





Figures

Figure 1
PGAMS5 physically interacts with Arrb2 and Dvl2

(A) Interactome analysis by gquantitative HPLC-MS-MS with Arrb2 as a bait and the
corresponding back-tagging experiments yielded various protein kinases and identified
PGAMS5 as a novel binding partner of DvI2 and Arrb2. Relative abundances are summarized
in the table. Asterisks indicate that proteins were detected in only one biological replicate.
The interaction network with selected preys was illustrated using Cytoscape; the bait proteins
DvI2 and Arrb2 are colored yellow and orange respectively, kinases are shown in green,
phosphatases in red. The line width indicates the abundance of the respective preys relative to
DvI2 or Arrb2 as bait.

(B) Co-immunoprecipitation of overexpressed proteins confirms the interaction of Pgam5
with DvI2 and the DvI2-Arrb2 complex. (C) Endogenous co-immunoprecipitation of PGAM5
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and ARRB2 with DVL2. Band intensities have been quantified and relative intensities are
given below the respective blots. (D) The binding site of Pgam5 to DvI2 was mapped to the
region interspacing the PDZ and DEP domain of DvI2 by co-immunoprecipitation of Pgam5-
HA with a series of truncated Myc-DvI2 constructs as illustrated in the schematic.
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Figure 2
DVL2 is a substrate of PGAM5

(A) Knock-down of PGAMS5 in HEK 293T cells was sufficient to induce
hyperphosphorylation of DVL2. (B) Overexpressed HA-DVL2 yielded two distinct bands on
Western Blots. Co-expression of PGAMS5-Flag visibly diminished the slower migrating,
hyperphosphorylated band whereas the phosphatase-deficient mutant PGAM5-H105A-Flag
did not affect electrophoretic mobility of HA-DVL2. (C) Cell lysates were incubated with
recombinant GST (control) or GST-tagged PGAMB5A (lacking the N-terminal mitochondrial
targeting sequence) for 30 min. In the presence of recombinant GST-PGAM5A, DVL2 was
gradually dephosphorylated. For (B) and (C), intensities have been quantified and the ratio
between the hyperphosphorylated band (a) and the faster migrating band (b) is provided

below the corresponding blots.
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Figure 3

pgamb is expressed in the anterior neuroectoderm and required for head induction in Xenopus

laevis.

(A) pgam5 RNA was detected by whole mount in situ hybridization in Xenopus embryos at
Nieuwkoop and Faber (NF, (Nieuwkoop and Faber, 1975) stages 6.5 (i), 9 (ii), 11.5 (iii), 13
(iv), 20 (v), 24 (vi) and 35 (vii). Expression was detected in the animal ectoderm at blastula
stages and was more ubiquitous from gastrula to early tadpole stages, although strongest in
the anterior neuroectoderm. At stage 35 pgam5 was detected in the central nervous system
(arrow heads), neural crest (arrows), eye (open arrowhead), otic vesicle and weakly in the
ventral part of somites. Scale bar (500 um) applies to all images; arch — archenteron, bc —
blastocoel, bp — blastopore, e — ectoderm, fb — forebrain, hb — hindbrain, m- mesoderm, n —
notochord, ne — neuroectoderm, nt — neural tube, oe - oral evagination, sc — spinal chord. (B)
Phenotypes of embryos injected with 0.4 pmol Pgam5 MO1 or Control MO in both
blastomeres at the two-cell stage followed by injection with 100 pg PGAM5 or PGAMb-
H105A RNA (H105A RNA) both dorso-animal blastomeres at the eight-cell stage. The scale

bar (500 um) applies to all images. The frequencies of the indicated phenotypes from at least
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three independent experiments with the indicated total numbers of embryos are summarized
in the graph (** p-value < 0.01, y-test).
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Figure 4
Pgam5 modulates Wnt/p-Catenin signaling in Xenopus laevis.

Embryos were injected with 0.4 pmol Pgam5 MO or Control MO in both blastomeres at the
two-cell stage. (A) The Pgam5 MO1 phenotypes are rescued by co-injection of either 100 pg
MO-insensitve Xenopus pgam5-RNA or 10 pg dkk1-gfp DNA as indicated. Scale bar (500
pum) applies to all images. The frequencies of the indicated phenotypes from at least three
independent experiments with the indicated total numbers of embryos are summarized in the
graph (** p-value < 0.01, y*-test). (B) Pgam5 depletion resulted in overall elevated levels of
active dephosphorylated g-Catenin (ABC) and hyperphosphorylation of DvI2 in NF stage
11.5 embryos. Band intensities of ABC, -Catenin (BC), hyperphosphorylated and
dephosphorylated DvI2 (a and b respectively) have been quantified and the intensity ratios for
ABC/BC and DvI2 a/b are given below the respective blots.

Pgam5 knock-down resulted in upregulation of endogenous Wnt/3-Catenin target genes: (C)
The graphs show relative expression of the indicated genes from four independent

experiments (average + SD). Statistically significant deviations are indicated by asterisks (**
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p-value < 0.01, * p-value < 0.05, (*) p-value < 0.1, t-test for the hypothesis of the mean). (E)
Knock-down of PGAMS5 also strongly enhanced responsiveness of HEK 293T cells to
WNT3A stimulation as determined by TOP-Flash reporter gene assays.
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Figure 5

Pgamb is required for anterior inhibition of Wnt/B-Catenin signaling and ectodermal anterior-

posterior patterning

(A) The prospective neural plate was explanted from embryos injected with 0.4 pmol Pgam5
MOL1 or Control MO at NF stage 11.5 and dissected into anterior, mid and posterior third as
indicated in the schematic. Active dephosphorylated -Catenin (ABC) was detected in an
anterior to posterior gradient in lysates from control dorsal explants. The blots show one
representative experiment; average ratios + SD of ABC/B-Catenin from four independent
experiments are summarized in the graph (* p-value < 0.05, separate variances t-test). (B)
Embryos were injected into one dorsal blastomere at the four-cell stage with 0.4 pmol Pgam5
MO1 or Control MO, pCS2+ lacZ as lineage tracer and PGAM5 RNA or PGAM5-H105A
RNA as indicated. Embryos were stained for 3-Galactosidase to identify the injected side
(asterisk) and analyzed for the expression of krox20 and otx2 at NF stage 21 by in situ
hybridization. Images show representative embryos; the corresponding pattern is
schematically shown in the upper right corner. The graph summarizes the results from five
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independent experiments (** p-value < 0.01, * p-value < 0.05, n.s. not significant, Wilcoxon-
Rank-Sum test).
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Figure 6

PGAMS5 overexpression inhibits Wnt/pB-Catenin signaling in Xenopus embryos and human

cells

(A) Secondary body axes were induced in Xenopus laevis embryos by injection of 5 pg wnt8
RNA and 100 pg PGAMS5 or PGAM5-H105A RNA as indicated into both ventral blastomeres
at the four-cell stage. Images show representative examples of embryos; filled arrowheads
indicate primary axes, open arrowheads indicate secondary axes. The graph shows the
frequency of complete and partial axis duplication from five independent experiments. (B)
Phenotypes of embryos injected with 200 pg egfp, PGAMS5 RNA or PGAM5-H105A RNA
(H105A RNA) in both blastomeres at the two-cell stage. Arrowheads indicate the dorsal fin
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and somites. The frequencies of the indicated phenotypes from at least three independent
experiments are summarized in the graph. For (A) and (B) statistical significance of
deviations was calculated using the Wilcoxon Rank Sum test; ** p-value < 0.01, * p-value <
0.05.

(C) Pgam5 overexpression reduced nuclear 3-Catenin levels in Xenopus embryonic
fibroblasts (XTC cells). Cells were transfected as indicated, stimulated with WNT3A
conditioned medium for 1h and immunostained for endogenous -Catenin. The scale bar (50
pm) applies to all images. The graph summarizes nuclear 3-Catenin intensity of at least 20

GFP-positive and GFP-negative cells (** p-value < 0.01, separate variance t-test).

Q9
RS
)
—
©
()
]
c
@©
>
©
<
[ ]
=
C
()
£
Q
ko)
()
>
()
(@)




A B
- 3.0 k% %%
= 30 = |
£ H
g 8 20 s,
S5 20 S5
< s |
2 10 g2 10
k| K]
3] 0 [ 0
PGAMS + + + WNT3A + +
PGAM5-H105A + + + Tefl-Flag| + | + | + | +
LRP6 DvL2 B-Catenin Pgam5-HA + | +
S33Y
C D IP anti-Myc Input
IP anti-Flag Input + + + + WNT3A
+ + + + WNT3A + o+ o+ + o+ + + + + + Tcfl-Flag
+ + Pgam5-HA + + o+ + + + Pgamb-HA
+ + + + + + Tcf1-Flag + + + o+ + + + + p-Catenin 4ST/A-Myc
50 kD -
100 kDa | < | | | S e ~aj-Catenin e B9 ¥ &= &9 |- Tcf1-Flag
37 KDa 37 KDal
~— = |-aPgam5-HA - --_.|1 Pgam5-HA
50 kDa — =g B B b b b |-mp-Catenin 4ST/A-Myc
* vu #o|-ATcH-Flag 100 kD4l B B8 B e | ap-Catenin (endogenous)
Figure 7

PGAMS interferes with Wnt/B-Catenin signaling downstream of 3-Catenin stabilization

(A) PGAMS5, but not PGAMb5-H105A antagonized TOP-Flash activation by LRP6, DVL2
and stabilized B-Catenin. (B) Xenopus Pgam5 blocked stimulation of the TOP-Flash reporter
by WNT3A in the presence of exogenous Tcfl. The graphs in (A) and (B) show normalized
average Luciferase activity + SD from at least three independent experiments (** p-value <
0.01, * p-value < 0.05, n.s. not significant, separate variances t-test). (C) WNT3A stimulation
enhanced interaction of Tcfl-Flag with endogenous B-Catenin in HEK 293T cells, which was
attenuated by co-expression of Pgam5-HA. (D) Tcfl-Flag co-precipitated with stabilized -
Catenin 4ST/A-Myc irrespective of WNT3A stimulation. Co-expression of Pgam5-HA
strongly reduced interaction between Tcfl-Flag and 3-Catenin 4ST/A-Myc.
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Figure 8
PGAMS5-mediated dephosphorylation inhibits nuclear function of DVL2

(A) Endogenous -Catenin and DvI2 were detected in the cytoplasmic and nuclear fractions
fromWNT3A stimulated HEK293T cells transfected as indicated. GAPDH, LAMIN-B and
pan-Cadherin were used as markers for cytoplasm, nuclei and membrane fractions
respectively. The ratio between the hyperphosphorylated band (a) and the faster migrating
band (b) of DVL2 in nuclear and cytoplasmic fractions are plotted in the graph (average £ SD
from at least three independent experiments; * p-value < 0.05, separate variances t-test). (B)
In whole-cell lysates, Tcfl-Flag co-precipitated with overexpressed Myc-DvI2 and
endogenous B-Catenin irrespective of WNT3A stimulation. Co-expression of Pgam5-HA
strongly reduced interaction between Tcfl-Flag, Myc-DvI2 and endogenous 3-Catenin;

WNT3A stimulation moderately enhanced interaction of Tcfl with DvI2, but not 3-Catenin
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in the presence of exogenous Pgamb. (C) In the inverse co-immunoprecipitation experiment
Myc-DvI2 was immunoprecipitated. The WNT3A-induced interaction of Tcfl-Flag with
Myc-DvI2 was blocked by co-expression of Pgam5.
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Supplementary Methods

Supplementary Table 1

Plasmids and antisense Oligonucleotides

Plasmid / Morpholino / siRNA Reference
Pgam5 MO1 5’-cctacgaagatacattggcagctta-3’ | this study
Pgam5 MO2 5’-tctcacacacgttctcagacggaga-3’ | this study
Pgam5 5MM MO 5’-tctgagacaccttctgacacggaga-3’ | this study
si PGAMS 5’-cgccecgugucucauuggaa -3’ this study
si gfp 5°-gcuaccuguuccauggcca -3 this study
pCRII Pgamb this study
pCS2+ Pgam5-HA this study
pCS2+ Pgam5-GFP this study
pCS2+ PGAMS5-Flag this study
pCS2+ PGAM5-H105A-Flag this study

pcDNA3.1 PGAMS-Flag

Takeda et al., 2009

pcDNA3.1 PGAM5-H105A-Flag

Takeda et al., 2009

pGEX4T3 PGAMSA

this study

pN1 PGAM5

this study

pCS2+ DKK1-GFP

Kagermeier-Schenk et al., 2011

pcDNAS3.1 Arrb2-Flag

Seitz et al., 2014

pCS2+ myc-DvI2

Seitz et al., 2014

pcDNA3.1 HA-DVL2

this study

pcDNAS3.1 Flag-AXIN

Kishida et al., 1999

pCS2+ LRP6 AE1-E4

Mao et al., 2001

pCS2+ pB-Catenin-myc

Yost et al., 1996

pCS2+ pB-Catenin 4ST/A-myc

Yost et al., 1996

pcDNAS3.1 beta-Catenin S33Y

this study

pCS2+ Tcf1-Flag

Ralph Rupp, Munich

pCS2+ LacZ Schille et al., 2016
pGL3 Super 8x TOPFlash Korinek et al., 1997
pGL TK Renilla Promega GmbH, Mannheim,

Germany
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Supplementary Table 2

Antibodies and reagents

Antibody / Reagent | Dilution Source / Reference
Rabbit anti-PGAM5 1:1000 Abcam plc, Cambridge, UK;
# ab126534
Mouse anti-PGAMS 1:1000 Atlas Antibodies AB, Stockholm, Sweden
#AMADO0803
Rabbit anti-DVL2 1:1000 Proteintech Europe Inc, Manchester, UK
#12037-1-AP
Mouse anti-DvI2 1:500 bio-techne, Minneapolis, USA;
#MAB4216
Rabbit anti-ARRB2 1:1000 Proteintech Europe, Manchester, UK
#10171-1-AP
Mouse anti-Arrb2 1:1000 Abcam plc, Cambridge, UK;
#ab54790
Rabbit anti-B-Catenin | 1:1000 Santa Cruz Biotechnology Inc., Dallas, TX, USA
#sc-7199
Rat anti-p-Catenin 1:1000 Ralph Rupp, Ludwig-Maximilians-University Munich,
Germany
Rabbit anti-GFP 1:1000 Cell Signaling Technology Inc., Danvers, MA, USA
#2956
Rabbit anti-GFP 1:2000 Acris Antibodies GmbH, Herford, Germany;
#SP3005P
Mouse anti-GAPDH 1:2000 Proteintech Europe Inc, Manchester, UK;
#60004-1-Ig
Rabbit anti-TIMM44 1:500 Proteintech Europe Inc, Manchester, UK
#13859-1-AP
c
Mouse anti-Lamin B2 | 1:500 Santa Cruz Biotechnology Inc., Dallas, TX, USA _g
#sc-56147 g
Rabbit anti- 1:1000 Cell Signaling Technology Inc., Danvers, MA, USA é
panCadherin #4068 _E
o)
Mouse anti- 1:500 Merck Millipore, Darmstadt, Germany; E
dephospho-p-Catenin #05-665 GC’
£
Mouse anti-Axin2 1:50 Lustig et al., 2002 K]
(CIGT) &
]
Rat anti-o-Tubulin 1:1000 AbD Serotec; (%)
#MCAT7G +
(]
Mouse anti-p-Actin 1:1000 Sigma-Aldrich Chemie GmbH, Munich, Germany; £
A5441 g
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Caspase 3

Rabbit anti-HA 1:1000 Sigma-Aldrich Chemie GmbH, Munich, Germany;
H6908

Mouse anti-GST 1:1000 Sigma-Aldrich Chemie GmbH, Munich, Germany;
G1160

Mouse anti-Flag assay Sigma-Aldrich Chemie GmbH, Munich, Germany;

immobilized dependent #A2220

Dynabeads Protein G | assay ThermoFisher Germany, Darmstadt, Germany;

dependent #10004D

Staurosporine 1TuM Cell Signaling Technology Inc., Danvers, MA, USA
#9953

Acridine Orange 1ug/ml Applichem GmbH, Darmstadt, Germany;
#A1398

Rabbit anti-Cleaved 1:500 Cell Signaling Technology Inc., Danvers, MA, USA;

#9661
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Supplementary Table 3

Primers for qRT-PCR and RT-PCR

Primer Name Sequence Reference
gRT-PCR

odc fwd cattgcagagcctgggagata Schambony and Wedlich, 2007
odc rev tccactttgctcattcaccataac Schambony and Wedlich, 2007
xnr3 fwd cgagtgcaagaaggtggaca Bryja et al., 2007
xnr3 rev atcttcatggggacacagga Bryja et al., 2007
msgn1 fwd ctggacaaggtctggaggagat this study

msgn1 rev tttatgcccatgatccttcttg this study

hoxd1 fwd ggacaaatttcaccaccaaaca this study

hoxd1 rev ggtatcgttgagctgcagagag this study

dkk1 fwd gatgcctacccgctctacagtt this study

dkk1 rev ggacacaaattccgttgctaca this study
RT-PCR

odc_fwd gatgggctggatcgtatcgt Schille et al., 2016
odc_rev tggcagcagtacagacagca Schille et al., 2016
pgam5.S_fwd1 atcccaagcaggaagaagacag this study
pgam5.S_rev1 agcccaagaaataaggcacaga this study
pgam5.S_fwd2 atctcagtgcagcggaaactc this study
pgam5.S_rev2 tgctctcgtcattgtggagtaaa this study
pgam5.L_fwd1 gacgtcagtgtggtggaaactc this study
pgam5.L_rev1 actgtgagtgtcggatcaggaa this study
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