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Abstract RTP801 expression is induced by cellular stress
and has a pro-apoptotic function in non-proliferating differen-
tiated cells such as neurons. In several neurodegenerative dis-
orders, including Parkinson’s disease and Alzheimer’s dis-
ease, elevated levels of RTP801 have been observed, which
suggests a role for RTP801 in neuronal death. Neuronal death
is also a pathological hallmark in Huntington’s disease (HD),
an inherited neurodegenerative disorder caused by a CAG
repeat expansion in the huntingtin gene. Currently, the exact
mechanisms underlying mutant huntingtin (mhtt)-induced
toxicity are still unclear. Here, we investigated whether
RTP801 is involved in mutant huntingtin (htt)-induced cell
death. Ectopic exon-1 mhtt elevated RTP801 mRNA and pro-
tein levels in nerve growth factor (NGF)-differentiated PC12
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cells and in rat primary cortical neurons. In neuronal PC12
cells, mhtt also contributed to RTP801 protein elevation by
reducing its proteasomal degradation rate, in addition to pro-
moting RTP801 gene expression. Interestingly, silencing
RTP801 expression with short hairpin RNAs (shRNAs)
blocked mhtt-induced cell death in NGF-differentiated PC12
cells. However, RTP801 protein levels were not altered in the
striatum of Hdh?”'"! and R6/1 mice, two HD models that
display motor deficits but not neuronal death. Importantly,
RTP801 protein levels were elevated in both neural telence-
phalic progenitors differentiated from HD patient-derived in-
duced pluripotent stem cells and in the putamen and cerebel-
lum of human HD postmortem brains. Taken together, our
results suggest that RTP801 is a novel downstream effector
of mhtt-induced toxicity and that it may be relevant to the
human disease.

Keywords RTP801 - Exon-1 mutant huntingtin - HJH?”/?!!!
mice - Putamen - R6/1 mice - Striatum - PC12 cells - Neuron
death

Introduction

RTP801/REDDI protein, encoded by the DDIT4 gene, was
first identified on the basis of its induction by hypoxia [1] and
DNA damage [2]. Other stressors induced its expression such
as dexamethasone, thapsigargin, tunicamycin, heat shock in
murine T cell lymphoma cells [3], or cigarette smoke in lung
cells [4].

In the central nervous system, RTP801 expression is in-
creased in response to ischemia, 3-amyloid peptide [5, 6], 6-
hydroxydopamine (6-OHDA) [7, 8], and 1-methy-4-phenyl-1,
2,3,6-tetrahydropyridine [8]. Importantly, RTP801 not only
accumulates in cellular and animal toxic models but also in
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samples from patients suffering from neurodegenerative dis-
eases. RTP801 protein levels are elevated in dopaminergic
neurons from the substantia nigra in sporadic and mutant
parkin Parkinson’s disease (PD) patients [8, 9] and in lympho-
cytes from Alzheimer’s disease (AD) patients [10].

RTP801 is sufficient to induce cell death in nerve growth
factor (NGF)-differentiated PC12 cells [1, 8] and sympathetic
neurons [8]. RTP801 inactivates sequentially mechanistic tar-
get of rapamycin (mTOR) and Akt survival kinases via tumor
suppressors 1 and 2 [8, 11]. As a consequence, the neuronal
survival kinase Akt, which is also a substrate of mTOR, can-
not be phosphorylated at residue Ser473, and so, it is unable to
enhance pro-survival signals thereby triggering neuronal
death [12].

The activity of mTOR has been studied in cellular and
mouse models of neurodegenerative diseases, as its regulation
also controls autophagy and, as a consequence, the clearance
of unfolded proteins and protein aggregates [13, 14].
Huntington’s disease (HD) is one of the neurodegenerative
diseases in which inhibition of mTOR with rapamycin or
rapalogs has been suggested to be beneficial [15, 16]. HD is
caused by a dominantly inherited expansion of a CAG repeat
(>37 repeats) in the huntingtin (htt) gene that generates an
aberrant protein [17]. In spite of the ubiquitous expression
pattern of htt, the most vulnerable brain regions are the stria-
tum [18] and the motor cortex [19]. However, mutant htt
(mhtt) toxicity also extends to other brain structures such as
the hippocampus [20] and the cerebellum where atrophy and
cell death have been shown recently [21]. Neural dysfunction
in these brain areas leads to motor, cognitive, and psychiatric
symptoms [22].

Here, we investigated whether RTP801 mediates mbhitt-
induced toxicity. Ectopic exon-1 mhtt upregulated RTP801
protein levels, both in NGF-differentiated PC12 cells and in
primary cortical neurons, by increasing RTP801 gene expres-
sion and by decreasing its degradation. RTP801 accumulation
was also observed in brain samples and HD-induced pluripo-
tent stem cells (iPSC)-derived telencephalic progenitors.
Interestingly, RTP801 knockdown prevents mhtt-induced cell
death. Therefore, blockade of RTP801 emerges as a new pos-
sible therapeutic target to counteract cell death in HD.

Materials and Methods

Antibodies, Plasmids, and Materials Rabbit polyclonal
anti-RTP801 antibody (used for Western immunoblotting
and immunohistochemistry) was purchased from Proteintech
Group. We used different lot numbers of this antibody with
one of them detecting an unspecific band below RTP801 band
in the Western blots. Whenever this band appears, the
RTP801-specific band is always indicated with an arrow in
the figures. The mouse monoclonal antibody against green
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fluorescent protein (GFP) was obtained from Santa Cruz
Biotechnology. Anti-glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) was purchased from Merck Millipore. Anti-oc-
actin antibody was purchased from MP Biomedicals. Goat
anti-mouse and anti-rabbit secondary antibodies conjugated
to horseradish peroxidase were obtained from Pierce
Thermo Scientific. Goat anti-mouse and anti-rabbit secondary
antibodies conjugated with Alexa 488 or Alexa 568 were pur-
chased from Life Technologies.

The pCMS eGFP RTP801 and shRTP801 1 and 4 and
scrambled shCT constructs were generated as previously de-
scribed [8, 23]. The specificity and the effectiveness of
shRTP801 1 and 4 were previously proved in cellular models
[8, 9, 12] and in vivo, in utero rat brain electroporations [23].
The constructs Q25, Q72, and Q103 were a kind gift of Dr.
G.M. Lawless (Cure HD Initiative, Reagent Resource Bank of
the Hereditary Disease Foundation, New York, NY). All con-
structs were verified by DNA sequencing. Actinomycin D
was purchased from Gibco, cycloheximide was purchased
from Merck Millipore, APV was obtained from Sigma-
Aldrich, and CNQX and NGF were from Alomone Labs.

Cell Culture and Transfection PCI12 cells were cultured and
differentiated with NGF as described previously [24]. For
NGF treatment, cells were grown in RPMI 1640 medium
(Thermo Fisher Scientific, Waltham, MA, USA) and supple-
mented with 1 % heat-inactivated horse serum (Sigma-
Aldrich, St. Louis, MO, USA), penicillin/streptomycin
(Gibco Life Technologies, Grand Island, NY, USA), and
50 ng/ml recombinant human 3-NGF (Alomone Labs,
Jerusalem, Israel) for 7-8 days, in a 7.5 % CO, atmosphere
at 37 °C. Medium was changed every other day and before
transfection. Neuronal PC12 cells were transfected at day 5 of
NGF exposure, with Lipofectamine 2000 (Invitrogen Life
Technologies, Carlsbad, CA, USA) according to the manufac-
turer’s instructions. Media were replaced 4 h later with serum-
supplemented RPMI media.

Rat primary cortical cultures were prepared as previously
described [25]. Briefly, neurons from embryonic (E18)
Sprague-Dawley rat cortex were dissociated in 0.05 % trypsin
and plated at a density of 250 cells/mm?® on poly-L-lysine-
coated coverslips and maintained in neurobasal medium with
B27 and 2 mM GlutaMAX (all from Gibco). After 19 days
in vitro (DIV 19), cultured neurons in coverslips were
transfected with Lipofectamine 2000 in neurobasal medium
supplemented with B27, 2 mM GlutaMAX, 50 uM APV
(Sigma-Aldrich) and 10 pM CNQX (Alomone Labs). Sixty
minutes later, the coverslips were transferred back into the
original neurobasal medium for further 2 days.

HD Mouse Models For this study, we used male R6/1 trans-
genic mice (B6CBA background) expressing exon-1 of mhtt
containing 145 repeats [26, 27] and their corresponding WT
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littermates and heterozygous mutant Hdh?” """ and wild-
type Hdh®?""?” knock-in mice (C57BL/6 background) [28].
Mouse genotype and CAG repeat length were determined as
described elsewhere [28, 29]. Mice were housed together in
numerical birth order in groups of mixed genotypes, and data
were recorded for analysis by microchip mouse number. The
animals were housed with access to food and water ad libitum
in a colony room kept at 19-22 °C and 40-60 % humidity,
under a 12:12-h light/dark cycle. Experiments were carried
out according to European regulation (2010/63/UE) for the
care and use of laboratory animals.

Ventral Telencephalic Differentiation of Human-Induced
Pluripotent Stem Cells Two non-integrating human iPSC
lines CS83iCTR33n1 and CS21iHD60n5 obtained from
iPSCs-Core from CEDARS-Sinai (Los Angeles, CA, USA)
were differentiated until 12 DIV. hiPSCs were cultured on
Matrigel-coated plates (BD Biosciences) in mTeSR 1 medium
following the manufacturers’ protocols (Stem Cell
Technologies). For neural induction, hPSCs grown to 70 %
confluency were washed three times with phosphate-buffered
saline (PBS) and cultured in SLI neural induction medium
(advanced DMEM/F12, 2 mM L-glutamine, 1 % penicillin/
streptomycin (Life Technologies), 10 uM SB431542
(Abcam), 1 uM LDN 193189 (Stemgent), 1.5 uM ITWRI
(Tocris), 2 % NeuroBrew-21 without RA (Miltenyi Biotec)).
On day 4, confluent cultures were treated with 10 uM
Y-27632 (Abcam) for 1 h prior to passaging with Accutase
(Life Technologies) onto fresh Matrigel-coated plates, with a
split ratio of 1:2. On day 8, cultures were passaged 1:2 and
cultured in LI medium (SLI without SB431542). At day 12,
human iPSC-derived telencephalic progenitors’ total protein
was extracted from the cultures using TRI Reagent (Sigma-
Aldrich) as described elsewhere.

Post-Mortem Brain Tissue Samples of putamen, motor cor-
tex, hippocampus, and cerebellum from control subjects and
HD patients were obtained from the Neurological Tissue Bank
of the Biobanc-Hospital Clinic-IDIBAPS, following the
guidelines of the local ethics committees (for details, see
Table S1). Post-mortem tissue was homogenized as described
previously [30].

Immunocytochemistry Cells were fixed in 4 % paraformal-
dehyde for 15 min at room temperature. After washing with
PBS, cells were incubated for 1 h at room temperature with the
blocking solution Superblock-PBS (Life Technologies,
Carlsbad, CA, USA) plus 0.3 % Triton X-100 and then incu-
bated overnight with the primary antibody diluted in PBS. The
following primary antibodies were used: rabbit polyclonal
anti-RTP801 antibody (1:80; Proteintech Group Inc.,
Chicago, IL, USA) and mouse monoclonal anti-GFP (1:1,
000; Santa Cruz Biotechnology, Dallas, TX, USA). The cells

were then washed with PBS and incubated for 2 h with the
corresponding secondary antibody (1:500 for goat anti-rabbit
conjugated with Alexa 568 and 1:1,000 for goat anti-mouse
conjugated with Alexa 488; Life Technologies), diluted in
PBS, and co-stained with Hoechst 33342 (1:5,000;
Invitrogen Life Technologies) for nuclear staining. After
washing in PBS, cells were mounted with mounting medium
Prolong Gold Antifade Mountant (Invitrogen Life
Technologies). In survival assays, eGFP-positive viable cells
were scored by strip-counting, as described previously [8].
Highly stained cells for RTP801 were scored with the help
of ImagelJ software by setting a common color threshold in
each image. Only the brightest cells that overcame this thresh-
old were counted as positive.

Western Blot Whole cell extracts were collected and proc-
essed as described previously [8]. Animals were anesthetized
and killed by decapitation at different ages. Brains were re-
moved quickly, and the striata were dissected out and homog-
enized in lysis buffer. Protein extraction and Western blot
analyses were performed as described elsewhere [8, 31]. The
following primary antibodies were used: anti-RTP801 (1:1,
000, Proteintech Group Inc.) and rabbit polyclonal anti-
living colors (1:1,000; Clontech Laboratories Inc., Mountain
View, CA, USA). The loading control was obtained by incu-
bation with anti-P801 (1:1,000, Proteintech Group Inc.), and
rabbit polyclonal anti-living colors (1:1,000; Clontech
Laboratories Inc., Mountain View, CA, USA 8; Life
Technologies) diluted in PBS and co-stained with Hoechst
peroxidase were obtained from Pierce Thermo Fisher
Scientific (Rockford, IL, USA). Chemiluminescent images
were acquired using a LAS-3000 imager (Fuji) and quantified
by computer-assisted densitometric analysis (Imagel).

Quantitative Reverse Transcription-PCR Total RNA was
isolated from NGF-differentiated PC12 cells using the High
Pure RNA Isolation Kit (Roche Diagnostics Corporation,
Indianapolis, IN, USA). Transcriptor First Strand cDNA
Synthesis Kit (Roche Diagnostics Corporation) was used to
reverse transcribe cDNA from total RNA. Specific primers for
quantitative PCR in amplification were used as follows:
RTP801 forward primer, 5'-GCTCTGGACCCCAGTCTA
GT-3'; RTP801 reverse primer, 5'-GGGACAGTCCTTCA
GTCCTT-3'; x-actin forward primer, 5'-GGGTATGGGTCA
GAAGGACT-3'; and «-actin reverse primer, 5'-GAGGCATA
CAGGGACAACAC-3'". Total RNA extraction from 12-
week-old wild-type and R6/1 mice striatal samples and
cDNA synthesis were performed as described elsewhere
[31]. Specific mouse RTP801 primers were used as follows:
forward primer, 5'-ACCTGTGTGCCAACCTGAT-3'; reverse
primer, 5'-TAACAGCCCCTGGATCTTG-3'. Quantitative
PCR was performed with a 7500 Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA) using equal
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amounts of cDNA template, normalized by «-actin. The RT-
PCR data were analyzed and quantified using the comparative
quantification.

RTP801 Protein Half-Life Neuronal PC12 cells were
transfected with eGFP, Q25, Q72, or Q103 constructs.
Twenty-four hours later, cell cultures were treated with
1 uM of cycloheximide (Calbiochem Merck Millipore,
Darmstadt, Germany) for 10 or 60 min. Subsequently, cells
were harvested and subjected to Western blot. Membranes
were probed for RTP801 or eGFP and reprobed for «-actin
as a loading control. The half-life of RTP801 was calculated
by fitting the curve to a one-phase decay type exponential
equation (GraphPad Prism).

RTP801 mRNA Half-Life NGF-differentiated PC12 cells
were transfected with eGFP, Q25, Q72, or Q103 constructs.
Twenty-four hours later, cell cultures were treated with 3 pg/
pl of actinomycin D (Gibco) for 10 or 60 min. Subsequently,
total RNA was isolated and reverse transcribed to cDNA, and
quantitative PCR was performed as described above. The half-
life of the mRNA was calculated by fitting the curve to a one-
phase decay type exponential equation (GraphPad Prism).

Statistics All experiments were performed at least in tripli-
cate, and results are reported as the mean+SEM. Statistical
analyses were performed by using the unpaired Student’s 7 test
(95 % confidence) or one-way ANOVA with Dunnett’s mul-
tiple comparison test as a post hoc for the comparison of
multiple groups, as appropriate and indicated in the figure
legends. Values of P<0.05 were considered as statistically
significant.

Results

Ectopic mhtt Increases RTP801 Protein Levels in Neural
Cells and Induces Cell Death RTP801 is upregulated in neu-
ral cells as a response to different types of toxic stimuli [5, 6, 8,
32]. Thus, we asked whether mhtt could also upregulate
RTP801 levels. To this end, NGF-differentiated PC12 cells
were transfected with eGFP alone (empty vector) or with
exon-1-encoded N-terminal htt with 25 (Q25, non-toxic
form), 72, or 103 (Q72 and Q103, toxic forms) CAG repeats
fused to eGFP. Twenty-four hours after transfection, RTP801
and ectopic htt protein levels were analyzed by Western blot
(WB). We detected the protein product of all three forms of htt
by WB and, as expected, Q72 and Q103 were found in both
the soluble and insoluble fractions. We also observed insolu-
ble Q72 and Q103 retained in the stacking gel (Fig. 1a). We
observed that RTP801 protein levels were increased by about
70 % in cells overexpressing Q72 or Q103 in comparison to
those cells transfected with the control eGFP- or Q25-

@ Springer

Fig. 1 RTP801 protein levels are increased in cells overexpressing mhtt. P>

(a) Extracts from transfected neuronal PC12 cells with eGFP, Q25, Q72,
or Q103 constructs for 24 h were subjected to Western immnunoblotting.
Membranes of the soluble and insoluble fractions were probed with
antibodies against eGFP and RTP801 and then re-probed with an anti-
a-actin antibody as a loading control. Representative immunoblots are
shown along with densitometry analysis for RTP801 signals from at least
three independent experiments. Immunostaining of neuronal PC12 cells
(transfected cells, marked with white arrows) (b1) or cortical neurons (c/)
reveals that RTP801 (in red) is increased in cells transfected with Q72 or
Q103 fused to eGFP (in green). Nuclei were stained with Hoechst 33342
(in blue). Scale bar, 5 um. Proportions of transfected neuronal PC12 cells
(eGFP+) (b2) or cortical neurons (eGFP+) (¢2) highly stained for RTP801
were scored under fluorescence microscopy for each condition. (b3 and
¢3) Proportions of transfected cells (eGFP+) highly positive for RTP801
and with pyknotic nuclei were also scored for each condition. Values
represent mean+SEM for at least three independent experiments
performed in triplicate. Data was analyzed by one-way ANOVA with
Dunnett’s multiple comparison test (**P<0.01 and ***P<0.001 vs
eGFP; *P<0.05, "#P<0.01, and *#P<0.001 vs Q25)

expressing plasmids (Fig. 1a). By immunofluorescence, we
confirmed that Q72- and Q103-overexpressing cells showed
higher levels of RTP801 (Fig. 1bl, b2), and that in many of
these cells, RTP801 formed aggregates that often co-localized
with mhtt aggregates (Fig. 1bl). Interestingly, around 35 % of
mhtt-transfected cells that were highly stained for RTP801
also displayed pyknotic nuclei (Fig. 1b3). Similar results were
obtained in rat primary cortical neurons that were transfected
with mhtt (Fig. 1c1—c3).

Both RTP801 mRNA Levels and Protein Degradation Are
Altered in Cells Overexpressing mhtt Next, we explored
the mechanisms by which mhtt induces RTP801 protein ac-
cumulation. We first analyzed RTP801 mRNA levels in NGF-
differentiated PC12 cells transfected with eGFP, Q25, Q72, or
Q103 mhtt constructs to assess whether mhtt induces RTP801
expression at the transcriptional level. Pathogenic Q72- or
Q103-overexpressing cells displayed a threefold increase in
RTP801 mRNA levels compared to cells transfected with
eGFP- or Q25-expressing plasmids (Fig. 2a).

To investigate whether the increase in RTP801 mRNA
levels could result from an upregulation of gene expression
or a reduction of the mRNA degradation rate, we analyzed the
mRNA half-life in NGF-differentiated PC12 cells transfected
with eGFP, Q25, Q72, or Q103 constructs. Twenty-four hours
after transfection, actinomycin D, an inhibitor of RNA syn-
thesis, was added to the culture medium for 10 or 60 min. The
cells were subsequently harvested and the RNA was isolated.
RTP801 transcripts were analyzed by reverse transcriptase-
gPCR. As shown in Fig. 2b, mhtt did not alter the half-life
of RTP801 mRNA.

RTP801 degradation mostly depends on the proteasome, as
shown by its short half-life of 5—7 min [33, 34]. Thus, we next
assessed whether mhtt, apart from inducing RTP801 gene ex-
pression, could impair RTP801 protein degradation. To this
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Fig. 2 mhtt alters both RTP801 mRNA levels and protein degradation
rate. a mhtt regulates RTP801 transcriptionally. NGF-differentiated PC12
cells were transfected with eGFP, Q25, Q72, or Q103 constructs. RNA
was extracted 24 h post-transfection, and samples were analyzed by
reverse transcription-qPCR to quantify RTP801 mRNA under the
indicated conditions. Values represent mean+SEM of at least three
independent experiments. b mhtt does not alter RTP801 mRNA half-
life. NGF-differentiated PC12 cells were transfected with eGFP, Q25,
Q72, or Q103 constructs. Actinomycin D was added to the media 24 h
post-transfection for 10 or 60 min. RNA was extracted, and reverse
transcription-qPCR was performed to quantify RTP801 mRNA under
the indicated conditions. RTP801 mRNA half-life (min) was calculated
and expressed as the mean+SEM of three independent experiments

end, NGF-differentiated PC12 cells were transfected with
eGFP-, Q25-, Q72-, or Q103-expressing plasmids. Twenty-
four hours later, cultures were treated with cycloheximide, a
protein synthesis inhibitor, for 10 or 60 min. Relative RTP801

@ Springer

performed in triplicate (n.s., not significant). ¢ mhtt alters RTP801
protein half-life. NGF-differentiated PC12 cells transfected with eGFP,
Q25, Q72, or Q103 constructs for 24 h were treated with cycloheximide
(CHX) for 10 or 60 min. Cell extracts were harvested, and insoluble and
soluble protein fractions were subjected to Western blot. Membranes
were probed with antibodies against eGFP and RTP801 and with anti-
a-actin antibody as a loading control. Representative immunoblots are
shown. Note that the RTP801 specific band in the WB is denoted with an
arrow. RTP801 half-life (min) was calculated and expressed as the mean
+SEM of three independent experiments performed in triplicate. Data (a,
b, and ¢) were analyzed by one-way ANOVA with Dunnett’s multiple
comparison test (*P<0.05, **P<0.01 vs eGFP; #P<0.05, #P<0.01 vs

Q25)

protein levels were assessed by WB, and the data were used to
calculate the protein degradation rate. We observed that ectop-
ic mhtt (Q72 or Q103) increased the RTP801 protein half-life
by 4 and 10 min, respectively (Fig. 2¢). Taken together, our
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results show that mhtt elevates RTP801 protein levels by in-
creasing RTP801 mRNA levels and impairing RTP801
proteasomal degradation.

RTP801 Upregulation Mediates Death in Neuronal PC12
Cells Overexpressing mhtt RTP801 is sufficient and neces-
sary to cause cell death in cellular models of PD [1, 8]. Hence,
we next explored whether RTP801 is involved in mhtt-
induced cell death. To explore whether RTP801 elevation me-
diated mhtt-induced toxicity, we co-transfected NGF-differen-
tiated PC12 cells with control Q25 htt or pathogenic mhtt Q72
and shRNAs to knock down RTP801 expression. We tested
two different nucleotide sequences (shRTP801 1 and
shRTP801 4) to discard off-target effects. Forty-eight hours
after transfection, we analyzed RTP801 protein levels by
Western blot. RTP801 knock down was about 20-30 % in
cells transfected with RTP801 shRNAs compared to those
transfected with the scrambled shRNA (a 3A). Interestingly,
when mhtt-induced RTP801 accumulation was abrogated
with the shRNAs, mhtt-induced cell death was significantly
prevented (Fig. 3b). These results thus highlight an important
contribution of RTP801 to mhtt-induced toxicity.

RTP801 Protein Levels Are Not Altered in the Striatum of
HD Mouse Models Next, we analyzed whether RTP801 pro-
tein levels were altered in the striatum of two different HD
mouse models: the R6/1 mouse that overexpresses human
exon-1 mhtt and the knock-in model Hdh?”'?!! that ex-
presses wild-type and full-length mhtt. We observed that
RTP801 mRNA levels did not vary in 12-week-old R6/1 mice
in comparison to their wild-type littermates (WT=1.000+
0.0977, n=7; R6/1=1.002+0.1619, n=7; P=0.9917,
Student’s ¢ test). RTP801 protein levels were analyzed by
WB at different stages of the disease. Interestingly, we
did not detect changes in RTP801 protein levels in the
striatum of either R6/1 or Hdh?” """ mice at any stage
when compared with the corresponding wild-type litter-
mates (Fig. 4a, b).

RTP801 Accumulates in Differentiated HD-iPS Cells and
in Human Post-Mortem HD Brains We next examined
whether RTP801 protein levels were also increased in human
HD-iPSCs and brain tissue. To achieve this, we analyzed
RTP801 levels by WB in iPSCs derived from a non-affected
individual (expressing htt containing 33 CAG repeats, referred
as control; Ctr33) and from an HD patient (expressing mhtt
containing 60 CAG repeats, referred as HD60) that were dif-
ferentiated according to a neuronal differentiation protocol
that generates striatal medium-sized spiny neurons. Cells were
harvested 12 days after starting the differentiation process,
when they display a medial telencephalic identity. As shown
in Fig. 5a, mhtt-expressing cells displayed a 37 % increase in
RTP801 protein levels compared to control cells.
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Fig. 3 RTP801 mediates mhtt-induced toxicity. a Specific SIRNAs
against RTP801 abrogated mhtt-induced RTP801 expression. NGF-
differentiated PC12 cells were co-transfected with eGFP, Q25, or Q72
and either pCMS eGFP-shG (scrambled shRNA as a control), pCMS
eGFP-shRTP801_1, or pCMS eGFP-shRTP801_4. Two days later,
RTP801 protein levels were analyzed by Western blot. Representative
immunoblots for RTP801 and o-actin (loading control) are shown in
the lower panel. The upper panel shows a graph with the values of
densitometry analysis as the mean+=SEM of three independent
experiments. Note that the RTP801-specific band in the WB is denoted
with an arrow. b Under the same transfection conditions, cell survival
(eGFP+ cells) was scored using fluorescence microscopy. The graph
shows the number of surviving cells in each condition. Values represent
the mean+SEM of three independent experiments. Data were analyzed
using one-way ANOVA with Dunnett’s multiple comparison test
(*P<0.05, **P<0.01 vs eGFP-shG; *P<0.05, *P<0.01 vs Q25 shG; +
P<0.05, 7"P<0.01, and ""P<0.001 vs Q72 shG)

Our previous studies showed that RTP801 protein is highly
expressed in degenerating nigral neurons from PD patients [8,
9, 12]. Thus, we examined whether this protein was also in-
creased in the brain tissue of HD patients. We analyzed
RTP801 protein levels by WB in protein extracts obtained
from the putamen, frontal cortex, hippocampus, and cerebel-
lum of seven control and six HD donors (Table 1). We ob-
served increased levels of RTP801 in the putamen and cere-
bellum (Fig. 5b, b), whereas no changes were detected in
frontal cortex and hippocampus (Fig. 5d, e) when compared
with controls. Thus, our results show for the first time
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Fig. 4 RTP801 does not accumulate in the striatum of HD mouse
models. a Striata from WT and R6/1 mice at different stages of disease
progression (from 8 to 30 weeks (w) of age) were subjected to SDS-
PAGE and Western blot. Membranes were probed with antibodies
against RTP801 and o-actin as a loading control. The left panel shows
densitometric analysis with the values represented as the mean+SEM of
six animals per condition. b Striata from 7- and 13-month-old Hdh ?"'?”

that RTP801 protein levels are increased in telencephalic
progenitors derived from human HD-induced pluripotent
stem cells (iPSCs) and in the striatum and cerebellum of
HD patients.

Discussion

This study shows that mhtt regulates the expression of
RTP8O1 in several cellular models of HD. The mechanism
by which mhtt elevates RTP801 levels involves increasing
gene expression as well as lengthening the half-life of
RTP801 protein. Moreover, RTP801 acts as a downstream
effector of mhtt toxicity since silencing of RTP801 expression
prevents mutant htt-induced cell death. In accordance with
these results, we observed increased levels of RTP801 in the
striatum and cerebellum of human HD postmortem samples
and also in differentiated HD-1PSC cells. However, no alter-
ations of RTP801 protein levels or neuronal death were de-
tected in the striatum of HD mouse models.
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(WT) and Hdh®” M knock-in mice were subjected to SDS-PAGE and
Western blot. Membranes were probed with antibodies against RTP801
and o-actin as a loading control. The lefi panel shows densitometric
analysis with the values represented as the mean+SEM of five animals
per condition. The specific RTP801 band is denoted with an arrow. Data
were analyzed using Student’s ¢ test

Here we show that mhtt induces an increase in RTP801
mRNA and protein levels in cultured cells as has been shown
previously to occur in neuronal cells in response to other
stressors [5, 6, 8, 32]. This effect was similar in different cell
types such as rat NGF-differentiated PC12 cells and rat pri-
mary cortical neurons overexpressing exon-1 mhtt with 72 or
103 CAG repeats. Moreover, our results indicate that changes
in RTP801 protein and mRNA levels in cellular HD models
seem independent of the number of CAG repeats, as similar
results were obtained by overexpression of exon-1 mhtt with
72 or 103 CAG repeats.

Many transcription factors regulate RTP801 mRNA levels
depending on the stimulus. For example, RTP801 expression
is induced by ATF4 via elF2 in response to endoplasmic
reticulum stress, by p53 in response to DNA damage [2],
and by HIF-1 and Spl in response to hypoxia [35].
Interestingly, activation of endoplasmic reticulum stress [36,
37] and increased p53 and Spl protein levels [38—42] have
been shown in cellular models of HD and thus could explain
the induction of RTP801 mRNA that we have observed. In
addition to alterations in gene expression, our results also
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show that mhtt elevates RTP801 protein levels by impairing
its proteasomal degradation in NGF-differentiated PC12 cells,
which is in accordance with the impairment of the UPS system
detected in HD cellular models [43].

Our results show that overexpression of exon-1 mhtt in
NGF-differentiated PC12 cells and rat cortical neurons results
in htt aggregate formation and induces cell death, in accor-
dance with previous reports [44—49]. One unexpected obser-
vation was that mhtt also induced the appearance of RTP801
aggregates in both neuronal PC12 cells and cortical neurons.
Interestingly, RTP801 aggregates did not always co-localize
with mhtt aggregates. This mhtt effect could also interfere

with RTP801 degradation thereby contributing to RTP801
elevation.

Several mechanisms have been proposed to mediate mhtt-
induced cell death including mitochondrial dysfunction,
excitotoxicity, and lack of trophic support [50, 51]. Here, we
identified RTP801 protein as a new player in mediating mhtt
toxicity as demonstrated by the prevention of mhtt-induced
cell death by silencing RTP801 expression. Similarly, knock-
down of RTP801 expression confers neuroprotection in cellu-
lar models of AD [5] or PD [8], and its inhibition protects the
brain from ischemic injury [32]. Upregulation of RTP801 also
occurs in non-neuronal cells where it has been shown to be an

@ Springer

458
459
460
461
462
463
464
465
466
467
468
469



AUTHORESPRO O

t1.2

t1.3
t1.4
t1.5
t1.6
t1.7
t1.8
t1.9
t1.10
t1.11
t1.12
t1.13
t1.14
t1.15

470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501

Mol Neurobiol

Table 1 Human post-mortem putamen samples. The table shows the
characteristics of human (control and HD) individuals analyzed in the
present study

Patient Pathological diagnosis Gender Age (years) CAG repeats
1 Normal Female 60 -

2 Normal Female 68 -

3 Normal Female 71 -

4 Normal Female 81 -

5 Normal Male 39 -

6 Normal Male 56 -

7 Normal Male 64 -

8 HD, Vonsattel grade 4 Female 28 62
9 HD, Vonsattel grade 3 Female 72 42
10 HD, Vonsattel grade 3 Male 53 45
11 HD, Vonsattel grades 34 Male 55 n.d.
12 HD, Vonsattel grade 4 Male 59 44
13 HD, Vonsattel grade 4 Male 60 43

n.d. non-determined

essential mediator of cigarette smoke-induced pulmonary in-
jury and emphysema [4] and to participate in several ocular
disorders [52—54]. Interestingly, the administration of a
siRNA targeting RTP801 is being used for the treatment of
diabetic macular edema with promising results [55]. In addi-
tion, RTP801 has been identified recently as a novel negative
regulator of Schwann cell myelination [56]. Taken together,
these results identify RTP801 as an important mediator of
cellular damage.

Importantly, increased levels of RTP801 are not only de-
tected in cellular models of neurodegenerative diseases but
also in cell types such as lymphocytes from AD patients
[10] and dopaminergic neurons from the substantia nigra of
PD patients [8, 9], thus suggesting a role in the pathophysiol-
ogy of these diseases. Here, we extended this observation to
telencephalic progenitors differentiated from HD-iPSCs,
which display many of the biological properties found in the
human HD brain, although the lack of the brain architecture
and interaction with other non-neuronal cells limit the model.
However, since these cells are still proliferative, RTP801 does
not induce cell death as it occurs in non-dividing mature neu-
rons [1, 8].

We also studied brain regions affected in HD, and we de-
tected elevated levels of RTP801 in the putamen and cerebel-
lum of HD patients. Consistent with a role of RTP801 in mhtt-
induced cell death, massive cell death occurs in the putamen
of HD patients [19]. Furthermore, the cerebellum displays
considerable atrophy, as well as a consistent loss of Purkinje
cells and nerve cells of cerebellar nuclei [21]. Degeneration
seen in putamen is much higher than in the cerebellum. This
could be explained by differential sensitivity to mhtt observed
in each brain region that is still not well understood.

@ Springer

Interestingly, we did not detect changes in RTP801 protein
levels in the striatum of two mouse models of HD, the R6/1
and the Hdh?"?"! mice, at any of the ages analyzed. These
results are in accordance with a role of RTP801 as a mediator
of mhtt-induced cell death since these mice have almost no
neuronal death in the striatum [57-62]. Supporting this obser-
vation, R6/1 and R6/2 mice displayed less neuronal damage
following intrastriatal injection of 6-OHDA [63], a parkinso-
nian toxin that induces RTP801 and neuronal death [1, 7, 8].
These results suggest that striatal neurons from these models
would activate mechanisms to counteract oxidative stress in-
volving the blockade of stress-induced RTP801 protein eleva-
tion. In accordance with our results, RTP801/DDIT4 mRNA
expression has been shown to be increased in the striatum of
HD patients, not altered in R6/1 mice, and decreased in other
HD murine models [64]. Therefore, RTP801 protein levels in
HD striatum could be the product of both gene regulation and
altered degradation.

In summary, mhtt elevates RTP801 by inducing its gene
expression and impairing its proteasomal degradation in cel-
lular models of HD. Blockade of RTP801 expression prevents
mhtt-induced cell death in cellular models of HD. In addition,
vulnerable brain regions that degenerate in HD pathogenesis
present increased levels of RTP801. Hence, RTP801 is a novel
downstream effector of mhtt that is involved in mediating its
toxicity.
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