Percutaneous ethanol injection, PEI)

( 3 3 )

3 100%

[63]
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(Radiofrequency Ablation RFA)

3 3

50%

(probe)

50-100

(coagulation necrosis)

24

29.8% ( 5cc)

[63]
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( ) (Trans-arterial (chemo)Embolization, TAE/TACE)

TAE

75%

25% 50%

(ischemic necrosis) (infarction)

[63]

,

[63]

[63]
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1. Sorafenib (Nexavar )

,

6.5 4.2 47% 2.8

1.4 (hand-foot

syndrome)

FDA [64]

2. Sunitinib (Sutent )

c-kit

3. Erlotinib (Tarceva, ) EGFR

Ras/MAPK

( )

bevacizumab (Avastin )

(VEGF)
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1.3.2 Sorafenib (Nexavar, )

1.3.2.1 Sorafenib

Raf/MEK/ERK MAPK

Ras [64, 65] (

) B C

[66, 67]

(PDGF) (VEGF)

[68 F]

[69]

Sorafenib (bi-aryl urea) F

sorafenib Raf/MEK/ERK

Raf (isoform Raf-1 B-RAF ) 4E (eIF4E)

Mcl-1

sorafenib PDGF VEGF

(receptor tyrosine kinase)

sorafenib
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( F sorafenib [64])

1.3.2.2 Sorafenib

( Child-Pugh score A )

70 sorafenib

[64 A]
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( A sorafenib HCC [64])

sorafenib

(overall survival, OS) 2.3 2.8 (time to tumor progression, 

TTP) 1.4 2.7 (disease control rate, DCR) 11% 19%

sorafenib 70

sorafenib

[70]

PI3K/Akt 

sorafenib

sorafenib

HuH-7 Hep3B PLC5 sorafenib

Akt PI3K/Akt

[71] Akt ( MK-2206)

sorafenib
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EGFR HER-3

sorafenib

sorafenib

[72]

Epithelial-mesenchymal transition, EMT

 EMT HepG2

sorafenib [73]

sorafenib EMT TGF-β

[74] sorafenib EMT EMT

(autophagy) (lysosome)

(organelle)

(homeostasis) (

) sorafenib

[75]

sorafenib sorafenib

sorafenib

sorafenib

1.4 (RNA interference screening)

(RNA interference, RNAi)

RNA
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mRNA RNA

RNAi RNA(dsRNA)

RNA(shRNA) Dicer

siRNA siRNA RNA (RNA-induced silencing complex, 

RISC) siRNA RISC

mRNA mRNA

[76, G]

( G RNAi [76])

RNAi (loss-of-function)

(phenotype) RNAi

RNAi

RNA(siRNA)

RNA(shRNA) [77, H] siRNA

shRNA
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(colony formation assay)

(drug resistance assay) [78]

( H RNAi [77])

shRNA shRNA

(vector) (transfection) (lentivirus) shRNA

shRNA shRNA

DNA(genomic DNA)

(microarray) (next-generation sequencing)

shRNA

[77, I]

192 shRNA
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( I shRNA [77])

1.5

sorafenib

FDA

(disease control rate, DCR) [70]

1. ( 5%

)

2. 10μM

3.

sorafenib MAPK

(off-target) sorafenib



21 
 

(Sutent) sorafenib

sorafenib sorafenib

(kinase)

sorafenib sorafenib

1.6

96 2

shRNA HuH-7

100mm3 DNA

[ J]
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2.1

192 shRNAs pooled lentivirus

BALB/cAnN.Cg-Foxn1nu/CrlNarl mice

HuH-7 cell line

HEK 293T cell line

pLKO.1-shRNA clones

pMD.G

pCMV-ΔR8.91

RNAi 

Health Science Research Resources 

Bank (JCRB0403; Osaka, Japan)

American Tissue Culture Collection 

(ATCC)

RNAi 

RNAi 

RNAi 

2.2

Automated cell counter

B3 Mini gel system

BD Ultra-Fine Needle

Digital Caliper Mitutoyo

DMIL Inverted Microscope

DTX 880 Multimode Detector

Dry bath incubator

Electrophoresis Apparatus

Finnpipette Multichannel Pipetters

Bio-rad

Thermo

BD Bioscience

Shineteh

Leica

Beckman Coulter

Major science

NIHON EIDO

Thermo
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Himac CF15R centrifuge

Hybridization incubator

Hybridization oven

Oral Feeding Needle

Pipet aid

Pipetman

Sonics

Tissue Lyser II

Veriti Thermal Cycler

Vortex-2 Genie

Hitachi

Conoco

Firstec Scientific

Shineteh

Drummond Scientific

Gilson

Vibra cell

Qiagen

Applied Biosystems

Scientific Industries

2.3

Trypsin-EDTA

Taq polymerase

Gibco

Takara

anti-Akt

anti-Syk

anti-GSK3-

anti-actin

anti-GAPDH

Santa Cruz

Cell signaling

Cell signaling

Santa Cruz

Santa Cruz
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HRP conjugated IgG anti-mouse

HRP conjugated IgG anti-rabbit

Cell signaling

Cell signaling

2.4

Acrylamide

Agarose

BAY 61-3606

Cremophor

Diphenyltetrazolium Bromide

DMEM

DMSO

dNTP

Ethidium Bromide

Fast Green

FBS

Low Molecular Weight Standards

Matrigel

PBS

Penicillin/Streptomycin

Pentobarbital

Polybrene

Puromycin

Amresco

Amersham Bioscience

Santa Cruz

Sigma

Sigma

Thermo

Merck

Takara

Sigma

Sigma

Gibco

Amersham Bioscience

BD bioscience

Gibco

Gibco

Sigma

Sigma

Sigma
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Sorafenib

TB broth

TEMED

Tween 20

Urea

LC laboratories

MO bio

Merck

Sigma

USB

ECL-detection kit

Purelink Genomic DNA Mini Kir

QIAamp DNA Blood Midi Kit

QIAquick Gel Extraction Kit

QIAquick PCR Purification Kit

Pierce BCA Protein Assay Kit

PureLink Genomic DNA Kit

Plasmid mini kit

Plasmid midi kit

Millipore

Invitrogen

Qiagen

Qiagne

Qiagne

Thermo Pierce

Invitrogen

Geneaid

Geneaid

2.5

a. ImageQuant (GE Healthcare) 

b. Matlab R2010a 

c. Origin Pro 9 
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3.1

3.1.1 (medium)

Thermo hyclone DMEM 4 C

(water bath) 37 C 5% (Fetal bovine serum, FBS)

1% (penicillin/streptomycin, PS)

3.1.2

10cm (Tissue culture dish, AdvangeneTM)

37 C 5% CO2 10mL PBS

1.5mL 0.2% EDTA 0.5% (trypsin-EDTA)

37 C 10 (trypsinization) 7mL

1,500rpm

5-10mL

(sub-culture)

3.1.3

(trypan blue)

(cell counter)

3.2 RNA(shRNA)

3.2.1 shRNA

3.2.1.1

RNAi shRNA Clone ID (1) 



28 
 

TRCN0000196401, (2) TRCN0000003163 pLKO.1-puro -80

C (E.coli) 100μg/mL

Ampicillin 37 C 16

0.5mm 3mL LB

Ampicillin 37 C 16 100ml LB (

Ampicillin) 37 C 16

3.2.1.2 shRNA DNA

/

PM1 Buffer 110 mL

PM2 Buffer 110 mL

PM3 Buffer 110 mL

PEQ Buffer 130 mL

PW Buffer 360 mL

PEL Buffer 220 mL

RNase A (50 mg/mL) 200 μL

Plasmid Midi Column 25 pcs

Geneaid plasmid midi kit

6,000g 15 Plasmid midi column 50mL 5mL 

PEQ buffer PEQ buffer

4mL PM1 buffer( RNase A) 4mL 

PM2 buffer 10 2 4mL PM3 

buffer 10 6,000g 20

column 12mL PW buffer
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column 8 mL PEL buffer DNA

column 6mL Isopropanol

4 C 15,000g 30 5mL 75% 4 C

15,000g 10 DNA 10

200μL TE buffer DNA

3.2.1.3 shRNA

(HEK 293T cell line) 10

(co-transfection) 30 1 5mL

DMEM 10 4μg 250μL Maestrofection 

transfection reagent pCMV-ΔR8.91 ( )1.8μg pMD.G (

)0.2μg pLKO.1-shRNA( shRNA) 2μg

250μL DMEM 12μL 250μL

DMEM

- 37 C 5% CO2 12~18

48 72

0.22μm shRNA

3.2.2 shRNA

RNAi 96

( Table 3) 192 shRNA 42409(pfu/mL)

3.2.3 shRNA

6



30 
 

1mL polybrene

0.01μg/μL 24 48

3.3

shRNA clone puromycin

5 6

( puromycin

1.25μg/mL)

( puromycin) (

)

3.4 DNA(genomic DNA)

3.4.1 DNA

/

QIAamp Midi Spin columns 100

Collection tubes 100

AL Buffer 330 mL

AW1 Buffer 98 mL

AW2 Buffer 81 mL

AE Buffer 60 mL

QIAGEN Protease 4 vials

QIAamp DNA Blood Midi Kit DNA
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1,500rpm 5 500μL PBS

100μL protease 15mL PBS

1.2mL AL buffer 15

70 C 10 10 1 mL

QIAamp Midi column 15mL

1850g 3 2mL AW1 buffer 4,500g 1

2mL AW2 buffer 4,500g 15

column 15mL 200μL 5

4,500g 2 DNA -20 C

3.4.2 DNA

/

PureLinkR Genomic Lysis/Binding Buffer 10 mL

PureLinkR Genomic Digestion Buffer 9 mL

PureLinkR Genomic Wash Buffer 1 10 mL

PureLinkR Genomic Wash Buffer 2 7.5 mL

PureLinkR Genomic Elution Buffer 10 mL

RNase A (20 mg/mL) 1 mL

Proteinase K (20 mg/mL) 1 mL

PureLinkR Spin Columns with Collection Tubes 50 each

PureLinkR Collection Tubes (2.0 mL) 100

PureLink Genomic DNA 

Kit DNA 0.3mg

55 C 5 2mL 5mm
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(Tissue lyser II,Qiagen) ( 15Hz 20

) 180μL PureLink Genomic Digestion 

Buffer 20μL Proteinase K 5

145,000rpm 3 20μL RNase 

A 2 200μL PureLink Genomic Lysis/Binding 

Buffer 200μL

DNA PureLink Spin Column Collection 

Tube 10,000g

500μL Wash buffer 

1 10,000g 1 500μL Wash buffer 2

145,000rpm 3

DNA spin colum 1.5mL

200μL PureLink Genomic Elution Buffer 1 145,000rpm

1 DNA -20 C

3.5 (xenograft)

3.5.1

225 cm2 (T-225 flask, corning)

(stable pool)

PBS

PBS 50μL PBS

(matrigel) 50μL
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3.5.2

BALB/cAnN.Cg-Foxn1nu/CrlNarl 10

T

( )

SPF ( 2~3 )

3.5.3

(pentobarbital) 70mg/kg

- 100μL

1 2

3.5.4

a

b mm 100mm3

sorafenib cremophor

1:1 sorafenib

20μg/μL 4 5μg/μL

sorafenib 30mg/kg/day(

)

( )
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3.5.5

(cervical dislocation)

3.6

3.6.1 (Polymerase chain reaction, PCR)

DNA PCR

shRNA

600μL PCR PCR

Step 1 – Target/Puro Enrichment

gDNA 0.4 μg ( )

Forward primer (100 μM) 1 μL

Reverse primer (100 μM) 1 μL

10X ExTaq Buffuer 10 μL

dNTP Mixtrue 8 μL

Ex-Taq 0.5 μL

DMSO 5 μL

ddW 54.5 μL

Total 100 μL X 6 = 600 μL
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(primer) (Table 1)

Forward: 5’-TTCACCGAGGGCCTATTTCCCATG-3’

Reverse: 5’-CGTGAGGAAGAGTTCTTGCAGCTC-3’

PCR

Step2 – Full-hairpin Library Generation

PCR PCR DNA shRNA

180bps

Target enriched template 3 μL

Forward primer (7.5 μM) 5 μL

Reverse primer (7.5 μM) 5 μL

10X Ex Taq Buffuer 10 μL

dNTP Mixture 8 μL

Ex Taq 1 μL

ddW 68 μL

Total 100 μL X 6 = 600 μL

Target enriched template PCR DNA

94°C

5 mins

94°C

30 secs
55°C

30 secs

72°C

1.5 mins

72°C

10 mins

4°C
End

15 cycles
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94°C

5 mins

94°C

30 secs
55°C

30 secs

72°C

1 min

72°C

10 mins

4°C
End

30 cycles

(Table 1)

Forward: 5’- AATGGACTATCATATGCTTACCGT-3’

Reverse: 5’- TGTGGATGAATACTGCCATTTGTCTCGAGGTC-3’

3.6.2 PCR (PCR Purification)

/

QIAquick Spin Columns 250

PB Buffer 150 mL

PE Buffer 55 mL

Collection Tubes (2mL) 250

QIAquick PCR Purification Kit PCR

PCR 600μL 15mL

(3,000μL) PB buffer Qiagen MinElute Column

600μL 145,000rpm 1

750μL PE buffer 145,000rpm 1

3 column

10μL 1 145,000rpm 1

-20 C
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3.6.3

3.6.3.1 (Electrophoresis)

2% 1.2g (agarose gel) 60mL  

0.5X TAE buffer (0.02 M Tris-acetate, 0.001 M EDTA, pH8.0) 1 3

1.2μL Ethidium Bromide

0.5X TAE buffer

1:6 DNA 

marker (Qiagen) marker

100V 90

3.6.3.2 (Gel extraction)

/

QIAquick Spin Columns 250

QG Buffer 500 mL

PB Buffer 150 mL

PE Buffer 100 mL

Collection Tubes (2mL) 250

QIAquick Gel Extraction Kit DNA

UV UV marker 180bps

(band) DNA

3 QG buffer ( 3

300mg 900μL QG buffer) 55 C 15 5
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Spin Column

145,000rpm 1 500μL PB buffer 1

750μL PE buffer 1 5

30μL 3

3 DNA -20 C

3.7 (Next-generation sequencing, NGS)

3.7.1

DNA

shRNA 180bps

192 shRNA

DNA DNA 10

3.7.2

Matlab shRNA

shRNA

shRNA

shRNA clone

DNA(P0)

shRNA

192X10

(Principal Component Analysis, PCA)
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( ) T-test p-value shRNA

3.8

3.8.1

3.8.1.1

PBS (lysis buffer, 6M urea)600μL

145,000 rpm

4 C 20 -20 C

3.8.1.2

PBS 100mg

300μL

145,000 rpm 4 C 20

-20 C

3.8.2 (BCA Protein Assay)

Pierce BCA Protein Assay Kit BSA

A B 37 C 30

3.8.3 - (SDS-PAGE)

(mini gel: 10X10.5 )
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(12X15X0.1 ) (spacer)

A B C

(separating gel) (stacking gel)

A 30% acrylamide, 0.8%N,N’-methylene-bis-acrylamide

B 1.5M Tris-HCl, pH8.8 0.4% SDS

C 0.5M Tris-HCl, pH6.8 0.4% SDS

(10%)

A 2.7 mL 0.3 mL
B 2.0 mL
C 0.5 mL
ddH2O 3.4 mL 1.2 mL

TEMED 5 μL 5 μL
10% APS 55 μL 10μL

A B TEMED 10% 

APS 2

A C TEMED 10% APS

(comb)

2X sample buffer (0.5M Tris-HCl ph6.8, 10% SDS, 

50% glycerol, β-mercaptoethanol, trace bromophenol blue) 100 C 15

(25mM Tris, 250mM glycine, 0.1% 
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SDS, pH8.3)

15 150V

3.8.4 (Western blotting)

(PVDF membrane) 100% 

(10mM CAPS, 10% MeOH, pH11.0)

(1) (2) (3) (4) 

1

4 Fast green(Fast green, Acetic 

acid, Ethanol (95%), Distilled water)

100%

5% TN (0.15M 

NaCl, 20mMTris-HCl, ph7.5) (blocking)

1% TNT (0.15M NaCl, 0.5%Tween-20, 20mM 

Tris-HCl, pH7.5) anti-Syk(1:500) anti-GAPDH(1:1000)

anti-actin(1:10000) 4 C

TNT

6 10 4% TNT

1

TNT 6 10 TN
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5

TN

(Western Lightning Plus-ECL) 1

(cassette) X (Fujifilm)

(developer)

(fixer)

Image Quant 

3.9 (MTT Assay)

 MTT(3-(4,5-cimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide)

MTT

(Succinate dehydrogenase) C(Cytochrome 

C)

MTT assay

3.9.1 MTT reagent 

100mgMTT 20mLPBS 5mg/mL reagent 0.22μm

filter -20 C PBS

2.5mg/mL

3.9.2

shRNA trypsin

96-well 1500/well well 100μL



43 
 

3.9.3 sorafenib

96-well sorafenib 0μM, 

0.1μM, 1μM, 2μM, 5μM, 8μM, 10μM, 20μM 100μL

well 200μL BAY 61-3606

sorafenib 50nM

3.9.4

96-well

shRNA(Mock) Syk shRNA

15 well Day0 Day3 Day0

sorafenib 0μM, 1μM, 5μM, 8μM, 10μM

3.9.5

150μL well 50μL MTT reagent (2.5mg/mL)

37 C 2 100μL DMSO 15

OD595 nm

Origin Pro 9 IC50
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4.1 (xenograft)

96 (kinase) (Table 3) 192

shRNA HuH-7 7 (

) 7

10 DNA

2 3 100 mm3

4 ( ) 5 sorafenib

31 (Fig.1)

4.2 (Next-generation sequencing)

HuH-7 DNA

(polymerase chain reaction, PCR)

shRNA

PCR shRNA 180bps 10

280/260 260/230 200 ng/μL

280/260 1.8 260/230 1.7 (Table 4)

DNA

Matlab (R2010a ) shRNA

(reads) shRNA

shRNA

(Table 5)
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(Principal component analysis, PCA)

3 (control1~3, 

treatment3~5) Student T-test p-value 0.1 (90%

) 3 (Table 2) shRNA

(treatment/control) Syk

(Spleen tyrosine kinase, Syk)

4.3

shRNA Syk

GSK3-β

6

Syk GSK3-β shRNA

(Table 5)

(Fig.2)

4.4 RNA(shRNA) (Syk)

Syk

sorafenib shRNA HuH-7

Syk RNAi 2

shRNA Syk

3 shSyk

shRNA

shRNA Syk (Fig.3A) ImageQuant

(Mock) GAPDH (normalization)
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shRNA Syk

70% (Fig.3B) shRNA

4.5 (MTT assay) sorafenib Syk

shRNA Syk shRNA

HuH-7 Syk

shRNA (Mock)

sorafenib 0μM

MTT Syk

sorafenib Syk

(Fig.4) Origin Pro 9 50%

(IC50) 6.7μM( ) 4.0μM( ) 40% Syk

sorafenib

sorafenib Syk

(Mock) (shSyk)

96-well sorafenib (day0)

(day1 day3) MTT

Syk

Syk

5μM (Fig.5) 25% Syk

5μM sorafenib sorafenib

HuH-7 50%

Syk HuH-7 sorafenib

Syk BAY 61-3603[79] Syk



47 
 

50nM HuH-7 sorafenib

(Fig.6) 5μM shRNA HuH-7 Syk

Syk sorafenib
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sorafenib

5.1

5.1.1

(kinase)

5.1.2

sorafenib

( 1.5 )

HuH-7 [80]

sorafenib (

) shRNA

shRNA

(Fig.1) HuH-7 ( )

HuH-7
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5.1.3

10

100mm3 mm3

( 2000mm3)

5.1.4 DNA (DNA microarray) (next-generation sequencing)

DNA

(probe)

DNA (complementary DNA, cDNA) RNA

cDNA (hybridization)

cDNA

cDNA [81, K]
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[ K DNA 81]

Illumuna

DNA 200-500 bp (adaptor)

(bridge PCR)

DNA [82 L]

DNA

1.

2.

3.

4. [83]
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shRNA

[ L Illumina 82]

5.1.5

(phosphatase)

(transcription factor) (cytokine) 2132

(random effect) shRNA

shRNA

p (p-value)

(false discover rate, FDR)[84]

p-value
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96

PCA

3 p-value 3

Student T-test 90%

p-value 0.1 ( p-value 0.05 0.01)

(Table 2) Syk p-value ( 0.06 0.05 )

Syk

5.2 (Spleen tyrosine kinase, Syk)

1991 cDNA Syk (encoding 

protein) [79] Syk

Syk

Syk Syk

Syk Syk

[85]

5.2.1 Syk

Syk 9 Syk 629

72kDa Syk

(1)

(2) (migration)
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(3)

(4)

(5)

Syk

Syk

[86] Syk

Syk Syk

Syk [87]

Syk

Syk

Syk B

Fc B

BCR Syk

[88]

5.2.2 Syk B (B cell lymphoma)

B (B )

Syk Syk B

Syk B Syk B

B B

[89] mTOR

Syk mTOR

Syk B
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Syk-mTOR Syk

B [89]

Gururajan [90] B

B Syk Syk B

Syk Akt

Syk B

Syk Young

RNAi NHL(Non-hodgkin lymphoma) Syk

Syk

Syk B

NHL RNAi

Syk [90]

5.2.3 Syk

Syk

Syk

[92] Syk II(angiotensin II)

ERK [91]

Syk

Syk HuH-7 sorafenib

Raf sorafnib Syk Raf

Syk B PI3K/Akt [90]

Syk PI3K/Akt Ras/Raf

Sorafenib Syk

sorafenib
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HuH-7 Syk

5.3

Syk

(receptor for advanced glycation end products, RAGE)

RAGE

(ligand) RAGE

(AGE) HMGB1 S100B Mac-1

PI3K/Akt ROS JAK/Stat3 RAGE

[93, M]

( M RAGE [93])
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RAGE

RAGE

RAGE RAGE

sorafeib RAGE sorafenib [93]

5.4

sorafenib

96 sorafenib

sorafenib

(Syk)

HuH-7 Syk shRNA

sorafenib

sorafenib IC50

5μM sorafenib

sorafenib Syk sorafenib

Syk

Syk sorafenib

Syk

(apoptosis) (cell cycle arrest)

sorafenib

(tumorigenesis)[70] (colony fromaion 
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assay) Syk sorafenib

(functional assay) (migration)

(invasion) sorafenib
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< Tables>

Table 1 Primer list

Puro enrichment
Forward: 5’- TTCACCGAGGGCCTATTTCCCATG - 3’

Reverse: 5’- CGTGAGGAAGAGTTCTTGCAGCTC - 3’

Full hair-pin library
Forward: 5’- AATGGACTATCATATGCTTACCGT- 3’

Reverse: 5’-
TGTGGATGAATACTGCCATTTGTCTCGAGGTC- 3’
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Table 2 P-value and fold change analyzed by Principal Component Analysis (PCA) and 
T-test

Gene T-test p-value Fold change
Rage 0.000891112 0.023579517

FASTKD5 0.001418046 -
Syk 0.069732117 107.0906868
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Table 3 Screening list of the 96 kinases

Symbol NCBI_geneId Function
CSNK2A2 1459 Casein kinase II subunit alpha&#39;
RAGE 5891 MAPK/MAK/MRK overlapping kinase
GSK3B 2932 Glycogen synthase kinase-3 beta
YES1 7525 Tyrosine-protein kinase Yes
SLK 9748 STE20-like serine/threonine-protein kinase
CIT 11113 Citron Rho-interacting kinase
PBK 55872 Lymphokine-activated killer T-cell-originated protein 

kinase
CCNH 902 Cyclin-H
CSNK1D 1453 Casein kinase I isoform delta
JAK1 3716 Tyrosine-protein kinase JAK1
ROR2 4920 Tyrosine-protein kinase transmembrane receptor ROR2
PFKFB1 5207 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 1
RP2 6102 Protein XRP2
RPS6KA1 6195 Ribosomal protein S6 kinase alpha-1
TAF9 6880 Adenylate kinase isoenzyme 6
CDC42BPA 8476 Serine/threonine-protein kinase MRCK alpha
AURKB 9212 Serine/threonine-protein kinase 12
TRPM7 54822 Transient receptor potential cation channel subfamily M 

member 7
RFK 55312 Riboflavin kinase
PANK2 80025 Pantothenate kinase 2, mitochondrial
ADPGK 83440 ADP-dependent glucokinase
CMPK2 129607 UMP-CMP kinase 2, mitochondrial
CSNK1E 1454 Casein kinase I isoform epsilon
DTYMK 1841 Thymidylate kinase
GRK6 2870 G protein-coupled receptor kinase 6
MPP1 4354 55 kDa erythrocyte membrane protein
STK16 8576 Serine/threonine-protein kinase 16
TRIM24 8805 Transcription intermediary factor 1-alpha
RPS6KC1 26750 Ribosomal protein S6 kinase delta-1
PI4K2B 55300 Phosphatidylinositol 4-kinase type 2-beta
WNK1 65125 Serine/threonine-protein kinase WNK1
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MLK4 84451 Mitogen-activated protein kinase kinase kinase MLK4
PRPS1L1 221823 Ribose-phosphate pyrophosphokinase 3
EFEMP1 2202 EGF-containing fibulin-like extracellular matrix protein 1

FKBP1A 2280 Peptidyl-prolyl cis-trans isomerase FKBP1A
ITPK1 3705 Inositol-tetrakisphosphate 1-kinase
MST1R 4486 Macrophage-stimulating protein receptor
ROR1 4919 Tyrosine-protein kinase transmembrane receptor ROR1
POLR2I 5438 DNA-directed RNA polymerase II subunit RPB9
MAPK1 5594 Mitogen-activated protein kinase 1
FASTKD5 60493 FAST kinase domain-containing protein 5
AXL 558 Tyrosine-protein kinase receptor UFO
EPHA7 2045 Ephrin type-A receptor 7
MET 4233 Hepatocyte growth factor receptor
PI4KA 5297 Phosphatidylinositol 4-kinase alpha
POLR2L 5441 DNA-directed RNA polymerases I, II, and III subunit 

RPABC5
NME6 10201 Nucleoside diphosphate kinase 6
NRBP1 29959 Nuclear receptor-binding protein
DDR1 780 Epithelial discoidin domain-containing receptor 1
EPHB6 2051 Ephrin type-B receptor 6
PRPS2 5634 Ribose-phosphate pyrophosphokinase 2
ROCK1 6093 Rho-associated protein kinase 1
SEPHS1 22929 Selenide, water dikinase 1
COASY 80347 Bifunctional coenzyme A synthase
UHMK1 127933 Serine/threonine-protein kinase Kist
CDK6 1021 Cyclin-dependent kinase 6
EGFR 1956 Epidermal growth factor receptor
ALDH18A1 5832 Delta-1-pyrroline-5-carboxylate synthase
SRPK2 6733 Serine/threonine-protein kinase SRPK2
STK17B 9262 Serine/threonine-protein kinase 17B
AATK 9625 Serine/threonine-protein kinase LMTK1
TRIM28 10155 Transcription intermediary factor 1-beta
PRKD2 25865 Serine/threonine-protein kinase D2
CRIM1 51232 Cysteine-rich motor neuron 1 protein
MAGI3 260425 Membrane-associated guanylate kinase, WW and PDZ 

domain-containing protein 3
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CSK 1445 Tyrosine-protein kinase CSK
ENG 2022 Endoglin
FGFR1 2260 Basic fibroblast growth factor receptor 1
GAK 2580 Cyclin-G-associated kinase
NEK3 4752 Serine/threonine-protein kinase Nek3
NME1 4830 Nucleoside diphosphate kinase A
PIK3C2B 5287 Phosphatidylinositol-4-phosphate 3-kinase C2 

domain-containing subunit beta
POLR2J 5439 DNA-directed RNA polymerase II subunit RPB11-a
DGKE 8526 Diacylglycerol kinase epsilon
PDXK 8566 Pyridoxal kinase
MAP3K6 9064 Mitogen-activated protein kinase kinase kinase 6
BMP2K 55589 BMP-2-inducible protein kinase
CAD 790 CAD protein
LTBP1 4052 Latent-transforming growth factor beta-binding protein 1

CDK16 5127 Cyclin-dependent kinase 16
PTK2 5747 Focal adhesion kinase 1
PAPSS1 9061 3'-Phosphoadenosine 5'-Phosphosulfate Synthase 1
LATS1 9113 Serine/threonine-protein kinase LATS1
CHEK2 11200 Serine/threonine-protein kinase Chk2
NAGK 55577 N-acetyl-D-glucosamine kinase
CAMKV 79012 CaM kinase-like vesicle-associated protein
CDK9 1025 Cyclin-dependent kinase 9
DAPK1 1612 Death-associated protein kinase 1
ERBB2 2064 Receptor tyrosine-protein kinase erbB-2
ERBB3 2065 Receptor tyrosine-protein kinase erbB-3
MNAT1 4331 CDK-activating kinase assembly factor MAT1
PDK1 5163 [Pyruvate dehydrogenase [lipoamide]] kinase isozyme 

1, mitochondrial
PFKFB2 5208 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2
PRKAG1 5571 5'-AMP-activated protein kinase subunit gamma-1
SYK 6850 Tyrosine-protein kinase SYK
MAP3K7 6885 Mitogen-activated protein kinase kinase kinase 7
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Table 4 Concentration and quality of genomic DNA

Name Concentration (ng/μL) 260/280 (>1.8) 260/230 (>1.7)
Cell (reference) 343.1 1.94 2.13
Control 1 196.2 1.84 2.24
Control 2 235.8 1.85 2.23
Control 3 209.5 1.81 1.78
Control 4 206.8 1.86 2.20
Treatment 1 213 1.84 2.38
Treatment 2 186.3 1.85 2.38
Treatment 3 203 1.85 2.25
Treatment 4 384.4 1.82 2.25
Treatment 5 178.6 1.85 2.33
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<Figure Legends>
 

Figure 1 Growth curve of tumors derived from HuH-7 cells infected with 192 shRNA 
library pools. Cells were injected subcutaneously into nude mice. After tumors grew to 
100 mm3, mice were divided into two groups. In the control group (n=4), mice were 
treated with vehicle. In the treatment group (n=5), mice were treated with sorafenib with 
the dose of 30mg/kg/day. Error bars indicate the SD.
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Figure 2 Protein expression levels of spleen tyrosine kinase (Syk) and glycogen 
synthase kinase 3β (GSK-3β) from tissue lysates slightly reduced in the treatment 
group.
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(A)

(B)

Figure 3 Validation of gene silencing by Syk shRNA. (A) Lysates from Syk lentiviral 
shRNA infected HuH-7 cells were prepared after puromycin selection and analyzed by 
western blot for Syk protein expression using an anti-Syk antibody. (B) Knock down 
efficiency of the two shRNA clones were detected by subtracting the expression levels 
of Syk with the control GAPDH.
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Figure 4 Validation of Syk as a sensitizing target to sorafenib in HuH-7 cell line. HuH-7
cells were infected by lentiviral shRNA of Syk and non-silencing shRNA (Mock). After 
puromycin selection, cells were treated with varying concentrations of sorafenib and 
incubated for an additional 72 hours. Cell number was assessed and data was 
normalized to shRNA plus vehicle control and plotted. Silencing of Syk showed 
potentiation of sorafenib response as seen by the shift in the dose response curves. 
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Figure 5 Growth rate of shSyk treated with 5 uM sorafenib is lower than Mock. HuH-7
cells were infected with lentiviral shRNA of Syk and Non-silencing shRNA (Mock). 
Cells are treated with vehicle or 5 uM sorafenib and incubated for 24, 48, 72 days 
respectively. Cell number was assessed and data was normalized to day 0.
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Figure 6 Syk inhibitor potentiates sorafenib response. Treatment of HuH-7 cells with 
Syk specific inhibitor BAY 61-3606 in combination with varying concentrations of 
sorafenib resulted in a shift of the dose response curve suggesting potentiation of the 
sorafenib response. Cell number was assessed and data was normalized to vehicle 
control and plotted.


