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Summary

Phosphorylation of eukaryotic translation initiation factor 2 alpha (elF2a) by the kinase GCN2 attenuates protein synthesis during amino
acid starvation in yeast, whereas in mammals a family of related elF2a kinases regulate translation in response to a variety of stresses.
Unlike single-celled eukaryotes, mammals also possess two specific eIF2a phosphatases, PPP1R15a and PPP1R15b, whose combined
deletion leads to a poorly understood early embryonic lethality. We report the characterisation of the first non-mammalian elF2a
phosphatase and the use of Drosophila to dissect its role during development. The Drosophila protein demonstrates features of both
mammalian proteins, including limited sequence homology and association with the endoplasmic reticulum. Of note, although this
protein is not transcriptionally regulated, its expression is controlled by the presence of upstream open reading frames in its 5'UTR,
enabling induction in response to eIF2o phosphorylation. Moreover, we show that its expression is necessary for embryonic and larval
development and that this is to oppose the inhibitory effects of GCN2 on anabolic growth.
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Introduction

Early in eukaryotic evolution, cells gained the capacity to
regulate protein synthesis in response to stress through
phosphorylation of eukaryotic initiation factor 2 on its alpha
subunit (elF2a) (Wek et al., 2006; Williams et al., 1989). The
elF2 complex delivers a methionyl-tRNA necessary for the
initiation of protein synthesis by ribosomes. This process requires
the hydrolysis of GTP and so during its catalytic cycle elF2
interacts with a GTP exchange factor, eI[F2B. Phosphorylated
elF2o0 binds with high affinity to eIF2B inhibiting further
nucleotide exchange and thus attenuating the rate of global
protein synthesis; however, a subset of mRNAs is translated more
efficiently under these conditions owing to the presence of small
open reading frames within their 5’ untranslated regions, so-
called uORFs (Abastado et al., 1991; Dever et al., 1992). In the
case of the mammalian stress-responsive transcription factor
ATF4, the final uORF overlaps out of frame with the true coding
sequence (Lu et al., 2004a; Vattem and Wek, 2004). This
arrangement acts to prevent elF2-GTP-Met ternary complex-
bound ribosomes from arriving at the true start codon in the
correct frame to allow translation of the protein. In contrast, when
ternary complex is limiting a proportion of scanning ribosomes
skip the inhibitory uORFs allowing more efficient translation of
the protein mRNA. In yeast, this process governs the general
control response (GCN) to amino acid starvation in which the
kinase GCN2 phosphorylates elF2o (Sui2p) both reducing the

demand for scarce amino acids while inducing a transcriptional
programme through enhanced translation of the transcription
factor GCN4 (Abastado et al., 1991; Dever et al., 1992).
Whereas unicellular eukaryotes possess only a single elF2a
kinase, GCN2 has given rise in metazoans to a family of kinases
that respond to a variety of stresses. In mammals, GCN2 retains its
role as the master regulator of the response to amino acid
insufficiency (Wek et al., 2006), but is joined by PERK,
responding to endoplasmic reticulum (ER) stress (Harding et al.,
1999; Shi et al., 1998); HRI, responding to deficiency of haem
(Chen et al., 1991); and PKR, which responds to viral double-
stranded RNA (Berry et al., 1985). This family evolved
incrementally, since insects and worms have only GCN2 and
PERK while vertebrates possess all four family members. In
mammals, the activity of these kinases is antagonised by two
highly selective protein phosphatases comprising the PP1 catalytic
subunit complexed either with the constitutively expressed
PPPIR15b subunit (previously named CReP) (Jousse et al.,
2003) or the stress-inducible isoform PPP1R15a (GADD34)
(Novoa et al., 2001). Curiously, no orthologues of the PPPIR15
proteins have been identified either in yeast or in nematodes,
which have been used extensively to study the consequences of
elF2a phosphorylation. In mice, deletion of the PPP1R15a isoform
is well tolerated (Marciniak et al., 2004). These animals are
outwardly healthy and fertile. In contrast, although PPP1R15b
deficient mice survive gestation, they exhibit severe growth
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retardation and impaired erythropoiesis (Harding et al., 2009).
However, the double knockout is embryonic lethal at a
preimplantation stage prior to formation of the blastocyst cavity
and hatching from the zona pellucida, demonstrating the essential
nature of elF2o dephosphorylation during embryogenesis but
preventing its detailed study in mammals (Harding et al., 2009).
We set out to characterise a putative PPPIR1S orthologue in
Drosophila melanogaster in order to shed light on the evolutionary
relevance of this family of phosphatases. Herein, we show that
Drosophila PPP1R15 (dPPP1R15; previously known as CG3825) is
a functional elF2a phosphatase that shares 59% homology over a 61-
residue stretch with the mammalian PPP1R15 proteins. Although
dPPP1R15 is expressed constitutively with no evidence of
transcriptional regulation in response to endoplasmic reticulum
stress, we show that translation of its mRNA is tightly regulated by
the presence of uORFs within the 5" untranslated region. Finally, we
demonstrate that regulated dephosphorylation of e[F2a by dPPP1R15
is essential for anabolic larval growth and that it principally
antagonises GCN2 during development. This represents the first
description of a non-mammalian eIF2o phosphatase and suggests its
evolution occurred to enable anabolic growth in metazoans.

phosphorylation in vivo (Malzer et al., 2010). The kinase PERK,
which phosphorylates elF2a in response to ER stress, is highly
conserved in all metozoans. When we expressed Drosophila
PERK in the eye imaginal disc, we observed a profound
impairment of eye development due to delayed cell cycle
progression and enhanced apoptotic cell death. Rescue of this
phenotype by ectopic expression of the murine ER stress-
inducible elF2o phosphatase PPP1R15a confirmed these effects
to be mediated by selective phosphorylation of elF2a. Sequence
comparisons revealed a single putative PPP1R15 homologue in
Drosophila, originally labeled CG3825, with 59% homology
over a 61 amino acid region (Fig. 1A). Previously, this gene
product has been annotated as dGadd34 on the basis of this
homology, although its function had not been studied (Carra et al.,
2010). We therefore tested its ability to antagonise PERK in our
in vivo model. Overexpression of dPPP1R15 alone had no
detectable effect on eye development but efficiently rescued the
developmental defect induced by ectopic expression of PERK
(Fig. 1B). This closely resembled the effect of murine PPP1R15a
supporting a role for dPPP1R15 in elF2a dephosphorylation in
Drosophila.

Information from the public modEncode database indicates

Results that dPPPIR15 is abundant during all stages of Drosophila
0l dPPP1R15 is widely expressed during embryogenesis development with peak expression during embryogenesis and
8 We have previously described the generation of a Drosophila pupal stages (Graveley et al., 2011), while the FlyAtlas
g model system that allows us to study the consequences of elF2a expression database indicates that dPPPIR15 transcript is
(dp)
— %*
O,) A 1 1 1 I I I
®) GADD34 Human (549) TP L[K|AR[KV|R[F]SEKVTVHFLAVWAGP AQAA
5 GADD34 Mouse (542) | P L{K|AR[K V[H[FJAEKVTVHFLAVWAGP AQAA
= CREP Human (634) THV|KRK|KV[T|FILEEVTEYY IS----- GDED
®© CREP Mouse (617) THI|KRKKV[T|FILEEVTEYY 1S--- - - GDED
c CG3825 Drosophila (244) T P V|K|- - [K V[R[FNMKP EVHVMLAWDYAYRAA
8 CG3825L Bee (335) SPVQ- - [KVIKIFNLNPEIHIMVQWDYAYRAA
=
1 1 1 I | 1 1
GADD34 Human (584) Q L[ARD|R SR FJAR[R I[TQAQEELSPC[LT|P AARJARAWAR
GADD34 Mouse (577)  Q F|ARD|R S|R F|AR|R I|/AQAEEK LGP Y|LT|P DS[RIARAWAR
CREP Human (664) EFJARD|GCIR FQK|R I[QET EDA I GYC|LT|F EHR[ERMFNR
CREP Mouse (647) EFJARD|GCIR FQK|R IIQET EVA I GYC|L[AFEHRIEKMFNR
CG3825 Drosophila (277) VM|A R D|R D|R FIQQ|R I|RR 1 SP I LNAV|LT|PVHR[DRVYQA
CG3825L Bee (368) EMARDIR ERRFIRGRIINC I ERVLNP ILLTITQHRITY IWQE
B F’ERK PERK
Contral PERK CG3825 mGADD34
CG3825 mGADD34

Fig. 1. dPPP1R1S5 shares sequence and functional homology
with other PPP1R15 family members. (A) Extract of protein
alignment of C-termini of PPP1R15 proteins and dPPP1R15
shows high similarity. Conservations are marked with boxes
and the conserved PP1o binding KVxF-motif is marked with an
asterisk. (B) Representative light and electron micrographs of

C stage 2 stage 5 stage 13 stage 17 > ) >
flies expressing GMR-Gal4>UAS-dPERK alone or with GMR-
Gal4>UAS-mGADD34 or GMR-Gal4>UAS-dPPP1R15.
(C) dPPP1R15 mRNA was detected by in situ hybridisation of
lanti-sense anti-sense anti-sense anti-sense anti-sense OregonR whole embryos usmg DIG-labelled dPPPIRIS anti-
sense probe. Embryo orientation: anterior to the left, dorsal to
o the top. Representative images are shown for stages 2, 5, 9, 13
and 17; anti-sense (upper panels) and sense probes (lower
sense sense sense sense sense panels). Images have been cropped for clarity.
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abundant in larvae and adults especially in larval secretory tissues
and adult neuronal tissue (Chintapalli et al., 2007). To address the
lack of detailed expression data during embryogenesis we
performed in situ hybridisation for dPPP1R15 transcripts. This
revealed dPPPIR15 mRNA to be a widely expressed throughout
embryogenesis (Fig. 1C). The high abundance of dPPPIR15
mRNA in the central yolk sac of stage 5 embryos before
cellularisation at the initiation of zygotic transcription suggested
a significant maternal contribution (Fig. 1C). During gastrulation,
uniform dPPP1R15 expression was replaced by more tissue-
specific expression in the invaginating endoderm and the
surrounding ectoderm. High signal was also seen in the
epidermis, the brain and central nervous system, the Malpighian
tubules and the primordia of the mid- and hindgut (Fig. 1C). At
later stages of embryogenesis, expression of dPPP1IR15 mRNA
persisted with high signal in the CNS.

dPPP1R15 and PP1 form an ER-associated elF2a
phosphatase

In mammalian cells PPP1R15 subunits form stable complexes
with protein phosphatase 1 (PP1) that direct the catalytic activity
towards elF2a (Brush et al., 2003; Novoa et al., 2001). Both
PPPIR15a and PPP1RI15b have been shown to associate with
endomembranes, at least partially directed by an amphipathic
helix within their N-termini (Brush et al., 2003; Kloft et al., 2012;
Zhou et al., 2011). This association with the ER is more
pronounced for PPP1R15b than for PPP1R15a. The function of
this membrane association is unclear, but has been suggested to
encourage elF2a dephosphorylation at the ER or to play a role in
regulating the degradation of PPPIR15 proteins (Brush et al.,
2003; Zhou et al., 2011). We set out to determine the subcellular
localisation of dPPP1R15 by generating fusion proteins tagged
with GFP. In the case of PPP1R15a, the addition of tags to its N-
terminus significantly stabilises the protein, although both N- and
C-terminally tagged mammalian PPP1R15a can associate with
the endoplasmic reticulum (Brush and Shenolikar, 2008; Zhou
et al., 2011). We observed that both N- and C-terminally tagged
dPPPIR15 expressed well in mammalian cells, although the
C-terminally tagged protein consistently showed multiple
degradation products (Fig. 2A). Similar instability was seen for
C-terminally His6-tagged dPPP1R15 expressed in Drosophila
Schneider S2 cells, suggesting that this was not the result of the
heterologous expression system (data not shown). When
transgenic protein was expressed in mammalian HEK293T
cells and purified using GFP-TRAP® beads, both GFP-
dPPPIR15 and dPPPIRI15-GFP co-purified with endogenous
mammalian PPl catalytic subunit (Fig. 2A). To test the
specificity of the interaction of dPPPIR15 and PPI, we
mutated valine 249 to glutamic acid, since equivalent mutations
of the KVXF domains of other PP1 regulatory subunits are know
to abolish interaction with the catalytic PP1 subunit (Brush et al.,
2003). Affinity purification confirmed that the V249E mutant
failed to bind PP1 (Fig. 2B). Interestingly, only the C-terminally
tagged protein demonstrated association with endomembranes
(Fig. 2C). Co-localisation with the marker protein mCherry-ER
confirmed these membranes to be the ER (Fig. 2D). The failure
of N-terminally tagged dPPP1RI15 to bind ER membranes is
likely to reflect steric hindrance from the tag with the N-terminal
amphipathic helix. Comparison of mammalian and Drosophila
PPPIR15 sequences revealed a much shorter distance between
the N-terminus and the potential amphipathic helix in the insect

protein: only 4 residues in dPPP1R15 compared with 26 residues
in PPP1R15a and 75 residues in PPPIR15b.

Next, we assessed the effect of dPPP1R15-GFP expression on
elF20. phosphorylation. Treatment with the SERCA calcium
pump inhibitor thapsigargin causes rapid depletion of ER calcium
stores and is associated with the activation of ER stress. This
triggers the phosphorylation of elF2a by PERK followed by
gradual dephosphorylation by PPP1R15a and PPP1R15b (Jousse
et al., 2003; Novoa et al., 2001). In cells expressing dPPP1R15-
GFP, we observed hastening of elF2a dephosphorylation
compared with cells expressing GFP alone (Fig. 2E). Taken
together, these data indicate that dPPP1RI15 is a regulatory
subunit of PP1 able to direct the dephosphorylation of elF2o at
the ER membrane.

dPPP1R15 is functionally homologous to mammalian
PPP1R15b

In mammals elF2a dephosphorylation is achieved by either of
two PP1 regulatory subunits: PPP1R15a (Novoa et al., 2001) and
PPPIR15b (Jousse et al., 2003). Deletion of the inducible
PPPIR15a isoform is well tolerated in mice (Marciniak et al.,
2004). Indeed, PPPI1RI15a deficient mice are fertile and
demonstrate increased tolerance to ER stress-induced tissue
damage. In contrast, deletion of the constitutive PPP1RI15b
isoform is associated with growth retardation and defects of
erythropoiesis (Harding et al., 2009). Although dPPP1R15 has
previously been annotated dGadd34 on the basis of sequence
homology, in fact it shares equal homology with both PPP1R15a
(also known as GADD34) and PPP1R15b (also known as CReP)
(Fig. 1A). To test if ER stress could induce dPPPIRI15
transcriptionally we next treated Schneider S2 insect cells with
2 mM dithiothreitol (DTT) for 6 hours and extracted RNA for
qPCR analysis (Fig. 3A). The induction of ER stress was
confirmed by the transcription induction of both hsc3
(Drosophila BiP) and of Eroll, which are both targets of the
unfolded protein response (Fig. 3A). In contrast, the level of
dPPPIR15 mRNA failed to increase significantly during ER
stress. This and the tight ER localisation seen with dPPPIR15-
GFP suggest that at a functional level the behavior of dPPPIR15
more closely resembles that of PPP1R15b.

We wished to test in vivo if dPPPIR15 serves to oppose the
effects of PERK. Levels of endoplasmic reticulum stress can be
assayed in Drosophila tissues using a reporter based on the
splicing of the mRNA of the transcription factor XBP1 (Ryoo
et al., 2007). Under basal conditions XBPlu protein levels are
low owing to the presence of an inhibitory intron within its
mRNA and the protein itself is unable to transactivate target
genes. Upon the induction of ER stress, the intron is excised by
activated IRE1 (Calfon et al., 2002). This alters the frame of the
mRNA 3’ to the excision event and thus generates a new active
C-terminal XBP1s domain. By fusing the coding sequence of
GFP with the 3’ end of XBP1, this change of frame can be used
to regulate the expression of GFP. The reporter was expressed in
the salivary glands of third instar larvae, which were then
dissected and a subset were treated ex vivo with DTT to induce
endoplasmic reticulum stress (Fig. 3B,C). This caused the
accumulation of GFP within cell nuclei indicating the
activation of IRE1. We observed that in this tissue, regulation
of protein synthesis by PERK is necessary to prevent ER stress in
developing larvae, since RNAi depletion of PERK caused basal
activation of the XBP1-GFP reporter (Fig. 3B,C). Overexpressed
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dPPPIRI1S5 in the salivary gland similarly induced XBP1 splicing
in otherwise unstressed cells, consistent with induction of ER
stress.

Translation of dPPP1R15 mRNA is regulated by uORFs
within its 5'UTR

An inspection of the mRNA sequence of dPPPIR15 ¢cDNA clone
AY051450 revealed the presence of two uORFs within its 5S"UTR
(Fig. 4A). The presence of these features and the finding that
uORF2 overlapped out-of-frame with the dPPPIR15 coding
sequence suggested that translation of this mRNA might be
responsive to elF2a phosphorylation. To test this, we fused the
5'UTR of dPPPIR15 c¢cDNA clone AY051450 (GH117127)
including the first three amino acid residues of dPPP1R15 with
firefly luciferase (5'UTR-Luciferase) and cloned this into
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8 D dPPP1R15-GFP mCHERRY-ER Merge Fig. 2. dPPP1R15 and PP1 form an ER-associated elF2o
@ phosphatase when expressed in mammalian cells. (A) Immunoblots
o of GFP-Trap affinity purification of lysates from HEK 293T cells
(i) expressing no transgene (lane 1), GFP alone (lane 2), GFP-dPPP1R15
o) (lane 3) or dPPP1R15-GFP (lane 4). Lysates were subjected to GFP-
(@) Trap affinity-purification and analysed by 10% (w/v) SDS-PAGE and
"'6 probed for GFP and PP1. Input samples were probed for PP1.
— (B) Immunoblots of GFP-Trap affinity purification of lysates from
g E GEP e s s s s oL HEK293T cells expressing no transgene (lane 1), GFP alone (lane 2),
‘5 dPPPIRI15-GFP (lane 3) or dPPP1R15v,495-GFP (lane 4). Lysates
o) dPPP1R15-GFP T T N were subjected to GFP-Trap affinity-purification and analysed by 10%
) Tg (hrs) 051 24 05124 (w/v) SDS-PAGE and probed for GFP and PP1. Note large number of
kDa degradation products with C-terminally tagged dPPP1R15, as also seen
anti-P-elF2a e S in A, lane 4. (C) Representative fluorescence confocal images of COS-
7 cells expressing GFP, GFP-dPPP1R15 or dPPP1R15-GFP.
anti-elF2a 37 = o — -— (D) Representative fluorescence confocal image of a COS-7 cell
expressing dPPP1R15-GFP and the ER marker ER-mCherry.
anti-GFP 75— | dPPP1R15-GFP (E) Immunoblot of lysates from HEK 293T cells expressing either
dPPP1RI15-GFP (lanes 6-10) or GFP alone (lanes 1-5), followed by

treatment with 500 nM thapsigargin for the indicated times. Lysates
were analysed by 10% (w/v) SDS-PAGE followed by immunoblot for
phosphorylation of elF2a (P-elF2a), total elF2o and GFP.

pcDNA3.1, so that synthesis of the reporter mRNA would be
driven by a strong heterologous CMV promoter (Fig. 4B).
Transfection of HEK293T cells with 5'UTR-Luciferase or
pcDNA3.1 encoding firefly luciferase alone (Luc) demonstrated
that the 5’UTR of dPPP1R15 repressed basal expression; pEGFP
served as a transfection control (Fig. 4C).

Next, to test if phosphorylation of elF2o would derepress
translation of mRNA possessing the 5'UTR of dPPPIRIS,
we transfected HEK293T cells with each construct and after 6
hours treated with increasing concentrations of tunicamycin. The
cells were co-transfected with pRL-TK encoding Renilla
luciferase to control for transfection efficiency. Firefly and
Renilla luciferase activities were determined 16 hours thereafter
using a luminescence assay and firefly luciferase activity was
normalised to Renilla luciferase activity (Fig. 4D). Tunicamycin
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Fig. 3. dPPP1RI1S5 is not regulated transcriptionally by ER stress.

(A) Transcriptional fold-changes of dPPP1R15, HSC3 and EROIL mRNA
measured by qPCR after 6 hours of treatment with 2 mM DTT and expressed
relative to RP49. Means + s.e.m. are shown; n=3 independent repeats,
*P<0.05, **P<0.01 compared with untreated control. (B) Representative
fluorescence images of salivary glands of early 3rd instar larvae. Salivary
gland specific expression of either XBP1-eGFP reporter alone or coexpressed
with Fkh-Gal4>UAS-dPPPIR15 Fkh-Gal4>UAS-dPERK RNAi (v16427).
Salivary glands were dissected from early 3rd instar larvae and tissue further
incubated at room temperature in Express Five® SFM media with or without
addition of DTT (final 2 mM) for 3 hours. After tissue fixation, and
mounting, the appearance of GFP signal was analysed using a LSM510
META (Zeiss) fluorescence confocal microscope. Flies were reared at 25°C.
(C) Quantification of data from B.

treatment caused a dose-dependent increase of firefly luciferase
activity in cells transfected with the 5'UTR-Luciferase reporter
(Fig. 4D, red line). In contrast, a modest decrease in translation
of the luciferase signal was found with the reporter construct

lacking the 5'UTR (Fig. 4D, blue line). To test if the regulation
of translation imparted by the 5'UTR of dPPPIRIS was
dependent upon uORF1 or uORF2 we next mutated the start
codon of each uORF by site-directed mutagenesis. Both uORF1
and uORF2 in fact possess two ATGs each. When both ATGs of
uORF1 were mutated to AGG (uORF2 only 5'UTR-Luciferase)
no significant difference in reporter activity was detected on
treatment with tunicamycin (Fig. 4D, green line). However, when
both ATG codons were mutated to AGG in the uORF2 (uORF1
only 5'UTR-Luciferase), a marked reduction in responsiveness to
tunicamycin was seen (Fig. 4D, purple line). Of note, when each
ATG of uORF2 was mutated to AGG individually, the loss of
tunicamycin sensitivity was very modest, suggesting that there
may be a degree of redundancy in the site of uORF2 initiation
(data not shown). These data indicate that uORF2, which
overlaps out-of-frame with the coding sequence of dPPPIRI1S,
is responsible for most of the translational regulation imparted by
the 5'UTR.

To confirm that expression of dPPP1R15 is regulated in insect
cells despite the lack of a significant induction of its mRNA, we
treated Schneider S2 cells for up to 6 hours with 2 mM DTT and
immunoblotted for dPPPIR15 protein expression using an
antiserum raised against the dPPPIRI15 peptide sequence
LTPVHRDRVYQARFLHED (CRB Ltd, UK). In unstressed
cells, little dPPP1R15 protein could be detected, but following
treatment with DTT a dPPPI1RI15-immunoreactive band was
induced (Fig. 4E). This contrasted with the failure to induce
dPPPIR15 mRNA even at 6 hours in this cell line (Fig. 3A). To
test whether the increased synthesis of luciferase observed during
ER stress solely represented enhanced translation initiation we
determined the level of luciferase transcript by qPCR under basal
conditions and following treatment with tunicamycin (2.5 pg/ml)
(Fig. 4F). When normalised to B-actin, control mRNA lacking
the 5'UTR (Luc) was expressed 2.7-fold more efficiently than
that of the UTR-Luc construct; however, following the induction
of ER stress, the level of luciferase mRNA fell in cells
transfected with the Luc control vector yet remained stable in
UTR-Luc transfected cells. This suggests that the S'UTR of
dPPPIRI15 may additionally confer stability during ER stress.
Taken together, these results suggest that dAPPP1R15 is regulated
at the translational level through increased translation initiation
and enhanced mRNA stability during ER stress.

Embryonic and larval expression of dPPP1R15 is required
for development

Deletion of both PPP1R15 paralogues in mice has been shown to
cause early embryonic lethality that could be rescued with a
phosphorylation-resistant mutant of e[F2a (Harding et al., 2009).
This indicated that regulation of protein synthesis through
changes in elF2 phosphorylation status plays a critical role
during embryogenesis. However, the nature of this regulation
could not be elucidated further in mice owing to the severity of
the phenotype and the technical challenges inherent in the study
of embryogenesis in placental mammals. We therefore took
advantage of our Drosophila system to study the effects of
PPP1R15 activity on development. Expression of RNAi against
dPPPIRI1S in all cells under the control of the strong tubulin-
Gal4 driver caused significant embryonic lethality associated
with failure of dorsal closure in some cases (Fig. SA). Similar
effects were observed using an epithelial selective driver (e22c-
Gal4) (Fig. 5A). However, when a weaker ubiquitous driver,
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Fig. 4. dPPP1R15 expression is regulated translationally. (A) Representation of the structure of dPPP1R 15 mRNA; the coding sequence is shown in purple and
the two uORFs in orange. (B) Schematic of reporter mRNAs: firefly luciferase alone (Luc), uORFs 1 and 2 (5'UTR-Luc), uORF1 mutated (uORF2 only 5'UTR-
Luc) and uORF2 mutated (uORF1 only 5'UTR-Luc). (C) HEK 293T cells were transfected for 16 hours with GFP and either firefly Luc or 5’"UTR-Luc expressing
vectors. Lysates were analysed by 10% (w/v) SDS-PAGE followed by immunoblot for dPPP1R15 and GFP. (D) Graph of fold-changes of firefly luminescence
signal from HEK 293T cells transiently transfected with either firefly Luc reporters or Renilla luciferase transfection control. After 16 hours of tunicamycin
treatments (concentration 0-2.5 pg/ml) firefly and Renilla luciferase activities were assayed and expressed as firefly/Renilla luciferase activity normalised to
activity of untreated controls. (E) Dmel cells were treated with 2 mM DTT for indicated times and the lysates separated by 12% (w/v) SDS-PAGE followed by
immunoblot analysis anti-dPPP1R15 (SMAR-2) antibody and HSC3. (F) HEK 293T cells were transiently transfected with Luc-pcDNA3.1 or 5'UTR-Luc-
pcDNA3.1 and after 16 hours were treated with or without 2.5 pg/ml tunicamycin. Luciferase mRNA levels were determined by qPCR and expressed relative to

B-actin mRNA.

daughterless-Gal4, was used, embryos survived to eclosure but
showed a delayed larval development (Fig. 5B-F).

When either of the two eIF2a kinases expressed in flies, GCN2
and PERK, were depleted in the embryo by daughterless-
Gal4>UAS-RNAI, the majority of embryos eclosed successfully.
However, knockdown of both GCN2 and dPPP1R15 in the same
animals showed a strong reduction in the rate of eclosion, with only
20% eclosing within the first 48 hours (Fig. 5B). This indicates that
precise regulation of elF2a phosphorylation is necessary for
efficient embryogenesis and that both dPPP1R15 and GCN2 play
important roles in this. While the developing animal can tolerate
partial depletion of either dPPPIR15 or GCN2, perhaps due to
compensatory changes in the other’s activity, loss of both results in
marked impairment of development (Fig. 5B).

When animals surviving to eclosion were then followed, it
became apparent that depletion of dPPP1R15 caused a marked
developmental delay (Fig. SC—F). By day 6, more than half of the
control animals were at the pupal stage compared with none of
the dPPPIR15 RNAi larvae (Fig. 5C). After 6 days, most
daughterless-Gal4>UAS-dPPP1R15 RNAIi animals reached the
third instar stage but were smaller than controls, appeared
sluggish and often displayed molting defects including retention
of previous instar mouth hooks and cuticle shedding (Fig. 5E). At

14 days after egg laying, the majority of animals expressing
dPPP1R15 RNAI were third instar larvae in contrast to controls,
most of which were adult flies (Fig. 5D,F). At 20 days, most
dPPPI1R15 RNAI animals were alive but remained arrested at the
third instar stage (data not shown). Depletion of PERK was
well tolerated during development and animals appeared
phenotypically healthy (Fig. SC-F); however, there was a
subtle loss of fitness since after several generations
daughterless-Gal4>UAS-PERK RNAi lines consistently died
out. When both PERK and dPPPIR15 were depleted in the same
animals, a modest rescue of the dPPPIR15 phenotype was
observed (Fig. 5C—F). However, these animals often died during
eclosion from the pupal case and those animals surviving to
adulthood showed severe mobility defects and strongly reduced
longevity (data not shown). Depletion of GCN2 was lethal during
pupariation and this could not be rescued by depletion of
dPPP1R15; however, knockdown of GCN2 did appear partially
to rescue the effect of dPPP1IR15 depletion as animals depleted of
both GCN2 and dPPPIR15 developed further than animals
depleted of dPPP1R15 alone (Fig. SC-F).

Taken together, these observations reveal an important role for
dPPPIR1S5 during larval development, principally to antagonise
the function of GCN2.
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&33825 Bl © & B CG3825 RNAI expression of dPPP1R15 is required
% + No RNA for development. (A) Knockdown of
o 40 % GCN2 RNAI dPPPIRI1S using tubulin-Gal4 driver
S, or epithelial e22¢-Gal4 leads to
e22c> 'E 20 embryonic lethality. Light microscopy,
CG3825 RNAI w 0 phase contrast images are shown of
sl 0Oh 12h  24h 36h 48h cuticle preparations of wild-type, tub-
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illustrates eclosion of embryos
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or combinations of dPERK and
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8 E 40 E 40 (C) Graph illustrating the
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(2 e phosphorylation assessed 6 days after
o) 0 . . . . 0 ) . . . N egg laying at 25°C. Gene silencing was
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g ,ﬁ;i’ %.—fa% qf'-’% %q‘f;b- larva. (D) Graph illustrates the
!5 @‘bq’ 0@'5 @"J‘b 0@'5 developmental stage distribution of
o i < flies with impaired elF2o
- phosphorylation assessed 14 days after
E RNAI 1 F RNAI 1 egg lying at 25°C. Purple, adult; dark
orange, pupa; orange, 3rd instar larva.
none CG3825 none CG3825 (E) Images of mouth hook
g > preparations of larvae on day 6 after
egg lying. 3rd instar wild-type larvae
none " ‘ none (upper left) display typical 3rd instar
mouth hook. In contrast, retained 2nd
instar mouth hook (arrowhead) was
o o found in Da-Gal4>dPPP1R15 RNAi
dPERK = dPERK | S larvae (upper right). Moulting defect
x ° o was completely rescued by the co-
silencing of dPERK or GCN2 RNAi
by dPPP1R15 RNAIi (middle right and
GCN2 . GCN2 lower right). (F) Representative
‘ - images of flies obtained after 14 days
at 25°C.
Discussion understanding of its evolution. In this study we have
Dephosphorylation of elF2o. by PPPIR15 in mammals is determined that dPPPIR15 (formerly CG3825) shares sequence
important in the response to many forms of cellular stress, in homology with both mammalian PPP1R15 proteins, has a similar
haematopoiesis and in mammalian embryonic development localisation at the ER and functionally antagonises the elF2a
(Dalton et al., 2012). However, studies of its role in kinases both in vivo and in cultured cells. Its tight ER association
development have been hampered by functional redundancy and lack of significant transcriptional regulation both suggest that
between the two mammalian isoforms and by the severity of the it shares more functional homology with the PPP1R15b isoform
double knockout phenotype (Harding et al., 2009). Moreover, than PPP1R15a.
until now, no invertebrate PPP1R 15 had been identified to enable The presence of regulatory uORFs upstream of the dPPP1R15

its study during development and, by extension, a better start codon is reminiscent of both PPP1R15a and PPPIR15b. It is
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noteworthy that the 5'UTR found within the mRNA of both
mouse and human PPPIR15a contain two uORFs (Lee et al.,
2009). In each case, uORF2 is necessary for translational
regulation of the true coding sequence, while uORF1 appears
to play a less important role. This contrasts with the mRNA of
mammalian ATF4 in which uORF1 is required for the regulatory
function since its translation renders the scanning ribosome
depleted of active elF2, thus reducing the likelihood of
translating the inhibitory uORF2 (Lu et al., 2004b; Vattem and
Wek, 2004). Our findings suggest that the regulation of
dPPPIR15 shares a uORF2-dominant mechanism with
mammalian PPP1R15a. Loss of uORF1 from the 5'UTR of
dPPPIRI15 had little effect on translation of the true coding
sequence following treatment with tunicamycin, while loss of
uORF2 markedly reduced translation during ER stress. The
mRNA of human PPP1R15b (NM_032833.3) also contains two
non-overlapping uORFs but it remains unclear whether these play
a regulatory function.

Mice lacking both Ppplrl5 genes (Harding et al., 2009) and
Drosophila depleted of dPPP1R15 by RNAIi driven by tubulin-
Gal4 or e22c-Gal4 (this study) show markedly impaired
embryonic development. Use of the weaker ubiquitous driver
daughterless-Gal4 allowed for a less dramatic depletion of
dPPPIRI15 enabling us to study of the role of elF2a
phosphorylation at later stages of development, which revealed
a genetic interaction between dPPPIR15 and the nutrient sensing
kinase GCN2. The biphasic effects of genetic manipulation of
elF2a phosphorylation, with toxicity caused by the loss of the
kinase GCN2 or the phosphatase dPPPIR15 is striking. While
lack of dPPP1R15 may lead to excessive phosphorylation of
elF2a and thus a global impairment of protein synthesis, it is less
clear why loss of the kinase GCN2 under conditions of adequate
nutrient availability should impair development. A link between
dysregulated elF2a phosphorylation and impaired larval growth
has been shown previously by the overexpression of a mutant
form of elF2o in which the phosphorylated serine was mutated to
alanine  (phosphorylation  resistant) or aspartic  acid
(phosphomimetic) (Qu et al., 1997). The phosphorylation
resistant animals grew faster and larger. In contrast, the
phosphomimetic mutants experienced developmental delay.
This is consistent with our observation of impaired growth of
animals depleted of PPP1R15 by RNAIi in which elF2a is likely
to remain phosphorylated for longer periods. The defects of
growth and molting have also been seen with mutations of the
DmATF4 gene, cryptocephal (Hewes et al, 2000). This
transcription factor is regulated in many organisms by a
translational mechanism similar to that we observed for
dPPPIRI15 (Lu et al., 2004a). Since loss of GCN2 will be
accompanied by reduction of elF2a phosphorylation it will also
have lower ATF4 levels mimicking loss of cryptocephal. Thus,
either excessive or deficient phosphorylation of elF2a is likely to
result in impaired larval development.

A previous genetic screen for modifiers of growth in
Drosophila identified slimfast, an amino acid transporter
(Colombani et al., 2003). Remarkably, when slimfast was
depleted selectively in the fatbody, animals suffered a global
defect in growth. It is known that the TOR pathway is involved in
the balancing protein synthesis with nutrient supply via ribosomal
protein S6 kinase and eIF4E-BP and much of the effect of amino
acid starvation has been attributed to these pathways (Colombani
et al., 2003; Layalle et al., 2008). However, our study suggests

that GCN2 may also participate. Moreover, there is evidence for
cross talk between the TOR and GCN2 pathways (Cherkasova
and Hinnebusch, 2003). Further work is required to determine if
such cross talk might play a role in nutrient sensing by the fat
body.

While the interactions between dPPPIR15 and its cognate
kinases during larval development are readily explained by a
simple antagonistic relationship, the apparent synthetic lethal
interaction between dPPP1R15 and dGCN2 knockdown during
embryogenesis is curious. One might speculate that during
embryogenesis the phosphorylation of elF2o. by dGCN2 may
serve to promote translation of dPPP1R15. If partial knockdown
of dPPPIR1S (by daughterless-Gal4 driven RNAi) is
compensated for during embryogenesis by enhanced translation
of the residual dPPP1R15 mRNA in response to phosphorylation
of elF2a by GCN2, then reduction in the level of dGCN2 may
paradoxically reduce the level of dPPPIRI5 still further. If
dPPP1R15 protein is required at a late stage of embryogenesis,
for example to limit the effects of dPERK signaling triggered by
the development of secretory tissues, then the earlier failure to
translate dPPP1R15 might lead to failure to eclose.

Our study suggests that coordinate regulation of elF2a
phosphorylation during larval development is important in
determining the rate of anabolic growth and, in turn, successful
completion of pupariation. We have characterised the first
example of an invertebrate elF2a phosphatase and
demonstrated that during development it primarily antagonises
the function of GCN2. Further studies will address the
mechanism by which alteration of elF2a phosphorylation
selectively within the fat body can impair global tissue growth.

Materials and Methods

Expression plasmids

To generate UAS-dPPPIRIS flies, the coding sequence of dPPPIR15 was
amplified from ¢cDNA clone GH11727 (Drosophila Genomics Research Centre,
Indiana University, USA) and cloned into pUASTattB. For synthesis of dPPP1R15
RNA hybridisation probes, the coding sequence of dPPP1R15 was amplified and
cloned into pCRII-TOPO vector (Invitrogen). To express dPPP1R15 protein in
mammalian cells, the coding sequence was cloned into pcDNA3.1(+)-myc-his
(Invitrogen), pEGFP-C2 and pEGFP-N3 (Clontech). The coding sequence of
firefly luciferase 2 gene was amplified with incorporation of 5’ EcoRI and 3’ Xhol
restriction sites. This was then cloned into the mammalian expression vector
pcDNA3.1(+) (Invitrogen) to generate Luc-pcDNA3.1. To investigate the
regulatory properties of the S'"UTR of dPPP1R15 mRNA, the 5'UTR sequence
and the first nine nucleotides of the protein coding sequence were amplified by
polymerase chain reaction from cDNA clone GHI11727 (AY051450) with
incorporation of 5 Kpnl and 3’ EcoRI restriction sites. This was cloned
upstream of the luciferase 2 coding sequence in Luc-pcDNA3.1 Kpnl and EcoRI in
the multicloning site to generate 5'UTR-Luc-pcDNA3.1. As a transfection control
in the luciferase reporter assay pRL-TK Renilla luciferase plasmid (Promega) was
co-transfected.

Cell culture

For studies of dPPP1R15 in mammalian cells, HEK293T or COS-7 cells were
maintained in DMEM medium supplemented with 10% heat-inactivated FBS and
incubated at 37°C with 5% CO,. COS-7 cells in glass bottom 3.5 cm Petri dishes
were transfected with 1 pg of GFP-dPPP1R15 or dPPP1R15-GFP constructs using
Lipofectamine LTX (Invitrogen) and imaged 25-35 hours post-transfection.
Before live cell imaging, a medium change to DME media: Ham’s F-12 (1:1)
with HEPES buffer, without Phenol Red (Sigma Aldrich) was conducted to avoid
interference with Phenol red. To test for PP1 binding, HEK293T cells in 10 cm
Petri dishes were transiently transfected with 6 pug of dPPP1R15-GFP construct,
lysed 36 hours later and subjected to GFP-trap affinity purification (Chromotek,
Germany). To evaluate the effect of dPPPIR15 on elF2o phosphorylation,
HEK293T cells in 10 cm Petri dishes were transiently transfected with 6 ug of
vector expressing dPPP1R15-GFP or GFP for 24 hours prior to drug treatment. For
studies in Drosophila cells the Drosophila melanogaster late-stage embryo-
derived cell line called Dmel (a kind gift from Dr Jenny Hirst, Cambridge, UK)
was used. The cells were grown in suspension in serum-free Express Five® SFM
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medium (Invitrogen) supplemented with 2 mM L-glutamine (Invitrogen) and
antibiotics (100 U/ml Penicillin G and 100 pg/ml Streptomycin) and cultured in a
cooled incubator at 25°C.

Immunoblot

Mammalian cell lysates were prepared in lysis buffer H [HEPES pH 7.9 10 mM;
NaCl 50 mM; sucrose 0.5 M; EDTA 0.1 mM; Triton X-100 0.5% (v/v)]
supplemented with protease inhibitor cocktail (Roche) and phosphatase
inhibitors (10 mM tetrasodium pyrophosphate, 15.5 mM B-glycerophosphate,
100 mM NaF). Dmel cells were lysed in lysis buffer containing 50 mM HEPES,
100 mM NaCl, 5 mM MgCl,, 1% (v/v) Triton X-100 supplemented with protease
inhibitor cocktail (Roche) and phosphatase inhibitors. Pull down experiments were
performed using GFP-Trap® A beads (Chromotek, Germany) according to the
manufacturer’s protocol. Lysates of Drosophila animals or heads were prepared by
homogenisation directly in 1x SDS loading buffer containing phosphatase
inhibitors. Lysates were boiled for 5 minutes and centrifuged at 15,000 g to
clear. Unless stated otherwise, gel loading per lane corresponded to: three fly
heads; one adult fly; half of one third-instar larva.

Commercially used primary antibodies used were: mouse anti-GFP antibody
(ab1218, Abcam, UK; 1:1000), rabbit anti-PPla antibody (no. 2582; Cell
signaling; 1:1000), goat anti-firefly luciferase (Fisher Scientific; 1:20000), rabbit
p-elF2a (Cell signaling; 1:1000), anti-B-actin (ab3280, Abcam, Cambridge, UK;
1:1000), rat Troponin H cross reacts with dBiP/hsc3 MAC 143 (Babraham
Institute, Cambridge, UK; 1:2000). Non-commercial antibodies included: anti-
total eIF2a mouse monoclonal (kind gift of D. Ron, Cambridge, UK; 1:10000);
custom rabbit anti-dPPPIR15 peptide antibody raised against C-terminal end
peptide[C]-LTPVHRDRVYQARFLHED-acid) (CRB Ltd, Cambridge, UK;
1:1000).

Fluorescence microscopy

An LSM510 META confocal fluorescence microscope (Zeiss Ltd, Welwyn Garden
City, UK) equipped with a 37°C incubation chamber without CO, supply was used
for live cell imaging to determine subcellular localisation of GFP-tagged
dPPPIR15 protein in mammalian cells. Images were taken using 63x
magnification with oil immersion and post-imaging modifications were
performed using the LSMS510 imaging and Adobe Photoshop software. For
detection of XBP1 splicing in Drosophila larval salivary gland cells using the GFP
reporter flies (Ryoo et al., 2007), an LSM510 microscope with 20x magnification
with FITC filter (excitation of 488 nm) was used. For post-imaging processing the
LSM510 processing package and ImagelJ software were used.

Luciferase assays

To analyse the regulatory function of the 5'UTR of the dPPPIR15 mRNA,
HEK293T cells were transfected with 200 ng of Luc-pcDNA3.1 or with 1 ug of
5'UTR-Luc.pcDNA3.1 constructs in addition to 50 ng TK-Renilla luciferase
plasmid using Lipofectamine LTX. Six hours post-transfection, cells were treated
for 16 hours with tunicamycin then firefly and Renilla luciferase luminescence
were measured sequentially using the dual-luciferase assay kit (Promega,
Southampton, UK) and a Glomax luminometer (Promega). The ratio of firefly/
Renilla luminescence was calculated and expressed as fold change compared to
untreated samples.

To assess ER stress, HEK293T cells were co-transfected with 2 ug of a plasmid
encoding firefly luciferase under the control of a UPR response element
(p5xATF6-Luc) and 50 ng of the TK-Renilla luciferase transfection efficiency
control reporter plasmid. The cells were transfected for 6 hours and then induced
with tunicamycin for 16 hours. Transfected cells were lysed and assayed for firefly
and Renilla luciferase activity using the dual luciferase kit (Promega).

In situ hybridisation

Digoxeginin-labelled sense and anti-sense dPPPIR15 RNA probes were
synthesised from linearised dPPPIR15.pCRII-TOPO plasmid using the DIG
RNA labelling SP6/T7 kit (Roche Applied Science). Oregon R embryo fixation
and whole embryo in situ hybridisation was performed as described previously
(Tautz and Pfeifle, 1989). Detection of DIG-labelled probe was achieved using an
alkaline phosphatase-conjugated anti-DIG antibody and NBT/X-phosphate
catalysation.

Fly husbandry

Crosses were set up and flies maintained at 25°C if not stated otherwise. Crosses
expressing dPERK in the eye (GMR-Gal4>UAS-dPERK) were performed at 18°C
due to pupal lethality as described previously (Malzer et al., 2010). The UAS-
dPPP1R1S5 transgenic fly line was generated using the PhiC31 system and the 51D-
attP landing site in y'w'''8; 51DattP;+ embryos (Bestgene, USA). Other lines used
were: W[*];P{w[+mC]=Gal4-ninaE.GMR}12 BL1104; w[1118]; P{da-Gal4.w[-]}3
BL8641; w[1118]; +; tub-Gal4/TM6b,tb (a kind gift of S. Imarisio, University of
Cambridge); P{fkh-Gal4.H} (III); arm-Gal4 (III) B-catenin (a kind gift of S.
Imairsio, University of Cambridge); yw.hs-flp122;e22¢c-Gal4/Cyo;MKRS/TM6b,tb

(a kind gift of Joaquin de Navascués, University of Cambridge). All RNAI lines used
were obtained from the Vienna Drosophila RNAi Centre (Vienna, Austria):
CG3825/dPPPIR15 RNAI v15238; dPERK RNAi v16427; GCN2 RNAi V103976.

Hatching assay

Twenty mated da-Gal4 driver line female virgins were crossed with each
transgenic RNAI line and allowed to lay eggs onto grape juice agar for 4 hours
followed by counting of the eggs at time 0 (100% ‘unhatched’). For the following
48 hours, the number of eggs remaining ‘unhatched” was counted every 12 hours.
The grape juice plates were then incubated at 25°C for either 6 or 14 days after egg.
The animals were then staged by light microscopy; the distinction between second
and third instar larvae was based on the morphology of the anterior spiracles.

qPCR

RNA from a 10 ml suspension of Schneider S2 insect cells each treated with DTT
for various time points or untreated control were isolated using the RNAeasy Mini
kit (Qiagen, Crawley, UK). One microgram of RNA was treated with 1 U DNase I
(Invitrogen, Paisley, UK) in a 10 pl reaction volume then transcribed into cDNA
using Oligo-dT primers and the reverse transcription kit (Promega, Southampton,
UK). The QuantiTect SYBR® Green PCR kit (Qiagen, Crawley, UK) was used for
qPCR reactions in an ABI 7900 HT Fast real-time PCR machine (Applied
Biosystems, Carlsbad, UK). All samples were measured in triplicate in 25 pl
reaction volumes. Amplification efficiencies for each primer pair were determined
using logarithmic standard dilution of an untreated Schneider S2 cell sample from
1:10-1:10000 on each PCR plate. Efficiencies of between 80 and 120% were
accepted. The PCR program used was: 95°C for 15 minutes; 40 cycles of 94°C for
15 seconds; 54°C for 30 seconds; 72°C for 30 seconds. To calculate changes in
expression levels relative to the untreated sample and housekeeper gene RP49 the
AACt method was used.

For measurements of firefly, Renilla luciferase and B-actin mRNA level by
qPCR HEK293T cells were transfected and treated as described for the luciferase
assay but harvested by trypsinisation. RNA was then purified using the RNAeasy
Mini kit (Qiagen, Crawley, UK). Primer sequences were: FLuc.S, 5'-GCC-
ATTCTACCCACTCGAAG-3'; FLuc.AS, 5'-CTCGAAGTACTCGGCGTAGG-
3’, product size: 139 bp; RLuc.S, 5'-GAGCATCAAGATAAGATCAAAGCA-3';
RLuc.AS, 5'-CTTCACCTTTCTCTTTGAATGGTT-3', product size: 241 bp; B-
actin.S, 5'-CTCTTCCAGCCTTCCTTCCT-3'; B-actin.AS, 5'-AGCACTGTGTT-
GGCGTACAG-3’, product size: 116 bp. An annealing temperature of 58 °C was
used for all mammalian qPCR primers.
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