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"All mankind is of one author, and is one volume; when one man dies,
one chapter is not torn out of the book, but translated into a better
language; and every chapter must be so translated...As therefore the
bell that rings to a sermon, calls not upon the preacher only, but upon
the congregation to come: so this bell calls us all: but how much more
me, who am brought so near the door by this sickness....No man is an
island, entire of itself...any man's death diminishes me, because | am
involved in mankind; and therefore never send to know for whom the
bell tolls; it tolls for thee."

John Donne

The picture depicts protein interactions within the cellular signaling network. -catenin is highlighted in red.
Adapted from reference’.
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Preface

Human beings likewise living cells are in a close contact with their environment. They
absorb signals which tell them whether they should change their behavior or location, whether they
should work more or less, or whether it is a right time to produce offspring. In contrast to humans,
however, cells perceive a signal from the surrounding environment by simple receptors, which can
recognize mostly one specific signaling molecule. Nevertheless, cell response to any signal can be
extremely variable, depending on the cell type, its inner state and on the additional incoming
signals. This variability in cell response is caused by “batteries” of various proteins which are
available at the moment of signal perception; the modulators and “fine-tuners” of the cellular
signaling pathways.

This work is focused on protein components of one such signaling pathway, the Wnt
signaling cascade. It includes four publications, each dealing with a different aspect of Wnt

pathway adjustment:

Troy, a Tumor Necrosis Factor Receptor Family Member, Interacts with Lgr5 to Inhibit Wnt
Signaling in Intestinal Stem Cells

Fafilek B, Krausova M, Vojtechova M, Tumova L, Pospichalova V, Sloncova E, Huranova M,
Chmelikova J, Sedlacek R, Luksan O, Oliverius M, Voska L, Jirsa M, Paces J, Kolar M, Krivjanska
M, Klimesova K, Tlaskalova-Hogenova H, Korinek V.

Gastroenterology 2012, accepted for publication

Fatty acid modification of Wnt1 and Wnt3a at serine is prerequisite for lipidation at cysteine and is
essential for Wnt signalling.

Doubravska L, Krausova M, Gradl D, Vojtechova M, Tumova L, Lukas J, Valenta T, Pospichalova
V, Fafilek B, Plachy J, Sebesta O, Korinek V.

Cell Signal. 2011 May;23(5):837-48. Epub 2011 Jan 16.

Generation of two modified mouse alleles of the Hicl tumor suppressor gene.

Pospichalova V, Tureckova J, Fafilek B, VVojtechova M, Krausova M, Lukas J, Sloncova E,
Takacova S, Divoky V, Leprince D, Plachy J, Korinek V.

Genesis. 2011 Mar;49(3):142-51. doi: 10.1002/dvg.207109.

Dazap2 modulates transcription driven by the Wnt effector TCF-4.

Lukas J, Mazna P, Valenta T, Doubravska L, Pospichalova V, Vojtechova M, Fafilek B, lvanek R,
Plachy J, Novak J, Korinek V.

Nucleic Acids Res. 2009 May;37(9):3007-20. Epub 2009 Mar 20.



Abstract

The Wnt pathway is one of the major signaling cascades contributing to multiple cellular
processes during embryogenesis, and adult tissue homeostasis and regeneration. Moreover,
aberrant activation of the Wnt signaling pathway is connected with development of neoplasia,
notably colorectal cancer.

The aim of the thesis was to identify new ways of the Wnt pathway regulation to understand
better physiological as well as non-physiological mechanisms of Wnt signaling. The results are
summarized in four publications.

The first article deals with TROY, a member of tumor necrosis factor receptor family. We
identified TROY as a Whnt target gene during our search for Wnt responsive genes in colorectal
cancer cell lines. Additionally, we detected expression of Troy in tumors of two mouse models of
intestinal cancer. In the healthy gut, Troy is produced in fast cycling intestinal stem cells where
negatively regulates the Wnt pathway.

The second study focuses on processing and posttranslational modification of murine Wntl
and Wnt3a. Wnits are glycosylated and double acetylated by lipid adducts and our results revealed
that O-linked acylation of serine is required for the subsequent S-palmitoylation of cysteine.
Moreover, acylation of Wnts is connected with their signaling activity which is related to Wnt1 and
Whnt3a ability to associate with the extracellular matrix.

The third report describes the generation of conditional knock-out and citrine-reporter alleles
of the gene Hicl, a tumor suppressor gene which was previously described in our laboratory as a
negative regulator of the Wnt signaling pathway.

Finally, protein Dazap2 a small, evolutionary conserved, ubiquitously expressed gene was
identified as an interacting partner of the TCF proteins. We detected Dazap2 modulates the affinity
of TCF4 for its DNA recognition motif and thus enhance the expression of the Wnt signaling target

genes.
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Overview of the literature

The signaling pathway initiated by the extracellular ligands Wnts (wingless in Drosophila) is
one of several evolutionarily-conserved signal transduction pathways found in all metazoan
ranking from Hydra to humans®>. Wnt signals control myriads of processes in animal development,
tissue regeneration, stem cell maintenance, synaptic plasticity and neurotransmission® ’.
Additionally, aberrant Wnt signaling is linked to cancer initiation and progression® °.

Studies in Drosophila and vertebrates have shown that Wnt signals are transduced in at least
two distinct ways; first, a well-established 'canonical' or the Wnt/B-catenin pathway which
eventually changes gene expression, and, secondly, B-catenin independent or noncanonical
pathways which are known to affect cellular shape and motility and do not alter gene expression.
Since all publications that are part of the thesis deal with a transcriptional regulation of Wnt

signaling only the canonical Wnt/B-catenin branch will be discussed further.

Basic mechanisms of canonical Wnt signaling

The Wnt pathway is initiated by binding of Wnt proteins to the Frizzled (Fz)/low density
lipoprotein (LDL) receptor-related protein (LRP) receptor complex at the cell surface. These
receptors transduce the signal to protein complex which comprise several intracellular proteins,
including Dishevelled (Dvl), glycogen synthase kinase-3f (GSK-3pB), axis inhibition protein
(Axin), Adenomatous Polyposis Coli (APC), and the key protein of the canonical Wnt pathway, -
catenin. The cellular level of B-catenin is in absence of Wnt signal kept low by continuous
proteasome-mediated degradation. This process is controlled by the aforementioned protein
complex and the E3 ubiquitin ligase B-transducin repeat-containing protein (B-TrCP; Figure 1).
When cells receive Wnt signals, the degradation is inhibited, and, consequently, B-catenin
accumulates in the cytoplasm and enters nucleus. Nuclear B-catenin interacts with transcription
factors of the T cell-specific transcription factor/lymphoid enhancer-binding factor (TCF/LEF)
family (hereafter referred to as TCFs), which are in unstimulated cells bound by Groucho
transcription repressors, however in complex B-catenin activate transcription of Wnt signaling
target genes.

The most notable Wnt target genes include: components of the Wnt pathway itself as
Axin2'®2 which provides a negative feedback control; cell cycle progression related genes as c-
Myc": and stem cell markers as leucine-rich repeat-containing G-protein coupled receptor (Lgr)

51,
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Figure 1: A simplified
scheme of canonical
Whnt signaling. In the
absence of Wnt, the B-
catenin destruction
complex comprising
scaffolding proteins
Axin and APC, kinases
CK1 and GSK3, and
protein Dvl
continuously binds,
phosphorylates, and
mediates ubiquitination
of B-catenin by B-TrCP.
The proteasome
instantly recognizes and
degrades such modified

B-catenin. Wnt induces

Whnt target gene Whnt target gene

the association of the

entire  complex  with
phosphorylated LRP trough proteins Dvl and Axin, while B-TrCP dissociate. After binding to LRP, the destruction
complex saturates with phosphorylated, but not ubiquitinated, B-catenin and newly synthesized f-catenin accumulates in
the cytoplasm and enters the cell nucleus. In there, it displaces the Groucho transcriptional repressors from Whnt target
gene regulatory elements occupied by TCF transcription factors, and recruits the transcriptional coactivators instead.
Modified from the reference’.

Extracellular and membrane components of the Wnt pathway

Whnt ligands

The word Wnt [wint], which gave the name to the signaling pathway, is a compound of two
words wingless and integrationl. These original names were given by two independent research
groups to the first discovered gene of the pathway encoding a ligand currently known as Wntl.
Integrationl locus (intl) was reported to induce cancer of mouse mammary gland due to non-
physiological overexpression caused by integration of mouse mammary tumor virus (MMTYV) in
proximity of the int1 gene transcription start site™. Further studies revealed an intriguing similarity
of intl to Drosophila segment polarity gene wingless (Wg), which was identified previously as a
mutant allele leading to a loss of wing tissue™.

Subsequent studies revealed another 18 members of the Wnt family in mammals and 6
others in Drosophila. Although the sequence homology of different Whnt ligands is rather low, all
Whnts display conserved tertiary structure. All Wnts share homology in N-terminal signal sequence
that targets them to the secretory pathway and, also, in high number of well-conserved cysteine

residues that are thought to form disulphide bonds crucial for correct folding of the protein'”*.
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The common feature of most of the Wnt proteins is the post-translational modification by N-
glycosylations and lipid adducts'®?". These alteration make them highly hydrophobic and “sticky”
to cell membranes and the extracellular matrix®*. Acylation by palmitoyl and palmitoleoyl fatty

23,24

acids is mediated by membrane-bound O-acyltransferase Porcupine (Porc)* <", which is believed to

be necessary for the Wnt secretion and signaling activity®.

N263

Figure 2: A crystal structure of Xenopus Wnt8
(XWnt8). An unusual two-domain Whnt structure, not
obviously related to any known protein folds, resembles
a “hand” with “thumb” and “index” finger extended to
grasp receptor at two distinct binding sites. One site is

8 CTD dominated by the palmitoleic acid lipid group (PAM) at

“; the tip of the Wnt’s thumb, the second binding site, the
( f‘ conserved tip of Wnt’s “index finger” forms
A hydrophobic amino acid contacts with a depression on

the opposite side of the Fz cystein-rich domain.

Glycosylations are depicted in green; NTD, N-terminal
domain; CTD, C-terminal domain. Adapted from

reference?®®.

Function of the glycosylation in Wnt biology is not that clear. Whereas some studies found
glycosylation to be dispensable for the secretion and activity of Wnts*’, others found that certain
Whnts were no longer secreted upon mutation of their glycosylation sites’ . Another reports
suggested that lipid modification is linked to Wnt N-glykosylation. One study proposed that
palmitoylation mediated by Porc stimulated N-glycosylation of Wg?, whereas another article
presented contradictory result showing that N-glycosylation of Wnt3a is required for its
palmitoylation®®. Thus, a distinct relationship between these two Wnt posttranslational
modifications has to be specified.

One of the best insights into the role of Wnt lipidation provided recent study revealing that
palmitoleic acid lipid group of Xenopus Wnt8 fits into a deep hydrophobic groove of the Wnt
receptor Fz8, thus confirming the necessity of fatty acid attachment for proper Wnt signaling
(Figure 2)%.

Although highly hydrophobic, Wnts may act at long distances. Wg is produced only by a
thin line of cells in the wing imaginal disk of Drosophila but as a part of lipoprotein particles it

spreads throughout the tissue. Consequently, expression of various genes can be triggered by Wnt,
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depending on the local concentration of this morphogen® *°. However, this long range signaling is
rather rare. More evidence implies Wnts as short-range signaling molecules acting predominantly
between cells that are close to each other® ",

For secretion of most of the Wnt ligands, a protein Wntless (WIs, also known as Evenness
interrupted [Evi] or Sprinter [Srt]) is required®*°. WIs is located in all compartments of the
exo/endocytic pathway — the endoplasmatic reticulum, Golgi network, endosomes and the plasma
membrane — and directs Wnts through it to the cell exterior. After the Wnt release, WIs is recycled

back to the trans-Golgi by a retromer complex® ***,

w AR =2 Figure 3: Proteins involved in an uneasy

/ ‘ journey of the Wnt ligands out of the cell. In
@ Endosom the endoplasmatic reticulum, Wnts are lipid
\ modified by the acetyltransferase Porc.

e
Lipid bound Wnts are transported to the

— - \ Golgi complex, where they encounter WIs.

Golgi WIs supports transport of Wnts from the
@ trans-Golgi  network to the plasma

membrane, where Wnt is released to initiate

autocrine or paracrine signaling. Free WIs is
taken up by the clathrin-mediated
endocytosis, and with assistance of retromer

complex it undergoes retrograde trafficking

back to the trans-Golgi network. Adapted

from reference?’.

* wnt W\ Porc 8 Retromer (core complex): <> AP2
® Ribosome W\ Wis Vps35, Vps26, Vps29 «—> Clathrin

All these steps of the Wnt processing in fact govern and modulate the level of the Wnt
ligands activity and thus the signaling output. Moreover, binding of Whnits to various extracellular
proteins further extends the complexity of the regulation. Secreted Wnts can interact with heparan
sulphate proteoglycans (HSPGs)* and periostin (Postn)* to increase their signaling activity. On the
other hand, secreted Frizzled related proteins (sSFRPs)*™ “ and Wnt inhibitory factors (Wifs)*" *®
restrain Wnts and so diminish their activating function. Additionally, recently identified
transmembrane protease Tikil cleaved eight amino-terminal residues of a Wnt proteins, resulting in

oxidized Wnt oligomers with reduced receptor-binding capacity™.
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Wnt receptors

Fz/LRP heteroreceptor

To initiate canonical Wnt signaling, Wnt proteins bind a heterodimeric receptor complex,
consisting of the Fz and an LRP5/6 protein® *.. Ten mammalian Fz proteins share structural
homology of seven-transmembrane receptors related to G-protein coupled receptors family®’. Fzs
contain large extracellular N-terminal cysteine-rich domains (CRD)> that provide a primary
platform for Wnt binding®® *. Unlike Fz, which can also function as an inducer of the non-
canonical Wnt pathways, LRP (arrow in Drosophila) proteins appear to be specifically required for
Wnat/p-catenin signaling®™ . LRPs consist of a large extracellular domain (~1400 aa), single pass
transmembrane domain and small (~200 aa) proline-serine rich intracellular part, which is essential
for the Wnt pathway activation (see below)*" .

The Wnt-Fz interaction is not selective, thus a single Wnt can bind multiple Fz proteins and
vice versa®® *%, Moreover, LRP6 coreceptor can also distinguish between different classes of Wnt
proteins and thus enhance or reduce the signaling input™.

Binding of Wnt to its dimeric receptors induces a conformational change of the receptors
leading to phosphorylation of the LRP tail by kinases, GSK3-p and CK1y*® %, which halts the
process of P-catenin degradation by restraining Axin to the cytoplasmic tail of LRP®.
Subsequently, GSK3-p phosphorylates serine in the PPPSP motif found in LRPs®. CK 1y, which is
anchored in the membrane by its palmitoylated C terminus, rapidly phosphorylates LRPs on
residues in close proximity to the PPPSP motif®.

Important protein relying the signal from the Fz receptor, yet with not completely understood
function, is Dvl. Dvl is possibly not a permanent component of the Fz/LRP receptor complex but it

64-66

associates with the Wnt receptors after Wnt binding” ™" and through the interaction with both Axin

and Fz, it may facilitate binding of Axin to LRP®"%°,
The action of the Wnt ligands can be also regulated on the surface of the signal receiving
cell. Inhibitory proteins of the Dickkopf (Dkk) and WISE/SOST families induce disruption of the

Fz/LRP complex formation thus interfere the Wnt signaling™® ",

Additional Wnt-related receptors and ligands

Fzs/LRPs are not the only receptors for the Wnt ligands. Also, receptor tyrosine kinase-like
orphan receptor (ROR) proteins can recognize Wnts but the outcome of their signaling is rather
ambiguous. According to the cellular context, they can either activate or repress transcription of the
Wnt target genes, or simply sequester Wnt ligands and thus modulate Wnt signaling’. Other Wnt
receptors, protein tyrosine kinase-7 (PTK7)™ and related to tyrosine kinase (Ryk), activate only

15



non-canonical pathways which might in turn interfere with canonical Wnt signaling”. An
alternative ligand for the Fz4/LRP5 receptor complex is a cysteine-knot protein Norrin which
activates Wnt/p-catenin signaling’’ essential for retina vascularization*®",

Finally, a family of small secreted proteins defined by two N-terminal furin domains and a
thrombospondin domain, R-spondin (Rspo) proteins, was found to promote the canonical Wnt

82, 83

pathway both in vivo and in vitro®. Expression of Rspos overlaps with expression of Wnt

proteins during mouse development®™®

and knock-out studies suggested their importance in Wnt-
dependent developmental processes®®®. Rspo proteins do not have capacity to activate Wnt
signaling by themselves, they rather enhance the signal at low-dose of Wnt™. Rspos signal through
the LGR receptors (LGR4-6), a small family of seven-pass transmembrane receptors, related to the
G-protein-coupled receptors, which physically reside within Fz/LRP receptor complexes®™®.
Although, exact mechanism of signal transduction from these receptors is not known, current
evidence indicates that they do not utilize G proteins™ . Out of the three Rspo receptors, Lgré
could be regarded as a major one as it is expressed in many tissues and its ablation leads to the
most severe phenotype®®. On the other hand, Lgr5 and Lgr6 expression seem to be more
interesting since their expression is restricted to adult stem cells. Whereas Lgr5 marks the stem
cells in a number of actively self-renewing organs, including the intestinal tract and the hair

follicle®™®, Lgr6 is expressed in rare primitive stem cells that generates all lineages of the skin®.

Cytoplasmic and nuclear components of the Wnt
pathway

The B-catenin destruction complex

As B-catenin is the key molecule in canonical Wnt signaling, then the destruction complex
regulating its stability is the key-holder protecting the cell from uncontrolled B-catenin/TCF
signaling. Mutations impairing the function of the p-catenin destruction complex result in cancer,
most notably of the colon'%%,

A backbone of the complex is constituted by the tumor suppressor protein Axin which binds
B-catenin, other tumor suppressor proteins APC and APC membrane recruitment protein 1
(AMER1), and two constitutively active serine-threonine kinases CK1a/8 and GSK3a/p™*" 2,

Second major component is APC, a large multidomain protein which participates in
stabilization of the destruction complex by bringing PP1 and PP2A, phosphatases participating in
the regulation of the Axinl and B-catenin stability™ **. Apart from being involved in degradation
of B-catenin, APC promotes export of B-catenin from the nucleus® and acts as a chromatin-

associated suppressor of p-catenin-activated genes*'. In addition, APC is essential for many other
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cellular processes including intercellular adhesion™’, cytoskeleton stabilization*, cell cycle
regulation'*?, apoptosis'?® and DNA repair**'.

Another tumor suppressor protein involved in the function of the destruction complex is
AMER1". Exact mechanism of its function is not known but it was suggested that Amer1 directly
interacts with the armadillo repeats of B-catenin and assembles the -catenin destruction complex at
the plasma membrane. By recruiting pB-catenin, APC and Axin, Amerl links the complex with
phosphorylated LRP trough binding APC'#,

The primary function of the complex, i.e. targeting 3-catenin for degradation, is executed by
two kinases, CK1 and GSK3-fB. These enzymes sequentially phosphorylate Axin-bound B-catenin
at a series of regularly spaced N-terminal Ser/Thr residues. Such prosphorylated B-catenin is then
recognized by the F box/WD repeat protein B-TrCP, an essential component of the E3 ubiquitin
ligase complex, and marked by ubiquitin. As consequence, ubiquitinated B-catenin is targeted for
rapid destruction by the proteasome, thus preventing activation of TCF/B-catenin target genes in the

nucleus'?

. Upon receptor activation by Wnt ligands, Axin is recruited to the phosphorylated tail of
LRP. Recent data show that, through this relocalization, B-TrCP dissociates from the degradation
complex, which leads to accumulation of phosphorylated, but not ubiquitinated, p-catenin.
Subsequently, the complex becomes saturated by such modified p-catenin and newly synthesized
B-catenin then accumulates and translocates to the nucleus to activate target genes of the

pathway***,

p-catenin

B-catenin (armadillo in Drosophila) is a crucial protein of canonical Wnt signaling. Apart
from that, it also contributes to cell adhesion by linking E-cadherins to cytoskeletal structures'®.
B-catenin is able to perform both tasks largely due to its central region comprising 12 imperfect
Armadillo repeats (Figure 4). The repeats form a superhelix featuring a long positively charged
groove that provides a binding region for three most important interactors: E-cadherin (the main

partner in adherent junctions), APC (the main partner in the destruction complex), and TCF/LEF

-catenin

17



Figure 4: Crystal structure of B-catenin armadillo repeats interacting with N-terminal part TCF3 protein. Adopted from

reference'?®.

(the main partner in the nucleus)?*™®. Various cellular roles of B-catenin and its processing are

summarized in Figure 5.
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Figure 5: Lifecycle of B-catenin. Newly synthesized f-catenin is either immediately immobilized by E-cadherin
to form adherens junctions or phosphorylated by the destruction complex and thus marked for subsequent degradation.
Phosphorylation by protein kinases or downregulation of the E-cadherin levels results in release of p-catenin from the
adherens junctions; this free pool of B-catenin can be kept in the cytoplasm protected by APC. Wnt signaling blocks the
activity of the destruction complex which leads to increasement of cytoplasmic p-catenin and its translocation to the
nucleus. In the nucleus, B-catenin binds TCF/LEF transcription factors and drives transcription of Wnt/B-catenin target
genes. Other factors can also provide p-catenin with DNA binding domains, often counteracting canonical Wnt signaling.
The activity of B-catenin in the nucleus can be regulated by posttranslational modifications or by modulation of its
nuclear import/export. B-catenin may also play an important function in the centrosome. CTTA, C-Terminal

Transcriptional Activators, NTTA, N-Terminal Transcriptional Activators. Adapted from reference®®.

Although B-catenin has only one binding site for all its interacting partners, its adhesive and
signaling properties seem to be independent*®. This notion is further supported by finding that
close relative of $-catenin, y-catenin (plakoglobin), may in certain cases compensate for the loss of

the p-catenin structural function but not for its signaling role’** ***. Moreover, in C. elegans, the
18



adhesive and signaling functions of [-catenin are performed by two different B-catenin
homologs™.

Surprisingly, not all B-catenin phosphorylated by GSK3 undergoes degradation. A fraction of
N-terminally phosphorylated p-catenin was detected in centrosomes, where it contributes to
centrosomal cohesion and separation at the beginning of mitotic spindle formation'*®. APC and
Axin were found to be an important regulator of centrosomes too, suggesting a new role for these
components of the B-catenin destruction complex in centrosomal maintenance and separation™®”.

Phosphorylation of B-catenin at multiple sites governs the balance between its structural and
signaling functions. Phosphorylation at Y142 by Src-like kinase Fyn, feline encephalitis virus-
related kinase (Fer), or the receptor tyrosine kinase c-Met significantly reduces a-catenin binding
and thus impairs the adhesive function of B-catenin***'*. A similar effect is achieved upon Y654
phosphorylation by receptor tyrosine kinases (e.g. EGFR) or c-src kinase, which dramatically
reduces the binding to cadherin thus enhances B-catenin-driven transcription'***%. Additionally,
phosphorylation on Y654 evokes a conformational change which promotes further phosphorylation
by protein kinase A (PKA) on S675 which strongly potentiates the signaling activity of B-catenin
by increased recruitment of transcriptional co-activators such as CREB binding protein (CBP) or
TATA binding protein (TBP)** 14,

Additional phosphorylation, mediated by JNK2 and promoted by the small GTPase Racl,
was found to be important for B-catenin nuclear accumulation**®, however the exact function of this
phosphorylation, less so the mechanism of B-catenin nuclear entry, was not revealed yet'*> *°, The
classical nuclear import mediated by the importin-karyopterin complex is probably not utilized
because polypeptide sequence of B-catenin contains no obvious nuclear localization or nuclear
export signal (NLS or NES, respectively)'’. Instead, B-catenin can directly interact with nuclear
pore complex proteins, or other proteins like FoxM1, which may assist its entry to the nucleus™®
151.

The C terminus of B-catenin acts as a transcriptional activation domain which binds histone
modifiers such as CBP/p300 and Brg-1, and mediators of RNA polymerase Il interaction
Parafibromin/Hyrax/Cdc73*® *°2 %3 Furthermore, CBP can acetylate f-catenin at K49 and p300 at
K345. Point mutations that block K49 acetylation are often found in various cancers and result in
ectopic transcriptional activation of the gene c-Myc, an effect that seems to be specific to this Wnt

signaling target gene, since other known target genes remains unaffected™.

In contrast,
modification of K345 by p300 has a broader effect and increases the affinity of B-catenin for TCFs;
[B-catenin acetylated at K345 was found strongly enriched in colon cancer cells with hyperactivated
Wht/B-catenin transcription'®®. Since B-catenin does not possess a DNA binding domain it needs
DNA binding partners to bring it to the promoters of its target genes**” '**. TCF/LEF transcription
factors serve as the main nuclear partners of -catenin guiding it to specific DNA loci. However,
additional DNA binding proteins like hypoxia induced factor (HIF) 1a"’, androgen receptor'®® **°
and forkhead transcription factor FOXO™ were reported to interact with and sequester p-catenin at
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the expense of TCF transcription factors. However, in terms of canonical Wnt signaling, TCFs are

responsible for the vast majority of Wnt/B-catenin signaling outputs.

TCF/LEF transcription factors — nuclear partners of B-catenin

Transcription factors of TCF/LEF family are encoded by a single TCF gene in D.
melanogaster and C. elegans and four TCF genes in mammals*®. In mammals, TCF7 produces
TCF1 protein, LEF1 is produced from the LEF1 gene, and TCF3 and TCF4 are encoded by TCF7
like 1 (TCF7L1) and TCF7 like 2 (TCF7L2) genes, respectively.

The N-terminal part of TCFs (aa 1-50) is highly similar between orthologs and binds f-

catenin?®

. The second part of the proteins contains NLS and remarkably conserved high mobility
group (HMG) box which recognizes a specific motif (CCTTTGAT(G/C) in the minor groove of
target DNA, called Wnt responsive element (WRE)™ 2 The C-terminal part is, especially in
vertebrates, often alternatively spliced, thus producing numerous variants with different DNA
binding affinity and specificity'®" *** ** For example, such splicing can generate a TCF variant
containing a cysteine-rich domain known as the C-clamp, which can bind to so-called helper
sequences and thus enhance the association of TCFs with target sequences'® *®. Moreover, usage
of alternative promoters and multiple splicing variants affecting the entire transcript has been
documented for each TCF, which further increase the Wnt signaling pathway complexity*®¢°,

Although the highly conserved HMG box makes all TCFs recognize an identical DNA motif,
function of individual TCF proteins seems to be distinct. Whereas Tcf3 seems to act preferentially
as a transcriptional repressor’™, Lefl, together with p-catenin, behaves more like an activator. Tcf4
and Tcf1 fulfill both modes of action (i.e. transcriptional activation or repression) depending on the
spatial and temporal context of their binding site in corresponding promoter™®® '™, But still, there is
some redundancy among TCFs. Knocking out Tcfl, for example, impairs thymocyte
differentiation'’® and loss of Lef1 results in postnatal mortality with no obvious defects in lymphoid
cell populations at birth'”. However, a combined Lef1/Tcf1 double null mice exhibit defects in
paraxial mesoderm leading to the formation of additional neural tubes'™®. Moreover, these
phenotypes were identical to those reported for Wnt3a-deficient mice thus confirming role of TCFs
in Wnt signaling. Further evidence for involvement of TCF/B-catenin in the Wnt pathway was
presented in mice harboring synthetic TCF-specific transcriptional reporters. The activity of the
reporters correlated with those of B-catenin, which was determined by loss- and gain-of-function
mutations in the gene for p-catenin®®* 7> 17°,

Without B-catenin, TCFs act as transcriptional repressors by forming a complex with
Groucho/Transducin Like Enhancer (TLE) repressors'’” ', The binding of B-catenin physically
displaces Groucho/TLE and converts TCFs into transcriptional activators, translating the Wnt

signal into transcription of specific target genes*’” "°.

20



The TCF/B-catenin interaction can be modulated by phosphorylation, acetylation,
sumoylation, and ubiquitination-mediated degradation to enhance, repress, or switch off B-catenin-
mediated transcription'**®, TCF phosphorylation mediated by homeodomain-interacting protein
kinases (HIPKs) has both positive and negative effects depending on the cell context'®*'®, Traf2
and Nck-Interacting Kinase (TNIK) protein kinase was found as direct interaction partners of both
TCF4 and pB-catenin, positively affecting TCF/B-catenin-mediated transcription in mammalian
cells; the association seems to be especially important for intestinal progenitor development'®,
Additionally, SUMO E3 ligase PIASy has been shown to modify different TCFs with various
consequences on TCF/B-catenin signaling output: whereas sumoylation of Lefl leads to its
immobilization in nuclear bodies where it cannot interact with B-catenin'®’, sumoylation of TCF4
enhances p-catenin binding and thus increases TCF/p-catenin mediated transcription® 1°.

Binding of B-catenin to TCFs can be also restricted by additional proteins, such as inhibitor
of B-catenin and TCF (ICAT) and hypermethylated in cancer 1 (HIC1). While ICAT interacts with
the central armadillo repeat of B-catenin, thereby blocking the access to TCFs'*®, HIC1 attenuates
Wht signaling by restraining TCF/B-catenin from its target sequences®".

Two other coactivators of the TCF/B-catenin complex, Bcl9/Legless and Pygopus bind
unusually the N-terminus of B-catenin'***%. However, these proteins seem to be crucial for Wnt
signaling only in Drosophila, since their ablation in mice results in no severe phenotype®®> %,

Although B-catenin has been mainly described as an activator of gene transcription, it is
becoming increasingly clear that it can also repress transcription of some Wnt target genes. A direct
repression has been reported for E-cadherin in keratinocytes or p16™*** in melanomas™" ',
Another example of B-catenin-mediated transcriptional repression was shown in Drosophila cells,
where dTCF/B-catenin-mediated repression was surprisingly related to WREs dramatically
different from the TCF consensus, suggesting existence of alternative TCF-repressive DNA

motifs®,

Wnt/B-catenin target genes

Whnt/B-catenin signaling regulates expression of genes involved in proliferation, fate
specification, differentiation during various developmental stages and in adult tissue homeostasis.
Interestingly, Wnt signaling also regulates the expression of many genes encoding the components
of the pathway itself. Induction of negative regulators Axin2, DKK1, and Naked (a Dvl antagonist)
and suppression of Fz and LRP6 constitute negative feedback loops that attenuate Wnt signaling®
180 0On contrary, Wnt induction of Rspo and TCF genes constitutes positive feed forward circuits

that reinforce Wnt signaling, a feature that has been misused during colon carcinogenesis'®* %2,
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These Wnt pathway self-regulatory loops are mostly utilized in a cell-specific manner,
bringing additional complexity in controlling amplitude and duration of the Wnt response.
Nevertheless, the Axin2 and Drosophila Naked genes seem to represent a few universal Wnt/Wg-
induced target genes® *°. Among other Wnt target genes, c-MYC deserves being highlighted since it

13, 200

is critical for intestinal homeostasis and transformation . c-Myc encodes a “promiscuous”

transcription factor that is believed to bind promoters and regulate expression of up to 15% of the

human genes”" %%

. c-Myc importance for conversion of intestinal tissue to neoplasia was revealed
in mice. Deletion of Apc in murine small intestine, which normally causes massive onset of
intestinal cancer, was rescued by a simultaneous deletion of c-Myc, as double negative cells gave
rise to intestinal epithelia comparable to wild-type tissue®®.

Other target genes are subject to a complex, context-dependent regulation and are expressed
in a tissue-specific or temporally restricted manner®® 2. A comprehensive updated list of the Wnt

target genes can be found at: http://wnt.stanford.edu.

Role of Wnt signaling in adult tissue homeostasis

Apart from being involved in the crucial developmental processes, such as gastrulation®®,

206, 207 208, 209 174

body axis formation , heural tube establishment and limb development ™, Wnt signaling
also contributes to adult tissue maintenance and regeneration®™.

Wnt signaling has been reported to participate in hematopoiesis®™, bone mass and cartilage

212, 213 5

maintenace , adipogenesis®™, liver zonation”®> and many other processes. Nevertheless,
probably the most important function of Wnt signaling is the stem cell-driven maintenance of the

epithelia.

Stem cell maintenance

The stem cells properties, the self-renewing capacity and the ability to produce numerous
specialized cells, are given by the signals produced by the niche stem cells reside in®®. Although
many stem cell-sustaining signals are known, such as proteins from the BMP, Hedgehog, and
Delta/Notch families, the Wnt signals stand out because of their widespread activity. The role of

Wht/B-catenin signaling in stem cell maintenance has been well documented in the intestine?%**,

d*®, hair follicles and in the skin***®, Blocking Wnt signaling by overexpression

mammary glan
of the Wnt antagonist Dkk eliminates hair follicles and mammary gland in a way that indicate that
the tissue-specific stem cells were primarily affected®. Conversely, activating Wnt signaling by
the use of mutant forms of -catenin causes expansion of stem cells in both hematopoietic and hair
follicle systems”. Similarly, Wnt proteins can increase the number of clonogenic cells from the
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mammary gland, with preservation of the developmental potential of the cells when transplanted

226

back into animals®”. Despite all these examples, it should be emphasized that there are clear cases

in which there is no obvious role for Wnt-dependent stem cell maintenance, like in male and
female germlines of Drosophila®®.

On the other hand, the Wnt pathway has been proposed to be essential for maintenance of
mouse embryonic stem cell pluripotency®”’. Indeed, several genes important for cell “stemness”,
like Oct4, Nanog, Sox9 and Fz7, have been found to be regulated by Wnt signaling'’* ?#%!, The
last two named genes were also found to be expressed in intestinal stem cells, an intensively

studied adult body stem cells compartment.

Wnt signaling in intestinal stem cells (ISCs)

Intestinal stem cells reside at the most bottom part of the intestinal crypt, far from the
ingested toxins and protected by antibacterial agents-producing Paneth cells (Figure 6). Inhere,
supplied by various niche factors, they divide rapidly to completely renew the intestinal epithelia
every 3-5 days. Considering that typical surface area of human intestine is about two hundreds
square meters, such extensive self-renewal makes the intestinal epithelium the most dynamic tissue

in mammalian body?*.

Several findings implicate a tight connection between the self-renewing
process and the Wnt signaling pathway. Firstly, inactivating mutations in mouse Tcf4 lead to a loss
of intestinal stem cells and subsequent breakdown of the tissue?®. Secondly, germinal mutations in
the APC gene promote development of the Familial Adenomatous Polyposis (FAP) syndrome, a
disorder characterized by multiple colorectal polyps®*. Lastly, injection of the Wnt agonist RSPO1
into mouse bloodstream induced a rapid onset of crypt cells proliferation®. The fact, that
perturbations of Wnt signaling are often manifested in the intestine is the reason why many
research laboratories focus on the intestinal tissue. Moreover, the crypt niche produces Wnt3,
Wnt6, Wnt9b and Fz5, which further underlines the role of Wnt signaling in the intestinal stem cell
proliferation and the proper epithelial turnover *> 2% However, it is not clear, which cells at the
crypt bottom are genuine ISC at what are the unique markers of these cells. Long-term lineage

tracing experiments have identified Lgr5*, B lymphoma Mo-MLV insertion region 1 (Bmi1)®,

238 and homeodomain-only protein homeobox (Hopx)?* as

telomerase reverse transcriptase (Tert)
bona fide ISC markers, since cells expressing any of these genes are able to give rise to all cell
lineages of the intestinal epithelium. Whereas Lgr5 marks a distinctive, highly proliferative
population of small intestinal and colonic stem cells (also known as crypt base columnar cells
[CBC], red stem cells in Fig. 6), Bmil® and Tert" cells reside at position of the fourth cell (blue
stem cells in Fig. 6) from the crypt base and are mostly quiescent®® #**, Interestingly, it has been
recently shown that Bmil® cells are insensitive to perturbations of Wnt signaling, contribute

weakly to homeostatic regeneration, and are resistant to high-dose radiation injury**. Upon
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irradiation, Bmil* ISCs dramatically proliferate to repopulate multiple neighboring crypts and villi
and replenish the eliminated Lgr5* CBC cells®** *®,

The above findings support the model for existence of proliferative, Lgr5" Wnt-dependent
ISCs, which are responsible for regular intestinal tissue maintenance, and reserve Bmil® stem cell
population, which is used occasionally and in emergency. Such a hierarchy is not unprecedented,

since similar principle is also applied in other tissues like hair follicle®** and the haematopoietic
system**.
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In the rapidly proliferating 1SCs, Wnt signaling drives expression of the specific genes
required for their maintenance. The known factors include Lgr5 and basic helix-loop-helix
transcription factor Achaete scute-like 2 (Ascl2). Whereas Lgr5 is a part of regulatory loop, it can
augment Wnt signaling by binding the Wnt agonist Rspo®*, Ascl2 controls ISC fate; forced
expression of Ascl2 in the intestinal epithelia induces crypt hyperplasia and ectopic crypt on
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villi“*". Moreover, Lgr5 is a direct target gene of Ascl2 and ablation of any of these two genes leads

to the elimination of Lgr5" stem cells® **’. The loss of Lgr5" ISC population is not permanent
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because new Lgr5" cells reappears soon as the offspring of unaffected CBC or Bmil® cell. This
example illustrates the complexity of stem cell fate regulation. Many regulatory mechanism are
involved to compensate imbalance caused by loss of any of them. Recently, two functional
homologues of membranous zinc and ring finger E3 ubiquitin ligases important for managing ISC
signaling input were identified. Both genes had to be eliminated from the gut to get the
hyperproliferative crypt phenotype indicated hyperactivation of the Wnt pathway. On the other
hand, I1SC can be cultured in vitro® to form spheroids called organoids. The technology of organoid
cultures helps to reveal the role of genes which would otherwise stay hidden behind their functional
homologues in whole body system. In such a way it has been discovered that Paneth cells are the
source of Wnt3?*® and constitute the niche for the fast cycling 1ISCs?*. It should be noted, however,

that ablation of Paneth cell from the mouse intestine has no impact on fast cycling Lgr5* 1ISCs*°.

Wnt signaling and intestinal cancer

Cancer is regarded as a stem cells disease”'***. Direct evidence that a single mutation in a
stem cell can cause immediate formation of neoplasia has been demonstrated in case of the
intestinal cancer. Hyperactivation of the Wnt pathway in the ISCs, initiated either by homozygous
disruption of the Apc gene® or expression of stabilized p-catenin®®’, were revealed to be the cancer
inducing event. In contrast, mutation in proliferative progenitor or terminally differentiated cell are
rarely manifest in tumor growth. Since these cells are short-lived, they have only a limited
opportunity to accumulate multiple mutations in critical genes required for tumor progression®* >*
> The Wnt pathway is the most frequently mutated pathways in colorectal carcinogenesis and
intestinal tumors often display elevated expression of ASCL2 or LGRS5, i.e. markers of fast cycling
ISCs™® 25629 Recently, one study identified LGR5" cells as so-called cancer stem cells; i.e. the
cells that initiate and sustain malignant growth and give rise to the phenotypic heterogeneity

observed in the tumors®®°.
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Aims of the study

Although we know a lot about how signal represented by Whnt ligand is relayed inside the
cell, there still remain many questions to be answered. For example, it is unknown whether and
how posttranslational modifications of Wnt ligand contribute to Wnt affinity for particular Fz

receptor. Additionally, multiple proteins interact with Fz/LRP receptors™®

, which may further
modulate their affinity for various Wnt ligands and so increase the complexity of the signaling
output. The activity of other components of the Wnt pathway can be also regulated by various
proteins, which presence or absence might be dependent on the cells type and cell cycle stage.
These putative regulators might be primarily involved in different signaling pathways, thus their
involvement in the Wnt pathway may create a complex network of signaling regulation.
Additionally, we still do not know which genes are in specific cell type targets Wnt/B-catenin
signaling and how is the expression of these genes beneficial for these cells.

The specific aims in deciphering the complexity of Wnt signaling thus were:

1) To reveal new target genes of the Wnt pathway by chromatin immunoprecipitation
combined with microarray technology (ChIP-on-chip) and to determine what might be the

function of these genes.

2) To clarify differences between Wnt ligands, namely how are these proteins
postranslationaly modificated and how these modifications regulate secretion and signaling

activity of these morphogenes.

3) To identify new interacting proteins for nuclear components of the Wnt pathway,
specifically for the Tcf4protein. To elucidate how these proteins might contribute to the
canonical Wnt pathway regulation

4) To get use the knowledge of the Wnt pathway interacting proteins, i.e. Hicl, to prepare

genetics tool to reveal a role of this proteins in various body compartments in vivo.
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Results

Troy, a Tumor Necrosis Factor Receptor Family Member,
Interacts with Lgr5 to Inhibit Wnt Signaling in Intestinal
Stem Cells

The fact that aberrant Wnt signaling is linked do development of colorectal cancer is very
well known® 2. However, the exact mechanism how Wnt target genes drive cells towards cancer,
is still uncertain. To clarify this issue, we performed ChlIP-on-chip experiment, to identify Wnt/B-
catenin target genes in colorectal cancer cells.

Among the identified genes we found TROY, a member of tumor necrosis factor receptor
family, previously described as a target of Wnt signaling in the developing mouse somites®®!. Troy
expression was elevated in distinct B-catenin dependent models of mouse intestinal cancer
confirming its status as a genuine Wnt/B-catenin target gene. However, in sporadic human
colorectal cancer samples, we did not find any significant enrichment of TROY mRNA.

Troy expression in adult mice had an intriguing pattern. It was expressed in intestinal stem
cells and potentially in stem cells of the hair follicle. We further focused on the well characterized
intestinal stem cells population namely those marked by expression of another Wnt target gene, the
Rspo receptor Lgr5™. We demonstrated that expression of Troy is confined to these stem cells.
Additionally, we proved that TROY interacted with LGR5 and limited the level of canonical Wnt
signaling. In conclusion, Troy function is to adjust the proper level of the Wnt pathway activity in

the stem-cell compartment of the intestine.

My contribution to this work: | participated in writing of the manuscript and | generated the vast

majority of all the experimental data.
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Abstract

Background & Aims: The Wnt signaling pathway is required for maintenance of the intestinal
epithelia; blocking this pathway reduces the proliferative capacity of the intestinal stem cells.
However, aberrant Wnt signaling leads to intestinal cancer. We investigated the roles of the Wnt
pathway in intestinal epithelium homeostasis and during malignant transformation in human cells and
mice.

Methods: We performed chromatin immunoprecipitation with DNA microarray analysis (ChIP-on-
chip) to identify genes regulated by Wnt signaling in human colorectal cancer (CRC) cells Colo320,
DLD1, LS174T, and SW480. Intestinal tumor formation was induced in C57BL/6J mice using
azoxymethane and dextran sulphate. Intestine tissues from these mice, as well as Apc™" and
ApcKOy_gr5-EGFP-IRES-CreERT2 mice, were analyzed by immunohistochemisty and in situ
hybridization.

Results: We identified promoter regions of 960 genes that interacted with the Wnt pathway nuclear
effector T-cell factor 4 in four different human CRC-derived cell lines; 18 of these promoters were
present in all chromatin precipitates. Wnt signaling upregulated a member of the tumor necrosis factor
receptor superfamily called TROY. Levels of TROY mRNA were increased in human cells with
deficiencies in the adenomatous polyposis coli (APC) gene and in cells stimulated with the Wnt3a
ligand. Troy expression was significantly upregulated in neoplastic tissues from mice during intestinal
tumorigenesis. Lineage-tracing experiments revealed that Troy is produced specifically by fast-cycling
intestinal stem cells. TROY associated with a unique marker of these cells, leucine-rich-repeat
containing G-protein coupled receptor (LGR) 5. In organoids established from the intestinal crypts,
Troy suppressed signaling by R-spondin, a Wnt agonist.

Conclusions: TROY is upregulated in human colorectal cancer cell lines and in intestinal tumors in

mice. It functions as a negative modulator of the Wnt pathway in LGR5-positive stem cells.

Key words: mouse model of colon cancer; B-catenin; TCF; Tnfrsf19; transcription
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Introduction

Development of neoplasia is a multi-step process requiring sequential acquisition of
mutational events for its completion. In human colorectal carcinomas, the inheritance of a single
mutation inactivating the APC gene can result in a significant predisposition to tumor formation and
cancer. Moreover, mutations of the APC tumor suppressor are frequently found in sporadic colorectal
carcinoma.’ It has been well established that APC-deficient cells lose control over B-catenin turnover

and display constitutive activation of the Wnt pathway.?

The central feature of the canonical Wnt pathway — also known as Wnt/f-catenin signaling - is
the post-transcriptional control of the B-catenin protein stability (reviewed in®). In the absence of the
Whnt ligand, the cytoplasmic level of free 3-catenin is low due to the activity of a $-catenin
degradation complex that includes Apc, axis inhibition protein (Axin), glycogen synthase kinase
(GSK) 3p and casein kinase (CK) 1a. B-catenin is phosphorylated and subsequently destroyed in the
ubiquitin-proteasome pathway. The binding of Wnt to the receptor Frizzled (Fz) and the Wnt co-
receptor low-density lipoprotein receptor-related protein (Lrp) leads to disruption of the B-catenin
degradation complex. Consequently, -catenin accumulates in the cytoplasm and nucleus, where it
associates with members of the lymphoid enhancer-binding factor (Lef)/T cell factor (Tcf) family of
transcriptional factors (further referred to as Tcfs). Tcf/B-catenin heterocomplexes function as
transcriptional activators of Whnt-responsive genes such as Axin2, c-myc, Cyclin D1 and naked cuticle

homolog (Nkd) 1.

The gastrointestinal epithelia represent the most rapidly self-renewing tissue in the adult
mammalian body and completely renew approximately every five days (reviewed in). The single-
layer epithelium of the small intestine is ordered into invaginations called crypts and microscopic
projections called villi. Each crypt contains several long-lived stem cells. The progenitors [transit-
amplifying (TA) cells] generated from these stem cells frequently divide and move upwards from the
crypt. TA cells that have reached the edge of the crypts start to differentiate. When the differentiated

cells arrive at the top of the villus (in the small intestine) or to the luminal surface (in the colon), they
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undergo apoptosis and are shed to the intestinal lumen. Paneth cells of the small intestine are the only
exception to this scheme. These antibacterial agent-producing cells stay at the crypt base, where they
persist for approximately three to six weeks. Two types of intestinal stem cells have been described
based on their markers, cycling rate and location in the crypt. Lgr5-positive fast-cycling stem cells
[also known as crypt base columnar (CBC) cells] are interspersed among the Paneth cells.® The second
pool consists of Bmil-expressing cells. These relatively slowly dividing cells represent the reserve
stem population and reside several cell diameters from the bottom of the crypt.® The physiological role
of Wnt signaling in the gut was revealed by gene targeting experiments in mice. Disruption of the Wnt
signaling pathway components Tcf4 or S-catenin resulted in the terminal differentiation of stem cells

followed by complete loss of the intestinal proliferative compartments of the crypts.”®

To investigate the role of the Wnt pathway in the intestine, we employed ChlP-on-chip on
chromatin isolated from human CRC cells. We identified TROY [alternative names the tumor necrosis
factor receptor superfamily, member 19 (TNFRSF19) or TAJ],’ as a target of canonical Wnt signaling.
In addition, we showed that Troy is produced in fast-cycling stem cells of the small intestine and
interacts with LGR5, a recently described receptor for the Wnt agonists R-spondins (Rspos).*> **
Interestingly, multicellular structures called organoids established from the intestinal crypts of Troy-
deficient mice could be propagated at remarkably lower concentrations of exogenous Rspo ligand than
organoids derived from the wild-type mice. This observation was in concordance with results showing
that TROY inhibits signaling induced by Wnt and Rspo ligands. In conclusion, Troy represents a

membrane modulator of the Wnt pathway that tunes the levels of the signaling in the signal-receiving

cell.
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Materials and Methods

Cell and Organoid Culture, Chip-on-chip, Biochemistry and Microscopy

All cell lines were purchased from ATCC. Isolated crypts were cultured according to Sato et
al.’? ChIP-on-chip on formaldehyde-crosslinked chromatin isolated from approximately 2x10°
Col0320, DLD1, SW480 and LS174T cells was processed as described previously™ and
immunoprecipitated using an anti-human TCF4 rabbit polyclonal antibody or anti-EGFP polyclonal
antibody (negative control). Immunoprecipitated DNA was processed onto Human RefSeq Promoter
Arrays (4226 HG18; Nimblegen) covering 2000 bps upstream and 500 bps downstream of the putative
transcription start sites of all known human genes. Complementary DNAs (cDNAs) encoding human
and mouse Troy, human LGRS5 and Ectodysplasin A receptor (EDAR) were purchased from Open
Biosystems. Two small inhibitory RNA (siRNA) targeting S-CATENIN (s437 and s438; Ambion) and
two TROY-specific sSiRNAs (Dharmacon siGENOME SMART pool; Ambion) were used and gave
similar results. LGR5-specific (iIGENOME SMART pool) and control non-silencing siRNAs were
purchased from Dharmacon. Western blotting, co-immunoprecipitations, RNA purification and
reverse transcription-quantitative polymerase chain reaction (RT-gPCR) were performed as described
previously.*® Mouse Wnt3a ligand was isolated from the culture medium of Wnt3a-producing L cells
according to the detailed protocol of Willert**. Wnt3a and/or mouse Rspol (R&D; final concentration
250 ng/ml) stimulations lasted 18 hours. Control stimulations were performed by “empty” ligand
buffers. Fluorescence resonance energy transfer (FRET) was measured by the acceptor photobleaching
method" using a Leica SP5 confocal microscope. Additional information is given in Supplemental

Methods. The primers are listed in Supplemental Table S1.

Animal Manipulations
Apc™™ |gr5-EGFP-IRES-CreERT2 and Rosa26 “reporter” (Rosa 26R) mice were purchased

from the Jackson Laboratory; Apc<®°<©

mice were obtained from the Mouse Repository (NCI,
Frederick, US); Troy” mice®® were obtained from MMRRC (University of California, Davis, US).

Animals were housed and handled according to guidelines approved by the Institutional committee.
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Tamoxifen (Sigma) was administrated by a single intraperitoneal injection (1 mg dissolved in 0.1 ml
of corn oil). B-galactosidase (LacZ) staining was performed as described elsewhere;” in situ
hybridization (ISH) and immunohistochemistry (IHC) were performed as described in detail
previously."” Tumor induction, generation of transgenic mice, sequences of antisense RNA probes and

antibodies for IHC are described in Supplemental Methods.

Human Tumor Analysis

Ethical approval was obtained from the Institute for Clinical and Experimental Medicine
(ICEM) and the Thomayer University Hospital Research Ethics Committee and the Ethics Committee
of the Third Faculty of Medicine, Charles University. A cohort of 35 patients with precancerous
colorectal lesions and 20 non-consecutive patients with primary colorectal cancer were enrolled into

the study. Additional information is given in Supplemental Methods.
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Results

TROY is a Wnt/g-catenin target gene in APC-deficient cancer cells

ChlIP-on-chip was performed using chromatin isolated from human DLD1, SW480, Colo320
and LS174T cells. These CRC cells produce distinct truncated versions of the APC protein; LS174T
cells are the only exception as they harbor wild-type APC, but carry instead an oncogenic mutation in
S-catenin.® Subsequent analysis revealed that promoter regions of 960 genes were retained on the
anti-TCF4 antibody-coupled beads; promoters of only 18 genes were positive in all four cell lines
tested (Table 1, Supplemental Figure S1 and Supplemental Table S8). Among these putative TCF
target genes we identified TROY. The gene encodes a type | transmembrane protein from the TNFRSF
family that was described previously as a Wnt target in dermomyotome of mouse embryos.* In
contrast to some other putative Wnt/B-catenin-activated genes, the TROY promoter (containing
multiple consensus Tcf binding sites) was precipitated reproducibly with the TCF4-specific antibody
(Figure 1A). A subsequent RT-gPCR analysis showed that TROY mRNA is abundant mainly in APC-
deficient cells (Colo320, DLD1, SW480), although its expression in cells with intact APC (but
harboring S-CATENIN activating mutation: LS174T, HCT116) was still detected (Figure 1B). In
addition, we observed robust downregulation of TROY mRNA upon S-CATENIN knockdown (Figure
1C). Interestingly, when different mammalian cells were stimulated with recombinant Wnt3a, the
TROY gene was — contrary to the “general” Wnt signaling target gene Axin2 - upregulated only in cells
of human origin [HEK293, U20S, primary human intestinal epithelial cells (HIEC)] and not in mouse
cells [3T3, C57MG, (Figure 1D)]. Taken together, these results indicated that TROY is a tissue-

specific target of canonical Wnt signaling.

Troy is a tumor marker in mouse intestinal neoplasia

Next, we analyzed Troy expression in tumors in multiple intestinal neoplasia (Min) mice

+/Min

(further referred to as the Apc™™" strain) and in neoplastic tissue generated in wild-type animals upon

+/Min

treatment with azoxymethane (AOM) and dextran sulphate (DS). Apc™™" animals carry a truncation
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mutation in one allele of the Apc gene and all adult individuals eventually develop large amounts of
intestinal polyps and die of cancer.”® Although AOM/DS treatment induces tumors displaying aberrant

Wt signaling®, these tumors (in contrast to Apc*™™"

animals that suffer mainly from the neoplasia of
the small intestine) are localized in the distal colon and rectum. We observed a substantial increase in
Troy mRNA and protein in tumor tissue in both cancer models (Figure 2AB). The same expression
pattern was noted for another Wnt signaling target gene, Nkd1. The analysis of some additional genes
regulated by the Wnt/B-catenin pathway was less conclusive. Whereas mRNAs encoding Axin2 and

Lgr5 were more abundant in the small intestinal lesions of Apc*™"

animals, another Wnt target gene,
Sp5, was expressed predominantly in the large intestine tumors induced by AOM/DS (Figure 2A).
Subsequently, we performed ISH using the Troy-specific antisense RNA probe. Similarly as Axin2,
Troy expression was detected through the tumor mass, although the signal was less intense.
Interestingly, the positive staining was detected not only in tumors but also in the crypts of healthy
mucosa of the small intestine (Figure 2C and Supplemental Figure S4A).

Recently, Lgr5 was established as a specific marker of the intestinal epithelium stem cells.
Moreover, knock-in mice designated Lgr5-EGFP-IRES-CreERT?2 expressing a tamoxifen-regulated
variant of Cre recombinase from the Lgr5 locus were produced.® To evaluate the Troy expression at
early stages of tumor development we intercrossed Lgr5-EGFP-IRES-CreERT2 mice with animals
carrying the conditional alleles (CKO) of the Apc gene. The Cre-mediated excision of the floxed exon
14 in the CKO allele results in production of the truncated non-functional Apc polypeptide.?? Multiple
B-catenin-positive dysplastic lesions were observed in Apc®<?°*°/Lgr5-EGFP-IRES-CreERT2 mice
as early as 5 days after tamoxifen injection. These microadenomas were also positive for Axin2 and
Troy mRNA (Figure 2D). To confirm our assumption that Troy possibly represents a reliable marker
of the neoplastic growth related to non-physiological Wnt signaling, we performed TROY expression
analysis in sporadic human colorectal specimens. Both in early and advanced stages of tumor
progression, the presence of the inactivating APC mutations was positively correlated with increased
expression levels of AXIN2 (Supplemental Figure S2 and Supplemental Table S6). In comparison, the

increased expression of the intestinal stem cell marker LGR5 was related to the APC mutation status

only at the early, but not the late, stages of tumorigenesis. Contrary to mouse tumors, TROY
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transcription in human carcinomas did not follow the expected pattern, and no correlation between the
levels of TROY mRNA and the mutation status of APC was observed. In addition, the analysis of
TROY expression in thirty-five polyps of the colon showed a decrease in TROY mRNA in the majority
of these premalignant lesions (compared to healthy mucosa; Supplemental Figure S3 and
Supplemental Table S7).

Taken together, these data indicate that in contrast to mouse neoplasia in human sporadic

lesions the TROY expression is governed possibly by a more complex regulatory mechanism.

Troy is produced in Lgr5-positivive intestinal stem cells

Using ISH, we noted a Troy localization in the lower part of the crypt compartments (Figure
2C, bottom right panels; Supplemental Figure S4A). Since the colocalization of Troy and EGFP (a
surrogate marker of Lgr5" CBC cells), using a combination of ISH and IHC, was not conclusive
(Supplemental Figure S4A), we prepared crypts from Lgr5-EGFP-IRES-CreERT2 knock-in mice and
sorted the isolated cells according to the EGFP production (Supplemental Figure S4B). Troy mRNA
was detected mainly in cells with high GFP signal (GFP™®") and not in cell populations with low or no
GPF expression (GFP"" and GFP™®""¢, respectively). The same expression pattern was recorded for
Lgr5 but not for Bmil (Figure 3A). In a complementary approach, neither Troy nor Lgr5 were enriched
in sorted Paneth cells (Supplemental Figure S4C). To study the identity of the Troy-producing cells in
detail we used BAC carrying the mouse Troy locus to generate transgenic mice (designated Troy-
CreERT2) expressing tamoxifen-inducible Cre enzyme inserted in frame at the translation initiation
codon of the Troy gene (Supplemental Figure SSABC). Then we performed the lineage-tracing
experiments in the intestinal tissue. We intercrossed Troy-CreERT2 with Rosa26R mice. Rosa26R
animals produce bacterial LacZ mRNA from the ubiquitously active Rosa26 allele.” The mRNA is not
translated (and the enzyme produced) unless a transcriptional stop signal flanked by a pair of loxP
sites is removed from the genome by Cre-mediated excision. Adult Troy-CreERT2*/Rosa26R mice
were injected with a single dose of tamoxifen and sacrificed at several time points later. Interestingly,
Cre-mediated recombination was the most efficient in the proximal part of small intestine (duodenum,
jejunum) and much less effective in the ileum or colon (Figure 3B and Supplemental Figure S5D). As
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shown in Figure 3C and Supplemental Figure S5F, one day after the induction of Cre, LacZ-
expressing cells were located at the crypt bottom of the small intestine. At later time points, “blue” cell
clones were moving upwards from the crypt and reached the top of the villus. The labeled cells
persisted in the gut for more than two months (Figure 3C and Supplemental Figure S5G) and also
descendants of Troy-expressing cells differentiated into all major cell lineages of the intestinal
epithelium (Figure 3D). The labeling of Cre-expressing cells in the colon — although less efficient —
displayed a similar pattern (see Supplemental Results for details). These data indicated that Troy-
positive cells are capable of long-term renewal of the epithelium and correspond to CBC cells. Our
conclusion that Troy is a novel marker of CBC stem cells was in concurrence with a recently

published analysis of expression profiling of these cells.?* %

TROY interacts with LGR5

Next, we visualized the cellular localization of TROY and LGRS in HeLa cells transfected
with TROY and LGRS5 expression constructs using confocal microscopy. Interestingly, a clear
colocalization of TROY with LGR5 was noted (Figure 4A). The possible interaction of TROY with
LGRS was further analyzed using co-immunoprecipitation. Experiments involving tagged variants of
TROY and LGR5 demonstrated that MY C-tagged LGRS5 could be co-isolated with FLAG-tagged
TROY by an anti-FLAG antibody. Conversely, TROY was present in the anti-GFP precipitates when
TROY-FLAG and LGR5-EGFP were co-produced in the same cell (Figure 4B). To confirm TROY
association with LGR5, we employed the FRET acceptor photobleaching approach in HelLa cells
expressing various combinations of TROY and LGRS fused to fluorescent protein at their C-termini.
EDAR, a TNFRSF member related to TROY known for its homodimerization, was used as a control.?°
Indeed, a high FRET signal was measured in cells co-expressing EDAR-EYFP (acceptor) and EDAR-
ECFP (donor). Moreover, the signal was also detected in cells producing TROY-EYFP and LGR5-
ECFP, confirming the results obtained by co-immunoprecipitation (Fig 4C). Virtually no energy
transfer was recorded between EDAR and TROY; however, we noted FRET between EDAR and
LGRS. This implied a possible association of these two molecules which was verified subsequently by

co-immunoprecipitation of EDAR with LGR5 in HEK293 cells (Supplemental Figure S6).
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TROY functions as a negative regulator of Wnt signaling

Recently, several studies have shown that Rspos, the secreted agonists of Wnt signaling, bind
to Lgr5 and this interaction augments the action of Wnt ligands.*® ** % To examine whether TROY
affects the Rspo function, we performed a reporter gene assay and a RT-qPCR analysis in HEK293
cells treated with siRNA specific for TROY. We found that the TROY mRNA level was reduced to 15-
20% upon transfection with two different TROY siRNAs (Figure 5A and data not shown).
Interestingly, TROY knockdown elevated the Wnt-dependent transcription not only in the cells treated
with a combination of Wnt3 and Rspol, but also in cells stimulated with the Wnt3a ligand only. In a
parallel control experiment, cells were transfected with LGR5-specific sSiRNA and the potentiating
effect of Rspol on Wnt signaling was partly abolished (Figure 5A). Of note, although the LGR5
MRNA level was reduced to 16% on average (SD=1.1), the effect of the knockdown on the activity of
PTOPFLASH reporter in cells stimulated with Wnt3a/Rspol was moderate (reduction to 59% in
comparison to cells treated with non-silencing siRNA). Nevertheless, since HEK293 cells produce an
additional Rspo receptor, LGR4, this observation was in concordance with previously published data
indicating partial redundancy of LGR4 and LGRS proteins.?” Importantly, TROY knockdown had no
effect on the transcription from the negative-control reporter pPFOPFLASH (not shown) and,
furthermore, the TROY downregulation did not potentiate TCF/B-catenin-mediated transcription in
human CRC cells with aberrant Wnt signaling (Supplemental Figure S7A). The latter finding indicated
that TROY functions at the level or upstream of the 3-catenin degradation complex. In cells with
inducible expression of TROY, only minor effects on transcription of Whnt signaling target genes were
recorded (Supplementary Figure S7B). Nevertheless, we observed that binding of Rspol to LGR5 was
not eradicated by the TROY presence (Supplemental Figure S8). We further focused on the signaling
downstream of Wnt and Rspo ligands. Interestingly, although Dvl phoshorylation was not changed by
TROY knockdown, the treatment of HEK293 cells with TROY siRNA increased phosphorylation and
cellular levels of the Wnt co-receptor LRP6 (Supplemental Figure S8B and Figure 5B). We concluded
that TROY might block specific modifications of LRP6 which in turn can change LRP6 stability
and/or function. However, western blots with antibodies recognizing phospho-Ser1490 andphospo-

Thrl572 of LRP6 protein did not show differential modification of these residues in control and
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TROY siRNA-treated cells (Figure 5B and data not shown). Thus, the putative phoshorylation site(s)
remains to be determined. Finally, we functionally tested the role of Troy in defined primary cultures
of the intestinal crypts. Troy” organoids — in contrast to organoids derived from the wild-type mice —
retained cell proliferation even in the absence of exogenous Rspol (Figure 6AB). However, growth of
these “miniguts” ceased 48 hours after Rspol withdrawal (Supplemental Figure S9). This prompted us
to test the organoid culture at decreasing concentrations of Rspol. Strikingly, Troy” organoids could
be propagated for many weeks in culture medium supplemented with Rspo1l at the concentration 15
ng/ml. Contrary to that, at the same Rspol concentration the growth of intestinal organoids established
from wild-type mice was arrested (Figure 6C). These results convincingly confirmed the possible

inhibitory role of Troy on Wnt/Rspo signaling.
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Discussion

In the present study, we identified TROY as the Wnt/B-catenin pathway target gene in human
CRC cells and in mouse tumors. Using expression profiling, ISH and lineage-tracing experiments in
the mouse we demonstrated that in the healthy small intestine, Troy marks the fast-cycling CBC stem

cells. In addition, we showed that TROY interacts with LGR5 and inhibits canonical Wnt signaling.

In mouse neoplasia, Troy behaved as a reliable marker of tumors with active Wnt signaling.
Of note, although expression analyses of mouse and human tissues or cell lines included several well-
defined Wnt/B-catenin signaling target genes, we never observed a “hundred percent” correlation
between the expression of the analyzed genes and (hyper)active Wnt signaling. Even Axin2,
considered to be a “universal” target of the canonical Wnt pathway, was not (significantly)
upregulated in AOM/DS-induced neoplasia (Figures 1BC and 2A). These data indicate that the
transcription of the tested genes is regulated by complex mechanisms and cannot be solely related to
the status of the Wnt pathway. Contrary to mouse tumors, TROY expression in human sporadic
colorectal cancer did not correlate with the mutation status of APC (Supplemental Figure S2).
Moreover, TROY mRNA was decreased in the majority of human premalignant lesions. These
observations preclude the usage of TROY as a marker of the Wnt pathway activity status in human

colorectal cancer and/or TROY targeting in therapeutic applications.

The ISH indicated that Troy mRNA is uniformly expressed throughout tumor tissues (Figure
2B). This result was somehow contradictory to the lineage-tracing experiments in Troy-
CreERT2'/Rosa26R/Apc*™" that showed “patches” of the LacZ-positive cells in tumor tissues (Figure
3E). As Cre-mediated recombination displayed different efficiency in distinct parts of the intestine, we
suppose that the observed variability in LacZ staining was caused by the inefficient recombination of
the “floxed” transcriptional stop signal rather than by the heterogeneous expression of Troy (or its

surrogate marker Cre) in tumor tissue.

Troy expression was described in the adult central nervous system, the developing hair follicle

and embryonic skin.?® In postnatal neurons, Troy interacts with the Nogo-66 receptor 1 (NgR1) and
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activates RhoA signaling.?® Moreover, in glial tumor or HEK293 cells, TROY participates in the Racl
and JNK pathways, respectively.”® ** Recently, a study of Hashimoto and colleagues revealed that the
cytokine lymphotoxin-o. (LTe) binds to Troy and triggers NF«B signaling.®* All these results suggest
a complex and pleiotropic role of Troy in various cellular contexts.

According to our data, TROY interacts with LGRS and limits the level of canonical Wnt
signaling. Importantly, active Wnt/Rspo signaling could not be completely compensated by Troy
deficiency and Troy” organoids arrested their growth upon withdrawal of exogenous Rspo (Figure 6
and Supplementary Figure S9). This result indicated that Troy-mediated inhibition of the Wnt pathway
is indirect. In agreement with this conclusion, we observed that Troy knockdown increased the levels
and phosphorylation of LRP6 (Figure 5BC). Recently, zinc and ring finger (ZNRF) 3 and ring finger
(RNF) 43 transmembrane ubiquitin ligases were identified as negative regulators of Wnt signaling.*
These related ligases decrease the stability of the Wnt receptor FZ through ubiquitin-mediated
degradation. Interestingly, Rspo associates with both ZNRF3 and LGR and promotes removal of
ZNRF3 from the plasma membrane. Consequently, the levels of FZ and also Wnt co-receptor LRP are
increased, which leads to the enhanced Wnt response. However, the relationship between Troy and
ZNRF3/RNF43 ligases and Troy involvement in LRP6 phosphorylation and stability remains to be
determined.

Troy-deficient mice are viable and fertile with no apparent defects in the gut tissue.'® ** This
fact is rather unexpected considering the increased proliferation rate and decreased dependence on
Rspol observed by the Troy-deficient organoids. Very recently, Farin and colleagues described a
similar discrepancy between the requirement of Wnt3 for growth of intestinal organoids and
dispensability of Wnt3 in living animals.*®* These data implicate that cultured crypt organoids do not
entirely recapitulate the complex situation involving interaction of multiple cell types present in
intestinal tissue. Alternatively, the Troy absence results in a relatively subtle with survival-compatible
phenotype that was not noted during the primary analysis of Troy” animals. Finally, Troy” mice must

be “challenged” in some way to reveal any functional outcomes of the Troy absence.
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Figure and Table Legends

Table 1. List of the genes bound by TCF4 in chromatin isolated from all four CRC cell lines
tested. The left columns indicate the fold change of the signal obtained using the anti-TCF4 antibody
vs. negative control antibody. The statistical significance of the results (p-value) was evaluated by the
chi-square test (see Supplemental Methods for details). The genes are listed according to the signal
intensity recorded in the ChlP-on-chip analysis of Colo320 cells. A region was scored as “TCF4-
bound” if the ratio of the signal obtained by ChIP with the anti-TCF4 antibody vs. control antibody
was > 1.5. The table includes previously identified TCF/B-catenin target genes AXIN2, LGR5, NKD1
and SP5 (listed below the dashed line), although none of these genes fulfilled completely the selection
criterion. The base numbering of chromosomal DNA corresponds to the human genome annotation
HG18. For comparison, genes identified by the screen of Hatzis and colleagues® are shown in the

right column.

Figure 1. TROY is a Wnt/B-catenin target gene. (A) ChIP analysis in human CRC cells. Genomic
DNA including promoter regions of the presumptive Wnt signaling target genes LGR5, NKD1, SP5,
TROY were immunoprecipitated from chromatin isolated from the indicated cells. The promoter
sequences of the S-ACTIN gene and 3’ untranslated region (UTR) of c-MYC were used as negative
controls. Bars represent enrichment of the tested DNA elements in precipitates obtained with the
TCF4-specific versus control antibody. (B) Troy expression is abundant in APC-deficient cells. Results
of the RT-gPCR analysis of mRNA isolated from indicated CRC cells. Crossing point (Cp) values
were normalized to the S-ACTIN expression levels (Cp=16.5). The Wnt/B-catenin non-responsive gene
AXIN1 was also included in the test. (C) S-CATENIN knockdown reduces TROY expression. (D) In
human cells, TROY acts as a Wnt responsive gene. Cells of human (HEK293, HIEC, U20S) or mouse
(C57MG, 3T3) origin were stimulated using Wnt3a or Wnt storage buffer (vehicle) and assayed in

RT-gPCR. All experiments were performed in triplicates and repeated three times. Histograms
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represent mean values of a representative experiment with the corresponding standard deviations

(SDs). Missing bars stand for unexpressed gene (normalized Cp>35).

Figure 2. Troy mRNA is enriched in mouse intestinal tumors. (A) RT-gPCR analysis of 19 tumors
dissected from colons of 12 AOM/DS-treated mice and 23 small intestinal tumors from 9 Apc*™™"
animals. Control RNA samples were isolated from matched healthy tissue. (B) Western blot analysis

+/Min

of 3 tumors isolated from Apc™™" mice. Intact mucosa adjacent to the corresponding neoplasia was

used as a control; a-tubulin, loading control. (C) Left, ISH of Troy and Axin2 mRNAs in tumors (red

arrowheads) developing in Apc™™"

mice. Right, in the healthy intestinal tissue both genes are
expressed in the lower parts of the crypts (black arrowheads; the image was taken from the
duodenum). The enlarged crypt base is shown in the bottom right of the image (one Troy-positive
CBC cell was outlined by a dashed line). (D) Immunohistochemical detection of 3-catenin (left panel;
counterstained with hematoxylin) and ISH of Axin2 and Troy (right panels) in the microadenomas
developed 5 days after Cre-mediated ablation of the Apc gene in Lgr5-EGFP-IRES-
CreERT2/ApcK9'°K° animals. Notice that the neoplastic lesions (black arrows in the right image)

produce increased amounts of 3-catenin and are also positive for Axin2 and Troy (red arrowheads).

Original magnification for panels: (C) 100 x (the bottom right image 600 x); (D) 200 x.

Figure 3. Troy expression is confined to the Lgr5-positive cells in the intestinal crypts. (A)
Expression profiling of GFP"" and GFP"" cells isolated from the intestinal crypts of 10 Lgr5-EGFP-
IRES-CreERT2 knock-in mice (details are given in Supplemental Figure S4B). (B-E) Lineage tracing
in the intestinal epithelium of Troy-CreERT2*/Rosa26R mice. (B) Upper image, whole-mount staining
of LacZ in different parts of the intestine 1 day after tamoxifen administration. Lower image, whole-
mount staining of the jejunum 3 days after tamoxifen administration. Duo, duodenum; lle, ileum; Jej,
jejunum; Col, colon. (C) Histochemical detection of the LacZ activity in the duodenum 1 day, 3 days
and 60 days after tamoxifen administration. Notice that one-day induction generates LacZ-positive
cells located at the crypt base (black arrowheads). (D) Double-labeling demonstrates that LacZ-
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expressing (“blue”) clones produce markers of differentiated cell lineages (arrows) including Paneth,
goblet and enteroendocrine cells. Lys, lysozyme; ChrA, chromogranin A; PAS, periodic acid Schiff.
(E) The tumor-associated LacZ activity (red arrowhead) developed in the small intestine of Troy-
CreERT2"/Rosa26R/Apc*™™ mice. The tissue was analyzed 1 day after tamoxifen administration
using whole-mount (left panel) or histochemical staining (right). Counterstain: nuclear red. Original
magnification: (B) upper panel 1.5 x, lower panel 7 x; (C) 100 x; (D) 600 x; (E) left panel 7 x, right

panel 100 x.

Figure 4. TROY interacts with the marker of intestinal CBC cells LGR5. (A) Colocalization of
ectopically expressed LGR5-MYC and TROY-FLAG in HelLa cells stained with rabbit anti-MYC and
mouse anti-FLAG monoclonal antibodies. The panel at the right shows the overlap of fluorescence
intensity peaks along the profile as indicated in the merged micrograph. (B) Co-immunoprecipitation
of TROY and LGR5. IP, immunoprecipitation; 1B, immunoblotting. (C) Detection of TROY binding
to LGRS using FRET microscopy. Fluorescently tagged LGR5, TROY and EDAR proteins were co-
expressed in Hela cells and visualized as indicated under the histogram. EYFP was photo bleached in
a selected area of the cytoplasmic membrane and FRET efficiency measured as an increase of ECFP
fluorescence upon EYFP photo destruction. The bars indicate the relative FRET efficiency calculated

from the given cell numbers (n); **p<0.01 (Student's t-test).

Figure 5. TROY inhibits Wnt signaling. (A) Downregulation of TROY potentiates the
responsiveness of HEK293 cells to Wnt3a and Rspol stimulation. Left, results of the reporter gene
assay using the Wnt/p-catenin reporter pTOPFLASH. Right, RT-qPCR analysis of HEK293 cells
treated as indicated. The blot in the inset demonstrates the efficiency of TROY knockdown. The
reporter gene activity (left diagram) or expression level of a given gene (right diagram) in cells
transfected with control non-silencing siRNA and treated with vehicle (Wnt storage buffer) was

arbitrarily set to 1. (B) TROY influences cellular levels and phosphorylation of LRP6. The western
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blot of whole-cell extracts prepared from HEK293 cells treated with non-silencing or TROY siRNA
and further stimulated as indicated. The immunoblotting was performed with antibodies recognizing
the total cellular pool of LRP6 (bottom panel) or its form phosphorylated at Ser1490 (p-LRP; upper
panel). Notice that TROY siRNA increased the amount and phosphorylation of LRP6 (the putative
phosphoprotein with changed mobility is marked by red asterisk) but, other residue than Ser1490 is
modified. Moreover, TROY siRNA induced stabilization of B-CATENIN including the N-terminally
non-phosphorylated form of the protein. (C) A possible model of TROY action. The absence of TROY
increases levels and phosphorylation of LRP at specific residue (indicated by “P” in red circle). This

potentiates the outcome of Wnt/Rspo signaling and leads to B-catenin accumulation.

Figure 6. Proliferation of intestinal organoids derived from Troy” mice is less dependent on
exogenous Rspo than the growth of organoids established from wild-type mice. (A) Confocal
microscopy images of organoids derived from Troy**and Troy”small intestinal crypts. The organoids
were grown for 2 days with or without Rspol and stained using an anti-E-cadherin (E-cad) antibody
(red) and DAPI nuclear stain (blue); proliferating cells were visualized by EdU incorporation (green).
(B) Proliferation assay of organoids. *p<0.05; **p<0.01. (C) Stereomicroscopic images of the
intestinal organoids propagated at various concentrations of Rspol. The images were taken for 6

consecutive days as indicated. Original magnification: (A) 400 x; (C) 20 x.
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Supplemental Material

Supplemental Methods

Cell Lines and Transfections

Human HEK293, Colo320, DLD1, HCT116, HeLa, LS174T, SW480, U20S cells and mouse
3T3, C57MG and Wnt3a-producing L cells were used for the experiments. All cell lines were
maintained in Dulbecco’s modified Eagle’s medium [(DMEM); purchased from Sigma)]
supplemented with 10% fetal bovine serum (Gibco), penicillin, streptomycin and gentamicin
(Invitrogen). Transfections were performed using Lipofectamine RNAIMAX or Lipofectamine 2000

reagent (Invitrogen).

ChlIP-on-chip Data Analysis

The results of hybridizations were obtained in a gff file format (Nimblegen). The fluorescent
intensity peaks in corresponding areas of the microarray were identified by “triangle shape model”
described by Kim and colleagues.' The peaks were used to define the threshold for “positive” probes.
Enrichment of positive probes was then calculated using chi-square of the actual number compared to
the expected number of positive probes in a given window.? The p-value listed in Table 1 and

Supplementary Table S8 is the best (=smallest) p-value assigned to a probe located in the peak region.

Plasmids and Constructs

Proteins with a C-terminal FLAG or MYC tag were produced from pCMV-FLAG/MYC
vector (Sigma). Fluorescently tagged proteins were generated in pECFP-N, pEGFP-N, pEYFP-N
(Clontech) and pTagBFP (Evrogen) vectors. The construct encoding the N-terminally truncated
variant of human LRP6 protein (LRP6AN)’ in the pCS2 vector was kindly provided by V. Bryja.

Coimmunoprecipitations and Western Blotting

The following antibodies were used: mouse anti-f3-catenin, (clone ES; Santa Cruz); rabbit anti
non-phospho-p-catenin/S33/S37/T41 (polyclonal; Santa Cruz); rabbit anti-Dv12 (30D2; Cell
Signaling); mouse anti-FLAG (M2; Sigma); mouse anti-GFP (JL-8; Clontech); goat anti-GFP
(polyclonal; a gift of D. Stanek); mouse anti-MYC (9E10; Roche); rabbit anti-MYC (71D10; Cell
Signaling); rabbit anti-LRP6 (C5C7; Cell Signaling); rabbit anti-phospho-LRP6/Ser1490 (polyclonal;
Cell Signaling); rabbit anti-phospho-LRP6/T1572 (polyclonal; Millipore); mouse anti-TROY
(ab55043, Abcam); mouse anti-o-tubulin (TU-01; Exbio CZ).
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FRET

HeLa cells were transfected with the corresponding constructs. Twenty-four hours after
transfection the cells were fixed in 4% (w/v) paraformaldehyde/PIPES buffer (10 min, at room
temperature). After rinsing with PBS and distilled water, cells were embedded in glycerol containing
DABCO (Sigma). Intensities of ECFP (excited by 405 nm laser set to 5-10% of maximum power) and
EYFP (excited by 514 nm laser line set to 2-10% of maximum power) fluorescence were recorded.
Subsequently, EYFP was bleached in the region of interest by four intensive (80% maximum power)
pulses of 514 nm laser beam and ECFP- and EYFP-emitted fluorescence was measured again. The
apparent FRET efficiency was calculated according to the equation: FRET efficiency {%} = (ECFP
after -ECFP before) x 100/ECFP after. Unbleached regions of the same cell were used as negative

control.

Rspo Binding Assay

Human U20S or HeLa cells were transiently co-transfected with a combination of LGRS5-
EYFP and TROY-TagBFP or with LGRS-EYFP and “empty” pTagBFP vector. The next day, cells
were incubated (1 hour, 37°C) with conditioned medium containing recombinant mouse Rspol
containing the constant region of the mouse immunoglobulin G2a heavy chain (IgG2a).* In control
staining, the cells were incubated with recombinant IgGG2a alone. Conditioned media were harvested
from HEK?293 cells transiently transfected with constructs encoding mouse Rspol-IgG2a or [gG2a
proteins (the constructs were kindly provided by V. Bryja; media were harvested 3 days upon
transfection). The presence of recombinant proteins in culture media was verified by Western blotting
using the goat anti mouse secondary antibodies (BIO-RAD). Cells were washed twice with PBS and
fixed for 10 min in 4% (w/v) paraformaldehyde in PBS. Rspo1-IgG2a or IgG2a retained on the cell
surface was visualized by a goat anti-mouse [gG2a Alexa Fluor 594 secondary antibody (Life
Sciences; 1:900 dilution, 1 hour at room temperature). Nuclei were counterstained with Drag5 stain

(Biostatus Limited).

Generation of Stable Cell Lines

To obtain cells with inducible expression of human TROY, the Lenti-X Tet-On Advanced
Inducible Expression System (Clontech) was used. HEK293 cells were transduced with recombinant
lentiviruses producing the tetracycline-controlled transcription activator (rtTA) and selected without
subcloning using G418 (Enzo Life Sciences; 0.5 mg/ml). Resistant cells were further transduced with
lentivirus pLVX-Tight-Puro encoding full-length human 7ROY with the C-terminal FLAG tag.
HEK293/TROY cells were selected and maintained in puromycin (Alexis; 2 pg/ml) and G418 (0.2
mg/ml).
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Reporter Gene Assays

To test the effect of TROY on the Wnt-dependent transcription, TROY expression was
induced in HEK293/TROY by doxycycline (Sigma; 1pg/ml). The cells were stimulated
simultaneously with doxycycline, Wnt3a and/or human Rspol and analyzed 18 hours later. Reporter
gene assays in siRNA-treated HEK 293 cells were performed in an analogous manner. To ensure
effective downregulation of TROY, two days after the first transfection with TROY or control non-
silencing siRNA the cells were lipofected with the same siRNA together with
pTOPFLASH/pFOPFLASH and Renilla luciferase expression plasmid. Twenty-four hours upon the
second transfection, Wnt3a and Rspol ligands were added to culture medium (separately or in

combination). The cells were stimulated for an additional 18 hours, then harvested and analyzed.

AOM/DS Treatment

Tumors of the colon and rectum were collected from adult C57BL/6J mice five weeks after a
single subcutaneous injection of AOM (10 mg/kg; Sigma) followed by a 5-day DS treatment in
drinking water [3% (w/v) DS; MW 36-50 kDa; MP Biomedicals].

Generation of Troy-CreERT2 Transgenic Mice

The TROY-CreERT?2 bacterial artificial chromosome (BAC) transgenic construct was
generated using homologous recombination in bacteria according to the previously published
protocol.” A BAC clone RP23-166C22 was purchased from imaGenes (Berlin, Germany); a construct
containing CreERT2 cDNA was kindly provided by M. Cepko via Addgene. The adapters “a” (5’-
CCTCTCGTCTTTGACTTGCATCCTTCAGGAATAAACACGTTT
GGTGAGAGCCatgtccaatttactgaccgtac - 3°; the Troy-specific sequence is highlighted in capital
letters, the part complementary to the CreERT2 expression cassette is given in small caps) and “b” (5°-
TGATAGGAGTTCTTTCCCCATATTCATATGAAAGAGAAGAGGCAACTTACgccgctctaga
actagtggatc - 3°) were derived from the sequence of the exon containing the translation start site or
from the flanking intron, respectively (Supplemental Fig. S54). The adapters were employed for the
PCR amplification, the product was purified from agarose gel and electroporated into the E. coli strain
EL250 harboring the BAC clone RP23-166C22. Bacterial clones containing correctly recombined
BACs were verified by PCR. Isolated recombinant BAC DNA was linearized and used for pronuclear
injection of fertilized eggs (C57Bl/6J background). Three TROY-CreERT2 transgenic founder lines
were produced using the service of the Transgenic Unit of the Institute of Molecular Genetics. All

three lines exhibited a virtually identical pattern of the Cre recombinase activity.
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RNA Probes and IHC

Antisense RNA probes were derived from the following regions of the analyzed genes: Axin2
(NM_015732.4), nucleotides 2069-2938; Lgr5 (NM_010195.2), nucleotides 373-887, Troy
(NM_013869.5), nucleotides 763-1924. Antibodies for IHC: mouse monoclonal anti-f-catenin
antibody (E5; Santa Cruz); anti-Chromogranin A (Abcam) and anti-Lysozyme (DAKO) rabbit

polyclonal antibodies.

Processing of Specimens of Human Sporadic Colorectal Carcinomas and Precancerous Colorectal
Lesions

Samples of the following macroscopically distinguishable tissue segments were taken from
fresh colectomy specimens: (1) the center (stroma) of the tumor without, if any present, ulcerated
luminal portion and the least necrotic parts of the lesion were preferred, and, (2) healthy surrounding
mucosa were collected in the distance of a maximum of 5 cm from the primary tumor site.
Pathological and morphological criteria included tumor location, pTNM classification, histological
subtype, grade of differentiation and presence of vessel invasion (a summary is given in Supplemental
Table S2). RNA was isolated from biological replicates of distinct tumor segments and healthy
mucosa. Sporadic precancerous colorectal lesions were obtained during colonoscopies carried out at
the Second Department of Internal Medicine, Third Faculty of Medicine, Charles University in
Prague. Collection of each polyp was accompanied by two biopsies of normal mucosa from the
rectosigmoideum region.

Histopathology of the lesions was evaluated on hematoxylin and eosin stained sections by two
pathologists (a summary is given in Supplemental Table S3). Tissue samples were homogenized in
RNA Blue reagent (TopBio, Czech Republic) using a T8 Ultra Turrax disperser (IKA). Total RNAs
were extracted according to the manufacturer’s protocol and subjected to RNA integrity number (RIN)
analysis (Agilent 2100 Bioanalyzer; samples with RIN > 8 were used). Reverse transcription was
performed using the RevertAid H Minus reverse transcriptase (Fermentas) with1.5 pg of total RNA
using random hexanucleotide primers (Invitrogen). Negative controls were represented by input RNA
processed in the absence of reverse transcriptase. PCR reactions were run in parallel triplicates for
each primer set in Light Cycler 480 (Roche Applied Science). Two housekeeping genes, UBIQUITIN
B (UBB) and f-ACTIN were used as internal controls. Primer sequences are listed in Supplemental

Table S1.
The APC Mutation Analysis

Genomic DNA was extracted from deep-frozen samples of tumor tissue and healthy

surrounding mucosa using the DNeasy Blood & Tissue Kit (Qiagen). Seven PCR fragments partially
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covering the sequence of human 4APC exon 18 and two fragments corresponding to S-CATENIN
(CTNNBI) exons 3 and 4, including intron-exon boundaries, were amplified using gene-specific
primers (Supplemental Table S4) containing overhangs recognized by T7 (5°-
TAATACGACTCACTATAG - 3’) and RP (5’-TGAAACAGCTATGACCATG - 3’) universal
sequencing primers. PCR was performed in 38 cycles with 30 second primer annealing at 60°C and 45
second extension at 71°C. Each fragment was directly sequenced from both sides using the BigDye®

Terminator v3.1 cycle sequencing kit and ABI 3130 Genetic Analyzer (Applied Biosystems).

Statistical Analysis of RT-gPCR Data of Colorectal Cancer Samples

RNA isolated from each specimen (biological replicate) of tumor or healthy mucosa was
subjected to the RT-qPCR analysis; the PCR reactions were performed in triplicates. In each technical
replicate, Cp’s were normalized using Sf-ACTIN as a reference gene to obtain ACp’s and averaged.
Principal component analysis (PCA) on ACp’s of biological replicates identified one outlying patient.
All samples of this patient were removed and the remaining 76 samples of 19 patients were used in
downstream statistical analyses. To detect differences in expression, we applied Wilcoxon’s rank-sum
test. To account for different genetic background of the patients, we further fitted a linear model
(REML) described by the formula ACp ~ patient + tissue/(stage * mutation), with biological replicates
treated by a random effect and all healthy mucosa samples treated as a single group and validated the
results. No correction of multiple testing was applied. Statistical significance was estimated at the
level of 0.05 (or 0.01 and 0.001) and marked by asterisk (or ** and ***) in Supplemental Figure S2.

All analyses were performed in R language/environment.

Statistical Analysis of RT-gPCR Data of Precancerous Lesions

Messenger RNA obtained from 35 samples of precancerous lesions of the colon and matching
healthy mucosa was subjected to RT-qPCR analysis. Cp’s of individual technical triplicates were
normalized by geometric average of internal control genes f-ACTIN, AXINI and UBB and averaged
(ACp). PCA revealed that specimens of one patient were deemed outlying and were consequently
omitted from further statistical analyses. Differential expression was evaluated as described for

colorectal cancer samples.

Bisulfite Analysis of Cytosine Methylation

Genomic DNA (0.5 pg) isolated from tumor center and matched healthy surrounding mucosa
was subjected to bisulfite conversion using the EZ DNA Methylation™ Kit (Zymo Research).
Bisulfite-treated DNA was amplified by nested PCR using the following primers: for primary
amplification oligonucleotides 5'-ATTTTATTGGTGGAAAAGTATTTTAT-3" [forward; priming on

nucleotides (nt) -672 to -647 upstream from the TROY genes transcription start (according to sequence
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NM _001204458.1)], and 5'-AACTTACTCTACAACTAAATTCTTTAA-3" (reverse; nt -163 to -137).
The PCR product was re-amplified using primers 5"-TTTTTTTAGTAAAATTGTTTAGTGAGTTTT
-3 (forward; nt -629 to -600) and 5'-AATAAATATAAAACTAACTAAAAACTTAAAAATA-3’
(reverse; nt -225 to -193). Cytosines (not included in CpG dinucleotides) were changed to T or A in
forward and reverse primers, respectively. Amplification products were cloned into the pPGEM-T-Easy
vector (Promega) and sequenced. Nine to twelve independent PCR clones with at least 95%

conversion of cytosine outside of CpG dinucleotides were analyzed.

Paneth Cells Sorting

Single cells from crypts were obtained as in reference®. Cells were stained with phycoerythrin
(PE)-conjugated anti-CD24 antibody (eBioscience), allophycocyanin (APC)-conjugated anti-Epcam
antibody (eBioscience) and FITC-conjugated anti-CD45 antibody (ExBio) for 30 min at 4°C, and
sorted by Influx cell sorter (BD Biosciences).

Organoid Proliferation Assay

Freshly isolated crypts were cultured for 6 days in crypt culture medium containing Rspol
(250 ng/ml). Crypt-derived multicellular organoids were removed from Matrigel (BD Biosciences),
mechanically dissociated and then transferred to fresh Matrigel and medium (split ratio 1:4) containing
various concentrations (0 to 500 ng/ml) of Rspol. Cell proliferation was visualized by a Click-iT™
EdU Imaging Kit (10 uM EdU incorporation for 1 hour at 37°C) according to manufacturer’s
instructions (Invitrogen). Organoids were further stained with an anti-E-cadherin antibody (Zymed)
and DAPI and imaged using a Leica Sp5 confocal microscope. The proliferation rate was determined
by counting of EdU-positive vs. DAPI-positive cells; at least 10 organoids were evaluated per each
genotype and Rspol concentration. The organoids prepared from 3 mice of corresponding genotype
were grown in quadruplicates for each concentration of Rspol. Statistical significance was estimated

by the Student's t-test.
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Supplemental Results

Troy expression in the mouse colon

To detect Troy expression in the colon two experimental approaches were used. First, in situ
hybridization was performed; however, our attempts to visualize 770y mRNA were not successful.
Secondly, Troy-CreERT2"/Rosa26R mice were used to detect Cre/LacZ-expressing cells in the
colonic tissue. Recombined (i.e. blue) cells were observed — although at lower frequency than in the
small intestine — at the bottom of the colonic crypts one day after the induction of Cre. Lately, the
labeled cell clones spread to the luminal surface and persisted in the colon for several months
(Supplemental Figure S5G). This result indicated that similarly to the small intestine epithelium, Troy-
positive cells are self-renewing stem cells. The low frequency of the blue clones in the colon was
rather unexpected as endogenous 7roy expression (similar to the CreERT?2 production from the
transgene) is abundant in the colon (Supplemental Figure 5E). A similar phenomenon was observed by
Powel and colleagues in Lgr5-EGFP-IRES-CreERT2 mice.” Interestingly, in the same study induction
of a remarkably greater number of labeled colonic crypts (compared to the Lgr5-CreERT2 mice) was
observed in Leucine-rich repeats and immunoglobulin-like domains (Lrig) 1-CreERT2 reporter mice.
Since Lrigl marks noncycling, long-lived stem cells, these data indicate that the recombination of the
transcription “roadblock™ cassette is inefficient in highly proliferative Lgr5- or Troy-positive cells of

the colon.

TROY expression profiling in sporadic colorectal carcinoma and premalignant lesions

Two biological replicates of both tumor and healthy tissue were obtained from each individual
and used for sequence analysis of the APC gene. The analyses encompassed the somatic mutation
cluster region of APC as well as flanking regulatory sequences encoding elements required for the f3-
CATENIN interaction and downregulation [nucleotides 1959 to 4945 (numbering was taken from the
sequence NM_000038.5)]." Putatively inactivating mutations of APC were found in 11 out of 20
patients (55%), which is in concordance with published data.” Of note, since the mutational analysis
was covering only a “hot spot” of the APC gene, we cannot exclude that not all mutations in the APC
sequence have been detected. No oncogenic mutations were detected in the somatic hotspot regions of
exons 3 and 4 of S~-CATENIN (summary of the APC mutations can be found in Supplemental Table
S5).

To analyze differences in the expression of AXIN2, LGRS and TROY genes in tumor tissue

versus healthy mucosa, we applied non-parametric Wilcoxon’s test. In addition, to account for
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histopathological variations in specimens obtained from different patients we used a linear model
(REML). Both statistical analyses clearly showed significant correlation between the presence of the
inactivating APC mutations and expression levels of the AXIN2 gene (Supplemental Figure S24; p-
and other values are indicated in Supplemental Table S6). This result was in agreement with
previously published data.'® On the other hand, LGRS mRNA was increased in tumor tissues
irrespective of the APC status. The TROY expression levels did not follow any conclusive expression
pattern, moreover we detected a decrease in TROY expression in the majority of tumors. To study a
molecular mechanism of possible TROY silencing in tumor tissue, genomic DNA isolated from
specimens with elevated and decreased TROY expression was subjected to the cytosine methylation
analysis. The analysis of the sequence containing 35 CpG doublets located in the proximity of the

TROY transcription start (see Supplemental Methods for details) in two carcinomas with reduced
TROY expression revealed that only 2 and 14% of analyzed CpG dinucleotides were methylated
(Supplemental Fig. S2B). This implied that the observed reduction in TROY expression is not related
to changes in the DNA methylation status. In addition, the analysis of TROY expression in thirty-five
premalignant lesions of the colon was performed. In polyps, AXIN2 and LGRS displayed a significant
increase in mRNA levels (compared to healthy mucosa tissue). Expression of both genes strongly
correlated with the grade of the neoplastic tissues showing elevated expression in more progressed
lesions. These results were in good concordance with published data.'" In contrast, TROY mRNA was
decreased in the majority of premalignant lesions irrespective of their histological category

(Supplemental Figure S3 and Supplemental Table S7).
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Supplemental Figure and Table Legends

Supplemental Figure S1. Summary of the ChIP-on-chip analysis. Venn diagram depicts the
numbers of promoter regions bound by TCF4 in each cell line (the selection criterion is defined in the

Table 1 legend). Of 960 genes identified, 18 genes scored positive in all four cell lines.

Supplemental Figure S2. TROY expression does not correlate with the APC status in human
colorectal cancer. (4) Comparison of relative expression levels of AXIN2, LGRS and TROY genes in
sporadic colorectal tumors (T) compared to surrounding healthy mucosa (HM) samples. Individual Cp
values were normalized to the level of the housekeeping gene fACTIN to obtain a log of relative
expression levels (-ACp) and averaged. Tumors were assigned to four distinct subgroups with respect
to the APC mutation status (WT, wild-type APC; MUT, APC mutated) and disease stage. Stage
grouping: the “early stage” encompasses tumors classified 0 to IIC according to the 7th Edition of the
American Joint Committee on Cancer (AJCC) Cancer Staging Manual. Stages of advanced colorectal
disease (IIIA-IV) constitute the subgroup designated as the “advanced stage”. Median of ACp values
for each respective subgroup is indicated by the red line. The differences in the expression levels of a
selected gene in the given groups and their statistical significance were tested by Wilcoxon’s rank-sum
test (solid line) and a linear model (REML, dashed line), which accounted for tissue type, APC status,
stage and biological background of the patients. *, p < 0.05; ** p <0.01; *** p <0.001. Data
accompanying this figure can be found in Supplemental Table S6. (B) Cytosine methylation analysis
of the CpG island located upstream of the TROY promoter. The analysis was performed on genomic
DNA isolated from tumors with “high” (normalized Cp<25.5) or “low” (Cp> 31) TROY expression.
Both early and advanced stage tumors were assayed as indicated. Open circles mark unmethylated
CpG dinucleotides, while closed circles indicate methylated CpGs. Tumor samples (T) are depicted in

red, matched healthy surrounding mucosa (HM) in black.

Supplemental Figure S3. TROY expression is decreased in precancerous lesions of the human
colon. Comparison of relative expression levels of AXIN2, LGRS and TROY genes in sporadic
premalignant lesions (P) of human colon and matching healthy mucosa (HM) samples. Based on
prevailing microscopic appearance, lesions were subdivided to three histological categories:
hyperplasia (H), low grade dysplasia (LGD) and high grade dysplasia (HGD). Median of ACp values
in individual subgroups is indicated by the red line. Statistical significance of differences in expression
levels was examined by nonparametric Wilcoxon's rank-sum test (solid line). Moreover, a linear

model (REML; dashed line) encompassing tissue type, histology and individual biological background
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of the patients was applied. *, p <0.05; **, p <0.01; *** p <0.001. Data accompanying this figure
can be found in Supplemental Table S7.

Supplemental Figure S4. Analysis of Troy expression in the small intestine using ISH and
fluorescence-activated cell sorting (FACS). (4) Left, ISH of Troy mRNAs in jejunum showing
expression in the lower parts of the crypts (black arrowheads). Right, colocalization of Troy-
expressing and CBC cells in the intestine. Frozen sections prepared from Lgr5-EGFP-IRES-CreERT2
mice were stained using ISH for 7roy mRNA (black arrowhead). The slides were mounted in glycerol
and the results recorded. Next, the cover slips were removed and the CBC cells were visualized in the
same specimen using IHC detection of GFP protein (brown arrowheads). (B) FACS of Lgr5" cells.
Left, fresh isolates of the crypts from the small intestine of Lgr5-EGFP-IRES-CreERT2 mice. A
detailed confocal image of one crypt stained with DAPI nuclear stain is shown in bottom panel. The
putative CBC stem cells located at the base of each crypt are marked by EGFP expression. Right,
diagrams of the cell-sorting procedure. Three cell populations (GFP"", GFP'*", GFp#i*e
obtained from the crypts of Lgr5-EGFP-IRES-CreERT2 mice. GFP"€" and GFP™" cells, which are not

) were

present in the intestine of control wild-type (WT) mice, were used for the subsequent RT-qPCR
analysis. The crypt isolations were performed as described in the reference.'? (C) Cell sorting of
Paneth cells. Left, FACS plots of dissociated single cells from small intestinal crypts of wild-type
mice. Viable single cells were gated by forward scatter, side scatter, pulse-width parameter and
negative staining for Hoechst 33258. Epithelial cells (CD45 Epcam’) were sorted in three gates. Two
CD24 bright populations differed by side-scatter (SSC) pattern. Sorted CD24""SSC'™ population
(Gate 1) corresponds to enteroendocrine cells and CD24""SSC™" cells are Paneth cells (Sort 2 gate).
Right, RT-gPCR from sorted cells, Sort 2 vs. Sort 3 gate (CD24"") illustrates that Troy (and Lgr5),
unlike the Paneth cell markers Lysozyme (Lys) and Defensin a 20 (Defa20), is not enriched in Paneth
cells. Original magnification: (4) left panel 100 %, right panel 400 x; (B) upper panel 200 x, lower
panel 400 x.

Supplemental Figure S5. Tracking the Troy expression using the Troy-CreERT2 BAC transgenic
allele. (4) CreERT2 was inserted in frame into the first coding exon of the mouse 7roy gene. The non-
coding or translated regions are depicted by empty and black boxes, respectively. a,b, Troy sequences
employed for the homologous recombination into the BAC clone RP23-166C22. RGB poly A, a poly
A signal derived from the rabbit fglobulin gene; Kan', the kanamycin resistance gene; pBla, -
lactamase promoter. Prior to pronuclear injection, the bacterial resistance cassette was excised from
recombinant BAC using Flp recombinase and FRT sites (black semicircles) flanking the cassette. (B)
The whole-mount hybridization of wild-type mouse embryo at embryonic day (E) 14.5 using an
antisense probe against 7roy. (C) The activity of CreERT2 recombinase produced from the Troy-
CreERT2 BAC transgene was visualized at E 14.5 in embryos derived from crossing of Troy-
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CreERT2 and Rosa26R mice. Tamoxifen was injected intraperitoneally into pregnant females. The
animals were sacrificed one day later; embryos were removed and used to stain the LacZ-expressing
tissues. The CreERT?2 expression pattern visualized by the X-gal substrate phenocopies the sites of
expression of endogenous 7roy mRNA and its localization is also in concordance with the Troy

expression pattern described previously." '*

cb, cerebral plate; drg, dorsal root ganglion; e, ear; ma,
maxilla; mg, mammary gland primordium; v, vibrissae. (D) Frequency of Cre-mediated recombination
in different anatomical parts of the intestine of Troy-CreERT2/Rosa26R mice. Three mice were
injected with tamoxifen and sacrificed 60 days later. Percentage of positive (i.e. blue) crypts in
duodenum (Duo), jejunum (Jej), ileum (Ile) and colon (Col) is indicated with given SD in parentheses.
Notice that the image was taken from Figure 3B. (E) RT-qPCR profiling of the CreERT2 and Troy
genes in intestinal mucosa dissected from different parts of the gastrointestinal system. The tissues
were obtained from four Troy-CreERT2 transgenic mice or from their wild-type littermates (n=4). (F)
Localization of LacZ-positive cells in the crypts of Troy-CreERT2"/Rosa26R mice 1 day after
tamoxifen administration. The diagram depicts frequency of occurrence of blue cells at specific
positions in the crypt; the positions are indicated in the scheme in the inset. Four hundred crypts from
the proximal part of the small intestine of two mice were counted. Results are depicted as means with
SDs. Most of the LacZ-expressing cells occurred in the bottom part of the crypt, whereas less than 6%
of these cells were observed at the +5 position or higher. (G) Cell lineage tracing in the colon of Troy-
CreERT2"/Rosa26R mice 1 day and 60 days after tamoxifen administration. Black arrowheads

indicate LacZ-positive cells emerging 1 day upon induction. Original magnification: 100 x.

Supplemental Figure S6. LGRS interacts with the TROY-related receptor EDAR. Co-
immunoprecipitation of MY C-tagged EDAR or MYC-tagged TROY with LGR5-FLAG. In panels
indicated as "INPUT”, 20% of the total lysate used for one immunoprecipitation was loaded. AB, the
precipitation was performed without cell lysates; NT, lysate from non-transfected cells was

precipitated; I[P, immunoprecipitation; IB, immunoblotting.

Supplemental Figure S7. (4) Downregulation of TROY does not potentiate TCF/B-catenin-mediated
transcription in human CRC cells. Results of the RT-qPCR analysis of indicated genes in TROY
siRNA-treated vs. control siRNA-treated cells. The Wnt/B-catenin non-responsive gene AXINI was
also included in the test. Cp values were normalized to the S-ACTIN expression levels (Cp=16.5). The
histogram represents mean Cp values of a representative experiment performed in triplicates (repeated
twice). The expression level of a given gene in cells transfected with control non-silencing siRNA and
treated with vehicle was arbitrarily set to 1. Missing bars stand for unexpressed gene (normalized

Cp>35). (B) The effect of ectopic TROY was tested in HEK293/TROY cells with doxycycline-
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inducible expression of TROY transgene. RT-qPCR analysis of cells grown with or without

doxycycline (DOX) and stimulated with Wnt3a and/or Rspo1 ligands.

Supplemental Figure S8. The most proximal events triggered by Wnt or Rspo ligand are not
influenced by TROY. (4) TROY does not interfere with binding of Rspol to LGRS. Laser scanning
confocal microscopy images of U20S cells transfected with equimolar amounts of constructs
expressing LGR5-EYFP (green) and TagBFP (pseudocolored in red; upper panels) or LGR5-EYFP
and TROY-TagBFP (lower panels). Cells grown on cover slips were incubated with conditioned
medium containing Rspo1-IgG2a fusion protein. The cell surface binding of Rspol-IgG2a to its
receptor LGRS was detected using Alexa Fluor 594 anti-IgG2a antibody (gray). Recombinant IgG2a
alone did not display any nonspecific binding to the cells (not shown). Nuclear counterstain Draq5
(gray) is omitted from the overlay images for clarity. (B) Colocalization analysis of LGRS with its
ligand Rspol in the presence of TagBFP (left panel) or TROY-TagBFP (right), respectively. The
analysis was performed using the intensity correlation analysis (ICA) plug-in for ImageJ image
processing program.” Areas displaying colocalization of the proteins were pseudocolored in white; the
areas with non-overlapping localization are shown in black. Original magnification: 1000 X. (C) Dvl
phosphorylation is not affected by TROY knockdown. The western blot of whole-cell extracts prepared
from HEK?293 cells treated with non-silencing or TROY siRNA and further stimulated as indicated.
The putative phosphorylated form of Dvl with changed mobility in the gel is marked by arrow.

Supplemental Figure S9. Stereomicroscopic images of the intestinal organoids derived from
wild-type or Troy” mice. Organoids grown for 6 days in complete crypt culture medium were
mechanically dissociated and then transferred to Matrigel and fresh medium with or without Rspol
ligand. The images of the same organoids were taken for 5 consecutive days as indicated. Original

magnification: 20 X.

Supplemental Table S1. Sequences of primers used for ChIP and RT-qPCR analyses. The
sequence of the forward primer is given in the upper line with the corresponding reverse primer in the

lower line, respectively.

Supplemental Table S2. Clinical and histopathological features of colorectal cancer patients.

Tumors were classified according to the 7th edition of AJCC Cancer Staging Manual.
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Supplemental Table S3. Clinical and histopathological characteristics of patients with
precancerous lesions of the colon. Polyps were classified according to the Vienna Classification of

gastrointestinal epithelial neoplasia.'®

Supplemental Table S4. Sequences of primers utilized to amplify selected APC and #CATENIN
exons. The sequence-specific portion of the primer is highlighted in capital letters; the T7 and RP
adaptor primers are in small caps. " Exon and nucleotide numbering according to NM_000038.5; »
primer sequence situated in intron 55 bps upstream of exon 18; * primer sequence situated in intron
134 bps upstream of exon 3; ¥ primer sequence situated in intron 172 bps downstream of exon 3;
primer sequence situated in intron 111 bps upstream of exon 4; © primer sequence situated in intron 84

bps downstream of exon 4.

Supplemental Table S5. Summary of detected APC mutations in samples of sporadic human
colorectal carcinomas. The sequenced region of the APC exon 18 encompasses ¢.1959-¢.4945
(NM_000038.5) including the exon 18’s 5" intron-exon boundary. " Mutation identifiers: “c” syntax
indicates the type and localization of the mutation in the APC cDNA coding sequence (CDS;
NM_000038.5); “p” syntax indicates the position and change in the protein; see the reference Forbes
et al., 2010 for details'’; ? according to PolyPhen prediction analysis'® this substitution is scored as
possibly damaging (it is supposed to affect the protein function or structure; PSIC score difference:
1.773); ¥ according to PolyPhen prediction analysis, this substitution is considered benign (no
evidence for damaging effect is seen; PSIC score difference: 1.386); “the presence of single nucleotide
polymorphism (SNP) at APC ¢.4479 (G/A; rs41115) indicated that heterozygosity status in a tumor
sample was preserved (wt; patients #20 and #14) or lost (LOH; patients #1, #2 and #18). In the
absence of APC ¢.4479 polymorphism (c.4479 A/A; patients #15 and #6), the information concerning
zygosity status of the APC locus is not available (n.a.). > In cases of carcinomas that display a
reduction to homozygosity at ¢.4479 (patients #2 and #18), the presence of the 4PC inactivating
mutations is presumed although it was not detected (n.d.) in the analyzed region (see reference'” for
additional information). All tumors listed in Supplemental Table S5 constitute the subgroup of the
APC-deficient tumors [designated as “APC mut” in downstream statistical analyses (Supplemental

Figure S2 and Supplemental Table S6)].

Supplemental Table S6. Statistical analysis of tumor expression profiles (data accompanying
Supplemental Figure S2). Individual Cp values were normalized to the expression level of the 3
ACTIN housekeeping gene to obtain relative expression levels (-ACp) and averaged. Biological
replicates were further treated by a random effect and all HM treated as a single group (AACp). FC,
fold change.
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Supplemental Table S7. Statistical analysis of expression profiles of precancerous lesions of
human colon (data accompanying Supplemental Figure S3). Individual Cp values were normalized
using geometric average of three housekeeping genes (f-ACTIN, AXINI and UBB) to obtain relative
expression levels (-ACp) and averaged. All healthy mucosae were treated as a single group (AACp).

FC, fold change.

Supplemental Table S8. A complete list of genes identified by Chip-on-chip using the TCF4-
specific antibody and chromatin isolated from Colo320, DLD1, LS174T and SW480 CRC cells.
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Supplemental Figure S3
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Supplemental Figure S4
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Supplemental Figure S5
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Supplemental Figure S6

IP: FLAG

INPUT

kDa

kDa
- 130

IB: FLAG
e g

kDa
- 130
= Lo
- 72

kDa g. myC

— 170
— 130

72
~~L55
L 43

- - 34

- OV14-GHOT+OAN-HvYa3
— JAN-Hva3

- OVI14-SHOT+OAN-AOHL
- OV14-GHO

— JAIN-AOHL

- AN

- av

- - D S ey |~ 26

- OV 1d-SHOT+OAN-HVA3
- JAN-Hva3

- OVId-SHOT+OANW-AOHL
- OV14-GHO1

- DAIN-AQHL

- AN

- av

— ——— - — | 06

. ——

— 95

IB: FLAG

-

- OVI4-SHOT+OAN-HVYA3
~OAW-Hva3

- OVId-SHOT+OAN-AQHL
~OV14-GHO1

~ OAWN-AOHL

1N

IB: MYC

RBe

)
9

- OVI4-SHOT+OAN-HVA3
~ OAW-HvVa3

- OVI4-SHOT+*OAN-AOHL
- OVI4-GHOT
~OAWN-AOHL

1N

77



Supplemental Figure S7
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Supplemental Figure S8
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Supplemental Figure S9
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Supplemental Table S1

Gene Organism | Sequence Application
GGCATCCTCACCCTGAAGTA

P-ACTIN Human AGGTGTGGTGCCAGATTTTC qRT PCR/ChIP
GATCTGGCACCACACCTTCT

S-Actin Mouse GGGGTGTTGAAGGTCTCAAA qRT PCR
TTCCAGACACGCTATCATGC

[-catenin Human AATCCACTGGTGAACCAAGC qRT PCR
GAAGGTGAGGACGGCGATCCAT

AXINI Human AGGCACCTGGCACCTCGGTGC gRT PCR
ACCCAGTACCACAGAGGACG

Axinl Mouse CTGCTTCCTCAACCCAGAAG qRT PCR
CTGGCTTTGGTGAACTGTTG

AXIN2 Human AGTTGCTCACAGCCAAGACA qRT PCR
GGGGGAAAACACAGCTTACA

Axin2 Mouse TCTTCATTCAAGGTGGGGAG gRT PCR
TGTGTCCTGTGTGGAGGGTA

Bmil Mouse TTGAAAAGCCCTGGGACTAA qRT PCR
GCACTGATTTCGACCAGGTT

Cre P1 phage | GCTAACCAGCGTTTTCGTTC gRT PCR/genotyping
CTCCTGGCAAAAGGTCAGAG

c-MYC Human TCGGTTGTTGCTGATCTGTC ChIP
TGGGACCTGCTCAGGACGACT

Defensin o. 20 Mouse TCATCTGCATGTTCAGTGGCGG gRT PCR
CTCTTCCTCAAACCGTCTGC

LGRS Human GATCGGAGGCTAAGCAACTG qRT PCR
GTGAAGGAAAAGGGTGTCCA

LGRS Human ATGTGCCTTCCTTCATGTCC ChIP
CCTGTCCAGGCTTTCAGAAG

Lgrs Mouse CTGTGGAGTCCATCAAAGCA qRT PCR
CCTGACTCTGGGACTCCTCCTGCT

Lysozyme Mouse CTAAACACACCCAGTCGGCCAGGC |gRTPCR
CGCCGGGATAGAAAACTACA

NKDI Human CTGGAGCTCTGAGACCTTGG qRT PCR
GACCTCCCCAGACAAAACAA

NKDI Human TCAGCCAGTCTCTGGGATCT ChIP
AGGACGACTTCCCCCTAGAA

Nkd1 Mouse TGCAGCAAGCTGGTAATGTC qRT PCR
ACTTTGCGCAGTACCAGAGC

SP5 Human ACGTCTTCCCGTACACCTTG qRT PCR
TCCAGACCAACAAACACACC

SP5 Human GCTTCAGGATCACCTCCAAG ChIP
ACTCACTGCAGGCCTTCCT

Sp3 Mouse TCCAAGGGTGGAAAAGTCTG gRT PCR
CTATGGGGAGGATGCACAGT

TROY Human TCTCCACAAGGCACACACTC qRT PCR
TTTCATCTCCCTGCTCGTCT

TROY Human TGCGAAAAATGCAGTGAAAG ChIP
GCTCAGGATGCTCAAAGGAC

Troy Mouse CCAGACACCAAGACTGCTCA qRT PCR
TTGCATGCTGTGCAGAGACG

Troy locus Mouse CACCTCAGTGTGGCATCGAC gqRT PCR/genotyping
GCTTTGTTGGGTGAGCTTGT

UBB Human TCACGAAGATCTGCATTTTGA qRT PCR
ATGTGAAGGCCAAGATCCAG

Ubb Mouse TAATAGCCACCCCTCAGACG qRT PCR

16

81




Supplemental Table S2

Clinical and histopathological features of colorectal cancer
patients (n=20)

Total N (%)

No. of patients 20
Primary tumor duplicity 1(5)
Total No. of tumors included in the study 21
Gender

Male/Female 17/3
Age, Years

Median 64

Range 45-86

> 65 years 9 (45)
Primary tumor location

left-sided 10 (50)

right-sided 10 (50)
Metastatic disease

Synchronous 8 (40)
Location of metastasis

Liver 5(25)

lymph nodes 8 (25)

Other 1(5)
Histological differentiation level

Gl 2 (10)

G2-3 19 (90)

17
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Supplemental Table S3

Clinical and histopathological features of
patients with precancerous lesions (n=35)

Total N (%)

Total no. of lesions included in the study 35
Gender

Male/Female 35/0
Age, Years
Median 66
Range 38-83

> 65 years 21 (60)
Colon segment involved
left-sided 29 (83)
right-sided 6 (17)
Histological examination
Hyperplasia (H) 7 (20)
Low grade dysplasia (LGD) 12 (34)
High grade dysplasia (HGD) 16 (46)

18
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Supplemental Table S6

Linear model ACp ~ patient + tissue / (stage * mutation)

Wilcoxon’s rank-sum test

Early stage cancer

Early stage cances

Gene | AACp FC mean ACp | p-value Gene p-value
APC wt tumor vs. healthy surrounding mucosa
LGRS -1.8  3.48 9.36 0.032 LGRS 0.09
TROY 0.07 0.95 11.92 0.91 TROY 0.82
AXIN2 -0.07  1.05 8.71 0.91 AXIN2 0.70
APC mut tumor vs. healthy surrounding mucosa
LGRS -4.33  20.05 9.36| <0.0001 LGRS 0.0022
AXIN2 -2.35  5.09 8.71 0.002 AXIN2 0.0087
TROY 0.27 0.83 11.92 0.68 TROY 0.39
APC mut tumor vs. APC wt tumor
AXIN2 -2.27  4.83 8.71 0.027 AXIN2 0.18
LGRS -2.53 577 9.36 0.032 LGRS 0.041
TROY 0.19 0.87 11.92 0.83 TROY 0.82
Advanced stage cancer Advanced stage cancer
Gene | AACp [1C mean ACp p-value Gene p-value
APC wt tumor vs. healthy surrounding mucosa
LGRS -4.13 17.47 9.36 0.00072 LGRS 0.029
AXIN2 -1.17  2.26 8.71 0.22 AXIN2 0.11
TROY 0.26 0.83 11.92 0.77 TROY 0.89
APC mut tumor vs. healthy surrounding mucosa
LGRS -3.47 11.05 9.36 0.0049 LGRS 0.10
AXIN2 -2.34  5.06 8.71 0.024 AXIN2 0.10
TROY 0.76  0.59 11.92 0.41 TROY 0.70
APC mut tumor vs. APC wt tumor
AXIN2 -1.16  2.24 8.71 0.4 AXIN2 0.63
LGRS 0.66 0.63 9.36 0.68 LGRS 0.11
TROY 05 071 11.92 0.7 TROY 0.63
22
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Supplemental Table S7

Linear model 4Cp ~ tissue_stage + patient

Wilcoxon’s rank-sum test

Precancerous lesions of the colon

Gene | AACp FC mean ACp | p-value Gene | p-value
Polyp hyperplasia vs. healthy mucosa
TROY 1.98 0.25 8.58| <0.0001 TROY 0.0012
AXIN2 1.09 0.47 2.75] <0.0001 AXIN2 0.097
LGRS 0.05 0.97 4.60 0.91 LGRS 0.71
Polyp low grade dysplasia vs. healthy mucosa
AXIN2 -2.45 5.47 2.75] <0.0001 AXIN2 0.00058
LGRS -2.69 6.46 4.60] <0.0001 LGRS 0.0012
TROY 2.31 0.20 8.58] <0.0001 TROY 0.0041
Polyp high grade dysplasia vs. healthy mucosa
AXIN2 -2.73 6.63 2.75 <0.0001 AXIN2 <0.0001
LGRS -3.59 12.00 4.60| <0.0001 LGRS <0.0001
TROY 1.60 0.33 8.58] <0.0001 TROY <0.0001
Polyp low grade dysplasia vs. polyp hyperplasia
AXIN2 -3.54 11.62 2.75] <0.0001 AXIN2 0.00058
LGRS -2.74 6.67 4.60] <0.0001 LGRS 0.0023
TROY 0.33 0.80 8.58 0.50 TROY 0.71
Polyp high grade dysplasia vs. polyp hyperplasia
AXIN2 -3.82 14.10 2.75] <0.0001 AXIN2 <0.0001
LGRS -3.63 12.39 4.60] <0.0001 LGRS <0.0001
TROY -0.38 1.30 8.58 0.35 TROY 0.33
Polyp high grade dysplasia vs. polyp low grade dysplasia
LGRS -0.89 1.86 4.60 0.044 LGRS 0.19
TROY -0.71 1.63 8.58 0.087 TROY 0.25
AXIN?2 -0.28 1.21 2.75 0.29 AXIN?2 0.21

23
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Fatty acid modification of Wntl and Wnt3a at serine is
prerequisite for lipidation at cysteine and is essential for
Wnt signaling

Whnt ligands are posttranslationally modified by adding sugar or lipid residues. The exact
role of these modification is still unknown — yet the debates continue weather one modification is a
prerequisite for the other, or vice versa® %. Nevertheless, lipid adducts, palmitoylation of the most
amino-terminally conserved cysteine®® and highly conserved serine palmitoleoylation in the central

19, 21, 26, 28

part of the protein??, were shown to be important for proper signaling activity of Wnts and

their secretion® 2%,

To shed a light on the function of the Wnt modifications, we prepared various mutants of
murine Wntl and Wnt3a with impaired acylation/glycosylation sites.

We found that acylation at serine precedes and conditions acylation at cysteine and that Wnt
activity relies on these lipid modifications. Because we did not find any non-functional lipid-
mutant deposited on the extracellular matrix, we concluded that lipid adducts are important for
association with extracellular matrix, a feature which is connected to their signaling activity.
Importantly, secretion of any “lipid-less” mutant was not disrupted.

Although Wnt1 and Wnt3a are partially redundant®®, the function of their N-glycosylations
is probably different. Whereas unglycosylated form of Wnt1 is normally secreted and can induce
the pathway even more efficiently than wild type ligand, the secretion of unglycosylated Wnt3a is
impaired, as well as its signaling properties.

In conclusion, N-glycosylation precedes and conditions Whnts for efficient acylation. Acyl
modification on the conserved serine in the central part of the protein is added first and it is

required for the palmitoylation of the N-terminal conserved cysteine.

My contribution to this work: | performed part of the gRT PCR analysis used in Figure 4.
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The Wnt family of proteins is a group of extracellular signalling molecules that regulate cell-fate decisions in
developing and adult tissues. It is presumed that all 19 mammalian Wnt family members contain two types of
post-translational modification: the covalent attachment of fatty acids at two distinct positions, and the N-
glycosylation of multiple asparagines. We examined how these modifications contribute to the secretion,
extracellular movement and signalling activity of mouse Wnt1 and Wnt3a ligands. We revealed that O-linked
acylation of serine is required for the subsequent S-palmitoylation of cysteine. As such, mutant proteins that
lack the crucial serine residue are not lipidated. Interestingly, although double-acylation of Wnt1 was
indispensable for signalling in mammalian cells, in Xenopus embryos the S-palmitoyl-deficient form retained
the signalling activity. In the case of Wnt3a, the functional duality of the attached acyls was less prominent,
since the ligand lacking S-linked palmitate was still capable of signalling in various cellular contexts. Finally,
we show that the signalling competency of both Wnt1 and Wnt3a is related to their ability to associate with

TCF/B-catenin transcription the extracellular matrix.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The body of a multi-cellular organism is a highly organized
structure of cells, tissues and organs. A handful of evolutionarily
conserved cell signalling pathways is responsible for generating this
structural complexity, both during development and its maintenance
in adulthood. The Wnt pathway, initiated by secreted Wnt proteins,
controls a remarkably diverse array of processes that include cell
proliferation, differentiation, cell migration and cell polarity. Dereg-
ulation of Wnt signalling is implicated in a number of human disorders
and cancer (reviewed in [1-4]). Currently, several different modes of
the pathway have been recognized, with the majority of Wnt-
dependent cascades requiring the seven-pass transmembrane Wnt
receptor, Frizzled (Fz), the co-receptor low-density lipoprotein
receptor-related protein (Lrp) and cytoplasmic protein, Dishevelled
(Dvl). In canonical Wnt signalling the association of Wnt ligand with
its corresponding receptors leads to the stabilization and accumulation
of B-catenin protein via Dvl-dependent inhibition of the Axin,

* Corresponding author. Institute of Molecular Genetics, AS CR, Videnska 1083, 142
20 Prague 4, Czech Republic. Tel.: +420 241063146; fax: + 420 244472282.
E-mail address: korinek@img.cas.cz (V. Korinek).
1 These authors contributed equally to this work.

0898-6568/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.cellsig.2011.01.007

glycogen synthase kinase 3 (Gsk-3), and adenomatous polyposis coli
(Apc) multi-protein complex. Subsequently, 3-catenin enters the cell
nucleus and together with the T-cell factor (Tcf)/Lymphoid Enhancer
Factor (Lef) transcriptional regulators activates the expression of Wnt
target genes [5] (a detailed summary on Wnt signalling can be found at
the Wnt homepage http://www.stanford.edu/~rnusse/wntwindow.
html).

The mammalian genome encodes 19 Wnt proteins of approximately
350-400 amino acids in length that contain an invariant pattern of 23-
24 cysteines. It is presumed that many of these cysteine residues
participate in the formation of intra-molecular disulphide bonds that
stabilize proper folding of the polypeptide [6]. Although the degree of
sequence identity between some Wnt family members is only 18%, it is
thought that all Wnt proteins form a similar three-dimensional
structure [7].

Mouse Wnt3a is post-translationally acylated by the attachment of
two fatty acid adducts [8,9]. The modification by palmitic acid occurs
at the first cysteine residue (C77) of the mature secreted protein,
whilst the linkage of palmitoleic acid occurs at serine 209. In many
Whnt ligands, the regions containing the acylated amino acids are
homologous; thus it is thought that the majority of Wnt proteins are
doubly-acyl-modified (reviewed in [10,11]). Indeed, S-acylation at the
corresponding “prototype” C77 in Wnt3a was experimentally verified
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in chicken Wnt1 and Wnt3a, mouse Wnt5a, Drosophila Wingless
(Wg; the Wntl1 orthologue) and Wnt8 [9,12-14]. The presence of the
0-acyl moiety at positions homologous to S209 in Wnt3a has been
studied in less detail; however, it was confirmed in Wg and chicken
Wntl [12,15]. To date, Drosophila WntD is the only known non-
lipidated member of the Wnt family [16]. Another common
biochemical feature of Wnt ligands is N-linked glycosylation. The N-
glycosylation status of approximately 11 different Wnts has been
examined with all proteins displaying a distinct pattern of N-linked
oligosaccharide attachment at multiple positions [6,17-20].

It has been well documented in both Drosophila and C. elegans that
Whnts act as morphogens, initiating specific responses in relation to
the amount of a particular Wnt protein in the extracellular space
[21,22]. Thus, within a given tissue, the concentration of Wnt
molecules can provide positional information to cells influencing
their developmental fate. The effect of each post-translational
modification on the Wnt “morphogenic” behaviour is rather elusive
(reviewed in [23]). Interestingly, ectopically expressed mammalian
Whnts are not easily diffusible and remain tightly associated with the
cell surface [18,24,25]. It was suggested that the fatty acid moieties are
responsible for this “stickiness” and limit Wnt long-range signalling
[11]. However, the concentration gradient of Wg can be mediated by
membranous exovehicles, so-called argosomes [26], or by lipoprotein
particles [27]. These findings would rather support a positive role of
lipid adducts in long-range signalling of Wg in Drosophila tissues.

In cultured mammalian cells, Wnt3a lacking the palmitic adduct is
normally secreted, but its signalling activity is considerably perturbed
[9,12,17]. This reduction is caused by a decreased affinity for the
receptors, Frizzled or Lrp [17,28]. Similar results were obtained using
corresponding mutants of Wnt5a and Wg [13,15]. However, the same
Wg mutant was not functional in the Drosophila wing imaginal disc as
it was retained in the endoplasmic reticulum [15]. Other discrepancies
were also observed in studies involving O-acyl-linked and N-
glycosylated modifications. For example, mutation of the acylated
S209 residue of Wnt3a resulted in an inefficiently secreted protein,
whereas the equivalent mutation (S239A) in Wg was released from
Drosophila S2 cells with the same efficiency as wild-type ligand [8,15].
In Wnt1, the absence of N-linked oligosaccharide chains did not impair
its activity and was properly secreted and induced transformation of
Whnt-sensitive mouse mammary epithelial cells [19,25,29]. In contrast,
N-glycosylation of Wnt3a and Wnt5a ligands was necessary for their
efficient secretion. Finally, purified and subsequently enzymatically
deglycosylated Wnt5a preserved its activity, but a non-glycosylated
mutant form of Wnt3a was less active than its wild-type counterpart
[13,17,30].

In the present study, we thoroughly examined the N-glycosylation
and acylation status of mouse Wnt1 and Wnt3a ligands to determine
how these post-translational modifications affect the secretion and
signalling activities of these polypeptides. The activity tests included
secondary axis formation in Xenopus embryos, reporter gene assays
and real-time quantitative RT-PCR (qRT-PCR) analysis. Additionally, 3-
catenin stabilization, the hallmark of canonical Wnt signalling, was
visualized by confocal microscopy in Wnt-producing cells. We
demonstrated that fatty acid modification at the serine residue
precedes and conditions subsequent palmitoylation of cysteine. Wnt
ligands without any lipidic adducts were still N-glycosylated and
secreted. In contrast, non-N-glycosylated Wnts displayed a decreased
rate of secretion. This phenomenon could account for the lower
activity of non-N-glycosylated ligands in paracrine signalling. Al-
though we observed some discrepancies between the outcome of the
experiments performed in Xenopus embryos and in cultured cells, both
testing systems showed that the non-lipidated Wnts were completely
inactive. In addition, our studies revealed functional and biochemical
differences between Wnt1 and Wnt3a proteins. Particularly, the
relationship between fatty acid content and activity was less stringent
in Wnt3a since S-acyl-deficient ligand [Wnt3a(C77A)] - contrary to
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the corresponding Wnt1 variant [Wnt1(C93A)]| - retained a substan-
tial signalling activity. Moreover, Wnt3a(C77A) was deposited on the
extracellular matrix (ECM) and released to culture medium with the
same efficiency as the wild-type polypeptide. Interestingly, we never
detected any Wnt1 in cell supernatants, which indicates that the
majority of the extracellular protein binds to the cell surface or ECM.
However, the ability of acyl-deficient Wnt1 mutants to adhere to ECM
was severely impaired.

2. Materials and methods
2.1. Plasmids and lentiviral constructs

Constructs encoding mouse wild-type and mutant Wnt1 [31] and
Wnt3a (kindly provided by O. Machon) proteins were generated in the
mammalian lentiviral vector, pCDH1 (System Biosciences). Single or
multiple amino acid substitutions were introduced into corresponding
cDNA using a site-directed mutagenesis kit (Stratagene). Wnt1 and
Wnt3a lacking the signal peptide (ANWnt1 and ANWnt3a, respec-
tively) were generated by PCR and cloned into the pCDH1 vector [31].
PCR amplification steps were performed with Phusion High-Fidelity
DNA Polymerase (Finnzymes). The truncated proteins were fused at
the N-terminus to the Myc-tag (ANWnt1) or HA-tag (ANWnt3a).
EGFP-tagged mouse Frizzled (Fz) 4, cloned into the pCS2 vector, was
obtained from V. Bryja. The expression construct encoding Flag-tagged
mouse Lrp5 was a kind gift from M. Semenov and X. He [32]. PCR-
derived constructs were verified by sequencing; details of plasmid
constructs are available on request.

2.2. Software and statistical analysis of data

Protein sequence alignments were performed using the MegAlign
program (DNASTAR Lasergene 7). Signalling peptides and N-glycosylation
sites were predicted using the Expert Protein Analysis System (EXPASy) at
http://www.expasy.ch. Fisher's exact test was used to analyse the
statistical significance of the results of the double axis formation assay.
Data sets obtained in the gene reporter and qRT-PCR analyses were
evaluated by Student's t-test.

2.3. Cell culture, transfections and generation of stable cell lines

Human HeLa, human embryonic kidney (HEK) 293, mouse L.,
mouse 3T3 and mouse Wnt3a-producing L cells were purchased from
ATCC. Rat2 and mouse Wnt1-transduced Rat2 fibroblasts (Rat2Wnt1)
were kindly provided by A. Brown [33]. Rat2 cells producing wild-type
mouse Wnt3a were described previously [34]. HEK 293 FT cells utilized
for packaging lentiviral stocks were purchased from Invitrogen. Super-
TOPFLASH HEK 293 (STF 293) cells containing the genome-integrated
Wnt/R-catenin-responsive luciferase reporter, SuperTOPFLASH [35]
were obtained from Q. Xu and J. Nathans. All cell lines were maintained
in Dulbecco's modified Eagle's medium [(DMEM; purchased from
Biochrom AG)] supplemented with 10% fetal bovine serum (Hyclone),
penicillin, streptomycin and gentamicin (Invitrogen). Transient trans-
fections were performed using Fugene HD (Roche). Lentiviruses were
prepared using the Trans-Lentiviral Packaging System (Open Biosys-
tems). Rat2 cells transduced with the corresponding recombinant
lentiviruses were selected without subcloning using puromycin (Alexis;
5 pg/ml).

2.4. Antibodies, co-immunoprecipitations, western blotting and
tunicamycin treatment

cDNAs encoding N-terminally His-tagged mouse Wnt1 [amino
acids (aa) 225-370] and Wnt3a (aa 190-355) were subcloned into the
pET28b vector (Novagen). Recombinant proteins were purified from
bacterial [E. coli, strain BL-21 (DE3)] cell lysates by TALON affinity
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resins (Clontech) and utilized for immunizing rabbits or chickens. The
preparation of rabbit anti-EGFP polyclonal antibody was described
previously [36]. For co-immunoprecipitation experiments, HEK 293
FT cells were transfected overnight with an appropriate combination
of constructs. The cells were harvested, washed with ice-cold
phosphate-buffered saline (PBS) and disrupted in lysis buffer [1%
NP-40, 20 mM Tris (pH 7.5), 100 mM NaCl, 10 mM EDTA, protease
inhibitor cocktail Complete (Roche)] for 30 min on ice. The samples
were centrifuged (16,000x g, 10 min, 4 °C) and the resulting super-
natants transferred to fresh tubes and incubated for 3 h at 4 °C with
Wnt1 or Wnt3a rabbit polyclonal antibodies bound to protein A/G
Sepharose beads (Pierce). The beads were washed three times using
lysis buffer and the retained proteins were eluted in Laemmli sample
buffer [37] and immunoblotted. A detailed protocol describing the
immunoblotting procedure can be found elsewhere [38]. To detect
immunoprecipitated Wnt proteins, Wnt-specific polyclonal antisera
from chickens were utilized. The following commercially available
rabbit polyclonal and mouse and rabbit monoclonal antibodies were
used: anti-a-tubulin (TU-01; Exbio), anti-B-catenin (610154; BD
Transduction Laboratories and EM-22; Exbio), anti-Flag (M2; Sigma),
anti-GFP (JL8; Clontech), and anti-Wnt3a (C64F2; Cell Signalling
Technology). Peroxidase-conjugated anti-chicken, anti-mouse or
anti-rabbit secondary antibodies were purchased from Sigma.
Tunicamycin (Sigma) treatment was performed overnight at a final
concentration of 1 pg/ml.

2.5. Metabolic labelling with [°H] palmitate

HEK 293 cells grown on a 15 cm culture dish were transfected with
the relevant Wnt-expression constructs. The next day cells were
starved for 1 h in serum-free DMEM and incubated for an additional
3 hin DMEM supplemented with 5% dialysed foetal bovine serum and
[H] palmitate (Perkin Elmer, final concentration 0.5 mCi/ml). Cell
lysates were immunoprecipitated using rabbit anti-Wnt1 or anti-
Wnt3a polyclonal antibodies. Precipitated proteins were separated in
two SDS-PAGE gels. One gel was blotted and stained with chicken
anti-Wnt1 or anti-Wnt3a polyclonal antisera. The second gel replica
was fixed, soaked in Amplify Solution (Amersham Biosciences) and
subsequently dried and exposed to Hyperfilm MP (Amersham
Biosciences) for up to 3 months at —80 °C.

2.6. Immunofluorescent microscopy

For immunofluorescence studies, Wnt1- and Wnt3a-specific rabbit
polyclonal antibodies were purified by affinity chromatography using
Glutathione S-transferase (GST)-Wnt1 or GST-Wnt3a proteins coupled
to glutathione Sepharose 4B (Amersham Pharmacia Biotech) [39]. The
recombinant GST-fusion proteins (same sequences of Wnt1 or Wnt3a
used for immunizations) were expressed from the pET42b vector
(Novagen) in the bacteria E. coli BL-21/DE3. To distinguish extracellular
and intracellular pools of Wnt proteins mammalian cells grown on
coverslips were transfected with the relevant Wnt-expression con-
struct. The next day antigen-purified anti-Wntl or anti-Wnt3a
antibody was added to the culture medium. After 30 min at 37 °C,
the cells were washed three times with PBS and fixed (10 min at 4 °C)
in 4% (w/v) paraformaldehyde (Electron Microscopy Sciences) solution
made in PBS. The samples were subsequently permeabilized in 0.2%
Triton X-100/PBS solution (5 min, 4 °C), rinsed 3 times with PBS and
stained for 1 h using a goat anti-rabbit antibody conjugated with the
Alexa 488 dye (Molecular Probes). After another round of excessive
washing using PBS, the specimens were incubated (1 h, 4 °C) with the
same Wntl- or Wnt3a-specific rabbit antibody. The coverslips were
washed with PBS and stained using the Alexa 594 dye conjugated to a
goat anti-rabbit antibody (Molecular Probes). For double staining of
mouse L and 3T3 cells, the specimens were washed three times with
PBS and fixed (10 min at 4 °C) in 4% paraformaldehyde. The samples

were subsequently permeabilized in a 0.2% Triton X-100/PBS solution
(5min, 4 °C), rinsed 3 times with PBS and incubated consecutively
with Wnt antibodies (1 h, 4 °C) and with an anti-3-catenin monoclonal
antibody (additional 12 h, 4 °C). The coverslips were washed with PBS
and stained using the Alexa 594 dye conjugated to a goat anti-rabbit
antibody and Alexa 647 goat anti-mouse antibody (Molecular Probes).
Finally, the samples were washed three times in PBS, incubated with
DAPI nuclear stain (Molecular Probes; 1 min, room temperature, final
concentration 1 uM), washed and mounted in MOWIOL (Calbiochem).
Immunofluorescence was visualized using a confocal laser scanning
microscope (TCS SP5; Leica) and analysed by Image] software (NIH
freeware). Rat2 fibroblasts stably expressing various Wnt proteins
were seeded on coverslips and processed as described for transiently
transfected cells, except that the same secondary antibody (Alexa 488
conjugated to a goat anti-rabbit antibody) was used to visualize both
the natively labelled and fixed pool of Wnt protein.

2.7. Double axis formation assay

cDNAs encoding wild-type, lipid- or N-glycosylation-deficient
Wntl and Wnt3a proteins were subcloned into the pCS2 vector
(Addgene). Capped mRNAs were synthesized from the Not I
restriction-linearized constructs using the mMessage mMachine kit
(Ambion). Eggs obtained from Xenopus laevis were fertilized by a
standard method [40]. Twenty pg (in 4nl) of each mRNA was
microinjected into the marginal zone of the ventral blastomeres of
4-cell stage embryos. Embryos were kept as described previously [41]
and at the neurulae stage scored for the double axis phenotype.

2.8. RNA purification and qRT-PCR

Total RNAs were isolated from cells using the Trizol reagent
(Invitrogen). A detailed description of the qRT-PCR procedure was
given previously [38]. All primers were calculated using the Primer 3
computer service at http://frodo.wi.mit.edu/. Two housekeeping genes,
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and Ubiquitin b
(Ubb) were used as internal control genes to standardize the quality of
different cDNA preparations [42]. cDNAs were produced from at least
two independent RNA isolations and the PCR reactions were performed
in triplicate for each primer set. The primers are written in the 5’ to 3’
direction; the first primer is derived from the plus and the second
primer from the minus DNA strand:

rAxin1, ACCCAGTACCACAGAGGATG, CTGCTTCCTCATCCCAGAAG;
rAxin2, GCTGGAGAAGCTGAAACTGG, GACAGGTGGTCGTCCAAGAT;
rGAPDH, AAACCCATCACCATCTTCCA, GTGGTTCACACCCATCACAA;
rUbb, TCTTCGTGAAGACCCTGACC, CAGGTGCAGGGTTGACTCTT;
mWhnt1, ATCGATT TTGGTCGCCTCTT, CTTGGCGCATCTCAGAGAAC,;
mWhnit3a, GCGGCTGTAGTGAGG ACATT, GCACTTGAGGTGCATGTGAC.

2.9. Autocrine and paracrine reporter gene assays

A detailed protocol of the reporter gene assay was described
previously [38]. Briefly, to assay autocrine Wnt signalling, HEK 293
and 3T3 cells were transfected with firefly luciferase TOPFLASH and
FOPFLASH reporters containing either multiple copies of the optimal
Tcf motif GATCAAAGG or multiple copies of mutant motif
GGCCAAAGG, respectively [43]. DNA mixtures further included the
particular Wnt expression construct and as an internal control, Renilla
PRL-SV40 plasmid (Promega). STF 293 cells that contain an integrated
TCF-dependent reporter, SuperTOPFLASH [35,44], were lipofected
with Renilla and Wnt-expressing plasmids only. Cells were harvested
24 and 48 h after transfection. To assess paracrine signalling, STF 293
cells were transfected “in batch” with the Renilla-expressing plasmid.
The next day the cells were mixed at a ratio of 1:1 with either parental
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Rat2 cells or Rat2 cells stably expressing wild-type or mutant Wnts.
Twenty-four and 48 h later the activity of firefly and Renilla luciferase
in cell lysates was determined using the Dual-Glo Luciferase Assay
System (Promega) and EnVision 2100 Multilabel Reader (Perkin
Elmer). Reporter gene activities were normalized against the activity
of Renilla luciferase. All reporter gene assays were performed in
triplicate. The results of a representative experiment from three in
total are presented.

2.10. Recombinant Wnt3a purification

Mouse Wnt3a ligand was isolated from the culture medium of
Wnt3a-producing L cells without the heparin purification step
according to a detailed protocol of Willert and colleagues [9].

2.11. Density gradient ultracentrifugation

The plasma membranes of Rat2 fibroblasts stably expressing wild-
type or mutant forms of Wnt1 or Wnt3a proteins were solubilized on
ice in membrane lysis buffer (1% Brij 98; 20 mM Tris (pH 8.2), 100 mM
NaCl, 10 mM EDTA, 50 mM NaF, 1 mM Na3VO,, Complete protease
inhibitor cocktail) for 30 min. Lysates were then mixed at a 1:1 ratio
with ice-cold 80% (w/v) sucrose diluted in membrane lysis buffer. The
samples were transferred into 5 ml ultracentrifugation tubes and
overlaid initially with 3.5 ml of ice-cold 30% sucrose diluted in
membrane lysis buffer and then 0.5 ml of membrane lysis buffer.
Fractions were collected upon centrifugation (268,000xg, 20 h at
4°C) in the MLS-50 rotor (Beckman Coulter) from the top to the
bottom of the tubes. Prior to Western blotting, proteins were
precipitated by chloroform and methanol [45].

2.12. Isolation of the ECM and plasma membranes

Cells grown in 10 cm culture dishes for 72 h to 90% confluence
were washed twice in Ca?*, Mg?*-free PBS and incubated for 10 min
at 37 °Cin Ca®*, Mg? " -free PBS supplemented with 5 mM EGTA. Cells
were detached by gentle pipetting and the cell-free surfaces of the
culture dishes were subsequently washed three times using ice-cold
Ca®*, Mg?*-free PBS and once with distilled water. The ECM was then
harvested by scraping the surface of the dish in Laemmli sample
buffer. To isolate plasma membranes, the detached cells were washed
twice in ice-cold PBS and resuspended in hypotonic buffer [10 mM
Hepes (pH 7.5), 10 mM KCl, 10 mM MgCl,, Complete protease
inhibitor cocktail]. Cells were disrupted by passing them 10 times
through a 25 gauge needle. Nuclei were removed from lysates by
centrifugation (400 x g, 5 min, 4 °C). Supernatants were transferred to
fresh tubes and centrifuged at 18,000 xg (10 min, 4 °C) to pellet the
plasma membranes. To prepare whole-cell lysates (WCL), cells grown
in one 10 cm culture dish were washed twice in PBS and subsequently
harvested in Laemmli sample buffer.

3. Results

3.1. N-glycosylation and fatty acid modification of Wnt1 and Wnt3a
ligands

To investigate the possible function of N-glycosylation or lipida-
tion of Wnt proteins, we generated mutant Wnt1l and Wnt3a
polypeptides containing single or multiple amino acid substitutions
at the putative modification position(s) (Fig. 1A). Four or two
asparagine residues were mutated to glutamine in mouse Wnt1 and
Wnt3a, respectively. Expression constructs encoding wild-type or
mutant proteins were lipofected into HEK 293 cells; the resulting cells
were then treated either with the N-glycosylation inhibitor, tunica-
mycin or vehicle alone. Cell lysates were prepared and subjected to
immunoblotting using an anti-Wnt1 or Wnt3a antibody. As shown in
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Fig. 1B, wild-type Wnt1 migrates in SDS-PAGE gels as a quadruplet,
whilst Wnt3a was detected as a double band. Tunicamycin-treated
cells expressed only one protein species, indicating that Wnt1 is N-
glycosylated at three and Wnt3a at two residues. Further analysis of
each mutant ligand revealed that Wntl is N-glycosylated at
asparagine residues 29, 316 and 359, whilst Wnt3a is N-glycosylated
at asparagine 87 and 298 [(Fig. 1B); (the numbering accounts for the
signalling peptide)].

In addition to N-glycosylation, Wnt3a is palmitoylated on cysteine
77 and the palmitoleoyl modification occurs at serine 209 [8,9].The
aforementioned amino acids and the homologous residues in Wnt1
(cysteine 93 and serine 224, respectively; see Fig. 1A) were mutated
to alanines. The acylation status of wild-type and mutant polypeptides
were tested in cells metabolically labelled with tritiated palmitate.
Interestingly, substitution at the critical serine residue resulted in the
expression of an entirely non-acylated form (Fig. 2).

3.2. Non-acylated Wnts do not induce ectopic axis in developing
Xenopus embryos

We next compared the ability of wild-type and mutant Wnt
proteins to dorsalize Xenopus embryos. Equal amounts of capped
mRNA encoding different variants of Wnt1 or Wnt3a were injected
into ventral blastomeres. Each embryo was then scored for the
formation of the secondary axis. The analysis (results are summarized
in Fig. 3) demonstrated that whilst Wnt1 and Wnt3a ligands display
some similarities, there are also quite striking differences. For
instance, the putative non-acylated forms of Wnt1(S224A), Wnt1
(C93,S224A), ANWnt1, Wnt3a(S209A) and Wnt3a(C77,S209A) failed
to induce double axis. However, Wnt1(N29,316,359Q) lacking any N-
glycosylation sites appeared to be the most potent Wnt. Interestingly,
Wnt1(C93A) retained approximately two thirds of the activity of
wild-type Wnt1, whilst the equivalent mutant Wnt3a(C77A) func-
tioned as its wild-type Wnt3a counterpart. Finally, Wnt3a(N87,298Q)
ligand lacking N-glycosylated residues displayed a significantly
reduced ability (approximately one third) to produce Xenopus
embryos with two body axes.

3.3. Mutant Whnts lacking the lipid-modified cysteine residue display
decreased functionality in mammalian cells

We examined the effect of N-glycosylation or fatty acid modification
on the signalling properties of Wnt ligands in mammalian cells.
Expression constructs encoding wild-type or N-glycosylation/acylation
mutants of Wnt1 and Wnt3a were introduced into SuperTOPFLASH 293
(STF 293) cells. These HEK 293-derived cells can be used as a sensitive
cellular system to quantify Wnt signalling as they contain the genome-
integrated TCF/p-catenin-dependent luciferase reporter, SuperTOP-
FLASH [35,46]. Constructs encoding Wnt1 and Wnt3a without a
signalling peptide (ANWnt1 and ANWn3a) were used as negative
controls in this and subsequent assays as these truncated forms remain
intracellular (see e.g. Fig. 5B and C). In a parallel experiment, parental
HEK 293 cells were transfected with the corresponding Wnt construct
together with the “original” TCF/B-catenin-reporter, TOPFLASH [43].
Twenty-four hours post-transfection the cells were harvested and
luciferase activities were determined in cell lysates. Contrary to our
findings in the Xenopus embryo readout, the single-acyl mutant Wnt3a
(C77A) was less stimulatory than wild-type Wnt3a. Moreover, the
luciferase activities in STF 293 cells transfected with the expression
constructs encoding analogous Wnt1(C93A) ligand or the acyl-deficient
Wnt1 variants [Wnt1(S224A), Wnt1(C93, S224A)] were as low as in
control cells transfected with the “empty” vector. Thus, we concluded
that all theses mutant proteins appeared to be “signalling-dead”. In
agreement with the results of the double axis formation assay, non-N-
glycosylated Wnt1(N29,316,359Q) was more functional than wild-type
Wntl1; however, N-glycosylation-depleted Wnt3a(N87,298Q) protein
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Fig. 1. N-glycosylation of Wnt1 and Wnt3a proteins. (A) Comparison of mouse Wnt1 and Wnt3a polypeptide sequences displaying the predicted and experimentally confirmed N-
glycosylation sites. The putative signal peptides are underlined. The amino acid residues conserved in both Wnt1 and Wnt3a are marked by asterisks. The acylated cysteine and
serine residues are also highlighted and the unmodified cysteines are typed in bold. (B) N-glycosylation status of Wnt1 and Wnt3a proteins. Human HEK 293 cells were transfected
with constructs encoding either wild-type (wt) or mutant Wnt1 or Wnt3a polypeptides. Mutations were made at the putative N-glycosylated asparagines [(N); replaced by
glutamine (Q)] or acylated cysteine (C) or serine (S) [both replaced by alanine (A)] residues. Eight hours post transfection either the N-glycosylation inhibitor, tunicamycin (1 pg/ml
final concentration) or vehicle (DMSO) was added to cells. Cultures were incubated for an additional 18 h before being harvested and lysates prepared. Cell lysates were subjected to
immunoblotting using either anti-Wnt1 or anti-Wnt3a antibodies.
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Fig. 2. In both Wnt1 and Wnt3a, fatty acid modification of serine is essential and precedes palmitoylation at the cysteine residue. HEK 293 cells metabolically labelled with [*H]
palmitate were transfected with the indicated Wnt1 or Wnt3a expression constructs or negative control EGFP-producing plasmid. The ectopic proteins were immunoprecipitated
from cell lysates 20 h post-transfection using the corresponding rabbit polyclonal antisera. The precipitates were resolved in two SDS-PAGE gels. One of these gel replicas was dried
and exposed directly to Hyperfilm MP (bottom panels); the second gel was blotted and stained with chicken anti-Wnt1 or anti-Wnt3a polyclonal antibodies or with a mouse anti-
GFP monoclonal antibody (upper panels). IB, immunoblotting.
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Fig. 3. Wnt1 and Wnt3a without fatty acyl adducts do not induce double axis formation in
Xenopus embryos. Embryos at the 4-cell stage were microinjected with 20 pg of the
indicated mRNA in the marginal zone of ventral blastomeres and scored for secondary axis
induction at the neurulae stage (see the inset). Differences between wild-type and mutant
ligands were compared by the Fisher exact probability test. *P<0.001. AN, truncated Wnt1
lacking signalling peptide; control, non-injected embryos.

showed a remarkably reduced ability to stimulate Wnt-responsive
reporters (Fig. 4A; only results for STF cells are shown). We attempted to
elucidate the observed discrepancies between the outcome of the tests
performed in Xenopus embryos and in mammalian cells. At first, we
injected decreased amounts of Wnt-encoding mRNAs into ventral
blastomeres and scored for the formation of the secondary axis. Next, we
extended the reporter gene assay and measured the luciferase activities
in lysates of transfected cells 48 h post-transfection. Nevertheless, in
these experiments all Wnt variants performed in a similar way as in the
previous setup, confirming the initial results (Fig. 4A). Importantly, in all
cellular backgrounds tested, the negative control reporter FOPFLASH
never responded to any of the expressed Wnt proteins (not shown).

Subsequently, an analogous study was conducted in Wnt-
responsive Rat2 fibroblasts [34]. In this study, lentiviral vectors
were utilized to generate a pool of polyclonal Rat2 cell cultures that
stably expressed either wild-type or mutant Wnt ligands. Although
we did not succeed in preparation of Rat2 cells producing ANWnt1
and Wnt1(C93A,5209A) in levels comparable to the other forms
(Fig. 6A and Supplementary Fig. S1), we used all types of transduced
cells for following analyses. Total RNAs isolated from these Rat2 cells
were utilized to examine the effect of each Wnt1 or Wnt3a variant on
the transcription of the endogenous Wnt signalling target gene, Axin2.
As a negative control, the Wnt-insensitive Axinl was analysed. In
addition, mRNA levels of two housekeeping genes, GAPDH and Ubb,
were assessed. The data generated from our qRT-PCR analysis agreed
well with the results obtained in our reporter gene assay (Fig. 4B).
Axin2 mRNA was strongly up-regulated by wild-type proteins and the
Wnt1(N29,316,359Q) mutant. Wnt3a(C77A) and Wnt3a(N87,298Q)
were less stimulatory whilst the non-acylated forms of Wnt were not
functional. Interestingly, Wnt1(C93A) showed a small level of activity
in Rat2 fibroblasts (Fig. 4B).

Given that the previous experiments were unable to differentiate
between autocrine and paracrine Wnt signalling, we decided to
assess paracrine signalling only by co-culturing two different (one
emitting and the other receiving the Wnt signal) cell types. We
mixed “reporter” STF 293 cells with Rat2 fibroblasts stably expressing
Wnt1 and Wnt3a variants. Cells were harvested 24 and 48 h after
plating and SuperTOPFLASH activities were determined in cell
lysates. Remarkably, “N-glycosylation-minus” Wnt1(N29,316,359Q)
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displayed reduced signalling capacity when paracrine only signalling
was measured versus when both autocrine and paracrine signalling
was determined (Fig. 4C).

To verify the results of the reporter gene assays we searched for a
suitable cellular system that would allow us to directly visualize Wnt
signalling. We noted that, in contrast to the majority of cells of human
origin, mouse 3T3 and L cells robustly stabilize -catenin upon
addition of recombinant Wnt3a and accumulate B-catenin in the
nuclei of stimulated cells (Fig. 5A). As such, constructs expressing
Wnt1 or Wnt3a variants were lipofected into L or 3T3 cells grown on
coverslips. The cells were fixed 24 h later and stained with anti-p-
catenin and Wnt-specific antibodies (Fig. 5B and C; only data for L cells
are shown). By visualizing the stabilization of 3-catenin, we could
detect Wnt signalling affected by wild-type, N-glycosylation-deficient
and “single-acyl” mutant Wnt3a(C77A) proteins. In contrast, S-acyl-
deficient Wnt1(C93A), non-acylated Wnt3a(S209A) and Wntl
(S224A) and signalling peptide-devoid forms (ANWnt1, ANWnt3a)
were inactive. Interestingly, the control ANWnt1 protein was
localized to the cell nucleus [Fig. 5B; see also Supplementary Fig.
S2C, panels o, 0’]. We do not have any plausible explanation for this
rather peculiar behaviour.

3.4. Non-functional Wnt proteins are secreted

An obvious explanation for the limited functionality of mutant
Wnt proteins is their impaired secretion due to possible misfolding
and retention within an intracellular compartment. To capture the
extracellular pool of individual Wnt, relevant Wntl1- or Wnt3a-
expression constructs were transfected into HEK 293, HeLa, 3T3 and L
cells grown on coverslips. Twenty-four hours post-transfection,
growing cells were briefly incubated with an anti-Wnt1 or anti-
Wnt3a antibody. To visualize extracellular and membrane-associated
Whnt (further referred to as “surface” Wnt) the cells were washed,
fixed, permeabilized and the retained anti-Wnt immunoglobulins
were directly stained with a fluorescently-conjugated secondary
antibody. To detect intracellular Wnt, the samples were further
subjected to another round of staining using the same primary
antibody in combination with a differentially-labelled secondary
antibody. The second staining also detected surface Wnt molecules
whose epitopes were not fully saturated with the first-round staining
[Supplementary Figs. S2A, panels 1, I’; S2B, panels p, p’]. Approxi-
mately 20 cells of each cell type expressing particular Wnt were
scanned using a confocal microscope. Virtually identical results were
obtained for all utilized cell types (Supplementary Fig. S2). Impor-
tantly, we never observed surface labelling of intracellular ANWnt1
and ANWnt3a mutant proteins [Supplementary Fig. S2C, panel n].
Typically, single- or double-acyl-deficient ligands displayed a similar
cell surface and intracellular distribution as wild-type Wnts. A
somewhat different picture was observed for proteins lacking N-
glycosylation. The surface localization of Wnt1(N29,316,359Q) was
reduced whilst extracellular Wnt3a(N87,298Q) was almost undetect-
able. Nevertheless, the results from these assays exclude the
possibility that limited secretion can explain the lack of activity
demonstrated by the acyl-deficient Wnt proteins.

This observation led us to test the distribution of wild-type and
mutated Wnt1 and Wnt3ain Rat2 cells stably expressing Wnt proteins.
The cells (grown to 90% confluence in 10 cm dish) were detached by
EGTA-treatment, and the surface of each dish was thoroughly washed
and SDS-PAGE sample buffer used to yield any proteins associated
with the ECM. To obtain the plasma membrane fractions, the detached
cells were harvested, washed and disrupted under hypotonic condi-
tions. Finally, whole-cell lysates (WCL) were obtained by direct lysis of
cells growing in a parallel “replica” dish using SDS-PAGE sample buffer.
Analysis of the ECM, membrane and WCL samples by immunoblotting
revealed that wild-type and non-glycosylated polypeptides have a
strong affinity for the ECM. The same biochemical feature was
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Fig. 4. Wnt3a lacking the palmitoylated cysteine residue retains the capacity to activate Wnt-dependent transcription in mammalian cells. (A) Activation of Wnt signalling in
transiently transfected cells. HEK 293 cells containing the integrated reporter, SuperTOPFLASH (STF 293 cells), were transfected with constructs expressing wild-type or mutated
variants of mouse Wnt1 (the left panel) or Wnt3a (the right panel) proteins. pCDH1 denotes cells transfected with an “empty” vector. Cells were harvested 24 or 48 h later and
luciferase activities were determined in cell lysates. The histograms represent average luciferase light units per second (RLU/s) of a triplicate corrected for the efficiency of
transfection using the internal control Renilla luciferase expression construct. SDs are shown by error bars. The results from one representative experiment out of three in total
are shown. Western blots of whole-cell extracts prepared from STF 293 cells 24 h post-transfection are shown at the right. Blots were probed with anti-Wnt1, anti-Wnt3a or
anti-a-tubulin [used as a “loading” control] antibodies. (B) qRT-PCR analysis of mRNAs isolated from Rat2 fibroblasts with retroviral constructs expressing wild-type or mutant
Wntl or Wnt3a ligands. The resulting cells were used in triplicate experiments to determine the expression levels of Axin2 (a Wnt signalling target gene), Axinl (negative
control) and Gapdh (a “housekeeping” gene). The relative abundance of corresponding mRNAs was derived from the average CT values after normalizing to the levels of ubiquitin
B (Ubb). The expression level of the genes in Rat2 cells transduced with the empty retroviral vector was set as 1. (C) Reduced activity of non-glycosylated Wnt1 protein in the
paracrine signalling assay. STF 293 cells transfected with the Renilla luciferase expression construct were plated together with control cells [parental Rat2 fibroblasts or cells
transduced with the empty lentivirus (denoted Rat2 pCDH1)] or with Rat2 cells stably producing the indicated Wnt constructs. The cells were harvested and lysed 24 or 48 h
after plating. The average luciferase activities determined in cell lysates upon normalization to the Renilla levels are given. Results of three independent experiments performed
in triplicates were combined to the final diagrams. Differences in values obtained in cells transfected/transduced with empty vector and in cells expressing given Wnt ligand was
calculated by Student's t-test. *P<0.05; **P<0.01.
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displayed by Wnt3a(C77A). The other ligands with reduced acyl
content or completely without lipidation behaved differently and were
preferentially co-isolated with membranes (Fig. 6A). Moreover, we
attempted to evaluate how different forms of Wnt ligands are released
from cells to culture medium (CM). We directly precipitated the
proteins from CM using corresponding antibodies or, alternatively, we
employed the purification protocol including Blue-Sepharose beads
(see Materials and methods). The isolation was insensitive to any type
of modification since all Wntl and Wnt3a variants could be
quantitatively isolated from cell lysates (Fig. 6A). None of the Wnt1
forms was detected in CM. This was in stark contrast to Wnt3a, where
all signalling-competent ligands were released to CM (Fig. 6A and data
not shown).

Additionally, we examined the possible deposition of Wnt proteins
on the ECM directly by confocal microscopy. Since the Wnt3a-specific
signal was too low to obtain a good quality images, we used Rat2 cells
expressing wild-type Wnt1 and Wnt1(C93A). The cells were seeded
at low density onto coverslips and allowed to grow for 72 h. The
specimens were stained using a protocol to capture both native
extracellular/membrane-associated and intracellular Wnt (see Mate-
rials and methods). Strikingly, only wild-type Wntl displayed a
remarkable deposition on the surface of the slip. This “deposit” was
absent in the cells expressing mutated Wnt1(C93A), where the
distribution of the proteins was localized to the membrane and
intracellular compartments (Fig. 6B).

3.5. Non-acylated Wntl and Wnt3a are targeted to membrane
microdomains and interact with the Frizzled receptor and Lrp co-
receptor

Many palmitoylated proteins are associated with specialized
detergent-resistant membrane microdomains (DRMs). These
domains, also called lipid rafts, are thought to possibly serve as
assembly sites for membrane signalling complexes [47]. Interestingly,
it was previously shown that Wg is associated with DRMs and that
ligands produced in cells grown in the presence of 2-bromopalmitate
(an inhibitor of O-acyltransferases) lose their localization with lipid
rafts [14]. We isolated membranes from cells transiently or stably
expressing wild-type or mutant Wntl or Wnt3a. Cells were
fractionated by ultracentrifugation according to density in a sucrose
concentration gradient. Interestingly, all Wnts were located in the
caveolin-containing, low-density fractions (presumable DRMs; Sup-
plementary Fig. S3). This observation indicates that the presence of
Whnts in lipid rafts is not dependent on their fatty acid content (or
level of N-glycosylation). Furthermore, these results imply that there
is no functional connection between Wnt signalling and the
association of Wnt ligands with DRMs.

Finally, these results prompted us to examine the ability of wild-
type and mutant Wnts to bind to their receptor, Fz, and co-receptor,
Lrp. We performed a series of co-immunoprecipitation assays that
showed no significant differences between the abilities of wild-type
or signalling-deficient Wnt proteins to associate with both Fz4 and
Lrp5 (Supplementary Fig. S4). In summary, although we noted that
the signalling function of the tested Wnt ligands is related to their
capacity to adhere to the ECM, the other biochemical features,

including receptor complex binding and membrane distribution to
lipid rafts, do not differ between wild-type and non-functional Wnt1
and Wnt3a proteins.

4. Discussion

Mouse Wnt1 and Wnt3a are two mammalian members of the Wnt
family of extracellular signalling proteins that are modified post-
translationally by N-glycosylation and fatty acid addition. The aim of
this study was to define the relationship between post-translational
modification and the signalling activities of these proteins. We
demonstrated that for signalling in mammalian cells, the attachment
of two fatty acid moieties is crucial. Originally it was presumed that
the lipidic adducts mediate a tighter association of the ligand with the
cell surface. However, our results reveal that the opposite is true and
acylation promotes Wnt release into the extracellular space.

In agreement with previously published results [17,19], Wnt1 is
modified at three out of the four predicted N-linked oligosaccharide
sites, whilst Wnt3a is modified twice (Fig. 1A and B). As both Wnts
showed a similar pattern of N-glycosylation in human, rodent and
Xenopus cells (Supplementary Fig. S5), it seems that the positions of
the N-glycosylated residues are invariant and independent of the
cellular context [17,19,20,48]. Analogous to Wnt3a, the Wntl
polypeptide includes two acyl additions located at different positions
(Fig. 1). Strikingly, mutations preventing the attachment of O-linked
fatty acid in both Wnt1 and Wn3a completely abolished palmitoyla-
tion at the N-terminal cysteine residue (Fig. 2). This implies that the
initial lipidation of serine is essential for subsequent fatty acid
modification. Such a conclusion is supported by the recent character-
ization of WntD. This Drosophila Wnt lacks the conserved serine that is
contained in other Wnt ligands subjected to the acyl modification.
Although WntD contains the potentially S-acylated site, the mature
protein does not carry any lipidic adducts [16].

Fatty acid-deficient Wnts were still fully N-glycosylated, indicating
that such modifications are not influenced by the presence or absence
of fatty acyl moieties. The attachment of acyl adducts to Wnt
molecules is presumably catalysed by O-acyltransferase Porcupine
(Porc) [12,14,49]. Interestingly, the ectopic expression of Porc
increased N-glycosylation of Wg and of several other mouse Wnt
ligands [6,50]. Nevertheless, Wnt3a N-glycosylation is not affected in
cells treated with Porc-specific siRNAs [8]. Interestingly, N-glycosyl-
ation-deficient Wnts displayed apparently reduced acyl content
(Fig. 2). This would imply that N-glycosylation precedes and
conditions Wnts for efficient acylation.

To compare the signalling properties of wild-type and post-
translationally modified-deficient Wnts, several Wnt activity tests
were performed. These tests included double axis formation in
Xenopus, a reporter gene assay, (RT-PCR analysis and direct B-catenin
staining in Wnt-responsive mammalian cells. In each assay performed,
the acyl-deficient forms of Wnt1 [Wnt1(S224A), Wnt1(C93A, S224A)]
and Wnt3a [Wnt3a(S209A), Wnt3a(C77, S209A)] were not able to
function, implying that the presence of O-linked fatty acids is
indispensable for correct signalling. Interestingly, we noted that
non-palmitoylated Wnt1(C93A) and Wnt3a(C77A) exhibited differ-
ent signalling capabilities depending upon the testing system used. In

Fig. 5. >-catenin stabilization test in mammalian cells. (A) Wnt signalling induces robust accumulation of 3-catenin in mouse L cells. Laser scanning confocal microscopy images of L cells
treated for 24 h either with recombinant Wnt3a or Wnt storage buffer. The cells were stained with an anti-3-catenin monoclonal antibody (red channel) or DAPI nuclear stain (blue
channel). (B) The signalling properties of Wnt1 variants in L cells. Cells (grown on coverslips) were transfected with the indicated Wnt1-expression construct. Twenty-four hours later
the cells were fixed, permeabilized and washed with PBS. Subsequently, the specimens were incubated with rabbit anti-Wnt1 polyclonal and mouse anti-3-catenin monoclonal
antibodies. Rabbit immunoglobulins were detected using the ALEXA 488 dye conjugated to a goat anti-rabbit antibody [shown in greyscale in panels b, f, j, n, r; or depicted in green in the
merged images (d, h, 1, p, t)]. B-catenin-specific staining was visualized with the ALEXA 594 dye conjugated to a goat anti-mouse antibody [panels c, g, k, o, s; or red in the merged
images]. The merged pictures were generated by overlaying the corresponding images gained in each appropriate input channel with the image obtained in the blue channel to capture
DAPI nuclear staining [shown in greyscale in panels a, e, i, m, q; in blue in the merged images]. Boxed areas in (d), (h), (1), (p) and (t) are magnified in (d’), (h’), (I'), (p’), and (t"),
respectively. (C) The B-catenin stabilizing activity of Wnt3a and its variants. L cells transfected with Wnt3a constructs were processed as in panel B using antigen-purified anti-Wnt3a

polyclonal antiserum and anti-R-catenin monoclonal antibodies. Bar, 10 pm.
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Xenopus embryos Wnt3a(C77A) was active as wild-type ligand and
related Wnt1(C93A) retained approximately one third of the signal-
ling capacity of wild-type Wnt1 (Fig. 3). On the other hand, in
mammalian cells, the relationship between lipidation and function is
apparently more stringent as we observed only limited signalling from
single-acylated Wnt3a(C77A) and Wnt1(C93A) (Figs. 4 and 5). In the
double axis formation assay the exogenous proteins function in the
presumably complex cellular environment of developing embryo that
contains various endogenous Wnt ligands and Wnt signalling
inhibitors. The resulting phenotype (secondary axis) is generated by
interplay among these proteins. Therefore, in the case that mutant
Wnt retains some capacity to bind and block the inhibitors, the
secondary axis might be induced even by signalling-deficient ligand.
Alternatively, Xenopus cells can produce a different set of the Frizzled
receptors than mammalian cells that can be effectively stimulated
even by S-acyl-deficient Wnt1 or Wnt3a.
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We observed that non-glycosylated Wnt3a was always less active
than its wild-type counterpart (Figs. 3 and 4). This observation is
consistent with the slower rate of secretion of non-glycosylated Wnt3a
(Supplementary Fig. 2B). Similarly, N-glycosylation-deficient Wnt1
displayed decreased surface expression and reduced paracrine
signalling (Fig. 4C and Supplementary Fig. S2A and C). Paradoxically,
Wnt1(N29,316,359Q) was the best performing Wnt in all tests that
included autocrine signalling (e.g. formation of artificial body axis).

Our results demonstrate that for intracellular transport to the
cellular surface, fatty acid modification is not essential. Interestingly,
the absence of lipidic adducts does not influence Wnt targeting to
DRMs (lipid rafts; Supplementary Fig. S3). This observation is
contradictory to the previous finding of Zhai and colleagues [14].
These researchers showed that 2-bromopalmitate, a systemic inhib-
itor of O-acyltransferase activity, abolishes the fractionation of Wg
with DRMs. To our knowledge, the localization of these mutant Wnt
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Fig. 6. Acylation promotes deposition of Wnt1 and Wnt3a on the ECM. (A) Cellular distribution of Wnt1 and Wnt3a variants expressed in Rat2 fibroblasts. Western blot analysis of
indicated Wnt proteins present in whole-cell lysates (WCL) or co-isolated with plasma membranes (MEMBR) or the ECM. As loading controls, blots were re-probed with anti-o-
tubulin and anti-caveolin1 antibodies, or the gel replicas were stained with Coomassie Brilliant Blue (Coomassie). Notice the remnants of the Wnt1 signal on the anti-a-tubulin-
stained blot (arrows).The bottom two panels on the right show immunoblots of Wnt3a purified from conditioned media (CM) or cell lysates using Blue Sepharose. (B) Laser scanning
confocal microscopy images of Rat2 fibroblasts stably producing wild-type Wnt1 or Wnt1(C93A) mutant polypeptides. Right, both extracellular and intracellular Wnt1 were stained
using a rabbit anti-Wnt1 antibody followed by a goat anti-rabbit ALEXA 488 dye-conjugated secondary antibody. Bright field (BF) images are shown on the left. Bar, 10 pm.

98


image of Fig.�6

L. Doubravska et al. / Cellular Signalling 23 (2011) 837-848 847

proteins to lipid rafts has not been tested. Thus, we suggest that the
association of Wnts with DRMs might be mediated via a protein-protein
interaction that is not dependent on the presence of any acyl
modification. In favour of this theory, protein targeting to DRMs via
this mechanism was recently proposed for a variant of the SHP-1 protein
phosphatase [51]. Further, we have shown that the interaction of Wnts
with the Fz receptor or Lrp co-receptor is independent of the acylation or
N-glycosylation status of Wnts (Supplementary Fig. S4). This result is
somewhat controversial, as two previous publications indicated that
Wnt3a containing no S-linked acyl moiety is unable to bind to Lrp or Fz
[17,28]. Both studies, however, demonstrated this phenomenon via
pull-down assays that utilized Wnt3a interacting with only recombi-
nant fragments of Fz and Lrp, rather than co-immunoprecipitations
using full-length proteins. Therefore, the variation in experimental
procedure may explain the different outcomes.

Finally, we tested the distribution of wild-type and mutated Wnt1
and Wnt3a in Rat2 cells stably expressing Wnt proteins. In contrast to
Wnt3a, we have never observed the release of any form of Wnt1 into
culture medium. This is in agreement with previous studies
demonstrating that only a minimal portion of biosynthetically
labelled Wnt1 can be detected in cell supernatants [18,25]. Strikingly,
we noted that only wild-type Wntl and non-glycosylated Wnt1
(N29,316,359Q) protein strongly associate with the ECM. This
association was dramatically reduced by the absence of the S-acyl
group and was almost completely abolished in acyl-deficient ligand.
Instead, both these mutant proteins were preferentially co-isolated
with the membrane fraction (Fig. 6A). This observation is consistent
with previous findings that indicated that the interaction of Wg with
extracellular matrix proteins helps it to spread in the extracellular
milieu [52]. The nature of the deposits visualized by staining of native
Wntl ligand (Fig. 6B), possible involvement of heparan sulfate
proteoglycans (HSPGs) in Wnt1/Wnt3a movement, and the mecha-
nisms mediating the Wnt1 (and Wnt3a) interaction to the ECM or
plastic surface of the culture dish are unclear. Since the non-
glycosylated forms of both Wnt1 and Wnt3a are signalling-competent
and display similar biochemical features as wild-type protein, it
would seem that N-glycosylation is less important than acylation for
the transport of Wnts into the extracellular space. Interestingly, all
Wnt3a variants that displayed signalling activity [wild-type Wnt3a,
Wnt3a(C77A), Wnt3a(N87,298Q)] were not only deposited on the
ECM, but they were also found in culture supernatants. Recently,
Neumann and colleagues have discovered that Wnt3a is released from
mammalian cells as lipoprotein particles. Wnt3a lacking its palmitate
moiety is still secreted; nevertheless, its activity is reduced [53].
Remarkably, liposomal packaging of recombinant Wnt3a using
exogenous lipids potentiates its signalling function [54]. In conclusion,
the role of the N-terminal palmitate is to mediate lipoprotein
packaging that subsequently enhances the action of Wnt3a ligand.
Very recently, Coombs and co-authors reported that Wnt3a binding to
the carrier protein wntless (WLS) requires lipid modification of
Wnt3a at serine 209 [30]. Since acyl-deficient Wnts still reach the cell
surface, we presume that mutant Wnts, similarly to non-lipidated
WntD, might utilize yet another route of secretion that is not
dependent on WLS. Given the results outlined above, we wonder
why acylation is essential for Wnt activity. One plausible explanation
recently proposed by Bazan and de Sauvage would be that only
lipidated Wnt can productively engage with the Fz receptor [55].

Despite a number of revealing facts about the role of acylation and
N-glycosylation for Wnt signalling, our study still raises a number of
important questions. We still do not know whether differential
acylation of Wnt ligands can regulate their gradients in various
tissues. Further, although it was thought that Wnt1 and Wnt3a were
redundant in the mouse [56], we observed their distinct features in
some of our biochemical and functionality tests. Clearly more studies
are needed to answer these and other critical questions regarding the
intriguing role of Wnt signalling in living organisms.
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Supplementary Figures

Supplementary Figure S1 Comparison of expression levels of ectopic Wntl and Wnt3a
MRNAs in Rat2 cells

gRT-PCR analysis of total RNA isolated from Rat2 fibroblasts transduced with retroviral
constructs expressing wild-type or mutant Wntl or Wnt3a ligands. The abundance of

corresponding mMRNA is given as the average CT values after normalizing to the Ubb levels.

Supplementary Figure S2 Non-acylated and non-N-glycosylated Wntl and Wnt3a are
secreted

(A) Laser scanning confocal microscopy images of HeLa cells transfected with the indicated
Whntl-expression constructs grown overnight on coverslips. To visualize extracellular Wnt1,
living cells were incubated with fresh culture medium containing antigen-purified anti-Wnt1
polyclonal antiserum (30 min at 37°C). Cells were then washed, fixed in paraformaldehyde
and treated with Triton X-100. The retained rabbit immunoglobulins were directly stained
using the ALEXA 488 dye conjugated to a goat anti-rabbit antibody. Subsequently, the
specimens were carefully rinsed with PBS and incubated with the same anti-Wnt1 primary
antibody. The final staining was performed with ALEXA 594 conjugated to a goat anti-rabbit
antibody. The merged images (d, h, I, p, t) were generated by an overlay of the corresponding
scans gained in the green input channel detecting extracellular or endocytosed
Whnt/immunoglobulin complexes [panels (b, f, j, n, r)], red input channel (c, g, k, 0, S)
detecting mainly intracellular and partly extracellular [see e.g. the panel ()] Wnt and blue
channel capturing the DAPI nuclear stain (a, e, i, m, q). Boxed areas in (d), (h), (1), (p) and (t)
are magnified in (d’), (h*), (I’), (p’), and (1), respectively. (B) HeLa cells were transfected

with Wnt3a constructs and processed as in (A) using antigen-purified anti-Wnt3 polyclonal
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antiserum. (C) Laser scanning confocal microscopy images of L cells transfected with the
indicated Wntl-expression constructs. The cells were processed as in (A); greyscale images
are presented only. Boxed areas in (b), (e), (h), (k) and (o) are magnified in (b’), (¢”), (h’),

(k*), and (07), respectively. Bar, 10 um.

Supplementary Figure S3 The absence of acyl adducts does not influence Wntl
targeting to lipid rafts

Density gradients of the membrane fractions isolated from Rat2 cells stably expressing wild-
type Wntl or mutant non-acylated Wnt1(S224A). Six fractions were taken from top (T) to
bottom (B) of sucrose gradient and subjected to immunoblotting (1B) with the antibody as

indicated.

Supplementary Figure S4 All secreted variants of Wntl or Wnt3a interact with the
Frizzled receptor and Lrp co-receptor

Co-immunoprecipitation of EGFP-tagged mouse Frizzled 4 (Fz4-EGFP) and Flag-tagged
mouse Lrp5 (Lrp5-Flag) with different Wntl and Wnt3a proteins. Cell lysates prepared from
HEK 293 cells transfected with constructs as indicated were precipitated using anti-Wntl or
anti-Wnt3a rabbit polyclonal antibodies. Precipitated Wnt proteins were detected using the
appropriate chicken anti-Wnt antisera. Anti-Flag or anti-EGFP monoclonal antibodies were
used to detect Lrp5 and Fz8, respectively. In lanes denoted “input”, ten percent of the total
lysate used for one immunoprecipitation were loaded. Notice negligible association of Lrp5 or
Fz8 with intracellular ANWnt3a and ANWNnNt1 proteins. IB, immunoblotting; IP,

immunoprecipitation.

102



Supplementary Figure S5 The N-glycosylation status of Wntl and Wnt3a in Xenopus
cells
Xenopus A6 cells were lipofected with the indicated Wnt-expression constructs. Transfected

cells were processed as described in the legend to Fig. 1B.
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Supplementary Figure S1
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Supplementary Figure S2
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Supplementary Figure S4
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Supplementary Figure S5
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Generation of two modified mouse alleles of the Hicl
tumor suppressor gene

Transcription factor HIC1 was previously identified in our laboratory as a protein interacting
with the TCF4/p-catenin complex™". It has been defined that HIC1 and restrain TCF4/B-catenin
proteins from the Wnt-responsive promoters and thus attenuates the Wnt signaling output®®*,

HIC1 was named according to the fact, that it resides in a CpG island and its promoter is
frequently epigenetically silenced in human tumors. Data from mice have firmly established Hicl
as a tumor suppressor gene which deficiency leads to gender specific cancer development®:,
Complete ablation of Hicl results in prenatal mortality, probably due to severe developmental

defects of the head and limbs?*

. The phenotypes emphasize the biological importance of Hicl, but
the embryonic lethality limits the use of Hicl-defficient mice for further studies and calls for
generation of the Hicl conditional knock-out allele.

The present article describes generation of two new strains dedicated to study the role of
Hicl and relation of this protein to the Wnt pathway in vivo.

The first mouse strain, the Hic1"™ mice, harbors a conditional Hicl null allele with the
coding region folxed by two loxP sites. When are these animals crossed to animals expressing Cre
recombinase, large portion of Hicl coding DNA is excised in Cre-expressing cells. This enables to
inactivate the gene in selected tissues.

The second mouse strain harbors a gene encoding a monomeric variant of enhanced green
fluorescent protein, citrine, instead of major coding part of Hicl. The Hic1®’* mice are viable and
fertile and allow tracing Hicl expression either by citrine fluorescence or by anti-citrine antibody.
Moreover, Hic1® is genetically a null allele; therefore Hic1®“" mice display the same embryonic
lethal phenotype as observed in Hicl” and represent also useful tools to study the molecular
mechanisms behind the embryonic lethality. Additionally, this knock-in allele is a convenient
alternative marker of Hicl expression since there are no good antibodies recognizing Hicl. We
used this surrogate marker and anti-GFP antibody to study the expression pattern of Hicl during

embryonic development previously revealed by in situ hybridization®®

. Moreover, we report that
Hic1®" is strongly expressed in the spongiotrophoblast layer in placenta, predominantly in

glycogen trophoblast cells and trophoblast giant cells.

My contribution to this work: | performed the in-situ hybridization. The results were used in

Figures 3 and 4.
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Summary: HIC1 (hypermethylated in cancer 1) is a
tumor suppressor gene located on chromosome
17p13.3, a region frequently hypermethylated or deleted
in human neoplasias. In mouse, Hic1 is essential for
embryonic development and exerts an antitumor role in
adult animals. Since Hic1-deficient mice die perinatally,
we generated a conditional Hic71 null allele by flanking
the Hic1-coding region by loxP sites. When crossed to
animals expressing Cre recombinase in a cell-specific
manner, the Hic1 conditional mice will provide new
insights into the function of Hic1 in developing and
mature tissues. Additionally, we used gene targeting
to replace sequence-encoding amino acids 186-893 of
Hic1 by citrine fluorescent protein cDNA. We demon-
strate that the distribution of Hic1-citrine fusion
polypeptide corresponds to the expression pattern of
wild-type Hic1. Consequently, Hic1-citrine “reporter”
mice can be used to monitor the activity of the Hic1
locus using citrine fluorescence. genesis 49:142-151,
2011. © 2011 Wiley-Liss, Inc.

Key words: hypermethylated in cancer 1; Hic1 tumor
suppressor; gene targeting; a conditional null allele; citrine
reporter mice; placenta

RESULTS AND DISCUSSION

The Hicl gene encodes an evolutionarily conserved
transcriptional repressor containing the BTB/POZ
(Broad complex, Tramtrack, and Bric a brac/Pox viruses
and Zinc finger) domain at the N-terminus and the

C-terminal DNA-binding region that includes five Kriip-
pellike C2H2 zinc fingers (Wales et al., 1995). The loss
of human HICI expression was observed in leukemia
and tumors of colon, lung, brain, breast, and prostate
[reviewed in (Fleuriel et al., 2009)]. Homozygous
disruption of Hicl impairs development and results in
embryonic and perinatal lethality (Carter et al., 2000).
The mutant embryos exhibit various defects including
limb abnormalities and craniofacial malformations.
Heterozygous Hicl ™/~ mice developed an age- and gen-
der-dependent spectrum of malignant tumors with a
predominance of epithelial cancers in males (75%) and
lymphomas and sarcomas (80%) in females (Chen et al.,
2003). Further analysis of the HicI™~ mice revealed
that in cancer tissue, the promoter region of the nontar-
geted Hicl allele was hypermethylated at the CpG
islands. This promoter modification led to transcrip-
tional silencing and induced formation of Hicl-negative
tumors. These data point to the important functions of
Hicl during embryogenesis and in mature tissues.
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To assess the role of Hicl in adult mice, we used
gene targeting in mouse embryonic stem (ES) cells to
produce a conditional Hicl null allele. Furthermore, we
performed an “in frame” insertion of the citrine gene
encoding a monomeric variant of enhanced yellow
fluorescent protein into the Hicl locus. In these Hicl-
citrine reporter animals, the sequence encoding the
central CtBP-interacting domain and the C-terminal zinc
finger was replaced by citrine cDNA. Consequently,
transcription from the Hicl locus in various cells or tis-
sues can be easily followed by tracking citrine fluores-
cence or by immunodetection of the citrine protein.
The latter fact is important, because, to our knowledge,
no Hicl-specific antibody working on histological speci-
mens is currently commercially available. Moreover,
citrine-positive cells can be isolated by fluorescence-
activated cell sorting (FACS) and used for subsequent
analyses.

The Hicl gene spans 4.2 kb on mouse chromosome
11 and consists of two exons and one intron. We
inserted the first loxP site into the intron and the sec-
ond loxP site into the 3’ untranslated region (UTR) in
exon 2 (Fig. 1a). This arrangement allows Cre-mediated
deletion of the translated part of exon 2, which yields a
nonfunctional gene (Carter et al., 2000). Mouse hybrid
v6.5 ES cells (Rideout et al., 2000) were electroporated
with the linearized Hicl-floxNeo targeting vector (Fig
1a). Clones surviving selection were screened by South-
ern blotting for homologous recombination at both 5’
and 3’ regions of the Hicl locus (Fig. 1b). Cells of
clones with appropriate integration were karyotyped.
ES cells of chromosomally stable clones were injected
into C57BL/6 blastocysts. We obtained one female and
ten male chimeras. Breeding of three highly chimeric
males to C57BL/6 females yielded germline transmis-
sion, and Hic ’"**V*° heterozygous mice were identified
by Southern blotting and PCR genotyping (Fig. 1¢).

The targeting construct includes yeast FLP recombi-
nase (FLPe) driven by the promoter of the Ace gene.
This part of the construct should drive testis-specific
“self-excision” of the selection cassette flanked by the
FRT sites. However, we noted that the cassette was not
removed from the genome of offspring of chimeric
males, possibly due to insufficient levels of FLPe expres-
sion. Of note, French and colleagues encountered an
identical problem using a construct based on the same
targeting vector (French et al., 2007). To circumvent
any possible influence of the cassette on transcription
of the “floxed” (i.e., flanked by loxP sites) Hicl gene or
neighboring loci, we mated Hic "**V*”" heterozygotes
to ACTB-FLPe transgenic mice expressing FLPe from the
ubiquitously active regulatory region of the human f-
ACTIN gene (Rodriguez et al., 2000). Moreover, to verify
the functionality of the JoxP sites, we intercrossed
Hic"™™" with ZP3-Cre hemizygous females, which
produce Cre recombinase in oocytes (Shafi et al.,
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2000). Cre-mediated excision of the floxed sequence
occurred in all pups carrying the HicF' allele, and
ZP3-Cre transgene and Hicl1?*2* mice were gener-
ated (Fig. 1d).

Subsequently, mating of Hic1““***/* F1 hybrids was
performed. As expected, no Hicl@"=/4°Ex2 apimals
were present among pups at weaning age. Next,
embryos at various developmental stages were har-
vested from 19 matings. PCR genotyping showed a com-
plete absence of Hic19*"**%/“'5x2 embryos at embryonic
day (E) 10.5 and at later stages. On the other hand,
apparently normal Hicl“"2/E2  apnimals  were
detected at E8.5 [of 89 embryos collected at different
stages, 52 were Hicl™’", 34 Hicl™® 2" and 3
embryos (from two litters isolated at E8.5) were
Hic]@"Ex2/delEx2) - As  we observed an increased
frequency of resorbed embryos during matings, we pre-
sume that Hic19*"#*/?¢"%2 mjice die in utero at approxi-
mately E9.5. Interestingly, Carter and colleagues previ-
ously targeted a similar region of Hicl using a “stand-
ard” knockout experiment and reported that
replacement of exon 2 with (-galactosidase and a neo-
mycin resistance expression cassette produced a null al-
lele (Carter et al., 2000). Nevertheless, these Hicl-defi-
cient embryos displayed diverse gross developmental
defects and died throughout the second half of embry-
onic development. Interestingly, the mammalian ge-
nome contains hypermethylated in cancer 2 (Hic2), a
gene related to Hicl (Deltour et al., 2001). We speculate
that there is redundancy between the two genes in
some tissues. Given that we used ES cells of other origin
than those used by Carter and colleagues; we suggest
that the genetic background-related differences in the
expression patterns of Hicl and/or Hic2 might account
for the observed discrepancy in phenotypes of Hicl-
deficient mice.

We crossed Hic P"*"°% mice, which were viable and
fertile, and isolated mouse embryonic fibroblasts
(MEFs) from E14.5 Hic "/ embryos and performed
excision of floxed exon 2 in vitro by lentiviral trans-
duction of Cre recombinase. Transduced cells were
just briefly selected for puromycin resistance; there-
fore, the PCR genotyping revealed that exon 2 was not
deleted in all cells in the culture (data not shown).
However, the level of Hicl mRNA was dramatically
reduced in Cre-producing fibroblasts and not in MEFs
infected with control “empty” lentivirus. Moreover,
decreased Hicl expression was accompanied by sub-
stantial reduction in the Hicl protein level, indicating
that we undoubtedly obtained a Hicl null allele (Fig.
le). Recently, several genes repressed by Hicl have
been identified in a number of independent screens.
All the screens used ectopic Hicl overexpression in
otherwise Hicl negative cells. We tested the expres-
sion of Sirtl and ephbrin-Al1, which were originally
cloned as genes whose expression was upregulated in
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detected as described in (c). (e) Left, the expression of the putative Hic1-regulated genes, ephrin-A1 and Sirt1, is relieved in Hic1-deficient
cells. Quantitative “real-time” RT-PCR (qRT-PCR) analysis of total RNA isolated from Hic17°"* MEFs transduced either with a lentiviral vec-
tor encoding Cre recombinase or with “empty” lentivirus. The abundance of corresponding mRNA is given as the average cycle threshold
(Ct) values and the corresponding standard deviations (SD) after normalizing to the Ubb levels. The expression level of the genes in MEFs
transduced with the empty vector was set to one. Right, representative Western blotting of cell lysates of Cre-expressing or control MEFs.
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Hicl-deficient MEFs (Chen et al., 2005; Zhang et al.,
2010). As shown in Figure le, transcription of Sirtl
and epbrin-A1 was induced upon depletion of Hicl,
thus confirming the previous results. In summary, mice
carrying the Hic/™ allele can be crossed to various
Cre deletor mice and used to study the role of Hicl tu-
mor suppressor in adult tissues.

The knock-in of citrine into the Hicl locus was gener-
ated similarly to the Hic "V allele with several modi-
fications. In the Hicl-citNeo targeting vector, the coding
region of exon 2 was replaced by citrine sequence
using internal Narl and EcoRV restriction sites (Fig. 2a).
The targeting leads to the production of the Hicl-citrine
fusion polypeptide that includes 185 N-terminal amino
acids of Hicl fused to full-length citrine protein. Fur-
thermore, loxP sites were removed from the backbone
of the vector by PCR-based mutagenesis. The Hicl-cit-
Neo construct was transfected by electroporation into
v6.5 ES cells, and cells of one correctly targeted clone
(Fig. 2b) with standard karyotype were injected into
C57BL/6 blastocysts. One chimeric male and two
females were obtained and mated to C57BL/6 mice.
Germline transmission of the HicI“¥*° allele was
achieved from the male and one female chimera. Finally,
HicI®™" mice were generated by crossing Hic1“"V*”™*
animals to ACTB-FLPe mice. Because the Hic1 is a null
Hicl allele, HicI““"" mice displayed the same embry-
onic lethal phenotype as observed in Hic]@e"2/4eltx2
mice [65 embryos from 11 litters were collected with
following genotypes: 29 Hicl*’", 34 Hic1®”", and 2
Hic1“*" (stages E8.5 and E10.5)].

According to our prediction, the production of Hicl-
citrine from the Hicl locus should be easily traceable
by citrine fluorescence or by citrine-specific antibodies.
Indeed, Hicl-citrine was detected in MEFs derived from
HicI“™" embryos by FACS and by immunoblotting (Fig.
20). This indicates that cells derived from Hic1™*
mice can be isolated according to the levels of citrine
fluorescence and used in subsequent experiments.
Interestingly, Hicl-citrine was found not only in the
cytoplasm, but also in the cell nucleus (Fig. 4f,i),
although the Hicl N-terminus does not contain the con-
sensus sequence of the nuclear localization signal.
Importantly, Hicl-citrine mRNA in embryos and adult
tissues showed a similar expression pattern as WT Hicl
(Fig. 2d). Furthermore, in subsequent tests, we noticed
an agreement between the localization of Hicl-citrine
protein detected by immunohistochemical staining and
the tissue distribution of Hicl mRNA obtained previ-
ously by in situ hybridization (Grimm et al., 1999). The
onset of detectable Hicl-citrine fluorescence was at
E10.5 and was noted in the somite derivatives and in
limb buds, where it persisted throughout subsequent
developmental stages (Fig. 3a-g). From E11.5, the signal
retained the segmented pattern, but moreover appeared
in the craniofacial and nasal area (Fig. 3b,d,f,g). Immu-
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nohistochemical localization of Hicl-citrine was mainly
observed in mesenchyme adjacent to cartilagenous con-
densations of the skeletal system (Fig. 3m,q,y). Promi-
nent anti-Hic1-citrine staining was also observed in mes-
enchyme surrounding the spinal cord (Fig. 3s), spinal
and peripheral nerves (Fig. 3m,n,s,t,z), gut epithelium
(Fig. 3p), and epithelial budding of the nose and salivary
glands (Fig. 3k,u). Additionally, Hicl-citrine was noted
in the pancreas (Fig. 30), metanephric kidney (Fig. 3aa),
developing muscles (Fig. 3v-x), and in the region of tri-
geminal ganglion (Fig. 3v). In agreement with the
results of the quantitative real-time PCR (QRT-PCR) anal-
ysis, Hicl-citrine was strongly expressed in placenta at
E10.5 and subsequent developmental stages (Figs. 2d,
3g, and 4). The Hicl-citrine was produced predomi-
nantly in the spongiotrophoblast layer, and the highest
levels were detected in glycogen trophoblast cells
(GTCs) and polyploid trophoblast giant cells (TGCs)
(Fig. 4f,g,i,j) although some TGCs were apparently nega-
tive for Hicl-citrine (inset in Fig. 4f). Finally, we per-
formed control in situ hybridization of Hicl mRNA
using specimens prepared from WT mice and observed
a virtually identical pattern as seen for Hicl-citrine
(Figs. 3w',aa’ and 4c¢,d). In summary, although we can-
not exclude that the stability of HicI-citrine mRNA (and
protein) may differ from WT Hicl in some tissues, our
data indicate that Hicl-citrine produced from the
knock-in Hicl allele can be used as a convenient alter-
native marker of Hicl expression.

MATERIALS AND METHODS

Gene Targeting and Generation of Hic V**V*° and
Hl-clcitrineNeo Mice

DNA containing the Hicl locus was isolated from
two genomic clones of a 129/Sv] bacteriophage lambda
DASH 1I library (Stratagene). The clones were identified
by plaque hybridization using human HICI cDNA as a
probe. DNA including two Hicl exons was cloned into
the vector pEASY-FLIRT (Casola, 2004). The construct
Hicl-floxNeo contained a loxP-FRT-FLPe-NeoR-FRT cas-
sette in the intron, with a second loxP site inserted in
the 3’ UTR of the Hicl gene. In spite of this arrange-
ment, the distance of the loxP sites still remained con-
siderable, 2630 bps. Therefore, an Sspl site was newly
introduced into genomic DNA just upstream of the dis-
tal JoxP site. This site-enabled discrimination of ES cells
that underwent homologous recombination in the
region downstream or upstream of the 3’ UTR loxP site
(Fig. 1a). To generate the Hicl-citNeo targeting con-
struct, both loxP sites were removed from the pEASY-
FLIRT vector by PCR mutagenesis. Subsequently, the
major part of the coding sequence of the second exon
was replaced by citrine cDNA [(Glebov and Nichols,
2004); a gift of K. Drbal] using internal Narl and ECoRV
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FIG. 2. Generation of Hic1 reporter mice. (a) The strategy for the replacement of the major part of the Hic7-coding sequence with citrine
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of targeted ES cell clones. Bottom, PCR genotyping of mice with the WT or citNeo allele using primers detecting Hic1-citrine cDNA. The de-
letion of the resistance cassette was detected using primers P3, P4, and P5 (see also Fig. 1c). (c) Left, FACS analysis of citrine fluorescence
in MEFs isolated from two Hic7°?* and two control Hic1*/* embryos at E14.5. Right, immunoblotting of Hic1-citrine fusion protein present
in lysates of Hic1°”™ MEFs isolated from E14.5 embryos. (d) The expression pattern of the Hic7-citrine gene in mouse embryos and adult
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ated from mouse embryos, adult mouse tissues, and from MEFs (obtained at E14.5). The expression levels of Hic1 and Hic1-citrine mRNA
are presented as average Ct values and corresponding SDs after normalization to the levels of Ubb cDNA. A, Asel; EV, EcoRV; N, Notl; Na,
Narl; X, Xbal; M, molecular weight markers.
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restriction sites. Hybrid [C57BL/6(F) X 129/Sv(M)] v6.5
ES cells (Open Biosystems) were grown on a feeder
layer of MEFs (Stem Cell Technologies) treated with
mitomycin C (Sigma; 2 h, final concentration 10 pg/ml).
ES cells were cultured in Glutamax Dulbecco’s modified
Eagle’s medium (Gibco) supplemented with 15% FBS
(Hyclone; ES cells tested), 2 mM r-glutamine, 1 mM so-
dium pyruvate, 1X nonessential amino acids, 0.1 mM f3-
mercaptoethanol, and penicillin/streptomycin (100 UI,
all chemicals were purchased from Gibco). One millili-
ter of conditioned media obtained from COS-7 cells sta-
bly expressing mouse leukemia inhibitory factor was
added to the final volume of 500 ml. About 1 X 10’ ES
cells were transfected by electroporation (Gene Pulser
II system, Bio-Rad Laboratories; settings: 230 V, 500 pF)
with 20 pg of Clal-linearized targeting constructs. Colo-
nies surviving G418 (Gibco; 350 pg/ml active com-
pound) and gancyclovir (Sigma; 2.5 uM) were picked,
expanded in fresh culture dishes, and screened for ho-
mologous recombination by Southern blotting. Cells of
clones with appropriate targeting were karyotyped, and
the functionality of loxP and FRT sites was tested in
transient transfections using Cre or FLPe recombinase-
producing expression constructs. One clone of each tar-
geting construct was injected into blastocysts of supero-
vulated C57BL/6 females. The blastocyst injections
were performed using the services of the Karolinska
Center for Transgene Technologies (Stockholm, Swe-
den). Chimeric mice were bred to C57BL/6 animals.
Germline transmission of the targeted alleles was veri-
fied by Southern blot hybridization. All regulated proce-
dures were carried out under Project License IMG 9/
20006.

PCR Genotyping

Genotyping was performed using lysates prepared
from a tip of a mouse tail or a piece of embryo. Samples
were digested in 0.5 ml of lysis buffer [10 mM Tris-HCl
pH 8.0, 100 mM NaCl, 25 mM EDTA pH 8.0, 0.5% SDS
(w/v), 0.1 mg/ml Proteinase K (Fermentas)] for 12 h at
56°C. Digested samples were centrifuged (14,000g;
10 min) and supernatants were precipitated with etha-
nol. Dry DNA samples were dissolved in TE buffer (10
mM Tris-HCI pH 8.0, 1 mM EDTA, pH 8.0) and used (1
of 100 of isolated genomic DNA) for PCR with 2X PCR
Master Mix (Fermentas). The strategy used to genotype
various Hicl alleles is described in Figures 1a and 2a.
The amplification of the WT allele using primers P1 (5'-
CCCCACCTTTCTACACCTCA-3") and P2 (5-GAGAGG
CAGGGTTCTCCTTT-3") generated a 150 bp product.
The loxP site insertion into the Hicl locus yielded a
larger, 190 bp DNA fragment. The excision of the FLPe-
NeoR cassette was determined by multiplex PCR with
primers P3 (5-GGTTAGCCGTCGACGAAGTTCCTAT-3"),
P4 (5-GTGGGCTCTATGGCTTCTGA-3"), and P5 (5-
CTCCTGCCCCGATATAACGC-3"). The floxNeo allele
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gave a 126 bp fragment; the length of the PCR product
amplified from the flox allele is 495 bp. PCR using
primers P5 and PG (5-TGAGGAACTTCACATTAT
CAGTCC-3) indicated the excision of Hicl genomic
sequences (a 716 bp fragment). The Hicl-citrine
reporter mice were genotyped by PCR reaction with
primers P11 (5-GATGGAGGCGCCTATGGTGA-3") and
P12 (5-GGCGAAGCACATCAGGCCGT-3), which gener-
ated a 232 bp fragment. ZP3-Cre [C57BL/GJ, Tg (Zp3-
cre)1Gwh] and ACTB-FLPe transgenic mice [B6.Cg-Tg
(ACTFLPe)9205 Dym/J; both strains were purchased
from The Jackson Laboratory] were genotyped using
primers FZP3Cre (5-GCGGTCTGGCAGTAAAAACTA
TC3) and RZP3Cre (5-GTGAAACAGCATTGCTGTC
ACTT-3; PCR is yielding the fragment size of 480 bp);
FACTFLPe (5'-CACTGATATTGTAAGTAGTTTGC-3') and
RACTFLPe (5'-CTAGTGCGAAGTAGTGATCAGG-3'; frag-
ment size 725 bp). The quality of DNA isolations was
tested by PCR using primers specific for the Interleukin
2 gene; FII2 (5-CTAGGCCACAGAATTGAAAGATCT-3),
RI2 (5-GTAGGTGGAAATTCTAGCATCATCC-3'; a 324
bp fragment). All PCR reactions were performed using
the following cycling conditions with 1M betaine (final
concentration; Sigma) as a supplement: initial denatura-
tion (98°C, 3 min), amplification (37 cycles at 98°C for
30 s, 55°C for 30 s, and 72°C for 45 s), and final exten-
sion (72°C for 5 min).

Lentiviral Transductions

The construct encoding Cre recombinase (Cre cDNA
was kindly provided by C.L. Cepko via Addgene) was
generated in the mammalian lentiviral vector, pCDH1
(System Biosciences). Lentiviruses were prepared
using the Trans-Lentiviral Packaging System (Open
Biosystems). HEK 293 FT cells used for packaging
lentiviral stocks were purchased from Invitrogen. Tran-
sient transfections of the pCDHI1-Cre construct were
performed using Fugene HD (Roche Applied Science).
MEFs generated from E14.5 embryos according to
the standard procedure (Larabell et al, 1997) were
transduced with the recombinant lentiviruses and
selected without subcloning using puromycin (Alexis;

2 pg/ml).

RNA Purification and qRT-PCR

Total RNAs were isolated from embryos, adult tissues,
or MEFs using the Trizol reagent (Invitrogen). A detailed
description of the quantitative real-time PCR (QRT-PCR)
procedure was given previously (Lukas et al., 2009). All
primers were calculated using the Primer 3 computer
service at http://biotools.umassmed.edu/bioapps/pri-
mer3_www.cgi. Two housekeeping genes, B-actin
(Actb) and Ubiquitin b (Ubb), were used as internal
control genes to standardize the quality of different
cDNA preparations (Vandesompele et al., 2002). cDNAs
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were produced from three independent RNA isolations
using animals or MEFs (of the corresponding genotype)
derived from the same litter. Samples containing all
components except reverse transcriptase were pre-
pared in parallel and used as negative controls. The PCR
reactions were performed in triplicate for each primer
set in Light Cycler 480 (Roche Applied Science). Data
were analyzed using LightCycler 480 Software 1.5 and
normalized to Actb or Ubb levels. Because both normal-
izations produced similar results, only the data set
obtained by normalization to Ubb is presented. Two
primer sets were used to detect Hicl expression.
Primers P7 (5-CAACCTGTACGTGTGCATCC-3") and P8
(5’-ACGTGTGCATTCAGCTGTTC-3") were derived from
the sequence deleted in the delEx2 allele; primers
P9 (5-GTCTCTGCTTCCGAGGTGTC-3") and P10 (5'-
CAGCTAAAGTTGGGCTCAGG-3") primed on the distal
part of the Hicl 3’ UTR, which is presumably present in
mRNAs produced from both the WT and delEx?2 alleles
(see Fig. la and the PCR Genotyping section). Both
primer sets showed substantial decrease in Hicl mRNA
levels in Cre-transduced Hic1'™*"*” MEFs. This indi-
cated that mRNA expressed from the delEx2 locus is
unstable; only the results obtained with the P9 and P10
primers are shown (Fig. 1€). Citrine cDNA was detected
by two combinations of primers: P11 and P12 or P13

CGGAGCGGCTCGTC-3"); Ubb, FUbb (5-ATGTGAAG
GCCAAGATCCAG-3"), RUbb (5'-TAATAGCCACCCCTCA
GACG-3).

Antibodies and Western Blotting

cDNAs encoding N-terminally His-tagged human HIC1
(aa 154-396) and citrine (full-length polypeptide) were
subcloned into the pET28b vector (Novagen). Recombi-
nant proteins were purified from bacterial [E. coli, strain
BL-21 (DE3)] cell lysates by TALON affinity resins (Clon-
tech) and used for immunizing rabbits or chickens.
Immunoglobulins present in the resulting rabbit antisera
were purified using Melon Gel IgG Purification Kit
(Pierce) according to the manufacturer’s instructions.
The following commercially available mouse monoclo-
nal antibodies were used: anti-a-tubulin (TU-01; Exbio)
and anti-GFP (JL8; Clontech). MEFs grown in 10-cm
culture dishes to 90% confluence were washed twice in
ice-cold phosphate-buffered saline (PBS) and harvested
by scraping the surface of the dish in Laemmli sample
buffer (Laemmli, 1970) and immunoblotted. A detailed
protocol describing the immunoblotting procedure
can be found elsewhere (Lukas et al., 2009). Peroxidase-
conjugated anti-chicken, anti-mouse, or anti-rabbit
secondary antibodies were purchased from Sigma.

(5-GCGAGGGCGATGCCACCTAC-3) and P12 (Fig. 2a).
The following primers were used; Actb, FActb (5'-
GATCTGGCACCACACCTTCT-3"), RActb (5-GGGGTGT
TGAAGGTCTCAAA-3); ephrin-Al, Fephrin-Al (5'-ACC
GTGGAGAAGCCTGTGGGA-3), Rephrin-Al (5'-CCTC
CTCACGGAACTTGGGATTTGAAC-3"); Sirtl, FSirtl (5'-C
GGAGGGCCAGAGAGGCAGT-3"), RSirtl (5-CTCTTG

Flow Cytometry and Fluorescent Microscopy

Freshly isolated MEFs were washed twice with PBS.
The citrine production in living cells (negatively stained
with Hoechst 33258) was analyzed by an LSRII flow cy-
tometer (BD Biosciences). For fluorescent microscopy,

FIG. 3. Tracing Hic1-citrine expression during embryonic development (a-h) The knock-in of the citrine gene into the Hic1 locus allows
tracing Hic1-citrine expression in the intact embryos. Citrine fluorescence was first detected at stage E10.5 in the putative somite deriva-
tives and limb buds [arrowhead in (a)]. From the twelfth embryonic day and in later stages, the signal is retained in body segments, limb
buds, and limbs [arrowheads in panels (c, d, e, and g)], but moreover, supervenes in the craniofacial and nasal area (b-g), where it includes
the presumptive maxillary/mandibular components of the first branchial arch [arrows in (b and d)]. Fluorescent signal was also observed in
the placenta (g). At E15.5, the expression was clearly visible in digits of both fore- and hindlimbs (h). (i~aa) Immunohistochemical detection
of Hic1-citrine in paraffin-embedded sections of mouse embryos at E11.5, E12.5, and E13.5. All embryos were cut parasagitally except for
(2), which shows a transversal section of the forelimb. The sections were stained with a rabbit anti-citrine polyclonal antibody (visualized as
brownish precipitate of DAB substrate) and counterstained with hematoxylin nuclear stain (blue). The specimen in panel (i) was derived from
WT mice to confirm the specificity of the staining; the remaining samples were prepared from Hic1°"* embryos. For comparison, the
images in (W) and (aa’) depict the localization of Hic1 mRNA using in situ hybridization of Hic7 antisense riboprobes on the frozen sections
of WT embryos. Corresponding immunohistochemical staining is shown in (w) and (aa), respectively. Panel (j) depicts the whole rostral part
of Hic1°"* embryo at lower magnification to illustrate the strength and localization of the positive signal. Microphotographs in (m), (s), and
(w) are shown in more detail in (n), (t), and (x), respectively. Through all developmental stages tested, Hic1-citrine expression was observed
in mesenchyme adjacent to precartilage or cartilage condensations of the skeletal system. These included the mandibular component of
the first branchial arch (I and w), anlages of the ribs and vertebrae (m, g, and y), and the precartilage primordia of the developing limbs (z).
Anti-Hic1-citrine staining was also detected in mesenchyme surrounding the spinal cord and spinal and peripheral nerves (m, n, s, t, and z)
and epithelial buds, for example of the nose and salivary glands (k and u). Prominent staining for Hic1-citrine was noted in the pancreas (o),
metanephric kidney (aa), and in mesenchyme facing the gut epithelium (p). Hic1-citrine was produced in developing tongue muscles (I, w,
and x), in the presumptive eyelid muscle and the area of trigeminal ganglion (v). CC, cartilageous condensations; CR, cortical region of
metanephros; EM, eyelid muscle; FL, forelimb, HL, hindlimb; Gut, lumen of the gut; IMT, intrinsic muscle of the tongue; Inc, incisor; LG, duc-
tus of the lacrimal gland; Liv, liver; MC, Meckel’s cartilage; Md, mandibular component of the first pharyngeal arch; MR, medullar region of
metanephros; MS, precursor of median fibrous septum of the tongue; NC, nasal cavity; Panc, pancreas; PN, peripheral nerves; Ret, retina;
Rib, rib anlage; Sal, salivary gland; SC, spinal cord; SN, spinal nerve; So, somites; SP, shoulder primordium; T, tongue; TT, tip of the tail; Tri,
trigeminal ganglium; U, ureter; VA, vertebrate anlage. Bars represent 0.5 mm in (i and j) and 0.1 mm in (k-aa’).
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FIG. 4. Hic1-citrine is strongly expressed in spongiotrophoblast of the placenta. Fluorescent microphotographs of the whole placenta
obtained from the Hic7°* mouse embryos at E14.5 (a) and of two placental tips cut from WT and Hic71°”* animals of the same develop-
mental stage (b). Pictures were taken from the fetal side; the cutting plane in (b) is shown in (a). (c and d) Detection of Hic? mRNA in spon-
giotrophoblast (SpT) using in situ hybridization of Hic1 antisense riboprobes on the radial frozen sections of the Hic1™'* placenta at E13.5
and E14.5. (e-j) Immunodetection of Hic1-citrine protein in radial paraffin sections of placenta at mid- and late gestation. The sections were
oriented with their maternal (decidual) part to the top left corner and the fetal side at the bottom right corner. Pictures were taken from the
middle part of the placenta except in (g), where a more lateral part is shown; (h) depicts the labyrinth in close proximity to the fetus. The
detail of the “contact zone” between SpT and the labyrinth is shown in (j). All sections were stained with a rabbit anti-citrine polyclonal anti-
body and counterstained with hematoxylin. The specimen in (e) was derived from WT mice to confirm the specificity of the staining, the
remaining samples were taken from Hic7°* embryos. Nuclear and cytoplasmic Hic1-citrine were detected in all parts of the placenta with
prominent staining in the SpT layer and in SpT cells invading the deciduum (g and i). Especially strong staining was observed in glycogen
trophoblast (GlyT) cells and trophoblasts giant cells [(TGC); (f-j)] at various locations, although we noted that some TGC were negative for
Hic1-citrine [arrow in the inset in (f) and in (i)]. Dec, deciduum; GlyT, glycogen trophoblast cells; La, the labyrinth layer; TGC, trophoblasts
giant cells; SpT, spongiotrophoblast. Bar in (c and d) represents 0.5 mm, in other images 0.1 mm.

embryos were harvested in cold PBS and directly photo-
graphed using an SZX10 stereomicroscope (Olympus).

Immunohistochemical Staining

Approximately 30 Hic1 ™" and an equivalent number
of Hic1®" embryos were fixed (including placentae)
in 4% (v/v) formaldehyde-PBS, embedded in paraffin,
and sectioned (6 pm). For immunohistochemical analy-
ses, dewaxed sections were treated with 0.75% H,O, in
methanol for 20 min. The slides were then immersed in
citrate buffer (10 mM, pH 6.0) and incubated for 20 min
at 98°C in a steam bath. Slides were washed in PBS and
incubated with 5% goat nonimmune serum (Jackson
ImmunoResearch) for 20 min at RT to block nonspecific

binding. The purified rabbit anti-citrine antibody served
as primary antibody. The antibody was visualized with
goat anti-rabbit biotinylated antiserum (Molecular
Probes) and streptavidin/biotin/horseradish peroxidase
(HRP) detection system (DAKO). HRP was detected
using H,O, and diaminobenzidine (Fluka) substrate; tis-
sue was counterstained with hematoxylin.

RNA Probes and In Situ Hybridization

A DNA fragment encompassing the nucleotides
2300-3616 in the second exon of the mouse Hicl gene
(numbering corresponds to Hicl sequence accession
No. NM_010430.2) was subcloned into pBluescript SK
II (Stratagene). The construct was linearized, and digox-

119



TWO MODIFICATIONS OF THE MOUSE HIC? GENE 151

igenin-labeled antisense RNA and control sense probes
were generated from the template using the DIG RNA
Labeling Kit (Roche Applied Science). Dissected
embryos and placentae were embedded in O.C.T. me-
dium (Tissue-Tek). Ten micron sections were cut and
mounted on Super Frost Plus slides (Electron Micros-
copy Sciences). Sections were postfixed in 4% (wW/v)
paraformaldehyde in PBS (4°C, 10 min), acetylated for
10 min (acetic anhydride, 0.25%; Sigma), and hybridized
with digoxigenin-labeled probes overnight at 62°C.
In situ hybridization was carried out as described previ-
ously (Machon et al., 2002).
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DAZAP2 modulates transcription driven by the Wnt
effector TCF4

In search for new interacting partners of TCF4, we identified Dazap2 (Deleted in
Azoospermia Associated Protein 2). Dazap2 encodes a small ubiquitously expressed protein with
high a content of prolines®®. Dazap? is likely a very important protein, considering its extremely
high DNA and protein sequence conservation in the evolution, with only 1 aa (of total 168 aas)
difference between mouse and human proteins, and the number of identified binding partners®’.

In our study, we identified Dazap2 as a direct binding partner to all TCF/LEF family
members potentiating the Wnt/B-catenin driven transcription. Dazap2 knockdown decreases
binding of TCF4 to the promoters of the Whnt-signaling target genes. The activity of the Wnt/p-
catenin dependent reporters positively correlated with the amounts of Dazap?2 in cells. Interestingly,
endogenous Dazap? protein shows a mostly cytoplasmic distribution which changes to nuclear
upon ectopic TCF4 expression. This indicates that TCF4 translocates/retains Dazap2 into/in the

nucleus in a dose-dependent manner.

My contribution to this work: | generated the constructs which were used to obtain the data

depicted in Figure 2 and Supplementary Figures 2 and 3.
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ABSTRACT

A major outcome of the canonical Wnt/p-catenin-
signalling pathway is the transcriptional activation
of a specific set of target genes. A typical feature
of the transcriptional response induced by Wnt
signalling is the involvement of Tcf/Lef factors that
function in the nucleus as the principal mediators of
signalling. Vertebrate Tcf/Lef proteins perform two
well-characterized functions: in association with
p-catenin they activate gene expression, and in the
absence of Wnt ligands they bind TLE/Groucho pro-
teins to act as transcriptional repressors. Although
the general characteristics of Tcf/Lef factors are
well understood, the mechanisms that control their
specific roles in various cellular backgrounds are
much less defined. In this report we reveal that the
evolutionary conserved Dazap2 protein functions as
a TCF-4 interacting partner. We demonstrate that a
short region proximal to the TCF-4 HMG box
mediates the interaction and that all Tcf/Lef family
members associate with Dazap2. Interestingly,
knockdown of Dazap2 not only reduced the activity
of Wnt signalling as measured by Tcf/p-catenin
reporters but additionally altered the expression of
Whnt-signalling target genes. Finally, chromatin
immunoprecipitation studies indicate that Dazap2
modulates the affinity of TCF-4 for its DNA-
recognition motif.

INTRODUCTION

The Wnt-signalling pathway is essential during different
developmental processes for determining cell fate. In
addition, aberrant activation of this pathway has been
implicated in cellular transformation and cancer [see
some recent reviews (1-3)]. Transcription factors of the

Tcf/Lef family are important downstream effectors of
the so-called canonical Wnt/B-catenin-signalling pathway.
In vertebrates the family consists of four members: Tcf-1,
Tcf-3, Tef-4 and Lef-1 (4). All vertebrate Tcf/Lef proteins
(further referred to as Tcfs) contain virtually identical
DNA-binding domains, a high mobility group (HMG)
box, and a highly conserved B-catenin-interacting region.
In the absence of the Wnt signal, Tcf/Lef factors interact
with Transducin-like enhancer of split (TLE)/Groucho co-
repressors to mediate the transcriptional repression of Tcf-
bound genes (5-7). Alternatively, upon initiation of Wnt
signalling the constitutive degradation of p-catenin is
inhibited allowing this protein to accumulate both in the
cytoplasm and nucleus, with the nuclear form able to dis-
place TLE/Groucho co-repressors from Tcfs (8). Since
B-catenin contains a strong transactivation domain, Tcf/
B-catenin heterocomplexes function as transcriptional
activators of specific Wnt-responsive genes such as c-myc
(9), Cyclin DI (10,11), Axin2 (12) and CD44 (13). For a
more comprehensive survey on Wnt signalling, please
refer to the Wnt signalling home page at http://www.
stanford.edu/% 7ernusse/wntwindow.html.

Although the general function of Tcfs as transcriptional
repressors or co-activators is well understood, their spe-
cific roles in Wnt signalling or cell physiology are much
less defined. Besides [-catenin and TLE/Groucho
co-repressors several other proteins associate with the
HMG box of Tcfs. Such factors include proteins contain-
ing the I-mfa domain that mask the DNA-interacting
region of Tcf-3, thereby preventing Tcf-3/B-catenin het-
erodimers from activating transcription (14). Likewise,
RUNX3 forms a ternary complex with PB-catenin and
Tcfs to attenuate the transactivation potential of Tcf/
B-catenin complexes by decreasing their DNA-binding
activity (15).

Expression of mouse T¢f/Lef genes during embryogen-
esis and in adult tissues often overlaps. Nevertheless,
gene-targeting experiments have demonstrated that
individual Tcf members control their own cell biological
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programs (16-19). This observation implies that through-
out evolution the functions originally executed by a single
Tcf polypeptide have been distributed in more complex
organisms among several family members. A plausible
explanation for the functional diversity among Tcfs
would be their selective interaction with distinct partners
as the amino-acid sequences outside the highly conserved
DNA- and B-catenin-binding domains are less homolo-
gous. Indeed, it has been reported that LEF-1 activates
some promoters together with ALY, a nuclear protein that
specifically binds LEF-1 and AML-1 (20). Additionally,
LEF-1 cooperates with the Microphthalmia-associated
transcription factor (MITF) to activate the expression of
melanocyte-specific genes (21). Interestingly, although the
activity of LEF-1 is suppressed by association with PIASy
(a nuclear matrix-associated SUMO E3 ligase), this inter-
action results in increased TCF-4-regulated transcription
(22,23). Two Tcf/Lef family members, Tcf-3 and Tcf-4,
contain binding motifs for C-terminal-binding proteins
(CtBPs) at their C-termini (24-26). As CtBPs operate as
short-distance transcriptional repressors, interaction with
such factors strengthens the repressive potential of these
Tcfs in the absence of Wnt signalling (27). Besides CtBP,
TCF-4 also binds the Hypermethylated in cancer 1 (HICI)
tumour suppressor. This interaction leads to the recruit-
ment of TCF-4 into nuclear ‘speckles’ called HIC1 bodies.
Upon association with HIC1, TCF-4 is unable to bind
Whnt-responsive gene promoters. Thus, HIC1 functions
as a nuclear TCF-4-specific Wnt pathway inhibitor (27).
Finally, to add another layer of complexity to the regula-
tion of Wnt target genes it has also been demonstrated
that alternative promoters and/or alternative splicing of
Tcf/Lef mRNAs occurs (28,29). A mechanism by which
distinct Lef/Tcf isoforms may acquire individual proper-
ties is illustrated by their interaction with Hic-5 (hydrogen
peroxide-induced clone 5). Hic-5 has been shown to bind a
highly conserved and alternatively spliced exon of Lef/Tcf
proteins and this results in the formation of a Lef/Tcf
subtype-specific repressive complex that prevents target
gene activation (30).

Mammalian Dazap?2, also known as Proline codon-rich
transcript, brain expressed (Prtb), was originally isolated
in a mouse gene trap screen as a transcript expressed in the
inner ear (31). This gene encodes a small 17 kDa protein
that is highly conserved throughout evolution. The protein
does not share significant sequence homology with any
protein family and its most notable feature is a high con-
tent of prolines (17%) and several potential Src homology
2 (SH2)- and SH3-binding motifs (32). The Dazap?2 gene is
broadly expressed during mouse embryonic development
and in adult mouse and human tissues (31,33-35).
Interestingly, Dazap2 mRNA and protein are frequently
down-regulated in multiple myeloma patients (36) whilst
Dazap2 mRNA is known to increase in adhering mouse
osteoblasts or in rat astrocytes grown in high ammonia or
hypo-osmotic conditions (37). In humans, Dazap2 inter-
acts with RNA-binding testes-specific proteins DAZ and
DAZLI1 (35). In addition, Dazap2 also binds the Sox6
transcription factor to regulate L-type Ca™ * channel o,
expression during cardiac myocyte development (33).
Recently, Kim and colleagues (38) described the
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interaction of Dazap2 with the Eukaryotic initiation
factor 4G (elF4G) which is essential for the formation
of discrete cytoplasmic foci, named stress granules
(SGs). SGs are formed upon translation inhibition and
contain translation initiation factors and 40S ribosomal
subunits (34,38). Finally, the protein level of Dazap2 is
regulated by its interaction with NEDD4, an E3 ubiquitin
ligase (39). Taken together, the aforementioned data indi-
cate that Dazap?2 functions in diverse roles in cell biology
and physiology.

In this study we have used a yeast two-hybrid screen to
identify Dazap2 as a TCF-4 interacting partner. Further-
more, we show that a short region proximal to the TCF-4
HMG box mediates this interaction. Interestingly,
although this region is only partially conserved among
Tcfs, all Tef/Lef family members associate with Dazap2
in mammalian cells. Upon interaction with TCF-4 the
subcellular distribution of Dazap2 is dramatically shifted
from the cytoplasm into the nucleus. Upon knockdown of
Dazap2? a reduction in the activity of Tcf/B-catenin repor-
ters was observed along with the expression of several
Whnt-signalling target genes. Chromatin immunoprecipita-
tion experiments performed in cells with down-regulated
Dazap2 expression revealed a remarkable decrease in
TCF-4 binding to Tcf-responsive elements in the promo-
ters of genes tested. We propose that Dazap2 modulates
the affinity of Tcfs to their recognition motifs.

MATERIALS AND METHODS
Plasmid constructs

Constructs encoding proteins fused at the N-terminus to
EGFP were prepared using the pEGFP-C vector
(Clontech); plasmids encoding Myc-tagged proteins were
generated using the pK-Myc vector (26) and plasmids
expressing Flag-tagged polypeptides were constructed in
the vector pFlag-CMV-5a (Sigma). cDNAs encoding
human T7TCF-4 (GenBank accession number NM_
030756), human TCF-1 (NM_003202), and mouse Lef-1
(NM_010703) were described previously (26,40,41). Full-
length cDNA encoding human 7CF-3 (NM_031283) was
purchased from Open Biosystems whilst the cDNA encod-
ing human B-catenin (NM_205081) was kindly provided
by B. Vogelstein (The Johns Hopkins Kimmel Cancer
Center); c¢DNA encoding the full-length human
DAZAP2 protein (NP_055579) was cloned by RT-PCR
using template mRNA isolated from DLD-1 cells. PCR
amplification steps were performed with Phusion High-
Fidelity DNA Polymerase (Finnzymes). Mouse cDNA
encoding Wnt-1 [a gift from M.van Dijk (University
Hospital Utrecht)] was subcloned into the mammalian
expression vector pXJ41 (kindly provided by L. Andera,
IMG, Prague, Czech Republic). Mouse cDNA encoding
Grg4 [a TLE/Groucho repressor (NM_011600)] was
kindly provided by Z. Kozmik (IMG). Human TABI
(U49928), mouse Takl (D76446) and mouse Nlk
(NM_008702) cDNAs were obtained from T. Ishitani
(Nagoya University). PCR-derived constructs were veri-
fied by sequencing; details of plasmid constructs are
available on request.



Yeast two-hybrid screen

The c¢cDNA encoding the N-terminal part of TCF-4
lacking the B-catenin-interacting domain [amino acids
(aa) 31-333] was subcloned into the vector pGBKT?7
(Clontech) and introduced into yeast AH109 cells by the
standard lithium acetate transformation protocol.
Expression of the TCF-4 fragment and GAL-4 DNA-
binding domain (DBD) bait protein was tested in cell
lysates by immunoblotting using anti-Myc and anti-
TCF-4 monoclonal antibodies. A pre-transformed mouse
17-day embryo Matchmaker cDNA library amplified in
the yeast strain Y187 (Clontech) was used for the screen
according to the manufacturer‘s instructions. The ‘library’
and ‘bait’ cells were first mated in liquid cultures before
subsequent plating on selective agar plates. After incuba-
tion at 30°C for 7-10 days, clones of growing cells were
picked and streaked onto fresh selective plates and sub-
jected to B-galactosidase filter lift assays. Plasmids isolated
from positive clones were transformed into the yeast strain
Y187 and their specificity tested by mini-mating with
AH109 yeast cells that expressed the GAL-4 DBD or
GAL-4 DBD-Lamin fusion proteins as bait. Clones that
specifically interacted with the GAL-4 DBD-TCF-4 bait
were sequenced. For the interaction domain mapping
experiment cDNAs encoding corresponding fragments of
TCF-4 (see legend to Figure 1 for details) were subcloned
into the pGBKT7 vector and the resulting constructs were
transformed into AHI109 yeast cells. Individual yeast
clones were mated with Y187 cells containing the
Dazap2 prey and the growth of diploid yeast was tested
on agar plates under selective conditions.

Cell lines, transfections, retrovirus production and infection

Human embryonic kidney (HEK) 293, human HelLa,
DLD-1 and U20S cells and mouse Wnt3a-producing
L cells were purchased from ATCC. Mouse C57TMG
cells were kindly provided by R. Nusse and K. Willert
(Stanford University). HEK 293 FT cells used for produc-
tion of retroviral stocks were obtained from Invitrogen.
pSuperTOPFLASH HEK 293 (STF 293) cells containing
the integrated variant of the Wnt/B-catenin-responsive
luciferase reporter pSuperTOPFLASH (42) were a kind
gift from Q. Xu and J. Nathans (Johns Hopkins
University). Cell lines were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (Hyclone) and antibiotics. Cells
in cultures were regularly checked for the presence of
mycoplasma and only mycoplasma-free cells were used
in experiments. Transfections of human cells were per-
formed using the Lipofectamine RNAIMAX [small inhib-
itory RNAs (siRNA) transfections] or Lipofectamine 2000
reagent (plasmid or combined plasmid and siRNAs trans-
fections). Both reagents were purchased from Invitrogen.
C57TMG cells were transfected using Fugene HD (Roche).
Retroviral stocks were produced as described previously
(26). Lentiviral stocks were prepared using the Trans-
Lentiviral Packaging System (Open Biosystems) according
to the manufacturer’s protocol. Retroviral (or lentiviral)
infections have been described previously (26); puromycin
(Alexis; final concentration 5pg/ml) resistant cells were
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selected without subcloning for 10 days and used in sub-
sequent experiments.

GST interaction assays

Constructs expressing Glutathione S-transferase (GST)-
TCF-4 fusion proteins were prepared using the pET-42b
vector (Novagen). GST-TCF-4 (full-length), GST-TCF-
4-N-term (aa 1-333), GST-TCF-C-term (aa 333-590),
GST-TCF-4 (aa 1-214), GST-TCF-4 (aa 1-228), GST-
TCF-4 (aa 214-310), GST-TCF-4 (aa 228-310) and
GST-B-catenin (full-length) fusion proteins were expressed
in the BL21 (DE3) strain of Escherichia coli. The mouse
Dazap2 and human TCF-4 proteins were produced
in vitro using the Quick TNT Coupled Reticulocyte
System (Promega). A detailed protocol describing GST
pull-down assays was reported previously (26).

Antibodies, co-immunoprecipitation and western blotting

Antiserum to Dazap2 was produced by immunization of
rabbits or hens with a bacterially expressed mouse full-
length polypeptide. An anti-B-catenin rabbit polyclonal
antibody was produced by immunization with a bacte-
rially expressed C-terminal fragment (aa 585-781) derived
from the human polypeptide; an anti-f-catenin mouse
monoclonal antibody was prepared in collaboration with
Exbio Praha (Czech Republic) using standard techniques
from the splenocytes of mice immunized with a bacterially
produced B-catenin fragment. The anti-TCF-4 monoclo-
nal and anti-TCF-4 and anti-EGFP rabbit polyclonal
antibodies were reported previously (27). The following
commercially available mouse monoclonal antibodies
were used: anti-Myc 9E10 (Roche), anti-Flag M2
(Sigma), anti-Flag (Exbio), anti-o-tubulin TU-01
(Exbio). A detailed protocol describing the immunoblot-
ting procedure can be found in the Supplementary Data.

Immunofluorescent microscopy

For immunofluorescence studies, Dazap2 polyclonal anti-
bodies were purified by affinity chromatography using the
GST-Dazap2 antigen coupled to glutathione Sepharose
4B (Amersham Pharmacia Biotech) (43). The purified
antibodies were subsequently stored at 4°C in PBS supple-
mented with 1% BSA [(w/v), Sigma, molecular biology
grade]. Monoclonal antibodies were used as hybridoma
cell culture supernatants without dilution. Cells grown
on coverslips were fixed (when cells were transfected
prior to staining, the fixation was performed 18 h after
transfection) in cold methanol (—20°C, 5min) followed
by a brief incubation in acetone (—20°C, 30s).
Alternatively, fixation was performed for 10 min at room
temperature using a 4% (v/v) solution of paraformalde-
hyde (Electron Microscopy Sciences) diluted in PBS
before cells were subsequently permeabilized with 0.2%
(v/v) Triton X-100 (Sigma; room temperature, 15min)
diluted in PBS. After washing with PBS, cells were pre-
incubated in 1% BSA (Fraction V; Sigma) for 20 min
at room temperature. The cells were then stained with
primary GST-Dazap2-purified polyclonal antibodies
(5 pg/ml in PBS) or with an anti-TCF-4 monoclonal anti-
body (undiluted hybridoma culture supernatant; room
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temperature, 60 min). The samples were washed three
times with PBS, and consecutively incubated with a rele-
vant fluorescently labelled secondary antibody. The
ALEXA 488 dye conjugated to goat anti-chicken or
goat anti-rabbit antibodies and ALEXA 594 conjugated
to a goat anti-mouse antibody (dilution 1:500; Molecular
Probes) were used. To pre-block the Dazap2 antibody,
antigen-purified antibodies (20 pg/ml) were incubated
with the bacterially expressed Dazap2 or EGFP (negative
control) proteins (overnight at 4°C; the concentration of
recombinant protein in each sample was 50 pg/ml), before
being diluted in PBS (final concentration 5 pg of the anti-
body per ml) and used for staining. Finally, the samples
were washed three times in PBS, incubated with DAPI
nuclear stain (Molecular Probes; 1min, room tempera-
ture, final concentration 1 M), washed and mounted in
MOWIOL (Calbiochem). Immunofluorescence was visua-
lized using a confocal laser scanning microscope (TCS
SP5; Leica). The system was carefully tested for overlaps
between individual optical channels and the microscopic
images were taken separately for each fluorescence chan-
nel using the sequential scanning mode.

RNA purification and real-time quantitative
RT-PCR (qRT-PCR)

Standard procedures were used for RNA purification and
reverse transcription. Briefly, total RNAs were isolated
from cells using the Trizol reagent (Invitrogen); random
or oligo dT-primed cDNA was prepared in a 20 pl reaction
from 1pg of total RNA using Superscript II RNAseH™
reverse transcriptase (Invitrogen). cDNAs were produced
from at least two independent RNA isolations and the
PCR reactions were performed in triplicate for each
primer set. Two percent of the resulting cDNA was used
for one quantitative PCR reaction. Control reactions
(containing corresponding aliquots from cDNA synthesis
reactions that were performed without reverse transcrip-
tase; minus RT controls) were run in parallel duplicates.
PCR reactions were run using the LightCycler 480 Real-
Time PCR System (Roche). Typically, a 5 pul reaction mix-
ture contained 2.5 ul of LightCycler 480 SYBR Green 1
Master mix (Roche), 0.5 pl of primers (final concentration
0.5uM) and cDNA diluted in 2l of deionized water.
Crossing-threshold (CT) values were calculated by
LightCycler® 480 Software (Roche) using the second-
derivative maximum algorithm. The specificity of each
PCR product was analysed using the in-built melting
curve analysis tool for each DNA product identified; addi-
tionally, some selected PCR products were verified by
sequencing. All primers were calculated using Primer 3
computer services at http://frodo.wi.mit.edu/. Two house-
keeping genes, g-actin and ubiquitin C (Ubc) were used as
internal control genes to standardize the quality of differ-
ent cDNA preparations (44). Primer sequences are listed
in Supplementary Data.

Wnt3a purification

Recombinant mouse Wnt3a ligand was isolated from
the culture medium of Wnt3a-producing L cells accord-
ing to a detailed protocol published on the Internet
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(http://www.stanford.edu/% 7ernusse/assays/W3aPurif.
htm). The activity of individual batches of purified Wnt3a
protein were tested using Wnt3a-stimulated and control
(Wnt3a storage buffer added only) STF 293 cells and luci-
ferase assays.

Knockdown of Dazap2

For gene knockdowns of human DAZAP2, four duplex
siRNAs were purchased from Dharmacon. The target
sequences (on the plus DNA strand) were as follows: #I
5-GGA GCC AAC GUC CUC GUA A-3, #2 5-CAC
CAU GUC AGC CGC AUU U-3, #3 5-UCA GAG
CUC UAU CGU CCG A-3, #4 5-CUU CAU GGG
UGG UUC AGA U-3. Control EGFP siRNA
(Dharmacon) target sequence was: 5-GCG ACG TAA
ACG GCC ACA AGT TC-3. Cells transfected with
duplex siRNAs at a concentration of 30nM were grown
for 24-72h before further analysis. To generate a stable
knockdown of Dazap2 in mouse C57TMG cells, the cells
were transduced with retroviruses (purchased from Open
Biosystems) that express Dazap2 shRNA (shRNA
#1  code: TRCNO0000085966, shRNA #2 code:
TRCNO0000085965). Non-silencing lentiviral shRNAmir
(pGIPZ; Open Biosystems) were used as a control. The
constructs were packaged and transduced into the target
cells as described by the manufacturer. The cells were
selected without subcloning using appropriate antibiotics
before they were used for further analysis.

Reporter gene assays and Wnt stimulation

To assay TCF-mediated transcription, firefly luciferase
pTOPFLASH and pFOPFLASH reporters containing
either three copies of the optimal Tcf motif GATCAAA
GG or three copies of a mutant motif GGCCAAAGG,
respectively were used (45). Additionally, Cyclin D1 repor-
ter constructs containing one copy of the Tcf-interacting
motif (designated 163CDILUC) or its mutated variant
(163mtLefCD1LUC) (10) (a gift from A. Ben-Ze’ev, The
Weizmann Institute of Science) and the Axin2 promoter
reporter (46) (a gift from F. Costantini, Columbia
University Medical Center) were used. Reporter gene
assays were performed as described previously (26).
Briefly, cells were seeded into 24-well plates (~10°cells
per well, depending on the cell type) and transfected 2 h
later with a Lipofectamine mixture containing 100ng
Renilla pRL-SV40 plasmid (Promega) as an internal con-
trol, 500 ng luciferase reporter plasmid, and up to 1 pg of
the particular expression vector. The total amount of
DNA was kept constant by adding empty expression
vector where necessary. For transfection into STF 293
cells (containing an integrated TCF-dependent reporter
pSuperTOPFLASH) (42,47), a mixture that included
50 ng Renilla plasmid and up to 1.5 pg of a specific expres-
sion or stuffer vector was prepared. Two independent
systems were utilized to activate Wnt signalling: (i)
co-transfection of cells with a Wntl-expressing plasmid.
Cells were analysed 24 h post-transfection; (ii) stimulation
of cells with purified recombinant Wnt3a ligand. Cells
were transfected with corresponding constructs and 15h
post-transfection recombinant Wnt3a (only the vehicle



was used in control experiments) was added and the
cells cultured for additional 16h before their harvest
and lysis. The activity of firefly and Renilla luciferase in
cell lysates were determined using the Dual luciferase
system (Promega) and a single tube Iuminometer
Sirius (Berthold). All reporter gene assays were done in
triplicate. Reporter gene activities shown are average
values plus standard deviations calculated from at least
three independent experiments after normalization against
the activity of Renilla luciferase.

Chromatin immunoprecipitation (ChIP)

For ChIP experiments, STF 293 cells were grown in 10-cm
culture dishes and transfected either with siRNA #2 tar-
geting Dazap?2 or control siRNA (non-silencing siRNA
set; Dharmacon). Two days later the cells were transferred
into 15-cm culture dishes and subsequently stimulated
with Wnt3a or Wnt3a storage buffer alone for 16 h. The
cells were fixed directly in the dishes using formaldehyde
[1% (v/v); Sigma] then harvested and subjected to ChIP
analysis according to Kirmizis (48). Usually, chromatin
isolated from cells grown in one 15-cm culture dish was
used for immunoprecipitation with one specific antibody.
Rabbit anti-Dazap2, TCF-4 and P-catenin polyclonal
antibodies were used for ChIP; the negative control
experiments were performed with a rabbit anti-EGFP
polyclonal antibody. The amount of precipitated DNA
was analysed using the LightCycler 480 Real-Time PCR
System (Roche) in an analogous manner to real-time
gqRT-PCR. Half a percent of decrosslinked and purified
(by phenol extraction) input chromatin (chromatin that
was not subjected to ChIP) was analysed in control PCR
reactions. The primers used for the PCR amplification are
listed in the Supplementary Data.

RESULTS

Dazap2, a small evolutionary conserved protein,
interacts with the TCF-4 N-terminus

It is well known that the function of the nuclear effectors
of Wnt signalling, the Tcf/Lef transcription factors, can be
modulated by various interacting partners. As such, we
decided to perform a yeast two-hybrid screen (Y2H) to
search for novel TCF-interacting proteins. An N-terminal
part of human TCF-4 protein (aa 31-333) was used as
bait. This truncated protein lacks its very N-terminus
that encodes the main [-catenin-interacting domain
(8,49) as well as the C-terminal DNA-binding HMG box
(Figure 1A). From a cDNA library collected from a Day
17 mouse embryo we obtained seven yeast colonies (out of
~5x 107 diploid yeast cells) growing in selective broths.
Of these clones only one encoded a protein that specifi-
cally interacted with the TCF-4 bait and not the Gal-4
DNA-binding domain (DBD) alone, Gal-4 DBD-Lamin
and Gal-4 DBD-p53 fusion proteins or with the
C-terminal part of TCF-4 used as bait in our previous
study (26) (Figure 1A and data not shown). The result-
ing plasmid DNA isolated from the yeast cells encoded a
full-length 168 aa polypeptide described previously as
Proline codon-rich transcript, brain expressed (Prtb) or
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Figure 1. Interaction between Dazap2 and TCF-4 in a yeast two-
hybrid screen. (A) Deletion mutants of human TCF-4 (schematically
represented on the right as thick black lines) were tested in an Y2H
mini-mating assay for interaction with full-length mouse Dazap2. The
left panel shows the growth of clones of yeast cells on selective agar
plates. The yeast cells contain plasmids as indicated above and express
TCF-4 deletion mutants that are depicted on the right. None of the
TCF-4 proteins binds to the separate GAL4 activation domain (AD)
encoded by ‘empty’ library vector pACT2 or to the fusion protein
GAL4 AD-SV40T large antigen (pSV40 T). B-cat, B-catenin interaction
domain; TLE/Groucho, TLE/Groucho-binding domain; CtBP, CtBP-
binding sites; HMG, DNA-binding domain. (B) Amino-acid compari-
son of human, sea squirt (Ciona) and red flour beetle (Tribolium)
Dazap2. Protein sequences were aligned by the ClustalV program.
The amino-acid differences are boxed. GenBank accession numbers:
Homo sapiens, NP_055579; Tribolium castaneum, XP_973572; Ciona
intestinalis, NM_001032667. (C) The Dazap?2 gene is broadly expressed
in tissues and cell lines. Results of qRT-PCR analyses performed with
Dazap2-specific primers on cDNA generated from adult mouse tissues,
mouse mammary epithelium C57MG cells, human medulloblastoma
DAOY, human embryonic kidney HEK 293, human adenocarcinoma
DLD-1 and human lymphoma U-937 cells. The reactions were per-
formed in triplicate. The results shown are from one representative
experiment from a total of two. The expression levels of Dazap2
mRNA in the indicated tissues or cell lines are presented as average
CT values and the corresponding standard deviations (SD) after nor-
malization to the levels of B-actin cDNA.

DAZ-associated protein 2 (Dazap2) (31,35). Although
Dazap2 does not share significant homology with
any known protein family, Dazap2 orthologues isolated
from various species display remarkable sequence similar-
ity (there is only one amino acid change between human
and mouse proteins), especially within the C-terminal half
(Figure 1B and Supplementary Figure 1). To determine
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the expression pattern of Dazap2 mRNA in adult mouse
tissues and several different cell lines we performed quanti-
tative real-time RT-PCR analysis (QRT-PCR), which
revealed virtually ubiquitous expression (Figure 1C). We
further delineated the minimal region in TCF-4 required
for association with Dazap2. We generated several
deletions in the TCF-4 bait used for the primary screen
and tested their ability to interact with full-length
Dazap2 via Y2H. As shown in Figure 1A, truncated bait
containing aa 80-251 was able to bind Dazap2, however,
a protein spanning aa 1-214 could not. Taken together,
these results reveal that the relatively short sequence
in TCF-4 spanning aa 214-251 is essential for the
interaction.

All Tcf/Lef family members associate with Dazap2 in
mammalian cells

Direct binding between Dazap2 and TCF-4 was evaluated
in vitro by pull-down assays that utilized bacterially
expressed GST-tagged TCF-4 and in vitro translated
Dazap2. Dazap2 associated both with full-length GST-
TCF-4 and with the truncated TCF-4 N-terminal frag-
ment. No interaction was detected between Dazap2 and
GST alone or with the C-terminal part of TCF-4 (TCF-
4-C-term) that encompassed the DNA-binding HMG box
domain (Figure 2A and data not shown). Furthermore, we
performed a detailed mapping of the putative interaction
domains in both proteins using pull-down assays.
In agreement with Y2H the Dazap2-binding region
was mapped to aa 214-228 in the TCF-4 N-terminus
(Figure 2A). On the other hand, any truncation of
Dazap?2 abolished its association with TCF-4 (Supplemen-
tary Figure 2 and data not shown), indicating that non-
adjacent parts of the Dazap2 polypeptide participate in
the interaction interface. The interaction of Dazap2 with
TCF-4 was further confirmed in mammalian cells using
co-immunoprecipitations. Experiments involving HEK
293 cells double-transfected with constructs expressing
Dazap2-Flag and TCF-4-Myc demonstrated that Flag-
tagged Dazap2 could be co-isolated with Myc-tagged
TCF-4 when an anti-Myc monoclonal antibody was
used for precipitation; conversely, Myc-tagged TCF-4
was present in the anti-Flag precipitates (Figure 2B).
The interaction of these two proteins is specific since par-
allel single-transfection assays did not reveal any binding
of Dazap2 and TCF-4 to the anti-Myc- or anti-Flag-tag
antibodies, respectively (Figure 2B). In addition, we ana-
lysed the ability of endogenous TCF-4 and Dazap2 to
interact by performing co-immunoprecipitation assays
with rabbit polyclonal antibodies raised against these
polypeptides. Analysis of a variety of cell types (DLD-1,
HEK 293, C57TMG) by co-immunoprecipitation using the
anti-Dazap2 or anti-TCF-4 antibodies confirmed our ear-
lier observations and demonstrated that endogenous
Dazap2 and TCF-4 do associate. Negative control reac-
tions using an anti-EGFP rabbit polyclonal antibody
failed to pull down any proteins again confirming that
the interaction is specific (Figure 2C and data not
shown). The human colon adenocarcinoma cell line,
DLD-1 harbours a mutation in the tumour suppressor
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Figure 2. Association between Dazap2 and TCF-4 in vitro and in
mammalian cells. (A) Interaction of Dazap2 with TCF-4 in GST
pull-down assays. The top panel represents a schematic diagram of
the TCF-4 proteins used in the in vitro pull-down assays. The bottom
panel displays the pull-down assay results between the different bacte-
rially expressed GST fusion TCF-4 proteins and in vitro translated
[*°S]-labelled Dazap2. Ten percent of the total reaction was loaded in
the lane denoted ‘Input’. Under the autoradiograph is a Coomassie
Blue-stained gel that shows the amount of GST-tagged TCF-4 proteins
used in the experiment. The putative intact forms of the recombinant
proteins are labelled by asterisks; the faster migrating bands result from
a partial degradation of the corresponding GST fusion proteins.
Molecular weight markers in kDa are indicated on the left. (B)
Co-immunoprecipitation of FLAG-tagged Dazap2 and MYC-tagged
TCF-4. Cell lysates prepared from HEK 293 cells transfected with
constructs as indicated were precipitated using anti-MYC and
anti-FLAG monoclonal antibodies. The asterisks indicate the light
chains of immunoglobulins used in the experiments. (C) Endogenous
complexes of Dazap2, TCF-4 and B-catenin in human cells. Lysates
prepared from DLD-1 cells were subjected to immunoprecipitation
with anti-Dazap2, anti-TCF-4, anti-B-catenin or anti-EGFP (Control
Ig) rabbit polyclonal antibodies. Blots were probed by either
anti-TCF-4, anti-B-catenin mouse monoclonal or anti-Dazap2 chicken
polyclonal antibodies. In lanes denoted ‘Input’, 10% of the total
lysate used for one immunoprecipitation was loaded; IP, immunopre-
cipitation; IB, immunoblotting.



APC that results in the accumulation of nuclear TCF-4/
B-catenin complexes. Interestingly, Dazap2 was present in
the precipitates obtained by incubating DLD-1 cell lysates
with an anti-B-catenin antibody and similarly, B-catenin
was isolated using an anti-Dazap2 antibody (Figure 2C).
Since we did not detect any association between Dazap?2
and B-catenin in GST pull-down assays (Supplementary
Figure 3) we conclude that these proteins do not interact
directly but are instead brought to one heterocomplex via
association with their common partner, the TCF-4 factor.
We also noted that the endogenous TCF-4 protein
extracted from various mammalian cells migrates in the
denaturing gels as a double band representing polypep-
tides of the apparent molecular weight 65 and 85kDa,
respectively (Figures 2C, 5A, 6A and data not shown).
Interestingly, both these bands showed immunoreactivity
with various monoclonal antibodies recognizing different
epitopes in TCF-4 (data not shown). Moreover, ectopic
expression of TCF-4 generated two different protein
forms similar to their endogenously produced counter-
parts (Figure 2B and Supplementary Figure 5). As the
expression of the both putative TCF-4 proteins was spe-
cifically down-regulated by TCF-4 shRNA (Supplemen-
tary Figure 4) and the predicted M, of TCF-4 is
65.3kDa, we concluded that the slower migrating and
mostly more prominent band represents the TFC-4 poly-
peptide, possibly modified by sumoylation (23).

To visualize the subcellular distribution of endogenous
DAZAP2 protein we selected the human lymphoma
U-937 cell line as it exhibits a relatively high level of
DAZAP2 mRNA expression (Figure 1C). Analysis of
Dazap2-stained cells by confocal microscopy revealed a
predominantly cytoplasmic distribution with some addi-
tional nuclear staining (diffuse or in distinct dots or
‘puncta’) (Figure 3A). The staining of putative Dazap2
protein was specific as both polyclonal antisera showed
a virtually identical subcellular distribution. Moreover,
the observed reactivity was completely abolished by pre-
incubation of the primary antibodies with Dazap2 (and
not with control EGFP) recombinant protein (Figure 3A
and data not shown). Finally, we tested the co-localization
of ectopically expressed TCF-4 and Dazap?2 (either EGFP-
or Myc-tagged) in HeLa cells. In single-transfected cells
expressing either TCF-4 or Dazap2, TCF-4 was clearly
nuclear whilst Dazap2 (visualized by either EGFP or
Myc antibodies) displayed a primarily cytoplasmic and
partly nuclear localization. When both proteins were
co-expressed, Dazap2 was sequestered to the nucleus in
a dose-dependent manner unlike the control EGFP-only
protein, which remained uniformly distributed between
the cytoplasm and nucleus irrespective of the presence or
absence of the TCF-4 factor (Figure 3B and data not
shown). Altogether, the data reported here indicate that
Dazap? interacts directly with TCF-4 and that this inter-
action results in its subcellular redistribution to the
nucleus.

As the essential region in TCF-4 required for binding to
Dazap?2 displays some sequence homology with the corre-
sponding sequences in other Tcf/Lef family members
(Figure 4A), we decided to further analyse whether
Dazap2 can interact with additional Tcf/Lef proteins.
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Figure 3. TCF-4 translocates Dazap2  into the nucleus.
(A) Endogenous Dazap2 protein shows a mostly cytoplasmic distribu-
tion in human cells. Laser scanning confocal micrographs of U-937
cells stained with an antigen-purified chicken anti-Dazap2 polyclonal
antibody. The merged images (c) and (f) were generated by an overlay
of endogenous Dazap?2 captured in the green channel and the DAPI
nuclear stain captured in the blue channel. The first row, labelled
‘Control’, shows the cells stained with the primary antibody pre-
blocked with Dazap2 recombinant protein as described in the
‘Materials and methods’ section; inset in (f) shows a magnified image
as indicated. Bar, 10um. (B) Nuclear co-localization of ectopically
expressed EGFP-Dazap2 and TCF-4 proteins. Laser scanning confocal
microscopy images of HeLa cells transfected with constructs (as indi-
cated on the left) and subsequently stained with the mouse anti-TCF-4
monoclonal antibody. The images (i, j, k, 1) show cells transfected with
TCF-4 and EGFP-Dazap2 constructs at a ratio 0.25 (TCF-4) to 1
(EGFP-Dazap2); the images (m, n, o, p) were obtained at a ratio 1
to 1. The merged images (d, h, 1, p) were generated by an overlay of the
corresponding images gained either in the green input channel detecting
EGFP-Dazap2, red input channel detecting TCF-4 or blue channel to
detect the DAPI nuclear stain. Inset in (h) shows a magnified image as
indicated. Bar: 10 um.

Constructs expressing Myc-tagged TCF-1, -3, -4, Lef-1
and Flag-tagged Dazap2 were either single- or double-
transfected into HEK 293 cells and their ability to interact
was tested by co-immunoprecipitation using anti-Myc
or anti-Flag antibodies as described above. All TCF/Lef
proteins analysed were isolated from cell lysates con-
taining Flag-Dazap2 using the anti-Flag antibody.
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Figure 4. Dazap?2 interacts with all members of the Tcf/Lef family. (A) The region of TCF-4 required for interaction with Dazap2 as identified
by GST pull-down assays (aa 214-228) is partly conserved in other Tcf/Lef family members. The corresponding sequences of the human proteins
were aligned using the ClustalV program. Fully conserved amino-acid residues are boxed whilst amino-acid residues with similar biochemical
properties are underlined. GenBank accession numbers: TCF-4, NP_110383; TCF-3, NP_112573; LEF-1, NP_057353; TCF-1, NP_003193. (B)
Co-immunoprecipitation of Dazap2-FLAG and MYC-tagged TCF/LEF transcription factors in human HEK 293 cells transfected with various
Tcf expression constructs as indicated. Co-immunoprecipitation of TCF/LEF proteins using an anti-FLAG antibody is also shown. In the gel
denoted ‘Input’, 10% of total lysates was loaded. The asterisks indicate the heavy chains of immunoglobulins used in the experiments.
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Figure 5. The activity of the Wnt/B-catenin-dependent reporters positively correlates with the amounts of Dazap2 in the cells. (A) HEK 293 cells
containing the integrated reporter pSuperTOPFLASH (STF 293 cells) were transfected with four different Dazap2-specific siRNAs marked 1 to 4 or
with control siRNA (EGFP-specific) and the changes in the levels of Dazap2 mRNA or protein were tested 24 h post transfection. The left panel
shows the results obtained by qRT-PCR analysis. The relative abundance of Dazap2 mRNA in Dazap2 siRNA- versus control siRNA-transfected
cells (the level of Dazap?2 mRNA in control cells was set to 100%) was derived from the average CT values after normalizing to the levels of
B-ACTIN cDNA. Data from two independent experiments performed in triplicate were combined in the graph. SDs (standard deviations) are shown
by error bars. The right panel shows western blots of whole cell extracts prepared from STF 293 cells treated with siRNAs as indicated. Blots were
probed with anti-Dazap2, anti-TCF-4 or anti-o-tubulin (as an internal control) antibodies. (B) Results of the reporter gene assays in human cells.
STF 293 and DLD-1 adenocarcinoma cells were transfected with Dazap?2 or control siRNAs. To stimulate the integrated pSuperTOPFLASH in STF
293 cells the siRNA transfection mixtures additionally contained a Wntl-expression construct; mixtures including an empty vector were used in
control transfections. DLD-1 cells were co-transfected with siRNA and the Tcf/B-catenin-responsive reporter pTOPFLASH or pFOPFLASH as a
negative control. After 24 h, cells were harvested and luciferase (firefly) activities were determined in the lysates. The histograms represent mean
values of triplicate experiments with SDs. The reporter activity in unstimulated (empty vector) STF 293 cells was arbitrarily set to 1. For DLD-1 cells
the average luciferase light units per second (RLU/s) are given; the values were corrected for the efficiency of transfection using the internal control
Renilla luciferase expression plasmid. The results of one representative experiment from two in total are shown.

Reciprocally, Dazap2 was similarly pulled down from cells . .
co-expressing Myc-tagged TCF/Lef proteins with the anti- DazapZ. k}IOdeOWH decreases Wnt/B-catenin-mediated
Myc antibody (Figure 4B). In agreement with previous  transcription

results Dazap2 did not co-immunoprecipitate with the  To examine whether Dazap2 overexpression has any effect
C-terminal part of TCF-4 (TCF-4-C-term) lacking the on Wnt-mediated transcription we co-transfected a TCF/
Dazap2-interaction domain (Figure 4B). Since the short B-catenin-responsive luciferase reporter, p TOPFLASH or
stretch of amino acids mediating the Dazap2 binding is in its mutated variant, pFOPFLASH into HEK 293 cells in

?105@ proximity to a reg.ion which is alternatiyely sp}iged conjunction with a Dazap2 expression construct. The cells
in most of Tcf/Lef family members (alternative splicing were subsequently stimulated by recombinant Wnt3a and
involves exon IVa in Tcf-1, exon VI in Lef-1 and exon  the luciferase activities were determined from cell lysates.

VIII in Tef-4) (50-52), we generated a TCF-4 variant lack- The ectopic expression of Dazap2 displayed neither an
ing exon VIII and tested its ability to bind Dazap2 in GST inhibitory nor stimulatory effect on Wnt signalling.
pull-down and co-immunoprecipitation assays. As this Furthermore, analyses of Wnt-regulated transcription in
variant associated with Dazap2 to the same extent as the DLD-1 cells that should exhibit constitutive Wnt signal-
non-spliced form (Supplementary Figure 5), the assays ling or U20S cells that are activated by the Wnt3a ligand
further confirmed the importance of the already defined were not affected by Dazap2 overexpression (data not
interaction motif. shown). Finally, RNA interference (RNAi) was used to
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down-regulate the expression of Dazap2 and the resulting
Tcf/B-catenin-dependent  transcription was analysed.
First, we utilized four distinct siRNA duplexes and
tested their efficiency towards Dazap2 mRNA using
gqRT-PCR and western blotting. As shown in
Figure 5A, all four siRNAs reduced the levels of Dazap2
mRNA and protein to different extents, with siRNA #1
and #2 showing the highest efficiency (as compared to the
control EGFP siRNA). Subsequently, we introduced by
lipofection the siRNAs into cells containing the genome-
integrated variant of the pTOPFLASH reporter, pSuper
TOPFLASH [the resultant cells were termed pSuper
TOPFLASH (STF) 293]. To stimulate Wnt signalling
the cells were co-transfected with a Wntl expression con-
struct. Twenty-four hours post-transfection the cells were
harvested, cell lysates prepared and luciferase activities
measured. In a parallel analogous experiment, DLD-1
cells were co-transfected with siRNA duplexes and a
DNA mixture containing the pTOPFLASH or
pFOPFLASH (negative control) reporter in addition to
a Renilla luciferase-expressing plasmid that acted as an
internal control. The next day cells were harvested and
processed as described for STF 293 cells. Surprisingly,
Tcf-driven transcription measured from the integrated or
ectopic reporter pTOPFLASH was substantially reduced
in the Dazap2 siRNA-treated cells. Of importance, the
extent of signalling reduction corresponded to the effi-
ciency of the Dazap2 knockdown as documented for the
individual Dazap2-specific siRNAs (Figure 5B). Virtually
identical results were obtained with Wnt-stimulated U20S
cells (data not shown). Furthermore, Dazap2 protein
knockdown also negatively affected the transcription of
two additional well-defined Tcf/B-catenin-dependent
reporter constructs that contained either a 5-kb promoter
region of the Axin2 (46) gene or a 163-nt long enhancer
element proximal to the transcription start of the Cyclin
D1 gene (10) (Figure 5B). Importantly, when a single Tcf/
Lef-binding site in the Cyclin DI reporter was mutated,
the resulting plasmid (designated as ALEF-Cyclin D1) not
only lost its responsiveness to Wnt signalling but its basal
expression did not change in cells treated with Dazap2 or
control siRNA (Figure 5B). To ensure the two Dazap2-
specific siRNAs used did not induce any non-specific ‘off-
target’ effects, two lentiviral constructs containing shRNA
against mouse Dazap2 were purchased and introduced
into mouse mammary epithelium C57MG cells. Since
both shRNAs showed a similar efficiency to down-
regulate Dazap?2 expression (Figure 6A) and the Wnt stim-
ulation had no effect on Dazap2 expression (Figure 6A
and B), the polyclonal cell cultures were mixed and luci-
ferase reporter assays performed. As expected, the cells
with down-regulated Dazap? displayed a decrease in
Whnt-stimulated transcription as compared to control
cells containing non-silencing shRNAs (generated in
parallel experiments) (Figure 6C). Therefore, these experi-
ments confirm our previous results obtained from tran-
sient transfection assays performed in human cells.

To analyse whether Dazap2 knockdown has any effect
on the transcription of endogenous Wnt-signalling tar-
get genes, C57TMG cells expressing Dazap2 or control
shRNAs were stimulated with Wnt3a ligand and the

Nucleic Acids Research, 2009 9

A B
B catenin—bmm Anti-B-catenin I nonstimulated cells
- H == 1
B Wnt3a-stimulated cells
TCF"‘"lB: Anti-TCF-4 27-
o
Dazap2—>[#%  |IB: Anti-Dazap2 83
o-tubulin—> [@me @mmem®|IB: Anti-o-tubulin Q5 20 ]
N H #2 S g
& ~
(\“ [/ "] _
"’o‘\?&p Dazap2 3 g %
° shRNA S9
[}
'6 g 24
o
Control shRNA-treated C57MG cells 2g
= 234
.,‘;\‘)e & £5
& 5E
4 22
@» =2 (|B: Anti-Dazap2
~== —=||B: Anti-o-tubulin 21

control Dazap2
shRNA shRNA

/L
1

25 ~ O control shRNA
W FOPFLASH m Dazap?2 shRNA

Fold-change in mRNA levels in
Whnt3a-stimulated vs. nonstimulated cells
w

control Dazap2 oA
N\
shRNA shRNAs *,.\((L .‘\0 \5‘(@ &Q'l«
> 0\\ 00
@)

Fold activation in Wnt3a-stimulated
vs. nonstimulated cells
o

Figure 6. Down-regulation of Dazap2 reduces the responsiveness of
C57MG cells to Wnt3a stimulation. (A) The top panel shows a series
of western blots from whole cell extracts prepared from mammary
gland epithelium CS57MG cells transduced with retroviral vectors
expressing either a non-silencing control shRNA or two different
Dazap2 shRNAs. Prior to harvesting, cells were stimulated with
Wnt3a ligand for 16 h. The blots were probed with antibodies as indi-
cated. The bottom panel shows the western blot of whole cell extracts
prepared from non-silencing control shRNA-treated cells incubated
with Wnt3a or vehicle for 16h. (B) The relative abundance of
Dazap?2 mRNA in control or Dazap2 shRNAs-expressing (a mixed cul-
ture of cells containing Dazap2 shRNA 1 and 2 was used) cells as
measured by qRT-PCR. The cells were cultured without activation
or stimulated with Wnt3a for 16h. The expression of the Dazap2
gene is indicated by average CT values obtained by qRT-PCR assay
on the corresponding mRNA after normalization to the levels of
B-actin cDNA. (C) The left panel depicts control or Dazap2 shRNA
#1 and #2-producing C57MG cells that were transfected with the indi-
cated reporters. Twenty-four hours post-transfection, cells were either
stimulated with Wnt3a ligand or grown without stimulation. After
additional 16h, the cells were harvested and luciferase activities were
determined in lysates. These activities were corrected for the efficiency
of transfection by determining the luciferase/Renilla ratio. Values in
unstimulated cells were arbitrarily set to 1. Transfections were done
in triplicates and the results from one experiment out of two in total
are presented with SDs. The right panel shows cDNAs prepared from
Whnt3a-treated or control cells expressing non-silencing or Dazap?2
shRNAs analysed by qRT-PCR. The relative abundance of the indi-
cated mRNAs in given cells (the levels of the tested mRNAs in unsti-
mulated cells was set to 1) was derived from the average CT values
after normalizing to the levels of B-actin cDNA. Data shown are from
one representative experiment from a total of two.
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Figure 7. Dazap2 knockdown decreases binding of TCF-4 to the pro-
moters of the Wnt-signalling target genes. STF 293 cells were trans-
fected with Dazap2 siRNA #2 (siDazap2) or control siRNA (siCTRL).
After a 2-day expansion the cells were transferred to large culture
dishes and stimulated with either Wnt3a ligand or Wnt3a storage
buffer only. After 16 h, the cells were harvested and used for mRNA
isolation and cDNA preparation. Alternatively, the cells were fixed
directly in the dishes and utilized for chromatin immunoprecipitation
(ChIP). The left panel shows the results from qRT-PCR analysis. The
relative abundance of the indicated mRNAs in Wnt3a-stimulated versus
control cells was derived from the average CT values after normalizing
to the levels of B-ACTIN cDNA. The right panel shows the ChIP
analysis of chromatin isolated from STF 293 cells transfected with con-
trol or Dazap2 siRNA #2 duplexes. Only results for Wnt3a-stimulated
cells are shown. The diagram represents the relative amounts of the
respective DNA element pulled-down by the indicated antibodies. The
amount of input non-immunoprecipitated DNA (evaluated separately
for each primer set) was arbitrarily set to 100%. Data from one rep-
resentative experiment from two in total are given.

expression of several putative Tcf/B-catenin targets was
assessed by qRT-PCR. As shown in Figure 6C, Dazap?2
down-regulation resulted in the lower stimulation of the
Cyclin DI and Axin2 genes by Wnt3a than observed in
control shRNA-producing cells. Interestingly, the reduced
level of Dazap2 protein partly relieved the Wnt-mediated
repression of the lipocalin 2 (Lcn2) gene (Figure 6C).
Additionally, we performed qRT-PCR analysis in STF
293 cells transiently transfected with control or Dazap2
siRNA. As described above, STF 293 cells contain a
stably integrated luciferase reporter that is under the con-
trol of eight Tcf/Lef-binding sites. This endogenous repor-
ter, which we named Luciferase (LUC), was activated at
the mRNA level up to 13-fold upon stimulation with
Wnt3a for 16 h (Figure 7). In agreement with the reporter
gene assays, Dazap2 knockdown resulted in an approxi-
mately forty percent reduction in transcription of this gene
after treatment with Wnt3a. A similar although less robust
decrease in Wnt-activated expression was observed in sev-
eral other Wnt-signalling target genes including AXIN2,
CYCLIN DI, naked cuticle homologue 1 (NKDI; 53,54)
and tumor necrosis factor receptor superfamily, member
19 [(TNFRSF19), known also as TROY; (55,56) (Figure
7)]. To clarify the possible mechanism behind Dazap2
function we wanted to perform ChIP analysis. Since we
did not succeed to perform ChIP on the promoters of the
Axin2 and Cyclin DI genes in any mouse or human cells
(including C57MG and STF 293 cells) we extended our
analysis to the TCF-responsive enhancers of the
Luciferase, NKDI and TROY genes. We did not observe
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ChIP using our anti-Dazap2 antibody and furthermore,
we only detected a limited pull-down of the Luciferase
transgene (the most extensively up-regulated gene in the
assay) by the anti-B-catenin antibody. Instead we used our
anti-TCF-4 antibody to immunoprecipitate DNA ele-
ments that spanned the promoter regions of the tested
genes (Figure 7). Interestingly, reduction of Dazap2 low-
ered the binding of TCF-4 to the promoters of these Wnt-
signalling target genes. To verify the ChIP results, two
control experiments were carried out. First, we performed
ChIP with a non-specific antibody (rabbit anti-EGFP).
Second, we used an anti-TCF-4 antibody in an attempt
to immunoprecipitate irrelevant chromosomal DNA that
concealed the open reading frames of the -ACTIN or
LUC genes. In these experiments we never noted any
effect of the cellular levels of Dazap2 on the quantity of
precipitated DNA (Figure 7 and data not shown). As
Dazap2 knockdown did not alter the amount of TCF-4
and PB-catenin in the cell (Figures 5A, 6A and data not
shown) these results imply that the Dazap2/TCF-4 inter-
action might influence the efficiency of TCF-4 binding to
the promoters of the genes regulated by the canonical
Wnt-signalling pathway.

DISCUSSION

In this report we provide evidence for an association
between the nuclear Wnt-signalling pathway effectors,
Tcf/Lef proteins, and a small evolutionary conserved pro-
tein Dazap2. Dazap2 was isolated in a Y2H screen that
utilized the N-terminal part of the TCF-4 factor as
bait. Although the Dazap2-interacting domain in TCF-4
is only partially preserved in other Tcf/Lef proteins,
co-immunoprecipitation assays carried out in mammalian
cells clearly demonstrated that all Tcf/Lef family members
bind to Dazap2 with similar affinities (Figure 4B). We
further delineated a short region in TCF-4 spanning aa
214-228 as the interaction domain essential for Dazap2
binding (Figure 2A). Interestingly, the homologous
region in all Tcfs contains amino acids that are not iden-
tical but display similar biochemical properties (Figure
4A). This might indicate a common structural basis for
the association of Tcf/Lef proteins with Dazap?2.

Dazap2 was originally identified as a transcript
expressed in the mouse inner ear with its expression fur-
ther observed in the embryonic heart and developing and
adult mouse brain (31). This report is in stark contrast to
our finding that illustrates ubiquitous expression of
Dazap?2 mRNA in various mouse tissues (Figure 1C).
Nevertheless, our data are in agreement with northern
blot analyses that indicate broad expression of the
Dazap?2 gene in different human and mouse tissues and
cell lines (32-34). The most remarkable feature of
Dazap2 is the conservation of its DNA and protein
sequence throughout evolution. The identity between
human and mouse protein orthologues is virtually 100%
(there is only one aa change from 168 aa in total)
(Supplementary Figure 1) and human Dazap2 aligns
well, especially at the C-terminus, with the putative
Dazap2 proteins identified in the invertebrates Ciona



intestinalis and Tribolium castaneum (Figure 1B). Given
that Dazap2 was identified as a binding partner of many
cellular proteins (57), the necessity to preserve these inter-
actions might possibly explain the low mutational rate of
the Dazap2 sequence throughout evolution. With respect
to the high sequence homology of Dazap2 in various spe-
cies it is rather striking that Dazap2 mutant mice do not
display any remarkable phenotype and are born and bred
as their wild-type littermates (31). The Dazap2~/~ mice
were generated from ES cells via gene trap technology.
Although we cannot exclude that the modified Dazap?2
locus still produces an intact protein, the insertion site of
the reporter gene just several nucleotides downstream
of the putative translation start site and a complete
absence of Dazap? mRNA expression indicate that the
mutant animals are really Dazap2 null. There are two
possibilities that might explain an absence of phenotype
in Dazap2~'~ mice. First, the phenotype may be very
subtle and/or the mice have to be challenged in some
way to display any phenotype and second, there is
another Dazap2 homologue in the mouse genome that
can functionally replace the damaged gene. Indeed, a
sequence database search in the mouse genome revealed
a Dazap?2 pseudogene localized on chromosome 4 and one
gene similar to Dazap2 on chromosome 13. This Dazap2-
like gene comprises several exons and introns and
encodes a putative 168 aa polypeptide that is highly
homologous to Dazap2 (Supplementary Figure 6).
Therefore, we speculate that these genes are redundant
and Dazap2-like can compensate for the absence of the
Dazap2 gene. Interestingly, we have not been able to
detect the expression of the Dazap2-like product in any
of the cell lines tested (data not shown). Thus, to settle
this matter definitively, the possible redundancy of these
two genes should be tested directly in the Dazap2
mutant animals. Another noticeable feature of the
Dazap2 protein is its subcellular localization. Several
authors have used confocal or fluorescent microscopy to
visualize ectopically expressed Dazap2 as a wild-type
untagged protein or as a variant fused to different tags
(mostly N-terminal EGFP). These authors described the
subcellular distribution of Dazap2 as diffuse in the cyto-
plasm and nucleus (32,36), in nuclear puncta (39) or in the
nucleus and cytoplasmic SG bodies (38). These experi-
ments were predominantly performed in Hela cells.
Interestingly, we noted in HeLa (and Cos-7) cells that
both tagged or untagged Dazap2 principally localizes in
the cytoplasm and partly in the nucleus but this distribu-
tion can differ in a limited fraction of the cells possibly as a
consequence of the cell cycle. Nevertheless, Dazap2 was
efficiently translocated to the nuclei (or retained in the
nuclei) in cells expressing TCF-4, thus further confirming
the interaction between Dazap2 and TCF-4 (Figure 3B).

To assess the biological significance of the association
between Dazap2 and Tcfs, we first ectopically expressed
Dazap2 together with three different Tcf/B-catenin-
responsive reporters in various cells. The cells were further
stimulated with purified Wnt3a ligand and the activities of
the reporters were determined in lysates. Surprisingly, we
never observed changes in the transcriptional activity of
the reporters depending on the increased levels of Dazap2.
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Subsequently, we utilized RNAIi technology to test the
influence of Dazap2 knockdown on Wnt-dependent tran-
scription. In cells with reduced levels of Dazap2 mRNA
and protein the activities of the Tcf/B-catenin reporters
were significantly decreased and the extent of reduction
correlated well with the ability of each particular siRNA
to down-regulate Dazap? (Figure 5SA and B). The
observed results were not related to the non-specific ‘off-
target’ effects of the siRNA duplexes used since control
non-silencing siRNA did not show any impact on the
transcriptional activity of the tested constructs. Addition-
ally, similar effects on Wnt signalling were observed in
cells stably expressing Dazap2 shRNAs (Figure 6C).
Importantly, we also demonstrated by qRT-PCR that
Dazap2 knockdown also negatively influenced the tran-
scriptional activation of endogenous Wnt-signalling
target genes, although to a lesser extent than observed
for the reporter genes (Figures 6C and 7). There are sev-
eral possibilities that could explain the partial discrepancy
between the results obtained from the reporter gene assays
and the qRT-PCR analysis of endogenous genes. First,
the transcriptional regulation of the reporter genes is less
complex than that of the endogenous promoters and pos-
sibly more dependent on the activity of the Wnt pathway.
Second, in the transient siRNA transfections we noted
fast ‘exhaustion’ of Dazap2 siRNA followed by rapid
return of Dazap?2 mRNA and protein to the original
levels (data not shown). This in fact could be responsible
for the less pronounced effects of Dazap2 knockdown
especially in experiments where prolonged treatment
with Dazap? siRNA was needed (Figure 7). Finally, the
reporters used in the study encode a ‘standard’ luciferase
protein that is quite stable and accumulates in the cells.
This presumably would also explain the differences
between luminometric measurements and the qRT-PCR
analysis.

A possible explanation for the negative impact of
Dazap2 down-regulation on Wnt-stimulated transcription
is that Dazap2 is a stabilizing component of TCF-4/f-
catenin heterocomplexes (Figure 2C). To evaluate this
possibility we tried to examine whether reduced levels
of Dazap2 could disrupt these complexes. However,
co-immunoprecipitation experiments from shRNA-
producing cells did not reveal any difference in the
amounts of B-catenin pulled down by TCF-4 in cells
with normal or decreased Dazap2 expression (data not
shown). We also excluded the possibility that Dazap?2 is
important for the production or stability of TCF-4 or
B-catenin which could have accounted for the decrease
in transcriptional activation from the reporters as
Dazap2 knockdown did not influence the expression of
either of these Wnt-signalling effectors (Figures 5A, 6A
and data not shown). The Dazap2 interacting domain in
Tcfs partly overlaps with a region that in vivo is bound
by TLE/Groucho proteins (5,6,8). Therefore, we tested
the hypothesis that Dazap2 binding might block the
association of Tecfs with these co-repressors and would
in turn increase the activating function of the Tcf/Lef tran-
scription factors. We transfected pTOPFLASH into con-
trol siRNA- or Dazap2 siRNA-treated HEK 293 cells
together with Grg4, a mouse TLE/Groucho homologue.
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The cells were subsequently stimulated with Wnt3a, har-
vested and reporter activities measured in cell lysates. In a
parallel experiment, control siRNA- or Dazap2 siRNA-
treated cells were lipofected with pTOPFLASH and
cDNA encoding either a negative regulator of Wnt signal-
ling, nemo-like kinase (NLK) alone or in combination
with its upstream activating kinases TAB1 and TAKI.
The TAB/TAK/NLK cascade is a downstream compo-
nent of a negative feed-back loop that is activated by
Wnt signalling (58). Active NLK phosphorylates Tcfs
and importantly, this phosphorylation prevents the bind-
ing of Tcf/B-catenin complexes to DNA and consequently
leads to Tcf ubiquitylation and degradation (59-61).
Interestingly, the NLK phosphorylation sites in Tcfs are
located just proximal to the region indispensable for
Dazap?2 binding (59). Intriguingly, Winkel and colleagues
(62) recently reported that Dazap?2 (referred to as PRTB)
interacts with TAK1 kinase and enhances its enzymatic
activity. Nevertheless, we did not observe any of the
repressive effects of Grgd or NLK on Wnt signalling
(using the ectopic or integrated reporter) and thus we
did not notice any enhancement of this repression in
cells with reduced Dazap2? expression. Based on these
observations we excluded the possibility that Dazap2
functions as a blocker of the negative functions of TLE/
Groucho and NLK. Finally, we performed a ChIP exper-
iment utilizing chromatin isolated from STF 293 cells with
DAZAP2 down-regulated. The assay revealed a remark-
able decrease in the association of TCF-4 to the Tcf-
responsive sites in the promoters of Wnt-signalling
target genes (Figure 7). These data imply that the Tcf/
Lef interacting partner Dazap2 can modulate in vivo the
affinity of Tcfs for their recognition motifs. Interestingly,
in mouse mammary gland epithelium C57MG cells,
decreased levels of Dazap2 partly relieved the repression
on the Lcn2 gene mediated by Wnt3a treatment
(Figure 6C). As the repressive effect of active Wnt signal-
ling on Lcn2 does not depend on the direct binding of Tcf/
B-catenin complexes to the Len2 promoter (63), this result
suggests that Dazap2 levels might modulate the complex
output of the Wnt-signalling pathway. To prove this
hypothesis, we tested the expression of genes that
respond differentially to the Wnt signal in C57TMG
cells, Stromelysin-1 (SI-1/Mmp3) and mesothelin (Msin)
(64). However, qRT-PCR analysis revealed that the
transcription of these two genes depends on the plat-
ing density of cells in culture rather than specifically on
Wnt signalling (P.M. and V.K., unpublished data).
Nevertheless, preliminary c¢DNA microarray data
obtained from mRNAs isolated from Wnt-stimulated
C57TMG cells expressing Dazap2-specific or control
shRNAs indicate that indeed, both the activating and
also the inhibitory function of Tcf/Lef proteins might be
influenced by the amounts of Dazap2 (P.M., R.I. and
V.K., unpublished data).

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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Supplementary Materials and Methods

Coimmunoprecipitation and western blotting

To obtain whole cell lysates, human or mouse cells were incubated in lysis buffer [SO mM Tris, pH
7.8, 400 mM NaCl, 0.5% (v/v) Triton X-100] supplemented with Complete (EDTA free) protease
inhibitor cocktail (Roche) for 30 min at 4°C (rotating platform). The lysates were cleared by
centrifugation (14 000 x g, 15 min, 4°C) and used for coimmunoprecipitation with an appropriate
antibody coupled to protein A/G Sepharose beads (Amersham Pharmacia Biotech). For one assay
20-30 micro litres of beads loaded with 1 pg of purified (on protein A Sepharose) monoclonal
antibody were used; alternatively, beads were loaded with 10 pl of unpurified antiserum. After
elution (SDS sample buffer) the precipitates were separated by SDS PAGE and transferred onto
polyvinylidene fluoride membranes (Millipore). The membranes were blocked with 5% (w/v) non-
fat milk in PBS containing 0.05% (v/v) Tween-20 (Sigma) and incubated with specific primary
antibodies at a final concentration of 1 pg/ml (the unpurified chicken anti-Dazap?2 antiserum was
diluted 500 times). After several washes with PBS/Tween the blots were incubated with the
appropriate peroxidase-conjugated anti-rabbit (BioRad), anti-mouse (BioRad) or anti-chicken
secondary antibodies (Sigma) diluted according to the manufacturer’s recommendation. The

proteins were visualised with an enhanced chemiluminescence system (Pierce).

qRT-PCR analysis

Primers for the following human and mouse genes were used (first primer is derived from the
plus and the second primer from the minus DNA strand): human AXIN2 (hAXIN2), 5°’-TGA
GGT CCA CGG AAA CTG TTG ACA GT-3’, 5’-CCC TCC CGC GAA TTG AGT GTG A-
3’; mouse Axin2 (mAxin2), 5’-TAG GCG GAA TGA AGA TGG AC-3’, 5’-CTG GTC ACC
CAA CAA GGA GT-3’; hCYCLIN D1, 5°-CCA TCC AGT GGAGGT TTG TC-3’, 5’-AGC
GTA TCG TAG GAG TGG GA-3’; mCyclin D1, 5’-AGT GCG TGC AGA AGG AGA TT-
3°, 5°-CTC TTC GCA CTT CTG CTC CT-3’; Dazap2 (priming on both human and mouse
cDNAs), 5’-ACC CTA TAC CGA TGC TCC AC-3’, 5’-CAG AGA GGC TCC AGG AAA
TG-3’; hTROY, 5°-CTA TGG GGA GGA TGC ACA GT-3’, 5’-TCT CCA CAA GGC ACA
CAC TC-3’; hNKD1, 5’-CGC CGG GAT AGA AAA CTA CA-3°, 5’-GCA TTG AGC TGA

137



CAC GAA AA-3’; mLen2, 5°-GCC CAG GAC TCA ACT CAG AA-3°, 5°-GAC CAG GAT
GGA GGT GAC AT-3’; firefly luciferase (LUC), 5°-TCA AAG AGG CGA ACT GTG TG-
3, 5°-CGC TTC CGG ATT GTT TAC AT-3’; hBF-ACTIN, 5°-ATG GCC ACG GCT GCT
TCC AGC-3’, 5-GGG TGT AAC GCA ACT AAG TCA T-3’; mB-Actin, 5°-GAT CTG
GCA CCA CAC CTT CT-3’, 5’-GGG GTG TTG AAG GTC TCA AA-3’; hUBIQUITIN C
(UBC), 5>-GCT TTG TTG GGT GAG CTT GT-3°, 5-TCA CGA AGA TCT GCA TTT
TGA-3’; mUbc (Ubc), 5°-ATG TGA AGG CCA AGA TCC AG-3’, 5°-TAA TAG CCA CCC
CTC AGA CG-3’.

Primers for ChIP

Primers derived from the Tcf/Lef-dependent enhancer of the integrated pSuperTOPFLASH
reporter [designed as the Luciferase gene (LUC)], sense: 5’-AGT GCA GGT GCC AGA
ACA TT-3 and reverse 5’-AAC AGT ACC GGA ATG CCA AG-3’; control region
downstream this enhancer (CTRLI), sense: 5’-ATC CAT CTT GCT CCA ACA CC-3’ and
reverse 5’-TCG CGG TTG TTA CTT GAC TG-3’; NKDI promoter, 5’-GAC CTC CCC
AGA CAA AAC AA-3’, 5°-TCA GCC AGT CTC TGG GAT CT-3’; TROY, 5’-TTT CAT
CTC CCT GCT CGT CT-3", 5°-TGC GAA AAA TGC AGT GAA AG-3’; f~ACTIN (open
reading frame), 5’-ATG GCC ACG GCT GCT TCC AGC-3’, 5°-GGG TGT AAC GCA ACT
AAG TCA T-3".

Supplementary Figure Legends

Supplementary Figure 1 Evolutionary conservation of the vertebrate Dazap2 proteins
Protein sequences were aligned using the ClustalV program. The amino acid residues that
differ from the “consensus” (defined by at least three proteins species matching for a given
position) are boxed. GenBank accession numbers: Homo sapiens, NP_055579; Mus musculus,
NP_036003; Danio rerio, NP_956087; Xenopus laevis, NP_001086003; Tribolium
castaneum, XP_973572; Ciona intestinalis, NM_001032667. The sequence of chicken
(Gallus gallus) Dazap2 was assembled from three independent ESTs: BB630813, BY 097208,
CJ065215.
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Supplementary Figure 2 The truncation of Dazap2 disrupts its binding to TCF-4

The pull-down assay results between the bacterially expressed GST fusion TCF-4 N-terminus
and different variants of the in vitro translated [*°S]-labelled Dazap? protein. Ten percent of
the total reaction was loaded in the lane denoted “Input”. A Coomassie Blue-stained gel under
the autoradiograph shows the amount of GST-tagged TCF-4 protein and GST (control) used
in the individual pull-downs. The putative intact form of the fusion protein is labelled by an
asterisk; the faster migrating bands result from a partial degradation of the recombinant

polypeptide. Molecular weight markers in kDa are indicated on the left.

Supplementary Figure 3 Association of Dazap2 with B-catenin is indirect and mediated
by TCF-4
Dazap2, the full-length TCF-4 protein and its truncated variant lacking the main -catenin

interaction domain (TCF-AN; used as a negative control) were produced in vitro using the
Quick TNT Coupled Reticulocyte System (Promega). Two separate TNT reactions were set
up to produce both [*°S]-labelled (total volume 10 ul) and non-labelled TCF-4 (50 pl)
proteins. One half (5 ul) of the labelling reaction was mixed with corresponding non-labelled
protein and pre-incubated with GST-B-catenin bound to Glutathione Sepharose 4 for 1 hour at
4°C. The excess of the unbound TCF-4 proteins was washed off three times with GST binding
buffer. Then, [*°S]-labelled Dazap2 was added to the mixture and incubated for 1 hour at 4°C.
The beads were collected by centrifugation and washed three times in GST binding buffer.
Bound proteins were eluted, separated by SDS-PAGE and analysed by autoradiography. Both
autoradiograph (top) and Coomassie-stained gel (bottom) are shown. In the lane denoted
“Input” one tenth of in vitro produced Dazap2 was loaded. To estimate the translational
efficiency of the individual TCF-4 constructs, a second half of the reaction containing labelled
TCF-4 polypeptide was loaded in the line denoted “Transl”. Note that Dazap2 was
specifically retained on GST-B-catenin only when the latter was preincubated with the full-
length TCF-4 protein. On the contrary, Dazap2 was not detectable when incubated with GST-
[-catenin-bound beads either alone or in combination with the N-terminally truncated TCF-4

variant.

Supplementary Figure 4 The TCF-4 protein is produced in mammalian cells in two
different forms
Results of western blotting of the cell extracts prepared from DLD-1 cells stably transduced

with lentiviral vectors expressing either 7CF-4 or a control non-silencing shRNA (purchased
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from Open Biosystems). The blots were probed with the anti-TCF-4 and anti-o-tubulin (a
loading control) monoclonal antibody. Molecular weight markers in kDa are indicated on the

left.

Supplementary Figure S The TCF-4 protein lacking exon VIII retains its ability to bind
Dazap2

Left, pull-down assays between [*°S]-labelled Dazap2 and the GST fusion proteins containing
the complete TCF-4 N-terminal part (GST-TCF-4-N-term; aa 1-333) or its variant lacking the
amino acids encoded by exon VIII (GST-TCF-4-N-term A exon VIII). Ten percent of the total
reaction was loaded in the lane denoted “Input”. A Coomassie Blue-stained gel under the
autoradiograph shows the amount of the GST-tagged TCF-4 protein used in the experiment;
the putative intact forms of the recombinant proteins are labelled by asterisks. (B) Co-
immunoprecipitation of FLAG-tagged Dazap2 and MY C-tagged TCF-4 full-length (MY C-
TCF-4) or a variant lacking the amino acids encoded by exon VIII (MYC-TCF-4 A exon
VIII). Cell lysates prepared from HEK 293 cells transfected with constructs as indicated were
precipitated using anti-MY C and anti-FLAG monoclonal antibodies. In lanes denoted “Input”,
ten percent of the total lysate used for one immunoprecipitation were loaded; IP,

immunoprecipitation; IB, immunoblotting.

Supplementary Figure 6 The mouse genome contains two homologous Dazap2 proteins
Alignment of Dazap2 (NP_036003) derived from the gene on chromosome 15 with the
putative Dazap2-like protein (XP_001473666) encoded on chromosome 13. The sequences

were aligned using the ClustalV program. The amino acid residues that differ are boxed.
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Supplementary Figure 5
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Discussion

The thesis presents several diverse ways of the Wnt pathway modulation. One of the
modulations described in the first publication is represented by a molecule of TROY, a member of
the tumor necrosis factor receptor family. We found TROY is a target gene of the Wnt pathway and
it is expressed in human colorectal cancer cells and in mouse tumors. Previously, Troy has been
detected as a Wnt/B-catenin target gene by microarray profiling but no data suggested TROY role
in Wnt signaling regulation®® ?**. Moreover, we detected Troy transcripts in fast-cycling Lrg5*
stem cells, whereas originally Troy expression was confined to the adult central nervous system,
the developing hair follicle and embryonic skin?®. Interestingly, elevated expression of Troy was
detected only in all tested types of mouse intestinal tumors but we did not detect increased TROY
expression in human sporadic colorectal cancer. Moreover, TROY expression in 35 premalignant
polyps of human colon was even lower than in healthy tissue. We tested whether the
downregulation of TROY expression could be explained by promoter methylation but we did not
find any significant increase in CpG dinucleotide methylations in any of the tested samples.
Therefore, we concluded that TROY expression in heterogeneous samples of human colorectal
cancer is probably regulated by complex mechanism which does not include transcriptional
silencing promoted by methylation. Repression of TROY expression by CCAAT-enhancer-binding
proteins (C/EBPs) a and & has been already described”®. Moreover, TROY promoter contains c-
JUN, GATA-1 and OCT-1 binding sites. This suggests that TROY expression may be attenuated by
those factors, which were shown previously to repress transcription®’*%2,

Since expression of both genes, Lgr5 and Troy, is confined to one type of ISCs and is
regulated by Wnt signaling and Ascl2?”’, it is strange that only LGR5 expression was related to

273

prognosis prediction in colorectal cancer patients"™. Yet, prognostic significance of LGR5

expression in these malignancies is controversial®”*. In addition, LGR5, has been proposed as a

marker of colorectal cancer stem cells®®° 275

and glioblastoma“™. TROY has been also pronounced as a
marker of glioblastoma®®, suggesting there might be a link between TROY and LGR5 expression
also in cancerous tissues. Our analysis failed to reveal any significant correlation between LGR5
expression and tumor stage/patient prognosis. Therefore, it is possible that our library of human
colorectal tumors was too small to reveal any correlation. Nevertheless, decreased expression of
TROY in non-malignant intestinal polyps might have some significance since decreased expression
of Wnt target genes, as those which are known negative regulators of the pathway like AXIN2 and
APCDD1, have been related to poor prognosis®”’.

TROY was described as an interacting partner for Nogo-66 receptor 1 (NgR1) and such as a

coactivator of RhoA signaling®®

. Moreover, in glial tumor or HEK293 cells, TROY participates in
the Racl and JNK pathways, respectively’”® 2”° Recently, a study of Hashimoto and colleagues

revealed that the cytokine lymphotoxin-a. (LTo) binds to Troy and triggers NFkB signaling®®.
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However, we have failed to repeat these experiments. Instead, we followed the study defining
TROY as an interacting partner to NgR1. Since LGR5 belongs to the same protein family as NgR1,
we tested the hypothesis that TROY might interact with LGRS as well. We found TROY interacts
with LGR5 and inhibits canonical Wnt signaling, although the mechanism of TROY action is
uncertain. Recently, LGR-interacting zinc and ring finger (ZNRF) 3 and ring finger (RNF) 43
transmembrane ubiquitin ligases were identified as negative regulators of Wnt signaling®" %%,
These related proteins decrease the stability of the Wnt receptor Fz through ubiquitin-mediated
degradation. TROY has been found to interact with tumor necrosis factor receptor associated factor
(TRAF) 6% ?®* an E3 ubiquitin ligase otherwise involved in the NFkB signaling”®. It is thus
possible, that mechanism of TROY action involves ubiquitination mediated by TRAF6, although
this hypothesis requires further testing.

Strikingly, Troy deficient mice display relatively subtle and survival-compatible

280, 286

phenotype which would argue for Troy redundancy. Partial redundancy between Troy and
homologous protein Edar has already been suggested®®. However, Edar expression was not
observed in CBC cells (unpublished data), which rules out the possible Wnt-related role of Edar in
the gut. It is thus more likely that lack of Troy, at least in the gut of Troy” mice, is not
compensated by a single molecule but rather by some unknown signaling mechanism. This
regulation is probably somehow eliminated in crypts grown outside the intestinal mesenchyme, i.e.
in the case of organoid culture. This may explain why Troy deficiency was manifested only in the

organoid culture.

The aim of the second study was to define the relationship between post-translational
modification and the signaling activities of Wnt proteins. We demonstrated that for Wnt activity in
mammalian cells, the acylation is absolutely essential contrary to glycosylation, which is not
absolutely required. These results are in concordance with previous observations that Wnt
glycosylation is dispensable for its function?” . Moreover, our data suggest that N-glycosylation
precedes and conditions Wnts for efficient acylation because N-glycosylation-deficient Wnits
displayed apparently reduced acyl content. Additionally, our experiments revealed differences in
autocrine stimulation induced by glycosylation deficient Wntl and Wnt3a. Whereas signaling
mediated by sugar-deficient Wnt3a was impaired, as compared to wild-type protein, Wntl without
sugar modification was able to signal as wild-type Wntl. Because both ligands were tested in the
same cell line, Wnt signal was perceived by the same set of receptors. Thus, N-glycosylation may
determine the affinity of Wnt ligands for various Fz receptors.

Acylation of Wnt molecules was initially described for mouse Wnt3a, which is modified
on two residues: a conserved cysteine residue labeled with palmitic acid via a thioester'® and a
conserved serine residue linked via an oxyester to a palmitoleic acid®®?. Our data not only
confirmed these findings but further enhance them by revealing that palmitoleoylation on serine
occurs first followed by cysteine palmitoylation. However, in contrast to previous study®®, our
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results demonstrate that for intracellular transport to the cellular surface, fatty acid modification is
not essential. The discrepancy can be explained by technical differences between assays — whereas
the other group did not observe Wnt3a with mutated serine in cell conditioned media and detected
retained overexpressed protein in the endoplasmatic reticulum, we search specifically for a
presence of Wnt proteins at the cellular surface. Concerning the function of the cysteine
palmitoylation, our observations support recent finding, which suggested that palmitate moiety
mediates interaction of Wnt with lipoprotein particles and thus release of Wnt3a to culture

media®’

. As for the serine palmitoleoylation, recently published report revealing crystal structure
of Xenopus Wnt8 in complex with a Fz CRD firmly confirmed the necessity of this modification
for Wnt-Fz interaction?®. However, the same study also showed that only the conserved serine
residue is lipidated. This result disclose obvious dissimilarity between various Wnts, suggesting
that knowledge of structure of one ligand/receptor complex, although highly valuable, cannot fully
cover the complexity of Wnt ligands. Just to illustrate the complexity of Wnt ligand family, Wnt5a
and Wntll are intracellularly formed into a hetero-oligomer, which showed higher signaling

activity than either individual Wnt and was required for Xenopus axis formation?®.

The third publication documents generation of two modified alleles of mouse tumor
suppressor gene Hicl. The work was based on a previous result of our laboratory which revealed a
crosstalk of HIC1 and the canonical Wnt signaling pathway'®’. We have found that HIC1
physically interacts with the TCF4/B-catenin complex and restrain these proteins from the Wnt-
responsive promoters and thus attenuates Wnt signaling output'®'. Efficient sequestration of TCF4
and B-catenin to HIC1 bodies is dependent on TCF4 interacting protein CtBP1 and the intact
BTB/POZ oligomerization domain of HIC1''. Moreover, HIC1 also interacts with some other
proteins of the Wnt signaling cascade like APC and likely DvI3 (unpublished data).

Since Hicl™ mice are embryonically lethal, we generated conditional Hicl allele to study
role of Hicl in canonical Wnt signaling in vivo. Recent publication reporting genetic interaction
between Hicl and the Wnt pathway in the intestinal tumors later justified our approach?®. The
study describes accelerated formation of the gastrointestinal tumors in Apc**"*Hic1™" double
heterozygote mice which carry a truncating mutation (A716) in one allele of the Apc gene and one
null allele of Hicl. Additionally, the absence of Hicl protein in tumor tissue was accompanied by
the increased expression of genes which are directly repressed by Hicl and which are known to
promote tumorigenesis e.g. Sirtl and Sox92®.

With use of these generated mice strains, we confirmed synergistic effect of Hicl with Apc
in prevention of colorectal carcinogenesis (unpublished results). Mice with conditionally deleted
Hicl together with mutant Apc developed bigger intestinal tumors than mice with only mutated
Apc. Moreover, Hicl deficient intestinal epithelia displayed elevated expression of Wnt target
genes Lgr5, Ascl2, and Sp5 (unpublished results). These data indicate that Hicl may directly
attenuate Wnt signaling in the intestinal epithelium and intestinal tumors which potentially
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confirms the previously obtained in vitro data'*

. Other unpublished results indicate that short term
deletion of Hicl in the intestinal epithelium augments goblet cell number, at the expense of
enteroendocrine cells, and increases and mispositions expression of Paneth cells markers. Long
term deletion next led to formation of dysplastic villi and preneoplastic lesions which were
infiltrated with proinflamatory leukocytes. These data rather implicate a Whnt-signaling unrelated

role of Hicl in the intestinal epithelia homeostasis.

In the fourth report, we provided evidence for an association between TCF proteins and a
small evolutionary conserved protein Dazap2. Dazap2 was originally identified as a transcript
expressed in the mouse inner ear, in the embryonic heart and in both developing and adult mouse
brain?®. However, we found Dazap2 to be ubiquitously expressed in various mouse tissues,

concordantly with other groups®®" *?

. Ubiquitous expression of Dazap2 together with its highly
conserved evolutionarily homology suggests general importance of Dazap2 of yet unknown
significance.

Dazap2 was identified as a binding partner of many cellular proteins®®’ and since in our
hands Dazap2 bind to all Wnt nuclear effector of TCF/LEF family with similar affinities, it can be
concluded it has a role in canonical Wnt signaling as well. Moreover, RNAi knock-down of
Dazap2 resulted in reduced activities in Tcf/B-catenin reporter and these reductions correlated with
the ability of each siRNA to downregulate Dazap2 mRNA level. Additionally, Dazap2 was

® and in Ror2 mediated

identified as an important player in FGF induced neural patterning®
activation of the Wnt pathway®*. However, in contrast to our study the last publication proposed
cytoplasmic function of Dazap2. We always observed cytoplasmic distribution of Dazap2, which
changed to nuclear upon ectopic expression of TCF4. Together, these studies indicate Dazap2
involvement in many cellular processes, cytoplasmic as well as nuclear, and suggest it is a rather
important protein. Moreover, our microarray data from Dazap2 targeting shRNA treated cells
indicated that both the activating as well as inhibitory functions of TCFs might be influenced by
Dazap2 amounts (unpublished results).

Strikingly, the Dazap2™” mice lack any obvious phenotype®®, which could be explained by
redundancy with some other genes. Indeed, a sequence database search in the mouse genome
revealed a Dazap2 pseudogene localized on chromosome 4 and one gene similar to Dazap2 on
chromosome 13. Function of proteins like Dazap2 may be considered important as there are

homologous proteins to provide backup of Dazap2-functionality.
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Conclusions

We identified new ways of Wnt pathway modulation that enhance the knowledge about the
regulation of this important signaling cascade. The results, presented in four independent

publications, can be summed up as follows:

1. We have identified TROY, a gene encoding a membrane protein from the tumor necrosis factor
receptor superfamily as a genuine target of the Wnt/B-catenin pathway in the intestinal context. In
our study, we utilized lineage tracing experiments to show that Troy represents — next to Lgr5 —
another marker specific for the fast-cycling ISCs. We proved that Troy creates a regulatory
feedback loop by interacting with Lgr5 to limit the level of canonical Wnt signaling in the intestinal

stem cells.

2. We provided an evidence for the sequence of glycosylation and acylation of the mouse Wnt1 and
Whnt3a. First, N-glycosylation occurs, then palmitoleoylation on serine which conditions and
precedes the cysteine palmitoylation. These lipid adducts are necessary for interaction of Wnt
proteins with the extracellular matrix, which is related to their ability to induce Wnt signaling.

3. We generated two modified alleles of Hicl tumor suppressor gene. A conditional Hicl null allele
uses Cre/loxP system that can overcome the embryonic lethality of Hic1” mice, and Hicl-citrine
‘reporter’ strain expresses a reliable surrogate marker of Hicl locus activity thus allowing tracking

the Hicl expressing cells.

4. We have identified the interaction between TCF4 and a small and evolutionarily conserved
protein Dazap2. The meaning of this interaction is to positively modulate TCF4 affinity for its
specific DNA sequence, as concluded from negative impact on Wnt/B-catenin stimulated

transcription after Dazap2 knock-down.
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