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Functional screening in Drosophila reveals the
conserved role of REEP1 in promoting stress
resistance and preventing the formation of

Tau aggregates
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Pathological modifications in the microtubule-associated protein Tau is a common characteristic observed in
different neurological diseases, suggesting that analogous metabolic pathways might be similarly affected
during neurodegeneration. To identify these molecules and mechanisms, we utilized Drosophila models of
human Tau-mediated neurodegeneration to perform an RNA interference functional screening against genes
considered to be implicated in the pathogenesis of different neurodegenerative disorders. We found that the
downregulation of the Drosophila REEP1 homolog protein enhanced Tau toxicity with increased formation of
insoluble aggregates. On the contrary, the overexpression of either the Drosophila or the human REEP1 protein
was able to revert these phenotypes and promote neuronal resistance to ER stress. These studies identify a new
function for the REEP1 protein in vivo and a novel cellular mechanism to prevent Tau toxicity.

INTRODUCTION

The neurodegenerative diseases include a large number of het-
erogeneous disorders typically characterized by pathological
accumulation of abnormally folded proteins, inside the nucleus
or in the cytoplasm. These inclusions affect neuronal survival
and promote the appearance of progressive neurological symp-
toms that comprise loss of memory, alterations in intellectual
capabilities and/or defects in motor control (1-3).

Regarding to that, the presence of neurofibrillary tangles of the
hyperphosphorylated microtubule-binding protein Tau represents
one of the most common histological modification observed in
postmortem brain tissues of patients affected from different neuro-
logical diseases (4,5). For instance, besides Alzheimer’s disease,
defects in the metabolism of the Tau protein were described in
neurological syndromes such as Parkinson’s disease (6), Hunting-
ton’s disease (7), Pick’s diseases (8,9), ataxias (10), metabolic
alterations in axonal homeostasis like hereditary spastic paraple-
gias (HSP) (11,12) and systemic forms of encephalopathy
(13,14) including progressive modes of Leukoencephalopathy
(15,16) and some lipid storage disorders as Niemann—Pick C’s
disease (17). These reports strongly suggest that similar metabolic
pathways, related with the Tau metabolism, might be commonly

altered in these pathological conditions. In order to identify
these molecules and the mechanisms by them regulated, we uti-
lized the well-established Drosophila melanogaster model to
perform a functional genetic screening in vivo. For these experi-
ments, we expressed the wild-type human Tau full-length
isoform (2N/4R) in the fly retina to induce a sensitive, neurodegen-
erative, background and searched for potential modifiers of this
phenotype among a number of genes previously described to be
implicated in the pathogenesis of the various neurological diseases
described above (18). Interestingly, we found that the strongest
modifier of Tau-dependent neurodegeneration in our screening
corresponded to the Drosophila gene CG42678, the homolog of
the human receptor expression enhancing protein (REEP1), pri-
marily associated with the HSP disorder (19—24). For this
reason, in the present study, we decided to investigate the function
of Drosophila CG42678 in vivo and define its role in the mechan-
isms behind Tau-mediated neurodegeneration.

RESULTS

To identify new regulators of Tau toxicity in vivo, we performed
a bibliographic selection of genes considered to be directly
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involved in the pathogenesis of unrelated neurodegenerative dis-
eases which commonly present pathological alterations in the
metabolism of the microtubule-binding protein Tau (18). From
the total list of candidate genes, 35 of them presented homolog
counterparts in Drosophila melanogaster to continue with this
analysis (Supplementary Material, Table S1).

To determine which of these genes presented the capacity to
modulate Tau toxicity in vivo, we performed a systematic gene
suppression screening by crossing Tau-expressing flies with a
collection of transgenic flies carrying an RNA interference
(RNAI) sequences against the candidate genes (25,26) (see
also Supplementary Material, Table S2). For these experiments,
65 independent RNAI lines (more than one per gene) were
crossed against GMR-Gal4 flies expressing human Tau in their
retinas (GMR-Gal4, UAS Tau) and the gene Dicer-2 to potenti-
ate the silencing efficiency (26) (Table 1). In addition, to test the
specificity of these genetic interactions, the RNAI lines were
similarly expressed in the nervous system (using Elav-Gal4)
without Tau in the genetic background and the potential neuro-
logical phenotypes evaluated in motility assays (see Table 1).
We observed that the majority of the silenced genes enhanced
the neurodegeneration induced by Tau expression (16 genes),
while only four genes acted as genetic suppressors of the pheno-
types induced by Tau expression (Table 1). In particular, we
found that the genetic interactions with the RNAis against the
coding gene CG42678 (ID number 39473 and 39474) strongly
enhanced the neurotoxic effects induced by Tau expression, as
reflected by the increased reduction and disorganization of the
eye surface detected in these insects (Supplementary Material,
Fig. S1G and H). Interestingly, we saw that the expression of
the CG42678-RNAis alone did not produce apparent defects in
these retinas (Supplementary Material, Fig. SIC and D), indicat-
ing that this gene may exert a protective role against the neuronal
degeneration induced by Tau.

Molecular characterization of Drosophila REEP1
function in vivo

The Drosophila CG42678 gene belongs to the REEP/DP1/
Yoplp family, a group of evolutionary very well-conserved pro-
teins from plants to mammals (Fig. 1A). A bioinformatic ana-
lysis indicated that the sequence CG42678 presented strong
homology with the human protein REEP1 (33.7% identity and
9.4% similarity) (20,24,21). The level of amino acids conserva-
tion among these proteins is particularly higher in their
N-terminal region, where they present two hairpin-like hydro-
phobic regions and share a 66.2% of homology (Supplementary
Material, Fig. S2A). In relation with this analysis, we decided to
name this gene as Drosophila reepl (D-reepl).

The D-reepl locus is predicted to encode 13 transcripts (Www.
Flybase.org), therefore, to determine the expression levels and
the anatomical distribution of D-reepl transcripts (Fig. 1B),
we performed a northern blot analysis of poly (A) mRNAs
isolated from heads and bodies of 1-day-old adult flies
(Fig. 1C). Five different probes where PCR amplified and used
for the northern blot analysis (P1-5, Fig. 1B). These experiments
confirmed the presence of different transcripts that diverge in
their molecular weight, in agreement with the ESTs annotation
present in Flybase. We observed a high-molecular-weight

Table 1. Summary of the functional genetic screening

Human gene Fly gene Phenotypic effect of modifiers
Effect on EYE Effect on CNS
(UAS Tau present)  (UAS Tau absent)
Enhancers
ACATI1 CG10932 ++++ /
BACE2 CathD ++++ /
CDKI11/PITSLRE  Pitslre ++++ /
GSK-3B Sgg ++++ /
HMGCR Hmger ++++ /
REEP1 CG42678 ++++ /
CDKS5 Cdk5 +++ /
BLMH CG1440 +++ /
CASP6 Ice +++ /
CHRNAG6 NAcRa%Aa ++ /
MLF2 MIf ++ /
MRPLA46 MRpL46 ++ /
PPID Cypl ++ /
PPM1J CG17598 ++ /
PSAP Sap-r ++ /
UBQLN1 Ubgn ++ /
NDUFAS8 CG3683 + o
NDUFBS CG3192 + o
CCNT-1 CycT +++ Let
Suppressors
IDE Ide - = /
LRPAPI CG8507 - = /
STK38 Trc - = /
LIPA Mag - /
Lethal Lethal
ACTG1 Act79B Let Let
KIF11 KIp61F Let Let
KLC4 Klc Let Let
No effect on EYE No effect on CNS
ALDHIALI Aldh / /
ALDHI18A1 Atf-2 / /
ATF2 Atf2 / /
EDF1 Mbf-1 / /
MRPL37 MRpL37 / /
NDST2 Sfl / /
SCP2 ScpX / /
SERPINI1 Spnl / /
SLC25A17 CG32250 / /

Results obtained after the RNAi silencing of 35 genes in fly eyes expressing
human Tau (GMR-Gal4 driver) and in central nervous system without Tau
expression in the genetic background (CNS, with Elav-Gal4). The phenotypic
interaction of the modifiers was indicated as enhancer or suppressor of the Tau
phenotype. The entity of enhancement was reported as follow: very severe rough
(++++), moderate rough (++ +), mild rough (++) and very mild rough (+).
The entity of suppression was indicated as mild suppression (— —) and very mild
suppression (— ). The lethal modifiers were indicated as (LET). The neurological
defects in Tau-free backgrounds were indicated as asterisks. The bar indicated
that no phenotype was revealed upon silencing.

band, lightly <3.0 kb, compatible with the isoforms RI, RJ,
RH, RQ, RP and RG. An intermediate band of ~2.0 kb may cor-
respond to the transcripts RK, RR and RS. A lower molecular-
weight band of ~1.5 kb was compatible with the isoforms RD
and RE, as reported in Supplementary Material, Table S3. This
analysis, nevertheless, helped to confirm the presence of the iso-
forms RG, RD and RE, specifically recognized by the probe P3
(Fig. 1C, P3). The identity of these transcripts was confirmed
by the sequencing of these products and the sequences were sub-
mitted to Genbank.
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Figure 1. Molecular characterization of the D-reep1 genomic locus. (A) Rooted phylogenetic tree of REEP proteins generated by multiple sequence alignment Clus-
talW in GenomeNet showed the strong conservation among Homo sapiens (Hs), Mus musculus (Mm), Drosophila melanogaster (Dm), Arabidopsis thaliana (At) and
Saccaromyces cerevisiae (Sc). (B). Genomic map of the D-reep1 locus with the insertion site of the P-element P[SupOR-P]<%3246 and the 13 alternative transcripts
predicted (RJ-RK). P1, P2, P3, P4 and PS5 indicated the probes utilized in the northern blot analysis. Broken lines at the bottom indicated the extension of the genomic
deletions generated for D-reep12?7>~ and D-reep12?°®'~ loss-of-function alleles. Scale bar: 1 kb. (C) Northern blot analysis of polyadenylated mRNA isolated from

heads (h) and bodies (b) of wild-type flies (w'''®). RpL11 was used as internal control. (D) Northern blot analysis of wild-type, D-reep1*?’>~ and D-reeplA25 &~ null
alleles probed with P2 and P5.
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To analyze the function of this gene in vivo, we utilized
the P-element KG05246 located in the 5’UTR region of D-reepl
to generate chromosomal deletions in this genomic region
(Fig. 1B). With this approach, we mana%ed to generate two
excised alleles, D-reepl ***® and D-reep1°<’°, which presented
4.1 and 3.0 kb genomic deletions, respectively, that completely
removed the endogenous transcripts of D-reepl as confirmed by
the northern blot analysis performed on 1-day-oldflies, hybridized
with the probes P2 and P5 that recognize a common region in
D-reepl shared by all the predicted transcripts (see above
and Fig. 1D). The data, therefore, indicates that D—1reep1A258 and
D-reepl®?” flies can be considered as null alleles of the
D-reepl locus.

Phenotg;)ic analysis of homozygous D-reep and
D-reeplA > alleles indicated that these flies were perfectly
viable after embryogenesis and did not present developmental
delays during larval grow or pupa formation. In addition, we
noticed that D-reepl mutant flies were perfectly viable, fertile
and no modifications in their lifespan were detected compared
to controls. Genetic combinations between the D-reep1 alleles
and the genomic deficiency Df(2R)BSC784 in the D-reepl
locus did not modify the results described above (Supplementary
Material, Fig. S2C). Similarly, heteroallelic combinations
between these alleles did not revealed neurological alterations
in locomotive behaviours (evaluated in climbing assays)
during Drosophila aging (Supplementary Material, Fig. S2B),

1A258

A B

in disagreement with previous data regarding the lack of
REEP1 function in mice (27).

D-reepl co-localizes with ER membrane markers
in Drosophila

To better characterize the function of D-reep1, we raised polyclonal
antibodies against the amino acid stretch 85-STLYRKFVHPML-96
and utilized this probe to determine the intracellular localization of
the protein by immunocytochemistry. The staining of third instar
larval brains revealed that D-reepl was present in the tubule-
vesicular structures that distributed around the nucleus of elav-
positive neurons (Fig. 2A, arrowheads). More importantly, we
observed that this labelling was absent in D-reep1 null alleles con-
firming the specificity of the antibody staining and the particular dis-
tribution of the protein (Fig. 2B). To establish the identity of the
organelles labelled by the antibody, we stained the body muscles
of Drosophila third instar larvae. Compared with neurons, these
cells present a more extended cytoplasm and, accordingly, we
found that D-reep1 presented a similar tubule-vesicular distribution
along the very well-organized structures that spread from the nuclear
area to the complete intracellular surface (Fig. 2C and D). This cyto-
plasmic localization of D-reep1, strongly resembled the intracellular
distribution of the endoplasmic reticulum (ER) and, to confirm this
hypothesis, we expressed the ER luminal protein KDEL-tagged
GFP (24B-Gal4/UAS-GFP-KDEL) in third instar larvae muscles

C D

Figure 2. D-reep1 localizes in ER compartment. (A and B) Confocal images of Drosophila third instar larval brains stained with anti-D-reep1 (green) and anti-elav
(red) antibodies. (A) Wild-type (w'''®). The white arrows indicated the distribution of D-reep1 inside tubular—vesicular structures around the nucleus of dorsal moto-

neurons. (B) D-reepl A275/A25

.D-reepl protein was absent in transheterozygote null neurons demonstrating the specificity of this staining. Scale bar: 10 pm. (C and D)

Confocal images of Drosophila third instar larval muscles expressing the ER marker, UAS-GFP-KDEL, stained with anti-GFP (green) and anti-D-reep1 (red) anti-
bodies. (C) Muscles of 24B-Gal4/UAS-GFP-KDEL control larvae. The GFP antibody stained the typical tubular network of the ER and perfectly overlaps with
D-reepl (C, merged). (D) Muscles of D-reep1A275/ A258, D4B-Gal4/UAS-GFP-KDEL larvae. Second panel showed that the organization of the ER is not affected

in D-reep1 null alleles. Scale bars: 20 wm.
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to perform similar co-staining experiments utilizing antibodies
against D-reepl and GFP. The analysis showed a perfect overlap
between these antigens throughout the complex organization of
the tubular membranes that comprise the ER in larval muscles, con-
firming the conserved intracellular localization of D-reepl inside
thisorganelle in vivo (Fig. 2C), as previously reported that describing
the ER distribution of the mammalian protein REEP1 (22,27,28).

Interestingly, the ER staining performed in larval muscles
also highlighted that the formation and elongation of the GFP-
KDEL-positive tubule-vesicular structures were not macroscop-
ically affected by the absence of D-reep1 (Fig. 2D). Inagreement
with this idea, we observed that genetic combinations between
the different D-reep1 loss-of-function alleles did not showed dif-
ferences in the distribution of GFP-KDEL-positive tubule-
vesicular membranes or in the subcellular area occupied by the
ER, compared with controls (Fig. 2C), suggesting that D-reepl
is not required for the intracellular assembly, transport and dis-
tribution of the ER in larval muscles.

D-reepl function is required for the neuronal response
to ER stress

Although the morphological studies described above indicated
that D-reepl seemed not to be involved in the structural organ-
ization of the ER, the intracellular localization of the protein
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still allowed us to hypothesize that D-reepl might be required
to perform metabolic functions inside the ER. Regarding to
these issues, an important function of this organelle is to
confer resistance against the cellular stress produced by the pres-
ence of abnormally folded proteins in the cytoplasm (29,30) and,
more specifically, the neurodegeneration provoked by the for-
mation of insoluble Tau aggregates (31,32). To analyze these
possibilities, we tested if the lack of D-reep1 affected the physio-
logical response of adult flies to cellular stress in vivo by meas-
uring the resistance of these insects to heat-shock stress (see
Materials and Methods) (33-35). For these assays, we placed
wild-type and D-reepl mutant flies at 39°C in a water bath and
measured the time required to knock down these flies. Thus,
we observed that homozygous D-reepl mutants alone or in
allelic combinations with the genomic deficiency in the locus,
showed a lower resistance to high temperatures compared with
control flies w'''® (Fig. 3A, see left panel), suggesting that
D-reepl was required to provide resistance against the cellular
stress produced by high temperatures in adult flies. To investi-
gate the specificity of these results, we decided to rescue
D-reepl minus phenotypes by reintroducing the deleted gene
and, moreover, to analyze if the human REEPI protein was
able to replace the function of the endogenous gene in vivo.
For these experiments, we generated transgenic flies containing
flag-tagged forms of D-reepl and human REEP1 and expressed
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Figure 3. D-reep! function is required to promote stress resistance. (A) The panels show the percentage of flies knocked down in condition of heat stress at 39°C. Left
panel: the transheterozygote D-reeplAZSS/ A275 and each mutant allele in combination with the deficiency of the locus (D-reep1A258/Df(2R)BSC784 and D-reeplAﬂS/
Df(2R)BSC784) show less resistance to heat stress at 39°C than the control (w'''®). P < 0.001, one-way ANOVA. Right panel: the heat stress resistance has been
restored by the expression of UAS D-reepl and UAS REEPI transgenes with nSyb-Gal4 driver in null D-reepl background. P < 0.001, one-way ANOVA.
(B) Left panel: survival time course to tunicamycin treatment showed that the median lifespan in D-reep1 minus genetic background was reduced. Median lifespans
were (left panel) 72 h for w'''® (n = 243), 55 h for D-ree?lmsg/mu (n = 250), 48 h for D-reepl“%>*/Df(2R)BSC784 (n = 170) and 52 h for D-reep1*?"%/
Df(2R)BSC784 (n = 170). Log-rank test and P-value: w' 18 versus D—reeplAzm/A275 (% = 66.60, P < 0.0001), w'''® versus D—reep1A258/Df(2R)BSC784
(x* = 141.3, P < 0.0001) and w'''® versus D-reep™?”>/Df(2R)BSC784 (x* = 123.1, P < 0.0001). Right panel: the expression of UAS D-reepl or UAS REEP1
with nSyb-Gal4 driver restored the ability to survive to tunicamycin treatment. Median lifespan was (right panel): 96 h for D-reep142°¥427>; n-Syb-Gal4/D-reepl
(n=170) and D-reeplmsgmns; n-Syb-Gal4/UAS REEP1 (n = 170). Log-rank test and P-value: rescue D-reeplAzsg/ANS; n-Syb-Gal4/UAS D-reepl versus
D-reepl 42582275 (32 = 5445 P < 0.0001), D-reep1425¥227°; n-Syb-Gal4/UAS REEPI versus D-reepl142°¥4275 (32 = 28 .44, P < 0.0001).
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these proteins in D-reepl mutant backgrounds in a tissue-
specific manner using the GAL4/UAS system. Interestingly,
we observed that both D-reepl and human REEP1 constructs
expressed transgenic proteins that localized in the ER of larval
muscles in vivo (Supplementary Material, Fig. S3A and B).
Moreover, we found that the individual expression of the trans-
genic proteins in postmitotic neurons using the pan-neuronal
nSyb-Gal4 driver (36) was able to rescue the resistance of
D-reepl minus flies to heat-shock stress (Fig. 3A see right
panel), demonstrating that the function of these proteins is evo-
Iutionary conserved and sufficient, inside the ER, to confer stress
resistance in heat-shock knockdown assays. To further explore
the potential role of D-reepl in the ER response to cellular
stress, we induced a more specific form of intracellular stress
in vivo by treating wild-type and D-reepl minus flies with tuni-
camycin. This drug inhibits the N-glycosylation of membrane
proteins inside ER creating the accumulation of misfolded pro-
teins inside the organelle and causing ER stress (37,38) together
with the activation of the unfolded protein response (39,40). For
these experiments, 1-day-old flies were fed with 12 M tunica-
mycin (supplemented in the fly food) and the number of dead
flies during the time of exposure to the drug was quantified
(34). We found that after 48 h of tunicamycin treatment, wild-
type w'''® flies presented a mortality rate of ~12%; on the con-
trary, this percentage rose up to 40—50% in D-reepl~*>%" a27s
homozygous null alleles alone or in allelic combinations with
the genomic deficiency (D-reepl“?*®/Df(2R)BSC784 and
D-reepl2?”3/Df(2R)BSC784, see Figure 3B, left panel). Fur-
thermore, we observed that the expression of either D-reepl or
human REEP1 with the neuronal driver nSyb-Gal4 (36) was
able to rescue the sensitivity of D-reep 1 mutant flies to tunicamy-
cin (Fig. 3B, see right panel), confirming in vivo the novel role of
this protein in the mechanisms of neuronal resistance against the
cellular stress produced by the abnormal protein folding inside
the ER.

D-reepl protects neurons from Tau-mediated degeneration
by preventing the accumulation of neurotoxic aggregates

The experiments described before showed that D-reep1 has an
important role in promoting neuronal resistance against stressful
situations like heat shock or the abnormal accumulation of
unfolded proteins in the ER, suggesting that similar defects in
stress resistance might be responsible of the increased sensitivity
to Tau-mediated neurodegeneration observed in D-reepl
knocked down flies (Supplementary Material, Fig. S1G and H)
(31,32). To confirm this hypothesis and understand how altera-
tions in D-reepl function modifies Tau toxicity, we expressed
the human Tau protein in D-reepl null backgrounds
(D-reep14%°%/ A275. GMR-Gal4, UAS Tau) and observed that
the absence of D-reepl strongly enhanced the neurodegenera-
tion observed in the Drosophila retinas that presented the forma-
tion of extensive necrotic areas, visible as black spots, over the
eye surface (Fig. 4C and F). Compared with the morphology of
Tau-expressing eyes in the wild type, control and backgrounds
(GMR-Gal4, UAS Tau/+, Fig. 4B and F), these data confirm
the initial results obtained with D-reepl RNAi expression (Sup-
plementary Material, Fig. S1G and H) and further support the
idea that D-reepl function is required to prevent Tau-mediated
neurodegeneration. In order to gain insight into the mechanisms

behind the neuroprotective role of D-reepl, we decided to test
whether modulations in D-reepl protein activity were able to
modify the formation of insoluble Tau aggregates in vivo. To
answer these questions, confocal microscope analysis of
Thioflavin-S stained third instar larvae eye discs were performed
and revealed the presence of amyloid clusters of Tau in control
retinas expressing human Tau (GMR-Gal4, UAS Tau/+),
(Fig. 41 and M; Supplementary Material, Fig. S4A and E).
Besides Tau, these Thioflavin-S-positive clusters co-stained
with the filamentous actin marker phalloidin revealing the
abnormal formation of actin-rich structures within the amyloid
aggregates (41) (see actin staining in Fig. 4] and N; Supplemen-
tary Material, Fig. S4A and F). Interestingly, we found that the
depletion of D-reep| strongly increased the pathological forma-
tion of Thioflavin-S-positive amyloid aggregates in the mutant
retinas as well as the incidence of ectopic actin-rich structures
within these amyloid clusters, enhancing the structural defects
observed in the organization of these tissues (Fig. 4] and M). On
the contrary, increased expression of either D-reepl or human
REEP] transgenes in Tau-expressing flies (GMR-Gal4,UAS
Taw/UAS D-reepl and GMR-Gal4,UAS Tau/UAS REEP1) strik-
ingly prevented the formation of Thioflavin-S-positive amyloid
aggregates of Tau (Fig. 4K, L and M; Supplementary Material,
Fig. S4C, D and E) together with the abnormal polymerization
of actin filaments inside the amyloid clusters and the general
morphology of the eye discs (Fig. 4K, L and N). In adult tissues,
the external neurodegeneration induced by Tau expression also
appeared strongly ameliorated in D-reepl or human REEP1
gain-of-function Drosophila eyes (Fig. 4D, E and F). Instead, bio-
chemical experiments performed on the samples described before
revealed that differences in D-reepl or REEP1 activity did not
affect the phosphorylation status of Tau in vivo. Thus, quantitative
western blot analysis of protein extracts obtained from flies
expressing Tau in wild-type (GMR-Gal4,UAS Tau) or in
D-reepl modified backgrounds such as (D-reepl2°¥4275;
GMR-Gal4,UAS Tau), (GMR-Gal4,UAS Tauw/UAS D-reepl)
and (GMR-Gal4,UAS Tau/UAS REEP1) did notrevealed any dif-
ferences in the phosphorylation status of the Tau protein for any of
the several phospho-specific antibodies utilized ATS, AT180 and
Taul (42—-45) (Fig. 4G). Similarly, the western blots performed
and stained with the antibody Tau5 (46) showed that differences
in D-reepl function did not affected the levels of total Tau
protein expression in vivo, confirming that the activity of
D-reepl is sufficient to protect neurons against Tau-mediated neu-
rodegeneration by, most probably, preventing the abnormal for-
mation or accumulation of Thioflavin-S-positive Tau aggregates.

DISCUSSION

The presence of intracellular aggregates of pathologically phos-
phorylated Tau in brains of patients suffering from different
neurological diseases not described as tauopathies, strongly
suggest that defects in Tau homeostasis may represent a
common mechanism behind the molecular processes that lead
to neurodegeneration. In agreement with this hypothesis, we per-
formed a functional genetic screenings in Drosophila through the
silencing of several, unrelated, genes previously implicated in the
pathogenesis of complex neurodegenerative diseases. Following
this approach, we observed that the majority of the suppressed
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Figure 4. D-reepl and REEP1 prevent Tau-mediated degeneration and the formation of Thioflavin-S aggregates. Expression of human Tau expression induces an
extensive degeneration of in Drosophila eyes in (B) GMR-Gal4,UAS Tau/+ flies compared with (A) OR, wild-type eye controls. Nevertheless, removing
D-reepl enhanced Tau-induced toxicity in (C) D-reep1A258/A275;GMR-G314,UAS Tau/+ flies. On the contrary, the overexpression of D-reepl (GMR-Gal4, UAS
Tauw/UAS D-reepl, D) or human REEP1 (GMR-Gal4, UAS Tau/UAS REEP, E) ameliorated the Tau-induced eye degeneration in vivo. (F) The graph reports the
percentage of the eye surface degenerated. Asterisks indicated significant differences between the genotypes (n =50, P < 0.001, one-way ANOVA).
(G) Western blot analysis indicates that alterations in D-reep1 and/or REEP1 protein levels did not influenced the phosphorylation status of Tau. The genotypes ana-
lyzed were respectively w'''® (lane 1), GMR-Gal4,UAS Tau/+ (lane 2), D-reep1A258/A275;GMR-Ga14, UAS Tau/+ (lane 3), GMR-Gal4,UAS Tau/UAS D-reepl
(lane 4) and GMR-Gal4, UAS Tauw/UAS REEP!1 (lane 5). The total Tau protein was detected with Tau5 antibody. Tau phosphorylation pattern was evaluated with
ATS, Taul and AT180 phospho-specific antibodies. Tubulin was used as a loading control (bottom panel). The graph on the right represented the quantification of
Tau phospholevels by one-way ANOVA, n = 3. (H-L) Confocal images of eye imaginal discs of third instar larvae stained with Thioflavin-S (green) and actin-
phalloidin (red). Arrowheads indicated Thioflavin-S-positive and actin deposits in (I) GMR-Gal4, UAS Tau/+ and (J) D-reeplAzSg/AmS; GMR-Gal4, UAS Tau/+
not presented in the (H) w'''® controls. Thioflavin-S aggregates increased in D-reepl null background (J and M) and decreased with the co-expression of UAS
D-reepl and UAS REEP1 (GMR-Gal4, Tau/D-reepl, K and GMR-Gal4,Tau/UAS REEPI, L). Co-localization of actin with Thioflavin-S-positive-structures was
shown in the merge. Scale bar: 10 wm. (M) Numbers of Thioflavin-S-positive aggregates per area were presented as average + SEM (n =25 eye discs).
(N) Numbers of actin-positive aggregates per area were presented as average + SEM (n = 25 eye discs). Asterisks indicated significant differences between the gen-
otypes (**P < 0.01, ***P < 0.001, one-way ANOVA).

genes enhanced the neurodegeneration induced by human Tau different neurological disorders may exist in vivo. Alternatively,
expression in flies (Table 1; Supplementary Material, Table S1)  similar neuroprotective pathways might be comparably activated
indicating that common pathological mechanisms, shared by with counteract Tau toxicity and intracellular stress.
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In agreement with this view, we have identified the human
homolog protein REEP1 in flies and demonstrate that this is a con-
served protein that localizes in the tubule-vesicular membranes of
the ER where promotes the intracellular resistance against stress-
ful situations like heat shock or the abnormal accumulation of mis-
folded proteins in the cytoplasm. In agreement with these results,
it was previously reported that HVA22, the plant homolog gene
of D-reepl, was required to tolerate stressful situations by inhibit-
ing the activation of programmed cell death in plants growing
under adverse conditions (47,48). In Drosophila, we found that
D-reepl null alleles did not present evident problems during
development or neurological defects associated with aging or
alterations in the life span. Similar results were observed in
yeast, where null mutations in the D-reepl homolog gene of
YOPI1p did not affect cells viability (49). On the contrary, the sup-
pression of REEP1 in mice interfered with the ER structure and
reduced the long-term neuronal survival (27), indicating that
species-specific differences in the gene function may exist.
Regarding to that, we observed that D-reepl and human REEP1
were identically localized in the ER of Drosophila and required
to confer stress resistance against the accumulation of unfolded
proteins induced by tunicamycin (Fig. 3B). In correlation with
these data, we found that D-reepl function was necessary to
prevent Tau-mediated neurodegeneration and aggregates forma-
tion (Fig. 4A—E and H-L), suggesting that these results might
be connected. Concerning this hypothesis, we found that increased
ER stress enhanced the neurodegenerative effect produced by Tau
expression in vivo (Supplementary Material, Fig. S5A and B).
Moreover, we detected that modifications in Tau levels increased
the expression amounts of D-reepl mRNA (Supplementary
Material, Fig. S5C), indicating that D-reepl may form part of
the cellular machinery in charged to respond, signal or protect
against ER stress in vivo.

Regarding the potential mechanisms behind neuronal protec-
tion, we found that alterations in D-reep1 or REEP1 function did
not affect the total levels of Tau present in Drosophila heads sug-
gesting that these proteins might be required to prevent the for-
mation or accumulation of Thioflavin-S-positive Tau clusters
rather than promoting the degradation of the aggregates (see
Tau$, Fig. 4G). Nevertheless, our data did not discard a potential
role of D-reepl in regulating the removal of the Tau insoluble
clusters through ER-dependent autophagy (50,51), further experi-
ments will be necessary to clarify these issues. In summary, this
study uncovered a novel and conserved function of the D-reepl
gene in promoting ER stress resistance and preventing Tau-
mediated degeneration in vivo, most probably by inhibiting the
pathological accumulation of Thioflavin-S-positive Tau aggre-
gates. Finally, our data also predict that defects in REEP1 func-
tion, in patients with HSP, may lead to alterations in the
neuronal responses to ER stress with defects in the metabolism
of Tau and general problems in the maintenance of the structural
organization and intracellular transport in long axons (52,53).

MATERIALS AND METHODS
Generation of D-reep1 null alleles

The D-reepl excision lines, alleles D—reeplA25 8 and D-reepl A27s
were generated by imprecise excision of the P{SUPor-P}
CG42678%G95246 transposon using TfA2-3 transposase. The

precise excision points were identified by sequencing of PCR
amplicons generated with primers flanking P{SUPor-P}
CG42678%595246 insertion site.

Generation of UAS D-reepl and UAS REEP1 flies

Total RNA extracted from fly heads of wild-type flies were retro-
transcribed with Superscript III Reverse Transcriptase
(#18080044, Life Technologies) in the presence of oligodT
and the full-length cDNA of the RG isoform of D-reepl was
amplified. The primers used for amplification of the cDNA
were designed on the isoforms RG:

Forward: 5-ATGATCAGCAGCCTGTTTTCGCG-3/,

Reverse: 5'-TCAGTAGTTTTCCACATCCACATCG-3'.

The human REEP1 cDNA was synthetized from polyA RNA
of Caucasian human brain (Clontech#636102). The UAS
D-reepl and the UAS REEP1 cDNAs were FLAG tagged,
EcoRI-Xbal cloned in the pUASTattB and sent to Best Gene,
Inc. for the generation of transgenic flies.

Other Drosophila strains

The human full-length Tau cDNA (2N/4R isoform) was a kind
gift of Jesus Avila. Tau cDNA was cloned in the pKS69 vector
and sent to Best Gene, Inc. for the generation of transgenic flies.

The other strains included: Oregon-R (OR), w'''8, UAS
mCDS8::GFP, UAS Lac-Z and UAS-GFP-KDEL (Bloomington
Drosophila Stock Center, Bloomington, IN, USA), the pan-
neuronal driver nSyb-Gal4 (36), the muscle driver 24B-Gal4
(54) and the eye driver GMR-Gal4 (55). Flies maintenance and
crosses were settled on standard cornmeal sucrose and yeast
agar medium in a 12 h light—dark cycle at 25°C when not
specified.

Eye quantification

External eye phenotypes of 1-day-old CO,-anesthetized flies
were evaluated with a Leica M 205C stereomicroscope and
photographed with a Leica DFC420 digital camera. For each
genotype, 50 flies were evaluated and quantification of pheno-
types was performed splitting ideally the fly’s eye in four areas
and evaluating the percentage of degeneration in each single
sector. All phenotypic evaluations of each analyzed genotype
were averaged and compared with genotypes using a control.

Tunicamycin treatment

Survival curves of tunicamycin-treated flies were performed in
12 : 12 hours light—dark cycle at 25°C on a medium composed
of 1.3% low-melting agarose, 1% sucrose supplemented with
12 pM tunicamycin (Ascent). Groups of 10 flies, 1 day aged,
were transferred in 50 ml tubes containing 1 ml of the medium
and once a day until dead flies were scored. For each genotype,
aminimum of 140 flies up to a maximum of 250 flies were used.

Heat knockdown sensitivity evaluation to thermal
exposure

Group of 10 males, 1 day aged, were transferred in empty vial and
immersed in a water bath for 30 min at 39°C. A programmable
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heating unit controlled and a proper water circulation ensured
controlled temperature. Every minute, knock down flies, slug-
gish or immobile or upside down were scored. Data from 10 sep-
arate experiments were combined to define the curve of
thermotolerance for each genotype.

Generation of D-reepl antibody

A peptide spanning from amino acids 85-96 (STLYRKF
VHPMLC) of the PG isoform of D-reepl was synthetized and
used to erase in mouse polyclonal antibody against D-reep1.

Extraction of poly (A) mRNA and Northern blot

For the characterization of the differentially expressed isoforms,
1-day-old adult fly, in batches of 300 females and males, was
quickly frozen in liquid nitrogen and vortexed to collect separ-
ately heads and bodies. RNA was isolated with TRIZOL
(#15596-026 Life Technologies). Poly (A) mRNA was further
purified with Dynabeads mRNA purification kit (Life Technolo-
gies #61006), and aliquots of 600 ng of poly (A) were resolved
on a 1% agarose gel (NorthernMAX kit, #AM1940, Ambion)
and transferred to Hybond-N+ membrane (Healthcare
#RPN203B). Membranes were UV cross-linked and hybridized
with P*%-labelled probes (REdiprime DNA labelling system,
#RPN1633GE Healthcare) and subsequently acquired by phos-
phoimager (Cyclone Imaging System). Probes were PCR ampli-
fied on cDNAs of D-reepl gene with the following primers:
P1:for 5-ATGAGGCCAATCTATCAGCAGGAG-3'
Pl:rev 5-CTCGATCCTCCACTATGTAGGC-3
P2:for 5'-GGCATATGCCTCATACAAGGCCGTCAG-3’
P2:rev 5-CTGCATGAGGACATTGGTGGCATAG-3’
P3:for 5-AACTATGCCACCAATGTCCTC-3’
P3:rev 5-TCAGTAGTTTTCCACATCCACATCG-3’
P4:for 5-ATGCATCGCACGCAGGACGAGCTGG-3’
P4:rev 5’-CCACTACTTCTCCGACTTGTTGCGCG-3’
P5:for 5-CAGTTTGAAGATGCATTGTTTGAGG-3’
P5:rev 5'-GGCCTTGGGCCGCAAGGAGGG-3'

Immunoblot of Drosophila heads

For Tau extraction, flies were frozen in liquid nitrogen, vortexed
to collect heads and subsequently squeezed in lysis buffer
(150 mm NaCl, 10 mm Tris, 5 mm EDTA, 10% glycerol, 5 mm
EGTA, 50 mmNaF, 4 murea, 5 mm DTT and protease inhibitors)
added of 2% SDS, 1 x phosphatase inhibitors cocktail 1 and 2
(Sigma) and caliculin A (Calbiochem). Heads protein extracts
were sonicated after centrifugation at 8000g for 10 min at RT.
Proteins quantification was performed with Qbit™ Protein
Assay (#Q33211, Life Technologies). Extracted proteins were
separated in SDS—PAGE and blotted on 0.2 wm nitrocellulose
membrane (Whatman Protran #Z613657). Membranes were
blocked in 5% nonfat dried milk in TBS—0.01% Tween 20 and
subsequently incubated with primary antibodies properly
diluted: anti-Tau5 (1:2000, DSHB), anti-Taul (1:2000,
#MAB3420 Chemicon), anti-AT8 (1:500, #90206 Autogen
Bioclear Innogenetics), anti-AT180 (1 : 1000, #90337 Autogen
Bioclear Innogenetics), anti-tubulin (1:2000, DM1A #CP06
Calbiochem).
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Immunohistochemistry and Thioflavin-S staining

Larval body wall muscles were dissected in saline containing
0.1 mm Ca'? fixed in ice-cold 4% paraformaldehyde for
20 min, washed in PBS/0.1% Tween 20 and blocked with 5%
normal goat serum (NGS; Chemicon #S26-100 ML) for 30 min.
Primary antibodies were used for overnight incubation at 4°C:
anti-D-reepl (1:20), anti-FLAG M5 (1:200, #F4042 Sigma),
anti-GFP (1 : 200, #A11122 Life Technologies). Secondary anti-
bodies used: Alexa Fluor® 555 Phalloidin (1: 150, #A344055
Life Technologies), Alexa Fluor™ 488 (mouse #A11001, rabbit
#A11008 1 : 500, Life Technologies) Alexa Fluor® 555 (mouse
#A21422, rabbit #A21428 1 : 500, Life Technologies).

Dissection of the eye imaginal discs of third instar larvae
dissection was performed as previously described (56). The
dissected larval brains were permeabilized and incubated over-
night in 50% EtOH containing 0.2% Thioflavin-S (#R311820
ThS, Sigma). After washing in 50% EtOH and PBS, brains
were stained with Alexa Fluor®™ 555 Phalloidin in PB/0.3%
Triton X-100 5% NGS for 2 h at RT. After incubation larval
brains were washed in PBT/0.3% Triton X-100 (3 x 20 min)
and left at 4°C for one night in Slowfade®Gold antifade
(#S36936, Life Technologies). The day after, the brains were
removed and the eye discs were mounted on a glass slide for con-
focal microscope analysis. Thioflavin-S and actin-positive
aggregates were identified by its characteristic stone-like
shape and quantified by counting the number of aggregates per
tissue areas. More than 25 larval eye discs for each genotype
were analyzed.

Statistical analysis

In all experiments, means were compared, as appropriate by
one-way ANOVA, with Bonferroni correction for multiple
comparisons. The log-rank test was performed to compare the
survival of the genotypes analyzed.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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