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Abstract

Background

Hepatocellular carcinoma (HCC) is a highly aggressive liver cancer with significant morbidity
and mortality rates. AXIN1 is one of the top-mutated genes in HCC, but the mechanism by
which AXIN1 mutations contribute to HCC development remains unclear.

Methods

In this study, we utilized CRISPR/Cas9 genome editing to repair AXIN1-truncated mutations
in five HCC cell lines.

Results

For each cell line we successfully obtained 2—4 correctly repaired clones, which all show
reduced B-catenin signaling accompanied with reduced cell viability and colony formation.
Although exposure of repaired clones to Wnt3A-conditioned medium restored 3-catenin sig-
naling, it did not or only partially recover their growth characteristics, indicating the involve-
ment of additional mechanisms. Through RNA-sequencing analysis, we explored the gene
expression patterns associated with repaired AXIN1 clones. Except for some highly-respon-
sive B-catenin target genes, no consistent alteration in gene/pathway expression was
observed. This observation also applies to the Notch and YAP/TAZ-Hippo signaling path-
ways, which have been associated with AXIN1-mutant HCCs previously. The AXIN1-
repaired clones also cannot confirm a recent observation that AXIN1 is directly linked to
YAP/TAZ protein stability and signaling.

Conclusions

Our study provides insights into the effects of repairing AXIN1 mutations on B-catenin sig-
naling, cell viability, and colony formation in HCC cell lines. However, further investigations
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are necessary to understand the complex mechanisms underlying HCC development asso-
ciated with AXIN1 mutations.

Introduction

Hepatocellular carcinoma (HCC) is the most common type of primary liver cancer, account-
ing for 75%-85% of all cases. It ranks as the fourth most common cause of death from malig-
nant tumors, with higher mortality rates than gastric and esophageal cancer [1, 2]. As of 2018,
reports show approximately 841,000 new cases and 782,000 deaths from HCC worldwide
annually [1]. Underlying risk factors for HCC are chronic infections of hepatitis B virus
(HBV) or hepatitis C virus (HCV), contaminated food with aflatoxin, heavy alcohol intake,
obesity, smoking, and type 2 diabetes [3, 4].

The Wnt/B-catenin cascade is an important signaling pathway that is closely linked to
tumorigenesis [5-7]. AXIN1 plays a crucial role as a core component of this pathway. It facili-
tates the degradation of B-catenin by assembling related proteins (APC, GSK38, CK1) into a
destruction complex, thereby preventing B-catenin accumulation in the nucleus where it can
regulate the expression of genes that support cell growth. Given its importance in the destruc-
tion complex, AXIN1 acts as an important tumor suppressor protein [8, 9]. Accordingly,
numerous studies have consistently shown that AXIN1 mutations significantly contribute to
the development of human cancer, particularly HCC, in which mutations are observed in
about 8-10% of cases [8].

However, different research groups have reached opposing conclusions on the mechanisms
by which AXIN1 regulates the growth and progression of HCC. At first, given its involvement
in the breakdown complex, AXIN1 mutations were considered to contribute to cancer by acti-
vating B-catenin signaling. However, AXIN1 mutant liver cancers rarely show a marked
nuclear accumulation of B-catenin, often regarded as the hallmark of active signaling [10, 11].
In addition, RNA expression profiling of HCCs revealed that AXIN1-mutated cancers show
no or at most a modest increase in -catenin target gene expression above a set threshold [12].
Instead, this latter manuscript suggested that AXIN1 mutant cancers are dependent on the
activation of the Notch and YAP/TAZ signaling pathways rather than the activation of typical
B-catenin target genes. Thus, these reports suggest that B-catenin signaling is barely increased
following AXIN1 mutation and is not relevant for HCC growth. However, Qiao and coworkers
showed that AXIN1-driven HCC development in mice is almost entirely dependent on func-
tional B-catenin [13]. Others argued that this result was only obtained in the context of simul-
taneous overexpression of the proto-oncogene MET [14, 15]. In further support, we and
others have observed increased B-catenin signaling in AXIN1-mutant HCC cell lines, albeit
modest compared to B-catenin mutant HCCs [9, 16, 17]. This can be explained by a partial
functional compensation by the AXIN2 protein. Accordingly, siRNA mediated AXIN2 knock-
down leads to a dramatic increase in B-catenin signaling in AXIN1-mutant HCC cell lines [16,
17]. As such, AXIN1-mutant cancers are strongly dependent on AXIN2 to counterbalance sig-
nals that induce B-catenin signaling, and more vulnerable to aberrantly increase this signaling
pathway.

Taken together, despite two decades of research of AXIN1-driven HCC development, it is
still unclear if AXIN1-mutant HCCs show increased B-catenin signaling and whether this is
relevant to support their growth. Furthermore, if B-catenin signaling is not the main culprit
through which AXIN1 mutation affects HCC growth, then which other mechanisms may be
involved. Previously, we have repaired a truncating AXIN1 (p.R712*) mutation in the SNU449
liver cancer cell line [17]. AXINI repair led to reduced B-catenin signaling, but this was not
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associated with clear alterations in growth characteristics. This cell line expresses however a
long truncated AXIN1 protein, which is expected to retain some functionality [18]. Therefore,
we decided to use the CRISPR/Cas9 genome editing technique to repair five HCC cell lines
with truncated AXIN1 mutations at more N-terminal locations. The primary objective was to
determine whether AXIN1 mutations support HCC development through the Wnt/B-catenin
pathway or potentially through other mechanisms.

Materials and methods
Cell culture

HEK293T, JHH7, HuH1, SNU423, and Hep3B cells were cultured in DMEM supplemented
with 10% (v/v) fetal bovine serum, while JHH6 cells were cultured in William’s E medium sup-
plemented with 10% (v/v) fetal bovine serum and 1% UltraGlutamine. Dr. Sandra Rebouissou,
Paris, France, generously provided the JHH6, JHH7, HuH1, and SNU423 cell lines. Cells were
cultured in a humidified incubator maintained at 37°C with 5% CO2. All cell lines tested nega-
tive for mycoplasma based on the real-time PCR method at Eurofins Genomics (Konstanz,
Germany). Identity of all cell lines and clones thereof, was confirmed by the Erasmus Molecu-
lar Diagnostics Department, using Powerplex-16 STR genotyping (Promega, Leiden, The
Netherlands). The exact nature of the AXINI mutation was determined by genomic DNA
PCR using the primers reported in S1 Table, followed by conventional Sanger sequencing,
results of which are shown in S1 Fig.

To prepare conditioned medium, HEK293T-R-spondin, L-Control, and L-Wnt3A cells
were cultured in complete DMEM medium, and the medium was collected and filtered follow-
ing previously described procedures [19].

Expression plasmids used in the present study

Wild-type FLAG-AXIN1 (cat.#109370) was purchased from Addgene, which was used to gen-
erate the D94_Q108del variant as previously described [18]. The EGFP-APC plasmid was con-
structed previously [20].

Immunoprecipitation

HEK?293T cells in a 6-well plate were transiently transfected with 200 ng of FLAG-AXIN]1 vari-
ants or empty plasmid control, and equal amounts of GFP-APC. After 48 h, cells were washed
by cold PBS once, and then 500 pL of cold lysis buffer (30 mM Tris-HCI, pH 7.4; 150 mM
NaCl; 1% Triton-100; 5 mM EDTA; 5 mM NaF) containing Halt Protease and Phosphatase
Inhibitor Cocktail (100x, cat.#78442, Thermo Fisher Scientific) was added to each well for 15
min on ice. Cells were collected by scraping, transferred into low-adhesion tubes and lysate
was cleared at 4°C, by centrifugation at 11,000 g for 15 min. From the cleared lysate, 10% was
taken as input control, to which the same volume of 2xLaemmli/0.1M dithiothreitol (DTT)
was directly added, followed by heating for 7 min at 95°C. To the remainder of the superna-
tant, we added 50 uL prewashed ANTI-FLAG® M2 Affinity Gel (cat.#A2220, Sigma-Aldrich),
followed by incubation at 4°C for 2 h. Next, FLAG-beads were centrifuged and washed with
lysis buffer for 3 times. Finally, the pellet was dissolved in 75 pL 2xLaemmli sample buffer with
0.IM DTT and heated.

CRISPR/Cas9 mediated repair of AXIN1 mutation in HCC cell lines

CRISPR/Cas9 genome editing was performed as described previously [17]. Briefly, single-
guide RNAs (sgRNAs) were designed in the vicinity of AXINI mutations, using the following
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CRISPR design tool (http://crispor.tefor.net/), and cloned into pSpCas9(BB)-2A-Puro (PX459,
Addgene, cat. #62988). sgRNAs Primers sequences are presented in S2 Table. For homology-
directed repair (HDR), a 2.1, 1.34 and 0.77 kb genomic PCR fragment, respectively, encom-
passing exons 2, 3 and 4 of AXINI, was cloned into the pGEM-T Easy Vector (cat.#A1360,
Promega). Primers sequences to clone these exons are present in S1 Table. Modifications that
introduced silent amino acid or PAM-site mutations (S3 Table), were generated using Q5 site-
directed mutagenesis (NEB).

Cell lines were seeded in 3 wells of a 6-well plate at 40% confluency. Once the cells reached
80% confluency, we transfected them with 1 ug of PX459 plasmid and 5 pg of the HDR plas-
mid using a 3:1 ratio of Lipofectamine 2000 reagent. After 6 h, the cells were trypsinized and
transferred equally into 9 dishes (x200 Petri dishes 100 X 20 mm style Falcon, cat. #353003,
Fisher Scientific) at cell densities of 1/7, 2/7, and 4/7, respectively. Puromycin was added to the
cells 48 h later to select 2 days for transfected cells. Cells were constantly cultured containing
1:10 diluted L-Wnt3A and R-spondin conditioned medium to maintain high levels of B-cate-
nin signaling. After 2-3 weeks, DNA from clones grown successfully was isolated using the
QuickExtract™ DNA Extraction Solution (Epicentre). Once successfully repaired clones were
identified, Wnt3A and R-spondin were removed from the medium and clones were further
maintained in basal medium. Generation of the JHH7 AXIN1-repaired clones has also been
described previously [18]. S1 Fig and S4 and S5 Tables contain HCC cell line information and
images, concentration of puromycin used, AXINI mutation type, and the screening primers
used to identify correctly modified clones both on DNA and cDNA levels. HCC cell line infor-
mation and images are obtained from the Zucman lab website (https://lccl.zucmanlab.com/
hcc/cellLines).

Western blotting

Cells were lysed in 2x Laemmli Sample Buffer (4% SDS, 20% glycerol, 0.004% bromophenol
blue, 0.15M Tris-Cl, pH 6.8) with 0.1 mol/L DTT and heated 7 min at 95°C. Protein samples
were run in 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and
transferred onto Immobilon-PVDF membranes (Millipore). For AXIN1 western blot analysis
we used an enhanced chemiluminescence (ECL)-based detection method. Membranes for
ECL detection were blocked and incubated using Immobilon Block-CH reagent (cat.
#WBAVDCHO1, Millipore). The primary antibody was incubated at 4°C overnight. Next,
membranes were washed with PBS containing 0.05% Tween 20 (PBST) for 10 min, 3 times.
The secondary antibodies were Goat Anti-Rabbit Immunoglobulins/HRP (1:10,000, cat.
#P044801-2, Agilent Technologies Netherlands BV) or Goat Anti-Mouse Immunoglobulins/
HRP (1:10,000, cat.#P026002-2, Agilent Technologies Netherlands BV). The membranes were
washed twice with 0.05% PBST for 15 min and once with PBS for 10 min. Membranes were
then incubated with Immobilon ECL Ultra Western HRP Substrate (cat.#WBULS0100, Milli-
pore) and visualized using an Amersham Imager 600 (GE Healthcare).

For fluorescent western blotting, membranes were blocked with Odyssey blocking buffer
(cat.#927-70001, Licor-Biosciences). Secondary antibodies used were IRDye 680 Goat anti-
Mouse (1:10,000, cat.#926-68070, Licor-Biosciences) or IRDye 800 Goat anti-Rabbit (1:10,000,
cat.#926-32211, Licor-Biosciences).

The primary antibodies used in this study were anti-B-actin (1:1000, cat.#sc-47778, Santa
Cruz Biotechnology), anti-a-Tubulin (11H10) Rabbit mAb (1:1000, cat.#2125S, Cell Signaling
Technology), anti-AXINT1 (1:1000, cat.#2087, Cell Signaling Technology), anti-FLAG (1:1000,
cat.#F1804, Sigma-Aldrich), anti-GFP (D5.1) Rabbit mAb (1:1000, cat.#29568S, Cell Signaling
Technology), Hippo Signaling Antibody Sampler Kit (1:1000, cat.#8579, Cell Signaling
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Technology). Proprietary epitope of the AXINI antibody (cat.#2087) is between Q630 and
E760, based on information provided by Cell Signaling Technology.

B-catenin reporter assays

We conducted the B-catenin luciferase reporter assays according to previously reported meth-
ods [17]. Briefly, when the cells reached a confluence of 70-80%, we co-transfected them with
100 ng of Wnt Responsive Element (WRE) vector or Mutant Responsive Element (MRE) and
10 ng of CMV-Renilla plasmid in a 24-well plate using Lipofectamine 2000 reagent (cat.
#10696153, Thermo Fisher Scientific). After 48 h, we measured the B-catenin reporter activity
using the Dual-Luciferase® Reporter Assay System (cat.#E1910, Promega), following the
manufacturer’s instructions. The B-catenin reporter activities are presented as WRE/CMV-Re-
nilla or WRE/MRE ratios. However, for Hep3B cells, we tested them in a 12-well plate and
transfected them with 300 ng of WRE vector or MRE and 30 ng of CMV-Renilla plasmid. To
perform siRNA-mediated AXIN2 knockdown, we used a final concentration of 20 nM of
siRNA per well in a 24-well plate; ON-TARGET plus Non-targeting Pool (cat.#D-001810-10-
05), ON-TARGET plus SMART pool human AXIN2 siRNA (cat.#L-008809-00-0005).

Quantitative real-time PCR (qRT-PCR)

RNA isolation and q-RT-PCR were basically performed as previously described [21]. RNA was
extracted using the NucleoSpin® RNA isolation kit from Macherey-Nagel (Dueren, Ger-
many) and transcribed into cDNA using the PrimeScript™ RT Master Mix (Perfect Real Time,
Takara, cat.#RR036A) according to the manufacturer’s instructions. Quantitative real-time
PCR (qRT-PCR) was performed on a StepOnePlus™ Real-Time PCR System (Applied Biosys-
tems) using SYBR™ Green PCR Master Mix (ThermoFisher). The gene expression was calcu-
lated using the 24T method with means of technical replicates. GAPDH was used as a
reference gene for experimental models. The primer sequences used for qPCR are listed in

S6 Table.

MTT assay

To determine the baseline cell viability, we seeded HCC cells at a concentration of 1000 cells
per well in 100 uL of medium in a 96-well plate. After 1, 3, and 7 days, we tested the cell viabil-
ity by adding 5 mg/mL of MTT (Thiazolyl blue tetrazolium bromide, cat.#M5655, Sigma) and
incubating the cells at 37°C for 3 h. We removed the medium and added 100 uL of Dimethyl
sulfoxide (DMSO), followed by shaking for 10 min. We used a microplate absorbance reader
(Bio-Rad, Hercules, CA, USA) to determine the absorbance at a wavelength of 490 nm.

To assess the impact of L-Wnt3A cell growth, we tested the effect of 10% L-Wnt3A condi-
tioned medium (CM), using L-Control conditional medium as a control.

Colony formation

After trypsinizing the cells, we seeded them at a concentration of 1000 cells per well in a 6-well
plate. We refreshed the culture medium every 3 days until we could observe the growth of visi-
ble colonies, which took approximately two weeks. After that, we washed the cells with PBS,
fixed them, and stained them with a solution containing 0.1% crystal violet in PBS with 20%
methanol. After 30 min, we washed the stained plate with ddH,O and air-dried it for another
30 min. Finally, we used Gelcount (Oxford Optronix Ltd.) to automatically count the colonies
as previously described [17].
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RNA sequencing

RNA was isolated by the NucleoSpin@® RNA isolation kit of Macherey-Nagel (Dueren, Ger-
many), according to the manufacturer’s instructions. At least 2 ug of RNA samples were pre-
pared and service sequenced at Macrogen Europe BV, Amsterdam, the Netherlands. Prior to
library preparation using the TruSeq Stranded mRNA kit, the RNA underwent a sample qual-
ity check using Agilent TapeStation 2200 to evaluate its RNA Integrity Number and total
quantity. The prepared libraries were further subjected to a Library Quality Control using Agi-
lent Technologies 2100 Bioanalyzer and a DNA 1000 chip to assess the library size and quanti-
fied using qPCR according to the Illumina qPCR Quantification Protocol Guide. Finally, the
libraries were sequenced on a NovaSeq6000 S4 with parameters set at 100bp PE and 4Gb of
throughput per sample. Illumina adapters and poly-A sequences were trimmed off the reads
with the in-house tool AdapterTrimmer, if at least 2 bases from the end of a read were match-
ing, with a maximum of 2 mismatches over the whole matched region. Reads were discarded if
they were trimmed to 19 bases or shorter. Afterwards reads were mapped against the GRCh38
human reference using HiSat2 (version 2.2.1) [22]. Gene expression values were called using
htseq-count (version 0.12.4) [23], with reads counted only on the reverse strand, and in union
mode. Ensembl release 101 was used as the annotation. Samtools v1.11 was used throughout
the workflow to sort reads, to convert file formats and to obtain statistics [24]. Further statistics
were obtained with the R environment for statistical computing [25], version 4.2.1, using the
packages tidyverse [https://github.com/tidyverse] version 2.0.0 and stringr 1.5 [https://github.
com/tidyverse/stringr]. Differential expression analysis was performed with DESeq2, version
1.36 with vst normalization [26], and a q-value cutoff of 0.01 and a log2 fold-change cutoff of
at least 1 was applied. Python3 with the matplotlib package version 3.5.1 was used for data
analysis [27].

Statistical analysis

Statistical analyses were carried out using software GraphPad Prism version 8.0.2 (GraphPad
Software Inc., San Diego, California, USA). In this study, the expression of continuous vari-
ables was presented as the mean + standard deviation (SD). Comparisons between groups
were performed with the Mann-Whitney test. Differences were considered significant at a P
value less than 0.05 (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

Results
Baseline characteristics of employed AXIN1-mutant HCC cell lines

To investigate the role of AXIN1 mutation in HCC tumorigenesis, we selected five cell lines
with homozygous AXINI mutations (Fig 1A/1B and S1 Fig). All mutations were confirmed to
be homozygous, most likely resulting from mitotic recombination during tumorigenesis. As
previously reported by Caruso et al. [28], these five HCC cell lines can be divided into two
groups: JHH7, Hep3B, and HuH1 belong to the hepatoblast-like group, while JHH6 and
SNU423 are mesenchymal-like. JHH6, Hep3B, HuH1, and SNU423 all carry mutations pre-
dicted to lead to short truncated proteins lacking most functional AXIN1 domains, while
JHH?7 carries a homozygous D94_Q108del AXIN1 deletion within the APC binding domain
(Fig 1A/1B and S1 Fig). Accordingly, western blot analysis using an AXIN1 C-terminal anti-
body revealed that four out of five HCC cell lines did not express wild-type AXIN1, while
JHH7 shows an AXIN1 band (Fig 1C). To confirm the defective nature of this latter mutant
protein, we previously showed that a construct expressing this variant leads to loss of APC
binding and a clear increase of B-catenin reporter activity (52 Fig) [18]. Fig 1D shows the
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Fig 1. Baseline characteristics of AXIN1-mutant HCC cell lines used in this study. (A) Information about the type and zygosity
of the AXIN1 mutation present in five employed HCC cell lines. Mesenchymal-like and hepatoblast-like differentiation is according
to the paper by Caruso et al. [28]. (B) Diagram depicting the location of AXIN1 mutations in each HCC cell line. (C) Western
blotting using a C-terminal AXIN1 antibody reveals the absence of AXIN1 in four cell lines and expression of a mutant AXIN1 in
JHH7. HEK293T serves as the control for wild-type AXIN1 protein expression. B-Actin was used as a loading control. (D) A B-
catenin reporter assay was conducted in HCC cells to determine the baseline levels of B-catenin signaling. Reporter activities are
represented as WRE/MRE ratios (n = 3, three independent experiments, mean + SD).

https://doi.org/10.1371/journal.pone.0304607.g001

baseline B-catenin reporter activity in these HCC cell lines, indicating that all lines have some

evidence of nuclear signaling.

Repairing AXIN1 mutations results in reduced p-catenin signaling

Using CRISPR/Cas9 gene editing, we successfully obtained 2-4 independent clones with
repaired AXINI mutation for all five HCC cell lines. Most clones were homozygously repaired
with some exceptions (S3 Fig). In HuH1 clone 2B3, two out of three chromosomes were cor-
rectly repaired, while cDNA analysis only revealed expression of the repaired transcript. For
the SNU423 cell line, we achieved a heterozygous repair. Immunoblot analysis confirmed that
the AXIN1-repaired clones show restored AXIN1 protein expression (Fig 2A). To determine
the effect on B-catenin signaling following AXINI repair, we used quantitative real-time PCR
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Fig 2. HCC cell lines with repaired AXIN1 mutation show reduced B-catenin signaling. (A) Western blot analysis revealing restored expression of
endogenous wild-type AXINT1 in Crispr-Cas9 AXIN1-repaired HCC cell lines. (B) qPCR was used to detect the difference in AXIN2 mRNA expression level
between parental and repaired clones (mean + SD, n = 3, three independent experiments). (C) A B-catenin reporter assay shows a significant decrease in -
catenin signaling in all AXIN1-repaired clones. The WRE/CMYV -Renilla ratio for the parental AXIN1-mutant clones was arbitrarily set to 1 for each cell line, to
which all B-catenin reporter WRE/CMV-Renilla ratios for repaired clones were normalized (mean + SD, n = 3, three independent experiments). (D) To
determine the dependence on AXIN2 to counterbalance B-catenin signaling in all clones, we performed siRNA-mediated knockdown of AXIN2. The parental
AXINI-mutant lines show a robust and much higher activation of B-catenin signaling than their corresponding repaired clones, indicating that they are much
more sensitive to activate B-catenin signaling. WRE/CMV-Renilla ratios were obtained for siAXIN2 and siControl for each clone. Next, for each clone this
WRE/CMV ratio was set to 1 for the siControl value, to which the siAXIN2 value was normalized. Finally, the figure shows the normalized siAXIN2/siControl
ratio (mean + SD, n = 6, two independent experiments). Statistical significance for all experiments was analyzed using a Mann-Whitney test (*P < 0.05,

**P < 0.01, ***P < 0.001, ****P < 0.0001).

https://doi.org/10.1371/journal.pone.0304607.9g002
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(qQRT-PCR) to assess the expression levels of AXIN2, a well-known target gene of B-catenin. As
depicted in Fig 2B, expression of AXIN2 mRNA was significantly reduced in all AXIN1-re-
paired clones, except for JHH6 clone E12. Furthermore, the expression of NOTUM, a key tar-
get gene of the B-catenin pathway elevated in HCC cells [29], was also significantly reduced in
all AXIN1-repaired samples, again with the exception of JHH6 clone E12 (S4 Fig). Finally, our
findings were further reinforced by a marked decrease in -catenin reporter activity (Fig 2C).
For JHH7, the immunoblot, AXIN2 qPCR and B-catenin reporter assay have also been shown
by us previously, but are reproduced here for clarity [18]. Taken together, these results show
that AXIN1 repair in all five cell lines leads to a significantly reduced level of B-catenin
signaling.

Next, we performed a siRNA-mediated knockdown experiment of AXINZ in all parental
and AXINI repaired clones. AXIN2 can partially compensate for the functional loss of AXIN1
[16, 17]. Accordingly, the fold change in B-catenin reporter activity is much more pronounced
in the original AXIN1 mutant cells than in the repaired clones (Fig 2D and S5 Fig). This con-
firms that AXIN1 mutant HCC cells are strongly dependent on AXIN2 to counterbalance sig-
nals that induce B-catenin signaling, and are more vulnerable to aberrantly increase this
signaling pathway.

AXINI1-repaired clones grow slower than their mutant counterparts

Several studies have shown that AXIN1 mutation contributes to the growth and progression of
HCC [9, 11-13]. To verify whether this also holds true for the AXIN1 mutant cell lines, we
assessed cell viability at 1, 3, and 7 days using a MTT assay (Fig 3A). The data revealed that the
parental cells experienced a notable boost in cell growth at the 7-day time point compared to
the AXIN1-repaired clones. Similar findings were obtained in a colony formation assay. In all
cases, the original mutant cells formed more colonies, which mostly were also of larger size
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Fig 3. AXIN1-repaired clones grow slower than original mutant ones. (A) Cell growth in the parental and repaired clones was
measured using a MTT assay after 1, 3, and 7 days (mean + SD, n = 6, three independent experiments). Statistical significance for
7-day timepoint was analyzed using a Mann-Whitney test (****P < 0.0001). (B) A colony formation assay shows significantly
reduced colony numbers for all AXIN1-repaired clones. Also, the average colony size was reduced for most clones (mean + SD,
n = 6, two independent experiments). Statistical significance for all experiments was analyzed using a Mann-Whitney test

(*P < 0.05, **P < 0.01, ***P < 0.001).

https://doi.org/10.1371/journal.pone.0304607.9g003

PLOS ONE | https://doi.org/10.1371/journal.pone.0304607 June 7, 2024 9/23


https://doi.org/10.1371/journal.pone.0304607.g003
https://doi.org/10.1371/journal.pone.0304607

PLOS ONE

The role of AXIN1 mutation in HCC

(Fig 3B and S6 Fig). Thus, these findings demonstrate that AXIN1 mutation confers a clear
growth advantage onto liver cancer cells, which correlates with increased B-catenin signaling.

Exposing AXIN1 repaired cells to Wnt3A does not or only partially restore
their growth

As our findings suggest that AXIN1 mutation plays a role in HCC by affecting the Wnt/p-cate-
nin signaling pathway, we hypothesized that increasing -catenin signaling would restore the
growth characteristics of AXIN1-repaired clones to their original AXIN1-mutant levels. To
this aim, we made use of L-Wnt3A conditioned medium, which was able to restore B-catenin
signaling in repaired clones to levels comparable with the original mutant lines (Fig 4A). How-
ever, cell growth, as measured by MTT and colony formation, did not or only partially recover
to parental levels in all repaired clones after Wnt3A treatment (Figs 4B and 5). The MTT assay
showed that growth of all JHH6 and SNU423 clones was unchanged or even slightly reduced.
Colony numbers are also unaffected by Wnt3A for SNU423, while they are significantly
increased for both JHH6 repaired clones. Interestingly, the JHH6 parental line shows a signifi-
cant reduction in colony numbers. For JHH7 we observe a partial recovery in colony numbers
for all repaired clones. However, the MTT-assay shows that only clone A6 approaches that of
the parental cells, while the other two clones are not clearly altered by Wnt3A. Exposing
AXINI-repaired Hep3B cells to Wnt3A leads to a comparable growth rate as untreated paren-
tal cells in the MTT-assay, but does not alter the number of colonies formed. A similar obser-
vation is made for 3 of 4 Wnt3A-treated repaired HuH1 clones that grow comparable to the
parental cells, while no clear alteration is observed in colony formation.

Thus, we observe a variable response between cell lines in the degree of growth restoration
that can be achieved by adding Wnt3a. In none of the cases are both the MTT-assay and col-
ony formation revived to the level of parental cells. Both mesenchymal-like cell lines, that is
JHH6 and SNU423, show the least restoration to parental levels following re-activation of -
catenin signaling. Taken together, this implies that reduced B-catenin signaling resulting from
AXINI-repair is at most partially responsible, and suggests that other mechanisms are at play
that are more relevant or cooperate with B-catenin signaling to inhibit cell growth in AXIN1-
repaired cells.

RNA sequencing analysis

As reduced B-catenin signaling could not fully explain the altered growth characteristics of
AXIN1-repaired cells, we explored other genes or signaling pathways that may be affected by
AXINI. To this aim, we used RNA sequencing combined with a detailed investigation of spe-
cific genes/pathways. Principal component analysis of the RNA sequencing data clearly split
the samples in five cell line related groups (S7A Fig), indicating that the cell line identity
affected gene expression more strongly than AXIN1-mutation status. Within each group, the
repaired clones show somewhat more variation compared with the parental samples. The
number of differentially expressed genes (threshold FDR 0.01, at least a log2 fold change of 1)
is depicted in S7 Table, and identifies between 68-283 upregulated and 37-273 downregulated
genes per cell line (S7B Fig). Comparing differentially expressed genes between cell lines
shows little consistency in the identified genes. Most genes are altered uniquely in only one
cell line, while at most 25 genes are upregulated and 10 being downregulated in at least 2 cell
lines at the same time (S7 Table). Likewise, a KEGG analysis does not reveal a pathway consis-
tently altered in all cell lines (S8 Fig). Thus, the RNA sequencing analysis does not indicate a
specific set of genes/pathways that are clearly affected by AXIN1 mutation. Below we look into
more detail to genes/pathways that have been linked to AXIN1 or AXINI1-mutant HCCs.
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Fig 4. Adding Wnt3A can restore B-catenin signaling in AXIN1 repaired cell clones, but not or only partially revive the growth of AXINI1 repaired cell
clones. A B-catenin reporter assay was conducted to evaluate the impact of L-Wnt3a treatment on B-catenin signaling in HCC cells. The results are presented as
the ratio of WRE/CMV-Renilla (mean + SD, n = 3, two independent experiments). (B) An MTT assay was performed to measure cell growth in the
AXIN1-repaired clones (mean + SD, n = 6, two independent experiments). A statistical analysis comparing the parental cells without Wnt3A to the repaired
clones with Wnt3A was carried out using a Mann-Whitney test (*P < 0.05, **P < 0.01, ****P < 0.0001).

https://doi.org/10.1371/journal.pone.0304607.g004
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Fig 5. Colony formation was assessed in all cell lines and clones thereof with and without L-Wnt3A conditioned medium. The results on the left panel
display the observed colony numbers and size, while the right panel shows normalized values relative to L-control (n = 3, two independent experiments).
Statistical significance for all experiments was analyzed using a Mann-Whitney test (*P<0.05, **P<0.01).

https://doi.org/10.1371/journal.pone.0304607.9005
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Wnt/p-catenin signaling

Previously, a 23-gene signature was used to explore -catenin signaling in liver cancers, includ-
ing canonical, liver-specific and negatively regulated B-catenin target genes [12]. Fig 6A shows
17 of these genes identifiable in our expression analysis, in which genes downregulated in the
AXINI-repaired clones are marked in red, while upregulated ones are in green. In accordance
with our qPCR analysis, all clones, except one JHH6 clone, show reduced expression of
AXIN2. The same holds true for NKD1, while LGR5 is clearly reduced in all AXIN1-repaired
JHH7 and Hep3B clones, undetectable in HuH1 and JHHS6, and surprisingly increased in
SNU423. With the exception of Hep3B, in which all canonical B-catenin target genes are
reduced in expression, all other cell lines show a variable response for the remaining canonical
target genes. The latter is also the case for the liver-specific B-catenin target genes and some-
what for the negatively regulated genes HAL and GLS2.

Hippo-YAP/TAZ signaling. Hippo-YAP/TAZ signaling is an important pathway to con-
trol organ size and tissue growth. In a phosphorylation cascade the kinases MST1/2 and
LATS1/2, ultimately lead to phosphorylation and breakdown of YAP/TAZ protein, thereby
preventing their nuclear signaling activity [30]. Previous research reported that most AXIN1-
mutant HCCs have a gene signature enriched in the YAP/TAZ pathway with a strong increase
of target gene expression [12]. Moreover, YAP/TAZ protein stability was suggested to be
directly regulated by AXIN1 through association with the C-terminus of AXIN1 [31, 32]. Sur-
prisingly, our RNA-seq data do not support a direct association between AXIN1 mutation sta-
tus and increased YAP/TAZ signaling. Well-established target genes, such as CCN1 (CYR61),
CCN2 (CTGF) and HMMR are unchanged or even significantly higher expressed in the
AXINI-repaired clones (Fig 6B, S9 Fig), which is contrary to expectation. Likewise, immuno-
blotting shows no alteration in YAP/TAZ levels in JHH6, HuH1 and SNU423 clones, and
increased YAPI levels in all JHH7 clones (Fig 6C, S10 Fig). The “expected” decrease in YAP/
TAZ levels is only observed in Hep3B AXIN1-repaired clones, which is however accompanied
by increased expression of their target genes. Expression levels of Hippo regulatory proteins
such as MST1/2, LATS1/2, and MOBI are also not clearly altered in the AXIN1-repaired
clones on RNA or protein levels (Fig 6B/6C). Thus, our results indicate that AXIN1 mutation,
at least in the investigated cell lines, does neither lead to a consistent increase in YAP/TAZ
protein stability nor elevated expression of YAP/TAZ target genes.

Notch signaling

AXINI mutant HCCs were also shown to be enriched for an oncogenic Notch signature [12].
To investigate whether AXINI mutation may be directly involved in regulating expression of
Notch target genes, we determined their expression in our RNA-seq data (Fig 7A). A down-
ward trend was observed for SPPI in JHH6, JHH7 and Hep3B AXIN1-repaired clones, and for
HEY1 in JHH7, Hep3B and HuH1. However, for other Notch target genes we do not observe a
consistent reduced expression in the AXIN1-repaired samples, which was confirmed by qPCR
for HES1, TSPANS, and SPPI (Fig 7B). Taken together, our data do not indicate a direct
involvement of AXIN1 mutation in regulating Notch signaling in the investigated cell lines.

Discussion

The AXINI gene is one of the most frequently mutated genes in hepatocellular cancer [8]. Nev-
ertheless, its exact contribution to tumorigenesis remains uncertain and debated. Inactivating
Axinl in mouse livers leads to late onset formation of a small number of liver cancers [11, 12].
Analysis of these tumors and their AXIN1-mutant human counterparts, has uncovered fea-
tures more commonly observed in this subset of cancers, such as frequent activation of the
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Fig 6. Detailed expression analysis of B-catenin and YAP/TAZ signaling pathways. (A) A 23-gene signature as reported by Abitbol
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relative to the corresponding average of parental samples. This color coding is only depicted for exploratory purposes and does not
indicate that expression levels are also significantly different from the parental cells. (B) Similarly, the gene expression level was
analyzed using RNA-seq data of YAP/TAZ target genes and components of the Hippo signaling pathway. (C) Western blotting for
Hippo pathway components, with B-actin used as loading control. All protein density levels are normalized to B-actin in the same blot,
and are presented in S10 Fig.

https://doi.org/10.1371/journal.pone.0304607.9006
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Fig 7. Detailed expression analysis of the Notch signaling pathway. (A) Expression level of Notch target genes was analyzed using RNA-seq data. Color
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normalized to the housekeeping gene GAPDH (n = 2, two independent experiments). Additionally, the data was further normalized to the corresponding
parental cell line, with the parental expression set to 1. Statistical significance for all experiments was analyzed using a Mann-Whitney test (*P<0.05).
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YAP/TAZ and Notch signaling pathways and low/absent activation of B-catenin signaling [11,
12]. However, given the long-term process of tumor development, such tumors will have
acquired many additional (epi)genetic alterations that cooperate with AXIN1 mutation for
successful tumor formation. This will obscure the direct consequences of AXIN1 mutation to
support tumor growth. Therefore, we decided to investigate AXIN1-mutant HCC cell lines in
which we restored endogenous AXIN1 expression through gene editing. This allowed us a
direct side-by-side comparison of cellular features affected by AXIN1 mutation. We used five
cell lines representative of mesenchymal- and hepatoblast-like subtypes [28].

Moreover, we chose to use AXIN1-mutant HCC cell lines instead of organoid models for
our study due to limitations with organoids in liver cancer research. First, organoids have low
success rates in establishing long-term models for HCC, and to the best of our knowledge, cur-
rently no organoid models exists that are derived from an AXIN1-mutant HCC [33-35]. Sec-
ond, it remains difficult to genetically modify them when the desired alteration does not
provide a selective growth advantage. Third, most organoids require a continuous exposure to
reagents, such as Wnt and R-Spondin ligands, that maintain sufficient -catenin signaling for
supporting their growth. This may obscure the requirement for low level B-catenin signaling
imposed by AXIN1 mutations that we wish to investigate. HCC cell lines, on the other hand,
have been found to closely resemble aggressive forms of liver cancer and have been used effec-
tively to test anticancer agents and identify therapeutic response markers [28]. Therefore,
using AXIN1-mutant HCC cell lines is a practical and relevant approach for studying the
impact of these mutations.

Overall, our analysis revealed the following: (1) in all five cell lines, restoring endogenous
AXINT1 expression leads to reduced in vitro growth characteristics, confirming its role as a gen-
uine tumor suppressor for liver cancer; (2) in all cases this is accompanied by reduced B-cate-
nin signaling; (3) however, increasing B-catenin signaling in AXIN1-repaired clones to levels
comparable with the AXINI1-mutant parental cells, does not or only partially revive growth in
the repaired clones. This indicates that AXIN1-associated alterations in B-catenin signaling are
not solely responsible for the tumor promoting effects of AXIN1 mutation; (4) RNA sequenc-
ing does not indicate a specific set of genes/pathways that are consistently affected by AXIN1
mutation.

For all five HCC cell lines we successfully obtained independent clones with restored
AXINI expression. This shows that the original AXIN1 mutation is not absolutely essential to
sustain growth in culture. Such an observation is not unprecedented as this has been more
often observed for mutated oncogenes or tumor suppressor genes. For example, complete
inhibition of the oncogenic BRAFY**’F
EGEFR expression, which compensates for loss of mutant BRAF [36, 37]. Likewise, constitutive
B-catenin activation was considered essential for colorectal cancers, but several reports have

mutation in colorectal cancers leads to upregulation of

shown that these cancers are less dependent on continued B-catenin signaling for their growth
than generally believed [38-40]. Also, in our case the AXIN1 mutation is not absolutely
required for growth of five liver cancer cell lines, but the reduced growth characteristics that
we observe, show that its loss contributes to cancer cell fitness. However, our results also indi-
cate that no straightforward explanation can be provided through which AXIN1 mutation sup-
ports tumor growth.

Originally, given its role in the B-catenin destruction complex, AXIN1 mutation was mainly
considered to contribute to tumorigenesis by activating B-catenin signaling. This view was
challenged by reports suggesting that AXIN1 mutation leads to liver cancer without clearly
activating B-catenin signaling [10-12]. However, our current results and those of other publi-
cations clearly show that inactivating AXINI1 leads to increased p-catenin signaling, albeit
moderate [12, 13, 17]. A B-catenin reporter construct, which is almost exclusively dependent
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on nuclear B-catenin for activation, was reduced in activity in all clones with AXIN1 repair.
Likewise, we observed reduced expression of more responsive canonical B-catenin target
genes, such as AXIN2, NOTUM, and NKD1I. Other canonical target genes show a less consis-
tent response, and this was even more the case for “so-called” liver-specific B-catenin target
genes.

In contrast to the reporter construct, all endogenous target genes will be co-regulated by
various additional transcription factors besides TCF/B-catenin. As such, they are expected to
require higher levels of nuclear B-catenin to significantly affect their expression level. Because
of partial functional redundancy with AXIN2 in the breakdown complex, AXIN1 mutation is
expected to result in a modest nuclear -catenin signaling and alteration of gene expression,
which is what we observe. Whether these changes are sufficient to promote tumorigenesis is
difficult to conclude with certainty, but our current results are partially in line with the Paris
team who propose that AXIN1 deficiency does not support HCC growth solely by activating
B-catenin signaling [10, 12]. It is also in line with a report by Ding et al. who showed that
knockdown of B-catenin reduced the growth of Hep3B cells, but not that of JHH6, JHH7 and
HuH]1, indicating that B-catenin is not equally relevant for all AXIN1-mutant HCC cell lines
[41]. The growth characteristics of most AXIN1-repaired clones could not or only partially be
improved by increasing B-catenin signaling through Wnt-addition. Possibly, merely adding
access Wnt3A ligand in the culture medium does not entirely recapitulate the alteration in
endogenous B-catenin signaling induced by AXIN1 mutation, but given the minor changes in
B-catenin target gene expression, it seems more likely that AXIN1 mutation contributes to
liver cancer through other mechanisms than solely activating B-catenin signaling.

One such mechanism has been proposed to be YAP/TAZ signaling. Increased activation of
this pathway is observed in more than 60% of HCCs, so is not exclusively associated with
AXINI mutation [42]. However, AXIN1 mutant HCCs appear to be more commonly associ-
ated with increased YAP/TAZ signaling than other HCC subtypes [12]. In addition, they seem
more strongly dependent on concomitant activation of this pathway to sustain tumor growth.
Among others this was shown in cMET/AXIN1-KO-driven HCC mouse models, which were
strongly blocked in their growth by simultaneous inactivation of YAP/TAZ, while this was less
the case for cMET/B-catenin induced cancers [32]. Both tumor groups showed a near-com-
plete loss of LATS1/2 expression, critical kinases for YAP/TAZ turnover, which will have a
strong impact on YAP/TAZ signaling. Nevertheless, the weaker tumorigenic properties of
AXIN1 mutation may lead to the selection of additional mechanisms that more strongly acti-
vate YAP/TAZ signaling than required in B-catenin mutant cancers. One such mechanism was
proposed to be the AXIN1 mutation itself. AXIN1 can bind to YAP/TAZ at its C-terminal half,
thereby modulating B-catenin breakdown [30, 31]. Liang et al. suggested however that through
this association, AXINT1 also leads to reduced levels of YAP/TAZ proteins [32]. To this aim,
they used short-term experiments in which AXINI1 levels were modulated by siRNA mediated
knockdown or overexpression, which indeed suggested that AXIN1 is involved in YAP/TAZ
turnover. However, in our AXIN1-repaired clones of 5 different cell lines we do not observe
such a correlation. None of the repaired clones shows a consistent decrease in expression of
YAP/TAZ target genes. In addition, YAP/TAZ levels are unchanged or even increased in the
AXINI-repaired clones. The only exception appears to be Hep3B in which YAP/TAZ levels
are decreased following AXIN1-repair, but this is surprisingly accompanied with increased
expression of target genes. A possible explanation for this apparent contradiction may reside
in the use of established clones vs short-term experiments, that is, prolonged culture may select
for mechanisms that re-activate YAP/TAZ signaling in AXIN1-repaired clones. Alternatively,
AXIN1 mutation does only lead to increased YAP/TAZ levels in a subset of AXIN1-mutant
HCCs. YAP/TAZ signaling can be regulated at multiple levels [30], and it seems likely that
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differences exist between individual HCC tumors and cell lines in the manner they activate
YAP/TAZ signaling.

Except for a moderate activation of B-catenin signaling, our RNA-seq and pathway analysis
fails to identify a straightforward explanation for the tumorigenic properties of AXINI muta-
tion. No other gene or pathway is consistently affected by the AXIN1 mutation status. Possibly
this weak B-catenin activation requires cooperation with other genes/pathways that are more
or less unique to each cell line that we studied. HCCs do not follow one specific route to malig-
nancy, meaning that each cancer carries a defined set of (epi)genetic alterations operating in
concerted action with the AXIN1 mutation. In support of this, principal component analysis
shows that cell line identity is more dominant in determining the RNA expression profile than
AXIN1 mutation status. A second possibility may reside in functions of AXIN1 not directly
related to regulating cellular signaling. For example, AXIN1 has also been implicated in cen-
trosomal biology in a handful of papers [43-45]. AXIN1 was shown to co-localize with centro-
somes through associating with y-tubulin, and its knockdown resulted in reduced microtubule
nucleation from the centrosome [43]. Also in Drosophila embryos, AXIN appears to contrib-
ute to mitotic fidelity [44]. Thus, by restoring AXIN1 expression one could speculate that
mitotic checkpoints are more robustly activated during mitosis, thereby delaying mitosis and
effectively resulting in longer cell cycle times and overall reduced growth.

In conclusion, our results show that restoring endogenous AXIN1 expression in five
AXINI-mutant HCC cell lines, in all cases leads to reduced growth characteristics and reduced
B-catenin signaling. However, we cannot formally prove that the latter is also responsible for
the reduced growth. Exploring other genes or pathways (e.g., YAP/TAZ, Notch) potentially
affected by AXIN1 mutation through RNA-sequencing and in detail analysis of candidate
pathways, did not reveal a consistent explanation linked to AXINI. In fact, the recently pro-
posed link between AXIN1 and direct regulation of YAP/TAZ proteins and signaling, could
not be confirmed in our five cell lines. This can either be explained by differences in methodol-
ogy (short term alterations of AXINI levels vs long term establishment of clones) or indicates
that it is restricted to a subset of HCC cell lines and cancers. The latter may be more generally
true for AXIN1 mutation, i.e., its mechanism of action could differ depending on (epi)genetic
alterations specific for each tumor. Whichever mechanism(s) may be uncovered in the future,
it may possibly cooperate with the moderate activation of B-catenin signaling that we consis-
tently observe in AXIN1-mutant HCC cell lines.

Supporting information

S1 Fig. A) Baseline information of HCC cell lines used in this study, including differentiation
subtype as reported by Caruso et al. [28], puromycin concentration used to select clones, and
the type of AXIN1 mutation. Microscopic images are obtained from the Zucman lab website
(https://lccl.zucmanlab.com/hcc/cellLines). (B) Original sequence chromatograms depicting
the mutations observed in each cell line.

(PDF)

$2 Fig. An AXIN1 expression construct was generated that carries the same D94_Q108
deletion as present in the JHH7 cell line. (A) When expressed in HEK293T cells it leads to a
strong increase in B-catenin reporter activity comparable to adding exogenous Wnt3a ligand,
while wild-type AXIN1 has no effect. This shows that the D94_Q108del variant protein inter-
feres with B-catenin regulation in a dominant manner when overexpressed. (B) A co-immuno-
precipitation experiment with GFP-tagged APC (aa 1199-2167) shows that the D94_Q108del
variant is unable to bind APC. Statistical significance was analyzed using a Mann-Whitney test
(****P < 0.0001). These data have also been described elsewhere (ref 18), but are reproduced
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here for clarity.
(PDF)

$3 Fig. Sequence chromatograms from all successfully repaired clones.
(PDF)

S4 Fig. Expression levels of NOTUM mRNA in AXIN1-repaired clones. gPCR was used to
measure NOTUM expression levels. With the exception of JHH6-repaired-E12, the expression
level of NOTUM was found to be lower in the AXIN1-repaired clones compared to the parental
cells. The data were normalized to the housekeeping gene GAPDH, with the parental values set to
1. The statistical significance of the results was analyzed using the Mann-Whitney test, with the
level of significance indicated as follows: (*P < 0.05, **P < 0.01, ***P < 0.001, ***P < 0.0001).
(PDF)

S5 Fig. The impact of siAXIN2 on the B-catenin signaling was evaluated in both parental
and repaired clones of the HCC cell line. To this aim, a B-catenin reporter assay was per-
formed. The B-catenin reporter activities are presented as WRE/CMV-Renilla ratios

(mean + SD, n = 3, two independent experiments). The values depicted here, were used to
determine the siAXIN2/siControl ratios shown in Fig 2D. All values were scaled to log10.
(PDF)

S6 Fig. Representative images of the colony formation assay performed on all parental and
AXIN1-repaired clones.
(PDF)

S7 Fig. RNA-seq analysis for AXIN1-repaired clones and their corresponding parental
HCC cell lines. (A) The RNA sequencing data were subjected to principal component analysis,
which clearly separated the samples into five distinct groups based on cell line identity. (B)
Volcano plots for each cell line separately, showing genes significantly altered at least log2 fold
change of 1 in expression (p <0.01).

(PDF)

S8 Fig. A KEGG analysis does not reveal a pathway consistently altered in all cell lines.
(PDF)

S9 Fig. QRT-PCR assay shows the relative HMMR mRNA expression levels. The data was
normalized to the housekeeping gene GAPDH (mean + SD, n = 2, two independent experi-
ments). Additionally, the data was further normalized to the corresponding parental cell line,
with the parental expression set to 1. Statistical significance for all experiments was analyzed
using a Mann-Whitney test (*P < 0.05).

(PDF)

$10 Fig. Quantification of band intensities for indicated proteins for the immunoblots
shown in Fig 6C.
(PDF)

S1 Raw images. Original immunoblots.
(PDF)
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S1 Table. Primer sequences for amplifying genomic AXIN1 sequences and cloning into TA
vector.
(PDF)

$2 Table. AXIN1 sgRNAs info.
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§3 Table. Primers to introduce silent and PAM-site mutations in repair HDR plasmids.
(PDF)

S4 Table. Primers to identify correctly repaired AXINI1 in cell clones.
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