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Abstract

The farnesyltransferase inhibitor, Lonafarnib, reduces tau inclusions and associated atrophy

in familial tauopathy models through activation of autophagy, mediated by the inhibition of
farnesylation of the Ras GTPase, Rhes. While hinting at a role of Rhes in tau aggregation,

it is unclear how translatable these results are for sporadic forms of tauopathy. We examined
histological slides of allocortex and neocortex from multiple postmortem cases in five different
tauopathies, FTLD-TDP, and healthy controls using immunofluorescence for Rhes, several tau
post-translational modifications, and phospho-TDP-43. Single nucleus RNA data suggest that
Rhes is found in all cortical neuron subpopulations but not in glia. Histologic investigation showed
that nearly all neurons in control brains display a pattern of diffuse cytoplasmic Rhes positivity.
However, in the presence of abnormal tau, but not abnormal TDP-43, the patterns of neuronal
cytoplasmic Rhes tend to present as either punctiform or entirely absent. This observation
reinforces the relevance of findings that link Rhes changes and tau pathology from the /n vivoand
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in vitro models of tauopathy. The results here support a potential clinical application of Lonafarnib
to tauopathies.
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INTRODUCTION

Despite being the most frequent underlying cause of dementia, tauopathies remain without
effective treatments and are increasing in prevalence [8, 24]. Tauopathies encompass many
distinct neuropathological entities that feature the accumulation of abnormally folded tau
protein followed by associated neuron and synapse loss. Alzheimer’s disease (AD) is

the most common tauopathy and features both 3- and 4-repeat tau inclusions. Among

the sporadic tauopathies, progressive supranuclear palsy (PSP), corticobasal degeneration
(CBD), and argyrophilic grain disease (AGD) show 4-repeat tau inclusions predominantly
while Pick’s disease (PiD) features 3-repeat tau inclusions. Although the overwhelming
majority of tauopathies occur sporadically, more than 50 mutations in MAPT lead to
abnormal tau accumulation and different expression patterns of frontotemporal lobar
degeneration (FTLD) in an autosomal dominant pattern of inheritance [22, 30, 31]. These
mutations are the basis for biomedical research in tauopathies, as they can be incorporated
into transgenic cell lines or /in vivo systems that model tauopathies; however, it is unclear
how generalizable findings from these familial models are for the more common sporadic
tauopathies.

Immunotherapies have been the most common class of drugs brought to clinical trials

for tauopathies; however, they have, thus far, produced lackluster results [11, 33]. Other
approaches have attempted to modulate post-translational modifications of tau [18, 20,

33, 36] or reduce MAPT mRNA expression using antisense oligonucleotides [4]. The
well-documented dysfunction in autophagy across tauopathies [2, 32] establishes autophagy
modulation as an attractive strategy to enhance clearance of aggregated tau across the broad
spectrum of tauopathies [2, 15]. These efforts have shown some promise in preclinical
settings and may become effective treatment strategies for tauopathies.

Farnesyltransferase inhibitors were initially developed for cancer treatment by acting on
farnesyl protein transferase, a necessary protein CaaX farnesylation catalyst, to inhibit
Ras oncoproteins [13]. A pharmacological class effect of farnesyltransferase inhibitors is
enhanced autophagy [25]. The farnesyltransferase inhibitor, Lonafarnib, was successfully
used /n vitro and in mouse models of familial tauopathy to reduce the burden of tau
inclusions by enhancing autophagic activity [10]. Specifically, Lonafarnib acts through
the Ras guanosine triphosphatase, Ras homolog enriched in striatum (Rhes) to activate
autophagic degradation of tau aggregates. Rhes may suppress autophagy by binding to
and activating the mammalian target of rapamycin (mTOR) [29]. Through sequestration of
Beclin-1 from inhibitory binding to Bcl-2, Rhes can also activate autophagy independent
of mMTOR [19]. When farnesylation is blocked by an inhibitor such as Lonafarnib, Rhes
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dissociates from membranes, allowing it to sequester Beclin-1 and upregulate autophagy
[10].

Although promising, these model-based observations’ translatability to treating tauopathies
using a farnesyltransferase inhibitor, particularly in the case of sporadic tauopathies, is
unclear. Furthermore, little is known about the pattern of Rhes expression in human neurons,
particularly outside the striatum and in the context of neurodegenerative conditions.

Rhes is encoded by the gene RASD2and was thought to be predominantly expressed

in the striatum [10, 34]. Some studies suggest that Rhes expression in specific neuronal
subpopulations is the basis of selective vulnerability to Huntington’s disease, a genetic
neurodegenerative condition causing profound striatal and mild cortical neuronal loss [9].
However, tauopathies show only mild striatal involvement, with significant involvement of
cortical and other subcortical structures. The evidence for Rhes expression in human cortical
neurons is scant with just one study, to our knowledge, showing scattered expression of
RASD2mRNA throughout the cortices of humans and mouse models using autoradiography
[34].

An in-depth understanding of Rhes expression, localization within neurons, and disease-
related changes in cortical regions vulnerable to tauopathies, if any, is a necessary step to
inform whether Lonafarnib should be explored as a treatment for tauopathies. To fill this
gap, we used multiplex immunofluorescence and single nucleus RNA sequencing (SNnRNA-
seq) in human brain tissue from healthy controls (HC) and a broad range of sporadic
tauopathies to characterize and measure phenotype changes in Rhes and its relationship to
the accumulation of tau aggregates.

MATERIALS AND METHODS

Participants and Neuropathological Assessment

Cases were sourced from the Neurodegenerative Disease Brain Bank at the University
of California, San Francisco Memory and Aging Center. Consent for brain donation was
obtained from subjects or next of kin following a protocol approved by the Institutional
Review Board of the University of California, San Francisco.

Upon autopsy, the brains were slabbed fresh into coronal slabs and fixed in 4% neutral
buffered formalin or frozen within 24 hours of death. Slabs undergoing formalin fixation
were transferred to phosphate buffered saline-azide after 72-hours of fixation and stored

at 4°C. A standardized set of 26 tissue blocks from neurodegenerative regions of interest
are dissected from these slabs and embedded into paraffin blocks. Immunohistochemical
and basic histological stains were used to assess neurodegenerative lesions for diagnoses
using antibodies for phospho-Ser202 Tau (CP13, Mouse, 1:250, courtesy of Peter Davies),
TDP-43 (Rabbit, 1:2000, 10782-2-AP, Proteintech, Chicago, IL), p-amyloid (Mouse, 1:500,
MAB5206, Millipore, Billerica, MA), and a-Synuclein (Mouse, 1:5000, LB509, courtesy of
J. Trojanowski and V. Lee). A final neuropathologic diagnosis was obtained after consensus
(LTG, SS, and WWS) using currently accepted guidelines [16, 17, 21].
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For the immunohistochemical component of this study, we selected 37 cases encompassing
five HC cases, 25 sporadic tauopathy (AD, PSP, CBD, PiD, and AGD) cases, and seven
cases of FTLD with TDP-43 inclusions (FTLD-TDP Type A and Type B). Half of the
cases for the tauopathy analysis were female, albeit with an uneven distribution of sexes
between groups, with a mean (sd) age of death of 73 (10) years (Table 1). A majority
(71%) of cases for the TDP-43 analysis were female, with a mean (sd) age of death of

11.8 (7.4) years (Table 2). Inclusion criteria included: lack of more than one primary or
contributing neuropathological diagnosis, lack of an Axis | psychiatric disorder, lack of non-
dementia neurological disorder, lack of gross non-degenerative structural neuropathology,
and a postmortem interval below 24 hours. HC cases were free of any clinical record of
cognitive decline, neurological, or a non-incidental neuropathological diagnosis.

Tissue processing, immunohistochemistry, and microscopy

Analysis of Rhes cytoplasmic neuronal distribution in healthy controls and
tauopathies—Thirty cases encompassing HC and tauopathies were used in this analysis.
The paraffin block containing the hippocampal formation at the level of the lateral
genicular body was sectioned at 8 pm for all 30 cases. The paraffin block containing the
superior frontal gyrus (SFG) was also sectioned at 8 pm for all cases, excluding the five
AGD cases (as AGD lacks inclusions in the SFG) for a final n=25 sections. Multiplex
immunofluorescence staining included antibodies for phospho-Ser396/404 tau (PHF-1),
Rhes, and NeuN (a pan-neuronal marker). Supplementary Methods 1.1 describe the staining
protocol in detail.

To establish criteria for analyzing Rhes in cortical neurons, we qualitatively examined the
cytoplasmic neuronal distribution of Rhes signal. Based on consensus (AJE and LTG),

we defined three different intraneuronal Rhes distribution patterns: Diffuse, Punctiform,

and Absent. To further understand the intraneuronal location of Rhes, we used multiplex
immunofluorescence against MAP2, Rhes, and NeuN (See Supplementary Methods 2) in
sections cut from the hippocampal formation cut at the level of the genicular body from

two tauopathy cases (one 64-year-old female with AD and one 69-year-old female with
PiD). Next, we quantified digital images of our sections in ImageJ, classifying and counting
neurons based on the pattern of Rhes cytoplasmic distribution and the presence of PHF-1 tau
inclusions. Methodological details are described in Supplementary Methods 1.2.

Analysis of Rhes cytoplasmic neuronal distribution in FTLD-TDP—We selected
cortical areas representing regions with a moderate-to-severe pathological burden in FTLD-
TDP. Paraffin blocks representing the inferior frontal gyrus (IFG) were cut at 8 pm

from three FTLD-TDP Type A cases. Similarly, we cut sections from paraffin blocks
representing the middle frontal gyrus (MFG) of four FTLD-TDP Type B cases. Multiplex
immunofluorescence staining included antibodies against phospho-TDP-43, Rhes, and
NeuN (see Supplementary Methods 3.1). Next, neurons were quantified based on the Rhes
pattern and presence of phospho-TDP-43 inclusions (see Supplementary Methods 3.2). We
did not include FTLD-TDP Type C cases because this subtype rarely shows cytoplasmic
neuronal inclusions in neocortical areas.
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Analysis of the association between Rhes neuronal patterns association and
tau post-translational modifications—To examine if the association between tau
inclusions and changes in Rhes neuronal patterns vary among inclusions featuring different
post-translational modifications, in addition to the analysis using PHF-1 labeled phospho-
tau, we sectioned paraffin blocks containing the hippocampal formation at the level of the
lateral genicular body from two AD cases (one 59-year-old male, one 64-year-old female).
These sections were immunostained with antibodies against Rhes, NeuN, and a variety

of abnormal tau forms: AT100 (phospho-Thr212/Ser214 tau), MC1 (conformational tau
changes), 1f3c (acetyl-Lys274 tau), and Tau-C3 (AAsp421 Tau). As in previous analyses,
neurons were quantified based on Rhes subtype and the presence of tau inclusions.
Supplementary Methods 4.1 and 4.2 describe the staining, imaging, and quantification
protocols in detail.

Cell type specificity for Rhes

Rhes has been extensively described in human striatal neurons, but its presence in other
neuron groups or glia cells has been less explored. To close this gap, we first analyzed
snRNA-seq data generated from an additional cohort of ten postmortem brain samples
representing HC and individuals across the neuropathological spectrum of AD, initially
published in Leng et al. [14]. This dataset is also available on Synapse (ID: syn21788402).
This dataset represents single-cell gene expression information and metadata from the EC,
labeled as “EC_allCells.rds”, and SFG (Brodmann area 8), labeled as “SFG_allCells.rds”.
Although the dataset includes different cases than those used in our immunohistochemical
analyses, the brain regions examined are similar. The log-scaled counts per million (CPM)
of RASDZtranscripts in cells from the cell type subpopulations identified in the entorhinal
cortex (EC) and SFG of Braak stage 0 cases were used to assess expression patterns. Next,
the mean log CPM of RASDZtranscripts within groups 2 and 4 of excitatory EC neurons
[14] was taken for each case (n=10) and compared between Braak stages 0, 11, and VI [1]
using a one-way ANOVA. These findings were validated in independent datasets containing
other brain areas using an online tool (brainrnaseq.org) [37].

Cell-type specificity for Rhes was further studied histologically, focusing on neurons and
astrocytes. To illustrate the lack of Rhes in astrocytes, we immunostained the hippocampal
formation cut at the level of the genicular body of an 82-year-old HC female. Supplementary
Methods 5 describes this staining protocol in detail.

Statistical analysis

To examine differences in the relative proportions of neuron populations belonging to each
phenotype between diagnoses, the proportion of neurons belonging to each Rhes pattern was
computed as the number of neurons featuring each of the three phenotypes divided by the
total number of neurons counted per case. Wilcoxon-Mann-Whitney tests were used to test
the null hypothesis that no significant difference exists in the proportion of total neurons
counted that present as Diffuse Rhes between HC and each disease in pairwise comparisons.

The proportions of neurons positive and negative for PHF-1 inclusions per Rhes phenotype
were computed for each region of interest (EC, Cornu Ammonis 1, and SFG) to test for
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differences in PHF-1 tau inclusion burden within each neuronal Rhes phenotype population.
Kruskal-Wallis rank-sum tests were used to test the null hypothesis that there was no
significant difference in the burden of PHF-1 tau inclusions between the three neuronal

Rhes phenotypes in each disease. At a group-level, combining all cases, one-way ANOVA’s
were used to test the null hypothesis that there was no significant difference in the burden

of PHF-1 tau inclusions between the three neuronal Rhes phenotypes in the EC, Cornu
Ammonis 1 (CAL), or SFG. For both Kruskal-Wallis rank-sum tests and one-way ANOVA'’s,
cases without a computed proportion (i.e., those with a denominator of 0) were omitted from
the analysis. We repeated the same analysis for the FTLD-TDP cases, classifying inclusions
based on labeling for phospho-TDP-43 instead of PHF-1 positive tau.

The analyses involving other post-translational modifications of tau did not involve
statistical tests as they were exploratory. Instead, the percentage of neurons positive for
each post-translational modification classified as each Rhes phenotype was computed and
averaged between the two cases.

The alpha level for all analyses was set to 0.05. Statistical analysis was conducted in the
software R, and graphs were produced with the R package ggplot2.

Rhes is widespread in cortical neurons of healthy controls, presenting in a diffuse
granular cytoplasmic distribution

Several studies have suggested that Rhes expression is mostly limited to the striatum, thus
the name Rhes. We detected Rhes signal in neurons throughout the allocortex (Figure 1a,
Supplementary Figure 1) and one neocortical area using immunofluorescence. In HC, we
found Rhes signal in over 95% of EC and over 99% of CA1 and SFG neurons. In these HC,
most neurons present Rhes as a cytoplasmic granular distribution extending into the dendrite
(Figure 1b—i).

To corroborate the findings, we analyzed snRNA-seq data from the EC (an allocortical
region) and SFG (a neocortical region) from a different cohort [14]. Within the Braak stage
0 cases (n=3), we detected RASDZ2transcripts in all excitatory and inhibitory neuronal
populations of these two regions (Figure 1j—k). Moreover, these results were validated in
independent datasets using the online tool at brainrnaseg.org [37] and immunohistologically
(Supplementary Figure 2). Both neuropathological and snRNA-seq data indicate that glia
lack Rhes (Figure 2, Supplementary Figure 2).

In tauopathies, neurons present as three phenotypes of Rhes cytoplasmic distribution

We qualitatively examined neurons in the EC, CA1, and SFG of all 30 HC and tauopathy
cases (Table 1) and defined three distinct phenotypes of neuronal cytoplasmic Rhes
distribution. The ‘Diffuse’ type features granular Rhes staining in the cell body extending
into the dendrite (Figure 2a). The ‘Punctiform’ type has large cytoplasmic Rhes+ puncta
with a variable granular background, extending into the dendrite (Figure 2b). The ‘Absent’
type features an absence of Rhes staining in the cell body and variable positivity in the
dendrite (Figure 2c).
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To confirm that Rhes is expressed in the dendrites, histological slides of the human
hippocampal formation from AD and PiD cases underwent multiplex immunostaining
with Rhes, MAP2, and NeuN. We observed that Rhes overlaps with MAP2 signal in the
neuronal processes of all three subtypes, indicating that it is present in dendrites (Figure 3,
Supplementary Figure 3).

The relative abundance of Rhes neuronal phenotypes in AD and other tauopathies

In HC, 94.4% of neurons in the EC, 97.6% of neurons in CA1, and 99.8% of neurons in the
SFG showed a diffuse Rhes phenotype, whereas tauopathy cases had a higher representation
of Punctiform and Absent phenotypes (Figure 4). A one-way ANOVA showed that the
proportion of neurons with a Diffuse phenotype was significantly different between each

of the tauopathies and HC in the EC (p = 0.002), CA1 (p < 0.001), and the SFG (p <

0.001). This finding suggests that in tauopathies, intraneuronal Rhes assumes a punctiform
presentation or is cleared from the neuronal cytoplasm in affected neurons.

AD and PiD showed the highest proportion of neurons with Punctiform or Absent Rhes
phenotypes (Figure 4a, ¢, d, Table 3). Notably, in AGD, a four-repeat tauopathy featuring
scarce to moderate numbers of cytoplasmic neuronal inclusions in the EC and CAL, the
proportion of neurons with diffuse Rhes phenotypes did not show a significant change
compared to HC. Similarly, CBD and PSP, 4-repeat tauopathies with mild neuronal
pathology, showed no significant differences in the proportion of neurons with Diffuse Rhes
phenotypes compared to HC in the EC, CA1, and SFG.

Changes in Rhes subtypes correlate with the presence of intraneuronal tau aggregates

Seeing that there is a possible correlation between abnormal tau accumulation in neurons
and Rhes cytoplasmic distribution changes, we examined how well the presence of PHF-1
positive tau inclusions associated with Rhes phenotype.

In slides immunostained for Rhes, PHF-1, and NeuN, we counted a total 26,357 neurons
(8,121 in the EC, 5,636 in CAL, and 12,600 in the SFG). Only a mean (sd) of 4.3% (0.7%)
Diffuse Type neurons in the EC, 7.4% (17.1%) in CA1, and 2.8% (3.8%) in the SFG were
PHF-1 positive. Conversely, a mean (sd) of 91.9% (18.8%) EC, 93.6% (14.9%) CAL, and
85.1% (35.7%) Absent Type SFG neurons harbored PHF-1 positive inclusions. Punctiform
type neurons showed a more balanced distribution of PFH-1 positivity with a mean (sd)
72.6% (32.3%) in the EC, 84.1% (25.0%) in CA1, and 56.7% (39.5%) in the SFG (Figure 6,
Table 5).

The proportion of neurons with PHF-1 positive tau inclusions significantly differ between
the three neuronal Rhes phenotypes (p < 0.0001 for EC, CA1, and SFG). Kruskal-Wallis
tests showed that this pattern is statistically significant (p < 0.05) in the EC for AD, CBD,
PiD, and PSP individually; all tauopathies individually for CA1; and AD, PiD, and PSP for
the SFG. When not statistically significant for an individual tauopathy, the patterns generally
followed the same trend.

The CA1 sector of AD cases showed the highest proportion of Punctiform and Absent
Rhes phenotypes. To examine if the correlation between neuronal Rhes phenotypes and
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tau inclusions differ across various tau post-translational modifications, we immunostained
CAL of two AD cases (59-year-old male and 64-year-old female) against Rhes, NeuN, and
several post-translational modifications of tau (Supplementary Figure 4): phospho-Thr212/
Ser214 Tau (AT100), acetyl-Lys274 Tau (1f3c), truncated AAsp421 Tau (Tau-C3), or
conformationally-changed tau (MC1). Overall, the correlation between these different tau
post-translational modifications and Rhes phenotypes followed the same patterns seen for
PHF-1. We sought to identify tau post-translational modifications that better discriminated
Rhes types than PHF-1 but did not identify such a post-translational modification (Table 6).

TDP-43 pathological change is not associated with Rhes neuronal phenotype

To examine if abnormal Rhes phenotype also associates with phospho-TDP-43 inclusions,
we examined cortical sections with moderate or severe TDP-43 pathological changes from
three FTLD-TDP Type A cases and four FTLD-TDP Type B cases. We failed to identify any
neurons with Punctiform or Absent Rhes phenotypes (Table 4, Figure 5).

RASD2 mRNA levels in selectively vulnerable excitatory neurons of the EC

Recent work using sSnRNA-seq [14] has identified two subpopulations of excitatory neurons
in the EC that show a higher vulnerability to AD changes than neighboring excitatory
neuron populations. Here, we used this same dataset, featuring three cases at Braak stage 0,
four at Braak stage I, and three at Braak stage VI, to test if RASDZ mRNA levels change
in these two vulnerable neuronal populations across AD progression. We computed the
mean log10(CPM) transcript levels for each case. For each of the two subpopulations, the
mean log10(CPM) of RASDZtranscripts was low (< 0.5). We failed to detect significant
differences in RASDZ2transcript levels among the three Braak stage groups for both
subpopulations (EC:Exc.s2 at p=0.286 and EC:Exc.s4 at p=0.404); however, we noted a
negative trend with increasing Braak stages (Figure 4b).

DISCUSSION

As an abbreviation for Ras homolog enriched in striatum, Rhes has been thought to be

a striatal-predominant protein. Here, we showed that Rhes is expressed throughout the
allocortex and neocortex, confirming other studies suggesting that Rhes expression extends
beyond striatal neurons [10, 34]. Rhes is widespread in cortical neurons and typically
presents with a diffuse cytoplasmic distribution (referred to as the Diffuse type) in over
94% of the EC, CAL, and SFG neurons in HC, suggesting that such distribution represents
the standard (i.e., healthy) neuronal phenotype. Noticeably, sporadic tauopathies feature an
increased representation of neurons with a cytoplasmic distribution of Rhes presenting as
punctiform in cell bodies (Punctiform type) or entirely without Rhes in cell bodies (Absent
type) in the three areas examined (the EC, CA1, and SFG).

We found a direct relationship between PHF-1 positive tau inclusions and changes in

Rhes phenotype in all tauopathies. Neurons with Punctiform and Absent phenotypes were
more likely to harbor tau inclusions than neurons with Diffuse Rhes. This observation
suggests that the population-level decreases in the proportions of neurons with Diffuse Rhes
in tauopathies are associated with either the tau inclusion itself or an upstream process
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affecting both tau aggregation and Rhes expression. While neurons with Diffuse Rhes
feature few PHF-1 positive tau inclusions, Absent Rhes neurons are predominantly PHF-1
positive, suggesting that abnormal (i.e., diseased) neurons are cleared of Rhes in the soma.
Meanwhile, punctiform Rhes appears to be an intermediate phenotype (Figure 7). Similar
patterns were observed for other tau post-translational modifications in AD cases.

Given that the Absent phenotype is more common in AD than HC, we examined whether
RADSZ mRNA expression levels decreased in the two excitatory neuronal subpopulations of
the EC thought to be more vulnerable to tau inclusions and neuron loss than other excitatory
neuronal subpopulations in AD [14]. Although we did not detect statistically significant
changes in transcript levels of RASDZbetween Braak stages, a negative trend emerged.
Further work with larger RNA-sequencing datasets should be done to understand how the
expression of RASDZ2 changes with disease progression in tauopathies.

This postmortem study in humans, together with /7 vivoand in vitrowork done in

familial tauopathy models [10], suggests the presence of a causal relationship between

Rhes clearance and tau proteinopathic lesions. The lack of abnormal Rhes phenotypes

(i.e., Punctiform or Absent types) associated with FTLD-TDP reinforces a unique
mechanistic link between Rhes changes and accumulation of abnormal tau inclusions.
Impaired autophagy is a well-established hallmark of neurodegenerative diseases, including
tauopathies [2, 23, 26, 32]. Rhes has an established role in autophagy modulation [10, 19,
25], including its role in forming tunneling nanotube-like protrusions [28]. These protrusions
are thought to facilitate the selective transfer of membrane vesicles and organelles, including
lysosomes and endosomes, between cells. Taking our data together with the previous work
on Rhes, the high co-incidence of Absent type neurons with PHF-1 positive inclusions may
be explained by the established role of Rhes in autophagy modulation [10, 19, 25].

While our findings suggest a causal relationship between Rhes clearance and tau
proteinopathic lesions, our study design precludes us from determining the direction of the
association. Hernandez and colleagues [10] demonstrated that pathogenic MAPT mutations
initially suppress age-related increases in Rhes, indicating that tau inclusions may drive
neurons towards the Absent phenotype. Conversely, the abundance of Punctiform type
neurons without PHF-1 positive tau inclusions suggests that changes in Rhes may precede
tau accumulation.

Our observations provide further explanation for findings in Hernandez et al. [10]. They
demonstrated that Lonafarnib effectively prevented the accumulation of tau proteinopathic
lesions in model systems but was not effective in clearing existing tau aggregations. If
end-stage neurons feature an absence of Rhes, they would lack the druggable target for
Lonafarnib to act. A notable proportion of PHF-1 positive neurons (23.6-39.7%) had an
absent Rhes phenotype in our sample, possibly explaining why Lonafarnib did not promote
significant clearance of tau aggregations in model systems.

The strong association between neuronal tau inclusions and abnormal (i.e., Punctiform
and Absent) Rhes phenotypes may explain why CBD and PSP showed only a minimal
number of neurons with Rhes phenotypic changes. Most cortical tau aggregation in CBD
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and PSP occurs in glia [3], where we found little evidence of Rhes expression (Figure 1,
Supplementary Figure 2). Despite this, the few cortical neurons with PHF-1 positive tau
inclusions in PSP and CBD predominantly displayed either a Punctiform or Absent Rhes
phenotype, as seen in AD and PiD. Similarly, AGD showed minimal changes in neuronal
Rhes; however, AGD is thought to be a relatively benign tauopathy, with most tau deposits
occurring in dendritic buttons and oligodendroglia [5, 27].

Caution should be taken in interpreting the results, as our investigation has limitations.
Postmortem studies are cross-sectional by nature. As such, we cannot assess longitudinal
changes in neuronal Rhes phenotypes in tauopathies and precisely how they mechanistically
relate to tau. For this reason, our study should be interpreted with others using model
systems [10]. Additionally, we have not yet identified sub-cellular structures that colocalize
with the puncta observed in Punctiform Rhes, nor have we resolved the pathophysiologic
changes that accompany the PHF-1 negative Punctiform neurons. Gaining a better
mechanistic understanding of the Rhes neuronal phenotypes in the manner of Figure 6
would be essential for precise manipulation of Rhes as a therapeutic target. Finally, although
we counted thousands of neurons, they only represented a fraction of the EC, CA1, and

SFG and did not inform on other cortical regions affected by tauopathies. The primary
outcomes here were agnostic to the neuropathological diagnosis. They focused on the
relationship between tau proteinopathic inclusions and changes in neuronal Rhes phenotype
in tauopathies as a whole class of diseases, to which we are sufficiently powered to make
conclusions. However, we lacked the power to conduct an extensive investigation comparing
each tauopathy.

This study also has several strengths. First, we used multiple independent datasets of RNA-
seq data to validate our immunohistochemical findings. Additionally, we investigated well-
characterized postmortem brain tissue of individuals with a range of sporadic tauopathies,
making us well-positioned to examine the translatability of results drawn from model
systems based on familial tauopathies. One limitation of /n vivoand in vitro tauopathy
models is the use of MAPT mutations. While also featuring tau aggregations, the specific
pathophysiology and etiology of rare familial tauopathies have differences with the more
common sporadic tauopathies studied here. It is infeasible to completely model the entire
molecular and physiological milieu surrounding neurodegeneration in model systems. As
such, it is unclear how generalizable the results of interventions in these model systems are.
It is imperative to examine the conclusions of model systems in the context of human cases,
as we have done here.

Lonafarnib is a well-tolerated drug with which there is existing clinical experience [6, 7,
12, 35]. Here, we show that the expression of a target of Lonafarnib, Rhes, is altered

in tauopathies, reinforcing the conclusions drawn from model systems. Our findings here,
in combination with the mechanistic work done by Hernandez and colleagues [10], lend
support to the establishment of a clinical study of Lonafarnib for early intervention in
tauopathies, including AD.
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Rhes (orange) is ubiquitously expressed throughout the human hippocampal formation of an
82-year-old female free of any neuropathological diagnosis (a). See Supplementary Figure

1 for the overlapping NeuN+ distribution. In the entorhinal cortex (b-e) and cornu ammonis
1 (f-i) neurons, Rhes has a cytoplasmic granular appearance (Hoechst 33342 in blue),
extending into proximal segments of neuronal processes (Diffuse Phenotype). All scale bars
B-I correspond to 20 um. (j-k) Violin plots of RASD2 transcript levels in different cell type
subpopulations in the entorhinal cortex (EC) and superior frontal gyrus (SFG) from Leng et
al. 2021. Cell type abbreviations: Exc, excitatory neurons; Oligo, oligodendrocytes; Astro,

astrocytes; Inh, inhibitory neurons; OPC, oligodendrocyte precursor cells; Micro, microglia;

Endo, endothelial cells.
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a. Diffuse Rhes b. Punctiform Rhes c. Absent Rhes

Figure 2:
Diffuse Phenotype (orange) neurons (a) feature diffuse Rhes staining in the cell body

extending into the apical dendrite. Punctiform Phenotype neurons (c) feature punctiform
Rhes signal in the cell body and often co-occur with PHF-1 (pink) positive tau inclusions.
Absent Phenotype neurons (c) feature clearance of Rhes from the cell body and often
co-occur with PHF-1 positive tau inclusions. Blue, DAPI; Orange, Rhes; Green, PHF-1;
Pink, NeuN. All scale bars correspond to 20 pm.
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Diffuse Rhes

Punctiform Rhes

Combined DAPI Rhes

NeuN

Absent Rhes

Figure 3:
In all three Rhes Phenotypes, projections of Rhes (green) overlap with MAP2 (pink). This

indicates that Rhes occurs in dendrites. Examples here from CA1 of a 64-year-old female
with AD (A3B3C3). Scale bars correspond to 10 pm.
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b. RASD2 mRNA expression in the EC in AD
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Figure 4:

Subpopulation

d. Rhes phenotypes in the SFG by disease

- Diffuse . Punctiform . Absent

The relative proportions of Rhes phenotypes across tauopathies in the entorhinal cortex

(A), CALl (C), and SFG (D). Diffuse Phenotype is the dominant phenotype, and its relative
proportion decreases in tauopathies, most notably in AD, PiD, and PSP. Single-nucleus RNA
expression data show a negative trend in the quantity of RASD2 with increasing Braak
stages transcripts within two selectively vulnerable excitatory neuron populations, but the
groups do not statistically significantly differ from one another (C).

Acta Neuropathol. Author manuscript; available in PMC 2022 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Ehrenberg et al.

a. PHF positivity by Rhes phenotype in the EC

1.00- $ —_—
3 .
=
R .
T0.75-
(o % ° . L]
8
o) .
3
20.50-
o .
$ : e
20.25-
19 . .
a s .
0.00- *
Diffuse Punctiform Absent

E3 PHF-1 Negative B3 PHF-1 Positive

c. PHF positivity by Rhes phenotype in CA1

1.00- ; . o
- .
S
5 0.75- ° 5
2 . .
o
a .
Qo
>
©0.50- D . o o
o
c L]
=] ° °
=
80.25- = 5
]
a
0.00 i . =
Diffluse Punc{iform Abs'ent

E3 PHF-1 Negative BE PHF-1 Positive

e. PHF positivity by Rhes phenotype in the SFG

1.00- ; O
c H 5
9
80.75-
2
2
£
3
2 0.50-
o
S
S I
80.25-
S
o s .
0.00- * — 5
Type-| Type-ll Type-lll

E3 PHF-1 Negative BE PHF-1 Positive

Figure 5:

Page 18

b. Distribution of Rhes phenotypes in the EC
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d. Distribution of Rhes phenotypes in CA1
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Entorhinal cortex neurons with Diffuse Rhes Phenotype are predominantly negative for p-tau
(PHF-1), while neurons with Absent Rhes Phenotype are predominantly PHF-1 positive (a).
While neurons with Punctiform Rhes Phenotype appear to be roughly split between PHF-1
positive and negative neurons in the entorhinal cortex, they make up roughly a third of

the PHF-1 positive neurons, indicating a tendency to co-occur with tau inclusions (b). The
majority of the PHF-1 positive neurons in the entorhinal cortex, either have Punctiform or
Absent Rhes Phenotype. A similar correlation occurs in the CA1 and the superior frontal

gyrus (c-f).
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FTLD-TDP
Type A

FTLD-TDP

Page 19

Combined Hoechst 33342 pTDP-43 Rhes

Type B

Figure 6:
Neurons positive for pTDP-43 (green) proteinopathy display a Diffuse Rhes (orange)

phenotype. The FTLD-TDP Type A images come from the inferior frontal gyrus of a
66-year-old female with behavioral variant frontotemporal dementia. The FTLD-TDP Type
B images come from the middle frontal gyrus of a 57-year-old male with behavioral variant
frontotemporal dementia and amyotrophic lateral sclerosis. Scale bar represents 10 um.
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Figure 7:
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We propose an ordered manner in which the Rhes (blue) phenotypes relate to each other
based on the collective evidence from this investigation. At baseline, Rhes is expressed
throughout the cytoplasm extending into neuronal processes. As neuropathologic changes
(orange) emerge, Rhes expression becomes dysregulated and appears punctiform within the
cell body. Finally, Rhes is no longer expressed in the cell body of those neurons most
affected by neuropathologic changes with some signal persisting in neuronal processes.
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Demographics and case characteristics for analysis of tauopathies.

Table 1:

Diagnosis n  Age (mean,sd) Female (n, %)

PMI (mean, sd)

CDR (median, IQR)

ABC Score

Hc? 5 78, 10

AD 5 66,5
AGD 5 8412

CBD 5 66, 4
PiD 5 68,8

PSP 5 76,10

5, 100%

2,40%
1, 20%

2, 40%
2,40%

3, 60%

82,24

8.6,0.9
8.7,4.1

93,27
10.2,3.9

111,49

0,0

3,0
05,0

1,25
3,0

05,0

AOB1CO (1)
A1BICO (2)
A1BICI (1)
A2B0CO (1)

A3B3C3 (5)

A?BIC1 (1)
A?B2C1 (1)
A0B2CO (1)
A1B2CO0 (2)

AI1BICO (5)

AOBOCO (1)
ALBOCO (1)
AI1BICO (2)
ALBOC1 (1)

AOBOCO (1)
AOBICO (3)
ALB1CO (1)

Total 30 73,10

15, 50%

93,33

0.75,25

AOBOCO (2)
AOB1CO (4)
A0B2CO (1)
A1BOCO (1)
A1BOC1 (1)
ALB1CO (10)
ALBIC1 (1)
ALB2C0 (2)
A2B0CO (1)
A3B3C3 (5)
A?BIC1 (1)
A?B2C1 (1)

a . . o Lo . .
One of the HC cases had inclusions of a-synuclein in the form of Lewy bodies in the brain stem; however, none noted in the cortex.

Page 21

Abbreviations: HC, Healthy Controls; AD, Alzheimer’s disease; AGD, Argyrophilic Grain Disease; CBD, Corticobasal Degeneration; PiD, Pick’s
disease; PSP, Progressive Supranuclear Palsy; PMI, Postmortem Interval; CDR, Clinical Dementia Rating

Acta Neuropathol. Author manuscript; available in PMC 2022 May 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Ehrenberg et al.

Table 2:

Demographics and case characteristics for analysis of TDP-43.

Diagnosis Age (mean, sd) Female (n, %) PMI (mean,sd) Clinical syndrome ABC Score
FTLD-TDP Type A 63, 3.6 3, 100% 124,41 CBS (2) AOBOCO (1)
bvFTD (1) A1B1CO (1)
A1B1C1 (1)
FTLD-TDP Type B 59,3.7 2, 50% 11.5,9.8 bvFTD (2) AO0BOCO (3)
bvFTD-ALS (1) A0B1CO (1)

nfvPPA-ALS (1)
Total 60, 4 5,71% 11.8,7.4 bvFTD (3) AO0BOCO (4)
CBS (2) A0B1CO (1)
bvFTD-ALS (1) A1B1CO (1)
nfvPPA-ALS (1) A1B1C1 (1)

Abbreviations: FTLD, Frontotemporal lobar degeneration; TDP, TAR DNA-binding protein; PMI, Postmortem Interval; CBS, Corticobasal
syndrome; bvFTD, Behavioral variant frontotemporal dementia; ALS, Amyotrophic Lateral Sclerosis; nfvPPA, non-fluent variant primary

progressive aphasia
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Proportion (mean, sd) of counted neuron population classified as each Rhes phenotype and with PHF-1

inclusions by region.

Table 3:

Diagnosis Diffuse Rhes  Punctiform Rhes Absent Rhes PHF-1+

a) Entorhinal Cortex Total (n=30) 0.918,0.086  0.048, 0.062 0.034,0.048  0.108,0.12
HC (n=5) 0.944, 0.103  0.008, 0.010 0.048,0.094  0.061, 0.106
AD (n=5) 0832, 0.068 0.117, 0.061 0.051, 0.033  0.195, 0.075
AGD (n=5)  0.983 0.019  0.004, 0.006 0.013 0018 0013 0017
CBD (n=5) 0.984, 0.009  0.010, 0.011 0.006, 0.004  0.015, 0.006
PID (n=5) 0.843, 0.065  0.096, 0.053 0.061,0.050 0.277,0.107
PSP (n=5) 0.920,0.075  0.053, 0.079 0.027,0.034  0.084, 0.071

b) Cornu Ammonis 1 Total (n=30) 0.852,0.195  0.104, 0.136 0.044,0.067  0.178,0.24
HC (n=5) 0.976,0.029  0.020, 0.028 0.004, 0006 0027, 0.041
AD (n=5) 0.540, 0.082  0.295, 0.077 0.165, 0016 0441, 0.089
AGD (n=5) 0.972,0.027 0.010, 0.007 0.017,0.022  0.025 0.026
CBD (n=5) 0.998, 0.003  0.002, 0.003 00 0.013, 0.013
PID (n=5) 0723, 0139  0.236,0.112 0.040,0.044 0489, 0.287
PSP (n=5) 0904, 0191  0.061,0.114 0.035 0078 0071, 0112

c) Superior Frontal Gyrus ~ Total (n=25)  0.959, 0.05 0.025, 0.036 0.016,0.018  0.061, 0.08
HC (n=5) 0.998 0.001  0.002, 0.002 0,0.001 00
AD (n=5) 0.923 0.056  0.046, 0.046 0.031, 0.02 0.118 0.091
CBD (n=5) 0.985, 0.009  0.008, 0.004 0.007,0.005 0022, 0018
PID (n=5) 0.901, 0.046  0.068, 0.03 0.031,0.019  0.148 0.084
PSP (n=5) 0.988 0.005 0.003, 0.002 0.009, 0.007  0.016, 0.006
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Abbreviations: HC, Healthy Controls; AD, Alzheimer’s disease; AGD, Argyrophilic Grain Disease; CBD, Corticobasal Degeneration; PiD, Pick’s

disease; PSP, Progressive Supranuclear Palsy
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Table 4:
Proportions (mean, sd) of each Rhes phenotype with PHF-1+ tau inclusions by region.
Diffuse Rhes Punctiform Rhes Absent Rhes

Dx PHF-1+ PHF-1- PHF-1+ PHF-1- PHF-1+ PHF-1- p-value?

a) Entorhinal cortex  Total (n=30) 0.043,0.073 0.957,0.073 0726,0.323 0.274,0323 0919,0.188 0.081,0.188 _ b
HC (n=5) 0.01, 0.011 0.99, 0.011 0.556,0.509 0.444,0.509 0.889,0.192 0.111,0.192 0.0737
AD (n=5) 0.074,0.036  0.926,0.036 0.688,0.187 0.312,0.187 0.96, 0.089 0.04, 0.089 0.0024
AGD (n=5) 0.006, 0.009 0.994,0.009 0.444,0.509 0.556,0.509 0.587,0.361 0.413,0.361 0.0693
CBD (n=5) 0.004,0.006 0.996,0.006 0.675,0.395 0.325,0.395 1,0 0,0 0.0061
PiD (n=5) 0.154,0.118 0.846,0.118 0.913,0.092 0.087,0.092 0.98, 0.045 0.02, 0.045 0.0049
PSP (n=5) 0.008,0.009 0.992,0.009 0.927,0.12 0.073,0.12 1,0 0,0 0.0103

b) Cornu Ammonis  Total (n=30) 0.074,0.171 0.926,0171 0.841,0.25 ~ 0.159,025  0.936,0149 0.064,0.149 _ 00 b

1 .
HC (n=5) 0.01, 0.018 0.99, 0.018 0.508, 0.45 0.492, 0.45 1,0 0,0 0.0586
AD (n=5) 0.067,0.102 0.933,0.102 0.833,0.078 0.167,0.078 0.992,0.017 0.008,0.017 0.0016
AGD (n=5) 0.001,0.003 0.999,0.003 0.917,0.167 0.083,0.167 0.833,0.289 0.167,0.289 0.0107
CBD (n=5) 0.011,0013 0.989,0.013 1,0 0,0 NAC NAC 0.0486
PiD (n=5) 0.345,0.294 0.655,0.294 0.965,0.052 0.035,0.052 0.894,0.157 0.106,0.157 0.0145
PSP (n=5) 0.011,0.018 0.989,0.018 0.778,0.385 0.222,0.385 1,0 0,0 0.0392

c) Superior frontal  Tota) (n=p5) 0.028,0.038 0.972,0.038 0567,0.305 0.433,0395 0851,0.357 0.149,0357 _ o0 b

gyrus :
HC (n=5) 0,0 1,0 0,0 1,0 0,0 1,0 nad
AD (n=5) 0.056, 0.047 0.944,0.047 0.764,0.12 0.236, 0.12 0.8, 0.447 0.2, 0.447 0.0365
CBD (n=5) 0.014,0.013 0.986,0.013 0.413,0.433 0.587,0.433 0.775,0.437 0.225,0.437 0.1765
PiD (n=5) 0.065,0.043 0.935,0.043 0.816,0.215 0.184,0.215 1,0 0,0 0.0023
PSP (n=5) 0.005,0.003 0.995,0.003 0.625,0.479 0.375,0.479 1,0 0,0 0.0163

ap-value computed by a Kruskal-Wallis rank sum test comparing the PHF-1+ proportions in each Rhes phenotype for each disease.

b . . . . .
p-value for all diseases combined computed using a one-way ANOVA comparing the PHF-1+ proportions in each Rhes phenotype

c . .
No CAL1 neurons with the absent Rhes phenotype were detected in CBD cases

The Kruskal-Wallis rank sum test cannot estimate the significant of data lacking variance

Abbreviations: HC, Healthy Controls; AD, Alzheimer’s disease; AGD, Argyrophilic Grain Disease; CBD, Corticobasal Degeneration; PiD, Pick’s

disease; PSP, Progressive Supranuclear Palsy
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Table 5:

Proportions of tau inclusion positive CA1 neurons classified as each Rhes phenotype for different post-
translational modifications of tau.

Antibody Epitope Diffuse Rhes  Punctiform Rhes  Absent Rhes
PHE-14 phospho-Ser396, Ser404 Tau  5.99% 61.08% 32.93%
1f3c acetyl-Lys274 Tau 10.42% 29.17% 60.42%
AT100 phospho-Thr212, Ser214 Tau  8.46% 55.38% 36.15%
Tau-C3 AAsp421 Tau 4.11% 35.62% 60.27%
MC1 Conformational tau 5.69% 60.98% 33.33%

H\Nhile calculated from the same two AD cases as the other tau post-translational modifications, PHF-1 was calculated from one large 1x1mm
counting frame instead of the three 650x650um counting frames used for the other post-translational modifications.
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Table 6:

TDP-43: Proportions (mean, sd) of counted neuron population classified as each Rhes phenotype and with
pTDP-43 inclusions.

Diagnosis Diffuse Rhes  Punctiform Rhes Absent Rhes pTDP-43 +

FTLD-TDP Type A (IFG, n=3) 1,0 0,0 0,0 0.025, 0.027
FTLD-TDP Type B (MFG,n=4) 1,0 0,0 0,0 0.032, 0.015
Total (n=7) 1,0 0,0 0,0 0.028, 0.021

TDP-43, TAR DNA-binding protein 43; FTLD, Frontotemporal lobar degeneration; IFG, Inferior Frontal Gyrus; MFG, Middle Frontal Gyrus
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