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Kremen1 and Dickkopf1 control cell survival in a
Wnt-independent manner

F Causeret*', | Sumia' and A Pierani*’

In multicellular organisms, a tight control of cell death is required to ensure normal development and tissue homeostasis. Improper
function of apoptotic or survival pathways can not only affect developmental programs but also favor cancer progression. Here we
describe a novel apoptotic signaling pathway involving the transmembrane receptor Kremen1 and its ligand, the Wnt-antagonist
Dickkopf1. Using a whole embryo culture system, we first show that Dickkopf1 treatment promotes cell survival in a mouse model
exhibiting increased apoptosis in the developing neural plate. Remarkably, this effect was not recapitulated by chemical Wnt
inhibition. We then show that Dickkopf1 receptor Kremen1 is a bona fide dependence receptor, triggering cell death unless bound
to its ligand. We performed Wnt-activity assays to demonstrate that the pro-apoptotic and anti-Wnt functions mediated by Kremen1
are strictly independent. Furthermore, we combined phylogenetic and mutagenesis approaches to identify a specific motif in the
cytoplasmic tail of Kremen1, which is (i) specifically conserved in the lineage of placental mammals and (ii) strictly required for
apoptosis induction. Finally, we show that somatic mutations of kremen1 found in human cancers can affect its pro-apoptotic
activity, supporting a tumor suppressor function. Our findings thus reveal a new Wnt-independent function for Kremen1 and

Dickkopf1 in the regulation of cell survival with potential implications in cancer therapies.
Cell Death and Differentiation (2016) 23, 323-332; doi:10.1038/cdd.2015.100; published online 24 July 2015

In multicellular organisms, long-distance communication
between cells is typically achieved by secreted ligands that
diffuse through the extracellular medium and bind transmem-
brane receptors on target cells. Signal propagation through
the plasma membrane is then achieved by receptor con-
formational changes upon ligand binding and classically
involves modulation of enzymatic activity, interaction with
intracellular partners or ion permeability. The classical view
that transmembrane receptors only signal when bound to their
ligand is now outdated, especially since the emergence of the
dependence receptor concept. Dependence receptors do not
form a family per se, but rather regroup a variety of receptors
(transmembrane but also nuclear) that share the ability to
trigger cell death unless bound to their respective ligand(s).!
Dependence receptors therefore display two signaling
activities: a ‘positive’ signaling in the presence of a ligand that
can modulate various cellular processes (proliferation,
differentiation, migration, etc.), and a ‘negative’ signaling in
the absence of ligand consisting in the activation of a
pro-apoptotic cascade downstream the receptor. To date,
more than a dozen dependence receptors have been
identified among which, deleted in colorectal cancer (DCC),
Unc5A-D, Patched, TrkA/C, PlexinD1 and others,'” all of
which play major roles during embryonic development,
especially in the nervous system. Dependence receptors are
also involved in cancer: as their apoptotic activity may allow to
restrain cells within a ligand-rich environment and eliminate

those that migrate away (such as metastatic cells), they were
proposed to act as conditional tumor suppressors.! Accord-
ingly, loss of function of a dependence receptor or over-
expression of a ligand can confer a selective advantage to
tumor cells.

Many signaling pathways involved during embryonic deve-
lopment are misregulated in cancers. Among them, the
wingless-related integration site (Wnt)-signaling pathway has
been extensively studied in both developmental and cancer
paradigms.®® The Wnt1 ligand itself was first identified as a
proto-oncogene’® and later shown to be required for mamma-
lian brain patterning.”" Although Wnt signaling was reported to
elicit multiple cellular responses, most of the physiological
effects described so far were shown to be mediated by the so-
called canonical pathway: extracellular Wnt ligands bind
transmembrane receptors of the Frizzled family associated
with LDL receptor-related protein (LRP) co-receptors, leading
to the activation of an intracellular signaling cascade whose
final effector, B-catenin, modulates the expression of target
genes.'? Critical regulations of the Wnt pathway occur at the
extracellular level by means of secreted antagonists.’
Dickkopf-1 (Dkk1) is one of such secreted inhibitors. It was
shown to bind Kremeni1/2 (Krm1/2) as well as LRP5/6
transmembrane receptors and subsequently inhibit Wnt
downstream signaling.’*™'” During vertebrate embryonic
development, Dkk1-mediated Wnt antagonism in anterior
regions is strictly required for head induction.'®® In cancers,

'Institut Jacques Monod, CNRS, UMR 7592, Université Paris Diderot, Sorbonne Paris Cité, Paris, France

*Corresponding author: F Causeret or A Pierani, Institut Jacques Monod, CNRS, UMR 7592, Université Paris Diderot, Sorbonne Paris Cité, Batiment Buffon 516B, 15 rue
Héléne Brion, Paris Cedex 13, 75205, France. Tel: +33 157278128; Fax: +33 157278087; E-mail: frederic.causeret@inserm.fr or alessandra.pierani @ijm.fr
Abbreviations: CNS, central nervous system; COSMIC, catalogue of somatic mutations in cancer; DCC, deleted in colorectal cancer; Dkk, Dickkopf; ECD,
extracellular domain; GFP, green fluorescent protein; HA, hemagglutinin; HEK, human embryonic kidney; ICD, intracellular domain; Krm, Kringle-coding gene marking the
eye and the nose; LRP, low-density lipoprotein receptor-related protein; TCGA, the cancer genome atlas; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end
labeling; Wnt, wingless-related integration site

Received 06.1.15; revised 16.6.15; accepted 23.6.15; Edited by H Ichijo; published online 24.7.15


http://dx.doi.org/10.1038/cdd.2015.100
mailto:frederic.causeret@inserm.fr
mailto:alessandra.pierani@ijm.fr
http://www.nature.com/cdd

G

Kremenl is a dependence receptor for Dickkopfl
F Causeret et al

324

Dkk1 function remains a matter of debate as it was proposed
to act as either a positive or a negative factor depending on the
context.2°=22 Such a discrepancy could reflect a yet unknown
function for Dkk1 in addition to its well-characterized Wnt-
inhibiting activity.

In this study, we unravel a new Wnt-independent anti-
apoptotic function for Dkk1 and find it is mediated by its
transmembrane receptor Krm1, which behaves as a depen-
dence receptor.

Results

Dkk1 is a diffusible survival factor. Using a genetic cell
ablation strategy in mice, we have previously identified a
non cell-autonomous mechanism regulating cell survival
during early (E8.5) embryonic mouse head development
(Supplementary Figure 1a).2®> We aimed at identifying the
diffusible factor(s) and cognate receptor(s) that could be
involved in such a process. We performed in situ hybridization
for a range of secreted factors, as well as their transmem-
brane receptors, known to be involved in head development.
Consistent with previous observations,'®?* we found that Dkk1

as well as its receptors Krm1/2 and Lrp6 are expressed in the
anterior neural plate at E8.5 (Supplementary Figures 1b—f).

To test the possibility that Dkk1 regulates cell survival during
forebrain development, we implemented a whole embryo
culture strategy and assessed its ability to rescue apoptosis
observed in our mouse model.?®* E7.5 embryos were
dissected and maintained for 24 h in culture before fixation
and subsequent detection of apoptotic cells by terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
staining. Culture conditions allowed recapitulation of in vivo
conditions, that is, extensive apoptosis in the forebrain and
midbrain of ablated embryos compared with wild-type
littermates (Supplementary Figure 2). We found that treatment
with soluble recombinant Dkk1 decreased the number of
TUNEL* apoptotic cells observed in mutants in a dose-
dependent manner (Figure 1), indicating that Dkk1 acts as a
survival factor for embryonic mouse neural plate.

Dkk1 was shown to act as a potent inhibitor of Wnt
signaling.’® To determine whether it promotes survival in a
Whnt-dependent manner, we applied endo-IWR1, a chemical
inhibitor of Wnt canonical signaling,® on ablated embryos.
Unlike Dkk1 treatment, endo-IWR1 failed to recue apoptosis
(Figure 1), indicating that Dkk1 anti-apoptotic function is Wnt
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Dickkopf1 acts as a survival factor in a Wnt-independent manner. (a) Ablated PGK:Cre;Dbx1°™ embryos cultured in the absence or presence of either recombinant

Dkk1 or endo-IWR1 and stained by TUNEL. Top lane is a dorsal view (anterior is up, scale bar: 100 zm). Lower lane corresponds to cryostat sections (collected at the level of the
dashed line) of the embryos shown above (scale bar: 100 m). The neural plate is surrounded by a dashed line to allow a better visualization. (b and ¢) Histogram (mean + S.D.)
and cumulative distributions showing the number of TUNEL" cells per section counted in ablated embryos untreated (35 sections from five animals), Dkk1-treated (25 sections
from three animals at 0.2 xg/ml, 36 sections from four animals at 0.5 .g/ml and 34 sections from four animals at 1 g/ml) or Endo-IWR1-treated (27 sections from three animals at
10 uM); *P<0.01 using Student's +test and P< 0.003 using Kolmogorov-Smirnov test, **P<0.003 using Student's t-test and P< 0.001 using Kolmogorov-Smirnov test, NS:

nonsignificant
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independent, and thus suggesting the possibility of a novel
signaling pathway downstream Dkk1.

Dkk1 receptor Krm1 has an intrinsic pro-apoptotic
activity. We then investigated the possibility that Dkk1
negatively regulates a pro-apoptotic signaling triggered by
one of its receptors. Such a mechanism implies that one
(or more) of Dkk1 receptors behaves as a dependence
receptor.! To assess whether Dkk1 receptors possess an
intrinsic pro-apoptotic activity, we transfected HEK293T cells
with plasmids encoding Krm1, Krm2 or Lrp6, and performed
immunostaining against activated-Caspase-3 to reveal cells
undergoing apoptosis.?® As illustrated in Figures 2a—d, Krm1,
but not Krm2 or Lrp6, expression resulted in a perinuclear
accumulation of activated-Caspase-3.

To better understand how the apoptotic activity of Krm1 is
regulated, we generated truncation mutants lacking either the
extra- or intracellular domain. We found that deletion of the
intracellular domain of Krm1 (AICD) completely abolished
Caspase-3 activation (Figures 2e and f). On the contrary, a
Krm1 construct devoid of extracellular domain (AECD), despite
being expressed at lower levels, appeared hyperactive as it was
able to elicit strong apoptotic signaling in almost all transfected
cells (Figures 2g and h). These observations suggest that Krm1
apoptotic activity is mediated by its ICD and negatively
regulated by its ECD, possibly through ligand binding.

Dkk1 inhibits the pro-apoptotic activity of Krm1. As Krm1
apoptotic activity appears regulated by extracellular signals,
we tested the consequences of Dkk1’s presence on this
process. We found that co-transfection of Dkk1 was able to
inhibit Krm1-induced Caspase-3 activation (Figures 3a and b).
Quantifications indicated a ~40-65% decrease (depending
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on the Dkk1/Krm1 ratio) in the proportion of active Caspase-
3-positive cells among Krm1-transfected cells (Figure 3c),
and the remaining apoptotic cells displayed a two- to fourfold
reduction in the levels of activated Caspase-3 fluorescence
relative to hemagglutinin (HA) fluorescence (Figure 3d).

We also assessed the ability of other known Krm1 ligands
Dkk2, Dkk3, Dkk4 and R-spondin1'’?72® to rescue Krm1-
induced apoptosis. Although none of them were found as
efficient as Dkk1, all were able to decrease Caspase-3
activation upon co-transfection with Krm1 in a significant and
dose-dependent manner (Figure 3c).

We then tested whether Dkk1 can inhibit Krm1 apoptotic
activity in a non-cell autonomous manner. We first applied
soluble Dkk1 (using either a recombinant protein or a
conditioned medium from Dkk1-transfected cells) on Krm1-
transfected cells. In another set of experiments, we seeded
Krm1-transfected cells on a carpet of Dkk1-expressing cells.
In all cases we measured a significant decrease in the
proportion of Caspase-3 positive cells among Krm1-
transfected cells upon exposure to exogenous Dkki1
(Figures 3e—g). The fact that we never observed as good of
a rescue using nonautonomous strategies as in co-
transfection experiments could be due to the protein stability/
activity issues, as previously repor’ted,29 or to the existence of
a pool of Krm1 that would remain inaccessible (intracellular for
example) to exogenous ligand. From these experiments, we
concluded that Krm1 is a bona fide dependence receptor
whose apoptotic activity is inhibited upon ligand binding in a
dose-dependent manner.

Krm1 and Dkk1 control cell survival in a Wnt-
independent manner. As Wnt inhibition in cultured embryos
is unable to mimic the anti-apoptotic effect of Dkk1, we
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Figure 2 Kremen1 has a pro-apoptotic activity. (a-¢) HEK293T cells overexpressing Krm1 (a), Krm2 (b) or Lrp6 (c) are identified by nuclear GFP expression (green).
Activated Caspase-3 is revealed by immunostaining (red); scale bar: 10 um. (d) Histogram representing the proportion of activated Caspase-3* cells among GFP* cells in the
experiments shown in (a—¢) and normalized to 1 (mean + S.D.); *P< 0.001 using Student's ttest. (e-g) HEK293T cells transfected with HA-tagged Krm1 full length (e), lacking its
intracellular domain (f) or lacking its extracellular domain (g). Cells were immunostained for HA (red) and activated Caspase-3 (green); scale bar: 10 um. (h) Quantification of the
proportion of activated Caspase-3* cells among HA* cells normalized to 1 (mean =+ S.D.) in the experiments shown in (f-h); *P<0.001 using Student's ttest
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Figure 3 Kremen1 is a dependence receptor for Dickkopfi (a and b) HEK293T cells co-transfected with HA-tagged Krm1 (red) and either GFP (a) or Dkk1 (b) and
immunostained for activated Caspase-3 (green); scale bar: 10 um. (c) Histogram of the proportion of activated Caspase-3" cells among Krm1-expressing cells upon
co-transfection with increasing amounts of GFP or various Krm1 ligands and normalized to 1 (mean + S.D.); *P<0.001 and $P<0.01 using Student's ttest. (d) Quantification of
the activated Caspase-3 fluorescence relative to HA fluorescence per cell measured for n= 139, 58, 120 and 63 Caspase-3* cells. Each dot represents one cell, log2 scale,
*P<0.001 using Kolmogorov-Smirnov test. () Quantification of the proportion of activated Caspase-3* cells among Krm1-HA* cells normalized to 1 (mean+S.D.) in the
absence or presence of 0.1, 0.2, 0.5 and 1 yg/ml recombinant Dkk1; *P<0.001 using Student's ttest. (f) Quantification of the proportion of activated Caspase-3* cells among
Krm1-HA* cells cultured in a medium previously conditioned by GFP- or Dkki-transfected cells, normalized to 1 (mean+S.D.); *P<0.001 using Student's ttest.
(9) Quantification of the proportion of activated Caspase-3* cells among Krm1-HA* cells seeded on a carpet of GFP or Dkk1-transfected cells. $P<0.01 using Student's ttest

decided to further investigate the relationship between Krm1-
mediated Wnt antagonism and apoptosis promotion.
Consistent with our whole embryo culture experiments, we
found that the treatment of Krm1-transfected cells with the Wnt
inhibitor endo-IWR1 was unable to recapitulate the anti-
apoptotic effect of Dkk1 (Figure 4a). In addition, the Wnt
activator Azakenpaullone®® proved unable to counterbalance
Dkk1-mediated rescue of Krmi-induced apoptosis
(Figure 4a). Together, these results indicate that the ability of
Dkk1 to block apoptotic signaling downstream Krm1 is not
mediated by Wnt inhibition. We then performed Wnt-activity
assays using the luciferase Wnt reporter TOPFlash. We found
that human embryonic kidney (HEK) cells display an intrinsic
Wnt activity that was significantly inhibited following Krm1
expression (Figure 4b). We observed a similar inhibition of
Wnt signaling using the Krm1 AICD construct (Figure 4b)
indicating that the ICD of Krm1 is dispensable for Wnt
antagonism, as previously shown for Krm2.!” Assessment of
the consequence of Krm1 ECD removal on Wnt inhibition
proved more difficult to interpret as it appeared highly variable
between experiments (Figure 4b). This is perhaps due to the
strong apoptotic activity and low expression level of this
construct (see Figure 2g). Thus, an apoptotically inactive
mutant of Krm1 fully retains its ability to inhibit Wnt signaling,
whereas an apoptotically hyperactive form only mediates
weak (if any) Wnt antagonism (Figure 4c). We therefore
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propose a model, in which Krm1 display two independent
signaling activities: Wnt inhibition through its ECD in the
presence of Dkk1 and apoptosis induction through its
cytoplasmic domain in the absence of ligand (Figure 4d).

Krm1 apoptotic activity is a recent evolutionary acquisi-
tion. Our data indicate that Krm2 does not share the same
intrinsic apoptotic activity as Krm1, we therefore speculated
that such an activity was acquired by Krm1 (or lost by Krm2)
during evolution. To test our hypothesis and determine when
the pro-apoptotic function might have arisen, we transfected
cells with plasmids encoding chicken, xenopus and zebrafish
Krm1. Incidentally, only one Krm1 ortholog was found in each
of these species (compared sequences of the ICDs are
shown in Figure 5a). Contrary to mKrm1, we found that
cKrm1, xKrm1 and zKrm1 were unable to induce Caspase-3
activation (Figures 5b—e, compare with Figure 2a). This may
either result from a lack of intrinsic pro-apoptotic activity of
chicken, xenopus and zebrafish Krm1 or from their inability to
interact with the necessary partners in human cells. To
distinguish between these two possibilities, we tested the
ability of mKrm1 and cKrm1 to induce apoptosis in chick
embryos using in ovo electroporation. As revealed by TUNEL
staining, we found that mKrm1 is able to induce cell death in
avian cells (Figures 5f and h), not only indicating that mKrm1
is indeed apoptotic in an in vivo context, but also that the
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Figure 4 Kremen1 acts in a Wnt-independent manner. (a) Quantification of the
proportion of activated Caspase-3* cells among HA* cells following co-transfection
with either Krm1 and GFP (black bars) or Krm1 and Dkk1 (gray bars). Inhibition of the
Wnt pathway using increasing doses of endo-IWR1 does not affect Krm1-induced
apoptosis. Activation of the Wnt pathway with increasing doses of Azakenpaullone
has no effect on Dkki-mediated rescue of Krmi-induced apoptosis, NS:
nonsignificant. (b) Luciferase assay indicating the relative activity of the Wnt-
signaling pathway in cells transfected with Krm1 or Krm1 truncations, compared with
control cells; mean +S.D., *P<0.001 using Student's ttest, $P<0.05 compared
with control or with Krm1 using Student's ttest. (¢) Summary of apoptotic and anti-
Wnt activities of Krm1 and its truncation mutants as shown in Figures 2h and 4b.
(d) A model summarizing our findings: Krm1 mediates Wnt inhibition in the presence
of Dkk1 and triggers apoptosis in its absence

downstream signaling pathway most likely involves partners
that are conserved between chick and mouse. Unlike its
murine counterpart, cKrm1 was unable to trigger apoptosis in
ovo (Figures 5g and h), further supporting the hypothesis of
an evolutionary acquisition of a pro-apoptotic behavior
by mKrm1.

We then aimed at identifying residues or motifs within the
ICD of mKrm1 that permit apoptotic signaling to occur. We first
made the fortuitous observation that the addition of an epitope
tag to the C terminus of mKrm1 completely abolishes
Caspase-3 activation (Figure 6a). We therefore speculated
that the C-terminal domain of mKrm1 is essential for its pro-
apoptotic function. Sequence comparison between mouse,
chicken, xenopus and zebrafish Krm1 ICDs prompted us to
focus on the last two residues of mKrm1, which are the only
ones in the last dozen not to be found in any of the three other
species (Figure 5a). We found that, in mKrm1, substitution of
either one of the last two amino acids by their chicken
counterpart (S472G or D473N) completely abolished
Caspase-3 activation (Figure 6a). Conversely, in cKrm1,
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substitution of the last two residues (GN) with their murine
equivalent (S.D.) was sufficient to confer apoptotic activity,
although not to a full extent, to the normally inactive chick
protein (Figures 6b—e). We therefore concluded that C-term-
inal residues of mKrm1 are critical for triggering apoptosis.

Consistent with our previous observation that Wnt antagon-
ism is mediated by the ECD, we found that the various mouse
and chicken Krm1 constructs, which differ in their apoptotic
activities, share the same ability to inhibit Wnt signaling
(Figure 6f), further confirming that Krm1-induced apoptosis is
Whnt independent.

Almost all Krm1 sequences of placental mammals we found
in the databases show strong conservation at the C terminus
(including S.D. residues), whereas none of the amphibians,
sauropsids (birds, crocodiles and turtles) or bony fishes have
the S.D. motif (Figure 6g). Moreover, among nonplacental
mammals, platypus has GY residues at the C terminus,
whereas the marsupials opossum and wallaby display a GD
motif; sequences which are, according to our mutagenesis
experiments, unlikely to allow apoptotic signaling in these
three species. We therefore propose that the pro-apoptotic
activity of Krm1 was acquired subsequent to the divergence
between marsupials and placental mammals. Furthermore, in
humans (as well as several primates) alternative splicing can
yield an additional isoform that differs at the C terminus,
consisting in the replacement of the last three amino acids by a
20 amino-acids-long tail (Figure 6g). We speculated that this
‘long’ isoform would be apoptotically inactive and tested this
hypothesis by substituting the last three amino acids of mKrm1
by the 20 amino-acid tail. As illustrated in Figure 6h, we found
the long isoform unable to trigger apoptosis, further demon-
strating the importance of the C-terminal sequence.

Krm1 apoptotic activity is reduced by cancer mutations.
Dependence receptors have been proposed to act as tumor
suppressors and improper function of dependence receptors
has been reported in cancers.’

Consistent with the involvement of Krm1 in human cancers
we found in the cancer genome atlas (TCGA,; https://genome-
cancer.ucsc.edu)®' that various cancers fit within a pattern
combining (i) high expression of Krm1 and low expression of
Dkk1 in normal tissue, (ii) decreased Krm1 expression in
tumors, and/or (iii) increased Dkk1 expression in tumors
(Supplementary Figure 3). To further question the contribution
of Krm1-induced apoptosis in cancers, we interrogated the
catalogue of somatic mutations in cancer database (COSMIC;
http://www.sanger.ac.uk/cosmic).3? At the date we performed
our studies (COSMIC v68 release, 4 February 2014), 45
unique samples bearing krm1 mutations were reported (out of
8845), with some of these mutations being found in several
independent samples. By contrast, only 12 mutations in krm2
were found, all of them in unique samples and nearly half of
them being coding silent. We decided to focus on the three
missense point mutations identified within Krm1 ICD: S421F
(found in two colorectal and one ovary carcinoma samples),
S439L (found in one lung carcinoma sample) and 1455V (also
found in one lung carcinoma sample). It is worth noting that a
second sample (colorectal carcinoma) bearing the S439L
mutation was added to the COSMIC database in a more
recent release (v70 release, 14 August 2014).
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Figure 5 Kremen1 apoptotic activity is not common among vertebrates. (a) Protein-sequence comparison of the intracellular domain of Krm1 in mouse (amino acids 414-473),
chick (393-450), xenopus (396-452) and zebrafish (410-465). Conservation of residues is indicated below according to the nomenclature of the ClustalX2 software.
(b—d) HEK293T cells transfected with cKrm1 (b), xKrm1 (¢), or zZKrm1 (d) are identified by GFP expression (green). Activated Caspase-3 immunostaining (in red) is negative in all
three conditions; scale bar in (b): 10 um. (e) Histogram representing the proportion of activated Caspase-3* cells among GFP* cells in the experiments shown in (b—d) and
normalized to 1 (mean + S.D.); * P<<0.001 using Student’s test. (f and g) Cryosections of chick spinal cord electroporated with HA-tagged mKrm1 (f) or cKrm1 (g). Transfected
cells are shown in red (HA immunolabeling) and apoptotic cells in green (TUNEL staining); scale bar in (f): 20 um. (h) Histogram representing the number of apoptotic cells
counted per 100 zm of electroporated ventricular zone in the experiments shown in (f and g) (mean + S.D.); *P<0.001 using Student's t-test

To address whether these mutations affect Krm1 pro-
apoptotic activity, we mutated the corresponding amino acids
of mouse Krm1 (S419F, S437L and 1453V) and proceeded
with cell transfection (Figures 7a—d). We found that transfec-
tion with S419F or S437L mutants induced Caspase-3
activation in ~40% less cells than their wild-type counterpart
(Figure 7e). In addition, we measured the intensity of activated
Caspase-3 staining relative to HA staining per cell and found
that all three mutations resulted in a significant reduction
(Figure 7f). Importantly, and consistent with our previous
finding, Krm1 cancer mutants appear equally able to
antagonize Wnt signaling as wild-type Krm1 (Figure 7g). We
therefore concluded that Krm1 mutations found in human
cancers can affect its apoptotic activity and propose that these
mutations favor abnormal cancer cells survival and thus confer
them a selective advantage (Figure 7h).

Discussion

We have unraveled an unexpected function for Dkk1 and Krm1
in regulating cell survival, in addition to (and independent of)
their previously characterized role in Wnt signaling. To our
knowledge, it is the first demonstration of a Wnt-independent
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function for both Dkk1 and Krm1, and the first report of a
biological function that is not shared by Krm1 and Krm2 as
both were shown to equally mediate Dkk1-induced Wnt
inhibition."”

A Krm2 truncation mutant lacking the entire ICD was
previously shown to retain its ability to mediate Wnt
inhibition."” Consistently, we found that Krm1 ICD is also
dispensable for Wnt inhibition. Conversely, the cytoplasmic tail
of Krm1 is strictly required for apoptotic signaling. Krm1
therefore appears as an atypical dependence receptor as its
positive and negative signaling activities are regulated by
topologically distinct domains.

In this study, we report for the first time a specific function for
mouse Krm1 compared with its chick, xenopus and zebrafish
orthologues. Interestingly, our cross-species electroporation
experiments indicated that mKrm1 retains its apoptotic activity
when expressed in avian cells. It is therefore reasonable to
assume that the intracellular apoptotic signaling cascade was
already present in the common ancestor to placental
mammals. We can thus speculate that the acquisition of a
pro-apoptotic behavior by Krm1 occurred by a mechanism of
molecular exaptation, consisting in the recruitment of a pre-
existing functional pathway.
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Figure 6 Kremen1i C-terminal domain is responsible for apoptotic signaling. (a) Quantification of the proportion of activated Caspase-3* cells among HA* cells following
transfection of mKrm1, Krm1 bearing a C-terminal Flag tag or point mutants S472G and D473N, normalized to 1 (mean+ S.D.); *P<0.001 using Student’s ttest. (b—d)
HEK293T cells transfected with HA-tagged mKrm1 (b), cKrm1 (c), or a modified cKrm1 bearing S and D residues at the C terminus (d). HA*-transfected cells are shown in red
and activated Caspase-3* cells in green; scale bar in (b): 10 um. (e) Quantification of the proportion of activated Caspase-3* cells among HA* cells in the experiments shown in
(b—d) normalized to 1 (mean + S.D.); *P<0.001 using Student's ttest. (f) Luciferase assay indicating the relative activity of the Wnt-signaling pathway (mean + S.D.) in cells
transfected with wild type or mutant mouse and chicken Krm1 constructs; *P< 0.001 using Student’s ttest. NS: nonsignificant. (g) Phylogenetic tree of various vertebrates for
which a krm1 sequence was found. Length of the branches is arbitrary. Species in bold are those for which we tested Krm1 apoptotic activity. RefSeq accession numbers are given
when available. The two human sequences are generated by alternative splicing. *indicate cases where several sequences were found but with identical C termini. *Sloth and
armadillo sequences were manually reconstructed using Ensembl. SOpossum and platypus sequences are referenced in UniProtKB under the accession numbers HOH6Q3 and
F7FX81, respectively. Protein sequences of the C termini were aligned. Residues identical to the mouse sequence are highlighted in green. Residues that differ from the mouse
sequence are indicated in red when located at positions that are critical for Krm1 apoptotic activity and in yellow otherwise. The red circle on the phylogenetic tree represents the
stage at which the apoptotic activity of Krm1 was most likely acquired (lineage of the placental mammals). (h) Histogram representing the proportion of activated Caspase-3* cells
among GFP* cells following transfection of mKrm1 or a modified version bearing the same C terminus as the human long isoform, normalized to 1 (mean + S.D.); *P<0.001
using Student’s ttest

Loss of function experiments in xenopus demonstrated that
Krm1 and Krm2 are required together for amphibian anterior

mechanisms negatively regulating Krm1-induced apoptosis,
and whose identification will be one of the future challenges.

nervous system development.?* In mice, however, Krm1~"";
Krm2™~ animals are viable and display no obvious brain
phenotype.®® In these two species, requirement of Kremens
during central nervous system (CNS) development and
apoptotic activity of Krm1 therefore appears inversely corre-
lated. One possibility is that the acquisition of apoptotic
behavior by Krm1 is simply not compatible with a strong
requirement during development. Another possibility is that
the acquisition of apoptotic activity by Krm1 was accompanied
by inhibitory mechanisms preventing deleterious functioning.
Our expression data, consistent with other studies'®19:24:34.35
indicate that krm1 is a rather widely expressed gene during
mouse embryonic development, whereas dkk1 expression is
more spatially restricted. This may well reflect the existence of

Cell death has not been investigated in the developing CNS
of either Krm1~~ or Dkk1~~ embryos, %33 although one can
argue that in the case of Dkk1 mutants, the dramatic absence
of induction of head structures does not allow such an analysis
to be performed. Interestingly, in the hippocampus of adult
mice, conditional tamoxifen-induced loss of Dkk1 was shown
to result in an increased apoptosis that specifically affects
DCX* neuroblasts,®® supporting the hypothesis that Dkk1 can
act as a survival factor in physiological conditions.

Most dependence receptors identified so far were involved
in cancers, consistent with the idea that both receptor loss of
function or ligand overexpression may confer a selective
advantage to tumor cells by favoring their abnormal survival.
In the specific case of DCC, possibly the most studied
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Figure 7 Somatic mutations found in human cancers can affect Krm1 pro-
apoptotic activity. (a—d) HEK293T cells expressing HA-tagged mKrm1 (a) or cancer
mutants S419F (b) S437L (c) and 1453V (d). Immunostaining revealed HA* cells in
red and activated Caspase-3 in green; scale bar in (a): 10 um. (e) Quantifications the
proportion of activated Caspase-3-positive cells among HA-positive cells in the
experiments shown in (a-d), normalized to 1 (mean+S.D.); *P<0.001 using
Student's ttest; NS: nonsignificant. (f) Quantification of the activated Caspase-3
fluorescence relative to HA fluorescence per cell measured for n=171 (Krm1), 107
(S419F), 110 (S437L) and 89 (1453V) cells. Each dot represent one cell; *P< 0.001
using Kolmogorov-Smirnov test. (g) Luciferase assay indicating the relative activity of
the Wnt-signaling pathway in cells transfected with wild-type Krm1 or cancer mutants;
*P<0.001 using Student's t+test; NS: nonsignificant. (h) Proposed model: Krm1
apoptotic activity favors the elimination of abnormal cells; mutations affecting its ability
to activate Caspase-3 may confer a selective advantage to cancer cells

dependence receptor, the tumor suppressor function has
formally been demonstrated and attributed to its apoptotic
activity.>” Dcc mutations are found in ~2.5% of COSMIC
samples compared with ~0.5% for krm1. However, since dcc
is a gene three times longer than krm1, and therefore more
likely to accumulate mutations, the frequency of krm1
mutations in cancers appears comparable to that of dcc.
Identifying new dependence receptors remains of primary
importance in the scope of providing alternative cancer
therapies and diagnostic tools. New perspectives are currently
arising, consisting in characterizing tumors that express both a
dependence receptor and its ligand and trying to interfere with
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production of the latter.*8*' We provide strong evidences
supporting an evolutionary acquisition of dependence beha-
vior for Krm1, which might be one of the mechanisms by which
placental mammals tackled the necessity to develop protec-
tive strategies against cancers. We further suggest that in
humans, Krm1 apoptotic behavior can be regulated by
alternative splicing. Before this study, Krm1 implication in
cancers was rather lightly documented, only supported by the
loss of expression observed in some cancer cell lines.3® We
now provide additional evidence by reporting that somatic
mutations in cancer can affect Krm1 apoptotic activity without
modifying its ability to inhibit Wnt signaling. Although the
cancer mutations we tested are not complete loss of apoptotic
function, it is worth mentioning that such a possibility has been
reported in at least two instances in the COSMIC database,
corresponding to frameshift mutations at positions 251 and
438 that certainly abolish Krm1 apoptotic activity.

By contrast, the role of Dkk1 in cancers is already well
established. Interestingly, despite the fact that all studies concur
that Dkk1 acts through modulation of Wnt signaling, both
positive and negative roles have been proposed.?®? Such a
discrepancy could reflect Dkk1’s dual function: as a Wnt
antagonist, Dkk1, would inhibit cancer progression, whereas
the anti-apoptotic function we reveal would favor cancer cells
survival. It is noteworthy that multiple studies provided proof of
concept that Dkk1 targeting by immunotherapy can be used
efficiently in both protective and therapeutic manners against
cancer.**™" Sato et al.*® found that anti-Dkk1 treatment was
able to induce apoptosis of A549 lung cancer cells (which
express high levels of Dkk1) by an unknown mechanism, which
we believe could be the one we describe here. Furthermore,
tumors formed in nude mice following A549 cells injection were
significantly smaller in animals treated with anti-Dkk1 compared
with controls, demonstrating that Dkk1 targeting by antibodies
can efficiently inhibit tumor growth in vivo.*® Our work will
therefore not only shed a new light on Dkk1 and Krm1 function
in development and cancer, but also (and more significantly)
support efforts in developing therapies based on interfering with
this novel pathway.

Materials and Methods

Animals. All animals used in this study were handled according to national
regulations (approval #5096 from the French Ministry of Research on the use of
genetically modified animals) and approved by the Veterinary Services of Paris
(authorization to perform experiments on vertebrate animals #75-1454). Ablated
embryos were obtained by mating PGK:Cre and Dbx1-*F-StoPLoXPDTA animals as
previously reported.?

Constructs. The coding sequences of mouse krm1, krm2, dkk1, dkk2, dkk3,
dkk4 and rspo1 were obtained following RNA extraction of E12.5 embryos using
Trizol (Invitrogen, Carlsbad, CA, USA), cDNA synthesis using SuperScript VILO
(Invitrogen) and PCR amplification using Phusion polymerase (Thermo Scientific,
Waltham, MA, USA). Human Irp6 was amplified from |.M.A.G.E. clone #40125687.
Chick, xenopus and zebrafish krm1 were obtained from cDNA of HH14, stage 20
and 22 hpf embryos, respectively. Constructs were made in pCAG-IRES-NLS-EGFP,
mKrm1 was also cloned in pCS2. In some instances, an HA tag was inserted after
the signal peptide. In the specific case of mKrm1 in pCS2, we found that adding the
HA tag before the signal peptide had no incidence on expression levels, surface
localization or apoptotic activity. For reasons that remain unclear, a better correlation
between HA and Caspase-3 fluorescence intensities was observed with such a
construct. Point mutations were generated using QuickChange site-directed



mutagenesis kit (Stratagene, La Jolla, CA, USA), truncation or deletion mutants
were produced by fusion PCR.

Culture. Whole embryo culture was performed in 75% rat serum (Charles River,
Japan) in DMEM supplemented with penicillin and streptomycin using a 5% CO,
incubator.

For immunofluorescence experiments, HEK293T cells were seeded on poly-L-
lysine-coated glass coverslips (in 15 mm wells) and cultured in 10% fetal bovine
serum in DMEM supplemented with penicillin and streptomycin. Transfection was
performed for 4 h in Optimem using 2 | Lipofectamine 2000 (Invitrogen) and 1 ug
total DNA. Single transfections were achieved with 0.2 xg pCAG-construct+0.8 ug
empty pBluescript. Co-transfections were done using pCS2-Krm1 and pCAG-ligand
in respective ratios of 0.5ug/0.5ug (Figures 3a-d and 4a) or 0.2 4g/0.8 ug
(Figures 3c and d). Carpets of GFP* or Dkk1* cells were obtained by transfecting
1 g pCAG-GFP or pCAG-Dkk1 ~4-6 h before seeding of dissociated Krm1* cells.
Conditioned media were collected 24 h after transfection with 1 g pCAG-GFP or
pCAG-Dkk1.

For Wnt-activity assays, HEK293T cells were seeded on 96-well plates and
transfected with 10ng pRL-Renilla, 10ng TOPFlash and 40ng pCAG-Krmi
constructs (completed to 200 ng total DNA with empty pBluescript) using 0.4 ul
Lipofectamine 2000 per well.

Recombinant mouse Dkk1 (R&D systems) was used at concentrations ranging
from 0.1 to 1 ug/ml. We found the protein most efficient when used shortly after
resuspension and therefore used only recently prepared aliquots. The Axin2 stabilizer
Endo-IWR1 (Tocris, Minneapolis, MN, USA) was used at concentrations ranging from
210 10 4M to inhibit Wnt signaling,? the GSK-33 inhibitor 1-Azakenpaullone (Sigma-
Aldrich, St. Louis, MO, USA) was used at concentrations ranging from 0.5 to 2 uM to
activate Wnt signaling.°

Staining. In situ hybridization and TUNEL were performed as previously
described.?® Immunostaining was performed 24h after cell transfection, the
following antibodies were used: mouse anti-HA 16B12 (Convance, Princeton, NJ,
USA; 1:1000), rabbit anti-cleaved Caspase-3 (Cell Signaling Technology, Beverly,
MA, USA; 1:1000), chick anti-GFP (Aves Labs, Tigard, OR, USA; 1:2000).
Secondary antibodies were coupled to Alexa488 (Invitrogen), Cy3 or Cy5 (Jackson
Immunoresearch, West Grove, PA, USA).

Whnt-activity assay. Twenty-four hours after transfection, cells were rinsed in
PBS and lysed in PLB buffer (Promega, Madison, WI, USA) for 25 min at room
temperature. Firefly and Renilla luciferase activities were measured sequentially
using the Dual Luciferase Reporter Assay kit (Promega) and a TriStar LB941 plate
reader (Berthold Technologies, Bad Wildbad, Germany).

Chick electroporation. Fertilized chick eggs were obtained from Morizeau
(Dangers, France) and incubated at 37 °C until HH10. Following DNA (4 zg/ul)
injection in the spinal cord, five pulses of 25V were applied using a CUY21
electroporator and CUY611P7-2 electrodes (Nepagene, Chiba, Japan) to achieve
unilateral transfection. Embryos were collected 24 h later.

Quantifications. Quantification of apoptosis in cultured embryos was achieved
by counting the number of TUNEL" cells in the neural plate on 20 um-thick sections
obtained from 3 to 5 embryos per condition. Means were compared using Student’s
ttest. Distributions were also compared by pooling all sections (n=25-36
depending on the condition) and applying the nonparametric Kolmogorov-Smirnov
test. Quantification of apoptosis in HEK cells was achieved by counting the
proportion of active Caspase-3* cells among GFP* (for untagged constructs) or HA*
cells. Experiments were performed at least in triplicates. Approximately 200 GFP* or
HA* cells were considered for each experiment. Histograms represent the means
normalized to 1 in control condition (usually Krm1 alone). Error bars on histograms
correspond to standard deviations. Means were compared using Student's ttest.
The activated Caspase-3 fluorescence relative to HA fluorescence was calculated
for individual cells (the number of cells considered is indicated in the figure legends)
and normalized to 1 in control condition. Distributions were compared using
Kolmogorov-Smirnov test. Quantifications of Wnt-signaling activities in HEK cells
were achieved by dividing the Firefly luciferase by Renilla in each well, and is
expressed in relative luminescence units normalized to 1 in control condition
(untreated HEK cells). Experiments were performed at least in quadruplicates.
Quantification of apoptosis in electroporated chick embryos was achieved by
counting the number of TUNEL" cells per 100 um of electroporated ventricular zone
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from a minimum of six sections belonging to at least three animals for each
condition.
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