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Abstract

The six-transmembrane protein glycerophosphodiester phosphodiesterase 2 (GDE?2) induces
spinal motor neuron differentiation by inhibiting Notch signaling in adjacent motor neuron
progenitors. GDE2 function requires activity of its extracellular domain that shares homology with
glycerophosphodiester phosphodiesterases (GDPD). GDPDs metabolize glycerophosphodiesters
into glycerol-3-phosphate and corresponding alcohols but whether GDE2 inhibits Notch signaling
by this mechanism is unclear. Here, we show that GDE2, unlike classical GDPDs, cleaves
glycosylphosphatidylinositol (GPI)-anchors. GDE2 GDPD activity inactivates the Notch activator
RECK by releasing it from the membrane by GPl-anchor cleavage. RECK release disinhibits
ADAM protease-dependent shedding of the Notch ligand Delta-like 1 (DII1) leading to Notch
inactivation. This study identifies a previously unrecognized mechanism to initiate neurogenesis
that involves GDE2 mediated surface cleavage of GPl-anchored targets to inhibit DII1-Notch
signaling.

The transition from cellular proliferation to differentiation is tightly controlled to ensure
appropriate numbers of distinct cell types are formed, and to prevent the depletion or
uncontrolled proliferation of progenitor cells. Glycerophosphodiester phosphodiesterase 2
(GDE2) is necessary and sufficient to induce differentiation of spinal motor neuron (MN)
subtypes. GDE2 acts non cell-autonomously by inhibiting Notch signaling in neighboring
Oligodendrocyte transcription factor 2 (Olig2*)MN progenitors using extracellular
glycerophosphodiester phosphodiesterase (GDPD) domain activity (1-4). Because Notch is
activated by ligands Delta-like (DII) and Jagged (Jag) expressed in adjacent cells, we tested
whether GDE2 might target DII1 and Jagl function (3, 5). Jagl and DII1 are expressed in
non-overlapping domains within the ventral spinal cord, and genetic ablation of either ligand
causes domain-specific precocious neuronal differentiation (fig.S1A) (5-7). Spinal cords of
mice lacking GDE2 (Gde2™") showed a specific loss of MNs and VO interneurons, no
changes in the total number of V1 interneurons or V2 interneurons, but an increase in the
ratio of V2a:VV2b interneurons (Fig.1, A to I; 3). These domain-specific deficits correspond
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to regions of DII1 expression and function, suggesting that GDE2 specifically targets DII1,
but not Jagl activity (fig.S1A).

DII1 is inactivated through cleavage and release of its extracellular domain (ECD) by the
ADAM metalloprotease family (5). To determine if GDE2 GDPD activity promotes DII1
shedding we coelectroporated plasmids expressing GDE?2 and C-terminal Flag-tagged DII1
(Dl1-Flag) into chick spinal cords and analyzed DII1 processing by protein immunoblotting.
Overexpression of DII1-Flag generated full-length DII1 and a processed 30kD C-terminal
fragment (CTF) (Fig.1J). Overexpression of GDE2 and DII1-Flag induced accumulation of a
C-terminal 42kD DII1 product (DI11-42) that was not generated by coexpression of the two-
pass transmembrane GDPD protein GDE1 (4, 8), or by catalytically inactive GDE2 GDPD
mutants (GDE2.APML,; 3) (Fig.1J). A corresponding N-terminal DII1 ECD fragment was
detected after overexpressing a double tagged version of DII1 (Myc-DII1-Flag) (fig.S2).
Fluorescence-activated cell sorting (FACS) analysis of DII1 expression showed decreased
DII1 surface expression in MNs when GDE2 was overexpressed in chick spinal cords and a
corresponding increase of endogenous DII1 surface expression in GFP* MNs purified from
HBY:GFP:GdeZ™~ animals (fig.S3; 9). Consistent with the DIl1-specific function of GDE2,
no changes in Jagl expression (JaglFL) or processing (Jag1CTF) were detected in spinal
cords overexpressing GDE2 or in spinal cords of Gde2~~ animals (Fig.1, J and K). These
data indicate that GDE2 GDPD activity stimulates DII1 processing, and decreases the
availability of cell surface DII1 in vivo. In addition to removing surface DII1 for Notch
receptor activation, the released DII1 ECD is reported to inhibit Notch signaling by a
dominant-negative activity (5); thus, DII1 should function cooperatively with GDE2 to
induce MN differentiation. Indeed, overexpression of GDE2 with DII1 in chick spinal cords
enhanced the ability of GDE2 to induce premature differentiation of ventricular zone (VZ)
progenitors into Isl2* MNs (Fig.1, L to N).

GDE?2 did not induce DII1-42 accumulation when coexpressed with DII1-Flag in
heterologous human embryonic kidney (HEK) 293T cells; thus, GDE2-dependent
processing of DII1 is likely indirect (fig.S1B). Overexpression of ADAM10 and DII1-Flag in
chick spinal cords induced formation of DII1-42 and decreased surface DII1, suggesting that
DII1-42 may be generated through ADAM metalloprotease activity (figs.S3B and S4).
Further, ADAM10 overexpressed in chick spinal cords effectively cleaved DII1Aclv, which
lacks a reported ADAM10 cleavage site mapped in vitro (10), suggesting that DII1-42 may
be generated by ADAM proteolytic activity through a separate cleavage site that is
preferentially utilized in vivo (fig.S4). Thus, GDE2 GDPD activity appears to stimulate
ADAM-dependent processing of DII1 to DII1-42, thereby inducing MN differentiation.

The GPI-anchored protein, Reversion-inducing Cysteine-rich protein with Kazal motifs
(RECK), activates Notch signaling in cortical progenitors by directly inhibiting ADAM10-
dependent DII1 processing (11, 12). RECK mRNA is enriched in VZ cells and overlaps with
GDE2 expression in newly differentiating MNs during neurogenesis (fig.S5, A and B).
Depletion of RECK in spinal cords by two different shRNAs (fig.S5, C and D) lowered
Notch signaling as assayed by reduced expression of downstream Notch target genes Hes5
and B/bp (5), and the induction of premature MN differentiation in the VZ (Fig.2, Ato L).
Moreover, loss of RECK specifically induced accumulation of DI11-42 in spinal cords but
did not alter Jagl expression and processing to JaglCTF (Fig.2M). These phenotypes are
similar to those caused by GDE?2 overexpression, and indicate that GDE2 GDPD activity
may promote DII1 shedding by inactivating RECK (1-3).

To determine how GDE2 GDPD activity might inactivate RECK, we tested if GDE2
exhibits classical GDPD phospholipase-D (PLD) catalysis in a coupled spectrophotometric
assay of GDPD function (Fig.3, A and B) (13). Membrane fractions of HEK293T cells
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transfected with control GDE1 showed GDPD activity when incubated with
glycerophosphoserine (GPserine), or a cyclic glycerol-1,2-phosphate intermediate
(cyGJ[1,2]P) that is not substrate-specific and formed by GDPD enzymes during their
predicted 2-step catalytic mechanism (Fig.3, A and B; 14). However, GDE2 showed no
GDPD activity in either case (Fig.3B). The GDPD domains of the six-transmembrane GDEs
(GDE2, GDE3 and GDES®) are homologous to the catalytic X-domain of PI-PLC. GDE3,
unlike GDEZ1, hydrolyzes GPinositol through a PLC-type cleavage mechanism (15, 16).
Since exogenous bacterial PI-PLCs cleave and release GPI-linked proteins from membranes,
we tested whether GDE2 GDPD activity inactivates RECK by GPI-anchor cleavage. We
overexpressed GDE2 and RECK in HEK293T cells and assayed the culture medium for
cleaved RECK ECD by protein immunoblotting. GDE2 and RECK co-expression released
RECK into the medium, as does treatment with PI-PLC, whereas medium prepared from
cells transfected with vector alone, GDEL1 or catalytically inactive GDE2.APML contained
little RECK (Fig.3, C and E). Repeated Triton X-114 extraction of medium from cells
overexpressing GDE2 and RECK yielded RECK in hydrophilic fractions, ruling out
potential medium contamination by membrane-bound RECK (Fig.3D; 17). Further,
sequential expression of RECK and GDE2 released RECK into the medium (fig.S6),
suggesting that GDE2 acts on surface GPI-anchored RECK and does not promote aberrant
RECK discharge through disruption of RECK synthesis, modification or transport.
Consistent with inactivation of RECK by GDE2 through cleavage of its GPI-anchor,
endogenous RECK processing examined by Triton X-114 partitioning of cortical extracts
showed reduced RECK release in Gde2™~ animals compared with that of WT littermates
(fig.S7).

To date, two vertebrate GPI-anchored cleaving enzymes have been identified, GPI-PLD and
the vertebrate homolog of Drosophila Notum (18, 19). Notum failed to release RECK into
the medium of transfected HEK293T cells; while GPI-PLD led to effective RECK cleavage
(fig.S8A). Analysis of surface biotinylated RECK in transfected HEK293T cells showed that
GDE?2 activity releases biotinylated RECK from the surface membrane into the medium; in
contrast, GPI-PLD did not, suggesting that GPI-PLD cleavage of RECK is intracellular and
occurs within the ER or Golgi (Fig.3F). Taken together, these observations indicate that
GDE2 mediated release of RECK occurs on the cell surface and is independent from the
function of known vertebrate GPI-anchor cleaving enzymes.

To define the mechanism of RECK release by GDE2, we radiolabeled transfected HEK293T
cells and confirmed that the RECK ECD released into the medium by GDE2 expression
contained components of the GPI-anchor such as [3H] inositol or [3H] ethanolamine,
whereas a secreted version of RECK ECD (sRECK) that lacked the GPI anchor was poorly
labeled under identical conditions (Fig.3G and fig.S8B; 20). Moreover, cells overexpressing
RECK in which the GPI-anchor was replaced with the transmembrane domain from the non-
GPl-anchored CD2 protein failed to produce RECK in the medium in the presence of GDE2
(fig.S9, A and B; 21, 22). These observations indicate that RECK release by GDE2 involves
specific cleavage within the GPl-anchor, a concept supported by the ability of GDE2 to
cleave other unrelated GPI-anchored proteins such as the glypicans GPC2 and GPC4
(fig.S10). PLD cleavage of the GPI-anchor would result in loss of a phosphate group from
the phosphatidylinositol domain of released RECK when compared with PLC cleavage
mechanisms (Fig.3G). Comparison of radiolabeled [32P] incorporation between RECK ECD
generated by GDE2 or GPI-PLD expression normalized to [3H] inositol levels showed that
RECK released by GDE2 contained higher ratios of [32P]: [3H] inositol than when cleaved
by GPI-PLD (Table S1). This observation suggests that GDE?2 release of RECK does not
employ a similar mechanism to GPI-PLD. Bacterial PI-PLC cleavage of GPI linkages
creates a unique stable 1,2 cyclic inositol phosphate ring (cylno[1,2]P), that is recognized by
antibodies to cross-reacting determinant (CRD) (23, 24). RECK ECD generated from GDE2

Science. Author manuscript; available in PMC 2013 July 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Park et al.

Page 4

overexpression did not cross react with anti-CRD antibodies (fig.S8C), suggesting that
GDE2 cleavage of GPI-anchors is different to that of bacterial PI-PLC; however, this
observation is consistent with reports that mammalian PLC enzymes have different kinetics
to bacterial PI-PLCs and fail to generate stable cyclic intermediates (25).

If GDE2 inactivates RECK to induce MN differentiation, then overexpression of RECK
might overcome GDE?2 inhibition and suppress GDE2-dependent induction of premature
MN generation in the VZ. We used Cre-lox techniques to generate mosaic expression of
GDEZ2 in Olig2* MN progenitors. This caused neighboring cells to differentiate into Isl2*
MNs (3, 26). WT GPIl-anchored RECK overexpressed with GDE2 effectively suppressed
GDE2-dependent premature MN differentiation (Fig.4B and fig.S9, E and F).
Overexpressed RECK-CD2 more effectively suppressed GDE2 induction of MN
differentiation than did equivalent amounts of GPl-anchored RECK (Fig.4A and fig.S9, C
and D), further indicating that GDE2 inactivates RECK to induce MN differentiation
through cleavage of the GPI-anchor.

RECK ECD generated after GPI-anchor cleavage should be inactive and fail to maintain
Olig2*™ MN progenitors through Notch activation. However, soluble versions of RECK that
lack the GPI-anchor are active in other systems, suggesting that the activity of cleaved
RECK is context dependent (11). Using similar Cre-lox approaches we compared the effects
of WT RECK and sRECK to inhibit GDE2-dependent MN generation in electroporated
chick spinal cords. Overexpression of WT RECK with GDE2 suppressed GDE2-dependent
premature differentiation of MNs (Fig.4B and fig.S9F); in contrast, SRECK failed to
suppress GDE?2 activity (Fig.4B and fig.S9G). WT RECK was sufficient to prevent
increased DII1 shedding resulting from ablation of endogenous RECK by shRNAs, whereas
SRECK had no effect (Fig.4C). These observations suggest that RECK ECD fails to inhibit
DII1 shedding and imply that GDE2 GDPD-dependent cleavage of RECK clears active
RECK from the membrane.

Our data suggest a model where GDE2 promotes MN differentiation by inactivating surface
bound RECK through GPI-anchor cleavage, thus allowing ADAM protein function
(fig.S11). GDE2 cleaves GPl-anchored proteins at the cell surface in multiple in vitro and in
vivo contexts that are independent of known GPI-anchor cleaving enzymes. These
observations support direct modes of cleavage, an activity shared by its family members
GDE3 and GDESG (fig.S9; 4); nevertheless, it remains possible that their function could
involve stimulation of unidentified cleaving enzymes. GPI-anchored proteins are key
regulators of signaling pathways that control diverse biological processes in the developing
and adult organism (27, 28). Understanding how these pathways are regulated through GPI-
anchor cleavage in normal and diseased states might be gained by further analysis of six-
transmembrane GDE GDPD protein expression, transport and activity.
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Figure 1. Stimulation of DIl1 shedding by GDE2
(A-H) Coronal sections of E13.5 mouse spinal cords. Arrows mark VV2b interneurons (red).
(1) Graph quantifying interneuron numbers in WT and Gde2~~ mutants; mean + s.e.m, n= 4,

two-tailed t-test: VO *p= 0.0016; V1 p= 0.4778; V2a *p= 0.0028, VV2b *p= 0.0088 (J)

Western blots of extracts of chick spinal cords electroporated with DII1-Flag plasmid; open

arrow = 30kD DII1 C-terminal fragment, black arrow = C-terminal 42kD DII1 product

(Dl1-42). Arrow (GDE2) = endogenous glycosylated GDE2, lower bands are
hypoglycosylated GDE2. (K) Western blot of Jagl processing (FL= full length; CTF= C-
terminal fragment) and quantification of Jagl CTF/FL ratios from E12.5 embryonic spinal
cord extracts. (L—N) Close up of electroporated chick spinal cords (right) shows increased
Isl2* MNs (red) when DII1 is coelecroporated with GDE2. Arrow = midline. Scale bar =

20um.
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(blue) demarcates VVZ of chick spinal cords electroporated (right) with control and RECK

ShRNASs, showing IsI2* MNs (red) that express neuronal Tujl (green) when RECK is
knocked-down. Arrow = midline; doubleheaded arrow = VZ. Scale bar = 20pm. (M)
Western blots of chick spinal cords electroporated with DII1-Flag plasmid and RECK

ShRNASs show RECK knockdown stimulates DII1-42 production (arrow) but Jagl
expression and processing is unchanged. Graph quantifying DI11-42 cleavage from
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Figure 3. GDE2 cleaves RECK within the GPI-anchor
(A) Schematic of 2-step GDPD catalysis. (B) Graph quantifying in vitro GDPD assay in
transfected HEK293T cells using glycerophosphoserine (GPserine) and synthetic cyclic
glycerol[1,2] phosphate intermediate. (C—E) Western blots of transfected HEK293T cell
lysates (lys) and medium (med). (C) RECK is detected in the medium when catalytically
active GDE2 is present. (D) After sequential Triton X-114 extraction cleaved RECK is
observed in the Detergent (DT)-free hydrophilic phase, while D11, which is not cleaved by
GDE?2, is retained in DT-rich hydrophobic phase of the lysate. (E) RECK ECD is generated
by GDEZ2 or PI-PLC activities. (F) Western blot of lysates (lys) and medium (med) of
HEK293T cells transfected with RECK and C-terminal Flag tagged GDE2 or GPI-PLD.
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Surface RECK is labeled by biotin. GDE2 but not GPI-PLD releases surface biotinylated
RECK into the medium (arrow). Both GDE2 and GPI-PLD are visualized by Flag antibodies
but only GDE?2 is labeled by biotin indicating GDE2 is localized to the cell surface. PI-PLC
was added to intact cells and serves as a positive control. (G) Schematic of GPl-anchor.
Graph quantifying amount of radiolabel incorporated into RECK or secreted (s) RECK
when GDE2 or PI-PLC is present. Mean + s.e.m. n=4-12.
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Figure4. GDE2 inactivates RECK by GPI-anchor cleavage

(A, B) Graphs quantifying ratio of ectopic Isl2* VZ MNs normalized to the number of
transfected GDE2 cells. Mean * s.e.m., two-tailed t-test, (A) Suboptimal levels of plasmids
expressing RECKS/OPt or RECK-CD2 S/°Pt were coelectroporated with GDE2. RECK-CD2
was more effective than RECK in suppressing GDE2 dependent MN generation, *p= 0.0306
(n=5); (B) Plasmids expressing RECK or SRECK were coelectroporated with GDE2; RECK
effectively suppressed GDE2 function but SRECK did not, *p=5.59x10~° (n=8-10)
compared with GDE2. (C) Western blot of extracts of chick spinal cords electroporated with
DII1-Flag and RECK shRNA targeting 3° UTR to detect full-length (FL) and processed
DII1-42. The phenotype is rescued by exogenous plasmids expressing WT RECK ORF but
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not SRECK. Densitometric quantification of DII1-42, mean + s.e.m., n=4. Two-tailed t-test,
*p=0.013 compared with empty.
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