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NEURODEGENERATIVE DISEASE

A farnesyltransferase inhibitor activates lysosomes and
reduces tau pathology in mice with tauopathy
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Tau inclusions are a shared feature of many neurodegenerative diseases, among them frontotemporal dementia
caused by tau mutations. Treatment approaches for these conditions include targeting posttranslational modifi-
cations of tau proteins, maintaining a steady-state amount of tau, and preventing its tendency to aggregate. We
discovered a new regulatory pathway for tau degradation that operates through the farnesylated protein, Rhes, a
GTPase in the Ras family. Here, we show that treatment with the farnesyltransferase inhibitor lonafarnib reduced
Rhes and decreased brain atrophy, tau inclusions, tau sumoylation, and tau ubiquitination in the rTg4510 mouse
model of tauopathy. In addition, lonafarnib treatment attenuated behavioral abnormalities in rTg4510 mice and
reduced microgliosis in mouse brain. Direct reduction of Rhes in the rTg4510 mouse by siRNA reproduced the
results observed with lonafarnib treatment. The mechanism of lonafarnib action mediated by Rhes to reduce tau
pathology was shown to operate through activation of lysosomes. We finally showed in mouse brain and in hu-
man induced pluripotent stem cell-derived neurons a normal developmental increase in Rhes that was initially
suppressed by tau mutations. The known safety of lonafarnib revealed in human clinical trials for cancer suggests

that this drug could be repurposed for treating tauopathies.

INTRODUCTION

The tauopathies constitute a broad range of neurodegenerative dis-
eases, all of which share the hallmark feature of tau inclusions. Al-
though tau-related diseases including Alzheimer’s disease and chronic
traumatic encephalopathy are serious public health problems (1), no
disease-modifying treatment currently exists for these conditions.
Generally, approaches to treatment have directly targeted the tau pro-
tein and include tau antibodies (2), antisense oligonucleotides (3),
caspase cleavage products (4), and anti-aggregation agents (5). How-
ever, few pharmacologic interventions directed toward tau pathways
have reached clinical trials. Interventions in upstream pathways such
as inhibitors of tau phosphorylation (6) or acetylation (7) have shown
some efficacy in animal models, but none of these approaches has
had success in human clinical trials to date. Rapidly growing inter-
est in autophagy as a downstream pathway that mediates tau clear-
ance (8-10) as well as the implication of autophagy and lysosomes
in other neurodegenerative conditions (11-13) suggest therapeutic
opportunities. In Huntington’s disease (HD), a pathway linked to
autophagy is mediated by the RASD2 gene, which encodes the Rhes
protein, a small guanosine triphosphatase (GTPase) member of the
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Ras superfamily (14). RASD2 became of interest in HD because it
was thought to be expressed mainly in the striatum (15). However,
in humans, Rhes expression is clearly evident in the cerebral cortex
(16). Rhes activates autophagy independently of mammalian target of
rapamycin (mTOR) via interaction with beclin 1 (17). Furthermore,
Rhes has been shown to modulate the aggregation state of mutant
Huntingtin (mHtt), the protein mutated in HD, by promoting its
sumoylation and reducing cell survival (18). This toxicity involves
binding of Rhes to mHtt and requires the Rhes CXXX farnesylated
membrane attachment site (18). We inferred that the induction of
autophagy is a pharmacological class effect of farnesyltransferase inhi-
bition (19) and could be relevant for tauopathies. Therefore, we studied
farnesyltransferase as a therapeutic target for the treatment of tauopathies.
We used the farnesyltransferase inhibitor lonafarnib, a drug for which
there is extensive clinical experience (20-22), and tested it in the rTg4510
mouse model of tauopathy.

RESULTS

Farnesylation inhibition attenuates tau pathology in the
rTg4510 mouse model of tauopathy

Lonafarnib is a potent farnesyltransferase inhibitor with a K; (inhibi-
tion constant) in the nanomolar range (23), which crosses the blood-
brain barrier and has only a few minor side effects in humans (21).
We sought to determine the effects of lonafarnib administration in
the rTg4510 mouse, a widely used model of frontotemporal dementia
(24). These mice develop tau tangles in the cerebral cortex by 4 months
of age and in the hippocampus by 5.5 months of age along with the
loss of about 60% of their hippocampal CA1 neurons (24). Spatial
memory deficits become apparent by 2.5 to 4 months of age, and
electrophysiological properties of cortical neurons are affected before
the accumulation of tau pathology (25, 26). To precisely determine
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the effects of lonafarnib, we first replicated the time course for the
onset of tau pathology in r'Tg4510 mice (Fig. 1, A to K, and fig. S1).
Similar to the reported data, immunoreactivity for the conforma-
tional tau antibody MC1, corresponding to neurofibrillary tangles
throughout the hippocampus, amygdala, entorhinal cortex, and ce-
rebral cortex (Fig. 1A, green), was first detected at ~16 weeks of age
(fig. S1D). Immunoreactivity progressed by 20 weeks of age to a mean
0f 93.0 + 13.6 MCl-positive cells/mm? in the cerebral cortex and
67.6 + 13.1 MCl-positive cells/mm? in the hippocampus (Fig. 1,
D and E). Wild-type (WT) mice showed no detectable MC1-positive
neurons (Fig. 1C).

Lonafarnib treatment was initiated at 10 weeks of age. Lonafarnib
was resuspended in 20% 2-hydroxypropyl-B-cyclodextrin as vehicle,
and rTg4510 mice were gavaged on an intermittent schedule, with
5 days on and 5 days off at 80 mg/kg per day (27). Mice were evalu-
ated at 20 weeks of age (Fig. 2, A to H) and showed that drug treat-
ment reduced MC1 immunoreactivity. The MC1 immunoreactivity
in the lonafarnib-treated mouse cortex (88.8 + 8.1 MCl1-positive
cells/mm?) and hippocampus (27.4 + 5.2 MC1-positive cells/mm?)
was significantly reduced compared to either vehicle-treated mice
(183.3 + 10.4 MC1-positive cells/mm? in the cortex and 82.2 + 6.8
MCl1-positive cells/mm? in the hippocampus; cortex: P = 0.006,
hippocampus: P = 0.001; Fig. 2H) or untreated age-matched trans-
genic mice (cortex: P = 0.049, hippocampus: P = 9.6 x 10~°). Compa-
rable results were obtained by immunostaining mouse brain sections
with the phospho-tau antibody PHF-1 (cortex: P = 3.2 x 10~ hippo-
campus: P = 3.59 x 107; fig. S2, A to F). Farnesyltransferase activity
was inhibited in the brains of lonafarnib-treated mice, as determined
by the appearance of an unfarnesylated heat shock protein HDJ-2
band in cortical lysates, but was not observed in untreated rTg4510
mice (fig. S2G). The presence of the unfarnesylated band in mice
treated with vehicle alone remains unexplained. In contrast to chronic
administration, lonafarnib was ineffective as an acute intervention.
rTg4510 mice gavaged daily with lonafarnib for 2 weeks (80 mg/kg per
day), beginning at 20 weeks of age when tau pathology was widespread,
failed to alter the location and extent of the MC1-immunostained
pathology when compared to age-matched vehicle-treated transgenic
mice (fig. S3).

Chronic lonafarnib treatment also prevented the reduction in brain
size among aged transgenic mice. The brain coronal section area of
littermate controls and transgenic mice did not differ at 5 weeks of
age but diminished by 20 weeks as the mice aged (Fig. 1B). Lonafarnib-
treated rTg4510 mice at 20 weeks of age had larger coronal brain
areas than either vehicle-treated or untreated age-matched transgenic
mice [P=13x 1073, analysis of variance (ANOVA); Fig. 2A].

Microglia counts, assessed by Ibal immunostaining at 5 and 20 weeks
of age (Fig. 1, Fand G, and fig. S1), decreased with age (Fig. 1H) in
the control mouse cortex (P = 0.049) and hippocampus (P = 0.014)
but remained elevated in 20-week-old rTg4510 mice. At 5 weeks of
age, no statistical difference was observed in microglial counts be-
tween control and transgenic mice. However, by 20 weeks, this dif-
ference was significant in both the cortex and hippocampus (cortex:
P =0.019, hippocampus: P = 0.005; Fig. 1H). Lonafarnib-treated
20-week-old rTg4510 mice (Fig. 2, I to L) had a significant reduc-
tion in hippocampal microgliosis compared to age-matched vehicle-
treated transgenic mice (P = 0.022; Fig. 2M) but had no effect on
cortical microgliosis (P = 0.67, ANOVA).

Cortical astrogliosis was observed in transgenic mice as increased
glial fibrillary acidic protein (GFAP) immunoreactivity (Fig. 1A,
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red), which became apparent from ~12 weeks of age and preceded
the appearance of MC1-positive neurons (fig. S1). As transgenic mice
aged, anti-GFAP immunoreactivity increased in the cortex but not
in the hippocampus (Fig. 1, I to K). Lonafarnib treatment decreased
cortical astrocyte immunostaining when compared to vehicle-treated
mice (P = 0.041; Fig. 2, N to R) but displayed no effect on the hippo-
campus (P = 0.236, ANOVA).

Attenuation of behavioral abnormalities in rTg4510 mice by
farnesyltransferase inhibition

As rTg4510 transgenic mice age, they display progressive behavioral
impairments. Marble burial and nest shredding behaviors (28, 29)
are affected early, and by 30 weeks of age, transgenic animals have
progressed to hyperexcitability and obsessive circling. Using the same
lonafarnib treatment protocol (27, 30), beginning at 10 weeks of age,
we sought to reduce or prevent the behavioral deficits induced by tau
pathology. Nest building was assessed at 20 weeks. WT littermates
produced well-rounded nests (Fig. 3A); however, untreated rTg4510
mice displayed poor nest shredding and, in some instances, left bed-
ding material completely undisturbed (Fig. 3B). Lonafarnib treat-
ment rescued nest building (Fig. 3C). At 5 weeks of age, littermate
controls and transgenic mice produced nests with similar scores
(control mice, 3.58 + 0.13; transgenic mice, 3.23 + 0.12; P = 1.00).
Whereas control mice nesting scores did not significantly change with
time (P = 1.00), transgenic mice nesting scores declined (P = 1.9 x
107'%; Fig. 3D). Twenty-week-old transgenic mice treated with lona-
farnib had significantly higher nesting scores than vehicle-treated age-
matched transgenic mice (P < 3.3 x 1072 and did not differ from
those of age-matched control mice (P = 1.00; Fig. 3D). On the other
hand, the marble burial deficit was observable at 5 weeks in trans-
genic mice, and it remained unaltered by age (Fig. 3, E to G). In con-
trast to nest building, the marble burial deficit (Fig. 3, E and F) was
not improved by the drug in the transgenic mice (Fig. 3H) when
compared to vehicle-treated mice (P = 1.00) or untreated mice (P =
0.231). The very early emergence of the marble burial deficit before
lonafarnib administration, in contrast to shredding behavior, which
emerged later, may account for this difference. Lonafarnib does not
appear to reverse existing pathology or behavioral deficits. rTg4510
mice exhibited circling behavior at 20 weeks of age. Lonafarnib ap-
peared to prevent circling that lasted longer than 5 min at a time
(movie S1). Circling was absent in control mice (observed in zero
of six mice) and was frequently observed at 20 weeks of age in trans-
genic mice (five of six; P = 3.42 x 107°). rTg4510 mice treated with
vehicle continued to exhibit circling behavior (four of six; P = 0.014),
whereas those treated according to the chronic intermittent lonafarnib
regimen rarely developed this behavior (one of six; P = 0.296) and
engaged in more normal exploratory behaviors in the testing cage
(movie S1).

Farnesyltransferase inhibition with lonafarnib enhances
lysosomal protein degradation

To determine the mechanism of action of lonafarnib, we focused on
its previously suggested role in autophagy (31). Using NIH3T3 mouse
fibroblasts expressing the tandem reporter mCherry-green fluores-
cent protein (GFP)-LC3B (32) to monitor macroautophagy (Fig. 4
and fig. $4), lonafarnib treatment resulted in a dose-dependent in-
crease in macroautophagy flux, as revealed by an overall increase in
autophagic vacuoles mostly due to an increase in autolysosome abun-
dance. At lower concentrations, the number of autophagosomes
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Fig. 1. Baseline time course of tau pathology in the rTg4510 mouse model of tauopathy. (A) Representative mosaic of a coronal section from rTg4510 mouse brain
immunostained with MC1 antibody (green) or GFAP (red) and counterstained with Hoechst (cell nuclei, blue). (B) The coronal section area of the micrographs was computed.
At 5 weeks of age, rTg4510 transgenic (Tg) mice did not differ in brain size from their nontransgenic littermates (P = 0.942). However at 20 weeks, the coronal section area
was significantly reduced in transgenic mice compared to both age-matched controls and younger transgenic animals (P = 6.94 x 107%). (C) Twenty-week-old control
littermates (Ctr) show no immunostaining of brain tissue with MC1, (D) whereas 20-week-old transgenic mice show a high density of neurons strongly labeled with MC1
in both cerebral cortex (CTX) and hippocampal formation (HPF). (E) Quantification of neurofibrillary tangles (NFTs/mmz) in the cortex and hippocampus. Representative
micrographs showing microglia (Iba1-positive cells) in 20-week-old control (F) and transgenic (G) mice. (H) Quantification of microglia per square millimeter density re-
veals that there is no microglia age-related decline in rTg4510 transgenic mice. At 20 weeks of age in the control mouse cerebral cortex, there were 178.5 + 66.2 microglia/mm?
versus 444.2 £ 559 microglia/mm2 in the rTg4510 mice (P=1.9 x 10’3). In the control mouse hippocampus, there were 236.7 + 17.7 microglia/mm2 versus 471.0 £
42.0 microglia/mm2 in the rTg4510 mice (P=5.11 x 10'3). Astrocytes labeled with GFAP antibody in (I) nontransgenic control and (J) transgenic mice at 20 weeks of age
showed cortical astrogliosis accompanying MC1 immunoreactivity in the rTg4510 mice. Activated hypertrophied astrocytes are shown in the inset. (K) Percentage area in
the coronal sections stained for GFAP was calculated. The cortical GFAP signal (P =9.14 x 107, ANOVA) quantified in rTg4510 mice at 20 weeks of age increased compared
to age-matched control mice (P = 9.2 x 10~). The cortical GFAP signal also increased in 20-week-old transgenic mice compared to 5-week-old transgenic mice (P = 0.020).
The hippocampal GFAP signal in transgenic and control mice at 5 and 20 weeks of age did not differ (P =0.676, ANOVA). Statistics shown for Tukey’s HSD (honestly signif-
icant difference) post hoc tests. Group sizes: n = 3 (female:male ratio; control 5 wk, 2:1; Tg 5 wk, 1:2; Ctr 20 wk, 1:2; Tg 20 wk, 2:1). Scale bars, 1 mm. *P < 0.05, **P < 0.01,
and ***P < 0.001.
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Fig. 2. Lonafarnib treatment prevents neurofibrillary tangle formation and microgliosis. (A) Brain coronal section area in 20-week-old rTg4510 transgenic mice that
received chronic oral administration of lonafarnib (L80) versus untreated transgenic mice (Unt) or transgenic mice treated with vehicle alone (Veh). (B and C) Reduction of
the extent of MC1 immunoreactivity in lonafarnib (L80)-treated transgenic mice compared to untreated mice. Scale bars, 1T mm. (D to G) Detail of insets of (B) and (C) show-
ing representative MC1 immunoreactivity for the cortex (CTX) and hippocampus (HPF) of either untreated or lonafarnib-treated (L80) 20-week-old transgenic mice. (H) Large-
scale coronal section mosaics quantified for MC1 immunoreactivity per square millimeter indicate a reduction of tau pathology after lonafarnib treatment (L80) when
compared to untreated mice or animals treated with vehicle alone. (I to L) Density of microglia in the cortex and hippocampus of transgenic mice treated with lonafarnib
(L80) or untreated is shown by Iba1 immunolabeling. Hippocampal microglial reactivity declined upon lonafarnib treatment. (M) Microglia quantification of coronal section
mosaics in both the cortex and hippocampus of transgenic mice treated with lonafarnib. No statistically significant differences were observed in the cortex (P = 0.667,
ANOVA) of lonafarnib-treated transgenic animals (489.16 = 10.32 Iba1-positive cells/mm?) when compared to vehicle-treated (520.35 + 10.71 Iba1-positive cells/mm?) or
untreated animals (515.45 = 11.03 Iba1-positive cells/mm?). (N to Q) Astrocytes immunostained for GFAP in the cortex or hippocampus of untreated and lonafarnib-treated
rTg4510 mice and (R) quantification of GFAP signal in full coronal slices. Neither lonafarnib (L80) nor vehicle alone altered astrocytes in 20-week-old transgenic mice in
the hippocampus (P = 0.236, ANOVA), but a significant reduction was observed in the cortex when comparing lonafarnib-treated to vehicle-treated mice (P = 0.042).
Statistics shown for Tukey’s HSD post hoc tests. Group sizes: n = 6 (female:male ratio; Unt, 1:5; Veh, 3:3; L80, 3:3). Scale bars, 100 um. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 3. Chronic lonafarnib treatment ameliorates a nest building deficit in rTg4510 mice. (A) At 20 weeks of age, littermate control mice display normal nest shredding
behavior, but (B) transgenic animals failed to demonstrate nest shredding, as shown in the representative photographs. (C) Lonafarnib-treated 20-week-old rTg4510
animals shredded their nest. (D) Twenty-week-old transgenic mice had nest quality scores averaging 0.3 + 0.1 in untreated mice or 0.2 + 0.1 in mice treated with vehicle
(Veh) alone, whereas the age-matched WT mouse nest shredding score averaged 3.7 + 0.1 (both, P < 5.3 x 10~°). Chronic and intermittent oral administration of lonafarnib
(L80) (80 mg/kg per day) rescued nest building, with nest scores averaging 3.5 + 0.2 for treated mice. Qualitative scores were blindly assigned by observers using a scale
from zero for untouched nesting material to five for a fully shredded nest (n = 6). (E) Twenty-week-old littermate control mice buried 80 + 2.0% of the 20 marbles in 30 min,
but (F) 20-week-old transgenic mice completely lacked digging behavior. (G) Control mice increased the percentage of marbles buried with age. They buried 40% of the
marbles at 5 weeks of age and peaked at 30 weeks of age with an average of 80% of the marbles buried. Transgenic mice failed to bury marbles as early as 5 weeks of age
{two-way ANOVA: genotype, P < 2 x 107'%; age, P = 0.140 [not significant (n.s.)]; interaction, P = 1.93 x 107°}. (H) Marble burial deficits were rescued by neither lonafarnib
(L80) nor vehicle treatment. Data are presented as box plots of percentage marbles buried per treatment group. Statistics shown for post hoc Wilcoxon tests. n =9
(female:male ratio; Ctr Unt, 8:4; Tg Unt, 4:8; Tg Veh, 5:4; Tg L80, 4:5). ***P < 0.001.

remained unchanged, suggesting their accelerated clearance by lyso-
somes (Fig. 4, A to C, and fig. 4, A and B). Similar results were re-
produced in neuroblastoma N2a cells (fig. S4C). Macroautophagy
up-regulation by lonafarnib was confirmed using immunoblotting
to quantify flux of LC3 and the autophagy receptor p62 in both cell
types (fig. S5). Lonafarnib-treated rTg4510 mice also displayed changes
in these two autophagy-related proteins compatible with increased
macroautophagy in brain lysates (fig. S5, C to E). The accumulation
of p62 and a trend toward higher LC3-II protein observed in brain
lysates from rTg4510 mice at 20 weeks of age were markedly reduced
in the lonafarnib-treated rTg4510 mice to the point that these animals
no longer differed significantly from control mice (P = 0.1579; fig. S5,
Cto E). The stimulatory effect of lonafarnib was preferentially on basal
macroautophagy, as inferred by the fact that addition of lonafarnib
to NIH3T3 mouse fibroblasts in which macroautophagy was induced
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either by paraquat or thapsigargin did not further increase macro-
autophagy flux (fig. S4D). To determine whether lonafarnib also
stimulated other forms of autophagy and to confirm that the observed
increase in macroautophagy was not a consequence of a blockage in
another degradation pathway, we used a photoswitchable reporter
for chaperone-mediated autophagy (CMA) (KFERQ-PS-Dendra)
(Fig. 4D and fig. $4, E and F) (8, 33) and a KFERQ-split-Venus double
reporter for endosomal autophagy (Fig. 4E) (8, 34). Lonafarnib stim-
ulated both forms of selective autophagy with maximal effect in the
lower concentration range. In the case of CMA, the stimulatory effect
of lonafarnib was more pronounced on basal CMA, but a significant
increase was still observed after inducing CMA with paraquat or
thapsigargin (P = 0.041 for paraquat and P = 0.003 for thapsigargin;
fig. S4, E and F). Inhibition of lysosomal proteolysis with NH4Cl
and leupeptin in NIH3T3 cells expressing the KFERQ-split-Venus

50f17



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

AV mCherry-GFP-LC3B APG mCherry-GFP-LC3B

AUT mCherry-GFP-LC3B

Ag B g Cg- Gg- L wos
— — —e— Lonafarnib 1.0 uM
ol L{o')_ uo.)— fuiail °\° g_ Kk

=8 e _ 3 b5

8 3 9F 8 ot o

S of S s> . 285 .

e g o 2o 2O '3 8 o

S Q- *x S > D ar

o & QF a QF 2

*kk
= il —/ S—E °r
o= 1 ] O—i:x 1 ] o= 1 ] O/l | 1 ]
0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0 0 6 12 18 24
Lonafarnib (uM) Lonafarnib (uM) Lonafarnib (uM) Time (h)
D E Endosomal microautophagy F
CMA KFERQ-Dendra KFERQ Venus o Proteasome degron-GFP o =
o o_ —e—None (S ) ~[ None
B g % DOV B ~o-Ladoysin 12 _ e T

_Sr * — o,**/ R 1 X Q-

o T © x ha T

3ol 3 S _%/ 2

8 ™ 3 ° \ =y} 7 \ﬁ > o

O O A& 5T N o &

S qF - z 2 8

g 2d = ¥ =2 °
ok = 5 & er

£ < ©
= £o
o= | | ] o | 1 | | ] L | | ] obL
0.0 0.5 1.0 00 01 02 03 04 05 0.00 0.25 0.50 1.00

Lonafarnib (uM) Lonafarnib (uM)

None N/L

Lonafarnib (uM)

Fig. 4. Inhibition of farnesyltransferase activates autophagy. (A to C) NIH3T3 cells expressing the tandem reporter mCherry-GFP-LC3B were exposed to the indicated
concentrations of lonafarnib for 48 hours. The quantified number of autophagic vacuoles (AV), autophagosomes (APG), and autolysosomes (AUT) is shown. (D) NIH3T3
cells expressing the KFERQ-Dendra reporter were photoswitched and treated with lonafarnib as indicated above. CMA was quantified by the number of fluorescent
puncta positive for the photoconverted Dendra per cell. (E) NIH3T3 cells expressing N- and C-terminal KFERQ-split-Venus and treated with lonafarnib for 48 hours either
were treated with 20 mM NH,4Cl and 100 uM leupeptin (N/L) or were left untreated for the last 24 hours to quantify the effect of lonafarnib on targeting (None) and
degradation (N/L) by endosomal microautophagy. Quantifications in (A) to (G) were done in at least 2500 cells per condition in three different experiments using
high-content microscopy. (F) Results for NIH3T3 cells expressing degron-GFP and treated with lonafarnib for 48 hours and supplemented with 100 uM lactacystin for
the last 12 or 24 hours. Proteasome-dependent degradation was calculated as the increase in the intensity of fluorescence upon lactacystin addition and after discount-
ing the increase observed in cells treated under the same conditions but expressing a nonubiquitinable degron-GFP mutant. Values are expressed relative to the pro-
teasome degradation in cells not treated with lonafarnib that were given an arbitrary value of one. (G) Total rates of intracellular protein degradation measured in
NIH3T3 cells labeled with [Hlleucine for 48 hours. The rate of proteolysis was calculated as the percentage of the initial acid-precipitable radioactivity (proteins)
transformed into acid-soluble radioactivity (amino acids and small peptides) at the indicated times. (H) The contribution of lysosomes to total protein degradation
was analyzed by supplementing cells with NH4Cl and leupeptin. Data are presented as means + SEM (n = 6 wells in three independent experiments). *P < 0.05,

**P < 0.01, and ***P < 0.001.

reporter demonstrated that lonafarnib not only promoted more ef-
ficient delivery of substrate to late endosome/multivesicular bodies
via endosomal microautophagy but also stimulated efficient internal-
ization and degradation in this compartment (Fig. 4E). Lonafarnib had
no measurable effect on proteasome-dependent degradation moni-
tored in the same cell type using a degron-GEFP reporter (Fig. 4F) (35).

The overall effect in all types of autophagy suggested a direct ef-
fect of lonafarnib in endosomal/lysosomal compartments shared by
all of these autophagic pathways without influencing the proteasome.
To assess this possibility, we evaluated proteolysis of long-half-life
proteins after labeling newly synthesized proteins with [*H]leucine
for a 48-hour pulse. Lonafarnib increased proteolysis in a dose-
dependent manner (Fig. 4G), an effect that was abolished in the pres-
ence of NH,Cl and leupeptin (Fig. 4H). These data support the idea
that lonafarnib treatment resulted in an overall improvement in
lysosomal function and the pathways that mediate delivery of cargo
to this compartment.

Rhes inhibition can reduce tau-related pathology
We sought the relevant targets of farnesyltransferase inhibition that
could account for the ameliorative effects of lonafarnib on tau pa-
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thology in rTg4510 mice. Ras family members are among the prom-
inent substrates of farnesyltransferase, and this modification is
required for their correct localization at the inner surface of the
plasma membrane and for their biological activity. Of particular in-
terest was the Ras family member, Rhes, because it is prenylated by
farnesyltransferase (14), activates autophagy, and can modulate the
aggregation state of mHtt by promoting its sumoylation (18). To
demonstrate that the effect of lonafarnib on tau pathology in rTg4510
mice could, in part, be accounted for by the inhibition of Rhes
farnesylation, we modulated Rhes directly. Adeno-associated viral
vectors (AAVs) carrying Rhes for overexpression or Rhes small in-
terfering RNA (siRNA) for silencing were injected into the right
entorhinal cortex of 10-week-old rTg4510 mice. When analyzed at
20 weeks of age (Fig. 5, A to F), silencing of Rhes using a microRNA
backbone (Rhes-miR) markedly reduced the number of MC1-positive
neurons (cortex: P=3.99 x 10~%, hippocampus: P= 3.61 x 10~ Fig. 5H),
reduced microgliosis (cortex: P=1.50 x 10~*, hippocampus: P = 3.3 x
107% Fig. 5I), and increased the coronal section area (P = 0.002;
Fig. 5G). Therefore, Rhes inhibition recapitulated the effects of
lonafarnib treatment. Rhes overexpression did not appear to worsen
tau pathology (Fig. 5).
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containing either U6, Rhes-miR, or Rhes-WT constructs and were sacrificed at 20 weeks of age. (A to C) Full mosaic immunohistochemistry for MC1 immunoreactivity after
Rhes suppression by Rhes-miR showed fewer neurofibrillary tangles than did transduction with U6 or Rhes-WT. (D to F) Full mosaic immunohistochemistry for Iba1 was
also reduced in mice treated with Rhes-miR. The quantification of micrographs indicates (G) significantly increased coronal section area for Rhes-miR (40.53 + 0.70 mm?;
P =0.002) but not Rhes-WT (36.41 + 0.79 mm?; P=0.307) in injected transgenic mice compared to U6 (37.33 £0.36 mm?). (H) There were a reduced number of MC1 -positive
cells per square millimeter both in the cerebral cortex (CTX) and hippocampus (HPF). The cortical density of MC1-positive cells per square millimeter in animals injected
with U6 was 157.81 + 12.56 compared to Rhes-miR (78.76 + 8.88 MC1-positive cells/mmz; P=3.90x 10~% or Rhes overexpression (172.15 + 13.12 MC1-positive cells/mmz;
P = 0.487). In the hippocampus, injected mice had 86.09 + 9.28 MC1-positive cells/mm? compared to Rhes-miR (49.15 + 7.01 MC1-positive cells/mm?% P =3.61 x 107) or
Rhes overexpression (92.86 + 9.64 MC1-positive cells/mm? P = 0.635). (I) Rhes-miR reduced the number of microglia per square millimeter in the cortex and hippocampus
in Rhes-miR-injected rTg4510 mice. Rhes-miR-injected transgenic mice showed a significant reduction in the cortex (compared to U6 control; P = 1.50 x 10~ and hippo-
campus (compared to U6 control; P = 3.02 X 107%), whereas Rhes-WT showed a reduction in the cortex (P = 0.027) with no effect observed in the hippocampus (P=0.531).
(J) No significant change was observed in astrocytic immunoreactivity in the cerebral cortex for either Rhes-miR (P = 0.182) or Rhes-WT overexpression (P = 0.094) com-
pared to U6 controls. In the hippocampus, Rhes-miR significantly reduced GFAP immunostaining compared to U6 controls (P =0.029) but not when compared to Rhes-WT
overexpression (P = 0.343). n = 3 (female:male ratio; U6, 0:3; Rhes-miR, 0:3; Rhes, 3:0). Scale bars, 1 mm. *P < 0.05, **P < 0.01, and ***P < 0.001.

Farnesyltransferase inhibition and Rhes suppression reduce

global sumoylation and ubiquitination

We examined the effects of lonafarnib treatment or Rhes suppression
upon sumoylation and ubiquitination in rTg4510 mice. These protein
modifications are prominent features of tau pathology, and tau can
undergo both modifications (34, 36, 37). Lonafarnib administration
significantly altered the number of cells with detectable sumoylation
(P=0.002; fig. S6, A to D and I) and ubiquitination (P = 0.048; fig. S6,
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E to Hand L). Using the number of double- and single-labeled cells,
we computed Bayesian probabilities for cells labeled by MCl1, given
that they were labeled with anti-sumo (fig. S6]) or anti-ubiquitin (fig.
S6M). rTg4510 mice showed many sumo- and ubiquitin-positive cells
without MC1 immunoreactivity (fig. S6, ] and M). However, when
using MC1 immunoreactivity as a prior, most MC1-positive cells were
also labeled with sumo or ubiquitin (fig. 6, K and N). Treatment with
lonafarnib significantly altered these probabilities of MC1-positive
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labeling given sumoylation (P = 2.71 x 107 fig. S6]) or ubiquitination
(P =0.016; fig. S6M). The effects of lonafarnib on ubiquitin immu-
nostaining were successfully replicated in total protein lysates from
the cortex of treated rTg4510 mice (fig. S6, Q and R). However, be-
cause of the high variability of sumo measurements, densitometric
analyses did not achieve statistical significance (fig. S6P). Rhes silenc-
ing similarly affected sumoylation but not ubiquitination (fig. S6, A,
B, and I; P=0.047 and fig. S6, E, F, and L; P = 0.4033). Treatment with
Rhes-miR did not significantly reduce the double labeling of MC1-
positive cells that were positive for sumo (P = 0.063; fig. S6]) but re-
duced those that were positive for ubiquitin (P = 0.007; fig. S6M).

Linking lonafarnib treatment to Rhes-mediated effects on
tau pathology

To link Rhes-induced tau pathology to Rhes farnesylation, we cul-
tured mouse hippocampal neurons for 3 weeks, at which time we
transduced an AAV (serotype 2/5) expressing Rhes, a GTPase-inactive
Rhes mutant (Rhes S33N), or a microRNA to silence Rhes (Rhes-miR).
As expected, Rhes overexpression markedly increased PHF-1 im-
munoreactivity (Fig. 6, A and B). Because the Rhes GTPase mutant
increased PHF-1 tau and the Rhes-WT (Fig. 6A), we focused on Rhes
as a substrate for prenylation by farnesyltransferase (38). The farnesyl-
transferase inhibitor lonafarnib, when added to the culture medium,
prevented PHF-1 tau accumulation in the presence of Rhes overex-
pression in a dose-dependent manner. A four-parameter log-logistic
modeling (R package, drc) was statistically significant for each param-
eter estimated and provided the parameters for calculating an ICs
(median inhibitory concentration) of 61.00 nM (Fig. 6, C and D).

We asked whether lonafarnib prevented PHF-1 tau accumulation,
atleast in part, by promoting degradation of Rhes through autophagic
pathways. By overexpressing mCherry-Rhes in HeLa cells, we vali-
dated that lonafarnib was effective in reducing both total Rhes and
the membrane-like Rhes fraction (fig. S7). However, inhibition of
lysosomal proteolysis (with NH4Cl/leupeptin) or macroautophagy
(with 3MA) did not support lysosomal degradation of Rhes in the
presence of increasing lonafarnib concentrations (fig. S8).

To determine whether the profile of proteostasis stimulation ob-
served for lonafarnib paralleled its effects in hippocampal primary
mouse neurons, 3-week-old cultures were transduced to overexpress
Rhes in the presence of 250 nM lonafarnib and then were treated
with either NH4Cl/leupeptin, a lysosome inhibitor, or MG-132, a
proteasome inhibitor. As predicted, the proteasome inhibitor MG-132
had no effect on the reduction of Rhes-mediated PHF-1 accumulation
in the presence of lonafarnib (Fig. 6E). In contrast, lysosomal inhi-
bition with NH4Cl and leupeptin was effective in blocking lonafarnib
action, as observed by the steady accumulation of PHF-1 immuno-
reactivity (Fig. 6, E to G). p62 served as a positive control because it
is known to undergo lysosomal degradation (Fig. 6H).

Selective effects of lonafarnib on phospho-tau accumulation
Lonafarnib administration in rTg4510 mice specifically reduced
pathological tau as detected by Western blot with antibodies against
PHEF-1, MC1, AT8, and AT100 in mouse cortical protein lysates,
without a significant effect on total tau, as detected with TAU5
antibody (lonafarnib-treated versus untreated, P = 0.600; lonafarnib-
treated versus vehicle, P = 0.999; Fig. 6, I to N). In addition, sarkosyl-
insoluble high-molecular weight tau observed in vehicle-treated aged
rTg4510 mice was not present in aged mice treated with lonafarnib
(Fig. 60). Lonafarnib treatment also reduced phospho-tau in human
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induced pluripotent stem cell (hiPSC)-derived neurons, which was
readily detectable in these cells using an enzyme-linked immuno-
sorbent assay (ELISA) specific for human phospho-tau Thr'®!. hiPSC-
derived neurons expressing either MAPT-WT or MAPT-R406W were
cultured for 4 weeks and then treated with either dimethyl sulfoxide
(DMSO) or 10 uM lonafarnib for an additional 9 days. Intracellular
phospho-tau was significantly reduced by lonafarnib treatment (fig.
S9A, P =0.02, and fig. S9B, P = 0.03). Phospho-tau was also elevated
in hiPSC-derived neurons carrying the pathogenic MAPT-P301L mu-
tation (P=1x 1074 fig. S9C), despite the caveat that these cells were
insufficiently mature to express 4R tau abundantly. hiPSC-derived
neuron protein lysates treated with A-phosphatase and then blotted
with E3T antibody, which is specific for tau 4R isoforms, demonstrated
expression of the alternatively spliced tau exon (fig. S9D).

Rhes expression during development homeostatically
regulates tau
hiPSC-derived neurons were obtained from patients with fronto-
temporal dementia harboring the MAPT mutations P301L (39), G55R
(40), V337M (41), R406W (42), or COORF72 expansion (43). hiPSC-
derived neurons from patients and from clinically healthy age-matched
controls were analyzed by RNA sequencing (RNAseq) (Fig. 7A).
Three genes were differentially expressed with the same sign in their
log fold change (log FC) for every MAPT mutation hiPSC cell line,
but were not differentially expressed in the COORF72 (chromosome
9 open reading frame 72) line or in any control lines (Fig. 7B; fig.
S10, D and E; and data file S1). One of the three genes was RASD2,
which encodes Rhes (Fig. 7B). The other two genes were the serine-
threonine kinase, NEK9 (fig. S10D), and the zinc finger protein, ZFP41
(fig. S10E). The neuronal markers MAPT, which encodes tau (Fig. 7C),
and TUBB3, which encodes pan-neuronal p-tubulin (Fig. 7D), were
not differentially expressed among neurons from patients carrying
tau mutations. The DE genes were validated by digital reverse tran-
scription polymerase chain reaction (RT-PCR) quantification for
their expression in total RNA samples taken from each of the hiPSC-
derived neuronal lines at 5 weeks using GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) as internal control (Fig. 7, E to G, and
fig. S10, F and G). Further statistical validation was obtained by boot-
strapping ANOVA tests (k = 1000) of their expression counts per
million (CPM) [bootstrapped P values: RASD2, P = 8 x 1073 ZFP41,
P =0.047; NEK9, P = 0.348 (n.s.)] (44). Differential expression of
RASD?2 in tau mutant hiPSC-derived neurons was confirmed in a set
of isogenic control cell lines. Real-time RT-PCR in three indepen-
dent sets of hiPSC-derived neurons with different MAPT mutations
and their isogenic control counterparts showed the expected differ-
ential expression of RASD2 (MAPT-P301L/P301S, Fig. 7H; MAPT-
V337M, Fig. 71; and MAPT-R406W, Fig. 7]). In agreement with the
RNAseq data, MAPT expression did not change significantly in any
of the isogenic control cell lines (P = 0.514, ANOVA, Fig. 7K; P =
0.4019, Welch ¢-test, Fig. 7L; P = 0.4334, Welch t-test, Fig. 7M)
RASD?2 expression was decreased in the hiPSC-derived neurons
from frontotemporal patients carrying tau mutations relative to the
neurons from healthy person controls. As these neurons differentiated,
RASD? expression increased in the control line; however, in MAPT-
P301L and MAPT-V337M lines, RASD2 remained low throughout
differentiation (Fig. 8A). Over this same time period, MAPT expres-
sion increased and showed no statistical difference between cells with
and without tau mutations (Fig. 8B). Thus, under control condi-
tions, RASD2 expression rose coincident with increased tau, but this
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Fig. 6. Farnesyltransferase inhibition prevents Rhes-mediated tau accumulation and activates autophagy. (A) Overexpression of either Rhes-WT or the GTPase-
inactive mutant Rhes-S33N but not Rhes silenced by microRNA (Rhes-miR) in hippocampal primary mouse neurons increased PHF-1 phospho-tau. Representative blot (A)
and densitometry quantification (B) of independent replicates. (C) Farnesyltransferase inhibition with lonafarnib rescued the Rhes-induced increase in phosphorylated tau
in a dose-dependent manner. Representative blot (C) and densitometry quantification (D) of independent replicates. B-Actin was used for a loading and normalization control.
A four-parameter log-logistic model fit (R package, drc) is shown [(B) P = 0.006; (C) P=0.010; (D) P < 1 X 10'4, 1C50=61.00nM, P < 1 x 1074 (E to H) Primary mouse neuronal
cultures (Mock) were transduced with AAV 2/5 to overexpress Rhes and then were either left untreated (Rhes-positive), treated with 250 nM lonafarnib alone (Lon), or addi-
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L-leucyl-L-leucyl-t-leucinal) (MG) to block proteasome activity. Cell lysates were obtained at 12 hours, or cell media and inhibitors were replenished at 12 hours and lysates
were collected at 24 hours, as indicated. (E) Proteins in the cell lysates were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and then Western-blotted for
PHF-1 S496/phospho-tau, total tau (TAU5), and p62. (F) PHF-1 antibody was normalized to TAU5; (G) TAU5 or (H) p62 was normalized to B-tubulin Ill and plotted as means +
SEM. Lonafarnib prevented a Rhes-mediated PHF-1 increase, an effect reversed by lysosomal proteolysis inhibition (N/L) but not by proteasome inhibition (MG). (I) Western
blot of cortical lysates from untreated rTg4510 mice at 20 weeks of age (Ctr), untreated (Unt) transgenic mice at 5 weeks of age, and either vehicle (Veh) or lonafarnib-treated
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(0) Sarkosyl-insoluble tau fractions were isolated from mouse cortical lysates; a 64-kDa apparent high-molecular weight tau band is indicated by the asterisk in cortical lysates
from aged rTg4510 mice, but no comparable band was detectable in control, young, or age-matched lonafarnib-treated rTg4510 mice. (Aand Band ItoN) n=3.(Ito N)
Female:male ratio; Unt Ctr 20 wk, 0:3; Unt Tg 5 wk, 1:2; Veh Tg 20 wk, 1:2; L80 Tg 20 wk, 2:1. (C and D and E to H) N = 5 independent experiments. Statistical analysis: one-way
ANOVA and Tukey’s HSD post hoc tests.*P < 0.05, **P < 0.01, ***P < 0,001, and ****P < 1 x 107*,
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Fig. 7. RASD2 expression is reduced in transcriptome profiles of hiPSC-derived neurons from patients with frontotemporal dementia carrying MAPT mutations.
(A) RNAseq of hiPSC-derived neurons from patients with frontotemporal dementia carrying MAPT mutations (G55R, P301L, V337M, and R406W) or a C9ORF72 expansion
versus three age-matched healthy controls cultured for 5 weeks. Box plots of normalized CPMs per library are shown. (B) RASD2 expression was deregulated across each
patient line carrying MAPT mutations. FDR, false discovery rate. (C) MAPT expression did not change across iPSC-derived neurons with different MAPT mutations.
(D) TUBB3 was highly expressed and remained unaltered across samples. Digital PCR data (E to G) presented as mean copies/ul + SEM validated the findings of each of
these genes for each cell line studied. RASD2 suppression in the presence of tau mutations in neurons differentiated from hiPSCs compared to their respective isogenic
control lines was verified by TagMan RT-PCR using (H) F0510 cells harboring P301L and P301S mutations (P = 1.45 X 10’3, ANOVA), (I) hiPSC-derived neurons harboring
the MAPT-V337M mutation (P = 0.035, t test), and (J) hiPSC-derived neurons harboring the MAPT-R406W mutation (P =2.14 x 10'3, t test). (K to M) MAPT expression
remained unchanged in hiPSC-derived neurons carrying different MAPT mutations and in the corrected isogenic lines. *P < 0.05 and **P < 0.01.
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Fig. 8. Rhes expression increases as neurons age, which can be prevented by tau mutations. (A) Rhes expression is reduced in MAPT-P301L and MAPT-V337M hiPSC-
derived neurons during hiPSC differentiation into neurons as early as the neurorosette stage; Rhes expression increases during differentiation into neurons of hiPSCs
carrying MAPT-WT. (B) MAPT expression increases continuously during neuronal differentiation regardless of MAPT genotype. (C) Rhes quantification in the brains of
rTg4510 transgenic mice and littermate controls. Rhes increases as both transgenic and control mice age, but these increases are significantly lower than for younger
transgenic mice [two-way ANOVA: age, P = 3.24 x 1073 genotype, P=8.01 x 1073; interaction, P = 0.88 (n.s.)]. (D to M) Rhes reduction in 20-week-old transgenic mice by
both lonafarnib and Rhes-miR treatments. Untreated rTg4510 mice had a mean of 693.3 + 27.0 Rhes-positive cells/mm? in the cortex (CTX) and 530.0 + 54.9 cells/mm? in the
hippocampus (HPF). Chronic administration of lonafarnib reduced Rhes to 409.1 + 18.5 cells/mm? (P=5.62x 10_3) in the cortex and to 252.6 + 23.7 cells/mm? (P=9.29x 10'3)
in the hippocampus. Rhes-miR treatment reduced Rhes to 396.27 + 31.52 cells/mm? (P = 0.002) in the cortex and to 268.1 + 16.1 cells/mm? (P = 0.033) in the hippocampus.
Statistics shown for Wilcoxon tests. (A to C) n = 3 (female:male ratio; Ctrs 5 wk 1:2, 10 wk 0:3, 20 wk 2:1, 32 wk 2:1; Tg 5 wk 3:0, 10 wk 0:3, 20 wk 2:1,32 wk 1:2). (DtoM) n=3
(female:male ratio; Unt, 0:3; L80, 3:3; Veh, 3:3; Rhes-miR, 1:2). Scale bars, 100 um. *P < 0.05 and **P < 0.01.

physiological increase was suppressed in the presence of tau muta-
tions. Because iPSC-derived neurons remained relatively immature,

observations suggested that a compensatory Rhes reduction could
protect younger animals by maintaining lower Rhes expression.

tracking RASD2 at more advanced ages was not possible. Therefore,
the RASD2 transcript was measured in rTg4510 transgenic mouse
(24) brains and those of their littermate controls at 5, 10, 20, and
32 weeks. Consistent with cultured cell line results, as mice aged,
Rhes increased (Fig. 8C). Rhes expression was lower in younger
transgenic mice (5 and 10 weeks of age) that expressed mutant tau
than their littermate controls that expressed only WT mouse tau.
However, by 20 and 32 weeks of age, the difference between trans-
genic mice and littermate controls was no longer significant. These
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Lonafarnib-mediated lowering of Rhes expression, as observed in
the animal experiments, replicated the early homeostatic response
to tau mutations in the rTg4510 mouse cortex (Fig. 8, D to H) and
hippocampus (Fig. 8, I to M).

DISCUSSION
Attempts to treat the genetic tauopathies have been impeded by the
absence of an understanding of the molecular pathways that connect

110f 17



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

genotype to phenotype. The effects of the farnesyltransferase inhibi-
tor lonafarnib on tau pathology allowed this drug to serve as a probe
for the discovery of disease-relevant pathways. Although farnesyl-
transferase inhibitors, such as lonafarnib, affect many farnesylated
substrates, the major effects of the drug appear to be mediated through
membrane-associated Rhes. Therefore, the data point to this regu-
lated pathway as a druggable target for tauopathies and possibly other
neurodegenerative diseases where pathological inclusions are medi-
ated by lysosomal dysfunction. Lonafarnib had its principal effect on
enhancing protein degradation in the lysosome (Fig. 4). When Rhes
was overexpressed in mouse primary neurons to increase PHF-1 and
the neurons were then treated with lonafarnib, the effects of the drug
on PHF-1 were prevented by the lysosomal inhibitors NH4Cl and
leupeptin (Fig. 6, E to H). Furthermore, inhibition of Rhes in the
rTg4510 mouse phenocopied the effects of lonafarnib (Fig. 5). Posit-
ing the lysosome as the drug target in the mouse is consistent with
observations that the P301L tau mutation interferes with the degra-
dation of tau through all autophagic pathways (8).

Contributing to the mechanism of Rhes action is its role as a sumo
ligase (18). Tau is both sumoylated (36) and ubiquitinated (37, 45).
However, in contrast to mHtt, which was reported to bind to Rhes
(18), we did not observe an interaction between Rhes and tau in
coimmunoprecipitates of rTg4510 cortical lysates (fig. S11). Both
Rhes-miR and lonafarnib were able to suppress sumoylation and
ubiquitination in rTg4510 mice (fig. S6). We observed some sumo-
and ubiquitin-positive cells in the absence of MC1 immunoreactivity,
suggesting the presence of substrates other than tau for these pro-
teins (fig. S6, K and N). Both lonafarnib and Rhes-miR decreased
the probabilities of double labeling, thereby suggesting a link between
the Rhes pathway and activation of sumoylation and ubiquitination
(fig. S6). However, we could not observe changes in tau sumoylation
or tau ubiquitination in the brain cortex of lonafarnib-treated mice
(fig. S11), which could imply that sumo or ubiquitin targets, other
than tau, are sensitive to this treatment and their identification war-
rants further investigation.

Many questions remain regarding the pathway, from membrane
disassociation of Rhes to lysosomal activation (fig. S12). Farnesylation
of Rhes may serve as a switch between its effect on mTOR to inhibit
autophagy and on beclin-Bcl2 to activate autophagy. The regulation
of autophagy by Rhes under neurodegenerative disease conditions
was reported to be independent of mTOR (17); hence, strategies that
activate mTOR may not be opportune therapeutic options. On the
other hand, strategies that activate autophagy have shown beneficial
effects (10, 46). One limitation of our study is the broad effect of
farnesyltransferase inhibition on many farnesylated proteins in cells
besides Rhes. Whereas these broad effects of farnesyltransferase in-
hibition do not appear to be toxic, how they contribute to our find-
ings will require further study.

From stem cells (47) to aged cells (48), proteostasis is a highly reg-
ulated process over the lifespan. Rhes is developmentally regulated,
being low in neuronal precursor cells and young animals and grad-
ually increasing with maturation (Fig. 8). The persistently reduced
Rhes in iPSC-derived neurons harboring tau mutations (Fig. 7) sug-
gested a homeostatic response to the mutation (17, 49) by which the
cell can sense tau mutations before inclusions are evident and respond
by activating the lysosome through endogenous reduction of Rhes.
An increase in lysosomal proteolysis in response to mutant tau ex-
pression has been reported (8). Immature hiPSC-derived neurons and
young rTg4510 mice appeared to compensate for the deleterious
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effects of the tau mutation by reducing Rhes (Figs. 7 and 8). Under
control conditions, the RASD2 transcript expression increased co-
incident with increases in tau, whereas this rise in Rhes failed to occur
in the presence of tau mutations (Fig. 8, A and B). Tracking Rhes in
hiPSC-derived neurons was limited by the fact that these cells do not
fully mature. However, as tau pathology in rTg4510 mice advanced,
cells escaped from the autoregulatory controls that lower Rhes to
protect the cell, resulting in an increase in Rhes (Fig. 8C). This Rhes
sensor system appeared to be sufficiently sensitive to detect the tau
P301L mutation in the alternatively spliced tau exon 10, although its
expression was low in hiPSC-derived neurons (fig. S9D). A similarly
complex picture regarding the role of Rhes in HD and Parkinson’s
disease has been proposed (17, 50). Rhes is down-regulated in these
diseases (50-52), yet in HD, increasing Rhes expression augments
cytotoxicity (39). Thus, the Rhes pathway serves as a highly sensitive
sensor. By inhibiting Rhes farnesylation, Rhes is reduced probably
because of its degradation when released from cell membranes.

The pharmacological approach described here will likely re-
quire early and chronic intervention. Once tau pathology emerged,
lonafarnib was no longer effective. Nevertheless, the broad implica-
tion of proteostasis in many neurodegenerative diseases including
Parkinson’s disease, HD, Alzheimer’s disease, and frontotemporal
dementia (48, 53, 54) requires a concerted effort to explore relevant
pathways for therapeutic effects. The safety profile of lonafarnib
(21, 22) makes this drug a promising candidate for repurposing to
treat tauopathies due to tau mutations.

MATERIALS AND METHODS

Study design

Using tau transgenic rTg4510 mice, we evaluated the effects of
farnesyltransferase inhibition on one of its substrates, Rhes. The
farnesyltransferase inhibitor lonafarnib and siRNA-mediated sup-
pression were used to assess tau pathology and related behaviors
in the mice. The study design included quantitative immunohisto-
chemistry on mouse brain tissue for markers of tau pathology as
well as behavioral testing such as marble burial, nesting, and circling.
Mice were randomly assigned to experimental groups, and behav-
ioral testing was documented by blinded investigators. Using pri-
mary cultures of hippocampal neurons from mice, we tested the
effects of lonafarnib on phospho-tau. We determined the mecha-
nism of lonafarnib action as an effector of tau protein degradation
by probing autophagic/lysosomal and proteasome pathways in cell
lines. Last, we used human neurons generated from iPSCs derived
from patients with frontotemporal dementia harboring MAPT mu-
tations to search for differential gene expression associated with the
tau mutations.

Animal studies
This study was conducted in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals and the
Association and Accreditation of Laboratory Animal Care Interna-
tional guidelines and under the authorization of the Institutional
Animal Care and Use Committee and the University of California,
Santa Barbara. Animals were placed on a standard rodent diet ad
libitum and housed under a 12-hour/12-hour light-dark cycle.
Transgenic rTg4510 mice (24) were purchased from the Jackson
Laboratory (Bar Harbor, ME) and maintained by breeding B6
CaMKII-tTA heterozygotes (003010) with FVB.tetO-MAPT-P301L
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heterozygotes (015815). Weanlings were PCR-genotyped with DNA
obtained from an oral swab (Puritan, Guilford, ME) using KAPA
mouse genotyping kits for DNA extraction and amplification (Kapa
Biosystems, Wilmington, MA), as suggested by the Jackson Laboratory
(PCR primers used: forward, oIMR8746; tTA reverse, o IMR8747; tTA
control forward, oIMR8744; tT A control reverse, 0IMR874; MAPT for-
ward, 14159; MAPT reverse, 14160; MAPT control forward, oIMR7338;
MAPT control reverse, oIMR7339). Identified double transgenics were
used in the experiments and reported here as transgenics; littermates
identified as negative for both tTA and MAPT-P301L were used as
nontransgenic controls, where indicated. Doxycycline was not used
to turn off the expression of MAPT-P301L transgene in this study.

Lonafarnib was synthesized by Cayman Chemical Company (Ann
Arbor, MI), certified 99.9% or higher purity by high-performance
liquid chromatography, and stored lyophilized at —20°C. Lonafarnib
(100x) was dissolved in DMSO heated to 95°C until the solution was
clear and 12 mg/ml was resuspended in 20% (2-hydroxypropyl)-p-
cyclodextrin (Sigma-Aldrich) as a vehicle. Resuspended solution was
stored at 4°C for less than a week. Ten-week-old rTg4510 mice were
orally administered lonafarnib (80 mg/kg per day) or vehicle alone
by gavage feeding in an alternate schedule of five consecutive days
followed by five resting days for 10 weeks. Cortical protein lysates
were blotted with HDJ-2 (KA2AS5.6, Invitrogen, MA5-12748) to de-
termine the farnesylation state of HDJ-2 after lonafarnib treatment
in mice.

Overexpression and silencing of Rhes were achieved by stereotactic
injections of ice-cold lactated ringer dialyzed AAVs (AAV 2/5) car-
rying either Rhes-IRES-GFP (Rhes), an engineered Rhes-targeted
synthetic microRNA (Rhes-miR), or U6 alone to the entorhinal
cortex on bregma coordinates —0.30 (anteroposterior), —2.00 (lateral),
and —4.80 (dorsoventral). Stereotactic injections of 1 x 10° viral parti-
cles were performed on rTg4510 mice at 10 weeks of age. Packaged viral
vectors were provided by B. Davidson (University of Pennsylvania)
and kept at —80°C until dialysis.

Sample preparation and immunocytochemistry

Animals were transcardially perfused using 4% paraformaldehyde in
0.1 M sodium cacodylate (Electron Microscopy Sciences, Hatfield,
PA) for 15 min at room temperature. Brains were then dissected and
immersion-fixed for 48 hours at 4°C. Immunocytochemistry was
carried as described elsewhere (55). Briefly, samples were rinsed 5 x
5 min in phosphate-buffered saline (PBS; pH 7.4) and then coronally
sectioned at 100 um using a vibratome (Leica, Lumberton, NJ). Sec-
tions were immersed in normal donkey serum 1:20 in PBS contain-
ing 0.5% bovine serum albumin, 0.1% Triton X-100, and 0.1% sodium
azide (PBTA) at 4°C on a rotator for continuous overnight agitation
followed by immersion in MC1 (provided by P. Davies, Feinstein
Institute for Medical Research, Manhasset, NY; mouse monoclonal,
1:200), anti-Ibal (Wako Laboratory Chemicals, Richmond, VA; rabbit
polyclonal, 1:200), anti-GFAP (Abcam, San Francisco, CA; chicken
polyclonal, 1:500), anti-RASD2 (GeneTex, Irvine, CA; GTX85428,
rabbit polyclonal), anti-ubiquitin (Abcam, ab7780; rabbit polyclonal),
and anti-sumo 1 (Abcam, ab11672; rabbit monoclonal) diluted in
PBTA. The following day, sections were rinsed 5 x 5 min in PBTA
and 1 x 1 hour in PBTA and then placed in secondary antibodies
donkey anti-mouse 568, anti-rabbit 488, and anti-chicken 647 (Jackson
ImmunoResearch Laboratories, West Grove, PA; 1:200). Last, sec-
ondary antibodies were rinsed and mounted using VECTASHIELD
(Vector Laboratories Inc., Burlingame, CA) on a glass slide and sealed
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under an 18 x 18 #0 micro-coverslip (Thomas Scientific, Swedesboro,
NJ) using nail polish.

Large-scale mosaic acquisition, registration, and
image analysis
Specimens were screened and imaged using an Olympus Fluoview
1000 laser scanning confocal microscope (Center Valley, PA) equipped
with an argon 488-nm photodiode laser and HeNe 543/633-nm
photodiode lasers as well as precision motorized stage (Applied Sci-
entific Instrumentation Inc., Eugene, OR). Three coronal sections
per mouse that spanned the hippocampal formation from anterior to
posterior were selected. Mosaics were captured using an UPlanSApo
20x air lens, 0.75 numerical aperture at 1-um intervals along the
z axis and a pixel array of 800 x 800 in the x-y axes. Image stacks were
collected sequentially using the Olympus Fluoview software version
4.2 with 5% overlap between individual tiles. Alignment and regis-
tration of individual tiles were performed in a semiautomated fash-
ion by Imago 1.5 (Mayachitra Inc., Santa Barbara, CA).
Whole-brain mosaics were manually segmented into either hippo-
campal or cortical regions using Fiji version 2.0.0. Images were set as
8-bit, and thresholds were manually adjusted. Total number of MC1-
positive neurons and Ibal-positive microglia were quantified using
Fiji’s Analyze Particles function (56). Segmentation of anti-GFAP
staining was performed using Weka (57), a third-party library in-
cluded in Fiji. The numbers of Rhes-positive, sumo-positive, and
ubiquitin-positive cells were quantified in Fiji by discretely count-
ing cells positively immunostained over threshold adjustments
indicated above on confocal z-stacks of micrographs collected at
1024 x 1024 pixel arrays.

Behavioral characterization
Nest shredding behavior was qualitatively measured according to pub-
lished guidelines (29) with modifications. Briefly, unscented nestlets
were provided during husbandry and kept in the cage for 24 hours.
Nest shredding behavior overnight was estimated on a 0 to 5 scale,
with 0 indicating unshredded bedding material and 5 denoting a
completely shredded nest that displayed a rounded appearance.
Twenty-five blinded independent observers reviewed images of over-
night nests, and the average quality scores were calculated. After this
time, a picture of the remaining nestlet or the nest was taken, and the
pictures were scored on a 0 to 5 scale: 0 for an unshredded nest, 1 and
2 for nests slightly to moderately shredded, 3 and 4 for nests that were
shredded but the appearance of the nest was flat, and 5 for nests that
were fully shredded and the appearance of the nest was round and full.
Scores of each nest were assigned blindly by 25 independent observers,
and these scores were averaged to produce net-scores (Fig. 3D).
Kruskal-Wallis tests followed by Wilcoxon post hoc tests were used
to determine statistical significance in the difference of means.
Marble burial was evaluated as previously reported (28) with mi-
nor modifications as follows: 20 marbles of 15 mm in diameter were
spaced by 4 cm in five rows of four marbles each on the surface of
a gently packed 5-cm-deep wood chip bedding in a double-size rat
cage. A mouse was left alone in the cage for 30 min and then returned
to its housing cage. An observer blinded to the treatment counted
the number of marbles buried. Any marble buried more than two-thirds
of its size was counted. Each mouse was assessed three times on
consecutive days, at the same time in the afternoon, and data were
reported as average + SEM of the percentage of buried marbles per
animal. A two-way ANOVA test was used to evaluate the effect of

130f 17



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

aging and genotype in marble burying. Kruskal-Wallis tests followed
by Wilcoxon post hoc test were used to determine statistical signif-
icance of marble burying in transgenic mice treated or left untreated
with lonafarnib.

rTg4510 transgenic mice displayed left-patterned accelerated gate
(circling) behavior, which was often spontaneous but could also be
stimulated by the presence of an observation. To quantify, mice were
observed during marble burial experiments and categorically assigned
to either circling or not circling categories. Circling never fully stopped
during the observation period, which was longer than 5 min. The
ratio of circling mice to the total number of mice was determined
(n = 6). Statistical significance was evaluated with a two-sample test
for equality of proportions without continuity correction (R, prop.
test) to rTg4510 control mice.

Evaluation of intracellular proteolysis and autophagy in
lonafarnib-treated cells

Mouse fibroblasts (NTH3T3) or neuroblastoma N2a cells were ob-
tained from the American Type Culture Collection. Cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM)
(Sigma-Aldrich, St. Louis, MO) in the presence of 10% newborn
calf serum (NCS), penicillin (50 pg/ml), and streptomycin (50 pg/ml)
at 37°C with 5% CO; and treated with varying concentrations of
lonafarnib (0.25 to 1 uM).

Macroautophagy activity in intact cells was measured upon trans-
duction with lentivirus carrying the mCherry-GFP-LC3 tandem con-
struct (32). Cells were plated on coverslips or glass-bottom 96-well
plates, and fluorescence was read in both channels. Puncta positive
for both fluorophores correspond to autophagosomes, whereas those
only positive for the red fluorophore correspond to autolysosomes.
Autophagic flux was determined as the conversion of autophagosomes
(yellow) to autolysosomes (puncta; red). In a second set of experiments,
macroautophagy activity was determined by immunoblot for LC3
(2775, Cell Signaling Technology, 1:1000) and p62 of cells exposed
to inhibitors of lysosomal degradation (100 uM leupeptin/20 mM
NH,CI). Autophagic flux was calculated as the increase in these two
proteins in inhibitor-treated cells relative to untreated. Markers of
macroautophagy were also evaluated by immunoblot for these two
proteins in brain lysates from WT and rTg4510 transgenic mice
treated or not with lonafarnib.

CMA activity was quantified in intact cells using the photoswitchable
KFERQ-PS-Dendra2 reporter transduced into cells using lentiviral
delivery (33). Cells were photoswitched with a 405-nm light-emitting
diode (Norlux) for 4 min with an intensity of 3.5 mA (current constant).
CMA activity was quantified as the number of Dendra photoconverted
positive puncta per cell. Endosomal microautophagy (34) activity was
measured in intact cells using a recently developed N-terminal KFERQ-
split-Venus and C-terminal KFERQ-split-Venus (8). As the half pro-
teins are targeted to the multivesicular bodies in late endosomes, the
confined space inside these vesicles favors the interaction of the two
parts, and once Venus is joined, punctate fluorescence results. The
amount of reporter undergoing degradation in this compartment can
be estimated by comparing the number of puncta in cells treated or
not with NH,Cl and leupeptin to inhibit lumenal degradation.

To determine possible changes in proteasome-dependent degra-
dation, cells were transduced with lentivirus carrying the degron-
GFP (35) that will undergo rapid degradation inside cells unless
lactacystin is added to inhibit proteasome activity. Rates of degrada-
tion are calculated as the increase in total cellular fluorescence upon
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addition of lactacystin, and discounting changes in cells transduced
with lentivirus carrying a mutant-degron-GFP, unable to undergo
selective proteasome degradation.

For all reporters, cells plated in glass-bottom 96-well plates were
treated for the indicated times, and after fixation, images were ac-
quired using a high-content microscope (Operetta, PerkinElmer).
Images of nine different fields per well were captured, resulting in
an average of 2500 to 3000 cells. Nuclei and puncta were identified
using the manufacturer’s software. The number of particles/puncta
per cell was quantified using the “particle identifier” function in the
cytosolic region after thresholding in nonsaturated images (58). In
all cases, focal plane thickness was set at 0.17 um and sections with
maximal nucleus diameter were selected for quantification. Values
are presented as the number of puncta per cell section that, in our
acquisition conditions, represents 10 to 20% of the total puncta per
cell in flat cells such as NIH3T3 and 2 to 5% of the total puncta per
cell in round cells such as N2a.

To measure degradation of long-lived proteins, confluent cells
were labeled with [*H]leucine (2 pCi/ml) for 48 hours at 37°C and
then extensively washed and maintained in complete (10% NCS) or
serum-deprived medium containing an excess of unlabeled leucine
(2.8 mM) to prevent reutilization of radiolabeled leucine (59). Al-
iquots of the medium taken at different times were precipitated with
trichloroacetic acid, and proteolysis was measured as the percent-
age of the initial acid-insoluble radioactivity (protein) transformed
into acid-soluble radioactivity (amino acids and small peptides)
at the end of the incubation. Total radioactivity incorporated into
cellular proteins was determined as the amount of acid-precipitable
radioactivity in labeled cells immediately after washing.

All numerical results are reported as means + SEM. Statistical
significance of the difference between experimental groups was an-
alyzed by two-tailed unpaired Student’s ¢ test. Differences were con-
sidered statistically significant for P < 0.05.

Evaluation of proteolysis contribution to
lonafarnib-enhanced tau degradation

Hippocampal primary mouse neuronal cocultures were prepared
from E19 mouse hippocampi, dissected and dissociated with 2.5%
trypsin, and plated in poly-1-lysine-coated cell culture six-well plates
at a density of 250,000 neurons per well. Hippocampal neurons were
matured for 3 weeks in neurobasal medium supplemented with N2,
B-27, and L-glutamine with 1% penicillin and streptomycin cock-
tail. Neurons were fed by replacing half of the culture medium with
prewarmed and freshly supplemented medium twice per week. Cells
were then transduced with 1 x 10’ AAV 2/5 particles per well to
either overexpress or silence Rhes and simultaneously treated with
lonafarnib at varying concentrations ranging from 0 to 1 pM. Cell
lysates were obtained 24 hours after treatment with radioimmuno-
precipitation assay buffer after adding proteasome inhibitor cock-
tail (cOmplete, Roche, Branford, CT) and phosphatase inhibitor
cocktail (Sigma-Aldrich), as per the manufacturer’s instructions.
Proteins were separated with SDS-PAGE and wet-transferred to ni-
trocellulose. Membranes were then blotted with PHF-1 and B-actin
(1:1000, each) and imaged using a LI-COR fluorescent scanner.

To dissect the contribution of diverse proteolysis pathways, hippo-
campal primary mouse neurons treated as described above with AAV
2/5 to overexpress Rhes in the presence of 250 nM lonafarnib were
further treated in the presence of either a cocktail of 20 mM NH,4Cl and
100 uM leupeptin to prevent lysosomal-mediated proteolysis or 5 UM
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MG-132 to block proteasome-mediated proteolysis or were left un-
treated. Cell lysates were collected as described above 12 hours after
treatments, or treatments were replenished at 12 hours, and lysates
were collected 24 hours after treatments began. Membranes were
blotted with PHF-1, p62 (ab56416, Abcam) at 1:1000, or B-tubulin IIT
(Sigma-Aldrich) at 1:5000.

Statistical analysis

Specific statistical analyses performed for different experimental pro-
cedures varied depending on the specific experimental technique.
Therefore, the statistical methodologies are specified within the
Materials and Methods subsections. In more general terms, normality
assumption was tested with the Shapiro-Wilk test, where normality
assumption was rejected if P < 0.05. When comparing averages in
two groups, two-sided Student’s ¢ test or Welch ¢ test was performed
when normality assumption was not rejected, and Mann-Whitney
U test was performed otherwise. For comparing averages on multi-
ple groups, one-way ANOVA followed by Tukey’s HSD post hoc
tests were evaluated if the normality assumption was not rejected,
and Kruskal-Wallis tests followed by Wilcoxon tests were used other-
wise. To assess the effect on a dependent variable when two indepen-
dent variables such as age and phenotype were measured, two-way
ANOVA tests were performed. Differences in the mean were con-
sidered to be significant when P < 0.05, and degree of significance was
reported with *P < 0.05, **P < 0.01, ***P < 0.001, and ***P < 1 x 10™%,
respectively.

For experiments involving mice, sample size (n) and female:male
ratios used at each experiment are indicated in the figure legends.
Power analysis was performed to verify that a power greater than
0.80 was obtained while minimizing unnecessary animal usage in
replication. For experiments using cell lines or hiPSC-derived neu-
ron cultures, the number of independent biological replicates is
reported (N).

SUPPLEMENTARY MATERIALS
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Materials and Methods

Fig. S1. Tau pathology progression in rTg4510 transgenic mice.

Fig. S2. PHF-1 immunoreactivity is reduced by lonafarnib treatment.

Fig. S3. Acute treatment of lonafarnib does not alter tau pathology in aged rTg4510
transgenic mice.

Fig. S4. Effect of lonafarnib in macroautophagy and CMA.

Fig. S5. Farnesyltransferase activity inhibition activates autophagy.

Fig. S6. Sumo and ubiquitin are reduced by lonafarnib and Rhes-miR treatments.
Fig. S7. Lonafarnib’s effect on Rhes localization.

Fig. S8. Degradation of Rhes is insensitive to lysosomal proteolysis blocking.

Fig. S9. Lonafarnib treatment is effective in reducing phospho-tau in iPSC-derived neurons.
Fig. $10. Transcriptomic analysis of hiPSC-derived neurons harboring tau mutations.
Fig. S11. Ubiquitinated and sumoylated tau are not altered by lonafarnib treatment.
Fig. S12. Model for a Rhes pathway mechanism.

Movie S1. Lonafarnib attenuates behavioral circling in rTg4510 (mp4).
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Abstract

One-sentence summary: Targeting farnesylation of Rhes induces lysosomal-mediated tau degradation and
reduces tau pathology in mice with tauopathy.

Editor’s Summary:
A rheostat for tau pathology

Tau inclusions are a prominent feature of many neurodegenerative diseases and are considered to be a potential
therapeutic target. Hernandez et al. now report a previously unrecognized pathway leading to tau clearance
via the lysosome. Activation of this pathway by inhibiting the enzyme farnesyltransferase blocks the attachment
of a neuronal protein, Rhes, to the cell membrane. Farnesyltransferase inhibitors are already in use in human
patients for treating cancer. The authors treated a mouse model of tauopathy with one such drug, lonafarnib,
and were able to prevent the formation of tau inclusions, decrease microgliosis and brain atrophy, and attenuate
behavioral abnormalities.
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