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Raising cGMP restores proteasome function
and myelination in mice with a proteotoxic
neuropathy

Jordan . S. VerPlank,** Joseph Gawron,*? Nicholas J. Silvestri,>* M. Laura Feltri,>>
Lawrence Wrabetz>> and Alfred L. Goldberg®

Agents that raise cyclic guanosine monophosphate (cGMP) by activating protein kinase G increase 26S proteasome
activities, protein ubiquitination and degradation of misfolded proteins. Therefore, they may be useful in treating
neurodegenerative and other diseases caused by an accumulation of misfolded proteins.

Mutations in myelin protein zero (MPZ) cause the peripheral neuropathy Charcot-Marie-Tooth type 1B (CMT1B). In
peripheral nerves of a mouse model of CMT1B, where the mutant MPZ5%3%¢! i expressed, proteasome activities are
reduced, mutant MPZ5%*%! and polyubiquitinated proteins accumulate and the unfolded protein response (p-eif2a)
is induced. In HEK293 cells, raising cGMP stimulated ubiquitination and degradation of MPZ5%*d¢! but not of wild-
type MPZ. Treating S63del mice with the phosphodiesterase 5 inhibitor, sildenafil—to raise cGMP—increased prote-
asome activity in sciatic nerves and reduced the levels of polyubiquitinated proteins, the proteasome reporter
ubG76V-GFP and p-elF2qa. Furthermore, sildenafil treatment reduced the number of amyelinated axons, and
increased myelin thickness and nerve conduction velocity in sciatic nerves.

Thus, agents that raise cGMP, including those widely used in medicine, may be useful therapies for CMT1B and
other proteotoxic diseases.
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Raising cGMP restores proteostasis

Introduction

The ubiquitin proteasome system (UPS) degrades the great major-
ity of proteins in mammalian cells." It also catalyses the selective
destruction of misfolded, mutated and damaged proteins, and is
therefore a critical line of defence against the accumulation of ag-
gregation-prone proteins that cause many neurodegenerative dis-
eases.” In the UPS, proteins to be degraded are conjugated to
chains of ubiquitin molecules, which mark them for rapid hydroly-
sis by the 26S proteasome. Most studies on the mechanisms regu-
lating degradation rates have focused on ubiquitin conjugation to
proteins.? However, it is now well established that proteasome ac-
tivity is also precisely regulated, especially by phosphorylation.*®
The phosphorylation of proteasome components can increase or
decrease proteasome activity and thus can influence the degrad-
ation rates of cell proteins.

A number of protein kinases have been reported to phosphoryl-
ate proteasomes and alter their activity. However, only three have
been shown to affect intracellular protein degradation: dual speci-
ficity tyrosine-phosphorylation-regulated kinase 2 (DYRK2),° cyclic
guanosine monophosphate (cGMP)-dependent kinase (PKG)” and
cyclic adenosine monophosphate (cAMP)-dependent kinase
(PKA).®° Pharmacological agents or hormones (e.g. epinephrine)
that raise cAMP levels and activate PKA stimulate proteasomal
activities and enhance the degradation of the short-lived fraction
of cell proteins, which includes misfolded, damaged and regula-
tory proteins.®° A similar activation of proteasomes and protein
degradation occurs in the skeletal muscles of humans and rats
when epinephrine is released during intense exercise.® Many neu-
rodegenerative diseases are associated with the toxic accumula-
tion of misfolded or mutated proteins.” Therefore, activating their
degradation by treatments that raise cAMP represents a promising
new therapeutic strategy to slow the progression of these present-
ly untreatable diseases. In fact, raising levels of cAMP can reduce
the accumulation of mutant tau in cultured cells® and in brains of
a mouse model of frontotemporal dementia’® and in a zebrafish
larval model of a tauopathy.” However, raising cAMP levels in
brains can have undesirable effects in humans (e.g. emesis)."
Consequently, we have investigated other signalling pathways
that may also stimulate proteolysis.

cGMP is synthesized when nitric oxide (NO) binds to its recep-
tor, the soluble guanylyl cyclase (sGC). The actions of cGMP are ter-
minated by phosphodiesterases (PDEs), which hydrolyse it to
guanosine monophosphate (GMP). cGMP influences many proc-
esses via activation of PKG, the most widely studied of which is
to cause the relaxation of smooth muscles and vasodilation.*?
Several pharmacological agents that raise cGMP have been
approved by the US Food and Drug Administration and are widely
used in medicine.'™® Two classes of approved drugs raise cGMP
via this NO pathway: phosphodiesterase 5 (PDE5) inhibitors (e.g.
sildenafil, tadalafil), which are widely used to treat erectile dys-
function and pulmonary hypertension,** and sGC stimulators (e.g.
riociguat, vericiguat), which are used to treat pulmonary hyperten-
sion and cardiac failure."®

We showed that raising intracellular cGMP with PDE5 inhibitors
or sGC stimulators activates 26S proteasomes within minutes via
phosphorylation by PKG and stimulates the ubiquitination of cell
proteins.” These two actions led to enhanced degradation of both
the short- and long-lived fractions of cell proteins without any
change in autophagy. This faster degradation by the UPS of long-
lived proteins, which comprise the bulk of cell proteins, differenti-
ates cGMP’s effects on protein breakdown from those of cAMP.° In
zebrafish larval models of tauopathies, raising cGMP with a PDE5
inhibitor increased proteasome activity and the degradation of the
mutant tau and reduced the associated neuronal death and
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morphological abnormalities. In addition, in a zebrafish larval
model of Huntington'’s disease, these agents reduced the amount
of aggregates containing a mutant huntingtin with an expanded
polyQ sequence.” Similar beneficial effects in these disease models
were seen when cAMP was raised with a PDE4 inhibitor.” This
shared ability of cAMP and cGMP to enhance proteasome activity
and the degradation of short-lived proteins is likely to be respon-
sible for their similar actions in these disease models.

Stimulation of proteasome activity is of therapeutic interest be-
cause there is growing evidence that 26S proteasome function and
protein degradation by the UPS are impaired in neurodegenerative
diseases caused by the expression of aggregation-prone proteins.?
A loss of 26S proteasomal activity has been observed in cellular
and vertebrate models of hereditary peripheral neuropathies,™
amyotrophic lateral sclerosis,” bovine spongiform encephal-
itis’®'” and tauopathies.'®'® Decreased protein degradation leads
to further accumulation of the misfolded, toxic proteins and loss
of protein homeostasis. Therefore, enhancing proteasomal activity
by raising cGMP could be a new therapeutic approach to reduce
the levels of the toxic proteins and to slow progression of these
diseases.

Here we tested this possibility in the S63del transgenic mouse
model of the hereditary peripheral neuropathy Charcot-Marie-
Tooth disease type 1B (CMT1B),' which is caused by a mutation in
myelin protein zero (MPZ). The protein is synthesized by Schwann
cells, the myelinating glia of the peripheral nervous system, and
over 180 mutations in MPZ are known that cause hereditary per-
ipheral neuropathies.?° The deletion of serine 63 (MPZ5%3%!) causes
CMT1B through gain of toxic function mechanisms.’® In S63del
mice, the MPZ5%3%¢! protein accumulates in the endoplasmic re-
ticulum (ER) of Schwann cells, where it induces a canonical
unfolded protein response (UPR).'*?%?? In the peripheral nerves of
these mice, the ability of 26S proteasomes to degrade ubiquiti-
nated proteins is impaired, and the rates of degradation of both
short- and long-lived proteins are reduced.* Thus, the processes
that are impaired in S63del resemble ones that can be activated by
cGMP.

This study was undertaken to test whether raising cGMP in
S63del mice with the PDES5 inhibitor sildenafil can restore prote-
asome function and protein degradation by the UPS in the periph-
eral nerves. We also examined whether raising cGMP enhances
the ubiquitination and degradation of MPZ5%39! and whether acti-
vating degradation with cGMP in these mice reduces the associ-
ated markers of proteotoxic stress in motor nerves. Most
importantly, we tested whether sildenafil treatment not only has
these beneficial biochemical actions, but can also reverse the
defects in myelination and the slow nerve conduction associated
with CMT1B.

Materials and methods

All experiments involving animals followed protocols approved by
Institutional Animal Care and Use Committee at the University at
Buffalo. S63del and ubG76V-GFP transgenic mice have been
described previously.’®?* All mice were maintained on the con-
genic FVB background, housed on a 12-h light/dark cycle and both
sexes were used equally. Genotyping of transgenic mice was per-
formed by PCR on tail genomic DNA extracted with NaOH/EDTA.
All experiments were performed on tissues from mice between
postnatal Day 37 (P37) and P47.

Stock solutions of sildenafil (ApexBio) were prepared in di-
methyl sulphoxide (DMSO) and then prior to injection, mixed with
sterile PBS at a concentration of 0.3mg/ml. For vehicle controls,
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DMSO was added to sterile PBS. Mice were injected intraperito-
neally with 10mg/kg sildenafil or vehicle. Injections were per-
formed in the mouse home cages twice a day, one in the morning
and one in the evening, ~8h apart.

Mice were anaesthetized with 20mg/ml of tribromoethanol
(Avertin), 0.02ml/g of body weight. Nerve conduction velocity,
F-wave latency and distal latency were measured as described
previously.?*

Semithin section and electron microscopy were performed as
described previously.?* Ultrastructural images were acquired on a
FEI Tecnai G2 Spirit BioTWIN electron microscope. Quantification
of images for g-ratio (axon diameter/fibre diameter) and axonal
distribution was performed on electron microscopic images of thin
sections of sciatic nerves. At least 15 images and 65 axons were
quantified per mouse.

Quantification of amyelinated fibres was performed on three
semithin images per sciatic nerve. Two hundred and fifty fibres
were counted per image. Both the g-ratio and number of amyeli-
nated fibres per nerve were measured using Image]J software.

Flash-frozen sciatic nerves were ground with a mortar and pestle
in liquid nitrogen and then suspended in
RadiolmmunoPrecipitation Assay (RIPA) lysis buffer: 50 mM Tris-
HCl pH 7.5, 150mM NaCl, 5mM EDTA, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 1mM NaF, 0.1 mM phenylmethylsulfonyl
fluoride (PMSF), and 10mM N-ethylmalmeimide. Samples were
vortexed on high for 10min at 4°C and then centrifuged at 10 000g
for 10 min at 4°C. Relative protein concentration of each lysate was
determined by bicinchoninic acid (BCA) assay (ThermoFisher
Scientific). The volumes of lysates were adjusted with lysis buffer
to ensure that all samples were of equal concentration. Lithium
dodecyl sulphate (LDS) Bolt sample buffer (Invitrogen) was added
to a final concentration of 1x, and then samples were boiled for
5min at 95°C. Sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis was performed with 4-12% Bis-Tris Plus polyacryl-
amide gels (ThermoFisher Scientific). Proteins were transferred to
either nitrocellulose (Protran; VWR) or polyvinylidene fluoride
(PVDF) (Immobilin FL; EMD Millipore) membranes and immuno-
blotting was performed using the following antibodies: Ubiquitin
(VU1, Life Sensors), K48-linked polyubiquitin (D9D5, Cell
Signaling), pVASP (3114, Cell Signaling), pPDE5 (36930, Genetex),
PSMB5 (A303-847, Bethyl), Rpn6é (D1T1R, Cell Signaling), Protein
Kinase G (C8A4, Cell Signaling), PSMA6 (A303-809, Bethyl), Rpt5
(BML-PW8770, Enzo), PSMA7 (15219, ProteinTech), PSMB1 (D-9,
Santa Cruz), PSMD1 (C-7, Santa Cruz), GAPDH (G9545, Sigma), f-
tubulin (AA2, EMD Millipore), GFP (C-2, Santa Cruz), HA (HA-7,
Sigma), elF2a (2103, Cell Signaling), p-eif2a (3597, Cell Signaling)
and GRP78 (06274, Novus). Visualization was performed with the
Odyssey CLx infrared imaging system (LiCor) and quantified with
ImageStudio.

Flash-frozen sciatic nerves were ground with a mortar and pestle
in liquid nitrogen and then suspended in a buffer containing:
25mM HEPES-KOH pH 7.5, 100 mM NacCl, 5mM MgCl,, 1mM ATP,
1mM DTT and the following inhibitors of proteases and
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phosphatases: 0.1mM PMSF, 1mM NaF, 10mM B-glycerophos-
phate, 10nM calyculin A and 50nM okadaic acid. Samples were
then sonicated and centrifuged at 10000g for 10min at 4°C.
Relative protein concentration of each lysate was determined by
the detergent-compatible Bradford Assay (ThermoFisher).
Proteasome peptidase activity in the lysate was then measured as
previously described.™

The Ubl-method was used to purify 26S proteasomes from mouse
brains, hearts, and skeletal muscles as described previously.?
Proteasomal hydrolysis of small peptides and ATP was measured
as previously described.” K48-linked superfolder-GFP was prepared
as described?® and degradation by 26S proteasomes was measured
by loss of green fluorescent protein (GFP) fluorescence (excitation:
475 nm; emission: 515 nm) on a SpectraMax M5 plate reader.

Sildenafil, riociguat and DETA NONOate were purchased from
Cayman Chemical and cycloheximide was purchased from Sigma.
Sildenafil and riociguat were suspended in DMSO and used at
1 uM. DETA NONOate was suspended in 0.01 M NaOH and used at
1 puM. Cycloheximide was added to media at a concentration of
150 pg/ml.

HEK293 cells stably transfected with the Mpz or Mpz®%*%! gene
under a doxycycline-inducible promoter?” were treated with doxy-
cycline (0.1ug/ml) for 17h prior to the beginning of the experi-
ments. Cells were then exposed to DMSO, sildenafil (1uM) or
riociguat (1uM) for 2, 4 or 6h in the presence of cycloheximide
(150 pg/ml) to block translation. The NO donor DETA NONOate
(1pM) was added with sildenafil or riociguat. Cells were washed
twice in ice-cold PBS, lysed in RIPA buffer and centrifuged as
described above. Protein levels of MPZWT or MPZ5%34¢! in each sam-
ple at each time point were measured by western blot against the
haemagglutinin (HA)-tag.

To measure ubiquitinated MPZ proteins, expression was
induced as above, and then cells were treated for 30 min in the
presence of doxycycline with DMSO, DETA NONOate, DETA
NONOate + sildenafil or DETA NONOate + riociguat. Following
treatment, cells were lysed as above, and then incubated with
anti-HA magnetic beads (ThermoFisher Scientific) rotating for 2h
at 4°C. Beads were then washed three times with lysis buffer and
then HA-tagged proteins were eluted by boiling for 5min in 2x
non-reducing LDS sample buffer.

All data in this report are available to all readers. The reagents
used in this study, as well as further information, are available
upon request from A.L.G.

Results
To determine if raising cGMP can activate proteasomes in sciatic

nerves of wild-type mice and those with CMT1B, S63del mice and
wild-type littermates were treated with the PDES inhibitor
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sildenafil twice a day for 5days starting at age P40, and then the
proteasomes’ peptidase activity was measured in lysates of the
sciatic nerves. The sildenafil treatment increased this activity by
~50% in both wild-type and S63del mice (Fig. 1A). Because this in-
crease in proteasome activity occurred without any increase in the
levels of 26S proteasome subunits detected by western blot
(Fig. 1B), it is most likely due to phosphorylation and activation of
proteasomes by PKG, as occurs in many cultured cell lines and
zebrafish larvae when PKG is activated with sildenafil.”

As reported previously, the lysates of sciatic nerve from un-
treated S63del mice contained higher levels of proteasome subu-
nits than those from wild-type littermates (Fig. 1B).™ This increase
in proteasome number in S63del is likely the reason why the total
proteasomal activity was similar in sciatic nerve lysates from the
wild-type and S63del mice, even though the specific activity of 26S
proteasomes was reduced in the sciatic nerves of S63del mice.™
The Schwann cells in the S63del mice thus seem to compensate
for their impaired proteasome activity by producing more 26S pro-
teasomes, as occurs in other cells in response to pharmacological
inhibition of proteasomes.28 However, the increased number of
proteasomes in S63del does not fully compensate for their func-
tional defects because polyubiquitinated proteins still accumulate
in the affected sciatic nerves™ (see below).

Administering sildenafil to the wild-type mice for 5days
increased proteasome activity not only in the sciatic nerves, but
also in heart, skeletal muscles and presumably other tissues with-
out an increase in the levels of proteasome subunits
(Supplementary Fig. 1A-D). Because these tissues are much larger
than the sciatic nerves, they were used in further studies to con-
firm sildenafil’s actions. As expected, phosphorylation of the well-
characterized PKG substrates, VASP or PDES, increased in these tis-
sues (Supplementary Fig. 1B and D), indicating an activation of
PKG. To prove that sildenafil was activating 26S proteasomes,
these particles were affinity-purified via the UBL-method? from
the hearts and skeletal muscles of the wild-type mice. The protea-
somes of these tissues from sildenafil-treated mice exhibited
faster hydrolysis of small peptides, ATP and a polyubiquitinated
protein than of tissues of untreated controls (Supplementary Fig.
1E and F). Thus, raising cGMP levels and activating PKG in these
tissues activates 26S proteasomes. Sildenafil poorly crosses the
mammalian blood-brain barrier.?® Accordingly, in the brain lysates
from these treated animals, we did not detect faster peptide hy-
drolysis by proteasomes or an increase in the phosphorylation of
either VASP or PDES (Supplementary Fig. 2A and B). In addition,
the 26S proteasomes affinity-purified from the brain lysates did
not hydrolyse peptides or a polyubiquitinated protein faster than
those from untreated controls (Supplementary Fig. 2C). Thus, the
activation of proteasomes by sildenafil in tissues correlated closely
with the activation of PKG and resembles our findings in cell cul-
tures.” It is also noteworthy that sildenafil is effective in peripheral
nerve, although not in the brain, presumably because the blood
nerve barrier is more permeable than the blood-brain barrier.*°

To test if sildenafil treatment also increases protein degradation
by the UPS in the sciatic nerves of S63del mice in vivo, we bred
these mice with mice constitutively expressing the model UPS sub-
strate ubG76V-GFP?* in all tissues. In cells, this fusion protein is
rapidly ubiquitinated after synthesis and hydrolysed by 26S pro-
teasomes via the ubiquitin fusion degradation pathway.*
Consequently, this protein is detected at low levels in normal con-
ditions, but when the UPS is impaired, the protein is more stable
and accumulates. As expected, in lysates of sciatic and quadriceps
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Figure 1 Sildenafil treatment for 5days increases proteasome activity
and protein degradation in the peripheral nerves of S63del mice. (A)
Proteasomal chymotrypsin-like activity was increased in the lysates of
sciatic nerves from wild-type (WT) and S63del mice following a 5-day
treatment with the PDES5 inhibitor sildenafil to raise cGMP levels. n=3
mice per genotype per condition. One-way ANOVA with Bonferroni post
hoc analysis comparing wild-type vehicle and wild-type sildenafil, wild-
type vehicle and S63del vehicle and S63del vehicle and S63del sildena-
fil. Here and throughout, error bars represent SEM and *P < 0.05; *P <
0.01; **P < 0.001. (B) Levels of proteasome subunits Rpt5 and o4 in sciat-
ic nerve lysates were not changed by the sildenafil treatment of wild-
type and S63del mice. The lysates from S63del sciatic nerves have
higher levels of proteasome subunits than wild-type.'* Here and below
all blots are cropped. Uncropped versions can be found in the
Supplementary material. (C) In the sciatic nerves of S63del mice
expressing the UPS reporter protein, ubG76V-GFP, the levels of ubG76V-
GFP were higher than in wild-type and sildenafil treatment reduced
ubG76V-GFP towards the levels seen in wild-type littermates. The phos-
phorylation of two well-characterized substrates of PKG, PDE5 and
VASP, was increased in sciatic nerves from sildenafil-treated mice, indi-
cating activation of PKG. (D) In the quadricep nerves, which are com-
posed solely of motor fibres, the content of ubG76V-GFP in the S63del
mice was twice that seen in wild-type. Sildenafil treatment reduced the
amount of detectable ubG76V-GFP, as it did in the sensory-motor
mixed sciatic nerves (C).

nerves from S63del mice, the levels of GFP detected by western
blot were ~2-fold greater than in wild-type lysates (Fig. 1C and D),
because the 26S proteasomes are less active in the Schwann cells
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due to the expression of Mpz®®3%1* However, after sildenafil treat-
ment for 5days, the levels of GFP in S63del sciatic and quadricep
nerves returned towards the levels in the controls (Fig. 1C and D).
These findings are strong evidence for faster degradation of this
substrate by the UPS, presumably a consequence of the prote-
asome activation (Fig. 1A).

The MPZ5%3%¢! protein accumulates in the ER of Schwann cells and
causes CMT1B through gain of toxic function mechanisms.'®?!
Therefore, the pathological consequences of MPZ5%33¢! expression
may be lessened by stimulating its degradation and reducing the
amount that accumulates in cells. To test whether raising cGMP
can increase the degradation of MPZ%*%! we used HEK293 cells
that express HA-tagged MPZ%%%%! or wild-type MPZ (MPZW™) under
the control of a tetracycline-inducible promoter.?” After induction
for 17 h, a time at which MPZ5%39¢! protein had accumulated in the
ER,” translation was blocked with cycloheximide and degradation
of the mutant and wild-type protein was monitored by western
blot. Raising cGMP levels in the presence of the NO donor DETA
NONOate with either the PDES5 inhibitor sildenafil or the soluble
guanylyl cyclase stimulator riociguat increased the rate of degrad-
ation of MPZ5®3%! (Fig. 2A). In untreated HEK293 cells, MPZ5%3del
showed an approximate half-life of 5h, but about 3h when cGMP
was elevated. By contrast, the degradation rate of MPZ"T was not
affected by the rise in ¢cGMP (Fig. 2B). Thus, raising cGMP levels
accelerates the breakdown only of the misfolded, mutant MPZ.

In addition to causing proteasome activation, cGMP stimulates
the ubiquitination of cell proteins and increases the total cellular
content of ubiquitinated proteins.” Presumably, those proteins
that are ubiquitinated faster with cGMP are also degraded more
rapidly. To test if cGMP enhances MPZ3%3d! degradation by
increasing its ubiquitination, we expressed HA-tagged MPZ53d¢! in
HEK?293 cells for 17 h and then raised cGMP in the cells for 30 min
with the NO donor and the PDE5 inhibitor or sGC stimulator.
MPZ5%34¢l a5 then immunoprecipitated, and the amount of K48-
linked ubiquitin in the precipitate was measured by western blot.
The NO donor by itself increased the amounts of ubiquitinated
MPZ5%34el and when combined with sildenafil or riociguat to fur-
ther raise cGMP caused an even greater increase in ubiquitinated
MPZ5634¢l (Fig 2C). The immunoprecipitated MPZWT also contained
some K48-linked polyubiquitin chains, but much less than the mu-
tant protein (Fig. 2D), as expected because the wild-type protein
was more stable than MPZ5%33€! (Fig. 2A and B). Moreover, the ubig-
uitination of MPZWT did not increase with treatments that activate
PKG (Fig. 2D). Thus, rates of ubiquitination correlated with degrad-
ation rates and raising cGMP increased selectively the ubiquitina-
tion and degradation of the mutant protein.

Because sildenafil increased selectively the degradation of MpZz5¢3del
in HEK293 cells and activated proteasome activities in S63del mice,
we extended the sildenafil treatment to 14 days (P25-P39) to evalu-
ate its effects on proteostasis and myelination. Like the 5-day treat-
ments, 14 days of sildenafil enhanced proteasome activity by ~50%
in the sciatic nerve lysates from both wild-type and S63del mice
(Fig. 3A). Interestingly, unlike the 5-day treatment, sildenafil for
14 days caused a small but reproducible decrease in the levels of 265
proteasome subunits in S63del, but not in the wild-type sciatic
nerves (Fig. 3B). Therefore, the cGMP-mediated increase in total
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proteasome activity measured in the S63del sciatic nerve lysates
(Fig. 3A) must underestimate the actual increase in the protea-
somes’ specific activity. When proteasomes are impaired, either by
pharmacological inhibitors®?** or by accumulation of MPZ¢3! in
Schwann cells,** the transcription factor NRF1 activates the expres-
sion of genes encoding 26S proteasome subunits. Because levels of
proteasome subunits decreased only in S63del, it is likely that the
sildenafil treatment reduced the need for this response that com-
pensates for inadequate proteasome function.

The impairment of 26S proteasome function in Schwann cells of
untreated S63del mice caused about a 50% increase in total content
of polyubiquitinated proteins, specifically of K48-linked polyubiqui-
tinated proteins, above levels in the wild-type littermates™ (Fig. 3C).
Sildenafil treatment of the S63del mice for 14 days reduced the lev-
els of these ubiquitin conjugates in sciatic nerves towards the levels
seen in the wild-type mice (Fig. 3C), presumably due to their faster
degradation by 26S proteasomes. The ubiquitinated proteins also
decreased in wild-type mice with sildenafil treatment (Fig. 3C).

Schwann cells expressing MPZ5¢*¢! manifest a canonical
UPR,”* and levels of p-elF2q are higher in S63del sciatic nerves
than in wild-type littermates (Fig. 3D).** Treatment with sildenafil
for 14 days reduced the levels of p-elF2a in sciatic nerve lysates
from S63del and wild-type mice to almost undetectable levels
without changing the total amount of elF2« protein (Fig. 3D). The
decreases in S63del in the levels of phosphorylated elF2q, of polyu-
biquitinated proteins and of proteasome subunits strongly suggest
that the 14-day sildenafil treatment abrogated the proteotoxic
stress in the Schwann cells caused by the expression of Mpz®63%!,

A prominent feature of human patients with CMT1B is the demye-
lination of peripheral nerves, which leads to the loss of motor
functions.?® The axons in the peripheral nerves of S63del mice also
have thinner myelin sheaths than their wild-type littermates
(Fig. 4A and B)." To test whether the activation of 26S proteasomes
and the stimulation of the degradation of MPZ5%*?¢! and other pro-
teins by cGMP can ameliorate this deficiency in myelination,
S63del mice and wild-type littermates were treated for 14 days
with sildenafil or vehicle, and the amount of myelin per axon was
then quantified by electron microscopy of thin sections of the sci-
atic nerve. Myelin thickness is quantified as a g-ratio, which is
defined as the axon diameter divided by the fibre diameter.
Therefore, the higher the g-ratio, the thinner the myelin sheath
relative to the axon diameter. In S63del, the sildenafil treatment
reduced the average g-ratio, which indicates that it increased the
thickness of the myelin sheath (Fig. 4A and B). This increase in
thickness was most prominent around the small-calibre axons,
those with diameters <3 pum, in which the g-ratio returned to wild-
type levels after treatment (Fig. 4C and D). Sildenafil treatment of
S63del mice also increased the myelin thickness surrounding
the medium-calibre axons (3-5pm) and the large-calibre axons
(5-6 um), but to a lesser extent (Fig. 4C and D). The percentage of
myelinated axons of each diameter was unchanged after the silde-
nafil treatment in both S63del mice and the wild-type littermates
(Fig. 4E).

Another pathological hallmark of hereditary peripheral neuro-
pathies is the presence of amyelinated axons. These axons are pre-
sent in a 1:1 relationship with Schwann cells and have diameters
greater than 1pm. Therefore, these axons should be myelinated,
but are not. Amyelinated fibres were rare in the sciatic nerves of
wild-type mice (~1% of myelinated fibres; Fig. 4F), but were much
more prevalent in S63del (~10% of myelinated fibres; Fig. 4E).**
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with sildenafil or riociguat treatment for 30 min as in C.

The sildenafil treatment of S63del mice reduced the frequency of
amyelinated fibres to ~3% (Fig. 4F).

The 14-day treatment with sildenafil also increases
nerve conduction in S63del mice

These improvements in nerve morphology with the sildenafil
treatment prompted us to investigate whether nerve function
also improved. S63del mice, like CMT1B patients, have impaired
motor capacities associated with decreased nerve conduction
velocities, increased distal latencies, and increased F-wave laten-
cies due to uniform hypomyelination (Fig. 5A-C).*>?*?> F-wave
latency measures the time it takes for an electrical signal to
travel from the site of stimulation at the distal portion of a motor
nerve to the spinal cord and then back down the length of that
nerve to the muscle. In S63del, the sildenafil treatment restored
nerve conduction velocities and distal latencies to wild-type

levels (Fig. 5A and B) and partially restored F-wave latencies
(Fig. 5C). Together, these data demonstrate that elevating cGMP
levels with sildenafil not only corrected the defects in protein
homeostasis in the nerves, but also prevented the myelin abnor-
malities and the associated functional deficits in nerves of the
S63del mouse model of CMT1B.

Discussion

Raising cGMP restores protein homeostasis in
S63del mice

Although less studied than tauopathies, synucleinopathies or
amyotrophic lateral sclerosis, CMT1B offers many advantages for
investigating the mechanisms and potential treatments of proteo-
toxic diseases. Our knowledge of the molecular alterations, their
cellular consequences and the resulting quantifiable defects in
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Figure 3 Sildenafil treatment for 14-day increases proteasome activity
and reduces markers of proteotoxic stress in sciatic nerves of S63del
mice. (A) Total proteasomal peptidase activity was increased in the
lysates of sciatic nerves from wild-type (WT) and S63del mice following
sildenafil treatment for 14 days. Here and below, n =3 mice for wild-
type vehicle, n = 4 for wild-type sildenafil, n= 5 for S63del vehicle and
n= 5 for S63del sildenafil. One-way ANOVA with Bonferroni post hoc
analysis comparing wild-type vehicle and wild-type sildenafil, wild-
type vehicle and S63del vehicle and S63del vehicle and S63del sildena-
fil. (B) In S63del, sildenafil treatment for 14 days reduced the levels of
26S proteasome subunits Rpn2 and p6. (C) Total polyubiquitinated pro-
teins, including K48-linked polyubiquitinated proteins, were higher in
the sciatic nerves of S63del mice than in wild-type nerves. Sildenafil
treatment reduced the levels of these ubiquitin conjugates. (D) In sciatic
nerves, phosphorylation of elF2q on serine 51 was higher in S63del than
in wild-type, but sildenafil treatment for 14 days reduced the phosphoryl-
ation of elF2« in nerves from both wild-type and S63del mice.

myelination and conduction are quite advanced largely through
studies of the S63del mouse model. Building on these insights, we
have shown here that raising levels of cGMP not only improves
protein homeostasis in the Schwann cells, but also reverses the
morphological and functional defects in the S63del mouse, and
therefore appears to be a promising approach to combat CMT1B in
humans.

In Schwann cells in S63del mice, the accumulation of the mu-
tant MPZ in the ER leads to multiple signs of proteotoxic stress.

J. J. S. VerPlank et al.

One is the activation of the UPR, leading to the transcription of mo-
lecular chaperones and enzymes that increase the capacity of the
ER for protein folding and also for degradation of misfolded pro-
teins by the ER-associated degradation (ERAD) pathway.*® In add-
ition, the UPR causes phosphorylation of eiF2a by PERK and
consequently leads to a general reduction in overall protein synthe-
sis, which decreases the continued production of proteins and less-
ens the substrate load on the cell’s proteostasis network.>® However,
prolonged activation of the UPR can be deleterious, and in the S63del
mice, signalling through C/EBP homologous protein (CHOP)** and
the activation of its downstream effector GADD34%*% causes de-
myelination of the motor nerves. Treating S63del mice with sildena-
fil was found to decrease this activation of the UPR, presumably by
PKG-mediated activation of the UPS and accelerated clearance of
MPZ5%3%! and perhaps other misfolded proteins.

Unfortunately, the levels of MPZ5%33¢! protein in Schwann cells
cannot be detected reliably by western blot in the peripheral
nerves due to the massive amount MPZ present in the myelin
sheath. However, our finding that sildenafil treatment for 2 weeks
abrogated the accumulation of polyubiquitinated proteins and the
phosphorylation of elF2a (Fig. 3) indicates that the build-up of mis-
folded proteins was reduced. Furthermore, in cultured HEK293
cells, the PDES inhibitor accelerated both the ubiquitination and
degradation of MPZ5¢%d¢! (Fig. 2). These findings thus extend the
earlier observations that raising cGMP in zebrafish larvae increases
the degradation of mutant proteins that cause tauopathies and
Huntington’s disease,” and in cells, increases the degradation of a
mutant protein that causes a hereditary cardiomyopathy.*®

Another promising pharmacological approach to treat S63del
neuropathy is with agents that further reduce protein synthesis.
Increased myelin thickness and nerve conduction were demon-
strated upon prolonged treatment (3 or 5 months) with Sephin1* or
salubrinal,?? which promote the phosphorylation of elF2o by block-
ing its dephosphorylation by GADD34. These prior studies were per-
formed in S63del mice that were 2-4 months older than those used
in the present study. We studied here 1-month-old S63del mice, be-
cause we had previously shown in them clear defects in proteasome
function and protein degradation.'* To determine whether sildenafil
treatment also improves motor performance, which is expected
with an improvement in myelination and was seen with our previ-
ous Sephinl treatments of older animals, it will be important in fu-
ture studies to examine proteasome function in aged S63del mice. It
will also be interesting to examine if administering one of these
GADD34 inhibitors together with a PDE5S inhibitor, to enhance pro-
tein degradation while slowing translation, has additive or synergis-
tic effects in improving this disease.

The 26S proteasomes purified from the sciatic nerves of S63del
mice have a decreased ability to hydrolyse small peptides and
ubiquitinated proteins.* These defects presumably account for
the previously observed decrease in overall protein degradation in
the sciatic nerve'* as well as the accumulation of polyubiquiti-
nated proteins (Fig. 3)* and the UbG76V-GFP reporter protein
(Fig. 1). Although the specific activity of 26S proteasomes was
reduced in S63del, the total proteasome activity in the lysates of
sciatic nerve was similar to that seen in wild-type, due to a greater
content of 26S proteasomes (Fig. 1).** S63del sciatic nerves also
have increased levels of the active form of the transcription factor,
NRF1," which regulates the expression of all proteasome
genes.?”*? These findings are strong evidence of an attempt by
Schwann cells to compensate for the decreased degradative cap-
acity by increasing proteasome production, as is also seen in
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32,33

various cell types upon treatment with proteasome inhibitors.
However, the increased number of proteasomes was not sufficient
to prevent the reduction in protein degradation and the accumula-
tion of polyubiquitinated proteins observed in Schwann cells in
S63del mice.’ Therefore, factors other than proteasome abun-
dance must influence the proteasomes’ degradative capacity and

prevent the greater number of proteasomes from restoring prote-
olysis in this disease model. Among these unknown factors may be
subcellular localization of the 26S proteasomes, or changes in post-
translational modifications, or association of regulatory factors.
Impairment of 26S function has also been demonstrated in sev-
eral experimental models of other neurodegenerative diseases,
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Figure 5 Sildenafil treatment increases nerve conduction in S63del
mice. (A) Sildenafil treatment of S63del mice for 14 days increased con-
duction velocity in the peripheral nerves. In control mice, nerve con-
duction velocity in S63del mice is lower than in wild-type mice, but
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latency in peripheral nerves of S63del mice to that of wild-type litter-
mates. (C) Sildenafil treatment reduced the longer F wave latencies of
S63del mice towards that seen in wild-type littermates. n = 4 wild-type
vehicle, n = 6 wild-type sildenafil, n = 7 S63del vehicle and n = 5 S63del
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including tauopathies, prion disease and amyotrophic lat-
eral sclerosis caused by expansions in C9orf72,*° probably as a con-
sequence of protein aggregates blocking proteasome function.
Thibaudeau et al.*® demonstrated that soluble oligomers formed by
the amyloid-p fragment (1-42) of APP, o-synuclein, or polyQ-
extended huntingtin, which share an amyloid-like conformation,
can bind to the proteasome and inhibit substrate entry.
Presumably, MPZ5%3¢! acts in a similar way to impair proteasome
function. However, in the S63del mouse and these other neurode-
generative disease models, it is unclear if the decreased 26S

J. J. S. VerPlank et al.

activity represents a partial inhibition of most cell proteasomes or
a selective inactivation of a subset of the particles. In cells overpro-
ducing expanded C9orf 72 polyGA, the loss of proteasome activity
seems to result from the sequestration of a large fraction of protea-
somes in large insoluble aggregates of polyGA." By contrast, in the
S63del mouse® and tauopathy models,'® decreased activity was
evident after purification of soluble 26S proteasomes.

Whatever the basis for the reduced 26S activity in the sciatic
nerve, the sildenafil treatment increased proteasomal peptidase
activity and lowered the content of UbG76V-GFP towards levels
seen in wild-type littermates (Fig. 1). Recent studies involving
cryo-electron tomography of hippocampal neurons*! and fungi***?
have shown that the great majority of intracellular proteasomes
are in an inactive conformation, as was also found after rapid puri-
fication of these particles from rabbit skeletal muscle,** although
these particles become activated upon binding proteins that con-
tain UBL-domains.** It is unclear in the sildenafil-treated S63del
mice if cGMP and PKG improved protein homeostasis in the nerves
by restoring the activity of impaired 26S proteasomes or by activat-
ing some of the cell’s previously latent particles.

The present findings and our related studies do not support the
claim that increases in proteasome activity are necessarily associ-
ated with greater formation of the 26S complex.** In human
neuroblastoma cells (SH-SY5Y) and other cultured cell lines, PDE5
inhibitors and soluble sGC stimulators (separately or together)
increased 26S proteasome activity within minutes, but these
agents did not alter the levels of proteasome subunits or the rela-
tive amounts of singly capped or doubly capped proteasomes.” In
the present studies, sildenafil treatment of wild-type mice for
5days did not increase the levels of proteasome subunits in sciatic
nerves (Fig. 1) or in skeletal and cardiac muscles (Supplementary
Fig. 1), nor did treatment for 14 days alter their levels in the sciatic
nerves (Fig. 3B). Thus, the increased activity induced by PKG occurs
through post-synthetic phosphorylation of pre-existent 26S par-
ticles. Even though this activation by PKG can be reversed by pro-
tein phosphatase treatment, and pure PKG can induce
phosphorylation and activation of pure 26S proteasomes,” we have
thus far been unable, for reasons that are unclear, to identify the
specific 26S component phosphorylated by PKG, despite repeated
attempts using several mass spectrometry approaches.

Identifying the site(s) on the proteasome phosphorylated by
PKG would not only aid our understanding of proteasome function
but would also enable site-directed mutagenesis of the phospho-
site to determine whether this modification is necessary and suffi-
cient for the accelerated protein degradation, as well as the
therapeutic effects of sildenafil in S63del mice. The observed en-
hancement of the cell’s degradative capacity by sildenafil may also
require or may result only from the increased ubiquitin conjuga-
tion to cell proteins. In HEK293 cells, sildenafil enhanced ubiquiti-
nation and degradation of MPZ%%3%! but not of the wild-type
protein (Fig. 2). In cell extracts, cGMP stimulates ubiquitin conjuga-
tion to cell proteins, and in human neuroblastoma cells, raising
c¢GMP with sildenafil leads to an increased content of ubiquitinated
proteins within 15 min, despite their faster degradation by the acti-
vated proteasomes.” Most likely, the improvement in protein
homeostasis by cGMP and PKG results in part from the increased
ubiquitination and in part from proteasome activation, both of
which may be necessary to increase intracellular protein
breakdown.

Hypomyelination, leading to defects in saltatory conduction, is a
hallmark of human CMT1B and of the S63del mice. Not only did
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treatment with the PDES5 inhibitor correct the indicators of proteo-
toxic stress in the sciatic nerves, but it also increased the thickness
of the myelin sheath (Fig. 4) and reversed the defects in nerve con-
duction (Fig. 5). The 14-day treatment with sildenafil decreased the
number of amyelinated axons and increased the myelin thickness
of most axons, especially the smaller-calibre axons. It is not clear
why the magnitude of the effect seemed to vary with axon diam-
eter, but manipulation of other pathways in Schwann cells, such
as those induced by neuregulin, also affects small-calibre axons
more prominently.*” The apparent refractoriness of the larger
diameter neurons to these treatments may also reflect some in-
herent differences in their sensitivity to PKG’s activation.
Alternatively, increased myelination of the large-calibre axons
may simply require a longer treatment with sildenafil, or a larger
sample size, to become evident. These trends in the larger axons
may not have reached significance due to their low representation
in the thin sections used to measure g-ratio in this study. Most im-
portantly, the restoration of myelination in the sciatic nerve led to
an increased conduction velocity and decreased latency, which are
also functional characteristic features of the human disease. The
ability to precisely quantitate these parameters in patients, the
rapidity of this response and the lack of apparent toxicity of these
widely used drugs all make this approach particularly promising
to test for efficacy in human CMT1B patients.

Although raising cGMP stimulates the degradation of the bulk
of the cell constituents, it did not cause significant weight loss or
other deleterious effects, even after twice daily administration to
the mice for 14 days (Supplementary Fig. 3). Similarly, in the devel-
oping zebrafish larvae, no harmful effects of sildenafil treatment
were evident; on the contrary, sildenafil administration reduced
neuronal death and decreased the morphological abnormalities
caused by mutant tau.” By itself, such a general enhancement of
protein degradation should cause a marked loss of cell mass, as
occurs for example in mouse skeletal muscles in 2-5days upon
fasting or denervation.*® This maintenance of body size, despite
the large increase in proteolysis, is surprising and an intriguing
subject for future research, but it further argues that a prolonged
increase in cGMP levels is not likely to have harmful consequen-
ces. Unlike many novel pharmacological agents, which may trigger
unanticipated cellular responses, raising cGMP to enhance prote-
olysis is well-tolerated probably because it activates a physiologic-
al mechanism that organisms have evolved to enhance protein
turnover under specific conditions.

In addition to CMT1B, raising cGMP may also be beneficial in
combatting other hereditary peripheral neuropathies. Proteasome
activities have also been reported to decrease in two mouse mod-
els of CMT1A, which is the most common form of CMT and is
caused by overexpression of peripheral myelin protein 22 (PMP22)
in Schwann cells.*>*° Therefore, PDES5 inhibitors or sGC stimula-
tors also merit study as potential treatments of this proteotoxic
disease. Because decreased proteasome activity has been observed
in other neurodegenerative disease models and appears to arise by
a common mechanism,>*® raising cGMP seems like an attractive
new approach to combat various neurodegenerative diseases, as
well as a number of myopathies affecting skeletal and cardiac
muscle,*? which also result from the accumulation of aggrega-
tion-prone proteins. It is noteworthy that sildenafil had these
effects in peripheral nerves, but did not affect PKG or proteasomes
in brain. Thus, it is able to promote proteostasis in Schwann cells,
but not in the CNS, as suspected from its known failure to perme-
ate the blood-brain barrier. However, brain-penetrant PDES5 inhibi-
tors and sGC stimulators are known'®?° and are probably more
appropriate for testing against diseases of the brain and spinal
cord. Moreover, because raising cGMP levels also causes vasodila-
tion and increased blood flow to tissues,'® these treatments may
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have additional therapeutic benefits in vivo, in addition to enhanc-
ing the clearance of the toxic proteins in the affected cells.
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