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Abstract 

Background Upregulation of the mitogen-activated protein kinase (MAPK) cascade is common in hepatocellular 
carcinoma (HCC). Neuroblastoma RAS viral oncogene homolog (NRAS) is mutated in a small percentage of HCC 
and is hitherto considered insufficient for hepatocarcinogenesis. We aimed to characterize the process of N-Ras-
dependent carcinogenesis in the liver and to identify potential therapeutic vulnerabilities.

Methods NRAS V12 plasmid was delivered into the mouse liver via hydrodynamic tail vein injection (HTVI). The result-
ing tumours, preneoplastic lesions, and normal tissue were characterized by NanoString® gene expression analysis, 
Western Blot, and Immunohistochemistry (IHC). The results were further confirmed by in vitro analyses of HCC cell 
lines.

Results HTVI with NRAS V12 plasmid resulted in the gradual formation of preneoplastic and neoplastic lesions 
in the liver three months post-injection. These lesions mostly showed characteristics of HCC, with some excep-
tions of spindle cell/ cholangiocellular differentiation. Progressive upregulation of the RAS/RAF/MEK/ERK signal-
ling was detectable in the lesions by Western Blot and IHC. NanoString® gene expression analysis of preneoplastic 
and tumorous tissue revealed a gradual overexpression of the cancer stem cell marker CD133 and Dual Specificity 
Phosphatases 4 and 6 (DUSP4/6). In vitro, transfection of HCC cell lines with NRAS V12 plasmid resulted in a coherent 
upregulation of DUSP4 and DUSP6. Paradoxically, this upregulation in PLC/PRF/5 cells was accompanied by a down-
regulation of phosphorylated extracellular-signal-regulated kinase (pERK), suggesting an overshooting compensation. 
Silencing of DUSP4 and DUSP6 increased proliferation in HCC cell lines.

Conclusions Contrary to prior assumptions, the G12V NRAS mutant form is sufficient to elicit hepatocarcinogenesis 
in the mouse. Furthermore, the upregulation of the MAPK cascade was paralleled by the overexpression of DUSP4, 
DUSP6, and CD133 in vivo and in vitro. Therefore, DUSP4 and DUSP6 might fine-tune the excessive MAPK activation, 
a mechanism that can potentially be harnessed therapeutically.

Keywords Hepatocellular carcinoma, Cholangiocarcinoma, NRAS, DUSP4, CD133, MAPK pathway

Open Access

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

BMC Cancer

†Sophie Klemm and Katja Evert contributed equally to this work.

†Diego F. Calvisi and Alexander Scheiter contributed equally to this work.

*Correspondence:
Alexander Scheiter
alexander.scheiter@klinik.uni-regensburg.de
1 Institute of Pathology, University of Regensburg, Regensburg, Germany

2 Department of Medicine, Surgery, and Pharmacy, University of Sassari, 
Sassari, Italy
3 Cancer Biology Program, University of Hawaii Cancer Center, Honolulu, 
HI, USA

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12885-023-11577-9&domain=pdf


Page 2 of 16Klemm et al. BMC Cancer         (2023) 23:1086 

Background
Primary liver cancer is the third leading cause of cancer-
related deaths worldwide. It comprises both hepatocel-
lular carcinoma (HCC) (~ 80% of cases) and intrahepatic 
cholangiocarcinoma (iCCA; ~ 15%), as well as other rare 
cancer types [1]. Both entities are often detected late, 
have a dismal prognosis, and have limited systemic treat-
ment options [2, 3]. HCC and iCCA are molecularly very 
distinct entities: while in iCCA, driver mutations in onco-
genes, including Kirsten rat sarcoma virus (KRAS), are 
frequently reported [4], in HCC RAS and rapidly acceler-
ated fibrosarcoma (RAF) mutations occur only in a sub-
fraction of less than 5 percent of cases [5]. Nonetheless, 
the activation of the RAS/MEK/ERK signalling cascade 
plays a pivotal role in HCC, given that it is often found 
to be strongly activated [6, 7]. In addition, the increased 
expression of RAS, Mitogen-activated protein kinase 
kinase (MEK), and ERK confers a dismal prognosis in 
HCC patients [8]. Mechanistically, indirect modalities of 
activation have been defined, which comprise the upreg-
ulation of positive modulators of RAS (such as guanine 
nucleotide exchange factor [9]) and the downregulation 
of RAS repressors (GTPase-activating proteins, Sprouty, 
etc. [10]). Moreover, paracrine stimulation by the hepato-
cyte growth factor (HGF), the c-Met ligand, represents 
another mode of RAS signalling activation [11]. The 
contribution of the RAS/MEK/ERK pathway to hepato-
carcinogenesis has been studied extensively using the 
hydrodynamic tail vein injection (HTVI) technique. Sur-
prisingly, the administration of mutated Ras homologues 
alone was insufficient to elicit tumorigenesis in the liver 
of immune-competent mice. This event was attributed to 
the induction of senescence and  CD4+ T-cell-mediated 
clearing of pre-malignant hepatocytes by NRASG12V [12]. 
However, Ho et al. [13] demonstrated that adding myris-
toylated AKT to NRASG12V resulted in strong cooperativ-
ity and the development of HCC with a latency of only 
4 weeks. Other studies have since confirmed the require-
ment of such cooperativity with observed tumorigenesis 
in HRAS + MYC [14], RAS + Bmi1 [15], NRAS + ∆N90-
β-catenin co-injection models [5]. In one report, a weak 
hepatocarcinogenesis with the appearance of HCC by 
5 months was also reported following the administration 
of  HRASG12V alone, which the author attributed to this 
particular RAS isoform [16]. Of note, the authors did not 
find signs of senescence in this model.

The current work was originally aimed at examining 
the effect of Rassf1a knockout on NRAS-induced car-
cinogenesis. RASSF1A is considered a negative feedback 
regulator of RAS [17]. RASSF1A has been implied as a 
critical tumour suppressor in human hepatocarcinogene-
sis, where hypermethylation and inactivation of this gene 
frequently occur [18]. In accordance with our previous 

study, which did not show cooperativity with activating 
PIK3CA mutations [19], we could not find an increase 
in tumorigenesis resulting from NRASG12V injections. 
Despite this, we were intrigued by the observation that 
the injection of NRASG12V alone was sufficient to induce 
liver tumours (both in Rassf1a wildtype and knockout 
mice) after a latency as short as 3 months. Consequently, 
the previously described mechanisms of senescence 
inductions are insufficient to inhibit tumorigenesis in 
our model, and the unique opportunity of studying the 
oncogenesis of predominantly RAS/MAPK-driven HCC 
unfolded.

Of particular interest was the concomitant upregula-
tion of the dual specificity phosphatases 4 and 6 (DUSP4 
and 6), whose inactivation has recently emerged as 
digenic synthetic lethal targets in NRAS and BRAF 
mutant melanoma cell lines acting through ERK hyper-
activation [20]. DUSP proteins can dephosphorylate 
and inactivate ERK1/2 proteins and are involved in the 
negative regulation of RAS/MAPK signalling [21, 22]. 
Of note, it has previously been hypothesized that DUSPs 
can restrain excessive RAS signalling, support oncogenic 
transformation, and counteract the induction of senes-
cence [21, 23, 24]. Moreover, the strong upregulation 
of the cancer stem cell marker CD133 was determined 
as a defining feature already at an early time point of 
RAS-dependent hepatocarcinogenesis. This protein has 
recently been implicated in remedying defects in prolif-
erative signalling [25]. Cell culture experiments unveiled 
a clear transcriptional dependence of the latter genes 
on RAS hyperactivation, and upregulation of DUSP4, 
DUSP6, and CD133 was confirmed both in HCC and 
CCA cell lines. Thus, novel features of RAS dependent-
oncogenesis were uncovered, potentially representing 
therapeutic targets in the important oncological paradigm 
of RAS-dependent cancers.

Methods
Constructs and reagents
The original pT/Caggs-V12Nras [26] had been cloned 
into the pT3 backbone to generate pT3-CAGGS-
NRasV12 [27]. pT3-CAGGS-NRasV12 was applied with 
pPGK-SB13 for HTVI as described previously [27]. The 
pT3-CAGGS-NRasV12 vector was furthermore used for 
the transfection of HCC cell lines. pT3-EF1α constituted 
the empty vector (EV) control. The control group’s data 
have been published previously [19]. Purification of the 
plasmids was performed with the Endotoxin-free Maxi 
Prep Kit (Sigma-Aldrich, St.Louis, MO).

Mouse breeding and genotyping
A Rassf1a KO founder breeding pair was kindly provided 
by Dr. Louise van der Weyden (Wellcome Trust Sanger 
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Institute, Research Support Facility, Hinxton, Cambridge, 
CB10 1SA, UK). Note that the genetic background of 
Rassf1a WT and KO mice was C57BL/6  J x 129  Sv. As 
previously described [19], the control group of Rassf1a 
WT mice was generated by crossing Rassf1a KO mice 
with C57BL/6 J mice purchased from Charles River Lab-
oratories (Sandhofer Weg, 97,633 Sulzfeld, Germany). 
Breeding conditions and PCR verification were identical 
to our report of Rassf1a KO with PIK3CA injections [19].

Hydrodynamic injections and tissue collection
We followed exactly the previously described protocol 
[19]. Mice with an age of 6–8  weeks were subjected to 
HTVI. The experimental groups comprised: untreated, 
1 × phosphate-buffered saline (PBS), empty vector (EV), 
and pT/Caggs-V12Nras co-injected with pPGK-SB13 in 
a ratio of 25 to 1 in a total volume of 2 ml 0.9% sodium 
chloride. The total volume was injected into the lateral 
tail vein within 5 to 7 s, resulting in temporal right-sided 
heart failure and increased hydrodynamic pressure in the 
hepatic veins. The distribution of mice per group is sum-
marized in Supplementary Table 1.

The quality of the injection was defined by the follow-
ing criteria, which led to the exclusion of the respec-
tive mice from further analysis: less than 2  ml of total 
injection and subsequent unusual behaviour lacking the 
expected reduction in the movement for at least 60 min. 
Termination criteria were palpable masses (equivalent to 
a tumour diameter of about 4  cm), respiratory distress, 
and lethargy. Animals were euthanized by cervical dis-
location, subjected to a standardized autopsy protocol, 
and livers were photo-documented. Animal breeding and 
animal experiments were in accordance with protocols by 
the Mecklenburg-Western Pomeranian federal institu-
tion “Landesamt für Landwirtschaft, Lebensmittelsicher-
heit und Fischerei (LALLF) Mecklenburg-Vorpommern” 
(protocol number/Aktenzeichen: 7221.3–1.1–052/12).

Cell culture and in vitro experiments
The human HCC cell lines PLC/PRF/5, HLE, HLF, 
Snu182, Snu387, Snu449, Hep3b, SK-HEP1, MHCC97-
L, HuH6, as well as the human hepatoblastoma cell line 
Hep-G2 and the human cholangiocarcinoma cell lines 
KKU-M055, KKU-100, KKU213, HuCC-A1, CC-LP-
1, OZ, RBE, SG231, TKKK, and YSCCC were cultured 
in 5%  CO2 at 37  °C in a humidified incubator. Cell lines 
were purchased from ATCC (Manassas, Virginia, USA). 
Cells were grown in Dulbecco’s modified Eagle medium 
(Gibco, Grand Island, NY) or RPMI 1640 Medium 
(Gibco) supplemented with 5% fetal bovine serum 
(Gibco), 100 mg/mL streptomycin, and 100 U/mL peni-
cillin, 1% 1 M HEPES Buffer (Gibco), 1% 100 mM sodium 
pyruvate (Gibco) and 1% GlutaMAX™ (Gibco).

The AKT/NRAS cell line was derived from a murine 
HCC that developed after HTVI of myristoylated 
 AKTflox/flox and NRASG12V [27]. Transfection of Cre 
recombinase resulted in the AKT Cre/NRAS cell line, 
which was driven solely by the NRASG12V oncogene, 
while AKT was depleted. These cells were maintained 
in Dulbecco’s modified Eagle medium (Gibco, Grand 
Island, NY).

For DUSP4 silencing, we seeded cells at a density 
of 4 ×  105 cells in 2  ml of medium per well in 6 well 
plates. Cells were transfected either with DUSP4 and 
NEG siPOOL (Catalogue numbers: Dusp4-m-002 and 
N000-c1-059; siTOOLs Biotech GmbH, Planegg, Ger-
many) using Lipofectamine® RNAiMAX (Thermo 
Fisher Inc). Lipofectamine and siRNA were diluted 
and combined in OptiMEM® Reduced Serum Medium 
(Thermo Fisher Inc.). After an incubation period of 
48  h, the transfection was repeated. Subsequently, the 
cells were harvested after an additional 24  h of incu-
bation with cell scrapers. Cells were pelleted by cen-
trifugation (300  g, 5  min). These pellets were used for 
further downstream analyses.

For transfections, cells were inspected for viability 
and confluency of about 70–80% and seeded at a den-
sity of 4 ×  105 cells in 2  mL of medium per well in a 
6-well plate. Cells were transfected with pT3-CAGGS-
NRasV12 or empty pT3 vector the following day using 
Lipofectamine® 2000. Lipofectamine and vectors were 
diluted in OptiMEM® Reduced Serum Medium and 
combined. Medium in the wells was discarded, and 
cells were washed with 1xPBS before the addition of 
the transfection medium. Cells were harvested and pel-
leted by centrifugation after 48 h incubation using cell 
scrapers.

For MEK-inhibition experiments, trametinib (Selleck 
Chemicals GmbH, Berlin, Germany) and mirdametinib 
(Selleck Chemicals GmbH) were applied. Cells were 
seeded in 6 well plates at a density of 3–5 ×  105 cells in 
2  mL medium per well. The control group was treated 
with DMSO (concentration matching the highest inhibi-
tor concentration as all inhibitors were dissolved in 
DMSO). After incubation for 24 h at the indicated con-
centrations, cells were harvested, and cell pellets were 
obtained.

TPA (12-O-Tetradecanoylphorbol-13-acetate; P1585, 
Sigma-Aldrich), a phorbol ester, which induces pERK1/2 
via the protein kinase C (PKC) [28], was administered to 
the medium in concentrations from 0.5 – 2  µM for (30 
and) 60 min. The dimethyl sulfoxide (DMSO) control was 
matched to the highest concentration of TPA applied. 
The displayed data is representative of at least 2 techni-
cal replicates in a minimum of 2 biological repeats for all 
performed experiments. The data of these replicates and 
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repeats are shown in Figure S7 with the designation of 
the corresponding figures in the main manuscript.

In addition, cell viability assays using the xCELLigence® 
real-time cell analysis dual plate (RTCA DP) device (OLS 
OMNI Life Science GmbH & Co KG; Bremen, Germany) 
were carried out. For impedance-based real-time cell 
index measurement, cells were grown on E-Plate 16 PET 
(Agilent Technologies, Inc.). The interval for measure-
ment sweeps was set to 15 min. ~ 5000 cells suspended in 
a total volume of 150 µl of growth medium were seeded 
in each well. After 24  h siRNA against DUSP4, 6, the 
combination of both or SCR was added equivalent to 
the protocol described above. Afterward, we acquired 
the measurement for up to 72 h. Raw data were analyzed 
with the RTCA software (OLS OMNI Life Science GmbH 
& Co KG). The data were normalized to the timepoint of 
inhibitor addition.

NanoString® and statistical methods
Total RNA was extracted from 4 samples from each 
group: empty vector (EV), normal-appearing tissue in 
NRAS injected mice (NT), and the matched tumorous 
tissue (T). The concentration was measured on a DeNo-
vix® DS-11 FX + und NanoDrop® ND-1000 (DeNovix 
Inc., Wilmington, USA), and  RINe values were obtained 
on a 200 TapeStation (Agilent, Santa Clara, USA). The 12 
mouse RNA samples that were used for further analyses 
had  RINe values between 7.1 and 9.9 and were adjusted 
to a concentration of 100 ng/5 µl. Gene expression analy-
sis was conducted using the nCounter® Mouse PanCan-
cer Pathways Panel, which comprises 770 genes from 13 
cancer-associated canonical pathways (NanoString, Seat-
tle, USA).

Total RNA from DUSP4 silencing experiments in AKT/
NRAS and AKT Cre/NRAS was analyzed in 3 biological 
replicates each (SCR vs. DUSP4 siRNA) with the nCoun-
ter® Mouse PanCancer Pathways Panel. Following the 
manufacturer’s instructions, 100  ng of total RNA was 
hybridized overnight with the reporter and capture code 
set at 65 °C. Excess probes were washed off using a two-
step magnetic bead-based purification on the nCounter 
Prep station (NanoString Technologies). Elution from 
the beads, immobilization on a cartridge, and subse-
quent alignment followed. Data were collected using the 
nCounter Analyzer (NanoString Technologies) at 555 
fields of view (FOV) through epifluorescence microscopy 
and CCD image acquisition.

Data were analysed with the nSolver™ analysis soft-
ware Version 4.0 (NanoString Technologies). We ascer-
tained that all samples passed quality control in the 
software. The nCounter Advanced Analysis 2.0 plug-
in (NanoString Technologies) was employed for fur-
ther analysis and hypothesis generation. We selected 

automated normalization by choosing those genes that 
minimize the pairwise variation statistics. For visualiza-
tion, unsupervised clustering was chosen to generate a 
heatmap based on the normalized data counts of indi-
vidual mRNAs. Differential expression was displayed as a 
volcano plot with individual genes’ − log10 (p-value) and 
log2 fold change compared to the control group. For dif-
ferential expression analyses, p-value adjustments with 
the Benjamini-Yekutieli method were selected.

The nSolver path view module was employed to display 
the undirected global significance score of the included 
Kyoto Encyclopaedia of Genes and Genomes (KEGG) 
gene as a heatmap [29]

Histology and immunohistochemistry, Protein 
isolation and Western blotting, Nucleic acid extraction 
and quantitative reverse transcription real‑time 
polymerase chain reaction (qRT‑PCR)
Please refer to the supplementary methods section for an 
overview of these techniques.

Results
NRASG12V induces hepatocarcinogenesis with robust 
upregulation of canonical effectors
Upon HTVI of NRASG12V, macroscopic hepatic tumours 
were detected as early as 3 months after the injection in 
the Rassf1a wildtype (WT) group, while the first grossly 
visible tumours were detected at the 6 months time point 
in Rassf1a knockout (KO) mice. Overall, 22 out of 60 
(36.7%) mice developed grossly discernible tumours in 
the WT group, similar to 23 out of 62 (37.1%) mice in the 
KO group (Fig.  1b). Histologically, preneoplastic lesions 
(see definition below) were detectable in 7 WT mice 
(11.7%) and 5 KO mice (8.1%). Evaluation of the incidence 
per time point also yielded similar results between WT 
and KO, as inferred from Fig. 1c. Several mice required 
euthanasia before the predetermined time point and are 
represented in the intervals 3–6, 6–9, and 9–12 months. 
The liver weight/ body weight ratio was used as a surro-
gate parameter for tumour burden; again, no apparent 
differences between KO and WT mice were observed 
(Fig.  1d). Overall, tumour latency was 3–6  months, 
after which most mice displayed macroscopic tumours. 
As reported previously, the control group, which com-
prised untreated, 1xPBS, and EV injected mice did not 
develop tumours in the WT group, while 1 tumour each 
was detectable at 9 and 18  months in the Rassf1a KO 
cohort [19]. Histologically, the NRAS-induced tumours 
mostly had a well-circumscribed margin with a solid 
(partly also pseudocystic) growth pattern. They com-
prised cells reminiscent of hepatocytes with limited to 
moderate cytological atypia. Nuclei were hyperchro-
matic, and the ratio of the nuclear-cytoplasmic ratio was 
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increased. Occasionally, vacuolated tumour areas could 
be observed, which is indicative of lipid accumulation 
inside the cells, while being much less pronounced when 
compared to our phosphatidylinositol-4,5-bisphosphate 
3-kinase catalytic subunit alpha (PIK3CA) injection 
model [19]. Often tumour cells had amorphous eosino-
philic inclusion bodies. Some tumours also showed intra-
vascular growth, although we did not detect metastases 
outside the liver by macroscopic and microscopic evalu-
ation during the autopsy. A subset of tumours possessed 
a central fibrotic core, populated by a distinct tumour 
cell population growing in strands or a ductular to cribri-
form pattern. These tumour cells were weakly positive for 
cytokeratin 7, thus imparting a biliary phenotype, while 
showing reduced expression of CPS1, a hepatocyte-spe-
cific marker (Figure S1). Apart from tumours, we defined 
the category of preneoplastic lesions. This distinction 
was based on a morphological comparison: tumours 
displayed the occasional presence of necrosis, expansive 
growth with evident compression or more diffuse infil-
tration of surrounding tissue, and macroscopic correla-
tion as well as more overt cytologic signs of malignancy 
compared with preneoplastic lesions. The size of preneo-
plastic lesions was defined as more than 0.2 and less than 
0.5 cm. Examples are shown in Fig. 2a. Rassf1a WT and 
KO tumours were indistinguishable at the histological 

level. As discussed above, the observation that NRASG12V 
injections alone led to tumorigenesis was deemed highly 
interesting, since the previous assumption had been that 
it would elicit senescence and consecutive clearance of 
early preneoplastic foci by the immune system [12]. The 
resulting tumours offered the possibility to study exclu-
sively RAS-dependent hepatic tumorigenesis, so we con-
tinued with an in-depth analysis of NRASG12V−induced 
tumours in Rassf1a WT mice.

On immunohistochemical (Fig.  2a) and Western blot 
evaluation (Fig.  2b), both tumours and preneoplastic 
lesions shared a common profile. An overexpression of 
pan-RAS and NRAS could be confirmed, which indicates 
the incorporation of the NRASG12V transgene. The imme-
diate effector p-RAF1 was consequently increased at the 
protein level. In addition, augmented p-MEK positivity 
was hinted in the nuclei, while being more evident in the 
Western blot. Moreover, enhanced p-ERK cytoplasmic 
and nuclear positivity was evident compared to the sur-
rounding tissue. Ki67 positive nuclei appeared to be more 
frequent in tumours when compared to preneoplastic 
lesions (Fig. 2a).

Altogether, through this comprehensive characteriza-
tion, we were able to underline the strong upregulation 
of major known canonical effectors of RAS. Nonetheless, 
signalling via the PI3K-mTOR and Hippo pathways was 

Fig. 1 Hydrodynamic injection of NRASG12V in the mouse liver drives hepatocarcinogenesis (irrespective of Rassf1a genetic background). a Scheme 
of hydrodynamic injection into the tail vein with vector maps of the injected constructs. b Representative gross images of livers of Rassf1a WT 
mice injected with NRASG12V mutant forms at indicated time points. Scale bar: 0.5 cm. c Stacked bar charts visualizing the frequency of occurrence 
of neoplastic lesions NRASG12V injected Rassf1a WT and KO mice. d Comparison of the ratio of liver weight and body weight as surrogate 
for the tumour burden in NRASG12V injection groups sorted by Rassf1a background
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also observed (detailed in the figure legend), suggesting 
a considerable level of crosstalk [32, 33]. Thus, despite 
being exclusively Ras-triggered, our model outlines the 
complexity of effects on oncogenic signalling via various 
effectors.

It should be noted, that the distinction between pre-
neoplastic lesions and tumours was perfomed exclusively 
on the above-mentioned morphological criteria. At the 
molecular level, oncogenic pathways were gradually acti-
vated. Thus, in this model, we could not demonstrate a 
stepwise process of carcinogenesis. On these grounds, 

using the terms "early and late tumours" would also be 
justifiable as a replacement for preneoplasia and tumour.

Identification of regulated genes in NRAS‑driven 
hepatocarcinogenesis
To deepen our understanding of the process of Ras-
dependent carcinogenesis, we performed NanoString® 
gene expression analyses using the nCounter® Mouse 
PanCancer Pathways Panel on total RNA extracted 
from tumour samples and corresponding non-tumorous 
samples (which, by histological assessment, contained 

Fig. 2 Histology and functional characterisation of NRASG12V dependent preneoplastic lesions and tumours. a Representative histological images 
two preneoplastic lesions (upper panel) and one tumour (lower panel) resulting from NRASG12V injections in Rassf1a WT mice. Scale bar: 100 µm 
/ inset 50 µm. b Cropped Western blot analysis (full image of cut membrane that was hybridized with respective antibody in Figure S7) showing 
effective upregulation of NRAS and its effectors as well as the AKT/mTOR and Hippo pathways with increasing intensity in liver tissue containing 
preneoplastic lesions and tumours induced by NRASG12V injections as compared to empty vector (EV). Detailed interpretation: enhanced p-ERK 
cytoplasmic and nuclear positivity in comparison with the surrounding tissue; mitogen-activated protein kinase (MAPK) family member p38-MAPK 
with increased activation (i.e., phosphorylation) in the tumours, a potential explanation for the nuclear factor kappa B enhancer binding protein 
(NFκB) expression [30]; p–c-Jun more prominent in tumours, a possible effect of ERK activation that can stabilize c-Jun and increase c-Jun 
transcription through cAMP responsive element binding protein 1 (CREB1) and glycogen synthase kinase 3 (GSK3) [31]; p-AKT slightly upregulated 
by immunohistochemistry and Western blot analysis, while the corresponding levels of total AKT are increased. Note that p-S6rp and p-4EBP1 
as downstream effectors of the PI3K-AKT-mTOR pathways were not apparently increased by immunohistochemistry (Figure S2). Yes1-associated 
transcriptional regulator (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ) are elevated on the protein level. The major regulators 
of de novo lipogenesis Fatty acid synthase (FASN) and Stearoyl-CoA 9-desaturase 1 (SCD1) are upregulated
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preneoplastic lesions) from 4 mice (time point post-injec-
tion 3–9 months). As a control group of non-neoplastic 
liver tissue, samples from mice with normal histology 
injected with empty vector were chosen (time point post-
injection 3–6  months). As expected, an upregulation 
of the Ras and MAPK pathway was observed. Also, the 
PI3K signalling was gradually increased from preneoplas-
tic lesions to tumours.

Evaluation of the pathway scores based on the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) gene sets 
showed a progressive increase in the activity of several 
major cancer-related pathways when comparing preneo-
plastic tissue and tumour tissue against normal liver tis-
sue. Transcriptional Misregulation and Apoptosis were 
the most prominently altered pathways (Fig. 3d).

The differentially expressed genes analysis of preneo-
plastic lesions versus normal tissue only yielded 3 genes 

with an adjusted p-value less than or equal to 0.05, 
including Prom1, Cdkn2b, and Ngf. In contrast, the com-
parison of EV-injected samples with tumours detected 
59 significantly differentially expressed genes with an 
adjusted p-value less than or equal to 0.05. Of note, 
among the most highly overexpressed genes, we again 
detected Prom1, Cdkn2b, and Ngf (Fig.  3a and 3b, Sup-
plementary Data 1), which implies an early and sustained 
contribution throughout the process of carcinogen-
esis. The marked upregulation of Cdkn2b, while Cdkn1a 
and Cdkn1c were found elevated (Supplementary Data 
1), strongly suggested an active oncogene senescence 
pathway, which was potentially counter-regulated by 
enhanced protein levels of CyclinD1 evident by immu-
nohistochemistry (Figure S2). Presumably, the net effect 
of the combined changes was an evasion of the senes-
cence mechanism with the development of preneoplastic 

Fig. 3 Transcriptional assessment of NRASG12V induced neoplastic lesions and identification of the novel effectors Dusp4, Dusp6 and Prom1 (CD133) 
(a) Volcano plot of differentially expressed genes obtained from NanoString® mRNA measurement using the mouse Pan Cancer pathway panel® 
in preneoplastic lesions and (b) tumours compared to empty vector. Genes that were analysed further due to rational selection are highlighted 
in yellow. c Differential expression of indicated genes from NanoString® analysis displayed as mean with 95 percent confidence interval. d Heatmap 
showing pathway scores obtained from the nSolver® software compared to empty vector. Orange indicates high pathway scores; blue indicates 
low scores (with undetermined/arbitrary functional dimension). The pathway scores are derived from KEGG, developed by Kanehisa Laboratories 
[34–36]
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lesions and tumours. The upregulation of Ngf argues for 
the presence of a positive feedback loop, since Ngf can 
cause sustained ERK1/2 activation and nuclear translo-
cation [37]. Finally, the strong and early upregulation of 
Prom1 (encoding CD133), which was also confirmed by 
immunohistochemistry (specific membranous expres-
sion), RT-qPCR, and Western blot (Fig. 4), was of particu-
lar interest. While CD133 is one of the most established 
markers for detecting and isolating cancer stem cells, 
including liver cancer, its function remains enigmatic 
[38]. For instance, it has been connected to oncogenic 
β-catenin and JAK/STAT pathways [39, 40]. Moreover, 
it has been purported that CD133 activity is enhanced 
by NFκB, which is also upregulated in our model [41]. 
Nonetheless, the exact interrelation with the RAS/MAPK 
pathway has not been reported, so we analysed this inter-
action further in the subsequent in vitro experiments.

Besides these genes, we also observed an upregula-
tion of DUSP4 and 6 in comparing tumour samples 

and normal tissue (Fig. 3c). This upregulation is a com-
pelling finding, since a digenic dependence on DUSP4 
and DUSP6 has recently been reported, representing a 
potential therapeutic target [20]. While both DUSP4 and 
DUSP6 represent negative feedback regulators of ERK 
[42], they possess different substrate specificities. DUSP6 
is a cytoplasmic ERK-specific phosphatase, and DUSP4 
can additionally dephosphorylate JNK/p38 kinases [43]. 
Indeed, by immunohistochemistry, we could confirm an 
enhanced cytoplasmic positivity for DUSP6 in NRAS-
induced tumours (Fig.  4a). At the same time, DUSP4 
reacted predominantly in the nuclei (Fig. 4a lower panel), 
but in part also aberrantly in the cytoplasm of tumours 
(Fig.  4a upper panel) as it has been reported previously 
[44]. Upregulation in tumours was confirmed by RT-
qPCR (Fig.  4b). Western blots displayed stronger bands 
in 2 out of 4 tumour samples, which were also evident 
in preneoplastic lesions in the case of DUSP6 (Fig.  4c). 
Finally, we confirmed the upregulation of Nupr1 in 

Fig. 4 Validation of the selected target proteins by immunohistochemistry, RT-qPCR and Western Blot (a) Immunohistochemical analyses 
of NRASG12V -induced preneoplastic lesions (upper panels) and tumours (lower panels). DUSP4 overexpression in preneoplastic lesions can 
sometimes show cytoplasmic staining, while in tumours it is clearly enhanced in the nuclei. DUSP6 immunohistochemistry is more pronounced 
in preneoplastic lesions and hinted in tumours. CD133 shows a strong specific membranous staining already in preneoplastic lesions, which 
is maintained in tumours. Scale bar: 100 µm / inset 50 µm. b Quantitative real-time PCR analyses of selected targets. Kruskal–Wallis test for multiple 
comparisons. Identical RNA lysates as for the NanoString® analysis. Asterisk indicates p-value < 0.05; ns, not significant. c Cropped Western blots 
of the respective tumours and EV controls (full image of cut membrane that was hybridized with respective antibody in Figure S7). Molecular 
weights of observed bands are marked on the right
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tumours by RT-qPCR, a stress-induced protein involved 
in sorafenib resistance and NFκB and ERK pathway 
crosstalk [45]. DUSP4 and DUSP6, as well as CD133, 
were subsequently investigated more in-depth.

Effects of modulations of the RAS/MEK/ERK pathway 
on DUSP4/6 and CD133 protein levels
Next, we set out to verify the regulation of the proteins 
mentioned above in human HCC cell lines (Figure S3). 
Six of 12 cell lines had detectable DUSP4 protein levels 
with weak expression in 3 cell lines (HUH7, HLE, and 
SNU-387), moderate expression in one cell line (PLC/
PRF/5), and very high basal expression in 2 cell lines 
(MHCC97-L and SNU-449). Of note, the amount of 
DUSP4 protein did not correlate with pERK/ERK ratios. 
DUSP6 expression was detectable in 11 out of 12 HCC 
cell lines. All cell lines were positive for CD133, while 
some were more strongly positive than others. For the 
consecutive NRAS overexpression experiments, we used 
PLC/PRF/5, HUH-7, and SNU-182 with absent to mod-
erate DUSP4 baseline expression. Transfection of these 
cell lines with pT3-CAGGS-NRasV12 led to a strong 
upregulation of NRAS protein expression (Fig.  5a). In 
response, the two cell lines, HUH-7 and SNU-182, exhib-
ited an increase in the canonical effectors p-MEK1/2 and 
pERK1/2. Surprisingly, however, PLC/PRF/5 experienced 
a reduction in both p-MEK1/2 and p-ERK1/2. DUSP4 
showed a strongly enhanced signal in all cell lines, and 
DUSP6 in PLC/PRF/5 and SNU-182. Apparently, addi-
tional  NRASG12V transfection represented such a strong 
stimulus in PLC/PRF/5 cells that a negative feedback 
overcompensation occurred, likely mediated by DUSP4 
and DUSP6. Interestingly, such overcompensation was 
not observed in the other two cell lines, suggesting that a 
threshold of “oncogene overdose” is required to reach the 
tipping point.

To investigate the specificity of these findings to NRAS 
activation, we subjected the cell lines to another method 
of ERK hyperactivation by treatment with the phorbol 
ester TPA, which induces pERK1/2 via protein kinase C 
(PKC) [28]. Strong activation of ERK1/2 was detected in 
all cell lines (Fig. 5b), and protein levels of DUSP4 were 
strongly upregulated in a dose-dependent manner. In 
contrast to NRAS-mediated ERK-activation, protein 
levels of DUSP6 consistently decreased. Compellingly, 
in this experiment, no overcompensation was evident in 
PLC/PRF/5 cells, which indicates that this phenomenon 
could be specific to the RAS/MEK/ERK cascade trig-
gered directly by strong oncogenic signalling through 
NRASG12V. Moreover, this phenomenon could also rely 
on increased DUSP6 expression, which was contrarily 
regulated in the TPA treatments.

In addition, we studied the effects of MEK inhibition 
on the selected target proteins. For this experiment, 
we employed the AKT/NRAS cell line, derived from a 
murine HCC, which developed after HTVI of myris-
toylated  AKTflox/flox and  NRASG12V [27], and its deriva-
tive AKT Cre/NRAS. Here AKT had been removed by 
the Cre recombinase, leading to a pure NRAS addiction 
as opposed to the combined AKT and NRAS oncogene 
dependency in the original cell line. The baseline charac-
teristics of AKT/NRAS and AKT Cre/NRAS regarding 
DUSP4, DUSP6, and CD133 were very distinct (Fig. 5c). 
Indeed, AKT Cre/NRAS displayed a much higher activa-
tion of ERK1/2 and correspondingly high protein levels of 
DUSP4 and DUSP6, while CD133 was slightly increased. 
This effect argues for an exclusive role of DUSP4 and 
DUSP6 in NRAS dependency, which is attenuated upon 
additional concurrent activation of AKT.

We treated these two cell lines with the MEK inhibi-
tors mirdametinib and trametinib for 24  h (Fig.  5d). As 
a result, DUSP4 and DUSP6 protein levels were strongly 
diminished in both cell lines. Also, pERK1/2 levels were 
reduced as expected in all treatment groups (although 
the effect of mirdametinib on ERK phosphorylation was 
limited in AKT Cre/NRAS). CD133 levels decreased 
considerably upon MEK inhibition in the purely NRAS-
addicted AKT Cre/NRAS cell line. This finding argues 
for a direct relation between RAS-signalling and CD133 
expression levels, confirming the results obtained in the 
mouse model.

Finally, we performed siRNA-mediated gene silenc-
ing of DUSP4 in these two murine cell lines. Moderate 
silencing efficiency was achieved on the protein level 
of DUSP4 and pERK1/2 (Fig.  6a). Downregulation of 
DUSP4 elicited an increase in pERK1/2 levels in both cell 
lines, especially in the AKT Cre/NRAS cell line. Protein 
levels of CD133 and DUSP6 were unaltered.

Subsequently, NanoString® gene expression analysis 
was conducted to identify differentially expressed genes 
following siRNA-mediated Dusp4 silencing in the AKT 
Cre/NRAS cell line (Fig. 6b). Some markers of cell cycle 
progression, including Ccnd2 and Cdk6, were upregu-
lated. On the other hand, apoptosis-related genes were 
diminished, including Casp12 and Endog, implying a pro-
proliferative and anti-apoptotic effect mediated by Dusp4 
gene silencing. Furthermore, several genes related to the 
MAPK pathway were upregulated, including Map3k5, 
Map3k, Mapk9, and Prkca (except for downregulated 
Map2k6), which suggests a release of formerly active 
negative feedback regulation (Supplementary Data 1). 
Additionally, we compared the differentially expressed 
genes between AKT Cre/NRAS vs. AKT/NRAS (Fig-
ure S4, Supplementary Data 1). This comparison veri-
fied the reduction in Akt1 expression. Moreover, we 
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found a strong upregulation of Cdkn2a in the AKT Cre/
NRAS cell line, which could imply an increased tendency  
towards senescence and cell cycle inhibition in this 
cell line. Again, the purely NRAS defined oncogene 
addiction appeared to be more prone to senescence 
response, which can be overcome by the additional 
activity of the AKT pathway and was mirrored by much 
slower growth characteristics of the AKT Cre/NRAS 
cell line.

Subsequently, we evaluated the effects of DUSP4 and 
DUSP6 silencing, alone and combined, in the HCC cell 
line PLC and the murine AKT Cre/NRAS cell line using 
an impedance-based real-time measurement (xCELLi-
gence®, Fig. 6c). We detected an increased growth rate 
for DUSP4 and DUSP6 silencing and the combination of 
both compared to SCR. In a parallel measurement with 
adjusted parameters, we further validated the effective-
ness of the silencing in both instances (Figure S5).

Fig. 5 DUSP4, DUSP6, and CD133 are regulated by the RAS-MEK-ERK pathway in human and mouse liver cancer cell lines (a) NRASG12V transfections 
of human HCC cell lines with differential effects on pERK levels, while displaying a homogenous upregulation of DUSP4 and DUSP6. b Alternative 
activation of ERK via PKC using the phorbol ester TPA in the respective cell lines. c Baseline comparison of the mouse HCC cell lines AKT/NRAS 
and AKT Cre/NRAS demonstrating that the unique dependency on DUSP4 and DUSP6 overexpression is lost when the AKT pathway is additionally 
active. d Effects of MEK-inhibitors on selected target proteins in the AKT/NRAS and AKT Cre/NRAS cell lines. For all panels cropped Western Blots are 
shown. Full images of the cut membranes that were hybridized with the respective antibodies in Figure S7
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KRAS mutations in CCA cell lines and human samples 
and NRAS mutations in CCA mouse models correlate 
with increased DUSP4 expression
Since in human HCC RAS mutations are rare, we 
resorted to CCA cell lines to verify the effect of RAS 
mutations on DUSP4 transcriptional levels. Therefore, 
we studied 12 CCA cell lines, of which we had previously 
confirmed the KRAS mutational status [4]. We found a 
significant increase (p = 0.043, Mann–Whitney test) of 
DUSP4 protein levels relative to β-actin in the 7 KRAS 
mutated cholangiocarcinoma cell lines when compared 
to KRAS wildtype CCA cell lines (Fig. 7).

In addition, we analysed our local CCA cohort, which 
had been screened before for mutations in KRAS, using a 

high-resolution melting curve analysis. From this cohort, 
we compared 35 KRAS WT to 19 KRAS mutated cases by 
qPCR (Fig. 7c). A statistically significant upregulation of 
DUSP4 expression levels in the KRAS-mutated tumours 
was detected (p = 0.048, Mann–Whitney test).

Furthermore, we confirmed the regulation of DUSP4 
in response to  NRASG12V. For this purpose, we selected 
the CCA cell line KKU-M055, which does not harbour 
KRAS or NRAS mutations (Figure S6) and has a low 
DUSP4 baseline expression. Following the transfec-
tion of  NRASG12V, we observed a statistically signifi-
cant (p = 0.026, Mann- Whitney-Test) upregulation of 
Dusp4 protein levels, while Dusp6 remained unaltered. 
Thus, the observation of Dusp4 overexpression under 

Fig. 6 Effects of Dusp4 silencing in AKT/NRAS and purely NRAS driven mouse HCC cell lines. a Western blot confirmation of Dusp4 silencing 
in the mouse AKT/NRAS and AKT Cre/NRAS cell lines. Increased pERK1/2 levels and decreased DUSP4 protein levels are apparent (Cropped Western 
Blots; full image of the cut membrane that was hybridized with respective antibody in Figure S7). b Volcano plot of differentially expressed genes 
obtained from NanoString® mRNA measurement using the mouse Pan Cancer pathway panel® in AKT Cre/NRAS Dusp4 silenced cells versus SCR 
negative control. Dusp4 is highlighted in orange. c cCELLigence® proliferation measurements of AKT Cre/NRAS (left) and PLC (right). siRNA addition 
at time point 0. Data presented as mean (continuous line) with standard deviation (dashed line). Two repeats with 3 replicates each for AKT Cre/
Nras, single experiment with 3 replicates in the case of PLC
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the influence of activated NRAS could be confirmed in 
a CCA cell, similar to the regulation in HCC cell lines 
described earlier.

Finally, we investigated further HCC and CCA 
mouse models to corroborate the dependency of DUSP 
expression on the injection of  NRASG12V across enti-
ties. Specifically, we analysed  PIK3CAE545K/ MET and 
 PIK3CAE545K/  NRASG12V, which induce HCC [46]. An 
increase of Dusp4 and Dusp6 transcripts was detected. 
Similarly, a statistically significant difference for Dusp4 

expression was observed in the NICD/NRAS CCA 
model [47] compared to EV (adj p = 0.023, Kruskal–
Wallis test, Dunn’s multiple comparisons). No statisti-
cally significant difference was observed in the NICD 
only and NICD/AKT models [48]. Dusp6 showed a 
trend of being elevated in the NRAS combined model. 
Thus, we could clearly define a dependency of Dusp4 
upregulation based on the presence of activated NRAS. 
This observation was specific to NRAS and could not 
be mirrored by e.g., AKT activation.

Fig. 7 RAS-dependence of DUSP4 upregulation in human and murine CCA (a) Western blot analysis of human CCA cell lines showing varying 
DUSP4, DUSP6, and CD133 baseline levels (Cropped Western Blots; full image of the cut membrane that was hybridized with respective antibody 
in Figure S7). Cell lines with known KRAS mutations are highlighted. b Quantification of DUSP4 protein levels normalized to β-actin bands 
with respect to KRAS mutational status. Mann–Whitney test. Asterisk indicates p-value < 0.05. c Quantitative real-time PCR of DUSP4 expression 
in a local cohort of 54 CCA patients with and without KRAS mutation as determined by high-resolution melting analysis; KRAS 12–13 16x, KRAS 
59–61 2x, KRAS 146 1x. Line equals mean value. Asterisk corresponds to p-value < 0.05 (Mann–Whitney-U-Test) (d) Quantitative real-time PCR 
analyses of DUSP4 and DUSP6 expression levels of tumours in different mouse models compared to normal liver tissue (empty vector, EV). The 
PIK3CA-based models led to the formation of HCC, and the NICD-based models induced the development of CCA. Asterisk signifies p-value < 0.05; 
all other comparisons were not significant (Kruskal–Wallis test with multiple comparisons). The number in bars equals the number of mice
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Discussion
In this study, we demonstrated that hepatocarcinogen-
esis can be triggered by the sole HTVI of only NRASG12V, 
which opposes previously reported observations where 
NRASG12V was insufficient to elicit tumorigenesis [12]. 
In the mentioned study, pre-malignant hepatocytes were 
cleared by the immune system through a process defined 
by  CD4+ T-cells and macrophages as a purported result 
of oncogene-induced senescence. One potential explana-
tion for this discrepancy could be the difference in the 
mouse genetic backgrounds. While C57BL/6 × 129  Sv 
mice were used in our study, the other investigation had 
been conducted in a pure C57BL/6 background. Fur-
thermore, in the C57BL/6 × 129  Sv background, we had 
previously reported a tendency to develop tumours by 
the HTVI of either PIK3CA E545K or H1047R alone, 
which had similarly conflicted with earlier reports, that 
these alterations would not elicit carcinogenesis in an 
FVB/N genetic background [46]. We found no synergism 
between Rassf1a knockout and NRAS, which strengthens 
our previously reported lack of cooperativity between 
Rassf1a and PIK3CA mutant forms [19]. Focusing on 
wildtype animals, the occurrence of tumours following 
NRAS injections alone argues for a comparatively high 
tumour susceptibility in the mixed C57BL/6 × 129  Sv 
background, although in the literature, the parental strain 
129 Sv is described to feature an overall low tumour inci-
dence [49].

Ultimately, this increased susceptibility provided us 
with the unique possibility to study the molecular details 
of a purely NRAS-defined mode of hepatocarcinogen-
esis. This is of high interest since it is known that human 
HCC depends heavily on the activation of the RAS/MEK/
ERK signalling cascade [6]. Even though the frequency of 
NRAS and KRAS mutations combined is relatively low at 
just under 3%, many more indirect mechanisms exist that 
lead to a similar net effect on the activity of this path-
way, such as the aberrant activation of upstream growth 
factors and the increase of positive or decrease negative 
regulators [50]. Thus, developing models that allow the 
precise study of RAS/MEK/ERK pathway deregulation in 
HCC is paramount. Accordingly, in our proposed mouse 
model, we could determine a strong upregulation of the 
canonical effectors of RAS signalling, while confirming 
a robust upregulation of non-canonical or indirect RAS 
effectors such as p38-MAPK with subsequent NFκB and 
p–c-Jun. Nonetheless, we could not achieve a complete 
specificity for the Ras pathway, since the signalling was 
also dispersed to other oncogenic pathways, particularly 
to AKT-mTOR signalling, which was mirrored by an 
increase in RICTOR and targets of mTORC1. Further-
more, we found an upregulation of the Hippo pathway. 
Thus, a significant crosstalk to other oncogenic pathways 

occurred, which could pose significant challenges to tar-
geting RAS effectors under active upstream signalling. 
Indeed, therapeutic concepts have been proposed, for 
example, for KRAS mutant pancreatic cancer, in which 
the combined inhibition of mTORC1/2 and MEK pre-
cludes adaptive resistance [51].

In a more detailed gene expression analysis, we iden-
tified several significantly deregulated genes, including 
Dusp4, Dusp6, and Prom1/CD133. The abundance of 
upregulated members of the DUSP family led us to fur-
ther study their association with RAS signalling in HCC. 
Their concurrent upregulation was particularly inter-
esting, since a recent report had suggested a digenic 
dependence on DUSP4 and DUSP6 in MAPK-driven 
cancers [20].

Initially, we confirmed that high expression of DUSP4 
and DUSP6 was indeed a feature of several human HCC 
cell lines, which argues for the importance of these pro-
teins even in the absence of direct RAS mutations. Exper-
imentally, we could further demonstrate that DUSP4 and 
DUSP6 upregulation was consistently detected following 
NRASG12V transfection. More specifically, by using the 
phorbol ester TPA, we could deduce that ERK activation 
was required for the observed increase in DUSP4 protein 
levels, while DUSP6 experienced an inverse regulation 
by mere ERK activation. Thus, the positive influence on 
DUSP6 should depend on factors upstream of ERK or 
other targets unique to RAS activation. One intriguing 
finding of these experiments was that NRAS transfec-
tion led to a paradoxical decrease of pERK levels in the 
cell line PLC/PRF/5. This observation hints at an over-
shooting feedback inhibition that can result from robust 
stimulation of RAS. A similar mechanism for DUSP4 and 
DUSP6 upregulation could be envisioned in our mouse 
model of NRAS-induced hepatocarcinogenesis. Indeed, 
the extreme upregulation of the RAS/ERK pathway 
could be tempered by DUSP4 and DUSP6 as rheostats, 
thus potentially favouring evasion of oncogene-induced 
senescence. Interestingly, when we investigated a purely 
NRAS-dependent murine cancer cell line, we observed a 
much higher baseline level of DUSP4 and DUSP6 com-
pared to its dual NRAS and AKT-addicted counterpart, 
which is suggestive of a certain exclusivity towards the 
RAS oncogenic pathway.

Whether DUSP4 and DUSP6 serve as oncogenes or 
tumour suppressors is still under debate [52]. Silencing of 
DUSP4 resulted in a pro-proliferative and anti-apoptotic 
effect in the AKT Cre/NRAS cell line, which was mir-
rored by an increased growth rate in an impedance-based 
growth assay. To put this finding into perspective, it has 
been described that DUSP4 can have opposite effects 
on proliferation. One paper reported DUSP4 deficiency 
leading to impaired cell proliferation and cell death in 
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NRAS and BRAF mutant melanoma cells. In contrast, in 
non-melanoma cell lines with BRAF mutation, DUSP4 
silencing did not affect their growth (a glioma cell line 
and a colorectal cancer cell line) [53]. Moreover, DUSP4 
loss increased invasiveness in pancreatic cancer, and res-
toration of DUSP4 expression reversed this effect [54]. 
Finally, in colorectal cancer models, silencing of DUSP4 
enhanced cell proliferation and invasiveness, most remi-
niscent of the effect we observed in HCC cell lines [55]. 
Therefore, higher levels of DUSP4 would rather be sug-
gestive of a function as a tumour suppressor. However, 
at the same time, it might be envisioned that DUSP4 and 
DUSP6 maintain pERK at tolerable levels allowing the 
tumour cells to reach a state of stemness to overcome 
proliferative insufficiency. Altogether, a definite conclu-
sion for a therapeutic concept targeting DUSP4 can-
not be reached here. However, we add another layer of 
complexity, serving as a note of caution when studying 
DUSP-targeting therapeutics. The dependency on muta-
tional and cancer entities should be controlled.

Finally, NRAS overactivation was also defined by 
strong CD133 cancer stem cell antigen upregulation, 
already present in early tumours. In vitro, we described a 
hitherto unknown regulation of CD133 protein levels by 
the RAS pathway activity. This stemness player could also 
contribute to counteracting oncogene-induced senes-
cence mechanisms.

While NRAS mutations rarely occur in human HCC, 
they are more frequent in CCA, another primary liver 
tumour, where we confirmed the dependence of DUSP4 
protein expression on the KRAS mutational status in 
cell lines and patient samples. This finding hints at a 
conserved mechanism active across different cancer 
subtypes.

Conclusions
Opposite to earlier assumptions, our study demonstrates 
that NRASG12V is sufficient to drive hepatocarcinogen-
esis in a mouse HTVI model. Further characterisation of 
this model defined the upregulation of the cancer stem 
cell antigen CD133 and the dual specificity phosphatases 
DUSP4 and DUSP6 as defining features of RAS-induced 
HCCs. By serving as a rheostat to RAS pathway activ-
ity, these proteins can offer a survival benefit to the 
cancer cells and putatively allow for evasion of oncogene-
induced senescence. Given that CCA also shows DUSP4 
upregulation in the presence of RAS mutations, we 
assume our observations can be extended to other cancer 
entities.
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