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Chapter 1

1 Liver cancer

According to a recent report of theworld health organization (WHO), primary liver
cancer is the fifth most common cancer worldwide, which has becone seriousglobal
health issue[1]. The most common risk factor for hepatocellular carcinoma (HCC) was
identified as cirrhosis of anyetiology, as more than 90% of HCC patients showed a
history of cirrhosis [2]. The underlying causes of cirrhosis are however heterogenous.
Hepatitis B virus (HBV) and hepaitis C virus (HCV) as well as vinyl chlorid¢3], smoking
[4], aflatoxin exposure[5], and nonalcoholic steatohepatitis (NASH)6] are all regarded

as critical risk factors, leading to HCC heterogeneity.

Due to the lack of sensitive and valid biomarkers for early diagnosisf HCC, the
majority of HCC patients are diagnosed at a late stage, leaving a limited number of
treatment options. At present, for patients detected at aparly stageof tumor formation,
tumor resection and liver transplantation are the main suitable treatment options,
resulting in a 5-year overall survival rate of only 30%40% [7]. For HCC patients with
advanced disease, Sorafenits the only treatment option, which can extend the median
overall survival with a modest 23 months [8]. Therebre, it is necessary to explore the
underlying molecular mechanisms contributing to HCC development, as they may

provide novel treatment options.

HCC development is a lonterm multi-step process, involving a complex interplay
between the tumor microenvironment and (epi)genetic alterations within the tumor
cells. Throughout this stepwise progression, liver fibrosis and cirrhosis are essential
steps toward malignancy, which among others can be provoked by chronic hepatitis
virus infections, leading to hepé#ocyte apoptosis, necrosis and compensatory
regeneration. During this long period, somatic mutations accumulate that provide
growth advantages to the emerging tumor cells. Most frequently mutations within the
TERTpromoter (59%) are observed[9], which is recognized as armarly event in HCC
and promotes upregulation of TERT protein expression, thereby maintaining telomere
length. Other frequently mutated genes include7P53 (10%-40%) related to HBV
infection, CTNNBI1 (20%-25%) which encodes 1 -catenin and appears to be more
commonly observed with alcohol addiction or HCV infection, and X/NV1(10%) [10, 11].
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2 Wnt signaling pathway

The highly conserved Wntsignaling pathway is involved in a variety of biological
processes including homeostasis, cell proliferation, differentiation, migration and
apoptosis [12]. The human Wnt gene family is made up of 19 members that encode
secretedsignaling proteins with 22724 conserved cysteine residue$l3]. Generally, Wnt
signaling is subdivided in three major embranchments, that is (1) the canonical
7 1 OXatenin pathway, (2) the noncanonical planar cell polarity pathway, and (3) the
noncanonical Wnt/calcium pathway. In ths thesis | will mainly deal with the role of the

7 1 OXatenin signaling pathway and its role in liver cancef14].

In this latter pathway (see Figure 1), Wnt ligands trigger cellular signal transduction
by binding with the transmembrane receptor Frizzled (FZD) and lowdensity lipoprotein
receptor-related protein 5 or 6 (LRP5/6), leading to Dishevelled(Dsh/Dvl)
phosphorylation. Next, phosphorylated Dvl protein binds with AXIN protein, which
inhibits GSkat &£O0T AOETT OEAO EO OAN-CaeR As amdslt, DET OF
the destruction complex consisting of the adenomatous polyposisoli (APC) tumor
suppressor, AAEAI 1 A POT OAET O 18).p AT A 18).ch ATA
temporarily inhibited. This results in the cytoplasmic accumulation off -catenin and
translocation into the nucleus for binding with one of the TFcell factor/lymphoid
enhancerbinding factor (TCF/LEF) transcription factors, ultimately leading toactivation

of target gene transcription.

However, in the absence of Wnt ligands, within the destruction complexitially Ser45
I AcateninisDET OPET OUI AOAA AU # + py K-3rAghobphdrytathd AU O/
at T41, S37 and finally S33. Next, the phosphorylated 32DpSGXXpS37 motif promotes
AET AET C T &£ OEA -HDOEWNOKEGEIR E -ta@gdirApioasomal
degradation,i AET OAET ET ¢ OE A-cateardalaloi l8v@ll[1B]l AOI EA
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&ECOOA8p 4EA -AAOAT EAAICETTI @Y ET C DPAOExAU8 j-datehinisi OEA A
DEI OPET OUl AGAA Au A AACOAAAOQGEI1T AilibpliA@ Ai1 OEOOEI C
0 ET OPEI OthtedinOshtakgetpd for proteasomal degradatiorafter ubiquitination by the SCF protein

AT 1T bl Ags " q ! AOE OA-¢Etenin sigrialifiy |dadsitd the Bidsddatio of Dd gegradation

Al 1 bl Agg | -Gaterdin aCcAnuiatesOrhthe fcytoplasm and translocates into the nucleus, where it

promotes the expression of target genes via interaction with TCF/LEF transcription factors and other

proteins such as CBP, Bcl9, and Pygo. Both figure and text adapted from reference Pez HHi]al

3 Aberrant AAOE OA OE T icaterdin&ignalihgdt [frequently observed

mutations in HCC

p T-gatenin

A

[-catenin encoded by theCTWNBICAT Ah EO OEA EAU -cAéninbl T AT C

signaling, and is mutated in 2025% of HCC patients. One frequently observed

i AAEAT EOI E O -cateninA inufalohsE dontaining the exon3 encoded S/T

PDET OPET OUI AOET I-TrcP BirdiBgA riof QresifliedAS33S45), making the

protein more resistant to proteolytic degradation and leading to enhanced nuclear

signaling. However,amino-acid alterations lead to varying degrees o$ignaling activity.

D32-S37 amincacid substitutions were associated with strong & OE O A Ofdtehin T £
signaling. T41 mutation resulted in a moderate activity, while S45 only weakly activated

downstream genes.

10
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~ Ecadherin
TCF-lef
K335 N387

S-5-T- S e

Figure 2. Schematic representation of the reported binding domains of APC, AXIN, TCF/LEF and
EEAAAEAOET O OEA AOI Adaiinl Positionidd K388 an® NEBEK rhutation® arp
indicated by arrows. pS indicates Serine phosphorylation presenat binding interface of APC or

E-cadherin.

More recently, a new mutational hotspot region was identified in armadillo repeats 5
AT A @cateniE (encoded by exons 7 and 8). Especially K335 and N387 amino acid
alterations are commonly observed in HCC anldepatomas, and were shown to lead to a
weak to moderate activation of the pathway{17, 18]. These mutations are located in the
AT OA OA<dkehin whichds cpmposed of 12 armadillo repeats that mediate in the
interaction with a number of proteins, such as Eadherin, the TCF/LEHRamily of
transcription factors, APC, AXIN1/2, andnultiple others (Figure 2) [19, 20]. Therefore,
K335 and N387 mutations can potentially affect the binding affinity with several of these
protein partners. At present, the mechanism leading to the increased signaling

propensity remains however unknown.
2/AXIN

AXIN proteins were first identified in mouse. They play an important role in
controlling embryonic development. For example, forced expression of AXIN1 in
Xenopus oocytes inhibited dorsalentral axis formation. In addition, homozygous
inactivation of Ax/nl in mouse embryos,gave rise to axial duplications [21]. These
phenotypes were reminiscent of other developmental defects observed when interfering
xEOE DANARMO Efi OECiT Al ETcCh xEEAE xAO 1 AOAO

11



Chapter 1

I -catenin destruction complex was discovered. Nowadays AXIN proteins are regaddas
negative regulators of Wntsignaling serving as a scaffold for the proteolytic degradation
of r-catenin. As critical components of Wntf -catenin signaling, mutations in both
AXINI(10%) and AXINZ2(3%) have been detected in HCC patients and cell lin¢22].
Within AX/N1the alterations are randomly distributed throughout most of thedomains,
including the RGS domain, the middle region and-t€rminal DIX domain, which
respectively bind with APC,GSK31 h-catenin, D/L and AXIN itself[23, 24]. Although
there are no hotspot mutations inAX/NZ most mutations cause premature translational
termination, leading to truncated proteins with loss of original function. Besides
potentially leading to enhancedr -catenin signaling, the AXIN proteins have also been
linked to other proteins relevant for tumorigenesis such as cMY{25], p53[26], TGF
[27], andSmad3 signaling pathways[28].

/| OECET Al 1 Uh GCEOAT E ©denibdesdtricioh dom@ex, cnutatidnalET O E

inactivation of AXIN1 was considered to support HCC development by aberrantly

AT E AT AcEténi@ signaling. This view has however been challenged in the last decade

AU OAOGAOAT OADPITI OO0 OET xfdtegin dcoBulatoA aor dearlh 1 A A O
AT EAT AAA A gaadhid Gigdt henes #E AXINdnutant HCCs[29-31]. Hence,

OEA A @OAdiedin digAaling following AXIN1 mutation and its relevance fo
supporting HCC growth is still under debate

4 |dentifying genes whose altered expression in HCC may promote tumor

progression and affect patient outcome

HCC is unusually resistant to all therapeutic interventions, and thus is associated with
very high fatality. The reasondor the poor prognosis ae mainly caused by the complex
and variable pathogenesis and high rates of recurrence and metastadi82, 33].
Generally, the 5year overall survival rate (OS) for HCC patients witkarly stage disease
is significantly higher than for patients atadvanced stages[34]. Therefore, the best

strategy for preventing liver cancerrelated deaths is theearly diagnosis.

Alpha-Fetoprotein (AFP) has long been the preferred biomarker to diagnose and
assess the prognos for HCC patients. AFP is however not entirely specific for HCC, and
about half of the lesions do not clearly express this marker, meaning that a big

proportion of liver cancers cannot be faithfully identified by AFP. For these and other

12



General Introduction

reasons assayingAFP levels is not recommended anymore as a biomarker for HCC by the

American and European liver disease organization85].

Hence, it is necessary to explore other differentially expressed genes treatly
increase the accuracy and sensitivity of early diagnosis and prognosis prediction. For
example, Hidenari et al found that FBP1 is specifically downregulated in HCC tissues,
which facilitated tumor progression. Meanwhile, FBP1 can also serve as aognosis
marker and represents a potential therapeutic target[36]. Guo et al showed that
miR-199a-5p promotes glycolysis and has potential as a prognosis marker for HCC

patients [37].

In conclusion, exploring differentially expressed genes in liver cancers has important
value for the early diagnosis, prediction of treatment responses and prognosis
assessment. At the same time, if the proteins encoded by these differentially expressed
genes play important roles in the disease process, they may even become potential

therapeutic targets and contribute to personalized treatment.
5 The aimof this thesis

Hepatocellular carcinoma is a global public health issue all over the world. During the
last few decades tremendougprogress has been made in treating various tumor types by
combinations of chemotherapy, immunotherapy, and targeted therapies. Nevertheless,
for HCC patients who are in advanced stages of their disease, thgear survival rate is
still very low (<10%). Therefore, it is necessary to better understand thecomplex
mechanisms contributing to liver carcinogenesis. In view of this, we focused on two main
EOOOAO ET 1 U OEAOEO8 ' EOAT OE Aatehih &ignadi@AT O Ol
pathway in HCC development, the first aim is to study the function of the frequdnt
mutated genesC7NNBIand AX/NZ In more detail we wish to understand how the novel
EAAT OEZEAA [ OOAOQGET 1T O ET OE-AateninOdad th Erihanted OAD A A
OECT Al ET ch O xEAO A@gOAT O ! -8enirpsigriald@ AT 1 O 1
EAAT OEZAU 1T OEAO 1T A E O -éternisignalind iMHCC DT OAT OEAI
As a second aim, we wished to identify genes whose altered expression in HCC may
promote tumor progression and affect the prognosis of patients. To this aim, we

screened the TCGA database for genes whose altered expression correlates with survival.

13
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Next, candidate genes were evaluated by various in vitro assays. We identifiedCK2
MIR324, and CEBPL[xs potential interesting targets of which the functional analysis of
CEBPDS described in this thesis.

6 Outline of this thesis

In Chapter 1,1 have reviewed how mutations within key components of the
Whnt/ 1 -catenin signaling pathway contribute to the progression and development of HCC,
and described the general aim of the thesis.

In Chapter 2, we explore mechanisms that may potentially explain the increased
signaling propensity of the hotspot mutations within armadillo repeats 5 and 6 of
r-catenind " U AT ET C Ol h xA EAAT OE Atraténin signdidgiin | AAE A
cancer, as they lead to enhancedignaling through reduced binding to APC, while
simultaneously retaining the interaction with their nuclear TCF/LEF trarscriptional
co-factors. Available structural and mutational data further support the observed change
in relative binding affinities.

InChapterdh xA OET x OEAO ! 8).p EI A#dDiESpAafngihT 1 AAA
a panel of HCC cell lines. Theseswdts question the strong statements that have been
made in the literature, which suggest thatd X/AVZ mutation in liver cancer does not lead
to increased signaling. Secondly, we show that enhancing AXIN activity by tankyrase
monotherapy does not significantly affect their growth.

In Chapter 4 we investigate to what extent nine HCC cell lines depend oxtrmacellular
Whnt secretion to support their growth. These cell lines are classified by mutations in
either CTNNB1 AXINIT O 11 1T AOET OO0 faear §igadling reldtéd A
component.

In Chapter 5,we found that the serinethreonine kinase receptorassociated protein
i 3421 0Qq DBOT OAET EO ET AOCAAOGAA ET AgmawhioOET 1T
signaling activity in vitro.

In Chapter 6 By analyzing the Cancer Genome Atlas (TCGA) and HCC tissue
microarrays, we identify that CEBPLexpression correlates with the prognosis of HCC
patients. Next, we investigate its function and possible mechanism through which it
contributes to HCC development.

The novel insights derived from this thesis Wl be summarized and discussedn
chapter 7.

14
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Chapter 2

Abstract:

Background and aims:4 E A-catenin signaling pathway is one bthe most commonly
deregulated pathways in cancer. Recently, aminacid alterations within armadillo
OA b A A O O-caiefip(rediddes K335, W383 and N387) are being recognized as novel
hotspots for mutation, especially inliver cancers. The mechanism kding to their

enhanced signalingactivity is however completelyunknown.

Methods: 7 A AT A1 UUAA -datenid Avdridnts fof dEfergncesin N-terminal
phosphorylation, half-life and association with various partners relevant for signaling.

Available protein structures were used to support our observations.

Results The armadillo repeat mutants behave like wiletype protein in most assays.
However, they associate weakly with APC, one of the core proteins of the destruatio
complex, while simultaneouslyretaining the interaction with their nuclear TCF/LEF
co-factors, theeby permitting transcriptional activation of target genes. Available
protein structures further support the observed change inrelative binding affinities. In
contrast to hepatocellularcarcinomas where hese armadillo repeat mutationsappear to

AA  OEA OI1 A | OOA OEdatenkl signAliAgd EnOdladekcta) GrancergE 1
cooccurrencex EOE T OEAO Ox A A BB AZIOZyéhesiisiof@n dbgErvedlE A
Conclusion:Our analyses uncwer a novel mutational mechanism toE 1 A O Ada®ndn
signaling in cancers. In contrast to the NDA O ET Al | Odatén(d Ehiatidicectfg T 1
impair its phosphorylaton by' 3+ o0 1 O A HIiCRA, Ehke otsgdi mutations within
armadillo repeats 5 and 6ead to enhancedsignaling through reduced binding to APC,
while simultaneously retaining the interaction with their nuclear TCF/LEF cefactors.
Keyword0d 7A@DAT EI OECT Al ET ¢cn EADAO Oica#tehin;l O AO

Armadillo repeat

18



A new mechanism foly -catenin stabilization

Introduction

4 E Acatenin signaling pathway is one of the most commonly deregulated pathways

among cancers.) 1 T 1 O AdatenfAignali®dis maintained at low levels by the
so-called destruction complex consisting of the adenomatous polyposis coli (APC)
tumor suppressor, scaffold proteind 8) . ph 1 8) . ¢h AT A OEA EET AOA

~N A s o~ o~ oA

[ -catenin for proteasomal degradation. When cells are exposed to Wnt ligands, this
[ -catenin breakdown complex is temporarily inhibited, leading to the stabilization of
[ -catenin. As a resu] it translocates into the nucleus and associates with members of

the TCF/LEF family of transcription factors, thus regulating the expression of specific
AT x1 000A Adateriinita@y@tgenes: *

In several tumor types this pathway is constitutively actwated through mutational
(in)activation of one of the core elements of the destruction complex. In colorectal
AAT AAOO DOAATf-AGTAAGEITU 60111 A OET T APCgki@AFori AOA OC
these mutations it has become welaccepted that they are se&cted on providing a
OEDOETEOSO I-cAténiisignhlidg that is optimal for tumor initiation and
progression.4 Other tumor types, such as hepatocellular and endometrial carcinomas,
i AET 1T U AANOE Odatenin 1(@7WABY Tnttdtions at the Nterminal S/T
phosphorylation residues, making the protein more resistant to proteolytic degradation.

Recently, Rebouissou and eworkers showed that also for theseC7NNBImutations a

clear genotypephenotype correlation exists in liver cancer® In-frame exon 3 deletions
that remove the entire Nterminal phosphorylation domain and D32S37 amincacid
Al OAOAOQGET 1 O AE OATAGPI rétogrikigemAchfOléatl @ hiGhly Aactiver -
catenin variants. T41 mutations were associated with wderate activity, while S45
mutations showed a weak but clearly present activation of the pathway. The reduced
activity of the latter two mutation types is most likely the result of residual
DET OPET OUI A-OrER ifteractidh dériaik, lgading to soméreakdown of these
mutants.® In this liver cancer study also two more recently recognized mutational
CTNNBI hotspots were included, that is K335l and N387K, which are located in

19



Chapter 2

AOi AAET 11T OAPAAO AT i-cAténin(rotein, radpektively. Curehtly,O E A
according to the COSMIC websité? mutations at these residues have been observed in
more than 100 individual tumors, especially in liver cancers (Figure 1). They lead to a
xAAE AOO OECIT E £E A Adaténin AignaliAgl Bolvévér] the nieckEsm
leading to their increased activity is still unknown.'* Here, by exploring potential

mechanisms that may explain their increased signaling propensity, we identify a novel

| AREAT EOI 1 matchihsighaiing A A |
Figure 1
310 320 340 360 380 400 420 440 max: 66
vSS
e ol ok Hnn-ﬂ:‘ o ::nm:[l:&:nmﬂnn:ﬁn oo -ﬂuinli-l]:
| | 11 [ in m 1nin iflI EEIR N 1 11
K335 W383 N387

&ECOOA p8 /TAITGCATEA EI OODT O | OOAOQET I-GteninArdeiRA ET
acids are commonly mutated in cancers, that is K335, W383, and N387. Data were obtained from the
COSMIC website (https://cancer.sanger.ac.uk/cosmic/genefaalysis?In=CTNNB1), and filtered on amino
acids 310440; version of January 2019. The following alterations have been observed at least 4 times:

Y333F 7x; E334K 8x; K335T 18x; K335I 46x; R376H 4x; W383C 12x; W383R 12x; W383G 7x; N387K 40x

Method

Databaseanalyses

The TCGA LIHC illuminahiseq_rnaseqv2_RSEM_genes _normalized (MD5) data were

I AOAET AA AOT | OEA "Ol AA GDAC O OwebsteOA G O

(http://firebrowse.org/?cohort=LIHC&download_dialog=true ). In this dataset 373

hepatocellular carcinoma samplesare available for which gene expression analysis was
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A new mechanism foly -catenin stabilization

performed. In addition, 50 paired adjacent tumosfree tissues are ale available for gene
expression analysis. The CTNNBImutation status of these tumors was obtained from
www.chioportal.org using the Liver Hepatocellular Carcinoma (TCGA, PanCancer Atlas)
study. Sample IDs were used to matcthe C7TNVNBImutations with RNAseq levels of
AXINZ GLUL andLGR5

To obtain the cancerrelated C7TNNBImutations depicted in Rgure 1, we analyzed the
COSMIC website (https://cancer.sanger.ac.uk/cosmic/gene/analysis?In=CTNNB1)

filtering it on amino acids 310-440. Data were updated until January 2019.
Plasmids and construction

N-terminal FLAGO A C C-&afeniry variants were constructed by using the pcDNA!
UT-FLAG vectoras previously described?. Briefly, the constructs of wildtype (WT),
S33Y and exon3 deletion wergenerated by using the Gibson assembly method (NEB).
Basel on the WT backbone, all othevariants which included G34V, S37F, T41A, S45P,
Y333F, E33K, K335I, K335T, R376H, W383GV383R, N387K and R582W mutations
were constructed by usng Q5 sitedirected mutagenesis (NEB). r-catenin coding
sequence of all variants was fully verified. The GFRPC (11992167) plasmid was
generated by cloning a 2.9 kb EcoRI fragment of mougiwcinto pEGFRCL1. It encodesll
¢t Al ET T-caténifh Bbiding repeats and all AXINinding domains of APC.
pcDNA3.1 myel 1 4 OWDI1-7 (241-569) was a gift from Michael Ruppert (Addgene #
62977)13- pCS2MT mouse Axin (Axin MTFul) was a gift from Frank Costantini
(Addgene # 21287) and encodes an Merminal 6xMyc-tagged mouse AXIN1 variant of
832 ad“.

Cell culture

HEK293 cells (Mycoplasmdree) and HCT116 cells (Mycoplasméree) were
maintained in DMEMmedium (Lonza, Breda, The Netherlands) supplemented with0%

fetal bovine serum (SigmgAldrich). Identity of cell lines was confirmed by STR

genotyping.
Half-life determination

N-terminal FLAGO A C C-@afeniry variant plasmids (200ng) wee co-transfected into
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HEK293 cells with pEGFRC1 (50ng) using FUGENE® HD. The pEGEP plasmd
generates a highly stable GFprotein serving as loading control. After 24 hours, the cells
were treateA x EOE AUAI | E A ofério£38,/40, poy 120, and A50 imGutes.
Next, cells were washedvith cold PBS for two times andysed in 2x Laemmli sample
buffer (120 mM Tris-Cl pH 6.8, 20% gicerol, 4% SDS) with 0.1 M DTBnd heated for 5
i ET AO wuvo#8

Immunoprecipitation

For the immunoprecipitation (IP) assays, HEK293 cells wergeeded in 6well plates
before transfection. When reaching 6ep b AT 1T £l O AdrmainihFLAGtag)ed.
[ -catenin variant plasmids were ccOOAT OFEAAOAA xEOE- AXINOEEAO p ¢
[ 4GPRexpression plasmids by usingFuGENE® HD. A similar approach was used for the
HCT116 cells. Akr 24 hours, cells were washedy cold PBS two times and then cold
v t1 1T UOEO Ad®déadAvell for AD mikuledl Ddrmaid lysis buffer
consisted of 30 mM TrisCl pH 74, 1% Triton X100, 150 mM NaCl, 5 mM EDTA,rbM
. A&8 &ITECP i A supset of GFRPC celP experiments we used the following
lysis buffer: 10 mM Hepes pH 7.9, 100 mM NacCl, 1.5 mM MgCI2, 0l%40. To the lysis
O O A b O PiptéakseOribitor Cocktailf 4 EAOI T 3 AEAT O EBcidhdtgthex AO AA
4T by centrifugation at 11,0009 for 15 minutes. From the cleared lysate, 10% was taken
as inpu control to which directly the same volume of 2x Laemmli/DTT was added
followed by heating forv | ET  AO wu 0 # 8 ofaHe suPeiBtanOwk laddédl A A O
prt | -waBeARANTIFLAG® M2 Affinly Gel (SigmaAldrich) followed by incubation
AO 10# Al O ¢ -bBehdd @@eentrifdgeoCand washeédwith lysis buffer for
OEOAA OEIi A08 &ETAI T URh OEA b Amplehdrer with©.1IM UOA A
DTT, andheated.

Western blotting, antibodies and quantification

Fluorescent western blotting and quantitative analysis wereperformed basically as
previously described!>. The following primary antibodies were used: antFLAG (clone
M2) Mouse mADb (SigmaAldrich #F3165), anti-P-r -Catenin (Ser33/37) Rabbit pA (CST
#2009), anti-P-r -Catenin(Ser33/37/Thr41) Rabbit pAb (CST #9561), anti-P-f -Catenin
(Thr41/Ser45) Rabbit pAb (CST #9565),anti-P-r -Catenin (Ser45) Rabbit pAb (CST
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#9564), anti-TCF4 (clone 6H53) Mouse mAb (Merck #05511), anti-E-Cadherin (clone
24E10) Rabbit mAb (CST #3195), antMyc tag Rabbit pAb (Abcanmab9106), anttGHP
Tag Rabbit pAb (Thermo Fisher Scientific #-A1122) . A 1:1000 dilution was usedor all
the primary antibodies. As secondary antibodies we used antabbit or anti-mouse
IRDyeconjugatedantibodies (LI-COR Biosciences, Lincoln, USA). Protein intensity sva
detected with the Odyssey 3.0 Infrared Imaging System and analyzed by Image Studio
Lite Ver5.2.

[ -catenin reporter assays

HEK?293 cells were seeded in 2dvell plates to reach approximatdy 50% confluency
on the day of transfection. Each well wasOOAT O AAAOAA x E@&env 1 C 1
expression vectors, 250 ng Topflastor Fopflash, and 10 ng CM¥Renilla using Fugene
HD (Promega). Aftetwo days, luciferase activitiesvere measured in a LumiStar Optima
luminescence counter (BAG LabTech, Offenburg,Germany) and normalized for
transfection efficiency by using the Dual uciferase Reporter Assay systeniPromega)
AAAT OAET ¢ O1T OEA 1 AT OEZAAOOOAOG O EntiplzaxddAOQET 1 ¢

and the mean and standard error were calculated for ede AT 1 AEOEhtdni@ 4 E A

reporter activities are shown as TOP/FOPflash ratios.
Structure analysis

Structures were analyzed and figures were created using the PyMOL Molecular
Graphics §stem,Version 2.0 Schradinger, LLC. Overlays were created byperimposing
[-catenin (chain A) from ther-catenin-4 # & AT | Dl A @ -gaeninEExcaiiednA Qh
complex ) x 78DAAQ -taenin-AXENA (1Q27) onto chain A of the
I -catenin-phosphorylated 20AA APC complex (1TH1.pdb).

Statistical method

Multiple group comparisons were performed by one way analysisf variance (ANOVA)
followed by Tukey-Kramer tests. P<0.05 (indicated in the figures as single astekjswas
considered statistically significant. Meanwhile, P<0.01 (double asterisks) and P<0.001
(triple asterisks), and P<0.0001 (quadruple asterisks) were regarded as highly

significant. All statisticd analyses were performed usingsraphPad Prism 6.
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Results

Confirmation of the association of CTNNB1 mutation type with target gene
expression

Previously, Rebouissouand coworkers have shown that specific cordations exist
A A O x Adaieninmutation type and target gene expressioh To confirm their results,
we analyzed an independentdataset, that is the Cancer Genome Atlas (TCGA) liver
cancer cohort, which includes 373 hepatocellular carcinoma (HCC) cases that were
analyzed by wholeexome sequencing.7 In total 9tases (26%) were identified carrying
a CTNNB1 mutation, for whth RNA expression profiles weravailable in 96 cases. We
correlated the CTNNB1 mutation typeo expO A O O E | T -calern tadgetdengs AXINZ,
GLUL and LGR5 and compared them with 05 normal adjacent liver tissues
(Supplemental Figure S1). Basically, the same trends werebserved as previously
reported. Mutations in the D32S37 region lead to thehighest induction of target gene
expression, followed byT41 and S45 mutations. K335 and N387 mutations associated
with the least activation of target genes, and especially the N387 mutant tumors showed
no obvious induction of target genesexceeding thoseof normal liver tissue, although
only 4 tumors were awilable with N387 mutation. Theweak induction associated with
those latter two mutations is in linex E O-Eatepin reporter assaysperformed by others,
showing that these mutants lead to a modest.%-3 fold increase in signalingcompared

with the wild -type protein8. 16,

Half-l E A Cchténih mitafits gorrelates with their activation potential

4EA OECT Al E 1-cateni AsGteobdfy GdgulaiedBby proteoytic degradation.
Therefore, we analyzed the halfil EAA OEI A0 1T £ OAOET ©atenidAT 1 1 11
variants in comparison with wildtype protein. To this aim, we generated Merminal
FLAGO A C C A-dateniny variant expression vectors. These were transiently
co-transfected in HEK293 cells wh EGFRC1 generating a highly stable GFPprotein
serving as loading control. Next, cells were treated with cycloheximide to block new
protein synthesis, followed by protein preparation at the indicated time points Eigure

2). Interestingly, K335l and N387/K variants seem to have almost the same protein
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stability as wild-O U b-8atenin, with half-life times between 65100 minutes. The S45P
mutation increases the hdk-life up to 110 minutes, while mutations affecting the
D32-3 o x-Tr@P binding motif extend i to more than 2 hours. Especially theEX3-del
variant in which the N-terminal domain encoding all S/T phosphorylation residues is
deleted,leads to a highly stable protein for which we cannot determine an egtahalf-life
during our time of analysis. Thus,these analyses show that protein stability largely
correlates with the reported signaling activities, that is, mutants with weak enhanced
signaling capabilities show a turnover comparable tothe wild-type protein, whereas

more active signaling variants sbw a clearly increased haHiife.

Figure 2
A B
HEK293
Time CHX (min) 0 30 60 90 120 150 1.2+
wr - o
= 1.04 Samples Half-life time (min)
08 ——  EX3-del >>150
= g 06- "~ S37F >150
S37F - o T41A 140-150
< 04 ‘\i —  G34V 130
2 T 0 s45P 110
T41A ° N
E 02 \i\\}\ —=— K335| 100
S45P - \\ —— WT 80-90
00 —a—  N387K 65-70

K335
O RS RSS O

N387K Time (min)

EX3-del

Figure 2. Halfi EZEA OEIT A A A GAténin BErutAn@ EA) TIndidatdel FtAGO A C C Adleniry
variants were cotransfected with pEGFPC1 into HEK293 cells, followed by cycloheximide (CHX)
treatment to block newprotein synthesis for the indicated times. Next, quantitative fluorescent western
blotting was performed using the highly stable GFP protein for transfection normalization. (B) Values
obtained for the 0 hr time point were arbitrarily set to 1. Normalized alues for other time points were
plotted. Linear regression was performed to estimate the halife for each variant, which is depicted on

the right. Experiment was performed at least 3 times for each variant producing similar trends in each
experiment.

K335 and N387 variants are not affected in ferminal phosphorylation and
[ -TrCP binding

[ -catenin protein stability is largely regulated by the sequentialN-terminal S/T
phosphorylation. Hence, we determined the phosphorylation status of transfected
I -catenin variants (Figure 3A). In linewith expectation, the shortened mutant product

generated by the EX3lel variant cannot berecognized by any of the phosphantibodies.
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All other variants are readily phosphorylated at S4omparable to the wildtype protein,
except for the S45P mutantln contrast, the GSK3 mediate@hosphorylation at residues
T41, S37 and S33 is reduced in all 330 S45 mutants. In accordancevith previous
reports, we still observed some residual S/T phosphagdation in all these variants®.
Importantly, in this over-expression assay the K335 and N387 mutés showed no

obvious deviationfrom the phosphorylation pattern obseved for the wild-type protein.

. AgOh xA AAOAOI ET AA QR to Aded VArEntTD ths ArD, Avd E O U
co-transfected them with a MycO A C C ATACP expression vector flowed by
FLAGO A C C &dlenirr immunoprecipitation (IP). As the interaction between both
proteins is short-lived because of the rapidurnover by the proteasome, we applied 2 hr
proteasome inhibition using MG132 prior to precipitation. Our IP-protocol resulted in a
weak unspecific binding of Myetaggedr -TrCP in the negative controllane 2 of Figure
3B). For the S33S45 mutants similar or at most sligtly increased levels of cePed
r-TrCP were observed, whereas both K335 and N387 mutants aled equal binding
capabilities comparable to the wildtype protein. Overall, these analysesh®w that
K335l and N387K mutant proteins are not seriously affected in Nerminal
phosphorylation and binA E1 C-TrOR.
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Figure 3
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Figure 3. K335 and N387 variants are not affected in-RA Ol ET A1 DPET ODECPDODDANS.QET 1
Indicated FLAGO A C C-@afeniry variants were transfected in HEK293 and subjected to western blotting

with phospho-O B A A Ecd#hiA antibodies. Signals were quantified with Odyssey software. The weak

full- AT C-©dfeninf band visible in the mock andEx3-del transfected lanes is signal from the
AT AT CAT T OO -cqtettin mraten. This signal was subtracted from the values of the transfected

variants before determining their signal intensity. Signal of the wiletype (WT) protein was arbitrarily set

to 1. All other values are normalized relative toVT and depicted below the bands. The K3351 and N387K
variants are similarly phosphorylated as the wildtype protein. Antibody specificities as provided by Cell
Signaling Technology are as follows:-p AAO o Z &9 o OA A lcagenii Whier© phgsphorylated at
Ser33 OR Ser37, or both;-p AAO 3A0OcocToxT4EOtp OAAIT CI EUAO AT U

except for pSer33 alone; p-r

A A@41/Serd5 recognizes pThr4l OR pSer45, or both. FLAGtagged

[ -catenin variants were co-transfected with Myc-tagged| -TrCP into HEK293 cells. (B)Two hours prior

to IP with FLAGbeads, cells were treated with the proteasome inhibitor MG132. The amount of-tBed
-40#0 xAO AAOAOI ET AA A EFOBROInplt kighdl. ASigial Af OFE bbtainedt Wit E
Myc-O A C C-Ar@P alone was arbitrarily set to 1. The K335l and N387K variants are not affected in their
AOOT AEAOETR. xEOE
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Chapter 2

K335 and N387 variants show reduced binding to the APC protein

As protein haltlife, NtermET A1  DEIT ODPE T OGP Br@dikg ae noAdleArly
affected for the K335l and N387K variants, we sought for an alternative explanation
explaining their slightly increased signaling behavior. Both residues are located in
armadillo repeats 5 and6 of  -catenin in the center ofthe protein. In total 12 armadillo
repeats form a superhelix with a positively charged groove, which can associate with a
large number of proteins?2 We focused on welestablished binding patners at the cell
membrane, nucleus ad within the destruction complex, that is Ecadherin, TCF7L2
(also known asTCF4), AXIN1, and APC. Except for AXIN1, these have all lsewn to
bind an extended areaencompassing both K335 and N387 residues (Figure 4A). Within
epitE AT EAT A Achtdni® is captired @t the cell membrane through interactions
with cadherins. Hence, a reduced binding affinityA A O x A-daleninfand Ecadherin is
expected to increase the sign@ll C D1 Jcdteninl, gBssiply leading to enhanced
nuclear signaling. However,immunoprecipitation of wild-type, K335l and N387K
variants from HCT116 cells showed no altered binding to -Eadherin (Figure 4B).
Alterations in binding to TCF7L2 within the nucleus are also expected to affect activation
| /A=cafenin target genes, buagan we failed to show any difference between the tested
variants (Figure 4B). Likewise, binding of aco-transfected MYGtagged AXIN1 was not
affected by both mutatons (Figure 4C), which is to beexpected given that AXIN1
associates most prominently with repeats 3 am 4217 18 |[n contrast, binding of a
co-transfected GFPtagged APC fragment was strongly impaired for the K335l and
N387K mutants (Figure 4D). Taken together, these IP experiments show that compared
to wild O U b-Batenin, both mutants associatdess strongly with APC, one of theare

proteins of the destructioncomplex.
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Figure 4
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Figure 4. K335l and N387K variants selectively show reduced binding to ARE) Schematic representation

of the reported binding domains of APC, AXIN, TCF/LEF anec&dherin to the armadillo repeat region of

[ -catenin. Position of K335l and N387K mutations are indicated by arrows. pS indicates Serine
phosphorylation present at binding interface of APC or Eadherin. (B) FLAG tagged WT, K335I and

. 0 Y X -catenin variants were transfected in HCT116 cells. Transfection with Mytagged AXIN1 and
non-transfected cells were used as negative controls. Following FLAB, endogenous Eadherin and
TCF7L2 were shown to bind equally to wildOUDP-AAPAT ET AT A Al OE OAdaeénkl 6008
variants were cotransfected with Myctagged AXIN1 into HEK293 cells. All variants bind equally to AXIN1.

(D) Cotransfection with GFRAPC in HEK293cells. GFP APC expresses a GHRBgged murine APC

fragment (aa 11992167) encoding all the 20 amineAAEA OADAA OO-catariinl ahdE BIC O

AXIN-binding domains. Both the K3351 and N387K variants associate much weaker to GAPC. In the
latter two experiments co-transfection of GFPAPC and MyeAXIN1 was used as negative {Eontrol. All

transfections experiments were performed at least 3 times with identical results
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001 OAET OOadn:anpikx@s provitle p rationaledr reduced binding
ofi O O A lcatenipselectively to the APC protein

To identify potential mechanisms underlying the differential binding of XIN1, APC,
TCF7L2 and ECadherito both mutants, we analyzed available protein structues of
[ -catenin in complex withfragments of these proteins (Figure 5A)8-21 |n all complexes,
K335 £OT Icatenin forms a hydrogenbond with a backbone carbonyl oxygen of the
bound partner protein (Figure 5B-D). In addition, K335forms specific interactions with
sidechains from the bound proteirs, which are different for eachpartner and depend on
its phosphorylation status. APC containsour 15-amino acid repeats (AAR)and seven
20-1 1 20 OEAO AEOAAOIcateniiA Orel At Acanfain & Eddgerved
SxxxSLSSInotif that is phosphorylated onmultiple Serine sidechains by GSK3 and CK1
when APC is sasociated with AXIN, which strongly increases the binding to
[-catenin2-23 InteOA OO E 1 C 1 -CaltenircAPCcénipldx the positively charged K335
sidechain forms ionic interactons and hydrogen bowls with two negatively charged
phosphorylated Serines (pS1504 and pS1507) in the APC-2AR motif (Figure 5B), all
of which are lost when the Lysine is mutated to Isoleucinel | O fakenip-TCF complex,
no Serines are available within this region for phephorylation, instead K335 forms a
single ionic interaction with the negatively charged sidechain of D40 (gure 5C).
E-cadherin carries aphosphorylated Serine (S692) at the corresponding position of
APGSer1507 and forms an ionic bondvith K335, however it carries an apolar A688 at
the position corresponding to the phosphorylated S1504 in APC (Figure 5D). In AXIN
only hydrophobic residues arepresent at this interface (notshown), which form weak
van der Waals contacts with the polar amme of K335, but mght form more favorable
contacts when the Lysine is mutated to hydrophobic Ideucine. Summarized, K335
forms more energetically favorable interactions with APC than with any of thether
proteins, explaining the observed relatively large effect of mutatim of K335 on APC
binding specifically. The mutation of N387 to Lysine will influence hydrogen bond
formAOET 1T A Adbexidahd thepeptide backbone of APC, LEF/TCF anddadherin,
and is expecte to reduce the strength of theinteraction in all complexes (Figure 5E,
Supplemental Figure S2A/SB). In this case the structuralanalysis provided no direct

clues explaining the reduced binding of specifically APC to this variant
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Figure 5
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Figure 5. K335 and N387 directly interact with APC, TCF/LEF and-dadhain. (A) Cartoon
OADPOAOAT OAdatEnini in dgreE with its 12 armadillo repeats numbered. Bound APC
(blue;1TH1.pdb), TCF (yellow;1G3J.pdb),-&adherin (green;117W.pdb) and AXIN (red;1QZ7.pdb) share
AET AET ¢ OE-Gifetin giodve &hé &re ghown agube representation. (BE) Details of the
Al I Pl AGAO A A&atEdnGA dartosnEadiEbound ligands as stick representation with carbons
in the same color code as panel A; oxygen atoms in red, nitrogen atoms in dark blue, phosphorus in
orange. (B) K3®  AO-tatenirrforms two ionic interactions and three hydrogen bonds (dashed lines)
with phosphorylated Serine residues and backbone atoms of APC. (C) K3@® | {catenin forms one
ionic bond and two hydrogen bonds (dashed linesyit h the sidechain andbackbone ofD40 in TCF. (D)
+00uv Aaierin forms one ionic bond with phosphorylated S692 and a hydrogen bond (dashed
line) with the backbone of EAAAEAOET 8 | %catenindapys twaEByidrbgery bonds (dashed
lines) with backbone atoms of T1493 irAPC

Selective loss of APC binding is a common feature of adillo repeat 5 and 6

mutations

Currently, more than 150 individual neoplasias have been identified ceying amino
acid alterations INnOADAA OO u-cafehin(Figpre i)Mesjides the K33and N387
amino acid alterations, residuesY333, E334, R376 and especially W383 are also
mutated in neoplasiasOA C Ol AOI U8 -caténid Btiidture Ghesk repidues are

organized in two clusters in close proximity of each other (Figure 7A). Wgenerated
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expression plasmids for these variants and tested them for bindgnto APC, TCF7L2 and
Ecadherin.We also took along one commonly observed R582W variafh=14) located
towards the endof the armadillo repeats. As can be seen in Figure 6 most of these newly
generated mutants show doss of binding to APC, while all retain binding to TCF7L2 and
E-cadherin. The only exceptions are theE334K and R582W variants that behave
identical to wild-type protein with respect to APC binding.

. AgOh x A DBdhtenmirepdrtdr assgys for all the armadillo repat 5 and 6
variants taking S33Yand wild-O U B-Batenqin along as controls (Figure 6C). All variants
showing a reduced binding to APGyield a 1.53 fold higher induction of reporter activity
compared with wild-type, while the E334K and R582W variants behave similar to
wild -type. Importantly, analysis of the available protein structures shows thatall
additional mutated residues associated with increased signaling (Y333, R376, and
W383), form direct interactions with APC(Figure 7B/7C). In fact, binding of cluster 1
OAOEAOAO -atEnn cfedtes @ extensive networkn which oppositely charged
groups alternate and form multiple ionic interactions and hydrogen bonds with
neighboring residues. Any mutation in thisnetwork will affect several highly optimized
interactions, explaining the relatively large effect on APC bindindh&it we have observed.
E334 does not form direct interactions with APC, possibly explaining its lack of
increased signaling when mutatedalthough it may be involved in proper orientirg the
R376 residue (Figure 7B).

In TCF and Ecadherin, the highly cooperative cluster 1 network is much reduced in
size due toreplacement of crucial Serine side chains (that are phosphorylated in APC)
with hydrophobic residues (V44 in TCF and A688 in feadherin; Supplemental Figure
S2C/S2D. These apolar residues canndavorably interact with the polar side chains in
cluster 1, which means tha the contribution of cluster 1 to the stability of TCF and
cadherin AT | D1 A @ A-QatenirEi©Wealgr than for APC, explaining whycluster 1
mutations have a relatively smaller effect on bindingof TCF and cadherin than on APC
binding. In cluster 2, the sidechain of W383 forms van der Waals contacts with two
Threonine residues onAPC, forming a small hydrophobic core that contributes to the
stability of the complex (Figure 7C)Mutation of W383 will disrupt this energetically
favorable region, resuling in loss of APC binding. TCfesidues are further away from

and do notinteract with the side chan of W383 in betacatenin, andmutation of W383

32



A new mechanism forr -catenin stabilization

will not affect stability of the TCF complex (Figure S2E)Yhe situation is less clear in
EAAAEAOET h ET xEEAE £EAOT OAAI A -c&dni® A0 AFODET 1 O
from E-cadherin are formed (Figure S2F).

Figure 6
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Figure 6. Increased signaling and selective reduction of APC binding for most armadillo repeat 5 and 6
variants. (A) Cotransfection of indicated FLAGO A C C-8afeniry variants with GFRAPC in HEK293 cells.
Following FLAGIP, most of the commonly observed armadillo repeat 5 and 6 variants associate much
weaker to GFPAPC. Exceptions are the E334K variant and the R582W located towards the end of the
armadillo repeats. (B) FLA@ A C C Adieniry variants were transfectedin HCT116 cells. Following
FLAGIP all variants are shown to bind equally to endogenous TCF7L2 anec&dherin. (C) A TopFopflash

[ -catenin reporter assay in HEK293 cells shows that all armadillo repeat 5 and 6 variants that bind
weaker to APC show a 18 fold increased signaling compared with wildO U B-8atepin. TopFopflash

ratios are shown. All experiments were performed in triplo and repeated twice
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Figure 7
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&ECOOA x8 ! O ARAET 1T -carhib hvbiGed in Enpancdd\siyiakin® dreorghriizedin two
clusters.j ' @ 3 O00AAAA O Adaténkdnigtedvitth Bolind ARC/ES tpbe representation in blue.
K335 in cluster 1 is colored light blue, withsurrounding residues Y333, E334 and R376 in light green.
N387 in cluster 2 is colored red, while the other commonly mutated W383 is colored orange. B) Details of
OEA AT i Pl Ag AO -caend @d &€y captbon an& QEC as blue stick representatioA.
six-residue ion-pair network is formed between E334R376; R376pS1504; pS1504K335; K335pS1507;
pS1507-K292. In fact, the network is even bigger and extends beyond K292 (not shown here). Hydrogen
bonds are indicated with dashed lines. C) Details of theomplex at cluster 2. Hydrogen bonds are
indicated with dashes. W383 packs against the hydrophobic methygroups (blue carbons) of the side
chains of T1493 and T1496 and so forms favorable van der Waals interactions (indicated with curved

lines)

Armadillo repeat 5 and 6 mutations cd AAOO x E Gdatenih érhakhéng
mutations in colorectal, but rot in hepatocellular carcinomas

- OOAQGETT O ET OEA OA bdutaninhave bednimainlygrep@tddQre 1 1

liver cancers, Wilmstumors and those ofthe large intestine?. 8 2427 and anecdotally in
several other tumor types. TheOOOT T CAO A#ddik Alkalidad eépcompassing
exon 3 have been shown to occur in a mutuallgxclusive fashion with diseasecausing

APC mutations?® showing that either OE A T 1 A icqehih BrAinagtivating APC
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mutation is sufficient to drive tumorigenesis.When we analyzed the colorectatancers

carrying armadillo repeat 5 and 6 mutations for concomitant dfects in other genes

linked to 1 -catenin signaling, these werebserved in 11 out of 13 cancers present in the
cbioportal database (Supplemental Table S1). Seven out of 13 cancers carried APC
mutations, but interestingly 3 out of 7express a truncated APC protein that is expected

to retain a significant] A O A FcatdnidErequlation, that is 3 or more of the 20 AARS.

Three other cancers carry trurcating AXIN2 or RNF43 mutationghat are generally also
considered to be weak activators of sigaling. A similar analysis of21 hepatocellular
carcinomas idenE £ZEAA 11 AAAT I PAT UET C | OOAOEatelinO OEAO
signaling, except for a single truncating ZNRF3 mutation in one lesiddupplemental

Table S2). Thusin contrast to liver cancers, the armadillo hotspot mutations observed

in colorectal cancers are oftenAAAT | BPAT EAA AU 1T OEAO OxAAED®S

synergistically enhand -catenin signaling to levelssupporting tumor growth.
Discussion

4 E Acatenin signaling pathway is one of the most commonly deregulated pathways

among cancers. In colorectal cancers this is predominantly accomplished by
inactivating APCmutations, while e.g. in liver cancers aberrant activation has been
mainly attributed to activating somatic mutations in the CTANNBIgene (2025%)* "
2 a A ABT 1 aatediid hufatbAsiacqpire enhanced signaling activities by
interfering with proper N -terminal phosphorylation and subsequent proteolytic
degradation. Instead, we uncover a novel mode of action for the armadillo repeat 5 and
6 mutations (exons 7 and 8), tht is they reduce the binding to APC, while
simultaneously retaining binding to TCF/LEF. The latter is important to allow sufficient
AT EAT AAI Adtein thrget genes driving tumor formation. A weaker binding to
APC is expected to increase the signaling | | | -cdtefiin, thereby enhancing the
A @D O A O Geaierniin targé ggnes driving tumor formation. If such a mutation would
however simultaneously reduce binding to the essential nuclear TCF/LEF
transcriptional co- factors, the overall activation of arget genes would not increase or
even be reduced compared to wild® U B-8atepin. In accordance, mutation of K312
and K435 residues is rarely observed. These sé Al 1 AA OAEA OCdaninAOOOT T «

are essential for binding of most proteins to the armadio superhelix by forming an
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ionic bond to conserved glutamate residue$’*

- ADPETI ¢ OEA | OOAOGAA OAOE A OAdatenin,itwo @lEsfers DOT OAE
emerge that appear critical binding domains with APC (Figure 7A). Cluster 1 is

centered aroundK335 and further involves residues Y333 and R376. Previously, these

have all been identified to directly interact with phosphorylated 20AA repeats of APC,

but also to some extent with cadherins and TCF/LEE.However, the IP experiments
show that their mutation selectively results in loss of APC binding, while leaving
binding to TCF and Ecadherin unaffected. For the K335 residue itself, the structural
analyses provide a rationale as it forms more energetically favorable interactions with
APC than with anyof the other proteins. Likewise, the structural analyses reveal that
Y333 is not critical for TCF binding, while R376 is not important for cadherin binding. It
is interesting to consider that an extensive iorpair network is formed upon

[ -cateninrAPC compex formation, while much smaller, fragmented networks are
present in the TCF and fadherin complexes. lorpair networks are cooperative

entities from which removal of a single residue through mutation will have a relatively

large effect on the stabilityof this region.**°

this may explain why the mutation of
K335 has a much larger effect on complex formation with APC (in which it is a central
residue forming multiple ionic bonds) than on complex formation with TCF and
E-cadherin (in which the Lysine isa peripheral residue in the smaller network). Cluster
2 involves residues W383 and N387. Previously, the W383 residue was already

identified as important for APC binding as a W383A mutant failed to bind APC, while

retaining LEF/TCF7L2 associatiod! which is in accordance with the structural
analyses because TCF does not interact with W383. For the commonly mutated N387
residue the structural analysis provided no direct clues explaining the reduced binding
of specifically APC. Nevertheless, our IP and sttucal analyses provide clear evidence

that both clusters are more relevant for APC binding than TCF and cadherins.

Despite two decades of research the exact mechanism through which APC functions

in the destruction complex is still not fully understood. Seeral models not necessarily

excluding each other have been proposegt?: 3" One model proposes that APC is
ET O 1T OAA ET -catdnihQuthdQhk Oyopladm, thereby preventing it from

38, 39

entering the nucleus:™ ~ Other models suggest that APC protecS/T phosphorylated
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[ -catenin from dephosphorylation by PP2A, that it may be required to interface
[ -catenin with the ubiquitin and proteasome machinery, or that it is required to
AEODPI AAA 18). AOT-ARAG®EIBODPEDDUIAAQA Accatghin T Ax Al

18, 40. 4L \whichever model will turn out to be true, in all cases a weaker

breakdown.
AOOT AEAOQET 1 -caterdd withOMP@ Wwid make the process less efficient and

effectively lead to more signaling.

s o~ A s s s oA N

(I x OF OAAITAEI A OEafeninidiefattion wahiie rabhé hodést |
I

ET ACAAOAA OECTI ATET ¢ AAOEOEOU AOOI AEAOAA xEO
AT T OOEAOOETT OF OEA AAOOOOAOQET I -cakehint®APE® DOI D
EO 1710 AAOGI T O0OAT U OANGaaA AinoEr,@s ldng BAP®IAO0 1 AO

present within the destruction complex, for example through binding to AXIN® 37 3% 42
This (partial) functional redundancy between APC and AXIN is most likely also
responsible for keeping the signaling activity of tk armadillo repeats 5/6 mutants in
check, although it will be less efficient when compared with wildype 1 -catenin.

- OOAQET T O EIT -éterinChave Be@rErhainly lep@rted in livercancers,

Wilms tumors and those of the largentestine,> ****’

and anecdotally inseveral other
tumor types, but their true frequency is probably underestimated as in the past
CTNNBImutation analysis was largely restricted to the exon 3 hotspot. Therefore,
whole-exome or genome mutational analyses that are becomingnore routine
procedures for tumor investigations nowadays, are likely to uncover more frequently
these specific mutations. Given their weak activation nature, these mutations are more

likely going to be identified in tumor types that require a minimal to noderate

4,43, 44
h.

activation of the pathway to support their growt In that respect, their presence

in colorectal cancer was somewhat surprising as these cancers generally select for

EECEAO 1 -Bat@did siynalingt Oyr analysis shows however that incolorectal
AAT AAO OEA AOI AAEI 1T EIT OOPI O | OOAGEIT O AOA

- Z. A oz~ Z.N N

tumor growth. A similar scenario may be at work for Wilms tumors, in which the

armadillo repeat 5 and 6 mutations often associate with those of//7.X (official name

AMERJ, *" which also leads to a modest signaling enhancement. In liver cancers

however, the weak signaling associated with these mutated armadillo repeat variants
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appears tobe sufficient to support tumor growth as they are not clearly associated with
AARAEAAOO EI -catefirEsfy@aling riel@ek components.

In conclusion, our molecular and structural analyses uncover a novel mutational
i AAEAT EOI 1 Aeatdhin Bighdling.Anicontrast to the Nterminal mutations in
-AAOAT ET OEAO AEOAAOI U EIi PAEO EOO DPHICHAPET OUI
the hotspot mutations within armadillo repeats 5 and 6 lead to enhanced signaling
through reduced binding to APC, whilesimultaneously retaining the interaction with
their nuclear TCF/LEF transcriptional cofactors. The latter is important to allow
OO0AZLEAEAT O Al-chtdnin Aafget Ayénés diiivifiey tymor formation. A second
difference with the N-terminal mutants appeas to be that they often ceoccur with
I OEAO | OOA OE-lkdtein sfyrBKES, Atdekst iCcolprectal and Wilmsimors
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Supplemental Figure S1
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Supplemental Figure S1Association of CTNNB1 mutation type with target gene expression confirmed.
Expression] A OA1 O -cétefin rged gemes AXIN2, GLUL, and LGR5 were obtained from 96 CTNNB1
mutant hepatocellular cancers investigated by the Cancer Genome Atlas (TCGA) consortium. The mutation
types were grouped as follows: D32537 (n=52), T41 (n=8), S45 (n=8), K335 (n=7); N387 (n=4). Seven
lesions were excluded from analysis as the specific mutation could not be linked to a specific group, e.g.
small intra-exonic deletion, double mutation. Expression levels were compared with 50 normal adjacent
liver tissues. Expression values are depicted as RNs&( by expectatioamaximization (RSEM) values. Only

significant changes are shown. Significance is as follows: * p<0.05; ** p<0.01; **** p<0.0001.
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Supplemental Figure S2

A

Supplemental Figure S2Details of TCF and-€adherinbinA ET C-A@DAf| ET 8 | Qatenmdopms £OT |
two hydrogen bonds with backbone groups of D23 in TCF. Hydrogen bonds are indicated with dashes. B)

. oypyx Aeaierin fgrms two hydrogen bonds with backbone groups of Y681 in-8adherin. C) TCF is

bound to r-catenin via a fourresidue ion-pair network (E334-R376-D40-K335). The presence of the

EUAOT PET AEA 611 OEAA AEAET EIT 4#& DOAOAT &éendiD) AO ET O
EEAAAEAOET E-Gatedin vid ik differ@rit foyrresidue ion-pair network (K292-Y333-pS692K335).

Formation of ionic interactions to connect the two isolated networks is impossible because of residue 688

in E-cadherin being an Alanine rather than a (phosphorylated) Serine. E) The sidechain of D23 in TCF is

tooshh 00 O1T & O0i AT AOCAOEAAI I U AEA&dnD.AAThdaromatiOdidechanOET T O >
of EAAAEAOET 9¢ouyp ET OAOAAOO x E-GaeninQvia Aan Adr Wdals AterdztiohsC 1 £ 7 c
(indicated with curved lines).

40



A new mechanism foly -catenin stabilization

Supplemental Table S1. Within colorectal cancers, armadillo 5 and 6 repeat mutations often

associate with other ‘weak’ activating mutations of B-catenin signaling. From the chioportal

website (http://www.cbioportal.org/) all bowel studies were selected and screened for

CTNNB1 mutations. The ones carrying armadillo repeat mutations discussed in our
manuscript were further analyzed for mutations in APC, AXIN1, AXIN2, RNF43, ZNRF3 and
AMER1. For the depicted missense alterations of AXIN1, AXIN2 and RNF43 not always the

functional consequences are known, and thus these were not considered as inactivating.

Truncating APC mutations with 3 or more 20 amino acid repeats are shaded.

Patient ID CTNNB1 APC AXIN1 AXIN2 RNF43 AMERA1
Y333F
N666Afs*24
coadread_dfci_2016_280091 R386M GB659Vfs*41
- GB3W
C419Y
P-0000616 K335l P660Sfs*87
P-0006999 K335l R554*
T1556Nfs*3
P-0007361 K335l
S833Afs*9
coadread_dfci_2016_291403 K335T T1556Nfs*3
coadread_dfci_2016_2271 R376H | V1472Efs*35
R1114*
P-0006960 R376H R533Q R465H L285l E1115D
$1400*
coadread_dfci_2016_2635 W383G
R1450*
TCGA-AG-A020 W383G
A1246Gfs*10
coadread_dfci_2016_3321 W383R E618K
T1556Nfs*3
P-0008782 W383R
R876*
TCGA-AB-5661 W383R S654L | GB665Afs*24 W200*
N387K
TCGA-AA-3534
T257I
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42

are known, and thus these were not considered as inactivating.

Supplemental Table S2. Within hepatocellular carcinomas, armadillo 5 and 6 repeat
mutations do not associate with other activating mutations of B-catenin signaling. From the
cbioportal website (http://www.cbioportal.org/) all hepatocellular carcinomas were selected
and screened for CTNNB171 mutations. The ones carrying armadillo repeat mutations
discussed in our manuscript and associated with increased signaling, were further analyzed
for mutations in APC, AXIN1, AXIN2, RNF43, ZNRF3 and AMER1. For the depicted

missense alterations of APC, AMER1 and AMER2 not always the functional consequences

Patient ID CTNNB1 | APC AMER1 | AMER2 | ZNRF3
CHC1603T K335l G126R
CHC1763T K335l

CHC2029T K335T

CHC2200T K335T

CHC1626T N387K

CHC1736T N388K

TCGA-G3-A5SJ Y333F

TCGA-K7-A6G5 K335T

TCGA-DD-A1EE K335l G820V
TCGA-DD-A1EJ K335l

TCGA-DD-A3A4 K335l

TCGA-DD-A4NL K335l

TCGA-MI-A75C K335l

TCGA-DD-AACK K335I

TCGA-BC-A5W4 L368H

TCGA-CC-5262 W383C

TCGA-BC-AG9H N387Y

TCGA-FV-A2QQ N387K V/568Gfs*5
TCGA-EP-A3JL N387K

TCGA-DD-AADM N387K D1297G

TCGA-DD-A73A N387I
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Abstract

AXIN1 mutations are observed in 10% of hepatocellular carcinomas (HCCs) and
I OECET AT T U xAOA AT 1 OEAAOAA O OODPDIcadin00I T O
signaling. This view has however been challenged by reports showing neither a clear
T OA1 ACAOATTET AAAOI O1 ACETT 11 0O Al-datkrtnl targetAT EAT A
genes. Here, using nine HCC lines, we show that AXIN1 mutation or siRNA mediated
ETTAEAT xT Al 1T OOEA Octdrth signaling Ain &l AAXIN Anitanty and
non-mutant lines, also cafirmed by reduced signaling in AXINirepaired SNU449 cells
using CRISPREAOw8 "TOE 18).p ATA 18).c¢ xchadim OUT A
signaling. While in the AXINimutant lines, AXIN2 is solely responsible for keeping
signaling in check, in the nodf OOAT O 1 ET AO AT OE ! 8) -cate@rOl OAET
regulation to varying levels. The AXIN proteins have gained substantial interest in
AAT AAO OAOGAAOAE &1 O A OAAichidhin @edtidaidnicanplexEAE O £
can be increased by tankyase inhibitors, which thus may serve as a therapeutic option
Ol OAAOAA OE-datenp-OdpendeBt cadnos. fApplication of the tankyrase
inhibitor XAV939 does not clearly stabilize AXIN1 or AXINZ2 protein in our HCC cell lines,
with the exception of AXIN2 in the CTNNBImutant ones. Nevertheless, tankyrase
ET EEAEQET 1 -cdtdhih &igndlin@ ihAnAst monCTNNBZmutant lines, which was
however not sufficient to suppress their growth. Overall, our analyses show that AXIN1
inactivation leads to enhand A -cagtenin signaling in HCC cell lines, questioning the
strong statements that have been made in this regard. Enhancing AXIN activity by

tankyrase monotherapy provides however no effective treatment to affect their growth.

Keywords: Hepatocelluar AAOAET T | A | -catedirdignaling, QXIN1L, AXIN2,

Tankyrase inhibition
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7Targets of tankyrase inhibition in HCC

1 Introduction

Hepatocellular carcinoma (HCC) is the sixth most prevalent cancer and the third
leading cause for cancer related deaths worldwide with around 500,000 new cases
diagnosed each year(1,2). Hepatocarcinogenesis initiates with the accumulation of
aberrant genetic and epigenetic modifications leading to the dysregulation of signaling
pathways, which transform the normal hepatocytes towards malignant phenotypeS).
YT APPOT POEAOA A-BafeRidsighnling has bedn réport@dffrequently in
HCC4)8 ! O OEA AAT OOAI -AADADET AIOE Ci A1 ®adteii 1 ET OO,
levels are tightly regulated by a multiprotein complex composed of the adenomatous
polyposis coli (APC) tumor suppressor, scaffold proteins AXIN1, AXIN2 and the kinases
"'3+0 AT A@gsB+pyl OEA AAOAT A AcatdnifE is Ttdnditutivelg CAT AOF
phosphorylated and degraded to maintain a minimal level in the cytoplasm. Upon Wnt
stimulation, the multiprotein complex dissociates causing the accumulation of cytosolic
AT A 1 O&dteAid @hich in turn triggers the transcription of specific target genes.
I AAOOAT O A A O E -Gaefirt dighaling #& HZA HAF yeen mainly attributed to
activating somatic mutations in theCTWNBIC AT A AT Adaten( (2&E25%) (4,6-8).
These mutations result in single amineacid alterations or small inframe deletions at
N-terminal phosphorylation residues that make the protein more resistant to proteolytt
degradation. For these activating mutations it is welaccepted that they support tumor
COl xOE AU -BdteRiisighalng i§ a gominant fashion.

I'TT OEAO AT 1 BT 1 AtateninlsighaliddEphthway régfilarly inactivated in
HCC isAX/N1(10%), while inactivating mutations of the AXIN2(3-4%) and APO(1-2%)
genes are observed less frequently4,6,7,9). Originally, given its prominent role in the
[ -catenin destruction complex, mutational inactivation of AXIN1 was considered to
support HCC developldT O AU A A A OO A tc@dnio sighdlirig AThid\ el Qas [
however been challenged in the last decade by several reports showing neither a clear
T OA1 ABMOOAT ET AAAOGI O1 AGETT 110 Alchehioltatget AT EAT ,
genes in AXINFmutant HQCs (10-12). In support, AXIN1 has also been shown to
potentially regulate the activity of other proteins relevant for tumorigenesis, such as
MYC, TP53 and SMAD@ 3-16). Other reports, including our own work, have provided
Oi I A AOEAAT A Acaienit sighbliAgdnmdX/0Ankitant HCC cells, albeit modest
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(11,17,18)8 ( AT AAh O kdteniA @gdaliig Golloividg AKIN1 mutation and its

relevance for supporting HCC growth is still under debate.

Besides their frequent mutational inactivation in livercancer, the AXIN proteins have
gained substantial interest in cancer research for a second reason. Their activity in the
[ -catenin destruction complex can be increased by swalled tankyrase inhibitors, which
thus may serve as a therapeutic option to redik OE A  C Otaterintlepéndent
AAT AAOO8 4 EA 1 8)catenibdiBélfCabeEund@htight grdieAlytioq control.
Poly-ADP-ribosyltransferases tankyrasel and -2 (encoded by 7NKS and TNKSZ
associate with the Nterminus of AXIN proteins, resultig in their PARsylation and
subsequent RNF146 mediated protein ubiquitylation and degradatior19-22), thereby
limiting the activity of the destruction complex. Blocking the catalytic activity of the
tankyrases, first results in accumulation of the tankyrass themselves by inhibition of
their auto-PARsylation, followed by AXIN accumulation. Next, smlled degradasomes
AOA AOOAI A1 AA ET x EE Aeateniidéstrultion chnipledaggbeQatel £ OE /
to form large multiprotein complexes leading to an effieé A T -€aterjin turnover. The
formation of these degradasomes can be visualized as discrete cytoplasmic puncta
within tankyrase inhibitor treated cells. Application of these tankyrase inhibitors has
been investigated for the treatment of breas{23), lung (24) and especially colorectal
cancer(25-29), with some successful initial results for a subset of tumors. Investigating
their potential to treat HCC has been limited to a single study in which high inhibitor

levels blocked the growth of some liver cancecell lines(30).

In this study, we employed CTNNBZ, AXINI- and nonmutant HCC cell lines to
ET OAOOECAOA OEA EiI DPAAO 1 #Aatediddighaling Asvdll aEdelE EAE OF
growth, and to further explore the function of AXIN1 and AXIN2 in regulatg
7 1 O+Eagtenin signaling in HCC cells.

50



7Targets of tankyrase inhibition in HCC

2 Materials and methods

2.1. Cell lines

CTNNBImutant HepG2, Huh6, SNU3984X/NVI mutant Hep3B, PLC/PRF/5, SNU449
and non-mutant HepaRG, Huh7, SNU182 HCC as well as CRC (DLD1 and SW480) cell
lines were cultured as reported previously (18)8 4 EA OA®IOADDOT EO OC
throughout the paper to indicate that these lines do not contain ntations in genes
ET T xT OI A Acatenihisigndlidg. I@dntityrof all cell lines and clones thereof,
was confirmed by the Erasmus Molecular Diagnostics Department, using Promega
Powerplex-16 STR genotyping in October 2018All cell lines tested negate for
mycoplasma. Mutation status depicted in supplemental Table S1 was confirmed in all
the nine HCC cell lines by Sanger sequencing and was consistent with those reported at
COSMIC, the Catalogue Of Somatic Mutations In Canfletp://cancer.sanger.acuk)

(32).

2.2. Reagents

XAV939 and IWR1l were purchased from Sigma&Aldrich. Antibodies specific for
-AAOAT ET jepmputh "$ 40AT OAGA&enin(Ser33BAT OAOT C
(#2009, Cell Signaling Technology), AXIN1 (#2087 and #3323 Cell Signalifigchnology;

AF3287 R&D systems), AXIN2 (#2151, Cell Signaling Technology), Tankyrds2
(scoou Pwyx h 3 Aladi (scATBUSAMa Gruz) and antiabbit or anti-mouse
IRDye-conjugated secondary antibodies (L-ICOR Biosciences, Lincoln, USA) were dse

for western blot analysis.
¢ 8 acatenmn reporter assays

4 E Acatenin reporter assays were performed as previously describe¢82). In short,
we plated 5x10* cells per well on 24well plates, which were transfected with 250 ng
Wnt Responsive Element (WE) or Mutant Responsive Element (MRE) vectors and 10
ng CMVRenilla using FUGENE® HD Transfection Reagent. We measured luciferase
activities and normalized the data for the transfection efficiency by using the Dual
Luciferase Reporter Assay system. Followg normalization, WRE/MRE ratios are

obtained, which are depicted in all figures.
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2.4. MTT assay

After incubation with XAV939 for 72 hours, cells were analyzed by MTT assay as
previously reported (18). The mean and standard error were calculated for each

condition.
2.5. Western blotting

Cells were lysed for western blotting analysis as previously reported18). Results

were visualized with Odyssey 3.0 software.
2.6. Immunocytochemistry

#A1 10 xAOA OAAAAAEAT )) OkAaA, AEAI AFfsir 31 EAA
Scientific). After 16 hours treatment with 1 pM XAV939 or DMSO, cells were washed
with PBS, fixed in PB®uffered 4% paraformaldehyde for 10 mins, permeabilized with
PBS0.2% Triton X-100 solution for 5 min and blocked with PBS containing 3% BSA for
30 minutes. Samples were incubated with primary antibodies at room temperature for 1
hr, followed by PBSTween 20 0.05% washes and incubation with appropriate
secondary antibodies for 1 hr. Primary antibodies were diluted as follows: AXIN1
(AF3287, 1:100); AXN2 (#2151, 1:200); Tankyrasel/2 (sc-365897, 1:200). The
following secondary reagents were used: Donkey antcoatAlexa 647 (#A21447),
Donkey antiRabbit-Alexa 488 (#A21206), Donkey anttMouse-Alexa 594 (#A21203);
all from Invitrogen, at 1:500 dilution. Slides were mounted with Vectashield mounting
medium with DAPI (H1200, Vector Laboratories). Images were generated using a Zeiss
LSM510META confocal electroscope.

2.7. Quantitative reailtime polymerase chain reaction

RNA was isolated with a MacherNucleoSpin RNA |l kit (Bioke, Leiden, The
Netherlands) and quantified using a Nanodrop NE2000 (Wilmington, DE, USA). CDNA
was prepared from total RNA using a cDNA Synthesis Kit (TAKARA BIO INC).
Quantitative PCR was perforrad using Sensimix SYBRGreen (Applied Biosystems) or
TagMan (AXIN1; Hs00394718 m1, AXIN2; Hs00610344 _m1, GAPDH; Hs0278662y
Gene Expression Assays (Applied Biosystems). Analyses were performed using the

StepOne Reallime PCR System and the StepOnev2.0fte@re (Applied Biosystems,
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Darmstadt, Germany). All expression levels are depicted relative to the expression of

GAPDHPrimer sequences are provided in supplemental Table S2.
2.8. Gene knockdown by small interfering RNA (siRNA)

Smartpool ONTARGETpIus siRNAs targetingl X/NZ AXIN2or APCwere purchased
from Dharmacon. The ONTARGETplus Nortargeting siRNA #2 was used as negative
control. Cells were reversetransfected in a 24well plate using a total of 0.8 p
DharmaFECT formulaibn 4 (Thermo-Fisher Scientific) and 25nM of each siRNA per well.
Following 72h incubation, the effect of knockdown was tested by RTPCR.
Alternatively, 48h after siRNA transfection, the cells were transfected with WRE or MRE

vectors and CMVRenilla for A -catenin reporter assay.
2.9. Colony formation assay

After trypsinization, 1000 cells for each cell line were seeded in-@&ell plates and
were cultured in complete DMEM medium containing 1uM XAV939 or DMSO as control.
Medium was changed every three daysTwo weeks later, the cells were washed with
PBS, fixed in 4% PBS8uffered paraformaldehyde for 10 min and stained with crystal

violet solution. Tests were performed at least in triplicates.
2.10. CRISPR/Cas9 mediated repair gfX/VImutation in SNU449 cés

A single guide RNA (sgRNA) encompassing the homozygous c.2134C&X/N1
mutation present in SNU449 cells was designed and cloned inispCas9(BBRA-GFP
(PX458), a gift from Feng Zhang (Addgene plasmid # 481388) using standard
procedures. To repair his mutation we designed a singlestranded oligodeoxynucleotide
(ssODN), following the guidelines proposed by Richardson et §84). The ssODN was
ordered as Ultramer from Integrated DNA Technologies. Both the sgRNA and ssODN are
described in supplementalTable S3. Tansfections were performed with the Amaxa Cell
Line Nucleofector Kit V (Lonza) and Nucleofector Ilb device according to the
i AT OEAAOOOAOB O ET OGONMADELId e cordnsfeAt@iBvAVED v Dp T
PX458 and 19 ssODN. After nucldection, complete DMEM medium with 7.6M
RAD5Lstimulatory compound-1 (RS1, SigmaAldrich)(35) was used for cell culture.
After 48 hours, GFP positive cells were sorted by FACS and seeded as single cells in

96-well plates. DNA from tones grown successfuy from single cells was isolated using
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OEA 10EAE%@OOAAOA $.! %PBOOAAOQEIT 3711 O00ETT |«

encompassing the mutation was subjected to sequencing.
2.11. RNA extraction, llumina library preparation and sequencing

Total RNAwas isolated with the MacheryNucleoSpin RNA I kit (BIOKE, Leiden, The
Netherlands) and quantified using a Nanodrop NELOOO (Wilmington, DE, USA). RNA
quality was checked using a RNA Pico chip on the Agilent Bioanalyzer. Library was
constructed and sequeced with an lllumina HiSeqTM2000 (GATC Biotech, Konstanz,
Germany). Briefly, the mRNA was enriched using oligdT magnetic beads, followed by
fragmentation (about 200 bp). Then first strand cDNA was synthesized using random
hexamer-primers and the second sand was further synthesized in a reaction buffer
including dNTPs, RNase H and DNA polymerase |. Double stranded cDNA was purified
xEQOE [ ACl AOEA A-And AiGgs nutlEofide A (abeBide) vead added and

adapters were ligated to the fragments whih were enriched by PCR amplification.
2.12. RNAsequencing analysis

RNAseq data of control and AX/NZErepaired SNU449 samples (n=3 each) was
analyzed using UCSC human genome build hg38 and GENCODE annotation release 26
(GRCh38). FASTQC (v0.11.6836) was applied on the singleend FASTQ files for quality
control, both before and after running trimmomatic (v0.36) (37), which removed
TrueSeq adapter sequences. STAR (v2.5.3a) was used as aligner, wilags mapping
for each sample separately38). Mapping qudity plot was generated and checked based
on sambamba Flagstat (v0.6.7) statistic639). Count files, with the number of reads for
each gene were created with subread FeatureCounts (1.5.@)0). Settings of different
tools can be seen in supplemental Table S4. R (version 3.4.3) was used for further
statistics calculation and data visualizations. Differential expression analysis were
DAOAI Ol AA xEOE AT T AEOEI T O02ADPDASMQAADESEgREcq O
package (v1.18.1)(41) and the Waldtest. A significance cubff of 0.05 on the adjusted
P-value was utilized, using the BenjaminHochberg procedure. The RNA&equencing
data from this study have been submitted to the Gene Expression Oins
(GEO}database under the accession number GSE119001.

2.13. Statistical analysis
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All results were presented as mean + SD. Comparisons between groups were
performed with Mann Whitney test. Differences were considered significant at Avalue
less than Q05 (*/0.05, ***0.01, ***/0.001).

3. Results

3.1. Baseline levels of AXIN1 and AXIN2 in HCC cell lines

417 Agbi i OA OEA &£O1 AGEI 1T 1 £ ! 8datenipsighalingin! 8) . ¢
HCC cells, we employed 9 HCC cell lines listed in supplemental Table S1, in which gene
i OOAOET 1T O OA icdtehiA dignalirg ar@ deficted. By western blotting, AXIN1
xAO T1TOEAAAAT U -da@irOndutaid fnds aidl AXIRIEdtantyPLC/PRF/5
(lacks exon4 encoded GSKBinding domain) (Figure 1A). In all other lines some AXIN1
was discernible on overexposure, with the exception of the mutant pR146* AXIN1
presentin Hep3B. The truncated p.R712* AXIN1 protein present in SNU449 could only
be detected using the Nerminal AXIN1 antibody. Also AXIN2 was clearly detectable in

O E Acatgnin mutant lines, but was barely/not visible in the remaining lines.

Next, we compaed AX/N1Iand AXINZRNA expression levels by gRPCR using two
independent methods (Figure 1B,C). UniformlyAX/N2was expressed at higher levels
than AXINIET AT 1 (## AAI 1 | EIl-cAténm reateddnAitatibn stalud. O 1 &£
The low AX/INIRNA lewels were independently confirmed with two additional primer
sets (Supplemental Figure S1). In accordance withX/V2A A E T @ateAin tprget gene,

the expression differences were largest in th&€7NVNVBImutant lines.
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Figure 1
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Figure 1.Baseline levels of AXIN1 and AXIN2 in HCC cell lines. (A) Western blotting assay showing the
basal protein levels of AXIN1 and AXIN2. For the-fdrminal AXIN1 antibody a stronger exposure is also
shown. (B) RNA levels tested by gqRPPCR (mean + SD, n=2, iee). (C) RNA levels tested by TagMan Gene

Expression Assay. All expression levels are depicted relative to the housekeeping geaéPDH Note the
interrupted Y -axis scales.

c08¢8 "1 OE !8).p ATl AatehiBsignating ®dubtoraeHCO&A O1
lines

The above results indicate an apparent discrepancy, i.e. whil@X/N2seems to be
clearly higher expressed than AX/NI on RNA level, its protein levels are barely
detectable in most HCC lines. This can have various reasons, both technical (antibody
quality) as well as biological (protein stability). To more directly evaluate the
AOT AOETT AT EOU T &£ AEOEAO ! 8)-catpninisighalihggneach O1T O
cell line, we applied siRNA mediated knockdown. We focused our analysis on the
AXINEmutant and non-mutant lines, using SNU398 as &7NNBImutant control. APC
ETTAEAT xT xAO OOAA AO A bl @dichik sipAaling.iAha@sisl 1 Al C

56



7Targets of tankyrase inhibition in HCC

by gqRT-PCR confirmed the efficient knockdown of all targeted genes (Figure S2A). As
expected, APCET | AEAT x1T OAOOI OAA EicateAin ré€pbrter aktigity ET A OA £
and AX/NZexpression in all cell lines, with exception of theC7TAVNVBImutant SNU398
(Figure 2 and S2B). In all threeAX/NEmutant lines, a comparable increase in reporter
activity was observed as a consequence AX/NZknockdown, showing that AXIN2 is
expressed at biologically functional levels and also confirming that the AXIN1 mutation
EIi PAEOO E @&enirOreduldtionEAmong the nommutant cell lines a variable
response was noed. In SNU182 cells reporter activity was increased to levels
approaching APCknockdown. In Huh7 cells a clear Bold increase was observed, but far
lessprominent as by APCknockdown, while HepaRG cells were barely affected in their
[ -catenin signaling ativity. QRT-PCR analyses forAX/N2were also performed in all
AXIN2 knockdown samples (Figure S2C). However, a meaningful interpretation is
complicated by the fact that total AX/NVZRNA levels are simultaneously downregulated
by siRNA as well as upregulated U OE A A IcdfeAih dghAaling fa more detailed
explanation is provided accompanying Figure S2). Hence, for the interpretation of the

AXINZknockdown experiments we restricted ourselves to the reporter assay.

The partial increase in reporter activity observed in the normutant lines following
AXIN2ZET T AEAT xT OOCCAOOO OE A OcatesinturnpverOthérdfore, AT T OO
we knocked down its expression, using thedAX/NZmutant PLC/PRF/5 as negative
control. We also evaluated simultaneous knockden with AXINB | O A g&akidnOAAR
signaling in the PLC/PRF/5 line was not enhanced by X/NZknockdown, confirming the
defective status of the mutant protein (Figure 2B, S2D). HepaRG and SNU182 did not
show clear changes in reporter activity, but showed2-4 fold increases of AXINZ2
expression. Huh7 cells showed a clear increase of reporter activity and &dd increase
in AXINZRNA levels. Simultaneous knockdown oAX/NIand AX/NZled to a robust

ET A O A O &dtenin repter activity in all tested lines (Fi).

Taken together, these analyses show that (i) in HCC cell lines both AXIN1 and AXIN2

- z A s o~ NN

A N s.A ~ A

1 8). DOI OAET O-catenid réyQdtidn @l&vdryin® ievels depending on the cell
line under investigation; (ii) both proteins are expressed at functionally relevant levels

despite their low detectability by western blotting; (iii) in C7TNNBZmutant HCC lines
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-AAOAT ET OECT AT ET ¢ EO AT | E-Xafehiddrotein @l GabriotA OA A A
be effectively modulated by alterations in APC or AXIN1/2 levels.

Figure 2
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Figure 2. Both AXIN1 and AXIN2 contribute tor -catenin signaling regulation in HCC delines. (A)
Indicated cell lines were subjected to g -catenin reporter assay after siRNAnediated knockdown of APC
or AXINZ2 Both APCand AX/NZ2knockdown are equally effective in enhancing signaling iMlX/AVZ mutant
cells (Hep3B, PLC and SNU44MX/N2knockdown in the nonmutant lines (Huh7, HepaRG, SNU182)
results in an incomplete increase in reporter activity when compared withAPCknockdown. Absolute
WRE/MRE( -catenin reporter ratios are shown following Renilla transfection normalization (mean + SD,
n=2, twice). (B) Indicated cell lines were subjected to a-catenin reporter assay after siRNAnediated
knockdown of AXINZ AXINZ a combination thereof orAPC WRE/MRE ratios for the control siRNA were
arbitrarily set to 1 for each cell line. Allf -catenin reporter WRE/MRE ratios for the other siRNAs were

normalized to this control (mean = SD, n=2, twice). Note the interrupted-#xis scale.

PN N P

0808 4AT EUOAOA ET EEAEOET l-caténh Akdni HEORID ! 8)
lines

The tankyrase enzymes havd AAT OET x1 O AT OACT icadnidA OEA |
destruction complex by PARsylation and subsequent breakdown of AXIES-22). Their
ETEEAEOQOEIT T AAT 1 Acaténin @inoveh nd drowihAstipArdsdion jof a
O O A O A @atehimElependent caners (23-29). At baseline all HCC cell lines showed
readily detectable RNA expression of botW/NKSand 7NKSZ2genes, while by western
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blotting predominantly the larger tankyrase-1 protein was visible (Figure S3). We

treated HCC cell lines with tankyrase infditors XAV939 or IWR1, using the CRC cell line

SW480 as positive control. In accordance with previous studies on SW480 cells, XAV939
stabilized tankyrase-1/2, AXIN1 and AXINZ2, increased phosphp-catenin (p-r -catenin)

AT A AEIT EIT E GCcatdnih leieis (Figdre SgA). In all HCC cell lines, XAV939
treatment at two different concentrations led to a robust accumulation of both tankyrase

proteins by blocking its autoPARsylation (Figure 3). Strikingly, we did not observe a

clear stabilization of either AXIN1or AXIN2 protein in most HCC cell lines. Solely in the
CTNNBImutant lines HepG2, Huh6, and especially SNU398, the AXIN2 signal was
TTOEAAAAT U AT EAT A Acdtehin, DiityQrE Hults A0 inokedsd in ©3$33/37
phosphorylation was observed accompanid xEOE A Ol ECE O-caieA OAOET |
I AGAT 6h AOGO TT1U AT AAOI U A 1T1TxET ¢ O0OAAODI AT C
were obtained with a second tankyrase inhibitor (IWR1) in the Huh6, PLC/PRF/5 and

SW480 cell lines (Figure S4B).

In various cell lines tankyrase inhibition has been shown to lead to the formation of
so-A Al 1-da#®ninrdegradasomes, consisting of highesrder structures in which all
AT T BT TAT 00 OdaelirEdoghabiatiofElar® present(42). These degradasomes
can be vsualized as AXINand tankyrasepositive cytoplasmic puncta(43), which were
readily visible in XAV939 treated SW480 cells (Figure 4). This was also the case in Huh6
cells, expressing intermediate levels of both AXIN proteins, although not as prominent as
in SW480. By western blotting PLC/PRF/5 cells express clear levels of a mutant AXIN1
protein retaining the DIX domain required for multimerization. Accordingly,
accumulation of tankyrase and AXINZXpositive puncta was detectable, but no obvious
change in ®undance and subcellular localization of AXIN2 was visible. Lastly, in Hep3B
cells exclusively tankyrasepositive puncta were observed, in line with the low AXIN1/2

levels observed by western blot.

Thus, both the western blot and immunocytochemistry analyis suggest that
tankyrase inhibition leads to an efficient stabilization of AXIN2 and the formation of
-AAOAT ET AACOAAAOQI icdiedin iusaAt IHOO eeld lneésUwhite TAXIN1
remains largely unaltered. In all other lines no obvious change in AX1 or AXIN2 is

observed.
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Figure 3
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Figure 3.Tankyrase inhibition stabilizes AXIN2 exclusively inC7MNBImutant HCC cell lines. (A) Western
blotting assay showing levels of tankyraseé/2, AXIN1/2, p-r -catenin (pS33/37) and total [ -catenin after
XAV939 treatment(1 or 5{ M, 16 h).
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Figure 4
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Figure 4. Immunofluorescence staining showing the abundance and subcellular localization of
tankyrase-1/2 and both AXINSs, following tankyrase inhibition. Original magnification is 63x. Cells were
OOAAOAA xEOE pt- 8!6wow A O peES
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~ z

0818 4. +3 ET EEAE OEdaienin Aignhliig BoOiyAi®d masi O7 1
non-CTNNBImutant HCC cells

Despite that we observed no clear visual AXIN accumulation in most HCC cell lines, we
OAO 1T 00 O1 AAOCAOI ET A OEA EI bA-&denin signalidAl EUOA
activity. In line with our previous work, in untreated samples we observed a clear
ET A OA O Echténin fegbrter activity in both the CTANNBZ and AX/NZmutant lines
(Figure 5A), supporting our observation that AXINimutant lines show increased
[ -catenin signaling(18). Following XAV939 treatment,C7NNBImutant cells still gave a
E E C Eatenin reporter activity, comparable to the untreated cells (Figure 5), in
accordance with the supposed dominant activity of mutant -catenin. Except for HepRG,
reporter activity was however suppressed in both the AX/NI mutant as well as
non-i OOAT O 1 ET AOGh Al OET O Gdatenth duCel iegditeA activiy isT T OA A
not completely blocked. The most prominent decreases were observed in PLC/PRF/5
and Huh7, which also displayed a minor but noticeable decrease diX/NV2at RNA level, a
well-A OO A Al EdbeBid farget gene (supplemental Figure S5). Thus, this analysis

and non-mutant lines, despite that no obvious AXIN accumulation is observed.

62



7Targets of tankyrase inhibition in HCC

Figure 5
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Figure 5 Tankyrase inhibitor diminishes Wnt/[ -catenin signaling activity in most non CTAVNBImutant
HCC cells. HCC cell lines were incubated withMl XAV939 for 24 h followed by & -catenin reporter assay
(mean + SD, n=2, twice). (A) Absolute WRE/MRE-catenin reporter ratios observed for each cell line
following Renilla transfection normalization. (B) Same reporter values normalized to the numbers
obtained for the DMSO contretreated samples, which are arbitrarily set to 1 (*P<0.05, **P<0.01,
***P<0.001).
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3.5. TNKS inhibitor XAV939 does not inhibit cell growth of HCC lines effectively

Tankyrase inhibitors have been shown to inhibit the proliferation of a subset of
APGmutant CRC cells(25-29)8 ! O A OE CI1 E /FEE-BafehiOsigiakndgviad OE T 1
observed in a subset of our HCC cell lines following XAV939 treatment, we examined
whether this compound also exerts an inhibitory effect on HCC cells. Following three
days oftreatment, we noticed a reduced cell viability in a doselependent manner in the

CRC DLD1 cell line, which was used as positive control (supplemental Figure S6).

(1 xAOAOR (## AAI1 COI xOE xAO O1 Al OROAAR AOAT
To test the effect of longterm treatment, we performed a colony formation assay
OOAAQGET C (## AAIT1 O xEOE pt- 8!6wow A O OxI

obvious reduction in colony number and size was observed for most cell lines (HepG2
failed to form colonies) with the exception of SNU398 and HepaRG. As these two lines
AEA 110 OEI x AT U Addbiddghalng byl XA/98DAskel-gdrd\5), this
Is most likely the consequence of other cellular processes regulated by tankyrases, such
as telomere maintenance, mitosis or DNA strand break repair(44-46). Another
explanation could be the potential repressive effect of XAV939 on poly(ABiose)
polymerases PARP1 and PARR25), Collectively, these findings suggest that XAV939
cannot or at most modestlyaffect the growth of HCC cell lines at concentrations that

block tankyrase activity.
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Figure 6
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Figure 6. Tankyrase inhibitor XAV939 does not or at most modestly affect the viability and colony
formation capacity of HCC lines. (A) HCC cell lines wereated with XAV939 at ¥ M or 5t M for three days
followed by a MTTassay. (B) Colony formation with 1M XAV939 for two weeks. Medium was changed

every three days. Tests were performed at least in triplicatesdepG2 did not form colonies using this

assay.
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3.6. Restoring fullength AXIN1 expression in SNU449 cells reducedX/N2

expression, but has overall minimal effects on cell behavior

To more directly investigate the consequences of AXIN1 mutation for supporting
[ -catenin signaling and liver cancer growh, we used CRISRRas9 technology to repair
the homozygous p.R712* mutation present in SNU449 cells. This truncating mutation
removes the Gterminal DIX domain that is essential for AXIN1 to form higher order
structures through multimerization and fulfil iO O AOT Adatériniregufation (%7,48).
We successfully obtained several independent clones with complete repair of AXIN1
(Figure 7A). Protein expression levels are -3 fold higher compared with the parental
cells, which can be attributed to higher egression levels ofAX/NIRNA (Figure 7B). The
latter is most likely resulting from nonsensemediated decay of the mutant transcript in
the parental line. Importantly, all repaired clones show a significant reduction itAX/N2
expression to almost undetectale levels by gRTPCR (Figure 7C), indicating an
Ei BDOT @dtehin furnover. When these repaired cells are treated with XAV939, they
show a clear accumulation of AXIN1, in contrast to unchanged levels of the mutant
protein (Figure 7D). Accordingly, we obseve the formation of AXIN1 and
tankyrase-positive puncta exclusively in the repaired cells (supplemental Figure S7).
AXINZ2 is not detectable using IF, in line with its virtual absence observed by giPCR
and western blotting. Thus, we successfully resulteth restoring AXIN1 expression in
3.51ttw AAI 1 Oh xEEAE xAO AAAT | bAtakeditargety OAACQ
geneAXINZ2

The fact that we successfully obtained SNU449 cells with normalized AXIN1
expression also highlights that its mutation is not esential to sustain growth in culture.
AXIN1 has also been functionally linked to various other proteins relevant for
tumorigenesis (13-16). To determine in an unbiased manner the consequences of
restoring AXIN1 expression in SNU449 cells, we subjected 3pared clones and 3
controls to RNA sequencing. Surprisingly, only 5 genes were significantly altered in

expression including AX/N2(supplemental Table S5).

In conclusion, the analyses of the AXIN1 repaired SNU449 cells show that in this cell
line the AXIVI mutation has minimal effects on cell behavior and gene expression, with
the exception of one welA O O A A | -Ea@hinftakgetrgene, i.eAXIN2.
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Figure 7
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Figure 7. Successful repair of AXIN1 mutation in SNU449 cells. (A) Using Crispis technology we
successfully repaired thehomozygous ¢.2134C>T mutation inAX/NI resulting in several independent
clones with full-length (FL) AXIN1 expression. (B) QRIPCR ofAX/NIshows 2-3 fold increased expression
in all repaired (WT) clones. (C)AX/N2RNA expression is consistently dowsregulated in all repaired
clones. AXIN1/2 gRTPCRs were normalized to the value obtained for mutant clone 2 (Mut2), which was
arbitrarily set to 1. (D) XAV939 treatment for 13 days shows the accumulation of AXIN1 exclusively in the

AXIN1 repaired SNU449 cell line. Totgl-catenin and pr -catenin (pS33/37) levels are not significantly
changed following XAV939 treatment.
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4. Discussion

YT APPOT POEAOA A-Baiehidsighnling has bedn répbri@dffrequently in
HCC. This has been mainly attributed to somatic mutations in th€7NNBIgene
(20-25%) (4,6-9). A second common mechanism originally considered to lead to
AT E A1 &dteRin gignaling, is mutational inactivation of4X/Nobserved in about 10%
of HCCs, putting it among the ten most commonly mutated genes in H@(5-9). Given
EOO AAOQE Gehténlu destiuctidd Edfnplex this was a logic assumption, however
several more recent reports have suggested that AXIN1 mutation in liver cancer leads to
TT TO AO 1100 A IchtehiA €dgnalirig (16,10 A7 BldnceFthe egact
mechansm through which AXIN1 mutation supports HCC growth is still under debate.
In addition, the AXIN proteins have gained substantial interest in cancer research
AAAAOOA OEAEO -fatedrE @eEirddilon Edmple© Eaf ber increased by
tankyrase inhibitors, which thus may serve as a therapeutic option to reduce the growth
| A=catenin-dependent cancers. Here, using a panel of 9 HCC cell lines with specific
i OOAQET T O EIT Al-datbriinisidnalidgpatiway, Wethdve investigated both
aspects of AXN biology.

The original assumption that AXIN1 mutation drives tumorigenesis by enhancing
I -catenin signaling has been questioned for the following reasons: (i) AXIN1 and AXIN2
show high similarity to one another in most domains responsible for binding to ther
proteins (49). In accordance, AXIN2 can at leapartially compensate for AXINZloss in
O E Acatgnin destruction complex(50). (i) AXIN1 has been suggested to regulate the
activity of other proteins relevant for tumorigenesis, such as MYC, TP53 and SMAD3
(13-16)8 | EEEQ ) 11 611 EE OOi-cAtén ffaishditientify larA dffiiedE O &l O
nuclear accumulation in AXINimutant tumors (10). Although nuclear accumulation of
[ -catenin is a reliable predictor of active signaling, its absence does however not fully
exclude that a low level of biologicallyrelevant signaling is active(51). (iv) Deletion of
AXINIin the mouse liver led to enlarged livers, a feature that has also been associated
xEOE ET MOMOMGAEA [OECT Al ET Ch AT Acatdnin talyet §enek T A C
(11). Only lateonset hepatocellular cancers with no or at most a few cells staining

A O

pOl £ZE1T A AT AT UOGEO OOET ¢ A CAchtdnin @get IggnésOOA O
clustered most AXINti OOAOAA (##0O0 ET A Cchtéhib pregla@E 1 1
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activation, and about 20% in groups with weak or strong activatior{12). Overall, these
reports maEA A OOOI 1T gatddih signaling & Bdt frominent in AXINimutant
HCCs, but they also hint to some low level activation that might be biologically relevant.
In this respect, several examples have been presented in the literature showing that
minoO Al OAOAOQET 1 Gaténin sigddlidy cdn AadelprofolindEbiglogical effects
(5,32,52,53). In case of hepatocellular cancer, Buchert et al. have shown that lateset
hepatocellular tumors were present in all mice carrying a hypomorphicAPCmutation
AOOT AEAOAA xEOE E OO @ateAin dighaling, Ovbile rhoh or&ndtidnA ET
was absent or largely prevented with slightly increased or decreased signalir{§2). This
narrow window of signaling effective in liver cancer formation highlights the
importance of low level signaling for some cancer types and shows that it is difficult to
AO1 1T U A@Al OA Acatedin signalind OuElafmlysis mows that all three
AXINL-i OOAT O (## AAI 1 | -EadtedirOeparidr@divitf bigh Oohfhnizd A 1
by reduced AX/NZ2levels following AXIN1 repair in SNU449 cells. Furthermored X/N1
knockdown in three non-mutant lines leads to enhanced signaling,lso supported by a
recent investigation of AX/N1knockdown in Huh7 cells(12). Previously, we have also
shown that all AXINkmutant lines are impaired in their growth following SiRNA
i AAEAOAA ET I-BAEGATAT hi MQCCAOOET Geaténi AighaliiyO ££EE A E
levels are needed for an optimal growth(18). Taken together, this suggsts that AXIN1
i OOAOGETT 1 AAAO OI Aatehin dghah@ thét ImAyChd Ae@vant forE
hepatocellular tumorigenesis.
AXIN1-mutant tumors depend to a large extent on AXIN2 to counterbalance signals
OEA O E-tafedrisfgnaling, as shown bDEA O OOIT 1 C -chténh cepoktd A ET
activity that we observe after AX/N2knockdown, comparable to levels seen withrAPC
SsiRNA. Hence, they are expected to be more prone to signal in conditions that normally
injury or inflammation within the tumor micro -environment, or in instances of chronic
hepatitis or liver cirrhosis. Under such circumstances, AXINfnhutant cells may carry a
OA1l AAGEOA AA O AhtddiA @ddiadd EhAuictiorCdE forrexample tumor stem
cell features. Such local effects are likely missed when expression profiles are obtained
AOT T O00iT006 A0 A xEIT1 A8 1| O -@énnEsgnalingdin AAAI

AXINI-mutant HCCs cannot be ruled out complelg and will require additional

69



Chapter3

experimentation such as combined4d X/NVIand CTNNBIinactivation in mouse livers, to

determine if AXINLI OOAT O OOI T OO0 A-fdenidsigiatnd. x EOET 00
Nevertheless, it is clear that AXIN1 mutation by itself is not a sing driver of liver

tumorigenesis. Deletion ofAX/NZin the mouse liver only leads to few tumors with late

onset (11,12), implying that other oncogenic hits are required to successfully initiate

tumor formation. This notion is also supported by the minimal changes we observe in

the AXINZrepaired SNU449 cells. Apparently, this cell line does not depend anymore on

the AXIN1 mutation to gow efficiently, at least using the culture conditions that we

tested thus far. The RNA sequencing analysis also shows that no signaling routes

POAOGET 601 U T ETEAA O1T 1!8).p Aadenidiardeh gehed A ELER

AXINZ As reported by othes, it is also clear that AXINdAnutant HCCs follow a different

Ol OOA O1 OO0i 1T OECAT AOEO OE Achtenid Ehdtatidnd, &n@ may A OOUE |

more heavily depend on the activation of other signaling pathways such as the recently

described involvementof YAP/TAZ and Notch signalingl2).

To our initial surprise, tankyrase inhibition did not lead to a clear visual accumulation
of both AXIN1 and AXIN2 protein in most HCC cell lines, with the exception of AXIN2 in
the CTNNBZmutant ones. This is in apparent contrast wh studies of breast(23), lung
(24) and especially colorectal cancer, where its application leads to an efficient
accumulation of either one or both AXIN proteing25-29). As a potential explanation we
identified low RNA expression levels ofAX/N1.Recently, it was shown that sustained
protein translation is required for AXIN accumulation to occur21). Appaently, the low
RNA levels areinadequate to generate sufficient new AXIN1 protein to visibly
accumulate, whereas for AXIN2 this is only the case in the highX/N2 expressing
CTNNBimutant cell lines; the quality of available antibodies most likely plays ra
additional role, as the siRNA experiments demonstrate that both proteins are expressed
at functionally relevant levels. In contrast, most colorectal cancers are characterized by
L0# | OOAOET T O 1 AAAET Geatbriin sidnalibgdwinich iGtimUeads toE AT A A A
hyper-activation of AX/NZ2 explaining the efficient AXIN2 accumulation observed in this
cancer type following tankyrase inhibition (25-27). Thus, our investigation suggests that
AXINI and AXINZ2 RNA levels could be a good predictor for the level of their

tankyrase-inhibitor induced accumulation.
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Despite that we observed no clear visual AXIN accumulation in the
non-C7TNNBimutant HCC ell lines, we notice the suppressing effect of XAV939 on
[ -catenin signaling activity in most of them. In addition to their enzymatic activity, the
tankyrase enzymes are increasingly being recognized as scaffolding proteins that
catalyze the formation of E A -cgtenin destruction complex (22). Most likely the
XAV939 induced tankyrase stabilization allows a more efficient formation of these
AXINAT T OAET ET ¢ AAOOOOAOQOEIT T  Achténid ibrkakdo@n, dvehAAET C
though thus far we fail to show the AXINouncta microscopically. In accordane with
DOAOGET 60 OADPI O-GuenirEnutak ORGCHIGRS, E HAT cell lines expressing

L A L oA A~ A s s s~ Az

(25-27).

4 EA OA A O Acé&énin isignélihg agcomplished with tankyrase inhibition in a
subset of our lines, is however not sufficient to significantly affect their growthThis
seems to contradict our prevous study where all HCC cell lines were inhibited in their
growth after sSiRNAIT A A E A-©aleAin knockdown (18). In this latter study we reached
i TOA OEAT wymnb OA#dhiA Arétdinilevels] whiéniisvsirong contrast to
basically unaltered levels in our current study.XAV939 has also been evaluated in
another study involving three HCC cell lines (H&p2, Huh7 and Hep40)30). In this
report growth inhibitory effects were observed only at drug concentrations (IC50s of
25-p i - Gexcdshlifg the levels required for selective tankyrase inhibition, which
most likely will also have inhibited the activity of other PARP enzyme¢54). Taken
together, these studies suggest that tankyrase inhibition at physiologically relevant
concentrations is unlikely to contribute to HCC treatment as monotherapy. A potential
exception could be the rare subset of HCCs caimg APC mutations leading to high level
signaling of wild-O U B-#atenin (9,55,56).

In conclusion, using a panel of nine HCC cell lines we observe that all three
AXINI-mutant lines display a clearyET AOAAOAA AdaeiinQréplridr agshy. A
Repair of the AXIN1 mutation in SNU449 confirms this observation as it results in
OAAOAAA AAOQOE Oaedif farbet JedEAXD\R An the three nonmutant lines
reducing AX/NI levels also in all casedeads to enhanced signaling. Overall, these
AT A1 UOGAO OEi x OEAO !8).p [ OOAOQEIl T-cattnd@ ET AAC(

signaling in HCC, questioning the strong statements that have been made in this regard.
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While in the AXINEmutant lines, AXIN2 is solely responsible for keeping signaling in

check, inthe nonl OOAT O 1 ET AO AT OE ! 8)-catenQdg@alidnitoO AT T O
varying levels. Lastly, enhancing AXINcévity by tankyrase monotherapy does result in

A TTAAOGO O1 ET OAOi-datdrithssignalingdl iAdStAARINImitantEahd 1

non-mutant lines, but this is not sufficient to seriously affect their growth.
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Figure S1
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Figure S1 (A,B) Baseline RNA level of AXIN2 is higher than AXIN1 in HCC cell linesvalkdated by two

additional sets of AXIN1 oligos (a and b) tésd by gRFPCR (mean + SD, n=Ryice). All expression levels
are depicted relative to the housekeeping gene GAPDH.
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Figure S2. QRTPCR results forAPG AXINI and AXIN2in siRNA experiments.(A) SiRNA mediated
knockdown of APC AXIN1Iand AXINZ2tested by qRFPCR. Interpretation of AX/N2knock-down efficiency
is complicated by the fact that totalAX/V2RNA levels are simuhneously downregulated by siRNA as well
as upregulated by the emergingAT E AT AcAténin pignaling. This is especially the case for the
AXIN1-mutant lines, as they soly depend on AXIN2 in thebreakdown complex. We envisage the
following will happen. Directly following transfection, the siRNA mediated reduction inAX/N2RNA levels
present at that timein these cells, will result inreduced AXIN2 protein levels and a strongly increased
[ -catenin signaling. As a result both theeporter activity (Figure 2B) as well asAX/N2RNA expression wil
be strongly increased. As thasiRNA will not be 100% effective, this will temporarily lead to moe AXIN2
protein contributing to enhancedy -catenin breakdown. Both reporter activity andAX/N2RNA production
will diminish temporarily, after which this cycle will repeat itself. At the time of aalysis, this may result in
the apparent contradictory result that AX/N2RNA levels increase withAX/NVZ2siRNA treatment. Alsonote
that AXIN2RNA levels are about 6880% lower in the AX/N2siRNA compared with APCsiRNA treated
AXIN1-mutant cells (S2B vs S2C), while-catenin reporter levels are equallyincreased.(B) AX/INZ2RNA
expression is increased in all AXINdand nonmutant lines following APCknockdown. No change is
observed in ther -catenin mutant SNU398 line. Depicted valueare normalized to AX/N2levels observed
for the control siRNA, which are arbitrarily set to 1.(C) AXIN2 RNA expression following AXINZ
knockdown. The nterpretation problem mentioned above also applies hergD) AX/N2RNA expression is
increased in all noamutant lines following AX/NZknockdown, but not in the AXINt and 1 -catenin mutant

lines.

Figure S3
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Figure S3Baseline levels of tankyrasel/2 in HCC cell lines(A) Western blotting assayshowing the basal
protein levels of tankyrasel/2. (B) QRT-PCR assay showing expression dfAVKSand 7NVKSZin HCC cell

lines (mean £ SD, n=2, twiceExpression levels are depictedelative to the housekeeping gendGAPDH
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Figure S4
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Figure S4.Effect d tankyrase inhibitors validated by western blotting. (A) In SW480 cells XAV939

stabilizes tankyrasel/2 and AXIN1/2 protein levels, increases phosphe -catenin (p-r -catenin) while

simultaneously reducing total  -catenin. (B) Related proteins tested in SW480 and two HCC cell lines
(Huh6 and PLC/PRF/5) using a secondahkyrase inhibitor, i.e. IWR1, showing basically identical results
to XAV939. All these dés were treated with indicated tankyrase inhibitors for 16 h.
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Figure S5
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Figure S5.QRTPCR ofAX/N2in HCC cell lines treated with XAV939 (IM, 24 h) (mean + SDn=2, twice).
Depicted values are normalized toAX/NZlevels dbserved for the control treated samples, which are

arbitrarily set to 1.
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dose-dependent reduction in the MTT assay (mean + SD, n=4).
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Figure S7
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Figure S7.AXIN1- and tankyrasepositive puncta are exclusively oberved in the AXIN1repaired SNU449
cells following XAV939 treatment. In thanutant clone we do observe thdormation of tankyrase-positive
puncta. In general, the signalsvere difficult to capture, mostlikely because of low expression levels. The
apparent AXIN2signal is also observed in thenegative control (not shown) and mostlikely represents
unspecificsignal. Original magnificatonE O ¢o @8 #Al 1 0 xAOA OOAAOAA xEOE
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Supplemental Table S1

. Gene mutations of Wnt/B-catenin signaling components in HCC cell lines

Cell line Gene AA alteration Zygosity
HepG2 CTNNB1 p.W25_1140 del Heterozygous
Huh6 CTNNB1 p.G34V Heterozygous
SNU398 CTNNB1 p.S37C Heterozygous
Hep3B AXINT p.R146* Homozygous
PLC/PRF/5 AXINT p.(R373_M418 del) Homozygous
SNU449 AXINT p.R712* Homozygous
Huh7
HepaRG
SNU182

Supplemental Table $2. Primer sequences used for qRT-PCR

Gene Forward Sequence(5 ~3) Reverse Sequence(5'~3’)

AXIN1 AACGACAGCGAGCAGCAGAG AGCTTGTGACACGGCCCTGG
AXINT? CAAGAGCAGGGTTTCCCCTT GCCGTCGAAGTCTCACCTTT
AXINT® GAACTGGTGTCCACAGACCC CCCATCTTGGTCATCCAGCA
AXIN2 TATCCAGTGATGCGCTGACG TTACTGCCCACACGATAAGG
TNKS1 CCTGGCAGATCCTTCAGCAA TTGTAGCCCGCTGCTAGATG
TNKS2 TGCCAGGAGTGGCAATGAAG TTTCTGCCATCACTTGCGTG

APC GCGCTTACTGTGAAACCTGT GAACACACACAGCAGGACAG
GAPDH TGTCCCCACCCCCAATGTATC CTCCGATGCCTGCTTCACTACCTT

Supplemental Table S3. sgRNA and ssODN used for repair of AXINT mutation in SNU449 cells.
The lowercase “g” will mutate the PAM sequence while retaining Leucine coding. Underlined and bold G

will repair the AXIN'T nonsense mutation.

SgRNA GGAGGAGGCGCGCTGACGTC

GTAACCCCCAAGACCCACCCCACCCCACGACGCGGCCGTACCTCTGCTTGGAGGGTGCT
ssODN CGGCTGGCTCTCTTTTCTTCCTCCTCgAGACGTCGGCGCGCCTCCTCCAGCTGGGTTAGG
GGGTTGGG
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Abstract

I AAROOAT O A A OE @dtedif bignalirig Alayd & Ke¥ role in the onset and
development of hepatocellular carcinomas (HCC), with about half of them acquiring
mutations in either CTNNBIor AXINL However, it remains unclear whether these
mutations impoOA O O AAhténih Asigialingr or require upstream Wnt ligand
activation for sustaining optimal growth, as previously suggested for colorectal cancers.
Using a panel of nine HCC cell lines we show that siRNA mediated kndokvn of
[ -catenin impairs growth of all these lines. Blocking Wnt secretion, either by treatment
with the IWP12 porcupine inhibitor or knockdown of WLS, reduces growth of most of
the lines. Unexpectedly, interfering with Wnt secretion does not clearly affect the level of
[ -catenin sigraling in the majority of lines, suggesting that other mechanisms underlie
the growth suppressive effect. However, IWP12 treatment did not induce autophagy or
endoplasmic reticulum (ER) stress, which may have resulted from the accumulation of
Whnt ligands within the ER. Similar results were observed for colorectal cancer cell lines
used for comparison in various assays. These results suggest that most colorectal and
I EOAO AAT AAOO xEOE 1 OO Aé&dnin teGradition cAnplexdb hoA T O O
strongly rely on extracellular Wnt ligand exposure to support optimal growth. In
addition, our results also suggest that blocking Wnt secretion may aid in tumor

suppression through alternative routes currently unappreciated.

Keywords: Hepatocellular carcinoma;7 T O Eatenin signaling
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Introduction

Hepatocellular carcinoma (HCC) is considered as the fifth most common cancer and
the third main reason for cancer related death with 748,000 cases and 695,000 deaths
each year [1, 2]. The etiology of HG@cludes Hepatitis B virus (HBV) or Hepatitis C virus
(HCV) infection, alcohol liver disease, ncalcoholic steatohepatitis (NASH) and
aflatoxin-B1 exposure [3]. More than 80% of all HCCs occur in Eastern and Southeastern
Asia where the main cause is HBVombined with exposure to aflatoxinB1l [4]. In
Europe, Japan and the United States, HCV represents the dominant risk factor, together

with alcohol abuse and nonalcoholic fatty liver diseases [5, 6].

7 1 OXatenin signaling plays an important role in a widerange of biological
processes, involving embryonic patterning, cell proliferation, differentiation,
angiogenesis, carcinogenesis, metastasis and drug resistance97 Underscoring the
relevance of this pathway, many tumor types including HCC, exhibit enmzed
7 1 OEatenin signaling that strongly contributes to tumor growth [10]. Activation of
7 1 OEatenin signaling starts with the secretion of Wnt ligands. Wnts produced within
the endoplasmic reticulum (ER) are palmitoylated by the Wnt acytransferase
porcupine (PORCN), which is essential for their secretion and signaling activity.
Following this lipid modification, Wntless (WLS) is needed to shuttle the Wnt proteins
from the Golgi to the plasma membrane where they can signal in an autocrine or
paracrine | ATT AO +fppy¥Y8 )I OEA AAOAT AAcatdniEisODPOOO/
phosphorylated at Nterminal Ser/Thr residues by a multiprotein complex consisting of
the adenomatous polyposis coli (APC) tumor suppressor, scaffold proteins AXIN1, AXIN2
and AMER1, andOEA EET AOAO '3+0 AT A -catenniis the@ ET OPDEI
ubiquitinated, leading to its proteasomal degradation [1214]. The overall effect is low
[ -catenin levels in the cytoplasm and nucleus of unstimulated cel$pon binding of Wnt
ligands to Frizzled and LRP5/6 careceptors, Disheveled (DVL) becomes phosphorylated,
OOAOGANOAT 61 U OAOOI OET -Gatetirl des®@Uetibn darhple[ASE AFal T 1 A&
O A O Gdéatérin isrstabilized and is able to translocate to the nucleus and associate with
members of the TCF/LEF family of transcription factors, thus regulating the expression
I £ OPAAEAEA A lcatdni® tiQek dehes thdrebyrgffecting cellular decisions
[4]. In addition to this classical (canonical) Wnt signaling pathway, Wnts can also sin
in an alternative (nonrA AT T 1T EAAT q /A OE E-tafeninBHrofigh Bs&dcidtiAg O 1 £
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with Frizzled and ROR1/2 receptors instead of LRP5/6. Activation of nhenanonical Wnt

signaling mainly affects cellular processes involved in migration and cellulargarity [8].

Hepatocarcinogenesis is a multistep process, progressing from a normal hepatocyte to
a transformed phenotype as a result of the accumulation of aberrant genetic and

epigenetic modifications and activation of various signaling pathways [1d8].

s oo~ oA £ s s oA 2

)T AOAAOGET ¢ AOGEAAT AA ET A E Adecdid Signafing /s @riticAlArOE OA O E
hepatic oncogenesis [19, 20]. About 409%0% of HCCs are characterized by nuclear

s o~ o~ o~ s AN

AAAOI OI A &hténin, the Amallnpark of active signaling. Various molecular and

A > Zz A ~ A

gerAOEA Al OAOAOEI T O Ai 1 OOEAOOA -cateiin s@gralh® OAT O

- O0AGET T O xEOEET AT 1 D11 AT-&@ninlsignaliEchhandeAT T 1 E 2
OOAAEI E UcaAténih larid trdnsEriptional activity in the nucleus. Approximately one
thirdofal 1 (## 0 A A O @atenih mudaliofsAwittiinAexop 3 at the Nterminal

phosphorylation residues, making the protein more resistant to proteolytic degradation

[21]. In another subset of tumors, lossof-function mutations of negative regulators are

observed in the APCand AX/NIgenes, respectively in 13% and 815% of tumors [19],

AT OE AAOQOOET ¢ AT 1 DOIT | E-Cafedin [#. ArEddditiGnUto rAuiatiodsA COA A A
OAOET OO0 1T OEAO 1 AAEAT EOI O EAOAcateAil AignalingOCCAOC
including overexpression of Wnt ligands and/or their corresponding receptors, and
OAAOAAA A@GPOAOGOEITT 1T &£ AoOOAAAI 1 Ol Aoatekin EEAE Q]
signaling for hepatic oncogenesis, various treatments targeting this route have been
evaluated [23].

# A1 AAOO EAOATOET C | OOAOETT O xEOEEdeninET OOAA
OECT AT ET ¢ PAOExAUR E 8 A-gatenin itéel Av@ddftén cdnsilered0 # h ! ¢
to become largely independent of upstream regulation by extracellular Wnt ligands. This
belief has however been challenged during the last years. For example, Wnt antagonists
SFRPs and DKKs are reported to attenuate Wnt signaling in colorectal cancer (CRC) [24,

25]. Recently, it was demonstrated that interfering with Wnt secretion or reducinghe
AGPDOAOOGETT 1T &£ OPAAEALAEA 71 0 1 ECAchténid mizdnt®D AEOAA
CRC cell lines [26]. These results also indicated that interfering with Wnt secretion, for

example using the newly developed PORCINhibitors [27, 28], could be useful & an

~ N s N o~

AAAEOEOA OOAAOCI AT O TPBPOETT /&l O -céddih bigh&ingAEA OA A
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(AOAh xA EAOGA ET OAOOECAOAA -caterBn®EAXDL OuEaBtO Al Ol

liver cancer cells.
Materials and methods
Cell lines

Human HCC cell lines Hep3B, Huh6, Huh7, PLC/PRF/5, SNU182, SNU398, SNU449 and
CRC cell lines CACO2, DLD1, HT29, SW480, HCT116, LS174T, SW48 and RKO were

AOl OOOAA ET $01 AAAAT 80 11 AE £E AGibcovodvela, Ahei AAEOD
Netherlands) complemented with 10% (v/v) fetal calf serum (Hyclone, Lonan, Utah),
pnnmt )5Fi 1 DATEAEIT ET h p mn-glgtaminé (invitdgeodited).l | UAET
The hepatoblastoma cell line HepG2 was cultured on

fibronectin/collagen/albumin -coated plates (AthenaES) in Wiams E medium
(Invitrogen-Gibco, Breda, The Netherlands) complemented with 10% (v/v) fetal calf
OAOOI h pmrnm )57i1 PDATEAEI | ET h -glutaming GspdRG OO OA
xAO AOI OOOAA ET 7EITEAIG6O0 % I AAEOIirum@@®ODI Al Al
IU/ml penicillin, 100 pg/ml streptomycin, 5 pg/ml insulin (Sigma -Aldrich, St Louis, MO),

and 50 pM hydrocortisone hemisuccinate (Sigmaldrich, St Louis, MO). Identity of all

cell lines was confirmed by STR genotypingC7VNBImutation status was confirmed in

all the nine HCC cell lines by Sanger sequencing and was consistent with those reported

at COSMIC, the Catalogu# Somatic Mutations inCancer (http://cancer.sanger.ac.uk)

[29].

For the preparation of conditioned medium, L-Control and L-Wnt3A cells were
cultured in complete DMEM medium, followed by collection and filtration of medium
according to standard procedures. HCC and CRC cell lines were stimulated with 25%
L-Control or L-Wnt3A medium.

Reagents

IWP12 (SigmaAldrich, St Louis, MO) was dissolved in dimethyl sulfoxide (DMSO)
(SigmaAldrich, St Louis, MO) with a final stock concentration of 10mM. Antibodies
O b A A E AEéteninE(Cat. #p561, Cell Signaling Technology), dishevelled adaptor
protein (DVL2) (Cat. #3216, CélSignaling Technology), WLS (Cat.#MABS83one YJ5
Millipore), LC3N /i (Cat. #4108, Cell Signaling Technology), GPR177(WIs/Evi)
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j #A08M-1 " 3yxh -adii (bcBET80Fada CGkiiz)ATulyulin (s8035, Santa
Cruz) antirabbit or anti-mouse IRDyeconjugated secondary antibodies (Stressgen,
Glandford Ave, Victoria, BC, @ada) were used for western blot analysis.

4AAT Aps8 ' AT A 1 Gérénid Bdnality cdm@dnénis id AGC and CRC cell lines
Cell line Gene AA alteration Zygosity
HCC
HepG2 CTNNB1 p.W25_1140 del Heterozygous
Huh6 CTNNB1 p.G34V Heterozygous
SNU398 CINNB1 p.S37C Heterozygous
Hep3B AXINI p.R146* Homozygous
PLC/PRF/5 AXINI p.(R373_M418 del) Homozygous
SNU449 AXINI p.R712* Homozygous
Huh?
HepaRG
SNU182
CRC
Sw480 APC p.Q1338* Homozygous
HT29 APC p.T1556fs*3 Heterozygous
p.E853* Heterozygous
Caco2 APC p.Q1367* Homozygous
DLD1 APC p.R2166* Heterozygous
p.11417fs*2 Heterozygous
AXINI p.L396M Heterozygous
RNF43 p.G659fs*41 Heterozygous
Sw48 CTNNB1 p.S33Y Heterozygous
RNF43 p.G659fs*41 Heterozygous
p.V299fs*143 Heterozygous
HCT116 CTNNB1 p.S45del Heterozygous
RNF43 p.R117fs*41 Heterozygous
LS174T CTNNB1 p.S45F Homozygous
RKO RNF43 p.G659fs*41 Heterozygous

Gene knockdown by small interfering RNA (siRNA)

88



Blocking Wit secretion reduces growth of HCC

Smartpool ONTARGETplus siRNAs targeting7VNBIand WL Swere obtained from
Dharmacon. The ONTARGETplus Noftargeting siRNA #2 was used as negative control.
Cells were reversetransfected in a 96well plate using a total of 0.2 ul DharmaFECT
formulation 4 (Thermo Fischer Scientific) and 25nM of each siRNA pevell. Following

72 hours incubation, the effect on knociddown was determined by western blotting.
Quantitative realtime polymerase chain reaction

RNA was isolated with a MacherNucleoSpin RNA Il kit (Bioke, Leiden, The
Netherlands) and quantified using a Nanodrop NEL000 (Wilmington, DE, USA). CDNA
was prepared from total RNA using a cDNA Synthesis Kit (TAKARA BIO INC) and
subjected to quantitative RealTime PCR analyses. Analyses were performed using the
StepOne Reallime PCR System and the StepOnev2.0 software (Applied Biosystem,
Darmstadt, Germany). Primer sequences are provided in supplementary Tablel. All

expression levels are depicted relative to the expression @APDH
Western blot assay

Cells were lysed in Laemin sample buffer with 0.1 M DTT and heated for A0
minutes at 95 N, followed by loading and separation on a -85% sodium dodecyl
sulphate-polyacrylamide gels (SDS?AGE). After 90 min running at 120 V, proteins were
electrophoretically transferred onto a polyvinylidene difluoride (PVDF) membrane
(Invitrogen) for 1.5 h with an electric current of 250 mA. Subsequently, the membrane
was blocked with 2.5 ml Odyssey Blocking Buffer and 2.5 ml PBS containing 0.05%
Tween 20 (PBST), followed by incubation with primary antibody (all 1:1000) overnight
at 4 C. The membrane was washed 3 times with PB® followed by incubation for 1.5 h
with anti-rabbit or anti-mouse IRDyeconjugated secondary antibodies (LICOR
Biosciences, Lincoln, USA) (1:5000) at room temperature.1 T OO0 x AOA -a&kihOAUAA
or Tubulin content as standardization of sample loading, scanned, and quantified by
Odyssey infrared imaging (LiCOR Biosciences, Lincoln, NE, USA). Results were

visualized and quantified with Odyssey 3.0 software.
[ -cateninreporter assays

4 E A-catenin reporter assays were basically performed as previously described [30,

31]. In short, twenty hours before transfection, we plated 1®cells per well on 12well
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plates. Each well was transfected with 500 ng Wnt Responsive Elenie@VRE) or

Mutant Responsive Element (MRE) vectors and 20 ng IRenilla using polyethylenimine

(PEI) (SigmaAldrich, St Louis, MO) or Fugene HD (Promega). We measured luciferase
activities in a LumiStar Optima luminescence counter (BMG LabTech, Offenburg,
Germany) and normalized the data for the transfection efficiency by using the Dual

, OAEEAOAOGA 2ADPT OOAO | OOAU OUOOAI j 00T I ACAC
instruction. Transfections were performed in triplicate and the mean and standard error

were caled AOAA £l O A A A E-catriini rédpBri@rEdctivides ateE shown as

WRE/MRE ratios.

MTT assay

10 mM 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma)
was added to cells seeded in 9&ell plates and incubated at 37T with 5% C@ for 3 h.
The medium was removed and 100 pl DMSO was added to each well. The absorbance of
each well was read on a microplate absorbance reader (BIRAD) at wavelength of 490
nm. For siRNA mediated knockdown of genes, 4 independent wells were assayed for
each cell line at least two times, whereas for IWP12 treatment 6 independent wells were

used. The mean and standard error were calculated for each condition.
Cell cycle analysis

Around 60%-80% confluency, cells were trypsinized and washed with PBS and then
fixed in cold 70% ethanol overnight at N . The cells were washed twice with PBS and
incubated with 20ug/ml RNase at 37T for 30 min followed by incubation with 50ug/ml
Propidium lodide (PI) at 4T for 30min. Then samples were tested immediately by FACS.
Cell cycle was analyzed by FlowJo V10 software. For each treatment, two independent
wells were tested for Huh6, SNU449 and Huh7 two times. The mean and standard error

were calculated for each condition.
Statistical analysis

All results were presented as mea = SD. Comparisons between groups were
performed with one sample t test. Differences were considered significant atavalue
less than 0.05.
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Results
[ -catenin signaling activity of HCC cell lines

47 ET OAOOECAOA -Cafedin sighaing andWiit dedretidnAbr gustaining
cell growth, we employed 9 HCC cell lines, listed in Table 1 in which gene mutations
OAl AOAA -dienin &ignaliig are depicted. We also used 8 CRC cell lines for
co PAOEOIT ET OAOET OO0 AOOA U aatenik signaling foOtheir | AOCA I
COl xOE8 &EOOOh xA A Adehiosigading Activiyerdk allkhks@ AdlET A
I ET AO O-GafehirC repérter rassay and gqRIPCR of AX/INZ2 a wellestablished
[ -catenin target gene. As indicated in Figure 1, in line with previous publications, all
[ -catenin mutant HCC lines (SNU398, HepG2 and Huh6) showed a robust induction of
both reporter activity as well as high AX/NZ2 expression. The AXIN1 mutant lines
(PLC/PRF/5, Hep3B and SNU449) also displayed enhanced reporter activity, albeit
generally more modest, whereas the expression #AX/N2was low. Interestingly, among
OEA (## 1T ETAO xEOET OO0 AT 1T AOGET OO0 lcdedid OET T h
signaling activity, both on reporter level and AX/NZ2 expression. Huh7 and HepaRG
showed low reporter activity together with low AX/N2expression. All CRC lines, except
RKO being wild type forAPCand CTNNB] showed the expected increase in reporter

activity (Figure S1).
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AXINZ2in HCC cell lines (mean + SD, n = 3). Expression levels are depicted relative to the housekeeping
gene GAPDH

2 ANOGE OA T -Adkefiin sifffaling tp sustain efficient cell growth

. AgOh xA AAOAOI ET A Acaténin AignAlidgErdk suppbriing Afficierit 1
growth by transiently transfecting smartpool siRNAs targetingC7NNBI1or a control
SiRNA, followed by a MTT assay to test cell numbers after 3 days of culture. For most cell
lines we accomplished more than 80% knocid | x T -datdninrat protein level as
determined by quantitative western blot analysis, with the exception of HepaRG in
which a 65% reduction was observed (see Figures 2A and S2). As indicated in Figure 2B,
[ -catenin signaling activity was clearly suppressed by siRNA mediated knockdown in
the three lines tested for this purpose, i.e. Huh6, SNU449 and Huh7. All HCC cell lines
xAOA ET EEAEOAA OECTI EEZEAAT O1 U ET Okrddaid COI x
signaling is important for the growth of these tumor cells, even in the ones that show
only low to modest levels of signaling, such as Huh7 and HepaRG. Cell cycle analysis in
OEOAA 1 ET A O-cdbeih kndcldowd Brédvlked a dramatic GO/G1 phase arrest
in Huh6 (Fig 2D). Also in Huh7 a notable increase of cells in GO/G1 is observed with a
significant reduction of cells in the G2/M phase, whereas for SNU449 a trend is observed
towards more cells in GO/G1 and less cells in-f@hase. As expected, all five tested CRC
AAT T TETAO OEIT xAA A OE Gl -eatekinkAock@dwil (Figule RE)AAA CO

Expression levels of WNT ligands in HCC cell lines

4AEAT O CAOEAOR OEA OAOBI 00 -babehi®Odignating AEAAO,
pathway represents an attractiveroute to suppress the growth of HCCs. This pathway
has however been refractory to target in an efficient manner. More recently, inhibitors
of Wnt secretion have been proposed as treatment options for malignancies dependent
on Whnt-ligand secretion for their growth [26-28]. However, a prerequisite is that the
O0iTO AAIT O APGPOAOO OOAEEEAEAT O 1 Adddnio 1 £ 7
signaling. Hence, we investigated the expression profile of all 19 Wnt ligand genes in our
HCC cell line panel by gRPR. From the group of Wnt ligands more commonly
AOOT AEAOCAA xdaténih signbliAgOANE T, 2, 3,134, 8A, 8B, 1Ghd 10B), only
WNT3was clearly expressed in all HCC cell lines, followed by hidh/N710Aexpression
restricted to the SNU182 and HepaR@Eell lines, and highWNT72expression in SNU449
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(Figure 3A). The remaining ligands of this group are barely detectable or expressed at
least at 1Gfold lower levels in all cell lines (Figure S3). When piling up the expression of
all Wnt ligands from this goup (Figure 3B), the SNU182 cell line clearly stands out as
ITA xEOE 1T OAOAI 1 EEGCEAOO A@bOAaadninbigndidgOAT h  x

AAOEOEOU OADI Ockdn aAdAAXMIA shutadtEedll lines are among the

low-to-intermediate ones

Among the group of Wnt ligands more commonly associated with activating
alternative pathways (WNT4, 5A, 5B, 6, 7A, 78hd 11) depicted in Figure SAAWNT5A
was most prominently expressed, being very high in HepaRG and SNU182, and readily
detectable in SNU398 and SNU449. The latter cell line also shows high expression of
WNT5Band WNT7B Other Wnt ligands of this group are detectable only at low levels or

absent within
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&EC8¢8 2 ANO&@hn sighafing forsustaining HCC cell growth. (A) HCC cell lines were
transiently transfected with CTAVNVBISiRNAs for 72 hours. Cell lysates were collected for western blotting
xEOE ET AEAAOAA Al Gaciniséne® OBO 410IALOA ETl ¢ AATAT G OT -tatepin # Q8
AAOOAA OEA BADABAGET OEICKEA}] ETI ¢ AAOEOEOU j i AAtatepn 3$h
inhibited the growth of HCC cell lines as determined by MTT assay (mean * SD, n=4, two timgp)

3 E1 Al A fEdteq@in dlteFs cell cycle progression in Huh6 (all phases significantly changed) and Huh7
cells (G2/M phase significantly reduced). SNU449 is less clearly altered, although the proportion of cells in
Sphase is reduced (mean = SD, n=) x|  OE | A-Ga@sin kpodkdowr reduced cell growth in
colorectal cancer cell lines. Values depicted are relative to the ones obtained with the ramgeting SiRNA

that are arbitrarily set to 1. *p<0.05; **p<0.01.
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Most cell lines. Overall, SNU182 isgain the most prominent expressing cell line,
x E A OA A &atébig And AXINL mutant cell lines are among the loto-intermediate
expressers (Figure 3B). Of the remaining Wnt ligandd#N72B, 9A, 9&nd 16), WNTZ2B
was highly expressed in PLC/PRF/5, SNU183NU398, and SNU449, whiléV/NT9Bwas
clearly expressed in Hep3B (Supplemental Figure S4B).

Combining the expression of all Wnt ligands shows that SNU182 has again the highest
overall levels, followed by HepaRG and SNU449 (Figure 3B, right panel). As all Wnt
ligands trigger the phosphorylation of DVL2 upon binding of either the FZD _LRP5/6 or
FZD _ROR1/2 receptor complexes [32, 33], we determined baseline pDVL2 levels in all
cell lines. As shown in Figure 3C, highest levels of phosphorylated DVL2 are observed i
the three cell lines with highest Wnt levels, whereas for the remaining six lines no clear

correlation can be observed.
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Fig.3. Expression levels of Wnt family members in HCC cell lines determined by gRTR. (A) Expression

1 AGAT O 1T £ OGEA Oi b OEOAA AGPOAOOAA OAApéxprésdohledels 71 O 1 E
of canonical, noncanonical and overall Wnt Igands, respectively. All expression levels are depicted

relative to the housekeeping genaGAPDH (C) Baseline levels of phosphorylated DVL2 (pDVL2) in all HCC

cell lines. Values below the image represent percentage of total DVL2 that is in the phosphorgthform

(upper band).
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In summary, although all HCC cell lines show a large variation in Wnt ligand
ADOAOGOGET T h OEAU All A@bOAOCGat@ninignililgC AT AO

Whnt secretion blockage reduces growth of HCC cells

Given that most HCC A1 1 1 ET AO O E-tatenin Esignalbd\ ActvyAandy
expression of canonical Wnt ligands, we wished to investigate the consequences of
suppressing the secretion of Wnt ligands. To this aim we used two methods, i.e.,
treatment with IWP12, an effectiveinhibitor of PORCN required for palmitoylation of
Wnt proteins [34], and knockdown of WLS which shuttles the palmitoylated Wnts from
the Golgi to the plasma membrane. Both treatments are expected to reduce overall levels
of secreted Wnt ligands. Followinghree days of IWP12 treatment, reduced cell numbers
x AOA 1T AOA OO-Bafenindmhu@nt dell linesy(Figure 4A), ranging from 10%
reduction (Huh6) to 35% (SNU398). Among the nomutant lines, growth of HepaRG
was strongly suppressed by IWP12, whereas M@ and SNU182 showed more modest
reductions of their growth. The AXIN1 mutant lines were not clearly affected by IWP12
with the exception of PLC/PRF/5. Effects on growth following knockdown o/ Swere
largely in line with IWP12 treatment, with the excepton of the AXIN1 mutant lines
Hep3B and SNU449 that were significantly suppressed b/ Sknockdown, and a less
impressive growth reduction of HepaRG when compared with IWP12 (Figure 4B).

Examples of efficientlW,L Sknockdown are shown in supplemental Figure &

For comparison, the same assays were also performed on five CRC cell lines (Figure
4C,D). Both treatments showed the strongest growth suppression when applied to the

I -catenin and RNF43 mutant HCT116 cell line. Intermediate effects were observed in

DLD1, HT29, and SW480, whereas CACO2 was barely affected. In conclusion, most HCC

and CRC cell lines are suppressed in their growth by both IWP12 treatment as well as
WL Sknockdown.

96



Blocking Wit secretion reduces growth of HCC

B B

IWP12 5uM WLS SiRNA

-
N
)

1.5

-
o

*k

-
o
1

o
@
1

o
13

Cell viability
g

Cell viability
o
k'

o
(%)

0.0- 0.0-

v © © A 0 & v % A O &
el OGS T E @ é‘ C P L L8
& & & \X"'Q Q“‘%e ¥ & ~2* Q‘ e" NG
\/
72 H s 72 H I CTNNB1 mutant
C D B AXIN1 mutant
IWP12 5uM WLS SiRNA
1.54 1.2+
1.0 =2 I *k **
ok
g 1.0 Wi Eo.a-
® o s 8
s >k E 06+
D 054 © 044
O ()
. 0.24
0.0~ 0.0-

T T T

T
v © O & o N
oY @ Q NOSE PR © M Q
<N O D¢ V' A (@) D W
£ RS & a@ Q Q*O L o %Q\ Q
72H 72 H IECTNNB1 mutant

APC mutant

Fig.4. Inhibition of growth by Wnt secretion blockage. (A, C) IWP12 reduced cell growth of most HCC and
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for 72 hours, followed by MTT assay (mean = SD, n = 4, two times). Values depicted are relativeeth
numbers obtained with the nontargeting siRNA that are set to 1.£<0.05; **p<0.01.

m

' 1 OAOAA Agbi OO0OA Oi A@OOAAA chdin Aighalingl O
activity in most HCC cell lines

Previously, it was reported that Wnt secretion is regired to maintain sufficiently high

AGAT O T £ AMAIAIOAE EA1 OFEICOMA ET ¢ AAk&dhidBd@dot ET Al
#2# AAI 1T 1T ETAO fcoyYs (-daenkhandAXINLAMER ACCx&lAOEA O
lines were also dependent on Wnt secretion to suain this pathway activity. Exposure to
extracellular Wnt ligands was again reduced by treating all cell lines with IWP12, after
xEEAE x A [-daerinGs@ialing activity using the reporter assay anddX/NZ2
gRT-0# 28 | A£OA O-categin répbr@rOs@itity was clearly suppressed only in
SNU182 (Figure 5A), whereas the remaining eight HCC lines were not or only modestly

inhibited in their reporter activity. Reduction of AX/N2expression confirmed the strong
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repressing effect of IWP12 in the SNU182 cdlhe, while no reduction was observed in
the other cell lines (Figure 5B). Overall, this analysis shows that IWP12 treatment barely
A £ /EA-datertin signaling activity in most HCC cell lines, with the exception of SNU182.

In a true tumor setting, in addtion to autocrine signaling, HCC cells are also exposed
to Wnt ligands coming from the tumor microenvironment. Therefore, to determine the
A E£A A Géatenin Tsignaling of increased levels of extracellular Wnt ligands, we
exposed them to EWnt3A conditonAA [ AAEOIi 8 ' O OEIT xdteninE 1
reporter activity was strongly enhanced in the Huh7 cell line and clearly activated in
SNU182, both of which were confirmed by gRPCR forAX/N2(Figure 5D). Importantly,

TT1TA T-gate@EoAAXINLI mutant HCG ET AO OET x A-Aatedin sgAaling A A

following the addition of L-Wnt3A conditioned medium.

s~ A

insensitive to the level of Wnt ligand exposure for sustaininge T O O A A Achtén@dl A O

& EC

r

r

OECT Al ET ¢ch xEEAE AT Ol A AEOEA O-catenfndor AXONEAO OE

protein determine overall signaling levels in a dominant fashion or, alternatively, that
these cells have defects in their machinery to transduce Wntgials. To test the latter
option, we determined pDVL2 levels following treatment with IWP12 or BNNnt3A
conditioned medium (Figure 5E). Phosphorylation levels were not changed in Huh6, and

only a modest reduction was observed in HepG2 following IWP12 treatnt. In contrast,

the SNU398 cell line showed a robust response in pDVL2 levels, decreasing from 21% to

7% by IWP12 treatment and upregulation to 59% following Wnt3A treatment. Thus,
both options may hold true depending on the specific cell line under ingtigation. High

variability in pDVL2 response was also observed in the remaining AXINtutant and

non-mutant HCC cell lines. The PLC/PRF/5 cell line showed a low baseline pDVL2 level,

which was altered neither by IWP12 nor Wnt3A. The Huh7 and Hep3B celhés also
showed low baseline levels, which can however clearly be increased by the addition of
Wnt3A. On the other hand, most DVL2 was phosphorylated at baseline in SNU182, which
can be inhibited by IWP12, but can hardly be further stimulated by the adddn of

Wnt3A. Lastly, SNU449 and HepaRG showed intermediate pDVL2 levels at baseline that

can both be reduced and activated by the respective treatments. Thus, all HCC cell lines

show a large variation in both their baseline levels of pDVL2 as well as respmiveness

to Wnt ligand exposure, irrespective of their mutation status.
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[ -catenin reporter activity was not clearly reduced by IWP12 in most HCC cell lines, except for SNU182
(mean £ SD, n=3). (B) QRPCR forAX/N2showed that its expression following IWP12 treatment was only
reduced significantly in the SNU182 cell line (mean + SD, n=3, two times). (GMINt3A conditioned

i AAEOI OECT E £E Adaterihisignalibglactiviy & Adh7 and SNU182 cell lines. A significant
albeit modest reduction of reporter activity was observed in HepG2. (mean = SD, n=3). (D) Increased
[ -catenin signaling in SNU182 and Huh7 following-M/nt3A treatment was confirmed by AX/N2qRT-PCR
(mean x SD, n=3, two times). All gRPCR and reporter vales are depicted relative to the numbers
obtained for the controls, which are arbitrarily set to 1. »<0.05; **p<0.01. (E) Phosphorylation level of
DVL2 protein following treatment with IWP12 or .7 T Oc! AT T AEOQOET T AA 1 AAEOQI j O#1i
O-# 1 1 6 -Céhtiol conditioned medium). Values below the images represent percentage of total DVL2
that is in the phosphorylated form (upper band).
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Response of CRC cell lines to alterations in Wnt ligand levels

Among the eight CRC cell lines treated with IWP12, onyCT116 showed a significant
AXINZ expression was slightly reduced in HT29 and SW480, while CACO2 showed a
reduced reporter activity only. Interestingly, HCT116 was also thenly cell line in which
both reporter activity and AX/NZ2expression could be significantly stimulated by the
addition of extracellular Wnt3A (Figure 6C,D). Analysis of pDVL2 levels in a selection of
5 CRC lines showed that overall baseline levels were lomith the exception of HCT116
in which 60% of DVL2 is phosphorylated (Figure 6E). IWP12 treatment shows the
expected decrease in pDVL2 in HCT116, whereas none of the other cell lines showed

clear alterations in pDVL2 levels following treatment with eitherlWP12 or Wnt3A.
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&EC8¢08 2A0OPI 1 OEOAT AGO 1T &£ #2# AAI 1 Ic&dniA @pordel actikily OAOAQE T
was significantly reduced by IWP12 in CACO2 and HCT116 cell lines (mean = SD, n=3). (B)-B8R for
AXINZshowed that IWP12 treatment reduced its expression in HCT116. Modest but significant reductions
were observed in HT29 and SW480 cell lines (mean = SD, n=3, two times). (CYWht3A conditioned

i AAEOGT T 11 U-caiehid®pbrieOaktiity pignificantly in HCT116 (mean + SD, n=3).(DAX/NZ2
gRT-0#2 Al 1T £ZEOI AA OdténkGigialhg duk to EWn@E3Arin HCT116. Significant but
modest increases inAX/N2expression are seen in SW48 and DLD1 (mean + SD, n=3). Reporter values are
depicted relative to the numbers obtained for the controls, which are arbitrarily set to 1. #<0.05;
**n<0.01. (E) Top image shows comparison of baseline pDVL2 levels within a selection of five CRC cell
lines. Bottom images show pDVL2 levels following treatment with IWP12 ot-Wnt3A conditioned

i AAEOT j O#1 106 EHI 1$6 Thndol dorditidned @edium). Values below the images
represent percentage of total DVL2 that is in the phosphorylated form (upper band).

Blocking Wnt secretion does not lead to increased ER stres

Blocking Wnt secretion using IWP12 orW/LSknockdown reduces growth of HCC cell
I ETAOh ADPDAOAT Ol U icdenig Agndling.EThedeftbabniertshnovidvel £
also predict the accumulation of Wnt ligands in the ER, which may lead to activation of
an ER stress response thereby reducing proliferation or inducing apoptosis. Therefore,
ER stress was evaluated after IWP12 treatment in HCC cell lines using the expression of
the ERstress induced genesCHOFRANd GRP94as a readout. As shown in Figure 7A iad
7B, expression of CHOPwas clearly increased in SNU398 (4:%old), whereas GRPI4
expression was elevated in SNU182 (2-#ld). However, none of the other HCC cell lines
displayed strong signs of induction. Overall, these results suggest that blocking Wn

secretion is not associated with the induction of a strong ER stress response.
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Fig.7. IWP12 treatment does not lead to the induction of a strong ER stress response or autophagy.
Following 48 hours of IWP12 treatment, the expression of the ER stress nckd response gene€HORA)

and GRPI4(B) was evaluated by qRIPCR (mean + SD, n=3). Except for a clear induction 6//OHnN
SNU398 andGRPI4n SNU182, IWP12 caused slight or no induction of an ER stress response in other cell
lines. Values depicted are relative to those obtained for the untreated control samples that are arbitrarily
set to 1. <0.05; **p<0.01. (C) Wnt secretion inhibition d@s not enhance autophagy in HCC cell lines.

After incubation with IWP12 for 48 hours, the expression of LG& was tested by western blot.
Whnt secretion inhibition does not induce autophagy

SETAA ETTAEMAGAT Eil £1 10 OO&a@mA §9odfirig! ndudedE 1
autophagy and even autophagic cell death in head and neck squamous cell carcinoma
cells [35] and breast cancer steniike cells [36], we further hypothesized that blocking
Wnt secretion could exert similar effects on HCC cell lines. During autophadgye
microtubule-associated protein 1A/1Blight chain 3 (LC3) is converted through
lipidation into a lower migrating isoform (LC3-1l) detectable by western blot, which is
used as an indicator of autophagosome formation. As indicated in Figure 7C, IWP12

treatment does not change the LC3 pattern in any of the HCC cell lines, showing that it

does not induce autophagy.
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Discussion

YT OEEO AOOEAI A xA EAOA khdiA ddaiglatiiint OEA E
secretion for sustaining hepatocellular carcinoma pwth. Using a panel of 9 HCC cell
Il ET A0 xA @didnir sigbdling @ reguired to support optimal growth in all of
them, in line with other reports using a limited number of cell lines [37, 38]. This is to be
expected for cell lines carrying oncogeli A-cajenin mutations in which the activating
mutation will have provided a selective growth advantage during tumor formation, but
it also holds true for the nonrmutant ones that show only low levels of baseline signaling,
such as Huh7 and HepaRG, as wa#l the AXIN1 mutant lines. The latter observation is of
relevance as it has been debated whether AXIN1 mutations lead to a significant
AT EAT AAI1 Adanin isighaling within liver cancers. This subset of tumors
APPDAOAT O1T U 1 AAEO -dateni® lackuinOl&@ion TadAshdws o glear
upregulation of target genes such as#AX/N2or GLUL[39, 40]. Also in our hands, the
AXIN1 mutant lines are among the lowest expressors AX/N2 Nevertheless, in these
lines AX/NZ2was readily detectable by gqRTPCR (Ct values below 28), in addition to
-AAOAT ET OADPT OOAO AAOE OE odicAiOmufar bred. Givekthat C OE |
Al 01 OEAOA 1 ETAO AOA 0OO0ODD adadiddckdann, itGHeWsE O COT
that thA | AET OEOU T &£ (##0 EIT AADPAT AAT O -catgBin OEAEO
signaling for optimal growth.

"AOEAAO EOO Otatedin igdso itvaved ivk deligdll gdhesipn by directly
binding to cadherins [41]. As such, the sSIRNA mediatedick-down that we apply here,
xEI1T Al Ol 1 EEAI U -catdninGeydestaddd At thédsk hdbdrefs juncions.
(T xAOAOh OAOAOAI ET OAOOECAOQEIT 1 CateirAddds nadDE T x 1
automatically lead to alterations in cell adhesion, nicluding hepatocytes and
hepatocellular cancer cells [4245]. In all cases, it was shown that™Ycatenin
compensates for its loss, thereby retaining normal cell adhesion. Importantly, these
OOOAEAO OEi x OEAO EO EO | AdateninUhat GsEafectddE CT Al E

following knock-down.

Next we addressed the question to what extent extracellular exposure to Wnt ligands

AT T OOEAOOAO O1 OE-faterinfsigralidg Ading §RPCR weltested®her

expression of all 19 Wnt ligands in our cellihe panel. The Wnt expression profile that
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we observed largely corresponds with the semguantitative analyses performed by

others [22, 46]. WNT3EO OEA 11 0060 AAOI AAT Ol U A@bOAOOA,
uniformly expressed in all cell lines, whereas all thethers are expressed at low level or

only in a subset of the cell lines. SNU182 clearly stands out as the overall highest
expressor of Wnt ligands, likely explaining the high level of phosphorylated DVL2 that

we observed in this cell line [33]. Among thenon-mutant lines, SNU182 also showed the

E E C E A#dDin reporter activity and level of AX/N2expression, comparable with the

[ -catenin mutant ones. As such, it is not unexpected that this cell line strongly relies on

Whnt ligand secretion to retain increA O A &atepin signaling. In fact, it is the only HCC

cell line that shows a clear reduction following Wnt secretion blockage on both reporter

activity as well asAX/N2expression level. On the other hand, the nemutant Huh7 cell

line expresses the lowestamount of Wnt ligands explaining its low baseline signaling

I AGA1 6h AOO EO EO EEGCEI U OAODI 1T OEOAatean 71 0
signaling. Within a true tumor setting it may represent a subtype of liver cancers that

heavily depends onWnt ligands expressed by cells within the tumor microenvironment,

whose secretion would also be inhibited by the porcupine inhibitors employed here,
whereas the SNU182 line is largely autonomous in this respect. Importantly, none of the
r-catenin and AXIN-i OOAT O (## AAI 1T 1 ET A &ateAimdignang AAOI U
upon alterations in Wnt ligand exposure, irrespective of their source, suggesting that the
ABGDOAOOAA IcdteAinh @ MiutdhtAAXINL proteins determine overall signaling

levels in a doninant fashion.

Yyl 160 EAT AO OEEO Al O EI I-cAténin dadACREEINes |1 00
that we investigated. Among 8 CRC lines tested, only HCT116 shows a strongly reduced
reporter activity and AX/NZ2levels following IWP12 treatment, while it is also the only
ITA ET xE®E#dhin fAghdlrg repdouts are clearly increased after Wnt3A
exposure. Analysis of pDVL2 levels is largely in accordance with this lack of response, i.e.
most cell lines testa&l show only low baseline levels that are barely changed by either
treatment (DLD1, HT29, SW480), suggesting that these lines are not actively signaling
through Wnt ligand receptors. These results also challenge the universal validity of the
conclusions dravn by Voloshanenko et al. who proposed that colorectal cancers still
00O0T T clu AAPATA 11 710 1 ECAT A -citend isign@iogh /&l O
levels [26]. Their overall wellperformed study depended on a thorough analysis of the
HCT116 cell lineand to a lesser extent on other lines such as DLD1. Importantly, the
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I -catenin mutant HCT116 cell line is nowadays known to carry an inactivating mutation
in the transmembrane E3 ubiquitin ligase RNF43, which strongly sensitizes these cells to
exposure byWnt ligands (see discussion below) [28, 4A49]. As such, their study may
have unknowingly overstated the importance of Wnt ligand signaling for CRC growth in
general, warranting a more extensive analysis in a larger cohort of CRC samples and cell

lines.

In recent years, Wnt secretion inhibitors, such as the porcupine inhibitor used in our
study, have emerged as candidate drugs for treating Wadlriven cancers. Cancers that
are considered to be especially responsive to these treatments are the ones carrying
somatic mutations resulting in a persistent presence of Wnt receptors at the cell surface
[28, 48]. In normal cells, the Wnt/Frizzled receptors are continuously endocytosed and
degraded following ubiquitination by RNF43 or its close homolog ZNRF3. Both thes
ubiquitin ligases are inhibited in their action by one of four secreted Rpondin proteins
[50]. Consequently, mutational inactivation of RNF43/ZNRF3 or a strongly increased
production of R-spondins through the generation of aberrant fusion transcriptspoth
lead to tumor cells with high levels of Wnt/Frizzled receptor at their surface and
hyper-responsiveness to Wnt ligands. These genetic aberrations have been identified in
10-20% of CRCs and in various other tumor types [28, 51, 52], but are to the bes$tour
knowledge not present in HCCs, suggesting that these tumors are not prime candidates
for treatment with Wnt secretion inhibitors. Nevertheless, our analysis shows that most
of the HCC cell lines are reduced in their growth to varying extents, follang both WLS

knockdown as well as IWP12 treatment.

The mechanism of the growth suppression remains more elusive at present. Except
Al O OEA 3.5pyc AATT 1 ET AlatemirAsigdaling rdoliulation, EOOT A
suggesting that other mechanisms arat play. One possibility is the induction of ER
stress resulting from the aberrant accumulation of Wnt ligands in the ER. However,
except from increased expression of the ERduced genesCHOPand GRPI4 in resp.
SNU398 and SNU182, we do not see strong @ence that Wnt secretion blockage leads
to high levels of ER stress. In addition, autophagy did not contribute to the growth
suppression either as there was no visible change in the pattern of the autophagy
marker LC3 following IWP12 treatment. An alternatve explanation may reside in the
OAAOGAAA OAAOAOGEITT 1T &£ 710 1ECAT AO -cdtehiDA AT |
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independent pathways. Activation of these alternative pathways has however mainly
been shown to affect cellular processes involved in migration ancellular polarity and
AAOOGAT T U O AT Ol OAOCAAO AANT TEAIAIN B ALAOEKIAIU +EL
extensively studied in liver cancer, but the available literature does indeed support a
growth suppressive effect [46, 53]. Therefore, interfemg with the secretion of this
subset of Wnt ligands is expected to support cellular growth, which is in contrast to the
growth suppression that we observe. In line with our results, Covey et al. have shown
that knocking-down PORCN in various tumor cell lies reduced their growth through a
Whnt-independent pathway [54]. Also in their case no obvious explanation could be
uncovered, but both studies highlight the importance of considering alternative roles for
proteins involved in Wnt secretion and their role n regulating cell growth.

YT AT 1T A1 OOETTh 100 OOOAU OET xO OEAc&enbEA [ AE
signaling for maintaining optimal growth. Extracellular exposure to Wnt ligands has a
i ETTO AT 1 OOEAOOeatehin sigrialingl shehgEA | ET  -catendn and
AXIN1I-mutant cell lines. Despite this observation, interfering with Wnt secretion
through WLS knockdown or inhibition of porcupine function results in reduced growth,

indicating that these proteins may have alternative roles currenyt unappreciated
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Supplementary Figures and Tables
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Abstract

Aberrant activation of Wnt/ 1 -catenin signaling plays a key role in the onset and
development of hepatocellular carcinomas(HCC), with about half of them acquiring
mutations in either CTNNBlor AXINL The serine/threonine kinasereceptor-associated
protein (STRAP), a scaffold protein, wasecently shown to facilitate the aberrant
activation of Wnt/ -catenin signaling in colorectal cancers. However, the functionof
STRAP in HCC remains completely un&wn. Here, increased levels of IRAP were
observed in human andmouse HCCs. RNA seencing of SRAP knockout clones
generated by gene eding of Huh6 and Huh7 HCC cellsevealed a signiicant reduction
in expression of variousmetabolic and cellcyclezrelated transcripts, in line with their
general slower growth obsened during culture. Importantly, Wnt/  -catenin signaling
was impaired in all STRAP knockout/down cellines tested, regardless of theinderlying
CTNNBlor AXIN1 mutation. In accordance withy -catenin's role in (carncer) stem cell
maintenance, theexpressions of various stem cell markers, such asXIN2 and LGRS
were reduced and concomiantly differentiation associated genes were inceased.
Together, these resultsshow that the increased STRAP ptein levels observed inHCC
provide growth advantage among others by enhancing/Nnt/ 1 -catenin signaling. These
observations also identify STRAP as a new player in regulating-catenin signaling in

hepatocellular cancers.

Keywords: ( ADAOT AAT 1 O AO A AOA Edtdnih Asignalirg),4 fissue h

microarray, RNA sequencing

116

—_—



STRAP supports HCC growth

Introduction

Hepatocellular carcinoma (HCC) is the sixth most prevalent cancer and the third
leading cause for cancer related deaths worldwide with around 500,000 new cases
diagnosed each year (1, 2). Hepatocarcinogenesis initiates with the accumulation of
aberrant genetic and epigenetic modifications leading to the dysregulation of signaling
pathways, which transform the normal hepatocytes towards malignant phenotygs(3).

YT APPOT POEAOA A-BafeRidsigafing has bedn fréquedy reported in
HCC4)8 ! O OEA AAT OOAI -cafenid siyhaling, ith® trahséeiptior faxibr
[ -catenin is tightly regulated by a muliprotein complex composed of the adenomatous
polyposis coli (APC) tumor suppressor, scaffold proteins AXIN1, AXIN2 and the kinases
''3+0 Al A4, B)+lp the absend | £ 71 O -chténhip Asl car@thutively
phosphorylated and degraded to maintain a minimal level in the cytoplasm. On Wnt
stimulation, the multiprotein complex dissociates causing the accumulation of cytosolic
AT A 1 O AatéhiA.Crherlatter triggers the transcription of specific target genes.
I AAOOAT O A A O E-&ikinEsigialing ilBHCCTh&3 Bgen attributed to activating
mutations in CTNNBI1(20-25%) or loss of function mutations in AX/N1(10%), AXIN2
(3-4%) and APQ1%~2%) (4, 6, 7).

The serine-threonine kinase receptorassociated protein (STRAP) encoded by the
STRAPgene, harbors seven WD4@epeat domains (8). It is considered to be a
scaffolding protein without enzymatic function that exerts regulatory functions on a
variety of cellular processes ranging from signal transduction, transcriptional regulation,
RNA processing, vesicular trafficking to cell cye progression(9). STRAP was shown to
be overexpressed and exert oncogenic properties in breast cancer, colorectal cancer
(CRC) and lung carcinoma¢l10-12). Originally, STRAP was shown to inhibit canonical
transforming growth factor-beta (TGFf q O E ¢l3)A llater], iCbecame apparent that
STRAP modulates various other cellular processes and signaling pathways such as
signaling through ASK1, P53, PI3K/PDK1, and PZ2a (9, 14, 15) More recently,
Wnt/ [ -catenin signaling was demonstrated to be stimulated by increased STRAP in CRC
through binding with GSKo AOT OT A OEA AAOAT UOEA AT 1 AE
subsequert ubiquitin-A AD AT AAT & A A-CabeAid(26D Holwéver,[th&fupction of

STRAP in HCC progression remains elusive.
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In this study, we investgated the expression level of STRAP in HCC tumor tissues and
used clustered regularly interspaced short palindromic repeat (CRISPR)/Casfediated
gene editing to knockoutS7TRAAN HCC cell lines. Our results suggest that upregulation
of STRAP protein provh AO COT xOE AAOAT OACA O1 (caehin AAT T O
signaling. These observations identify STRAP as a new player in regulating
7 1 O-+Egtenin signaling in HCC.

Materials and methods

Cell lines

Human HCC cell lines Hep3B, HepG2, HepaRG, Huh6, Huh7, PLC/PRF/5, SNU398,
SNU182 and SNU449 were cultured as reported previous(y). Identity of all cell lines
was confirmed by STR genotyping.CTNNBI and AX/NI mutations reported in
Supplemental Table S1, wereonfirmed in these HCC cell lines by Sanger sequencing
and were in accordance with those reported at COSMIC, the Catalogue Of Somatic

Mutations In Cancer (http://cancer.sanger.ac.uk) (17). For the preparation of Huh7

conditioned medium, cells were cultured in complete DMEM medium for 3 days,

followed by collection and filtration of medium according to standard procdures.
Tissue microarray (TMA)

TMA construction was described previously(18). Briefly, archived formalin fixed
paraffin-embedded tissue samples from 141 patients who underwent hepatic resection
for HCC at the Erasmus MOniversity Medical Center Rotterdam, between 2004 and
2013 were collected. Three or four 0.6mm cores from the taor area as well as two
0.6mm cores from the corresponding tumor free liver (TFL) area of these patients were
taken. The TMAs were made using an automated tissaerayer ATA-27 (Beecher
Instruments, Silver Spring MD, USA) or a manual tissue arrayer MAA (Beecher

Instruments). Clinicopathologic characteristics are presented in Supplemental Table S2.
Database analysis

The TCGA LIHC illuminahiseq_rnaseqv2_RSEM_genes_normalized (MD5) data were

L A LA~ A

I AOAET AA AOT | OEA "0 AA  GDAC OWEnSit®OAGB O
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(http://f irebrowse.org/?cohort=LIHC&download_dialog=true). In this dataset 373
hepatocellular carcinoma samples are available for which gene expression analysis was
performed (19). In addition, 50 paired adjacent tumosfree tissues are also available for
gene expression analysis. RNAseq levels 87RARvere obtained and matched to the

available survival data.
DEN induction of liver tumors inmice

Mice of C57BL/6J background or mixed with C3H/HeOuJ or CD1 (ald3nveeks of age)
were administrated weekly with Diethylnitrosamine (DEN) (intraperitoneal injection;
100 mg/kg) for 6-17 weeks to induce liver tumor formation. Mice were sacrificed 3.6
months after the last DEN injection, after which livers were fixed in PBRuffered
formalin and embedded in paraffin according to routine procedures. All animal
experiments were approved by the Committee on the Ethics of Animal Experiments of

the Erasmus Mdical Center.
Reagents

The following antibodies were used for western blot analysis or
Eil OTTEEOOT AEAI EOOOU OOAETETC8 34210 j@ppoT
(0! mgxogmh ! O ABAGRTCHAT JAEAOQ0T hy " $ 4 0AT OAOA
NonBDET OPET jchténid ESér83(R7/Thr4l) (#8814, Cell Signaling Technology),
Tubulin (scpmouvh 3 AT Gaktin s4@1TE Bantp Cruz) and antiabbit or
anti-mouse IRDyeconjugated secondary antibodies (LICOR Biosciences, Lincoln, USA),
HRRconjugated antFmouse polymer secondary antibody (Envisiof¥, DAKO, Glostrup,
Denmark). Propidium iodide solution, diaminobenzidine (DAB) andcrystal violet

solution were purchased from Sigma (St. Louis, MO).
Immunohistochemistry

Paraffin embedded tumor slices were deparaffinized in xylene, rehydrated in graded
alcohols and then rinsed in PBS with 0.025%Trition. Antigen retrieval was performed in
a microwave in Tris/EDTA (pH 8) for 10 min. Endogenous peroxidase activity was
blocked by incubation in 1.5% H20Zt room temperature for 15 min. After blocking by
5% nonfat dry milk in PBS, the sections were incubated with STRAP antibody (611346,
"$ 40AT OAOAOEIT , AAT OAOT OE A Gowifugated dnprmousg,. A O 1.
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polymer secondary antibody was then apjed for 1 h. Then reaction products were
visualized using DAB and counterstained with hematoxylin. STRAP staining was scored
by two independent observers. The intensity of STRAP staining was classified in three
categories: 0, 1, 2, respectively correlatigp with weak, moderate or strong staining, and
scored by two independent investigators resulting in a Kappa test of 0.609 (for STRAP in
HCC tumors), which was deemed acceptable. In our study, we generated STRAP
knockout HCC cell lines that were used to testhe specificity of the antibody

(Supplemental Figure S1).
[ -catenin reporter assays

4 E A-catenin reporter assays were basically performed as previously describg@0,
21). In short, twenty hours before transfection, we plated 0.5x19cells per well on
24-well plates. Each well was transfected with 250 ng Wnt Responsive Element (WRE)
or Mutant Responsive Elemen(MRE) vectors and 10 ng CM¥Renilla using FUGENE®
HD Transfection Reagent (E2311, Promega). We measured luciferase activities in a
LumiStar Optima luminescence counter (BMG LabTech, Offenburg, Germany) and
normalized the data for the transfection efficimcy by using the Dual Luciferase Reporter
I OOAU OUOOAI i pwynh 00T 1 ACAQ AAAT OAET C C
Transfections were performed twice in duplicate and the mean and standard error were
AAT AOI AGAA £&£I O AcAténin reportdr dctivies bre showh BSAWRE/MRE

ratios.
Western blotting

Cells were lysed in Laemmli sample buffer with 0.1 M DTT and heated for 10 minutes
at 95C, followed by loading and separation on a 10% sodium dodecyl
sulphate-polyacrylamide gels (SDS?AGE). After 9 min running at 120 V, proteins were
electrophoretically transferred onto a polyvinylidene difluoride (PVDF) membrane
(Invitrogen) for 1.5 h with an electric current of 250 mA. The membrane was blocked
with Odyssey Blocking Buffer followed by incubation wth primary antibody (1:1000)
overnight at 4C. Anti-rabbit or anti-mouse IRDyeconjugated secondary antibodies
(1:5000) were applied for 1 hour at room temperature. Blots were assayed for Tubulin

I O-agtin content as standardization of sample loading, aaned, and quantified by
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Odyssey infrared imaging (LiCOR Biosciences, Lincoln, NE, USA). Results were

visualized and quantified with Odyssey 3.0 software.
Gene knockdown by small interfering RNA (siRNA)

Smartpool ONTARGETplus siRNAs targeting STRAP were purchased from
Dharmacon. The ONTARGETplus Noftargeting siRNA #2 was used as negative control.
Cells were reversetransfected in a 24well plate using a total of 0.8 Y DharmaFECT
formulation 4 (Thermo Fischer Scientific) and 25nM of each siRNA pevell. Following
72 h incubation, the effect of knockdown was tested by western blotting. Alternatively,
48h after reverse transfection, the cells were transfected with WRE or MRE vectors and
CMV2 AT E 1 I-cAten#Erepbrtar assay.

Construction of CRISPICas9 STRARargeting vectors

Single guide RNAs (sgRNAs) targeting exon 1 or 2 of hum&TRARvNere designed
using the following CRISPR design toghttp://crispr.mit.edu/ ). Supplemental table S3

depicts the threeselected sgRNAs, chosen because of lowest predicted potential exonic
off-target sites. Oligos were dissolved at 100 pmol/g and annealed by combining 10 pl
of each with 2 pl of NEB buffer 3, heated in a PCR machine to 94T for 4 minutes,
removed and allowed to cool down to room temperature. Annealed oligos were diluted
1000x in water of which 1 g was combined with 100 ng of Bbstligested and purified
pX330 in a total ligation volume of 20 W using 1.5 units T4 DNA ligase. Next, ligated
plasmids were electioporated into DH10B E. coli. After plating, correct plasmids were

identified and sequenceverified using standard procedures.
Generation of STRAP knockout HCC cell lines

Huh6 and Huh7 cell lines were transfected in 6vell plates using 7.5 § FUGENE® HD
Transfection Reagent (E2311, Promega) and 2 pg of each pX330 plasmid per well
together with 0.2 pg GFP expression construct. GFP expression was used to select the
cells that received high levels of the pX330 CRISPR/Cas9 constructs. After incubation at
37T for 24 h, single cells were prepared for fluorescence activated cell sorting (FACS) to
a 96-well plate. After single cell sorting, Huh7 cells were maintained in DMEM
supplemented with either 20% FCS or 25% Huhtonditioned medium. Huh6 was

cultured in complete DMEM medium.
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Clones grown successfully from single cells were first subjected to western blotting
with anti-STRAP antibody (611346, BD Transduction Laboratories). For each cell line,
apparently successful STRAP knockout and control clones were selectéar DNA
sequence verification using oligos shown in Supplemental Table S4. For clones with
complicated chromatograms, we also employed nexgeneration sequencing (NGS) on an
lon-Torrent device using the fusion method for amplicon library preparation. This
method uses oligos designed to directly include barcodes and adaptors required for
processing on the lonTorrent device (see Supplemental Table S5). PCR products were
CAT AOAOAA OOEIT C¢C 1uv bDPOIT T ZOAAAET ¢ DI 1T Ui AOAGA
instructions, followed by purification and NGS according to routine protocols. All
selected clones were rdested for STRAHoss using an additional STRAP antibody
(HPA027320, Atlas antibodies). Western blot result and observed sequence alterations

are depicted in Spplemental Figure S2.
Colony formation assays

We performed two types of clonogenic assays, i.e. plating of single cells directly on cell
culture surface or plating in softagar. For the former, 1000 cells for each clone were
seeded in 6well plates and wete cultured in 2ml complete DMEM medium per well. Two
weeks later, the cells were washed with PBS, fixed in 4% PBSffered
paraformaldehyde for 10 min and stained with crystal violet solution. Number of

colonies were counted under a microscope.

For the sdt-agar assay, a base layer of 0.3 ml of complete DMEM/F12 medium (2%
B27, 1% N2, 20 ng/ml FGF, 20 ng/ml EGF, 100 pg/ml Primocin) containing 0.6%
soft-agar was allowed to settle in 24well plates. Next, 0.6 ml of complete 0.6% sottgar
DMEM/F12 medium was added containing 1000 (Huh6) or 2000 (Huh7) single cells.
After settling of the agar, 0.5 ml of liquid medium was added, which was replaced every
other day. After 2 weeks of culturing, colonies were fixed and stained with 0.005%
Crystal violet in 10% PBSbuffered Formalin. Pictures were taken of the complete
24-well and colonies were automatically counted with ImageJAll colony formation
assayswere performed in triplicates. The mean and standard error were calculated for

each condition.
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Periodic AcidSchiff (PAS) staining of cultured cells

Cells were cultured in 6well plates until they reached 60670% confluency, Next, they
were washed with PBS twice followed by fixation in 10% PBBuffered formalin for 10
min. After two ddH20 washes, cells were inculiad with 0.5% Periodic Acid solution for
10 min, followed by two ddH/ x AOEAO AT A ET AOAAOEITT ET 3AEE

for 15 min. Cells were washed in tap water and visualized under an inverted microscope.
Quantitative reaktime polymerase chan reaction (QRT-PCR)

RNA was isolated with the MachenNucleoSpin RNA |l kit (BIOKE, Leiden, The
Netherlands) and quantified using a Nanodrop NEL000 (Wilmington, DE, USA). CDNA
was prepared from total RNA using a randorprimed cDNA Synthesis Kit (TAKARAIB
INC) and subjected to quantitative Realime PCR analyses. Analyses were performed
using the StepOne Realime PCR System and the StepOnev2.0 software (Applied
Biosystem, Darmstadt, Germany). All expression levels are depicted relative to the

expressionof GAPDHPrimer sequences are provided in Supplemental Table S6.
RNA extraction, llumina library preparation and sequencing

Total RNA was isolated with the MacherNucleoSpin RNA II kit (BIOKE, Leiden, The
Netherlands) and quantified using a Nanodrop NEL0O0O (Wilmington, DE, USA). RNA
quality was checked using a RNA Pico chip on the Agilent Bioanalyzer. Library was
constructed and sequenced with an lllumina HiSeqTM2000 (GATC Biotech, Konstanz,
Germany). Brefly, the mRNA was enriched using oligdT magnetic beads, followed by
fragmentation (about 200 bp). Then the first strand of cDNA was synthesized using
random hexamerprimer and the second strand was further synthesized in a reaction
buffer including dNTPs, RNase H and DNA polymerase |. Double stranded cDNA was
DOOEAEAA xEOE 1 AcCl AdiisiAglehdclactide B (adekide) was ddded o &

and adapters were ligated to the fragments which were enriched by PCR amplification.
RNAsequencing analysis

The lllumina singleend reads were trimmed to remove the TrueSeq adapter
sequences using Trimmomatic (v.0.33). Subsequently, the reads were mapped to the

human reference genome build hg38 with the RNA&eq aligner STAR (v2.4.2a) and the
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Homo sapiens GENCODE/23 annotation. Raw counts were measured with
summarizeOverlaps function from the Bioconductor GenomicAlignments package
(v1.12.1) using the setting mode union. The differentially expressed genes were called
with a generalized linear model using a negate binomial distribution and accounting
for the different cell lines (Huh6 and Huh7). The calculations were performed by the
DESeqg2 package (v1.16.1). We applied a W4dkbt to identify statistical significant
differently expressed genes with a False Discev Rate (FDR) that was calculated using
Benjamini Hochberg correction and set a threshold value of 0.01. After blind variance
stabilizing logz transformation of the counts, the differentially expressed genes were
used to calculate scaled genwise values ¢-score). The scaled values were, clustered
hierarchically with complete linkage using Euclidean distances and subsequently plotted
in a heat map with pheatmap package(v1.0.8). Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) genedatmient analyses were carried out
as described previously(22). We used R(v 3.4.0) for statistics and visualization of the

data.
Statistical analysis

All results were presented as mean + SD or mean + SEM as described in the figure
legends. Comparison of STRAP protein staining between HCC tumor group and adjacent
normal groups were performed with test of proportion. The ttest was usd for
statistical evaluation of number of colonies formed in the sofagar colony assay.

Differences were considered significant at #value less than 0.05.
Data accessibility

The RNAsequencing data from this study have been submitted to the Gene
Expression Omnibus (GEQ(R3) database under the accession number GSE101061.
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Results

STRAP protein is ugregulated in HCC tumor tissues

In order to assess the expression level of STRAP protein in HCC lesions,steened a
tissue microarray (TMA) containing HCC tumors and patient matched adjacent normal
tissues. For 109 tumor samples a STRAP intensity score could be obtained. In most
normal samples STRAP protein was expressed at low to moderate levels, while it was
significantly elevated in the majority of HCC tumors (Figure 1). Within the tumor cells,
STRAP showed a predominant cytoplasmic location (Figure 1D). Similar results were
observed in Diethylnitrosamine (DEN) induced liver tumors in mice, in which 22 outfo
28 tumor nodules showed increased STRAP expression relative to flanking normal liver
tissue (Supplemental Figure S3).

In our cohort, IHGevaluated STRAP expression was not significantly associated with
any of the available clinicopathologic characteristics presented in supplemental Table S2
(data not shown), including tumor recurrence (HR 1.10; 95% CI 0.52.10, p=.785) @
HCC specific mortality (HR 0.79; 95% CI 0.37.71, p=.557). Given that our
semi-quantitative IHC analysis may miss subtle differences in expression levels, we
explored an independent dataset, that is the TCGA liver cancer cohort, which includes
373 HCC ases that were analyzed by RNA expression profiling (19). No significant
difference in STRAP RNA expression was observed between tumors and 50 normal
adjacent liver tissues. Survival analysis of the top and bottom 30% STRAP expressors
revealed a significan trend (p=0.011) of reduced survival in the high expressing group,
suggesting that higher STRAP levels may contribute to tumor progression
(Supplemental Figure S4).

Overall, these analyses show that STRAP protein levels are increased in most liver
tumors of man and mouse, but that its expression level is only modestly associated with

patient characteristics.
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Figure 1 Elevated expression of STRAP in patient HCC tumor tissues. (A) The levels of STRAP protein
positivity were scored from weak (0), moderate (1) to strong (2), both in the adjacent normal liver and
HCC tumor tissue. (B) Distribution of normal liver and HCC tissues classified by above categories.
Differences in the number of patients between normal liver and HCC tumors are highgignificant
(P<0.001, test of proportion). (C) Representative STRAP staining of a HCC tumor (T) with adjacent normal
liver tissue (N); original magnification 100x. (D) STRAP shows a predominant cytoplasmic location in

hepatocellular carcinoma ceb; original magnification 630x.
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Transcriptome analysis of STRAP knoetut clones by RNA sequencing

We tested the baseline expression of STRAP in our panel of nine liver cancer cell lines.
All showed readily detectable STRAP protein and RNA, with little variation between cell
lines (Supplemental Figure S5). In order to determine the function of STRAP pem for
supporting cell growth, we used the CRISPR/Cas9 technology to disrupt STRAP
expression in Huh6 and Huh7 cell lines. As shown in Supplemental Figure S2, the STRAP

protein was completely lost in the selected knockout clones of both cell lines.

To investigate the genomewide effects of STRAP in regulating gene expression in HCC
cell lines, total RNA of selected STRAP knockout and control clones (n=3 each) was
subjected to RNA sequencing. The hierarchical clustering results successfully
distinguished the Huh6 from the Huh7 cell line. Importantly, the STRAP KO Huh6 clones
preferentially clustered with Huh7 KO ones. Likewise, control Huh6 and Huh7 clones
were clustered. According to STRAP genotype, 5605 differentially expressed genes
(threshold FDR<0.01)were clustered in both Huh6 and Huh7 (Figure 2A).

For validation of the differentially expressed genes identified from RNA sequencing, a
total of eight genes were selected for gqRPCR in Huh6 and Huh7 cell lines, which were
among the top genes either upor down-regulated. As shown in Figure 2B, legfold
change of these genes tested by gFHACR significantly correlated with those from RNA
sequencing (R=0.998 in Huh6 and R=0.913 in Huh7). Taken together, these data indicate
that STRAP plays an important ra, directly or indirectly, in the transcriptional

regulation of many genes in HCC cell lines.
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Figure 2. Differential expression profiles in STRAP knockout Huh6 and Huh7 clones. (A) Hierarchically
clustered heat map using complete linkage showing scaletiscore color key of normalized counts of 5605
differentially expressed genes in 3 control (CON) and 3 STRAP knockout (KO) clones of Huh6 and Huh?.
Columns represent clones and rows show the differentially expressed genes. (B) Comparison of relative
log2 fold changes of selected genes tested by RAgq and gRTPCR. The results are presented as log2 fold

change + Standard Error, n=3.

Loss ofSTRAP reduces expression of many metabolic and cell cycle related genes

Both Kyoto Encyclopedia of Genes and Genom@sEGG) pathway enrichment and
Gene Ontology (GO) enrichment analysis revealed that many metabolic processes were
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reduced in activity in the STRAP knockout clones. In addition, this analysis showed that
cell cycle progression was significantly affected, a& result of STRAP loss in both Huh6
as well as Huh7 (Figure 3A and B). Both the reduced expression of metabolic and cell
cycle related genes are in line with the general slower growth of all knockout clones
observed during routine culture (data not shown) To assess the role of STRAP on the
reproductive viability of HCC cells, a colony formation assay on regular culture plates
was employed with the STRAP knockoutlones and controls thereof. We observed that
loss of STRAP dramatically decreased not onlygmumber but also the size of Huh6 and
Huh7 colonies (Figure 4). These results indicate that STRAP is important for an efficient

outgrowth of single HCC cells.

20

KEGG analysis of STRAP upregulated genes GO analysis of STRAP upregulated genes
Ribosome biogenesis in eukaryotes (RN RNA transport [
Spliceasome [N nucleobase-containing compound transport [
Proteasome [ Nuclear export DD
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Figure 3. Loss of STRAP reduces expression of metabolic and cell cycle related genesK@3G Pathway
Gene Set Enrichment and (B) Gene Ontology analysis of genes significantly higher expressed in the control

clones. Xaxis indicates Pvalue in thezlog10 scale.
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Figure 4. Loss of STRAP perturbs the capacity of colony formation in HCC deikes. (A,B) Deletion of
STRAP dramatically inhibits the colony formation of Huh6 and Huh7 cell lines. The number of colonies in

each well was counted (mean = SD, n=4 for each clone)
, 100 1T £ 342! 0 -safedrisig@@dkity71 OT 1

It has been remrted that upregulation of STRAP correlates with increased
7 1 O#Eatenin signaling activity in colorectal cance16). We wondered whether this
a Ol ET1 A0 OOOGA A O (## AAI 1 Oh 11 OCatefhingE
signaling for sustaining optimal growth (24). To this aim, we evaluated the expression
change within the RNAOAN AAOA 1T £ OA OA-afehin sjgnain@ arget OPAAE

x EEA
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genes reported previously, i.eAXINZ LGR5 MYCG CCND] GLUL RGNand B/RC5(also
known as Survivin) (25). In Huh7 all these genes were downregulated in the STRAP
knockout clones with the exception ofRGNand GLUL In the CTNNBImutant Huh6 cells
the differences were less obvious but most genes showed trend towards lower
AZPDOAOCOEIT T j &ECOOA uv! Q8 <dfehin sigialing Addvityiwds 342! 0
AT 1T £ZEOI AA OOET C-cahenin reporfer aSslyi (RgEr®EBH A |

Using siRNA mediated knockdown o67RAR OEI El AO aéidnid refnBdr 1 O EI
activity were observed in the parental Huh6 and Huh7 lines as well as in four additional
(## 1 ETAOh ET AEAAOET ¢ OEAO 3 4-gatefin sigalin®didA NOE OA
most, if not all, HCC lines (Figure 5C). This even is the case in the a&dld endogenously
AZGDOAOGOET ¢ A Adatenin validntHUAGASNE 398 ang HepG2).

34210 EAO AAAI OET x1 Oi AET A Oi "3+0r AOI
reducing the NOA O ET Al DET ObéateinU(IL6A @aF brld subséfuently
ET AOAAOGET ¢ OEA A A odechid i.eOuaghdsphbridieq at BI3/ISB7/TALE |
Hence, we investigated the amdu O 1 &£ O EcAtenihd AignaidyAool present in the
(## AITTAO8 !0 OEIi x1 ET &ECOOA v $-bateinGrE g OEI
the STRAP knockout clones, whereas no change was observed in Huh?7.

Besides Nterminal phosphorylation, the signali ¢ OO OA 1-@ibrin isl afEo
regulated by phosphorylation at its Gterminus. For example, S675 phosphorylation by
protein kinase A (PKA) has been shown to increase Wnt signaling by recruiting
transcriptional co-activators (21, 27-29). To investigate whether STRAP promotes
7 1 O+agtenin signaling through indirectly affecting the phosphorylation of S675, we
tested its levels. As indicated in Figure 5E, reduced levels®fE | OD E T OtaterdinGd A
S675 were observed in the STRAP knockout clones of Huh6 while no clear change was
seen in the Huh7 cell line. Thus, in Huh6 loss of STRAP is accompanied by lower levels of
unphosphorylated NO A O Edatériin apd reduced phospbrylation at its Gterminus,
both features that are associated with reduced signaling, whereas no alteration is
observed in Huh?7.

47T CAOEAORh OEAOA £ET AET ¢cO OOGaEenGignaliogEimadl 3 4 2! (
tested HCC cells. The exact molecular mestism appears however to differ between cell

lines.
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STRAP knockout clones of Huh6 and Huh7 cell lines compared to controls (mean + SD, n=2, two times).

4 E A-catenin reporter activities are depictedas WRE/MRE ratios. (C) SiRNA mediated knockdown of

342! 0 OO0 b-pateAirOsiyAaling activity in HCC cell lines (mean + SD, n=2, two times). Values are

depicted relative to the WRE/MRE ratios obtained for the controls, which are arbitrarily set to 1. {D
$ATAOGETT T &£ 34210 AAAOA Adatdnd (uOpRdSphdSEGI/SRIATArAL) ih HENGA A OE OA |
AAT 108 j %q 4EA 1 A-@Mm al S&75 B Binididdd inGTRAR kmécnout[Huhe cell clones.

[ -catenin. Cells were grown and blotted 3 independent times. Mean + SD is shown; values were analyzed

using GraphPad column-test; * p<0.05.
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Loss of STRAP associates with reduced stemness and increasiferentiation

markers

7 1 OXatenin signaling is essential for the homeostatic seienewal and
proliferation of the hepatic stem/progenitor cells (30)8 ) 1 DB A OO EcAténinA Oh
driven AXIN2+ (31) and LGR5+(32) cells have been identified as stem cells that
self-renew and give rise to mature hepatocytes. STRAP itself hatso been linked to
stemness in colorectal cance(33). Therefore, loss of STRAP and the resulting reduction
E 1 -catenin signaling may lead to reduced expression of stem/progenitor cell markers.
We observed a clear reduction at the transcription level oAX/N2and LGR5and other
liver progenitor markers (SOX9 CD44and PROM1/CD13¥ (34) in STRAP knockout
Huh6 cells. In Huh7, expression oAX/INZ LGR5and PROMIbut not SOX9nd CD44

were decreased (supplemental Figure S6A).

The colony formation assay Bown in Figure 4 partially supports the stem cell
assumption, but may be biased by differences in plating efficiency associated with
STRAPIoss. Therefore, we performed a similar assay by plating the cells in soft agar. As
shown in Figure 6 a significant eduction in colonies is formed in the STRAP knockout

clones of Huh6 (p=0.001), while no clear difference is seen for Huh7.

Conversely, STRAP loss increased most liver differentiation related genes, suctias
AFPand HNF4A (35, 36) in Huh6 and more obviously in Huh7 cells (Supplemental
Figure S6B). To corroborate this observation, we explored glycogen storage as a marker
of differentiation in liver cancer cells using PAS staining (Figure 7). All knockout clones
of Huh6 showed multide cells with a prominent PAS staining, while this was rarely
visible in the control clones. In Huh7 the difference was less obvious, although also here

a trend towards more positivity was observed in the knockout clones.

133



Qhapter 5

Huh6 STRAP KO

Huh6 wild type

Cl1

C23

Huh7 wild type

Huh?7 STRAP KO

Huh6 Cl1 c23 C26 KC4 K033 KG36
Count 1 24 23 27 17 7 2
Count 2 33 12 25 18 12 3
Count 3 16 12 22 14 6 1
Mean 24 16 25 16 8 2
SD 6.9 5 2.0 1.6 2.6 0.8
Huh?7 Cl C6 Cc12 KO11 KO15

Count 1 12 6 51 11 20

Count 2 14 15 55 28 32

Count 3 14 26 95 36 44

Mean 13.3 15.7 67.0 25.0 32.0

SD 1.2 10.0 24.3 12.8 12.0

Figure 6. Soft-agar colory formation assay. STRAP knockout sigintantly (P¥2 0.001) reduces the number

of colonies formed from single Huh6 cells. Nsignificant difference isobserved for Huh7
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Figure 7. Glycogen storage is increased in STRAP knockout clones. PAS staiofolpnes grown to 60% to
70% confluency shows increased glycogen storage all Huh6 knockout clones, whereas a trend in the

same direction is visiblefor Huh7.
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