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Wild type Kirsten rat sarcoma is a novel microRNA-
622-requlated therapeutic target for hepatocellular
carcinoma and contributes to sorafenib resistance

Peter Dietrich, Andreas Koch,' Valerie Fritz," Arndt Hartmann, >
Anja Katrin Bosserhoff,"? Claus Hellerbrand'

ABSTRACT

Objective Sorafenib is the only effective therapy for
advanced hepatocellular carcinoma (HCC). Combinatory
approaches targeting mitogen-activated protein kinase
(MAPK)/extracellular signal-requlated kinase (ERK)- and
phosphatidylinositol-4,5-bisphosphate-3-kinase (PI3K)/
protein-kinase B(AKT) signalling yield major therapeutic
improvements. RAS proteins regulate both RAF/MAPK
and PI3K/AKT signalling. However, the most important
RAS isoform in carcinogenesis, Kirsten rat sarcoma
(KRAS), remains unexplored in HCC.

Design Human HCC tissues and cell lines were used for
expression and functional analysis. Sorafenib-resistant
HCC cells were newly generated. RNA interference

and the novel small molecule deltarasin were used for
KRAS inhibition both in vitro and in a murine syngeneic
orthotopic HCC model.

Results Expression of wild type KRAS messenger RNA
and protein was increased in HCC and correlated with
extracellular-signal regulated kinase (ERK) activation,
proliferation rate, advanced tumour size and poor patient
survival. Bioinformatic analysis and reporter assays
revealed that KRAS is a direct target of microRNA-622.
This microRNA was downregulated in HCC, and
functional analysis demonstrated that KRAS-suppression
is the major mediator of its inhibitory effect on HCC
proliferation. KRAS inhibition markedly suppressed RAF/
ERK and PI3K/AKT signalling and proliferation and
enhanced apoptosis of HCC cells in vitro and in vivo.
Combinatory KRAS inhibition and sorafenib treatment
revealed synergistic antitumorigenic effects in HCC.
Sorafenib-resistant HCC cells showed elevated KRAS
expression, and KRAS inhibition resensitised sorafenib-
resistant cells to suppression of proliferation and
induction of apoptosis.

Conclusions KRAS is dysregulated in HCC by loss

of tumour-suppressive microRNA-622, contributing to
tumour progression, sorafenib sensitivity and resistance.
KRAS inhibition alone or in combination with sorafenib
appears as novel promising therapeutic strategy for HCC.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is commonly
diagnosed at advanced stages, and in these cases,
the multitarget tyrosine kinase inhibitor sorafenib
is the only approved systemic therapy.!  The time
to radiological progression is merely ~3 months
longer for patients treated with sorafenib than for

Significance of this study

What is already known on this subject?

» RAS proteins regulate both RAF/MAPK and
PI3K/AKT signalling. The RAS isoform Kirsten rat
sarcoma (KRAS) is rarely mutated and therefore
widely unexplored as an oncogenic target in
hepatocellular carcinoma (HCC).

» The RAF/MAPK pathway is a major target
of sorafenib, the only approved therapy for
advanced HCC. However, even with positive
initial response, most patients develop disease
progression, and there is no effective second-
line therapy approved for these patients.

» Sorafenib resistance is the main reason for
therapeutic failure. The underlying mechanisms
for (acquired) resistance to sorafenib are not
yet elucidated.

What are the new findings?

» Wild type KRAS expression is enhanced in HCC
and correlates with MAPK pathway activation
and poor patient survival.

» KRAS expression in HCC is caused by
downregulation of microRNA-622, which
exhibits its suppressive function on HCC growth
mainly by targeting KRAS.

» Acquired resistance to sorafenib leads to
enhanced KRAS expression, and KRAS
inhibition can overcome resistance to sorafenib.

How might it impact on clinical practice in the

foreseeable future?

» This study provides experimental evidence
that enhanced (wild type) KRAS promotes HCC
progression and outlines a potential mechanism
underlying resistance to sorafenib.

» Eventually, these findings can contribute to the
design of clinical trials in patients with HCC
to evaluate KRAS-inhibiting drugs alone or
in combination with sorafenib in second-line
treatment, a currently unmet medical need.

those given placebo.> Moreover, almost every
patient shows disease progression after initial drug
response.é_8

The RAF/MAPK pathway is a major target of
sorafenib.’ * Next to RAF/MAPK, the PI3K/AKT/

BM

J Dietrich P, et al. Gut 2017;0:1-14. doi:10.1136/gutjnl-2017-315402 !f.j 1
Copyright Article author (or their employer) 2017. Produced by BMJ Publishing Group Ltd (& BSG) under icence.


http://www.bsg.org.uk/
http://gut.bmj.com/
http://crossmark.crossref.org/
http://gut.bmj.com/
http://group.bmj.com

Downloaded from http://gut.bmj.com/ on January 9, 2018 - Published by group.bmj.com

Hepatology

mTOR signalling axis is an emerging target in HCC contrib-
uting to disease progression and development of sorafenib resis-
tance.'’ Therefore, combinatory approaches targeting both RAF/
MAPK and PI3K/AKT signalling may yield major improvements
in the management of HCC."

Common upstream mediators of both RAF/MAPK and PI3K/
AKT pathways are RAS proteins. RAS signalling in HCC is
correlated with poor prognosis; however, mechanisms of RAS
pathway activation in HCC and the potential therapeutic impli-
cations are just beginning to be elucidated.' """ Notably, the
expression and the exact functions of the most important RAS
isoform in carcinogenesis, Kirsten rat sarcoma (KRAS), are
unknown in HCC progression. This may be explained by the
fact that—compared with other types of cancer—KRAS is rarely
mutated and therefore widely unexplored as an oncogenic target
in HCC."

In the present study, the expression, regulation and func-
tion of wild type KRAS in HCC was analysed. We found that
KRAS is dysregulated in HCC by loss of the tumour-suppres-
sive microRNA-622, which contributes to tumour progression.
KRAS inhibition reduced HCC growth in vitro and in an exper-
imental mouse model of HCC. Moreover, we found that KRAS
modulates sorafenib sensitivity and resistance, indicating KRAS
inhibition as a novel therapeutic strategy for HCC.

MATERIALS AND METHODS

Cells and cell culture

Primary human hepatocytes (PHH) were isolated and cultured as
described." The human HCC cell lines PLC (ATCC CRL-8024),
Hep3B (ATCC HB-8064), HepG2 (ATCC HB-8065) and Huh-7
(ATCC PTA-4583) and the murine HCC cell line Hepal29
(National Cancer Institute at Frederick Cancer Research and
Development Centre) were used as described before.'® We
further established sorafenib resistant (SR) Hep3B (Hep3B-SR)
and HepG2 (HepG2-SR) cells by incubation with increasing
doses of sorafenib (up to 10 uM) for approximately 4 months.

KRAS inhibition

Two different approaches of RNA interference—a single small
interfering RNA (si-RNA) (Hs KRAS2 8 FlexiTube siRNA:
functionally verified si-RNA directed against human KRAS,
Qiagen, Hilden, Germany) and a si-RNA-Pool (si-POOL-KRAS:
functionally verified pool of 30 si-RNAs against KRAS, siTOOLs
Biotech GmbH, Planegg, Germany)—were used to avoid any
bias or off-target effects. For reasons of clarity, images in the
main manuscript are labelled with ‘si-KRAS’ independent of
which approach was used. Both approaches confirmed similar
results. Detailed information for which approach was used in
each experiment is depicted in the figures in the online supple-
mentary file 1.

For pharmacological inhibition of KRAS signalling, we used
deltarasin (DR) (Cayman Chemicals, Ann Arbour, Michigan,
USA), a recently developed small molecule inhibitor of KRAS
processing, which inhibits cyclic guanosine monophosphate
phosphodiesterase delta subunit (PDE-delta, PDE6D) mediated
KRAS trafficking to the cell membrane.'”

Murine orthotopic HCC allograft and DR application

A cell suspension of 5 uL containing 2.5x10° Hepa129 cells was
injected into the right median lobe of the liver of male synge-
neic C3H/HeN mice. Starting on day 1 after tumour cell injec-
tion, mice of the DR group received a single dose of DR (20 mg/
kg bodyweight) every 24hours by intraperitoneal injection.

Mice of the control group received the vehicle (dimethyl sulf-
oxide (DMSO)) only. Experimental protocols were approved by
the Committee on Animal Health and Care of the local govern-
ment, and conformed to international guidelines on the ethical
use of animals.

Human liver tissues

Paired human HCC tissues and corresponding non-tumorous
liver tissues were obtained from patients after partial hepatec-
tomy. Furthermore, a tissue microarray of paraffin-embedded
human HCC tissue samples'® *® was analysed. Human liver tissues
were obtained and experimental procedures were performed
according to the guidelines of the non-profit state-controlled
HTCR (Human Tissue and Cell Research) foundation'® with the
informed patients’ consent.

Statistical analysis

Results are expressed as mean=SEM. The Student’s t-test or
one-way analysis of variance, if appropriate, were used for
comparisons between groups. For analysis of tissue microarrays,
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 performed using the
GraphPad Prism Software (GraphPad Software, San Diego, Cali-
fornia, USA) and SPSS V.23.

Additional methods
Detailed methodology is described in the ‘Methods’ section of
the online supplementary file 2.

RESULTS

Increased KRAS expression correlates with HCC progression
First, we examined the expression of (wild type) KRAS in
four different human HCC cell lines (Hep3B, PLC, HepG2
and Huh7) and observed enhanced messenger RNA (mRNA)
expression as compared with PHH (figure 1A). Western blot
and immunofluorescence analysis confirmed elevated KRAS
protein in HCC cells compared with hepatocytes (figure 1B, C;
figure S1A in the online supplementary file 1). In silico anal-
ysis of patient datasets (Roessler liver’” (n=445); Wurmbach
liver?® (n=75)) using the Oncomine human cancer microarray
database”' revealed significant upregulation of KRAS in
human HCC tissues as compared with non-tumorous livers
(figure 1D). Analysis of Gene Expression Omnibus (GEO)
datasets and further evaluation of Oncomine-derived data® **
revealed that KRAS expression is already enhanced in preneo-
plastic lesions compared with non-neoplastic livers and further
increases during HCC progression (see figure S1B, C in the
online supplementary file 1). Next, we performed immuno-
histological analysis of KRAS protein expression using a tissue
microarray comprising human HCC tissues and corresponding
non-tumorous liver samples (n=88).'° % KRAS expression was
strongly elevated in HCC as compared with non-tumorous liver
(figure 1E; figure S2A, B in the online supplementary file 1).
KRAS expression positively correlated with tumour size and
tumour stage (figure 1F, G; figure S2C, D and table S1 in the
online supplementary file 1). No correlation was found with
age, gender, aetiology of underlying liver disease, histological
grading or the presence of a pre-existing cirrhosis (see table S1
in the online supplementary file 1). Next, The Cancer Genome
Atlas (TCGA) data analysis using the ‘SurvExpress-Bio-
marker validation for cancer gene expression’ database was
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Figure 1  KRAS expression in HCC. (A) KRAS mRNA levels in human HCC cell lines (Hep3B, PLC, HepG2, Huh7) compared with primary human
hepatocytes (PHH). (B) Densitometric quantification and exemplary image of western blot analysis of KRAS protein levels in HCC cell lines compared
with PHH. (C) Immunofluorescence analysis of KRAS expression in PHH and HCC cells (exemplary image for Hep3B). (D) Oncomine human cancer
microarray database analysis of two patient datasets depicting KRAS mRNA expression levels in HCC compared with non-tumorous livers. (E)
Immunohistological analysis of KRAS protein expression of human HCC samples and corresponding non-tumorous liver tissues applying a TMA. The
immunohistochemical score is described in detail in the Methods section in the online supplementary file 2. (F, G) TMA analysis of tumour sizes (F)
and tumour stages (G) according to low (score 0—1) and high (score 2—3) KRAS expression. (H) SurvExpress-Biomarker validation for cancer gene
expression database quantification of KRAS expression (left panel) and according to Kaplan-Meier curve of overall survival (right panel). Stratification
into ‘low-risk’ and ‘high-risk’ patient groups was based on prognostic index (*P<0.05 compared with PHH). CTR, control; HCC, hepatocellular
carcinoma; KRAS, Kirsten rat sarcoma; mRNA, messenger RNA; PHH, primary human hepatocyte; TMA, tissue microarray.

overall survival in the high-risk group (figure 1H; figure S3
in the online supplementary file 1). In summary, expression
of wild type KRAS is increased in HCC and KRAS expression

performed.?* Stratification into low-risk (n=209) and high-
risk (n=152) patient groups (based on prognostic index)
revealed markedly enhanced KRAS expression and reduced
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correlates with advanced tumour size, tumour stages and poor
patient survival.

KRAS is a target of downregulated microRNA-622 in HCC
Changes in the expression of microRNAs (miRs) are increasingly
recognised as functional regulators of HCC development and
progression.”**” We hypothesised that also overexpression of
KRAS in HCC is caused by loss of suppression by microRNAs.
A multistep approach using an experimentally validated
miRNA-target interactions database (miRTarBase)®® revealed a
subset of five microRNAs targeting KRAS that are downregu-
lated in HCC (miR-216b-5p, miR-126-3p, miR-217, miR-622
and miR-181a-5p) (see figure S4A in the online supplemen-
tary file 1). Further selection for potential tumour-suppressive
microRNAs was performed by analysis of TCGA datasets (using
the MIRUMIR/GEO2R database® *°). Elevated expression of
four of the five miRs (miR-216b-5p, miR-126-3 p, miR-217 and
miR-181a-5p) revealed only inconsistent or even negative effects
on patient survival in different studies and types of cancer (see
figure S4B in the online supplementary file 1). Herewith, poten-
tial regulation of KRAS expression by these four microRNAs was
not consistent with our hypothesis. In contrast, high miR-622
was associated with longer patient survival in several cancer
types (see figure S4B, C in the online supplementary file 1) and
recently, this microRNA has also been described to act as a
tumour suppressor in HCC.?! 3> However, the potential rele-
vance of a functional miR-622-KRAS interaction in HCC was
unknown.

Therefore, we first specified the strong downregulation of
miR-622 in human HCC cell lines and tissues compared with
PHH and corresponding non-tumorous liver tissues, respectively
(figure 2A, B; figure S5A in the online supplementary file 1). In
silico analysis predicted canonical microRNA response elements
(MREs) for miR-622 in the 3’'UTR of both KRAS isoforms
(figure 2C). Transfection with a miR-622-mimic reduced KRAS
mRNA levels, while anti-miR-mediated miR-622 suppres-
sion (further) enhanced KRAS levels in HCC cells (figure 2D;
figure S5B, C in the online supplementary file 1). Significant
miR-622-induced KRAS suppression was also confirmed on the
protein level (figure 2E; figure S5D in the online supplemen-
tary file 1). In line with this, luciferase reporter assays using a
vector encoding the KRAS 3’UTR containing the miR-622 MREs
showed that overexpression of miR-622 led to decreased lucif-
erase activity in HCC cells (figure 2F; figure SSE in the online
supplementary file 1). Moreover, KRAS and miR-622 expres-
sion levels were inversely correlated in vivo in HCC tissues
(figure 2G) and in cell lines (see figure SSF in the online supple-
mentary file 1). Although conventional RAS isoforms (ie, NRAS,
HRAS, KRAS) have high sequence homology, HRAS and NRAS
revealed no conserved miR-622 MREs and miR-622 transfection
did not alter HRAS and NRAS expression in HCC cell lines (see
figure S5G in the online supplementary file 1). Together, these
data reveal that miR-622 is strongly downregulated in HCC and
specifically targets the KRAS isoform.

KRAS rescues tumour-suppressive miR-622 effects in HCC

In line with previous studies,® ** we found that re-expression
of miR-622 strongly reduced proliferation, while inhibition of
endogenous miR-622 even further enhanced proliferation of
HCC cells (figure 3A, B; figure S6A in the online supplementary
file 1). Additionally, fluorescence activated cell sorting (FACS)
analysis revealed that enforced miR-622 expression enhanced
G1/GO and reduced G2 cell cycle fractions (see figure S6B, C

in the online supplementary file 1). Furthermore, we found
that miR-622 exerts a strong inhibitory effect on the migratory
activity of HCC cells in time lapse Scratch and Boyden chamber
assays (see figure S7A, B in the online supplementary file 1).
Moreover, anchorage-dependent and anchorage-independent
clonogenicity assays revealed strong tumour-suppressive func-
tions of miR-622 in HCC (figure 3C, D; figures S8 and S9 in the
online supplementary file 1).

To analyse if miR-622 mediates its tumour-suppressive func-
tions via targeting KRAS, we used a pCMV6-Entry cDNA vector
system containing the open reading frame (ORF) of the KRAS
gene (ORF-KR) for KRAS overexpression in HCC cell lines. This
ORF-KR vector did not contain the KRAS 3’'UTR (harbouring
the miR-622 MREs). Transfection of ORF-KR caused a signif-
icant increase in KRAS mRNA levels in control cells as well as
in HCC cells co-transfected with miR-622 (figure S10A in the
online supplementary file 1). Functionally, ORF-KR transfection
significantly attenuated miR-622 induced inhibition of prolifera-
tion (figure 3E; figure S10B in the online supplementary file 1).
Moreover, ORF-KR completely ‘rescued’ the strong inhibi-
tory effects of miR-622 on clonogenicity (figure 3F, G; figures
S10C-S12 in the online supplementary file 1). In contrast,
ORF-KR transfection did not significantly affect the inhibitory
miR-622 effects on HCC cell migration (see figure S13 in the
online supplementary file 1). These experiments indicate that
KRAS suppression is the major mediator of the inhibitory effect
of miR-622 on HCC proliferation and clonogenicity.

KRAS knockdown inhibits clonogenicity, proliferation and
oncogenic signalling in HCC

To further unravel the role of increased KRAS expression in
HCC cells, we next analysed the functional impact of KRAS
suppression in HCC cells using specific RNA interference (see
figure S14 in the online supplementary file 1). Knockdown of
KRAS expression strongly suppressed clonogenicity (figure 4A;
figures S15 and S16 in the online supplementary file 1) and
proliferation (figure 4B; figure S17 in the online supplemen-
tary file 1) of HCC cells. Furthermore, KRAS expression
significantly correlated with the number of Ki-67-positive cells
in patient-derived HCC tissue samples (figure 4C; table S1 in
the online supplementary file 1).

In some tumour entities such as in colon cancer,®* mutant
KRAS signalling has been described to transcriptionally regu-
late epithelial-mesenchymal transition (EMT). Regarding
wild type KRAS in HCC, we found that EMT markers were
only partly regulated by KRAS (see figure S18A in the online
supplementary file 1). Also, the migratory potential of HCC
cells was not affected by KRAS suppression (see figure S18B in
the online supplementary file 1).

RAS proteins are acting upstream of the RAF/MAPK and
PI3K/AKT pathways, both known to be critical effectors of
tumorigenicity in HCC.>*'° Western blot analysis showed that
KRAS knockdown markedly attenuated activation of extracel-
lular-signal regulated kinase (ERK) and protein kinase B (AKT)
(figure 4D; figure S19A in the online supplementary file 1).
Similar effects on pERK-and pAKT-signalling in HCC cells
were observed after miR-622-mediated KRAS suppression
(figure 4E; figure S19B in the online supplementary file 1).
Membranous KRAS localisation is required for active KRAS
signalling. Accordingly, immunohistochemical analysis of
human HCC tissues applying tissue micro array technology'®*
revealed a significant correlation between ERK activation and
KRAS membrane localization (figure 4F; figure S20 in the
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Figure 2 MiR-622-mediated regulation of KRAS expression in HCC. (A) MiR-622 expression levels in HCC cell lines (HepG2, Hep3B, PLC, Huh7) as
compared with PHHs. (B) MiR-622 expression levels in pairs (n=14) of patient-derived HCC samples and corresponding non-tumorous liver tissues.
(C) Predicted MREs for miR-622 in the 3’UTR of both KRAS isoforms (TargetScan V.7.1). (D and E) HCC cell lines were transfected with control-miR-
mimics and anti-miRs (CTR) or miR-622-mimics and anti-miRs (622); (D) depicts KRAS mRNA levels (eg, PLC) and (E) depicts western blot analysis
(quantification and exemplary western blot image) of protein expression levels (eg, Hep3B). (F) Luciferase KRAS 3’UTR-reporter activity in control-miR
(CTR) and miR-622-mimic (622)-transfected cells (PLC). (G) KRAS mRNA expression in HCC patient samples with high and low miR-622 expression
(as compared with mean) (*P<0.05). ERK, extracellular-signal regulated kinase; HCC, hepatocellular carcinoma; KRAS, Kirsten rat sarcoma; miR,
microRNA; MRE, microRNA response elements; PHH, primary human hepatocyte.

online supplementary file 1). Together these data indicated
(wild type) KRAS as a potent therapeutic target in HCC.

Small molecule KRAS inhibition strongly reduces
tumorigenicity in HCC in vitro

By now, all attempts to target KRAS failed in clinical studies.*’
However, recently, the novel small-molecule KRAS inhibitor
deltarasin (DR) has been identified (figure SA).'” DR binds to the
delta subunit of rod-specific photoreceptor phosphodiesterase
(PDE6D), a protein that regulates the antegrade trafficking of

KRAS to the plasma membrane.'” Quantitative real time-PCR
analysis revealed that this KRAS-chaperon is strongly expressed
in HCC cells compared with PHH (see figure S21A in the online
supplementary file 1). In vitro, DR exhibited acute cytotoxic
effects (within 24 hours) in HCC cells at doses of 16 uM and
higher (figure 5B, D; figure S21B, C in the online supplementary
file 1). In contrast, doses up to 32uM DR did not induce any
signs of toxicity in PHHs (figure 5C, D).

FACS analysis (annexin/propidium iodide) revealed that DR
induced significant apoptosis in HCC cells (figure SE; figure
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Figure 3  Analysis of miR-622 function in HCC and KRAS "rescue’ assays. Functional analysis of miR-622 effects on HCC cell lines was performed
after re-expression of miR-622-mimics or inhibition of endogenous miR-622 activity by using transfection of an anti-miR-622 (622) and according
to controls (CTR), respectively. (A, B) Real-time cell proliferation. ‘Doubling time’ (A) summarises the proliferative ability of tumour cells. (B)

Depicts exemplary proliferation curves. Data are shown for PLC cells. (C, D) Anchorage-dependent clonogenic assay with exemplary images and
quantified colony numbers (A) (eg, PLC) and colony sizes (B) (eg, Hep3B). (E-G) HCC cell lines were transfected in four different groups: (1) control
miR-+control vector (miR-CTR+ORF CTR), (2) control miR+KRAS Open Reading Frame (miR-CTR+ORFKR) containing vector for KRAS overexpression,
(3) miR-622-+control vector and (4) miR-622+KRAS ORF vector. Quantification of real-time cell proliferation (left panel) and exemplary proliferation
curves (right panel) are shown in (E) (eg, PLC). Quantified colony number and colony size (F) and exemplary images (G) are shown for anchorage-
dependent clonogenic assays (eg, Hep3B) (*P<0.05). HCC, hepatocellular carcinoma; KRAS, Kirsten rat sarcoma; miR, microRNA; ns, non-significant.

S21D in the online supplementary file 1). Moreover, subtoxic with these findings, DR strongly inhibited HCC cell prolifer-
doses of DR induced a G2/M cell cycle arrest in HCC cells, even- ation with half maximal inhibitory concentration (IC,)) values
tually leading to enhanced SubG1 fractions (figure 5F). In line in subtoxic dose ranges (figure 5G; figure S22A in the online
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Figure 4 Effects of KRAS knockdown on clonogenicity, proliferation and oncogenic signalling in HCC. Prior to functional experiments, HCC cell
lines were transfected with si-RNAs against KRAS (si-KRAS), microRNA-622-mimics (622) or the according control-si-RNAs or control-miR-mimics
(CTR). (A) Quantification of colony number and size as well as exemplary images in anchorage-dependent clonogenic assays (eg, Hep3B). (B) Real-
time cell proliferation. Exemplary proliferation curves (left panel) and quantified ‘doubling times’ (summarising the proliferative ability) (right panel)
are depicted for Hep3B. (C) Exemplary images of paired KRAS and Ki-67 immunohistochemistry staining of HCC tissues with strong (left side) and
weak (right side) KRAS expression and according statistical analysis (below). The immunohistochemical scores are described in detail in the Methods
section in the online supplementary file 2. (D, E) Densitometric analysis of KRAS, pERK/ERK and pAKT/AKT protein expression and exemplary western
blot images after si-RNA-mediated KRAS repression (D) or miR-622-mimic (622)-transfection (E) (eg, Hep3B). (F) Exemplary images of paired KRAS
and pERK immunohistochemistry staining of HCC tissues with strong (left side) and weak (right side) KRAS membrane localisation and according to
statistical analysis. The imnmunohistochemical scores are described in detail in the Methods section in the online supplementary file 2 (*P<0.05). AKT,
protein kinase B; ERK, extracellular-signal regulated kinase; HCC, hepatocellular carcinoma; KRAS, Kirsten rat sarcoma; miR, microRNA; si-RNA, small
interfering RNA.
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Figure 5 Function of small molecule-induced KRAS inhibition in HCC. HCC cells were treated with different doses of the small molecule KRAS
inhibitor DR. (A) Chemical formula of DR. (B-D) LDH release into cell supernatants of DR-treated (48 hours) HCC (eg, Hep3B) cells (B) and primary
human hepatocytes (C). Exemplary images are depicted (D) for primary human hepatocytes and HCC (eg, PLC) cells. (E) FACS analysis after 24 hours
of DR treatment. Quantification of annexin-positive apoptotic cells (upper panel) and exemplary images (lower panel) are depicted (eg, Hepa129
cells). (F) FACS-based cell cycle analysis of HCC cells (eg, Hepa129 cells). Depicted are mean percentage numbers of cell cycle fractions according to
different DR doses (0 M (CTR), 6 uM, 8 uM) (24-hour treatment). (G) Real-time cell proliferation, depicted by quantification of the slopes of the cell
index (left panel) (eg, PLC) and according to IC, values (right panel). (H) Quantification of the number of colonies and representative image for an
anchorage-dependent clonogenic assay (10 days, 5 M DR) (eg, Hep3B). (I) Densitometric western blot analysis of pAKT/AKT and pERK/ERK levels
and representative western blot images (eg, PLC). After starvation for 24 hours, cells were preincubated with 5pM DR for 5min, with subsequent
stimulation (10 min) using fetal calf serum and basic Fibroblast Growth Factor (5.0 ng/mL). (J) BCL-XL mRNA expression (eg, Hep3B cells) 24 hours
after transfection with si-KRAS or control si-RNA (CTR) (*P<0.05 compared with control). AKT, protein kinase B; BCL-XL, B-cell lymphoma-extra large;
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KRAS, Kirsten rat sarcoma; LDH, lactate dehydrogenase; mRNA, messenger RNA; ns, non-significant.

50"

supplementary file 1). KRAS inhibition by DR also strongly DR-mediated induction of a G2 arrest, activation of apoptosis
reduced clonogenicity and RAF/MAPK and PI3K/AKT signalling and ERK and AKT signalling inhibition are in line with the fact
in HCC cells (figure SH, I; figure S22B, C in the online supple- that both ERK and AKT signalling were shown to promote tran-
mentary file 1). scription of apoptosis-inhibiting genes of the B-cell lymphoma 2
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(BCL-2) family such as BCL-XL and BCL-2.**" Accordingly, we
found that specific KRAS knockdown significantly reduced the
expression of antiapoptotic BCL-XL and BCL-2 and enhanced
the expression of proapoptotic BCL-2 associated X protein
(BAX) and BCL-2 binding component 3 (PUMA) in HCC cells
(figure 5J; figure S22D in the online supplementary file 1).
BCL-XL, BCL-2, BAX and PUMA were shown to have crucial
roles in HCC progression.*? !

Together, these results indicated that KRAS inhibition using
the small compound DR exhibits strong inhibitory effects on the
tumorigenicity of HCC cells.

Pharmacological KRAS inhibition is effective in an
experimental HCC model in vivo

The strong antitumour effects of DR on human HCC cells
prompted us to further analyse the therapeutic effects of this
pharmacological KRAS inhibitor using an experimental HCC
model. We used an orthotopic HCC model, in which murine
Hepal129 HCC cells were implanted into the liver of syngeneic
C3H/HeN mice. Before, we had validated that murine HCC
cells including Hepa129 have enhanced KRAS expression levels
as compared with primary murine hepatocytes (see figure S23A
in the online supplementary file 1). Moreover, we had confirmed
that DR is effective in murine HCC cells in vitro with similar
effects and in the same dose ranges as seen in human HCC
(see figure S23B, C in the online supplementary file 1). Twen-
ty-four hours after intrahepatic tumour cell injection, mice were
randomised into a DR group (receiving 20 mg/kg body weight
DR every 24 hours intraperitoneally, for 7 days) and a control
group (CTR, receiving solvent (DMSO) only) (figure 6A).
Tumour volumes/sizes were significantly reduced in the DR
group as compared with the control group (figure 6B). Immu-
nohistological analysis revealed reduced AKT and ERK activa-
tion in tumours formed in DR-treated mice (figure 6C, E; figures
S24 and S25A in the online supplementary file 1). The apoptosis
marker cleaved-caspase 3 was elevated in tumours of the DR
group (figure 6C, F; figures S24 and S25A in the online supple-
mentary file 1). In contrast, CyclinD1 staining was reduced in
tumours of the DR group (figure 6C, G; figures S24 and S25A in
the online supplementary file 1) and these tumours also showed
a reduced number of mitotic cells (see figure S25B in the online
supplementary file 1). In summary, these data indicate small
molecule inhibition of KRAS as a promising novel therapeutic
strategy for HCC.

KRAS inhibition enhances antitumorigenic efficacy of
sorafenib in HCC cells

Currently, sorafenib is the only clinically established pharmaco-
logical therapy for HCC. Sorafenib inhibits intracellular tyro-
sine and serine/threonine protein kinases (vascular endothelial
growth factor receptor (VEGFR), platelet-derived growth factor
receptor (PDGFR), Raf-1 proto-oncogene (CRAF) and B-Raf
proto-oncogen (BRAF)) that are mainly involved in RAF/MAPK
and (via RAS) also PI3K/AKT signalling.” The strong inhibitory
effect of KRAS inhibition on these two signalling pathways
prompted us to study whether the combination of KRAS inhibi-
tion with sorafenib could be an effective approach. To address this
question, we used DR in a low, subtoxic concentration (4 uM) in
combination with sorafenib treatment. Even in this low concen-
tration, DR significantly enhanced the dose-dependent toxicity
of sorafenib in HCC cells (figure 7A, B). Moreover, combined
application of sorafenib and DR in non-apoptosis-inducing
doses for each single compound markedly enhanced tumour cell

apoptosis (figure 7C; figure S26A in the online supplementary
file 1). Furthermore, DR enhanced sorafenib-induced inhibition
of HCC cell proliferation (figure 7D). These inhibitory effects
were confirmed by both si-RNA-mediated KRAS inhibition and
miR-622-mediated KRAS inhibition (figure 7E, F; figure S26B, D
in the online supplementary file 1). Interestingly, sorafenib treat-
ment caused a dose-dependent upregulation of KRAS expression
in HCC cells (figure 7G; figure S26E in the online supplemen-
tary file 1). Together, these data suggested that in the presence
of sorafenib, HCC cells depend on KRAS signalling, and thus
indicate KRAS inhibition as a potential therapeutic strategy to
enhance the antitumorigenic efficacy of sorafenib.

KRAS expression and effects of KRAS inhibition in acquired
sorafenib resistance in HCC

To analyse whether KRAS also plays a role in acquired drug
resistance to sorafenib, we established sorafenib resistant (SR)
Hep3B (Hep3B-SR) and HepG2 (HepG2-SR) HCC cells.
Acquired drug resistance was established by applying increasing
doses of sorafenib over 3—4 months. The resistant cell lines
(results are shown for Hep3B-SR) proliferated properly in the
presence of up to 10 uM sorafenib (figure 8A; figure S27A, B in
the online supplementary file 1). Sorafenib induced a dose-de-
pendent dynamic upregulation of KRAS expression also in resis-
tant cells as described above for non-resistant cells (figure 8B).
Importantly, both sorafenib-induced (figure 8B) and basal KRAS
expression (figure 8C, D) was even enhanced in resistant cells as
compared with non-resistant cells. Accordingly, miR-622 levels
(which are already strongly suppressed in HCC cells) tended to
be even further downregulated in sorafenib-resistant compared
with non-resistant HCC cells (figure 8E). Similarly as observed
in non-resistant HCC cells, DR was sufficient to strongly inhibit
clonogenicity and proliferation in sorafenib-resistant cells
(figure 8F, G; figure S27C in the online supplementary file 1).
Moreover, in sorafenib-resistant HCC cells, application of DR
in subtoxic doses (=4 pM) restored sorafenib-induced toxicity
(figure 8H, I) and enhanced sorafenib-induced inhibition of
proliferation (figure 8]). Particularly, in the light of poten-
tial long-term (combinatory) treatment options, we evaluated
whether HCC cells can be easily reprogrammed to become
resistant to DR by stepwise and slow dose escalation (similar to
acquisition of a sorafenib resistance). However, even moderate
doses (1x IC, ) of DR were sufficient to avoid the emergence of
surviving tumour cells (see figure S28 in the online supplemen-
tary file 1). Together, these data indicate that the miR-622-KRAS
axis contributes to chemosensitivity and resistance in HCC.

DISCUSSION

KRAS is one of the most frequently mutated oncogenes in cancer*
but is only rarely mutated in HCC.* Therefore, the expression and
function of KRAS in HCC were widely unexplored. In this study,
we directly and functionally uncover the importance of wild type
KRAS in HCC and provide evidence that KRAS is a novel thera-
peutic target in this aggressive form of liver cancer.

We found that KRAS mRNA and protein expression are strongly
upregulated in HCC and that increased KRAS expression correlates
with tumour progression, proliferation rate and a poor survival
of patients. Exploring KRAS regulation in HCC, we unravelled
that microRNA-622 (miR-622) directly affects KRAS expression
in HCC. We observed that miR-622 exhibits a strong antitumor-
igenic effect on HCC cells and revealed that the inhibitory effect
of miR-622 on proliferation as well as anchorage-dependent and
anchorage-independent growth of HCC cells was dependent on
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Figure 6 Effects of small molecule KRAS inhibition in HCC in vivo. (A) Murine Hepa129 HCC cells were implanted into the liver of syngeneic C3H/
HeN mice. Twenty-four hours after intrahepatic tumour cell injection, mice were randomised into a DR group (receiving 20 mg/kg b.w. DR every

24 hours intraperitoneally, for 7 days, n=7), and a control group (CTR, receiving solvent (DMSO) only, n=9). (B) Tumour volumes per b.w. (left panel).
One minimal tumour had not been observed macroscopically in the DR group but was detected histologically (CTR: 100%, DR: 85.7% tumour
formation). Therefore, tumour sizes (mean area) were also measured microscopically in histological sections for confirmation (right panel). (C)
Exemplary images showing H&E, phospho-AKT (pAKT), phospho-ERK (pERK), Cleaved (Cl.) Caspase 3 and CyclinD1 staining in histological tumour
sections of a CTR and a DR-treated mice. (D-G) Analysis of phospho-AKT (pAKT), phospho-ERK (pERK), Cleaved (Cl.)-Caspase 3 and CyclinD1 staining
in histological tumour sections of CTR and DR-treated mice. Depicted is the percentage of stained area as analysed using Cells Dimensions software
(described in detail in the Methods section in the online supplementary file 2) (*P<0.05). AKT, protein kinase B; b.w., body weight; CTR, control;
DMSO, dimethyl sulfoxide; DR, deltarasin; ERK, extracellular-signal regulated kinase; HCC, hepatocellular carcinoma; KRAS, Kirsten rat sarcoma.

KRAS suppression. In contrast, miR-622’s inhibitory effect on the described a tumour-suppressive function of miR-622 in HCC.
migratory activity of HCC cells was independent of KRAS suppres- Liu et al identified miR-622 as negative regulator of CXC chemo-
sion. These data are in line with two recent reports that also kine receptor 4 (CXCR4) in HCC and showed that the inhibitory
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Figure 7  Effects of combined sorafenib treatment and KRAS inhibition in HCC. (A) LDH quantification in supernatants and (B) microscopic images
of HCC cells (eg, PLC) treated with different doses of SF only (CTR) or in combination with subtoxic DR doses (4 uM) for 24 hours. (C) FACS analysis

of apoptotic cells after treatment with DMSO, SF (10 M), DR (4 uM) or a combination of SF+DR. Treatment was performed for 16 hours on confluent
cells (eg, Hep3B). (D) Real-time cell proliferation (slope) of HCC cells (eg, PLC) treated with the depicted doses of DR and SF. (E) Real-time cell
proliferation (slope) of SF (4 uM)-treated HCC cells (eg, Hep3B), with (si-KRAS) or without (si-CTR) si-RNA-mediated KRAS repression. (F) Real-time
cell proliferation (slope) of SF (4 uM)-treated HCC cells (eg, PLC), with combined miR-control (miR-CTR) or miR-622 transfection. (G) KRAS mRNA
expression in SF-treated (24 hours) HCC cells (eg, Hep3B) (*P<0.05). CTR, control; DMSO, dimethyl sulfoxide; DR, deltarasin; FACS, fluorescence-
activated cell sorting; HCC, hepatocellular carcinoma; KRAS, Kirsten rat sarcoma; LDH, lactate dehydrogenase; mRNA, messenger RNA; miR, microRNA;
ns, non-significant; SF, sorafenib; si-RNA, small interfering RNA.
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Figure 8 KRAS expression and function in SF-resistant HCC. (A) Microscopic images of SF-treated non-resistant and SF (sora)-resistant Hep3B

cells. (B) KRAS mRNA expression in SF-treated (24 hours) non-resistant and sora-resistant Hep3B cells. (C, D) (Basal) expression of KRAS mRNA (C)
and protein (D) in untreated non-resistant and sora-resistant Hep3B cells. (E) MiR-622 expression (quantitative reverse transcription-PCR analysis) in
non-resistant HCC cells as compared with sora-resistant Hep3B cells. (F) Exemplary clonogenic assay images of DR-treated sora-resistant Hep3B cells.
(G) Real-time cell proliferation of DR-treated sora-resistant Hep3B cells. (H) Microscopic images and (I) LDH quantification in supernatants of sora-
resistant Hep3B cells treated with SF alone or in combination with low dose (4 uM) DR. (J) Real-time cell proliferation of sora-resistant Hep3B cells
treated with combined SF and DR (*P<0.05 compared with control). CTR, control; DR, deltarasin; HCC, hepatocellular carcinoma; KRAS, Kirsten rat
sarcoma; LDH, lactate dehydrogenase; mRNA, messenger RNA; miR, microRNA; ns, non-significant; SF, sorafenib.

effect of miR-622 on migration of HCC cells strongly depends on CXCR4 expression.”” Song et al found that miR-622 nega-
on CXCR4 suppression.®” In contrast, growth-suppressive effects tively regulates mitogen-activated protein 4 kinase 4 (MAP4K4)
of miR-622 on HCC cells were only slightly affected by its effect in HCC, but overexpression of MAP4K4 only partially reversed
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activation of tumorigenic potential

Figure 9 Summarised hypothesis on the microRNA-622-KRAS axis in HCC. Wild type KRAS mediates activation of tumorigenic potential (ie,
proliferation, clonogenicity, resistance to apoptosis) and therapy resistance to sorafenib by activation of two of its major downstream signalling
pathways: RAF/MEK/ERK and PI3K/AKT signalling. In case of sorafenib-mediated RAF inhibition, KRAS upregulation and KRAS induced AKT activation
ensure survival and emergence of therapy resistance. Upregulation of KRAS is mediated by downregulated tumour-suppressive miR-622. Increasing
miR-622 or (direct) targeting of KRAS (by RNA interference or small molecule approaches (eg, deltarasin)) are potential therapeutic strategies to
inhibit HCC progression and to break sorafenib resistance.AKT, protein kinase B; ERK, extracellular-signal regulated kinase; HCC, hepatocellular

carcinoma; KRAS, Kirsten rat sarcoma; miR, microRNA.

the growth-suppressive effects of miR-622 on HCC cells.’’ In
a recent study, the same group demonstrated that MAP4K4
promotes the epithelial-mesenchymal transition and invasiveness
of HCC cells largely via activation of c-Jun N-terminal kinases
and nuclear factor kappa-light-chain-enhancer of activated B cells
signalling.” Together, these data indicate that miR-622 exhibits its
tumour-suppressive function in HCC via several relevant target
genes and mechanisms, respectively, with KRAS being the major
target responsible for miR-622’s inhibitory effect on HCC prolif-
eration and clonogenicity. Potentially, miR-622 serum levels might
be used as a predictive marker for HCC (progression); however,
detection of a strongly downregulated microRNA would be tech-
nically demanding, while quantification of increased microRNAs
has potential as serum marker in HCC.**

Pharmacologically, KRAS has been suggested to be ‘undrug-
gable’ for many years. The main reason for this is that RAS
proteins do not present suitable pockets for drug binding, except
for the guanosine diphosphate (GDP)/guanosine triphosphate
(GTP) binding site, which adheres GDP/GTP very tightly in pico-
molar affinities.'” ** ¥*~*8 Recently, a number of new approaches to
address RAS activity have led to the revival of KRAS as a molec-
ular target.” °° Here, we investigated the effect of the recently
developed inhibitor of KRAS trafficking DR.!” We demonstrate
strong antitumour effects of DR in HCC cells and in a murine
orthotopic HCC model, and even after long-term incubation, we
did not detect resistant cells. Moreover, we show for the first time

that combinatory approaches of KRAS inhibition and sorafenib
reveal synergistic antitumorigenic effects in HCC. Future studies
need to assess whether analysis of KRAS or miR-622 expression
could serve as a companion diagnostic tool to predict response to
sorafenib therapy in patients with HCC.

Until today, sorafenib is the only effective therapeutic option
for patients with HCC, and significant improvement of sorafenib
efficacy is a major goal in HCC management.’ * Activation of
escape pathways from RAS/RAF/ERK is considered to be a crucial
mediator of chemoresistance, underlining the importance of RAS/
RAF/ERK signalling in HCC.®*" In our study, we discovered that
endogenous KRAS is a therapeutic target contributing to sorafenib
resistance in HCC. KRAS inhibition resensitised sorafenib-resistant
cells to inhibition of proliferation and induction of apoptosis. The
proposed mechanisms are outlined in figure 9. Together, our find-
ings further foster the concept that targeting KRAS or combined
KRAS inhibition and sorafenib could be rational approaches for
HCC treatment. Still, further preclinical studies are required to
determine optimal therapeutic regimens .
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