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SUPPLEMENTARY MATERIAL AND METHODS 

 

Cell culture 

The hepatocellular carcinoma (HCC) cell lines PLC (ATCC CRL-8024), Hep3B 

(ATCC HB-8064), HepG2 (ATCC HB-8065), and Huh-7 (ATCC PTA-4583) were 

described in other studies done by our group.1 Primary human hepatocytes (PHH) 

were isolated and cultured as described before.2 The murine Hepa129 cell line 

originates from the HCC of a C3H/HeN mouse, obtained from the NCI-Frederick 

Cancer Research and Development Center (DCT Tumour Repository). The murine 

Hepa1-6 cell line (ATCC CRL-1830) was used for qRT-PCR expression analysis. To 

test the efficacy of KRAS inhibition in sorafenib resistance, we further established 

sorafenib-resistant ("SR") Hep3B and HepG2 cells by using increasing doses of 

sorafenib over an extended time period. The resistant cell lines were resistant to 

doses of up to 10µM of sorafenib. Cells were maintained in DMEM supplemented 

with penicillin (400 units/ml), streptomycin (50 mg/ml), L-glutamine (300 mg/ml), 10% 

FCS (Sigma- Aldrich, Steinheim, Germany) and split at a 1:5 ratio every 3 days.  

 

Treatment with inhibitors  

For inhibition of KRAS signaling, a recently compounded small molecule inhibitor of 

KRAS processing that inhibits cGMP phosphodiesterase delta subunit (PDE-delta) 

mediated KRAS-trafficking to the cell membrane was used ("deltarasin", referred to 

as "DR", by Cayman Chemicals, Ann Arbor, Michigan 48108, USA). DR was shown 

to suppress in vitro and in vivo proliferation of human pancreatic ductal 

adenocarcinoma cells that are dependent on oncogenic KRAS by inhibition of 

oncogenic RAS signaling.3 Sorafenib (Nexavar; Sorafenibum; BAY 43-9006, obtained 

by Cayman Chemicals, product number: CAS 284461-73-0) was used as described 
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previously in different concentrations.4 According doses of DMSO were used as 

controls for both sorafenib and deltarasin treatments. 

 

Murine orthotopic HCC allograft model 

Deltarasin was solved in DMSO (Sigma-Aldrich Chemie GmbH, Munich, Germany) at 

a concentration of 95mM and then diluted 1:10 in Lipovenoes 10% PLR (Fresenius 

Kabi Deutschland GmbH, Bad Homburg, Germany) prior to injection. Male C3H/HeN 

mice (10 weeks old, n=9 per group) were purchased from Charles River Laboratories 

(Sulzfeld, Germany) and were housed under specific pathogen-free and controlled 

conditions (22°C, 55% humidity, 12-h day/night rhythm, free access to food and 

water). After 2 weeks of acclimatization a syngeneic orthotopic HCC model was 

applied, in which murine Hepa129 HCC cells were implanted into the liver of these 

mice. Therefore, mice were anaesthetized and laparotomy was performed. After 

preparation of the liver, mice were injected a cell suspension of 5µl containing 2.5 x 

105 Hepa129 cells into the right median lobe of the liver. Starting on day 2 (after 24 

hours), mice of the deltarasin group ("DR") received a single dose of DR (20mg/kg 

bodyweight) every 24h by intraperitoneal (i.p.) injection, while mice of the control 

group (CTR) received the vehicle only (Lipovenoes + DMSO). Mice were killed eight 

days after tumor cell implantation by heart puncture under deep ketamine/xylazine 

anesthesia. Blood samples were collected and liver and tumor tissues were 

immediately snap-frozen and stored at -80°C or were formalin-fixed for subsequent 

analysis. Tumor size was assessed using a caliper, measuring a virtual ellipsoid’s 

principal axes and calculating its volume. All experimental protocols were approved 

by the Committee for Animal Health and Care of the local government, and 

conformed to international guidelines on the ethical use of animals. 
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Human tissue samples and HCC tissue microarray (TMA) 

For mRNA expression analysis, paired human HCC tissues and corresponding non-

tumorous liver tissues were obtained from patients after partial hepatectomy 

(informed consent through the Grosshadern Tissue Bank, München, Germany). 

Tissue samples were immediately snap-frozen and stored at -80°C until analysis was 

performed. The tissue bank is regulated according to the guidelines of the non-profit 

state-controlled HTCR (Human Tissue and Cell Research) foundation following study 

approval.5 For the HCC tissue microarray, paired HCC and non-neoplastic liver 

tissues were obtained from HCC patients undergoing surgical resection. A tissue 

microarray of paraffin-embedded HCC samples was constructed as described 

previously.1, 6 Sampling and handling of patient material was carried out in 

accordance with the ethical principles of the Declaration of Helsinki. 

 

Immunohistochemistry 

Immunohistological analysis was performed using tissue microarrays comprising 

human patient derived HCC samples as described above (n=85). Following 

deparaffinizing/dewaxing in xylene, and rehydration in a graded series of 

isopropanol, antigen retrieval was achieved by microwave in Tris-EDTA buffer for 5 

min.  After peroxidase block (Dako, Hamburg, Germany) sections (5 µm) were 

incubated with anti-phospho-ERK antibody (1 in 100 dilution; Cell Signaling, Frankfurt 

am Main, Germany), anti-Ki-67/MIB-1 (1 in 50 dilution, Dako GmbH, Hamburg, 

Germany) (Abcam, Cambridge, UK; 1 in 2,000 dilution), or anti-KRAS antibody (1 in 

50 dilution; Abcam, Cambridge, UK) for 30 min at room temperature. Afterwards, 

slides were washed three times with PBS and then incubated with HRP labelled 

polymer (conjugated with anti-rabbit secondary antibody (1 in 500 dilution)), before 

again washing three times with PBS. Staining was with DAB (Dako) for 5 min 
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followed by counterstaining with hematoxylin (Merck, Darmstadt Germany). KRAS 

staining was analyzed qualitatively describing "no" ("0"), "low" ("1"), "medium" ("2"), 

or "strong" ("3") according to staining intensity and percentage of positive cells. For 

correlation analysis and to increase readability, KRAS staining was depicted as "low" 

(score 0-1) or "high" (score 2-3) in the main figures. KRAS membrane localization 

was described qualitatively using "0" ("negative": cytoplasmic/endomembranous 

staining), "1" ("positive": <50% of cells show positive plasma membrane staining), or 

"2" ("strong positive": >50% of cells show positive plasma membrane staining). 

Quantification of pERK staining ("0": <5 %; "1": 5-20%; "2" more than 20% positive 

cells) was performed in HCC tissues with "high" KRAS membrane localization (score 

0-1) as compared to those with "low" KRAS membrane localization (score 2-3). 

Quantification of Ki-67 staining ("0": <20%, "1": more than 20% positive cells) was 

performed in HCC tissues with high KRAS membrane localization (score 0-1) as 

compared to those with low KRAS membrane localization (score 2-3). Orthotopic 

HCC tumors from mice were formalin-fixed and paraffin embedded (according to 

standard procedures). Immunohistochemistry was performed as described above 

using the following antibodies: anti-phospho-ERK antibody (1 in 50 dilution; Cell 

Signaling, Frankfurt am Main, Germany), anti-phospho-AKT (1 in 50 dilution; Cell 

Signaling), anti-cyclinD1 antibody (1 in 50 dilution; Thermo Fisher Scientific, Runcom, 

UK), anti-AKT antibody (1 in 50 dilution; Cell Signaling), Cleaved-Caspase 3 antibody 

(1 in 50 dilution; Cell Signaling). Images were taken from every tumor in 4-fold, 10-

fold, 20-fold, and 40-fold augmentations. CyclinD1, Cleaved-Caspase 3, pAKT, and 

pERK staining were quantified using microscopy. Briefly, regions of interest were 

defined precisely surrounding the truncated tumor tissues (representative surveys (4-

fold augmentations)), with subsequent percentage quantification of positive staining 

for the respective protein. This quantification method is highly reproducible.  
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Immunofluorescence 

Immunofluorescence assays were performed as described.7 The cells were seeded 

in chamber slides, washed with PBS, fixed with ice cold acetone for 10 min at −20 °C, 

and afterwards permeabilised using 0.1% TritonX-100 (5 min), then washed again 

and blocked for 1 h using 1% bovine serum albumin/PBS. Thereafter, the cells were 

incubated with a specific C-terminal KRAS-antibody (1 in 10 dilution; Abcam, 

Cambridge, UK) overnight at 4 °C. After washing, the cells were incubated with a 

secondary antibody (1 in 500 dilution, Alexa-Fluor 596 anti-rabbit IgG, red 

fluorescence) for 2 h, followed by rinsing with PBS and mounting with Vectashield 

Hard SetMounting Medium with DAPI H-1500 (Vector Laboratories, Burlingame, CA, 

USA). Co-immunostaining for Ki67 was performed using a purified mouse anti-Ki67 

antibody (1 in 100 dilution; BD Biosciences, San Jose, CA, USA) (secondary 

antibody: Alexa Fluor 488 goat anti-mouse, green fluorescence, 1 in 500 dilution).    

 

Combined miRNA/total RNA isolation and reverse transcription 

Enriched small RNA species containing miRNAs and total cellular RNA were isolated 

from cultured cells using the mirVana miRNA Isolation Kit (Ambion, Austin, TX, USA) 

as described.8 Briefly, snap-frozen samples from primary tumors and melanoma 

metastases were first disrupted in Ambion's mirVana miRNA Isolation Kit lysis buffer 

by using tubes containing 1.4mm ceramic beads (Peqlab, Erlangen, Germany) and a 

Precellys24 lyser/homogeniser (Bertin Technologies, Montigny-le-Bretonneux, 

France). miRNAs were reverse transcribed using the RT reaction set-up of an 

mirVana qRT–PCR miRNA Detection Kit together with mirVana RT primers specific 

for hsa-miR-622 and 5S rRNA (Ambion), respectively. cDNA libraries of total RNA 
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fractions were generated using SuperScript II Reverse Transcriptase Kit (Invitrogen, 

Groningen, The Netherlands).  

 

Total RNA isolation and reverse transcription 

Total RNA was isolated 24 hours after transfection using E.Z.N.A. Micro Elute Total 

RNA Kit (Omega, Norcross, GA, USA) and protein was isolated using RIPA lysis 

buffer (Roche). cDNAs of total RNA fractions were generated using SuperScript II 

Reverse Transcriptase Kit (Invitrogen, Groningen, Netherlands).  

 

Analysis of miRNA/mRNA-expression by quantitative PCR  

Quantitative RT–PCR was performed on a Lightcycler (Roche, Mannheim, Germany). 

cDNA template (500 ng), 0.5 ml (20 mM) of forward and reverse primers and 10 ml of 

Sybr Premix Ex Taq (TaKaRa, Shiga, Japan) in a total of 20 ml were applied to the 

following PCR program: 30 s 95 1C (initial denaturation); 20 1C/s temperature 

transition rate up to 95 1C for 15, 10 s annealing, 20 s 72 1C, 10 s acquisition mode 

single, repeated for 45 times (amplification). Annealing and melting temperatures 

were optimized for each primer set. Quantitative RT-PCR of reverse-transcribed 

miRNAs was performed as described.9 Briefly, cDNA template (500 ng), 1 ml (20 

mM) miRNA-622 specific PCR primers (Ambion) and 10 ml of Sybr Premix Ex Taq 

(TaKaRa) were added in a total of 20 ml. The following PCR program was used for 

microRNA amplification: 30 s 95 1C (initial denaturation); 20 1C/s temperature 

transition rate up to 95 1C for 3, 5 s 60 1C, 16 s 72, 78 1C acquisition mode single, 

repeated for 50 times (amplification). U6 rRNA was used for normalization. For 

mRNA amplification, the following PCR program was used: 30 sec 95°C (initial 

denaturation); 20°C/sec temperature transition rate up to 95°C for 15 sec, 10 sec 

annealing, 20 sec 72°C, 10 sec acquisition mode single, repeated for 45 times 
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(amplification). Annealing and melting temperatures were optimized for each primer 

set. Real-time quantitative PCR (qRT-PCR) was performed using the following primer 

pairs: 18S rRNA (5’-GCA ATT ATT CCC CAT GAA CG-3’ and 5’-GGG ACT TAA 

TCA ACG CAA GC-3’), β-actin (5’-CTA CGT GGC CCT GGA CTT CGA GC-3’ and 

5’-GAT GGA GCC GCC GAT CCA CAC GG-3’), BAX (5’-TGC AGA GGA TGA TTG 

CCG CCG TGG-3’ and 5’-CAC CCA ACC ACC CTG GTC TTG GA TC-3’), BCL-2 

(5’-AGG CAC CCA GGG TGA TGC AA-3’ and 5’-GTG GAG GAG CTC TTC AGG 

GA-3’), BCL-XL (BCL2L1) (5’-ATC CAC TCT ACC CTC CCA CC-3’ and 5’- AGG 

GAG GCT AAG GGG TAA GG-3’), E-cadherin (5’-ATC CTC CGA TCT TCA ATC 

CCA CC AC-3’ and 5’-GTA CCA CAT TCG TCA CTG CTA CG TG-3’), HRAS (5’-

TGG TGG GGA ACA AGT GTG AC-3’ and 5’-TTG TGC TGC GTC AGG AGA G-3’), 

NRAS (5’-ATG AGG ACA GGC GAA GG CT-3’ and 5’- TGA GTC CCA TCA TCA 

CTG CTG-3’), KRAS (5’-TGG AGC TGG TGG CGT AGG CA-3’ and 5’-AGC CCT 

CCC CAG TCC TCA TGT-3’), Kras (murine) (5’-CAG TGC AAT GAG GGA CCA GT-

3’ and 5’-TCC CTA CCA GGA CCA TAG GC-3’), PDE6D (5’-AGG CTA GGG GGA 

AGG AGA AG-3’ and 5’-CTC GTC CTT GGC TGA CAT GA-3’), PUMA (5’-ACC TCA 

ACG CAC AGT ACG AG-3’ and 5’-ATG GTG CAG AGA AAG TCC CC-3’), S100A4 

(5’-GGG CAA AGA GGG TGA CAA GT-3’ and 5’-GCT GCT TAT CTG GGA AGC 

CT-3’), SNAIL (5’-AGG CCC TGG CTG CTA CA AG-3’ and 5’-ACA TCT GAG TGG 

GTC TGG AG-3’), VIMENTIN (5’-AGG AAA TGG CTC GTC ACC TTC GTG AA TA-3’ 

and 5’-GGA GTG TCG GTT GTT AAG AAC TAG AG CT-3’). Relative gene 

expression was normalized to mRNA levels using the comparative cycle threshold 

(Ct) method. 
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Luciferase Reporter Assay 

A renilla luciferase reporter plasmid containing the almost entire 3'UTR of the KRAS 

gene was obtained from Addgene (Addgene plasmid 44571). This plasmid was 

generated by Frank Slack and is based on the plasmid with the let-7 mutated binding 

site LCS6m from the publication Chin et al.10 The renilla luciferase reporter 

containing the 3'UTR of KRAS ("RLuc") or the firefly luciferase control plasmid pGL3 

(Promega) ("FLuc") were transfected into the indicated cell lines using Lipofectamine 

2000 (Invitrogen) according to manufacturer's instructions. All RLuc signals were 

normalized to the respective FLuc signals as ratio (RLuc/FLuc). Additionally, cells 

were transfected with either pre-miR-622 or pre-miR-control (CTR) (Ambion) together 

with the reporter plasmid RLuc or the control plasmid FLuc for normalization. 

Luciferase assays were performed in 96-well plates at 48h post transfection. 

 

Transfecting cells with single si-RNAs, si-RNA-Pools, microRNAs, and anti-

microRNAs 

In all, 2 x 104 cells were seeded each well in six-well plates. For transfection of HCC 

cell lines, Lipofectamine RNAimax transfection reagent was used (Life Technologies, 

Darmstadt, Germany). For siRNA-induced knockdown of KRAS, we used a) 

"Hs_KRAS2_8 FlexiTube siRNA" (functionally verified siRNA directed against human 

KRAS, by Qiagen, Hilden, Germany) and b) "si-POOL-KRAS" (functionally verified, 

by siTOOLs Biotech GmbH, Planegg, Germany). SiPools consist of siRNAs revealing 

efficient target gene knockdown with reduced off-target effects.11 Total RNA and 

protein were isolated 48-72 hours after transfection. For microRNA- and anti-miR-

over-/re-expression, 5µl (20mM per microRNA) of commercially available pre-miR-

622 (Ambion) and anti-miR-622 (Ambion) and according anti-miR negative Control #1 
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and pre-miR negative Control #1 (Ambion) were transfected per six-well for 48-72 

hours.  

 

Western blotting 

Cells were re-suspended in RIPA buffer (Roche) and lysed (15 min, 4°C). Insoluble 

fragments were removed by centrifugation at 13,000 r.p.m. (10 min) and the 

supernatant was stored at -20°C. 40 µg of RIPA complete cell lysates was loaded per 

lane and subsequently separated (using SDS–PAGE gels (Invitrogen)) and blotted 

on a PVDF membrane. Afterwards, blocking was performed for 1 hour with 5% non-

fat dry milk/PBS-T for KRAS and with 5% BSA/TBS-T in case of pERK, pAKT, ERK 

and AKT. Then, the membrane was incubated for 16 h with one of the following 

antibodies: anti-KRAS (1 in 1,000 dilution; Abcam, Cambridge, UK), anti-beta-actin (1 

in 5,000 dilution; Sigma-Aldrich), anti-phospho-ERK (1 in 4,000 dilution; Cell 

Signaling, Frankfurt am Main, Germany), anti-ERK (1 in 1,000 dilution; Cell 

Signaling), anti-phospho-AKT (1 in 2,000 dilution; Cell Signaling) and anti-AKT (1 in 

2,000 dilution; Cell Signaling). Three washing steps using TBS-T was performed. 

Next, the membrane was incubated for 1 h using a secondary anti-mouse (1 in 3,000 

dilution in TBS-T) or anti-rabbit (1 in 3,000 dilution in TBS-T) IgG antibody 

(Chemicon, Hofheim, Germany) and then washed again in TBS-T. Immunoreactions 

were visualized using NBT/BCIP (Sigma-Aldrich) staining. Protein levels were 

quantified relative to β-actin expression. We used computer based densitometry of 

the scanned western blot images ("ImageJ" (National Institutes of Health, USA)). 
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Clonogenic assay 

Clonogenic assays were used for analysis of stem cell behavior and attachment 

dependent colony formation and growth of cancer cells. The assay is based on the 

ability of single cells to grow into colonies and was described previously.12 

 

Colony formation assay 

For the measurement of attachment independent colony formation and growth cells 

were seeded into 6 well plates in DMEM/10% FCS in 0.3% agar on top of a 0.5% 

agar bed prepared in water. The cultures were incubated for 10 up to 20 days at 

37ºC, 8 % CO2. The number and the size of colonies were recorded using an 

inverted microscope. 

 

Analysis of cell proliferation 

We used the xCELLigence System (Roche, Mannheim, Germany) for analysis of cell 

proliferation ("E-Plates") as described.13 Analysis of cell cycle was performed using 

fluorescence activated cell sorting (FACS) as described.14 

 

Analysis of cell migration 

For migration assays, we also used the xCELLigence System (Roche) ("CIM-Plates") 

as performed previously13, with chemoattractant fibroblast cultured medium (FCM) 

attached to the bottom chamber. Moreover, the migratory behavior of the HCC cells 

was analyzed using a scratch assay as described.15 Briefly, cells were seeded in high 

density into 6-well plates for 24 hours, and then scratched with a pipette tip in a 

definite area. Migration into this area was documented and measured immediately 

after the scratch was performed (time-point "0"), and after 24, 48, and 72 hours.  
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Quantification of apoptosis 

For detection of tumor cell apoptosis, we used fluorescence activated cell sorting 

(FACS) and the "ApoDETECT™ ANNEXIN V-FITC KIT" (Invitrogen distributed by 

Life Technologies, Darmstadt, Germany) as described earlier.16  

 

Rescue Plasmid (ORF-KRAS) assays 

We used a pCMV6-Entry cDNA vector system containing the open-reading-frame of 

the KRAS gene ("ORF-KR", OriGene Technologies, Rockville, USA) for KRAS 

overexpression in HCC cell lines. The ORF-KR vector does not contain the KRAS 

3’UTR (harboring the binding sites for miR-622). An empty pCMV6 vector was used 

as negative control. Plasmid vectors were transfected using Lipofectamine LTX/plus 

reagent (Life Technologies, Darmstadt, Germany) for 48-72 hours before 

experiments were performed. 

 

Cell Toxicity Analysis for Primary Human Hepatocytes (PHH) 

Primary human hepatocytes (PHH) were isolated and cultured as described before.2 

PHH were seeded (80-90% confluency) and treated with different doses of deltarasin 

(DR) or DMSO, respectively. After 8, 16, and 24 hours, images of the cells were 

taken using a light microscope. Cell supernatents were collected after 24 hours, and 

lactate dehydrogenase (LDH) assays were performed using enzymatic techniques 

as described elsewhere.17  

 

In silico analysis 

To explore possible microRNAs targeting KRAS, a multistep approach was 

performed using the updated experimentally validated miRNA-target interactions 

database miRTarBase 2016 and the DAVID Bioinformatics database. A smaller 

http://nar.oxfordjournals.org/content/44/D1/D239.long
http://nar.oxfordjournals.org/content/44/D1/D239.long
http://nar.oxfordjournals.org/content/44/D1/D239.long
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http://nar.oxfordjournals.org/content/44/D1/D239.long
http://nar.oxfordjournals.org/content/44/D1/D239.long
http://nar.oxfordjournals.org/content/44/D1/D239.long
http://nar.oxfordjournals.org/content/44/D1/D239.long
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subset of microRNAs was further characterized by analysis of TCGA datasets for 

survival association in cancer patients (using MIRUMIR and GEO2R).18, 19 Kaplan-

Meier curves depict overall survival of cancer patients with high miR-622 as 

compared to low miR-622 expression. Binding sites in 3’UTRs of potential microRNA 

target genes were analyzed using Target Scan Human 6.0. Moreover, the 

"SurvExpress-Biomarker validation for cancer gene expression" database 

(http://bioinformatica.mty.itesm.mx:8080/Biomatec/SurvivaX.jsp), was used for 

analysis of a hepatocellular carcinoma TCGA dataset as described.20 The 

"OncomineTM cancer microarray database" was used for analysis of KRAS gene 

expressions (https://www.oncomine.org/). In silico analysis of KRAS RNA expression 

levels was also performed using GEO datasets (GEO profiles). A murine Mdr2 

knockout HCC model was used. The dataset ("GDS1990") contained pre-cancerous 

liver samples of both heterozygous (N=6) and homozygous (N=6) knockout mice. 

The Mdr2-KO mouse serves as a model for beta-catenin-negative subgroup of 

human HCCs characterized by down-regulation of multiple tumor suppressor 

genes.21, 22 Furthermore, the Trim24-KO murine HCC model was used to determine 

gene expressions in another GEO dataset ("GDS3087") in HCC as compared to non-

tumorous liver tissues. Trim24 knockout mice spontaneously develop HCCs.23 

 

Statistical analysis 

Results are expressed as mean ± SEM. The Student’s t-test or one-way ANOVA – if 

appropriate – were used for comparisons between groups. For analysis of tissue 

micro arrays, the Fisher’s exact test was used. The level of significance was p<0.05 

(using the abbreviations "ns", not significant, and "*", p<0.05). The number of 

independent experiments was n≥3 (if not depicted otherwise). Calculations were 

http://bioinformatica.mty.itesm.mx:8080/Biomatec/SurvivaX.jsp
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performed using the GraphPad Prism Software (GraphPad Software, Inc., San 

Diego, CA, USA) and SPSS (SPSS Statistics 23, IBM Corp., USA). 
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