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Abstract

Protein phosphorylation regulates virtually all biological processes. Although protein kinases are
popular drug targets, targeting protein phosphatases remains a challenge. Here, we describe
Sephinl (selective inhibitor of a holophosphatase), a small molecule that safely and selectively
inhibited a regulatory subunit of protein phosphatase 1 in vivo. Sephinl selectively bound and
inhibited the stress-induced PPP1R15A, but not the related and constitutive PPP1R15B, to prolong
the benefit of an adaptive phospho-signaling pathway, protecting cells from otherwise lethal
protein misfolding stress. In vivo, Sephinl safely prevented the motor, morphological, and
molecular defects of two otherwise unrelated protein-misfolding diseases in mice, Charcot-Marie-
Tooth 1B, and amyotrophic lateral sclerosis. Thus, regulatory subunits of phosphatases are drug
targets, a property exploited here to safely prevent two protein misfolding diseases.

A first line of defense against the accumulation of misfolded proteins in the endoplasmic
reticulum (ER) consists of phosphorylating the a subunit of eukaryotic translation initiation
factor 2 (elF2a) on Ser®! to decrease protein synthesis, an adaptive stress response essential
for survival (1-3). Guanabenz (GBZ) can prolong this adaptive response by selectively
binding and inhibiting the regulatory subunit of the stress-induced elF2a phosphatase
composed of PPP1R15A and PP1c (4). GBZ spares the constitutive elF2a phosphatase
PPP1R15B-PP1c, avoiding persistent elF2a phosphorylation, which would be lethal (5). As
a result, GBZ increases the availability of chaperones to misfolded proteins and
consequently rescues cells from proteostasis collapse (4). Correcting proteostasis defects
could, in theory, benefit a broad range of diseases characterized by the accumulation of
misfolded proteins (6). However, identifying a therapeutically valuable approach for
progressive diseases represents a double challenge: achieving efficacy without adverse
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effects. In vivo, GBZ cannot be used to selectively inhibit PPP1R15A because it is a
centrally active hypotensive drug with nanomolar affinity for the a2-adrenergic receptor (7).

Searching for PPP1R15A inhibitors devoid of a2-adrenergic activity, we synthesized GBZ
derivatives and identified Sephinl (selective inhibitor of a holophosphatase) (Fig. 1A). Like
GBZ (4), Sephinl specifically bound a recombinant fragment of PPP1R15A (amino acids
325 to 636) but not the highly related PPP1R15B (amino acids 340 to 698) (Fig. 1B). In
cells, Sephinl selectively disrupted the PPP1R15A-PP1c complex but spared the related
PPP1R15B-PP1c complex (Fig. 1C). As a result, Sephinl prolonged elF2a phosphorylation
after stress (Fig. 1D), delaying translation recovery (Fig. 1E). Consequently, Sephinl
attenuated expression of stress genes such as CHOP, a pro-apoptotic protein (Fig. 1D and
fig. S1), because this requires translation recovery (8, 9). Activating transcription factor 4
(ATF4) is selectively translated when elF2a is phosphorylated (10), and this was prolonged
in Sephinl- treated cells (Fig. 1D). In the absence of stress, Sephinl did not affect elF2a
signaling (fig. S2), which was expected because PPP1R15A is only expressed upon stress
(9). Confirming the selectivity of Sephinl for PPP1R15A, Sephinl did not inhibit the
catalytic subunit PP1c (fig. S3). Selective inhibition of PPP1R15A by Sephinl protected
cells from cytotoxic ER stress (Fig. 1F and fig. S4), but this was abolished in cells lacking a
functional allele of Ppplr15a (Fig. 1F). Thus, all the cytoprotective activity of Sephinl in
ER - stressed cells resulted from selective inhibition of PPP1R15A. Sephinl lacked any
measurable a2-adrenergic agonist activity in a cell-based assay, in contrast to GBZ (Fig.
1G). Thus, Sephinl is a selective PPP1R15A inhibitor.

Pharmacokinetic analysis of Sephinl, administered orally at 1 or 10 mg/kg, revealed that the
molecule rapidly disappeared from plasma (fig. S5) but concentrated in the nervous system,
reaching concentrations 7 to 44 times higher in the brain and sciatic nerve (up to ~ 1 uM)
than in the plasma (fig. S5, A and B), like GBZ does (11). In humans, the adrenergic agonist
activity of GBZ has side effects, including drowsiness and coma, at high doses (12). In mice,
GBZ (1 to 5 mg/kg) also exhibited side effects manifested by a rapid and dose-dependent
decrease in rotarod performances (Fig. 2A). In contrast, Sephinl- treated mice (1 to 5
mg/kg) continued to run as before treatment (Fig. 2A). A chronic treatment (1 mg/kg for 1
month) with Sephinl was also tolerable with no measurable adverse effects on body weight
gain in mice (Fig. 2B). We next evaluated whether Sephinl had adverse effects on memory
because manipulations of PP1c (13) and elF2a phosphorylation (14) affect memory. In the
Morris water maze (15), Sephinl- treated mice showed normal spatial learning and
improved their ability to locate a submerged platform as training progressed (Fig. 2, C and
D) and remembered where the platform was, after it had been removed (Fig. 2E). In a fear
conditioning paradigm, both Sephinl- and vehicle- treated mice showed similar basal fear
responses during the conditioning phase (Fig. 2F) and after (Fig. 2, G and H). Thus, Sephinl
lacks the adverse effects of GBZ in vivo and has no measurable adverse effect on general
health or memory in diverse experimental paradigms.

We next examined whether Sephinl could correct a protein misfolding disease. Deletion of
serine 63 of myelin protein zero (MPZ™Mutant) 3 transmembrane protein produced by
Schwann cells in the peripheral nervous system, causes the demyelinating neuropathy
Charcot-Marie-Tooth 1B (CMT1B) in humans and a similar disorder in mice. Mpzmutant

Science. Author manuscript; available in PMC 2015 October 10.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Das et al.

Page 3

causes CMT1B by a gain of toxic property associated with pathological signaling through
CHOP and PPP1R15A (16, 17). As previously reported (16, 17), myelination defects were
severe in dorsal root ganglia (DRG) cultures prepared from MPZ™utant moyse embryos (Fig.
3, Aand B). A 2-week treatment with 100 nM of Sephinl rescued myelination (Fig. 3, A
and B) and decreased the expression of ER-stress genes in mutant DRG cultures (Fig. 3C).
Because of the potency of Sephinl ex vivo (Fig. 3, A to C) and its pharmacokinetic
properties (fig. S5), we next treated MPZ™Utant mjce orally twice a day with 1 mg/kg of
Sephinl. As reported (18), MPZ™MUtant mice exhibited motor defects detectable with rotarod
analysis at 4 months of age (Fig. 3D), but this was completely prevented by Sephinl (Fig.
3D). Sephinl also rescued myelin thickness around axons in sciatic nerves (Fig. 3, E and F)
and reduced the levels of ER-stress markers in MPZMutant gciatic nerves (Fig. 3, G and H).
Thus, without any obvious adverse effect, Sephinl prevented the molecular, morphological,
and motor defects of the MPZ™MUtant mice,

Selective inhibition of PPP1R15A could in principle ameliorate a broad range of protein
misfolding diseases. Mutant and misfolding-prone superoxide dismutase 1 (SOD1) is
associated with familial forms of amyotrophic lateral sclerosis (fALS), a motor neuron
disease (19). SOD1 mutants bind to Derlin-1 on the cytosolic side of the ER membrane,
blocking degradation of ER proteins and causing ER stress (20) with pathological
PPP1R15A signaling (21). Transgenic mice expressing the human ALS-causing mutant
SOD1G93A (SOD1MUtant mice) develop a motor neuron disease that closely resembles ALS
(22). The motor deficits in SOD1Muat mice were partially prevented by treatment with 1
mg/kg of Sephinl twice a day (fig. S6). With 5 mg/kg of Sephinl once a day, the
progressive weight loss of SOD1MU@t mice (Fig. 4A) as well as their motor deficits (Fig.
4B) were almost completely prevented, without adverse effects on weight gain or motor
performance of wild-type mice (Fig. 4, A and 4B). The motor deficits of SOD1MUa mjce
were associated with motor neuron loss, which was prevented by Sephinl (Fig. 4, C and
4D). Genetic ablation or pharmacological inhibition of PPP1R15A decreases translation
rates and increases the availability of chaperones (4, 23). To assess whether Sephinl could
improve proteostasis in the cytosol, we monitored aggregation of SOD1™MUtant 3 defining
histopathological feature in ALS mouse models (22, 24). Sephinl prevented the
accumulation of insoluble SOD1™Mutant (Fjg. 4E) and decreased ER stress markers in
transgenic spinal cords (Fig. 4F). Thus, Sephinl prevented the molecular and organismal
defects of SOD1Mutant mice,

Here, we have shown that Sephinl selectively inhibited PPP1R15A to prevent two otherwise
unrelated protein misfolding diseases in mice. This was achieved while sparing PPP1R15B,
a crucial property because the lack of both PPP1R15A and PPP1R15B is lethal in mice (25).
Thus, PPP1R15A inhibitors could ameliorate a broad range of diseases caused by
accumulation of misfolded proteins. Because many signaling pathways operate on the same
dynamic—phosphorylation in the activation phase terminated by dephosphorylation—
delaying the termination phase of signaling pathways through the selective inhibition of
phosphatases may be of broad relevance to safely and selectively manipulate cellular
functions for therapeutic benefit.
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Fig. 1. Sephinlisa selective inhibitor of PPP1R15A

(A) Structures of GBZ and Sephinl. (B) Coomassie-stained gel showing recombinant
PPP1R15A325-636 and PPP1R15B340-698 (input). Biotinylated Sephini selectively captured
PPP1R15A on neutravidin beads (bound). (C) Immunoprecipitations of PPP1R15
complexes from cells treated with vehicle, 50 uM GBZ, or Sephinl for 6 hours analyzed
with immunoblotting. (D) Immunaoblots of the indicated proteins in lysates of HeLa cells
treated with 2.5 pg/ml tunicamycin (Tm) in the presence or absence of 50 uM Sephinl for
the indicated time. (E) Newly synthesized proteins labeled with 35S-methionine in HeLa
cells treated with Tm or with or without 50 uM GBZ or Sephinl and revealed with
autoradiography. (Bottom) Coomassie-stained gel. (F) Dose-dependent protection by
Sephinl of wild-type but not Ppplr15a mutant (mut/mut) cells from Tm (2.5 pg/ml). Data
are means £ SEM (n = 4 replicates). **P < 0.001. (G) Adrenergic activity of GBZ and
Sephinl in cells expressing recombinant human adrenergic a2A receptor. Representative
results of at least three independent experiments are shown in each panel.

Science. Author manuscript; available in PMC 2015 October 10.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Das et al.

A

Page 7

GBzZ Sephint
3007 1 mg/kg 2 mg/kg 5 mg/kg 1$/kg 2 mg/kg 5 mg/kg 157 —-Vehicle -#Sephint
=z S8 1S ASARNNE SNNE
= LNNRN NRNNNNRN SNNNR 510
= NNNNNN NNNNNN NNNNNN =
e NNNNNN NNNNNN NNNNNR ©
= NNNNNN NNNNNN NNNNNN S
> NNNNNN NNNNNN NNNNNRN -
o NNNNNN NNNNNN NNNNNR £5
< NNNNNN NNNNNN NNNNNR =)
£ 1007 NNNNNN NNANAN NNANAN s
o NNNNNN NNNNNN NNNNNRN o
g NNNNNN NNNNNN NNNNNR 2
- NNNNNN NNNNNN NNNNNN
NNNNNN NNNNNN NNNNNRN
NNNNNN NNNNNN NNNNNN
NNNNNN NNNNNN NNNNNN 0e
0 NINANNNN NNNNNN NNNNNN R DO BNX @ PP days
$L200HL £00090 $L009E 2009 $:2009E £,09.2H min
c Distance to hidden platform D Latency to hidden platform E % time in the different quadrants
2000 : . 100 ; ; £ . .
= © Vehicle -® Sephin1 © Vehicle -® Sephint & 60 S Vehicle ™ Sephin1
§ 1500 5 0 g
~ 2
~ =)
g = 60 & 40
< 1000 2 £ 30
8 500 i I 5
x 10
1 2 3 4 5 1 2 3 4 5 0 Target Right Left Opposed
Training sessions (day) Training sessions (day)
Conditioning Freezing to context Freezing to cue
©80 . . . . 80 . .
= © Vehicle -8~ Sephini 100 Vehicle ™ Sephini Vehicle ™ Sephin1
o (o]
= 60 £60
5 CS-Us 8
©
=40 l 40
k= ®
& 20 Habituation 20
(]
I Conditioning

0

1

2
2-min

3 1 2 3

periods 2-min periods

Cue 1
2-min periods

Cue 2

Fig. 2. Sephinlisdevoid of adverse effects on rotarod performances, total body weight gain, or
memory

(A) Motor performance of mice on an accelerating rotarod before or after the indicated
treatments. Data are means = SEM. (n =5 mice). (B) Total body weight gain of mice treated
orally with Sephinl (1 mg/kg) or vehicle twice a day, from postnatal days 28 to 61. Data are
means + SEM (n = 6 mice). (C and D) Distance and latency to locate a hidden platform in
the Morris water maze, in five trials a day for 5 consecutive days. (E) Quadrant occupancy
after training and removal of the platform. (F) Freezing response during the conditioning
session, where a light/tone [conditioned stimulus (CS)] and foot shock [aversive
unconditioned stimulus (US)] were applied. (G and H) Freezing responses expressed as
percentage of total time (2 min) mice spent immobile during context and auditory cue
testing. In (C) to (H), data are means = SEM (n = 12 mice). Mice were treated with 1 mg/kg
Sephinl or vehicle twice a day for 4 weeks. No statistical differences were found between
Sephinl- or vehicle-treated mice [(B) to (H)].
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Fig. 3. Sephinl prevents the defects caused by misfolding-prone myelin MPZ™MUtaNt protein ex
vivo and in vivo

(A and B) Representative images (A) and quantification (B) of myelin internodes revealed
with immunostaining for myelin basic protein (MBP, red) from cultured DRG of the
indicated genotype treated for 2 weeks with vehicle or Sephinl (100 nM). In green,
neurofilament (NF). Data are means + SEM (n = 4 to 6 mice). (C) mMRNA levels [by means
of quantitative polymerase chain reaction (PCR)] of the indicated ER stress markers in
cultures as (A). Data are means + SEM (n =5 to 7 mice). (D) Motor performance of 4-
month-old wild-type or MPZ™MUNt mice on a rotarod after a 3-month oral treatment with
Sephinl (1 mg/kg) or vehicle twice a day. Data are means = SEM (n = 14 to 16 mice). (E)
Myelin thickness revealed on toluidine blue—stained semithin sciatic nerve sections of 6-
month-old mice of the indicated genotype after 5 months of oral Sephinl treatment (1
mg/kg) or vehicle twice a day. Data are means = SEM (n = 6 to 8 mice). (F) Demyelination
expressed as increased g-ratio (ratio of axon diameter to fiber diameter) over wild-type
mice. Data are means £ SEM (n =5 or 6 mice). (G) Immunoblots on sciatic nerve lysates
from mice. (H) mRNA levels (quantitative PCR) in sciatic nerves of 6-month-old mice as in
(E). Data are means = SEM (n =5 to 7 mice). *P < 0.05; **P < 0.01; ***P < 0.001; ****P
< 0.0001. Scale bars, 100 pum.
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Fig. 4. Setphinl prevents motor deficits, motor neuron loss, and the molecular defectsin
sopiMutant mice

(A) Total body weight gain of wild-type or SOD1Mutat mice treated orally with Sephinl (5
mg/kg) or vehicle once a day from 4 to 11 weeks of age. Data are means + SEM (n=41t0 6
mice). (B) Rotarod analysis of 110-day-old wild-type or SOD1MU@t mice treated as in (A).
Data are means + SEM (n =4 to 6 mice). (C and D) Representative motor neuron staining
(NeuN, green) and quantification (D) of sections of anterior horn of the lumbar region of
spinal cord of 110-day-old mice treated as in (A). Nuclei, H33258 (blue). (D) Data are
means £ SEM (n = 6 to 8 mice). (E) SOD1 immunoblots on soluble and insoluble fractions
of spinal cord extracts from SOD1™MUtant mjce treated as in (A). (F) mMRNA levels
(quantitative PCR) in lumbar spinal cord from 4-month-old mice of indicated genotype, after
treatment with Sephinl or vehicle as in (A). Data are means + SEM (n =4 to 6 mice). *P <
0.05; **P < 0.01; ***P < 0.001. Scale bar, 50 pm.
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