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ABSTRACT
Current disease-modifying therapies for Huntington disease (HD) focus on lowering mutant HTT (hun-
tingtin; mHTT) levels, and the immunosuppressant drug rapamycin is an intriguing therapeutic for aging 
and neurological disorders. Rapamycin interacts with FKBP1A/FKBP12 and FKBP5/FKBP51, inhibiting the 
MTORC1 complex and increasing cellular clearance mechanisms. Whether the levels of FKBP (FK506 
binding protein) family members are altered in HD models and if these proteins are potential ther-
apeutic targets for HD have not been investigated. Here, we found levels of FKBP5 are significantly 
reduced in HD R6/2 and zQ175 mouse models and human HD isogenic neural stem cells and medium 
spiny neurons derived from induced pluripotent stem cells. Moreover, FKBP5 interacts and colocalizes 
with HTT in the striatum and cortex of zQ175 mice and controls. Importantly, when we decreased FKBP5 
levels or activity by genetic or pharmacological approaches, we observed reduced levels of mHTT in our 
isogenic human HD stem cell model. Decreasing FKBP5 levels by siRNA or pharmacological inhibition 
increased LC3-II levels and macroautophagic/autophagic flux, suggesting autophagic cellular clearance 
mechanisms are responsible for mHTT lowering. Unlike rapamycin, the effect of pharmacological 
inhibition with SAFit2, an inhibitor of FKBP5, is MTOR independent. Further, in vivo treatment for 
2 weeks with SAFit2, results in reduced HTT levels in both HD R6/2 and zQ175 mouse models. Our 
studies establish FKBP5 as a protein involved in the pathogenesis of HD and identify FKBP5 as 
a potential therapeutic target for HD.

Abbreviations: ACTB/β-actin: actin beta; AD: Alzheimer disease; BafA1: bafilomycin A1; BCA: bicincho-
ninic acid; BBB: blood brain barrier; BSA: bovine serum albumin; CoIP: co-immunoprecipitation; DMSO: 
dimethyl sulfoxide; DTT: dithiothreitol; FKBPs: FK506 binding proteins; HD: Huntington disease; HTT: 
huntingtin; iPSC: induced pluripotent stem cells; MAP1LC3/LC3:microtubule associated protein 1 light 
chain 3; MAPT/tau: microtubule associated protein tau; MES: 2-ethanesulfonic acid; MOPS: 
3-(N-morphorlino)propanesulfonic acid); MSN: medium spiny neurons; mHTT: mutant huntingtin; 
MTOR: mechanistic target of rapamycin kinase; NSC: neural stem cells; ON: overnight; PD: Parkinson 
disease; PPIase: peptidyl-prolyl cis/trans-isomerases; polyQ: polyglutamine; PPP1R1B/DARPP-32: protein 
phosphatase 1 regulatory inhibitor subunit 1B; PTSD: post-traumatic stress disorder; RT: room tempera-
ture; SQSTM1/p62: sequestosome 1; SDS-PAGE: sodium dodecyl sulfate-polyacrylamide gel electrophor-
esis; TBST:Tris-buffered saline, 0.1% Tween 20; TUBA: tubulin; ULK1: unc-51 like autophagy activating 
kinase 1; VCL: vinculin; WT: littermate controls.
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Introduction

Huntington disease (HD) is a rare, age-associated, autosomal- 
dominant neurological disease caused by a triplet repeat CAG 
expansion in exon 1 of the HTT (huntingtin) gene (The 
Huntington’s Disease Collaborative Research Group [1]). CAG 
codes for glutamine and, therefore, the expansion of CAG in the 
HTT gene results in a polyQ (polyglutamine) expanded tract at 
the N terminus of the HTT protein, which drives disease patho-
genesis. HD patients suffer from significant progressive loss of 
medium spiny and cortical neurons [2,3], which correlates with 

a triad of disease symptoms: cognitive decline, chorea and delu-
sions/personality changes [4]. Treatments for HD are limited, 
and therapeutic strategies to reduce the HTT levels are being 
pursued in patients [5,6].

FKBPs (FK506 binding proteins) have been studied in 
relationship to their binding of immunosuppressant drugs 
FK506 and rapamycin [7–11] and are highly expressed in 
the central nervous system. As a result of rapamycin binding, 
FKBPs can regulate the MTOR (mechanistic target of rapa-
mycin kinase) pathway, thus influencing transcriptional and 
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hormonal regulation, protein folding, and neuronal develop-
ment [12–21]. The levels and ratios of FKBP family members 
are important in determining the efficacy and side effects of 
rapamycin [12], and the ratio of FKBP5/FKBP51 to FKBP4/ 
FKBP52 regulates neurite outgrowth, neuroendocrine feed-
back, and stress coping behavior in mice [11,16,22–25].

FKBP5 and FKBP4 have been implicated in neurological 
disorders, including Parkinson disease (PD), Alzheimer dis-
ease (AD), post-traumatic stress disorder (PTSD) and schizo-
phrenia [21,26–31]. FKBP4 binds to MAPT/tau (microtubule 
associated protein tau), regulating its function and degrada-
tion, and FKBP5 prevents MAPT degradation and enhances 
neurotoxicity [27,32]. In PD, FKBP5 contributes to neuronal 
cell death by acting as a substrate for PTEN induced putative 
kinase (PINK1) [33]. In PTSD, the glucocorticoid receptor 
and FKBP5 protein complex is elevated in PTSD patients 
and disrupting this complex in mice reverses behavioral and 
molecular changes induced by fear conditioning in mice [34]. 
FKBP5 is also linked to depression, bipolar disorder, and 
schizophrenia through this pathway [35]. The role of 
FKBP1A/FKBP12, another family member, has been studied 
in detail in neurological diseases. FKBP1A binds and affects 
the processing of amyloid precursor protein, linking this 
enzyme to AD pathology, and contributes to alpha-synuclein 
toxicity via a calcineurin-dependent process. Currently, we do 
not know the relative contributions and mechanisms for these 
distinct FKBP family members in neurological diseases.

Functionally, FKBPs are peptidyl-prolyl cis/trans-isomerases 
(PPIases), able to convert prolines in proteins from a cis to 
a trans configuration. The isomerization activity of FKBP5 
increases α-synuclein aggregation [36–38]. HTT protein contains 
multiple proline-rich regions adjacent and near to the polyQ 
stretch that could be targets for FKBP activity. The orientation of 
the proline-rich regions affects the conformation of the HTT 
protein and subsequent formation of aggregates in vitro [39–43]. 
Given the potential of rapamycin as a therapeutic for HD and the 
importance of the proline-rich region of HTT on protein confor-
mation, we evaluated the role of FKBPs in HD. In this study, we 
examined FKBP family members FKBP1A, FKBP1B/FKBP12.6, 
FKBP5 and FKBP4, in both mice and an isogenic human cellular 
model of HD [44]. Of note, small molecule inhibitors of FKBP 
family members have been developed, and one, called SAFit2, is 
a promising pharmacological agent that inhibits FKBP5 proline 
isomerase activity and crosses the blood brain barrier (BBB) 
[16,45]. This small molecule selectively targets FKBP5, but not 
the closely related FKBP4. Our findings indicate that FKBP levels 
are altered in HD, modulation of FKBP5 levels or inhibition of 
FKBP5 could be a therapeutic target for HD by reducing HTT 
levels.

Results

FKBP5 is decreased in the HD zQ175 knockin mouse 
model

zQ175 mice are a well-established knockin mouse model of HD 
with 175 polyQ repeats that exhibit numerous biochemical and 
neuropathological changes, reflecting HD phenotypes starting at 
6 months of age and are robust at 12 months of age [46,47]. The 
zQ175 model, which expresses full-length HTT protein, is ideal 

from the genetic perspective because expression of mutant HTT 
occurs in the appropriate genetic and protein level. We compared 
expression changes in FKBP family members in the zQ175 and 
WT (littermate controls) at 12-months of age, using western blot 
analysis of proteins from the striatum and cortex (Figure 1A,E). 
The striatum showed 3.4-fold less FKBP5 expression in zQ175 
mice than WT (Figure 1B, **p ≤ 0.01). Expression of FKBP1A and 
FKBP1B was slightly less in the zQ175 than WT in the striatum, 
but this did not reach statistical significance (Figure 1C,D). The 
levels of FKBP5 were slightly lower in the cortex (Figure 1E,F). 
Levels FKBP1A and FKBP1B in the cortex of zQ175 were essen-
tially the same as in WT (Figure 1E,G,H). Analysis of the pub-
lished transcriptomics of zQ175 mice compared to WT (RNA- 
seq) did not show a significant decrease in FKBP5 mRNA expres-
sion levels [48].

FKBP expression is altered in HD R6/2 mice

Next, using western blot analysis, we evaluated the FKBP expres-
sion levels in another mouse model of HD. The HD R6/2 mouse 
model expresses a protein derived from the expanded exon 1 of 
HTT and has accelerated HD phenotypes and pathology, as well 
as earlier onset of death at 21 weeks in a C57/B6 background 
[49–53]. We compared expression changes in FKBP family mem-
bers in the R6/2 and WT mice at 16 weeks of age in the striatum 
and cortex (Figure 2A,E). At 16 weeks of age, the R6/2 have 
significant behavioral and neuropathological changes from the 
expression of the toxic exon 1 derived HTT fragment. The expres-
sion of FKBP5 was 2.3-fold lower in the striatum of the R6/2 mice 
than in WT mice at 16 weeks of age (Figure 2B, *p ≤ 0.05). There 
were also small but significant decreases in the levels of FKBP1B 
(Figure 2C, 1.2-fold, **p ≤ 0.01) and FKBP1A (Figure 2D, 1.3-fold, 
***p ≤ 0.001) in the R6/2 when compared to WT. In the cortex, 
there was no statistical difference in any of the FKBP levels (Figure 
2E-F). The altered expression levels of FKBPs in the R6/2 were 
comparable to those observed in the zQ175 model.

Differential expression of FKBPs in HD striatum and 
cortex

In HD, both the cortex and the striatum are affected, and we 
compared the relative levels of FKBP5 in the striatum to the cortex. 
FKBP proteins may affect these two regions of the brain differ-
ently. We determined if the level of expression of the FKBP5 differs 
in the striatum and cortex of the WT and zQ175 mice. Western 
blot analysis showed FKBP5 is expressed 1.7 times higher in the 
striatum than the cortex of WT mice (Figure 3A,B, *p ≤ 0.05) at 
12 month of age. Similarly, FKBP1B and FKBP1A had higher 
expression levels in the striatum than the cortex (Figure 3C,D, 
**p ≤ 0.01). The difference in enrichment of FKBPs in the striatum 
was lost in the zQ175 mice, consistent with the lower levels of 
FKBP5 observed in this HD model (Figure 3F-H).

FKBP5 levels are decreased in zQ175 mice at 6 months of 
age

To determine when FKBP5 levels change during disease 
progression, we measured the levels in WT and zQ175 
mice at 6 and 12 months of age. At 6 months of age, 
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measurable changes in mHTT aggregates, metabolites, 
brain atrophy and biochemical changes were detected 
[46,47]. WT mice showed no change in FKBP5 striatal 
levels from 6 to 12 months (Figure 4A,B). There was 
a decrease in the FKBP5 levels in the striatum of zQ175 

mice at 6 (*p ≤ 0.05) and 12 months of age (**p ≤ 0.01), 
compared to WT mice (Figure 4A,B, ***p ≤ 0.001). There 
was an age-dependent decrease in FKBP5 levels in zQ175 
mice at 6 and 12 months of age. The difference between 
the zQ175 and WT FKBP5 levels in the striatum was 

Figure 1. FKBP expression levels in HD zQ175 mouse model. (A) representative western blots analysis of FKBP5, FKBP1B and FKBP1A in WT and zQ175 homozygote 
mouse striatum at 12 months of age. (B-D) Quantification of the expression levels of FKBP5 (B), FKBP1B (C), and FKBP1A (D) in the striatum normalized to TUBA/α- 
tubulin. statistically significant difference in FKBP expression is indicated (t-test, **p ≤ 0.01). (E) Representative western blots of FKBP5, FKBP1B and FKBP1A in WT, 
compared to zQ175 homozygote mouse cortex at 12 months of age. (F-H) Quantification of the expression levels of FKBP5 (F), FKBP1B (G), and FKBP1A (H) in the 
cortex normalized to TUBA. No statistically significant difference was observed between WT and zQ175 cortex FKBPs expression levels (t-test).
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statistically significant (***p ≤ 0.001) (Figure 4A,B). There 
was a significant decrease in the levels of FKBP5 in the 
cortex of zQ175 mice at 6 and 12 months of age (Figure 
4C,D, *p ≤ 0.05). FKBP5 levels in the striatum and cortex 

decreased during HD disease progression. The effect was 
more pronounced in the striatum. As expected, the levels 
of soluble mHTT (defined as resolving on SDS page gel at 
HTT molecular mass) are decreased during this time 

Figure 2. FKBP expression levels in HD R6/2 mouse model. (A) representative western blot analysis of FKBP5, FKBP1B and FKBP1A in WT and R6/2 mouse striatum at 
4 months of age. (B-D) Quantification of the expression levels of FKBP5 (B), FKBP1B (C), and FKBP1A (D) in the striatum normalized to TUBA. Statistically significant 
difference in FKBP expression is indicated (t-test, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001). (E) Representative western blots of FKBP5, FKBP1B and FKBP1A in WT compared 
to R6/2 mouse cortex at 4 months of age. (F-H) Quantification of the expression levels of FKBP5 (F), FKBP1B (G), and FKBP1A (H) in the cortex normalized to TUBA. No 
statistically significant difference was observed between WT and R6/2 cortex FKBPs expression levels (t-test).
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frame as measured by antibody to the polyQ stretch (1C2), 
consistent with previous studies [54,55]. The changes in 
mHTT may directly correlate with the lower FKBP5 levels 
(Figure S1) and the physical interaction between the pro-
teins described below.

HTT and FKBP5 Co-Immunoprecipitated in Knockin 
Mouse Models of HD with Increasing PolyQ Repeat 
Length

A possible mechanism for the lower levels of FKBP5 in the HD 
mouse models is a physical interaction of FKBP5 with mHTT and 

Figure 3. Expression levels of FKBPs in cortex versus striatum in wild-type and zQ175 mice. (A) Representative western blot analysis of FKBP5, FKBP1B and FKBP1A in 
the striatum and cortex of 12-month-old WT mice. (B-D) Quantification of the expression levels of FKBP5 (B), FKBP1B (C), and FKBP1A (D) in the striatum and cortex 
normalized to TUBA. statistically significant difference in FKBP expression is indicated (t-test, *p ≤ 0.05, **p ≤ 0.01). (E) Representative western blots of FKBP5, FKBP1B 
and FKBP1A in the striatum and cortex of 12-month-old homozygote zQ175 mice. (F-H) Quantification of the expression levels of FKBP5 (F), FKBP1B (G), and FKBP1A 
(H) in the striatum and cortex normalized to TUBA. No statistically significant difference was observed in FKBPs expression levels between striatum and cortex of 
zQ175 mice (t-test).

AUTOPHAGY 4123



the sequestration of FKBP5 into aggregates or insoluble proteins. 
To determine if FKBP5 interacts with HTT, we used co- 
immunoprecipitation (CoIP) of lysates from the striatum and 
cortex of HD knockin mice with increasing CAG repeat lengths: 
WT, Q50, Q92, and Q175 at 12 months of age [48]. We found that 
FKBP5 and HTT co-immunoprecipitated with an anti-HTT anti-
body in striatal and cortical lysates, but not the IgG (negative 
control) (Figure 5A). The interaction of FKBP5 and HTT was 
observed in the WT, Q50, Q92, and Q175 indicating that the 
expanded polyQ lengths did not affect the extent of this interac-
tion. We also examined CoIPs in the midbrain of a 12-month-old 
zQ175 homozygote because the midbrain had equal levels of 
FKBP5 expression in WT and zQ175 mice. We observed that 
mHTT co-immunoprecipitated with FKBP5 with the α-FKBP5 
antibody (Figure S2) but with some background nonspecific 
binding. This may be due to the FKBP5 antibody epitope (syn-
thetic peptide corresponding to residues surrounding Arg222 of 
FKBP5) that may obscure part of an interaction domain with 
HTT. The results overall indicate that there is a direct or indirect 
interaction between FKBP5 and HTT. To determine if HTT and 
FKBP5 colocalized, we used immunohistochemistry to examine 
zQ175 and WT mice at 12 months of age. Expression of FKBP5 
was detected in the cortex and striatum of HD and WT mice. By 
confocal microscopy, HTT colocalized with FKBP5 (Figure 5B). 

HTT colocalized with FKBP5 (20–40%) in the cortex and stria-
tum, and co-localization levels were lower in the zQ175 mice, 
when compared to WT (Figure 5C).

HD neural stem cells have altered expression of FKBP5

To determine if FKBP5 levels were changed in cellular models 
of HD we used our human induced pluripotent stem cells 
(iPSC)-derived isogenic model of HD to determine if this 
model mirrored some of the expression observed changes in 
HD mouse models. We performed western blot analysis on the 
HD and C116 neural stem cells (NSC). We found that the HD 
NSC had lower levels of FKBP5 than C116 NSC (Figure 6A,B, 
****p ≤ 0.0001). FKBP1A and FKBP1B levels were not altered 
(Figure 6A,C,D). Using immunocytochemistry, we detected co- 
localization of FKBP5 and HTT (Figure 6E, Figure S3). We 
observed a decrease in FKBP5 levels in the HD NSC and altered 
localization of HTT and FKBP5 in the HD NSC, with more 
FKBP5 localized in the nucleus of the HD NSC than in C116 
NSC. We previously generated a transcriptomic profile of 
human isogenic HD vs. corrected (C116) NSC lines [44,56,57]. 
The RNA-seq data set of the corrected C116 and HD NSC 
showed that several FKBPs had a significant decrease in RNA 
expression levels (Figure S4). Accounting for false discovery 

Figure 4. Temporal changes in FKBP5 levels in zQ175 mice. (A,C) representative western blots analysis of striatum (A) and cortex (C) for FKBP5 expression in 6- and 
12-month-old mice when compared to homozygote zQ175 to WT. (B,D) Graphs show quantification of the expression levels of FKBP5 when normalized to TUBA. 
A significant decrease of FKBP5 expression is observed for the striatum (B) and cortex (D) when comparing 12-month-old zQ175 to WT. statistical analysis used 
ordinary two-way ANOVA (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001).
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rate, FKBP1B and FKBP5 were expressed at lower levels in the
HD NSC than C116 NSC (p = 8.98E-18 and p = 0.0002, respec-
tively). As described above, the HD mouse models do not have 
alterations in the FKBP5 levels at the transcriptional level. 
Therefore, cell-specific effects not detected in mouse tissue will 
warrant further analysis.

FKBP5 expression levels are decreased in HD medium 
spiny neurons

One of the main cell types lost in HD is medium spiny neurons 
(MSN). Therefore, we differentiated our isogenic HD and C116 
NSC into MSN to evaluate the impact of mHTT on FKBP5 
levels in this highly relevant human cell type (Figure 7A). HD 
and C116 MSN express high levels of PPP1R1B/DARPP-32 
(protein phosphatase 1 regulatory inhibitor subunit 1B), one 
of markers of MSN (Figure 7B). As expected, the levels of 

PPP1R1B are lower in the HD MSN than the C116 MSN as 
this is a known signature of HD pathogenesis (Figure 7B). We 
found the endogenous levels of FKBP5 in HD MSN were sig-
nificantly lower than in C116 MSN (Figure 7C,D, **p ≤ 0.01).

siRNA knockdown of FKBP5 in HD neural stem cells 
reduces mHTT levels

Transcriptomic and proteomic expression analyses in HD sug-
gest that dysregulated expression reflects compensatory, non-
pathogenic, and disease-driving responses due to the polyQ 
expansion in HD [58]. A critical target in the cellular response 
to HD is the expression of the toxic mHTT protein. FKBP5 
prevents degradation of MAPT and contributes to its aggrega-
tion and toxicity [32,59]. Therefore, we decided to investigate the 
effect of lowering FKBP5 or blocking FKBP5 isomerase activity 
on mHTT levels. We treated our isogenic HD and corrected 

WT Q175 
0

20

40

60

Figure 5. FKBP5 interaction and colocalization with HTT. (A) Cortex and striatal co-immunoprecipitation using α-HTT antibody (Millipore, MAB2166) and probing for 
FKBP5 in heterozygous allelic HTT mice with increasing polyQ-repeat length. the arrow in the lower left panel indicates the pull down of FKBP5, and the * is IgG 
protein from the IP. We used heterozygous mice as this was the tissue we had available. additionally, the presence of both WT HTT and mHTT makes this 
a reasonable comparison. (B) Confocal analysis of HTT (green) and FKBP5 (red) demonstrates the colocalization of FKBP5 and HTT in the cortex in both WT and 
homozygous zQ175 mice. (C) Quantification of the percentage of HTT colocalizing with FKBP5 (right panel).

AUTOPHAGY 4125



C116 NSC lines with siRNA to FKBP5. We observed
a significant knockdown of FKBP5, approximately 20% in both 
HD and C116 NSC, when compared to the non-targeting siRNA 
(**p < 0.01, Figure 8A,B). The knockdown in HD NSC produced 
a significant decrease in mHTT levels compared to the control 
siRNA when normalized to ACTB/β-actin (actin beta) 
(*p ≤ 0.05, Figure 8C). This decrease in mHTT levels mediated 

by siRNA-enforced reduction in FKBP5 suggests that modula-
tion of this enzyme is a therapeutic strategy for HD.

SAFit2 treatment of HD neural stem cells

FKBP5 and FKBP4 have been extensively studied for their 
roles in neurite retraction and extension, as well as in stress 

Figure 6. FKBP5 expression and localization in human neural stem cell model. (A) Representative western blots analysis of FKBP5, FKBP1B and FKBP1A in HD and 
corrected (C116) NSC. (B-D) Quantification of the expression levels of FKBP5 (B), FKBP1B (C), and FKBP1A (D) in NSC normalized to TUBA. A statistically significant 
difference in FKBP expression is indicated (t-test, ****p ≤ 0.0001). (E) Immunocytochemistry of HD and C116 NSC stained with FKBP5 (red) and HTT (green) 
antibodies.
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Figure 7. FKBP5 levels in human medium spiny neurons derived from patient HD induced pluripotent stem cells. (A) Graphical illustration of MSN differentiation 
protocol. (B) Human C116 and HD MSN model express PPP1R1B/DARPP-32 (green), MAP2 (red) and NES (nestin; red). (C) Expression levels of FKBP5 in HD and C116 
human MSN as measured by western blot analysis. (D) Quantification of expression levels of FKBP5 normalized to VCL (vinculin) are shown (**p ≤ 0.01, t-test).
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Figure 8. Evaluation of HTT levels with genetic or pharmacological inhibition of FKBP5 in neural stem cells. (A) A representative western blot analysis showing the 
decrease in FKBP5 and HTT levels when treated with FKBP5 siRNA, compared to non-targeting siRNA (NT) and normalized to ACTB. POLYQ antibody 1C2 (Millipore, 
MAB1574) was used to quantify mHTT levels. (B) Quantification of levels of FKBP5 show a statistically significant decrease in FKBP5 levels upon treatment with FKBP5 
siRNA in both genotypes (HD and C116). statistical analysis used ordinary one-way ANOVA and t-test (*p ≤ 0.05, **p ≤ 0.01). (C) The levels of mHTT are significantly 
(t-test, *p ≤ 0.05) lower (30%) in the siRNA-treated HD cells. (D) Representative western blot analysis of treatment of HD NSC with SAFit2 at 1 and 10 µM probing 
with HTT and FKBP5 antibodies. HTT antibody (Millipore, MAB2166) was utilized to measure WT and mHTT levels separating the WT and mHTT on 3–8% Tris-acetate 
gels. PolyQ antibody 1C2 (Millipore, MAB1574) was used to detect only mHTT levels. (E) Quantification of mHTT levels at both 1 µM and 10 µM, when compared to 
control (*p ≤ 0.05, **p ≤ 0.01). (F) Quantification of normal HTT levels at 1 µM and 10 µM SAFit2 when compared to control. Statistical analysis used ordinary one- 
way ANOVA and t-test (*p ≤ 0.05).

4128 B. J. BAILUS ET AL.



µ µ

µ µµ µ

µ µ

µ µ

µ µ

µ µ

µ µ

Figure 9. Changes in the expression of LC3 and SQSTM1/p62 with SAFiT2 treatment in HD neural stem cells. (A) A representative western blot analysis showing LC3 
and VCL expression after treatment of C116 and HD NSC with SAFit2 at 1 or 10 µM or vehicle (DMSO). (B) C116 NSC treated with 10 µM SAFit2 show increased 
expression of LC3 (one-way ANOVA, *p = 0.013), compared to vehicle treated cells. In HD NSC, LC3 expression is increased in cells treated with was 10 µM SAFiT2 
(one-way ANOVA, ****p ≤ 0.0001), compared to vehicle treated cells. LC3 expression was normalized to VCL expression. 1 µM SAFiT2 compared to 10 µM SAFiT2 was 
statistically significant (one-way ANOVA, ****p ≤ 0.0001). (C) A representative western blot analysis showing increase expression of SQSTM1 and VCL in C116 and HD 
after treatment with SAFit2 or DMSO. (D) C116 NSC treated with 10 µM SAFiT2 show a significant increase in SQSTM1 (one-way ANOVA, **p ≤ 0.01) expression, 
compared to DMSO-treated cells. A significant difference in SQSTM1 expression is also observed between C116 cells treated with 1 vs 10 µM of SAFit2 (one-way 
ANOVA, **p ≤ 0.01). In HD NSC, expression of SQSTM1 was increased in cells treated with 1 µM (one-way ANOVA, *p ≤ 0.05) and 10 µM SAFit2 (***p ≤ 0.001), 
compared to DMSO treated cells. A significant difference in SQSTM1 expression is also observed between HD cells treated with 1 or 10 µM of SAFit2 (one-way 
ANOVA, *p ≤ 0.05). SQSTM1 levels were normalized to VCL expression. (E) C116 and HD NSC were treated with DMSO, Bafilomycin A1 (BafA1), SAFit2, or SAFit2, 
followed by BafA1. Western blot analysis normalized to VCL shows increased levels of LC3-II after BafA1 (****p ≤ 0.001), SAFit2 (****p ≤ 0.001) and SAFit2 and BafA1 
(****p ≤ 0.001) in both C116 and HD NSC.
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responses in the central nervous system. SAFit2 is a promising 
pharmacological agent that inhibits FKBP5 and modulates 
stress responses [16,45]. This small molecule selectively tar-
gets FKBP5, but not the closely related FKBP4. SAFit2 will
inhibit proline isomerize activity of FKBP5 and therefore its 
enzymatic activity may be required for HTT clearance. To 
determine if pharmacological inhibition of FKBP5 lowers 
HTT levels, we tested SAFit2 in HD and C116 NSC.
Treatment of NSC with SAFit2 showed a significant reduction 
in mHTT levels (*p = 0.03) at 1 and 10 µM (Figure 8D,E). 
SAFit2 also lowered the WT HTT levels but reached statistical 
significance only at a higher dose of 10 µM (Figure 8F).

SAFit2 treatment of HD neural stem cells alters LC3-II and 
SQSTM1/p62 levels

Misfolded polyQ-expanded proteins are often cleared through 
autophagy or by the proteasome. To investigate the mechan-
ism of clearance mediated by SAFit2, we evaluated the levels 
of MAP1LC3/LC3 (microtubule associated protein 1 light 
chain 3), a marker of autophagosomes. We found 
a significant increase in LC3-I and LC3-II (LC3–PE) levels 
in C116 and HD NSC treated with 10 µM of SAFit2 
(*p ≤ 0.05; ****p ≤ 0.0001, respectively) (Figure 9A,B, LC3- 
II shown in panel B). We also evaluated whether pharmaco-
logical inhibition of FKBP5 altered the levels of SQSTM1/p62, 
another autophagy marker. Levels of SQSTM1/p62 (sequesto-
some 1) were increased upon treatment with SAFit2 (Figure 
9C,D). SQSTM1, which is correlated with ubiquitinated pro-
teins destined for autophagic degradation, is decreased, or 
increased in expression depending upon the drug or cellular 
stimulation that leads to autophagy [60–62]. To test the 
impact of FKBP5 inhibition on autophagic flux, we treated 
C116 and HD NSC with SAFit2 for 48 h, followed by treat-
ment with bafilomycin A1 (BafA1) for 4 h. BafA1 is 
a V-ATPase inhibitor that blocks autophagic flux by prevent-
ing the acidification of endosomes and autophagosome- 
lysosome fusion, leading to the accumulation of LC3-II in 
normal cells under autophagic-inducing conditions (Figure 
9). We found that BafA1 treatment alone increased the levels 
as expected (Figure 9E). SAFit2 also led to a significant 
increase in basal LC3-II. When BafA1 treatment was applied, 
LC3-II levels were increased with the greater BafA1- 
dependent increase in LC3-II, observed in SAFit2 treated 
cells, as expected (Figure 9E, Figure S5). This result confirms 
that SAFit2 increases autophagy flux.

Comparing Rapamycin and SAFit2 molecular mechanisms 
in HD neural stem cells

Rapamycin enhances health span and is protective in cellular 
and in vivo models of HD [63,64]. Rapamycin inhibits mTOR, 
which triggers autophagy and is neuroprotective in HD 
[65,66]. We compared the impact of rapamycin or SAFit2 
on neurotoxicity by treating isogenic HD NSC during serum 
withdrawal with these compounds (Figure 10A). Both rapa-
mycin and SAFit2 reduced the level of activated caspase 
enzymatic activity in HD NSC 48 h after serum withdrawal 
(Figure 10A, left panel). Correspondingly, a dose response 

suggested both SAFit2 and rapamycin (1, 1.5, 2.0 uM) lowered 
the levels of activated CASP3 (caspase 3) and CASP7 overall 
(Figure 10A, right panel). To determine if the SAFit2 mechan-
ism of autophagy activation overlapped with rapamycin, we 
evaluated MTOR inhibition. We found that rapamycin, but 
not SAFit2, resulted in the inhibition of the phosphorylation 
for RPS6/S6, a substrate for MTOR (Figure 10B). Further, 
rapamycin, but not SAFit2, resulted in a decrease in the 
phosphorylation of MTOR (Figure 10C). Autophagy induc-
tion is controlled by the serine/threonine kinase, ULK1 (unc- 
51 like autophagy activating kinase 1). We found that SAFit2 
increased the levels of phosphorylated ULK1 while rapamycin 
slightly lowered the level of pULK1 (Figure 10D). Our results 
suggest that rapamycin and SAFit2 are both neuroprotective, 
but the mechanisms of autophagy induction are distinct. 
SAFit2 induction is MTOR independent under normal 
growth conditions.

SAFit2 treatment in R6/2 and zQ175 mice lowers HTT 
levels

Current therapeutic treatments for HD focus on lowering 
HTT levels. Therefore, we evaluated whether SAFit2, which 
crosses the BBB, could lower HTT levels in mouse models of 
HD. We injected R6/2 mice with SAFit2 (7.5 mg/kg) intra-
peritoneally for 7 days and analyzed the expression levels of 
the HTT exon 1 fragment in the striatum. We found that 
SAFit2 treatment lowered the levels of the polyQ-expanded 
fragment in R6/2, compared to vehicle-treated R6/2 mice with 
a possible shift in migration of the fragment with treatment 
(Figure 11A,B). The insoluble HTT protein was not decreased 
at this dose of SAFit2 (Figure 11A,B). However, increasing the 
doses of SAFit2 to 10 and 15 mg/kg reduced the levels of both 
the soluble and insoluble HTT protein (Figure S6). We also 
evaluated the effect of SAFit2 treatment in the zQ175 mouse 
model by treating them at 4 months for 2 weeks with SAFit2 
at 15 mg/kg a time point when HD pathogenesis is mild and 
the HTT protein relatively soluble. We found SAFit2 treat-
ment in the zQ175 also lowered the levels of HTT by ~20% as 
measured using multiple to HTT antibodies in the striatum 
(Figure 11C-E).

Discussion

Our studies identified FKBP5 as a novel therapeutic target for 
HD. FKBP5 levels are reduced in multiple mouse models of 
HD (i.e., R6/2 and zQ175). The changes in expression in the 
brain are regional and temporally specific, and the strongest 
effect on expression was in the striatum. The decrease in 
FKBP5 can be detected at 6 months of age and is further 
decreased at 12 months of age in zQ175 mice. The change in 
levels of FKBP5 may correlate with the decrease in soluble 
mHTT, which is observed in both our cellular and mouse 
models of HD. FKBP5 prevents degradation of MAPT and 
contributes to its aggregation and toxicity [32,59]. 
Interestingly, we found further lowering the levels of 
FKBP5 by siRNA or pharmacological inhibition decreases 
the levels of mHTT. We found that inhibiting FKBP5 in 
human cellular models of HD and in multiple mouse models 
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Figure 10. Comparing SAFit2 and rapamycin in HD NSC. (A) Left panel. CASP3-CASP7 activity normalized to protein levels in C116 and HD NSC treated for 24 h in 
starvation medium with 0.1% DMSO vehicle, 1 µM SAFit2 (two-way ANOVA, *p ≤ 0.05), or 1 µM rapamycin (two-way ANOVA, **p ≤ 0.01). right panel. CASP3-CASP7 
activity normalized to protein levels in HD NSC treated for 24 h in starvation media with 0.1% DMSO vehicle, 1, 1.5 and 2 µM SAFit2 (two-way ANOVA, **p ≤ 0.001), 
or 1, 1.5, and 2.0 µM rapamycin (two-way ANOVA, ***p ≤ 0.001). The two first bars on the left are full media (NPM), media with 0.1% DMSO vehicle, and starvation 
medium with 0.1% DMSO vehicle. (B,C,D) Quantification of the expression levels of p-RPS6 (B), p-MTOR (C), and p-ULK (D) in C116 and HD NSC after 48 h of treatment 
with either 0.1% DMSO vehicle, 10 µM SAFit2, or 10 µM rapamycin treatment. analysis of quantified levels indicates significant reduction in phosphorylated RPS6 with 
10 µM rapamycin (one-way ANOVA, ****p ≤ 0.0001, and one-way ANOVA, ***p ≤ 0.001) in C116 and HD NSC, respectively, when compared to vehicle control. SAFit2 
treatment did not significantly alter levels of phosphorylated RPS6 when compared to control. Analysis of quantified levels indicates significant reduction in 
phosphorylated MTOR with 10 µM rapamycin (one-way ANOVA, ***p ≤ 0.001, and one-way ANOVA, ****p ≤ 0.0001) in C116 and HD NSC, respectively, when 
compared to vehicle control.Again, SAFit2 treatment did not significantly alter levels of phosphorylated MTOR when compared to control. analysis of quantified levels 
indicates significant reduction in phosphorylated ULK1 with 10 µM rapamycin in C116 NSC (one-way ANOVA, *p ≤ 0.05). In HD NSC, treatment with 10 µM SAFit2 
significantly increased phosphorylated ULK1 (one-way ANOVA, *p ≤ 0.05) when compared to control.
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of HD resulted in the lowering of mHTT levels. The levels of 
other FKBP family members (e.g., FKBP4, FKBP1A or 
FKBP1B) were unchanged or modest in mouse and human 
models of HD.

FKBP5 and HTT co-immunoprecipitated in extracts from 
multiple brain regions (striatal, cortex and midbrain) of WT 
and zQ175 mice. Furthermore, studies with confocal micro-
scopy indicated that FKBP5 and mHTT co-localize in the
striatum and cortex of WT and zQ175 mice. The interaction 
of FKBP5 and mHTT may influence the amount of soluble 
FKBP5 or mHTT in cells. The interaction could be through 
the proline-rich regions in HTT, and these interactions could 
influence both the conformation and the aggregation of 
mHTT [40–42]. The reduction of aggregates in the R6/2 
mice treated with a high dose of SAFit2 supports this hypoth-
esis. Further analyses are needed to determine how and if 
FKBP5 interacts differently with the normal vs. mHTT and 
if it contributes to protein accumulation and aggregate for-
mation in HD.

FKBP expression is also altered in AD and PD patients and 
models [67,68]. Pharmacological and genetic inhibition of 
FKBPs reduces the levels of α-synuclein aggregates and toxicity 
in PD mouse models [36–38]. Recently, studies showed that 
FKBP1A enhances calcineurin phosphatase activity toward pro-
teins affected by overexpression of alpha-synuclein; deletion or 
pharmacological inhibition of FKBP1A, restored phosphoryla-
tion of these proteins and reduced cell toxicity [69]. In AD, 
FKBPs and other PPIases are thought to regulate pathology 
through their interaction with MAPT protein. MAPT contains 
multiple phosphorylation sites that determine its function and 
disease state. MAPT is hyperphosphorylated in AD. It is worth 
noting that many of the phosphorylation sites in MAPT are 
located in proline-rich domains. These domains are targeted by 
PPIases, causing structural changes that render the proteins 
more stable and thus hinder their clearance [59]. HTT also 
contains multiple proline domains adjacent to the polyQ tract. 
The proline domains modulate aggregation and toxicity of 
mHTT [39,70,71]. Furthermore, a recent study in cellular and 
nematode models of HD found that increasing levels of FKBP1A 
changes the structure of the aggregates and reduces their toxicity, 
suggesting that FKBPs regulate structural changes of mHTT 
[72]. Our studies did not show dysregulation of FKBP1A across 
the models tested, but our results support the notion that FKBP 
family members have an active role in regulating the structure 
and stability of proteins associated with neurodegenerative 
diseases.

Reduced levels of mHTT correlates with a reduction in HD 
pathology [73–76]. Several approaches have been used to speci-
fically suppress production of mHTT and others have focused 
on the clearance of mHTT [77,78]. Linker molecules that inter-
act with both mHTT and LC3 can increase clearance of mHTT 
and reduce pathology in cellular and animal models of HD [79]. 
The degradation of mHTT is impaired at several steps in auto-
phagy, including cargo loading, trafficking of autophagosomes 
and decreased fusion between autophagosomes and lysosomes 
[73,80]. Our results suggest that the mHTT can be processed by 
autophagy upon lowering of FKBP5 expression or activity. The 
mHTT conformation that impairs these processes in autophagy 

is likely correlated with proline isomerization (See model Figure 
12). Alternatively normal HTT regulates autophagy, and low-
ering FKBP5 expression or activity restores the function of the 
mHTT [81]. We show that clearance of HTT is likely due to 
increased autophagy, as indicated by increased LC3 levels, 
autophagic flux and change in ULK1 phosphorylation in our 
HD cellular model. Our results suggest that rapamycin and 
SAFit2 are both neuroprotective, but the mechanism of auto-
phagy induction are distinct. SAFit2 induction is MTOR inde-
pendent under normal growth conditions. Further studies are 
needed to elucidate the impact of the ULK1 pathway by SAFit2 
inhibition. Rapamycin as expected inhibited MTOR and acti-
vated autophagy.

Previous studies have linked FKBP5 to the autophagy path-
ways. Gassen et al. showed that increasing FKBP5 levels 
primed autophagic pathways, and this correlated with the 
ability of an antidepressant to induce autophagic pathways 
[82]. They suggest the mechanism for this effect involves 
a physical interaction of FKBP5 with BECN1 that facilitates 
autophagy. In this study, changes in autophagic pathways 
were detected in the presence of antidepressants. 
Comparison of the autophagic markers in WT and FKBP5 
knockout mice were not altered in rested/basal conditions, 
and therefore, the cellular signaling pathways elicited by anti-
depressants may not overlap with the effects of FKPB51 on 
polyQ-expanded HTT in our study.

In summary, we found that FKBP5 levels are altered in HD 
and that lowering the levels of FKBP5 reduced mHTT in HD 
models both in vitro and in vivo, suggesting FKBP5 as 
a therapeutic target for HD. Notably, FKBP5 knockout mur-
ine models exhibit few phenotypic changes or behavioral 
alterations [23,83] supporting the modulation of FKBP5 as 
a therapeutic target for neurological diseases. Our results 
suggest a model in which lowering the levels or activity of 
FKBP5 leads to increased autophagy, a structural change in 
the HTT protein likely due to a change in a proline site(s) in 
the protein and subsequent clearance of the protein (Figure 
12). Future studies will systematically evaluate if pharmacolo-
gical or genetic modulation of this enzyme is beneficial in 
preclinical studies using HD mouse models.

Materials and methods

Control and HD NSC cultures

NSC were derived and cultured as described [22]. After harvesting 
from rosettes, NSC were grown on Matrigel (Corning, CB40,234)- 
coated dishes in Neural Proliferation Medium (Life 
Technologies,21,103–049). Neurobasal medium was supplemen-
ted with 1XB27 (Life Technologies, 17,504–044), 2 mM 
L-glutamine (Gibco, 35,050–061), 10 ng/mL leukemia inhibitory 
factor (Peprotech, 300–05), 25 ng/mL bFGF (Peprotech, 100– 
18B), and 1% penicillin-streptomycin (Corning, 15,140–122). 
NSC were passaged with Accutase (A11105-01) every 7 d, passa-
ging at a 1:3 ratio. Lysates were harvested by cell scrapping in 
MPER (Thermo Fisher Scientific, 78,501) with Complete Mini 
protease inhibitor cocktail (MilliporeSigma, 11,836,170,001), 1% 
phosphatase Inhibitor Set II (EMD Millipore, 524,625), 1% phos-
phatase Inhibitor Set III (EMD Millipore, 539,134), 50 μM 
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Figure 11. HTT levels in R6/2 and zQ175 mouse models treated with SAFit2. (A) A representative western blot showing HTT exon1 expression and aggregates in R6/2 
mice treated with SAFit2, 7.5 mg/kg or vehicle (PBS) for 7 days in the striatum. WT are control is followed by an empty lane. the arrow indicates the polyQ-expanded 
HTT fragment. the line is the insoluble HTT aggregates that form in the R6/2 mouse. HTT antibody (MilliporeSigma, 5492) was used. (B) Quantification showing 
a decrease in exon 1 fragments of HTT in R6/2 mice treated with SAFit2 or PBS normalized to ACTB (t-test, **p ≤ 0.01). No significant differences were observed in 
HTT aggregates. (C) Representative western blot showing expression of HTT, and mHTT normalized to VCL in heterozygote zQ175 mice treated with SAFit2, 15 mg/kg 
or vehicle (PBS) for 14 days. the thick arrow is the mHTT and the light arrow is WT HTT. (D) Quantification showing normal and mHTT decrease in mice treated with 
SAFit2 compared to vehicle treated controls (t-test, *p ≤ 0.05). The heavy arrow indicates where mHTT migrates and the lower light arrow is normal HTT. HTT 
antibody (1:500; MilliporeSigma, MAB5492) was used. (E) Quantification of mHTT using the polyQ antibody 1C2 normalized to VCL showing decreased levels in mice 
treated with SAFit2 compared to vehicle treated controls (t-test, *p ≤ 0.05).
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tricostatin A (MilliporeSigma, T8552), 30 μM sodium butyrate 
(MilliporeSigma, 303,410), and 30 mM nicotinamide 
(MilliporeSigma, 72,340). Lysate was sonicated once at 40 mA 
with 5 s pulses, 5X, with 5 s breaks between each pulse. 
Sonicated lysate was then centrifuged at 15,294 g for 20 min at 4° 
C. The supernatant was transfer to a new tube. Protein concentra-
tion of the supernatant was determined using the BCA assay 
(Thermo Fisher Scientific, 23,252).

Transcriptomic analysis of HD NSC

We used our published RNA-seq data set to analyze the 
changes in mRNA of FKBP family members [84].

siRNA knockdown of FKBP5 in NSC

HD and C116 NSC were cultured as described above. Cells 
were plated at a density of 100,000 per cm2 on Matrigel 
(Corning, CB40234)-treated six-well plates. Cells were trans-
fected at about 90% confluency. Before transfection, the med-
ium was changed to antibiotic-free medium. siRNAs 
(Dharmacon, FKBP5: J-004224009, non-targeting 
001206–13-20) were diluted into a stock solution of 
10,000 nM, and 3 μL was used per well in a six-well plate 
(25 nM per well). The siRNA was complexed with 6 μL of 
siLentFect Lipid reagent (Biorad, 170–3361). The siRNA and 

siLentFect were incubated for 20 min at room temperature 
(RT) and then slowly added dropwise to the well, and the 
plate was gently swirled. Fresh antibiotic-free medium was 
applied 48 h after transfection, and the cells were harvested 
96 h after transfection on ice. Cells were rinsed twice with 
DPBS (Corning, 21–031-CV) and then collected by scrapping 
in MPER (Thermo Fisher Scientific, 78,501) with Complete 
Mini protease inhibitor cocktail (MilliporeSigma, 
11,836,170,001), 1% Phosphatase Inhibitor Set II (EMD 
Millipore, 524,625), and 1% Phosphatase Inhibitor III (EMD 
Millipore, 539,134). Protein concentrations were determined 
using the BCA assay (Thermo Fisher Scientific, 23,252).

Treatment with SAFit2 in NSC

SAFit2 (Aobious, AOB6548) was dissolved in dimethyl sulf-
oxide (DMSO, MilliporeSigma, D2650) to a final concentra-
tion of 10 mM. Isogenic NSC, HD and C116 (N = 4 per 
genotype), were treated with DMSO, 1 μM SAFit2, and 
10 μM SAFit2. SAFit2 was added to fresh culture medium 
and then added to the six-well plates as part of the medium 
change. Cells were harvested 48 h after SAFit2 treatment on 
ice, rinsed 2X with DPBS and then scrapped with 200 μL of 
DPBS, and collected by centrifugation at 15,294 x g, and the 
pellets were frozen. Pellets were resuspended in MPER 
(Thermo Fisher Scientific, 78,501) and 1X Protease Inhibitor 

Figure 12. Model of the potential mechanism of clearance of HTT with FKBP5 modulation. (A) The physical interaction and proline isomerization activity of FKBP5 
with HTT leads to a conformation of mHTT that is not cleared by autophagy. (B) Decreasing the physical interaction and/or proline isomerization activity of FKBP5 
with HTT leads to a conformation state of mHTT that can be cleared by autophagy. This can be mediated by SAFit2 or knockdown of FKBP5.
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cocktail (MilliporeSigma, 1,183,670,001). Lysates and protein 
determinations were carried out as described above.

MSN culture

Activin A (25 ng/mL, Peprotech, AF-120-14E)-treated HD 
and C116 NSC were used to prepare MSN. Nunc six-well 
plates were treated with poly-D-lysine hydrobromide (1 mL, 
100 µg/mL; MilliporeSigma, P6407) and incubated (37°C and 
5% CO2) overnight (ON). Plates were washed once (1 mL, 
Corning cell culture grade water, 25–055-CVC) and left to air 
dry for 1 h inside the culture hood. Next, the plates were 
treated with Matrigel (1 mL, 50 µg; Corning, CB-40234) ON 
in an incubator. MSN were prepared according to Kemp et al. 
[85]. Isogenic HD and C116 MSN were cultured in 6-cm 
dishes (N = 3 per genotype). Cells were harvested on ice 
rinsed 1X with neurobasal A medium (Gibco, 10,888–022) 
and scrapped in MPER lysis buffer described above.

Maintenance and breeding of zQ175 and R6/2 mice

The Buck Institute animal facility is an AAALAC international- 
accredited institution (Unit #001070). All procedures were 
approved by the Institutional Animal and Use Committee 
(A4213-01). Mice were genotyped by PCR analysis with GoTaq 
Green (Promega, M7121). DNA extraction from isolated tail snips 
of 3-week-old mice was performed, following the manufacturer’s 
protocol (DNeasy Blood & Tissue kit; Qiagen, 69,504). For zQ175 
mice, 8 pmol of PCR control (F: 5′-CATTCATTGCCTTGCTG 
CTAAG-3′, R: 5′-CTGAAACGACTTGAGCGACTC-3′) and 
sequence specific primers (IDT) NeoF (F: 5′ GATCGG 
CCATTGAACAAGATG-3′ R: 5′AGAGCAGCCGATTG 
TCTGTTG-3′), were used to amplify genomic DNA (50 
ng). Cycle conditions were: 96°C 10 min, 35 cycles of 96° 
C 30 s, 58°C 30 s, 72°C 30 s, followed by a 7-min incuba-
tion at 72°C. Samples were run on a 2% agarose gel, 
positive mice yielded reaction products of the following 
lengths which distinguishes WT, heterozygote, and homo-
zygote zQ715 mice. R6/2 mice were genotyped, and CAG 
length was carried out by Laragen.

SAFit2 treatment of R6/2 and zQ175 mice

SAFit2 (Aobious, AOB6548) was reconstituted in 100% EtOH 
to a concentration of 0.1 mg/µl and stored at −20°C. On 
the day of injection, the SAFit2 stock was diluted to the 
desired concentration in a final solution with the following 
totals of 4% EtOH, 5% Tween 80 (MilliporeSigma, P4780), 5% 
PEG400 (MilliporeSigma, 8.07485) in 0.9% saline. It is worth 
noting that the SAFit2 must be brought up to the final 4% 
EtOH before the remaining components can be added. Mice 
were injected with 100 µL volume of either the SAFit2 solu-
tion or the buffer solution (4% EtOH, 5% Tween 80, 5% 
PEG400 in 0.9% saline). Animals were daily intraperitoneal 
injected, and 4 h before harvest. Injection sites were altered 
between the left or right side daily.

Mouse brain dissection and homogenization

To collect mouse brains, mice were anesthetized with isoflur-
ane (Butler Schein, 1,040,603) and cervically dislocated. An 
adult brain matrix (Bioanalytical Systems, RBM-2000 c) was 
used to section the brain into 1-mm coronal slices. Cortical 
and striatal regions were dissected from these slices. All dis-
sections and brain collections were performed on ice and flash 
frozen on dry ice. Samples were store at 80°C ON or until 
tissue homogenization. Lysis (200 μL striatum, 400 μL cortex) 
was performed with T-PERTM tissue protein extraction 
reagent (10 mL; Thermo Fisher Scientific,78,510) containing 
protease inhibitors (Complete Mini; MilliporeSigma, 
11,836,170,001, 1 tablet/10 mL), DNAase (1 μL; Invitrogen, 
EN0521), MgCl2 (1.2 mM; Honeywell Fluka, 60–047-233), 
epoxomycin (1 μM; MilliporeSigma, E3652), Phosphatase 
Inhibitor Cocktail II (100 μL, PPI II; Calbiochem, 524,625), 
tricostatin A (50 μM; MilliporeSigma, T8552), nicotinamide 
(30 mM; Sigma-Aldrich, 72,340) and sodium butyrate (30 μM; 
MilliporeSigma, 303,410). A dounce homogenizer (2 mL; 
Kimble Chase, KT885300-0002) was used for tissue homoge-
nization (2 X 60 pumps with a 30-s interval) on ice. After 
homogenization samples were stored at −80°C. Lysates were 
sonicated 3X at 40 mA with 5-s pulses, 5X, with 5-s breaks 
between each pulse. Sonicated lysates were subjected to cen-
trifugation at 15,294 x g or 20 min at 4°C. Supernatants were 
saved in a new tube, and the debris pellets were discarded. 
Protein concentrations of the supernatant were determined 
using the BCA assay (Thermo Fisher Scientific, 23,252).

Western blot analysis for FKBP5 siRNA knockdown in NSC

Lysates (8–15 μg) were prepared in 4X sample buffer 
(Invitrogen, NP0007) with 0.05 M DTT, and boiled for 
10 min at 95°C. Lysates were run on a 4–12% Bis-tris gel at 
200 V for 50 min in MES running buffer (Invitrogen, 
NP0002) with antioxidant (Invitrogen, NP0005). Transfer 
was performed ON, 20 V for 840 min at 4°C, onto a 0.4-μm 
nitrocellulose membrane. Blocking was done with 5% milk in 
1X TBST (Teknova, T9511). After blocking membranes were 
probed with the following primaries: FKBP5/FKBP5 (1:100; 
Cell Signaling Technology, 12,210), HTT (Millipore, 
MAB2166), polyQ 1C2 (1:500; Millipore, MAB1574), VCL/ 
vinculin (1:500; MilliporeSigma, V9131) or ACTB/β-actin (1:-
1000–2000; MilliporeSigma, A5441). Membranes were incu-
bated with secondary anti-murine horseradish peroxidase 
(HRP)-coupled antibodies (1:2500; GE Healthcare, NXA931) 
or anti-rabbit HRP-coupled antibodies (1:2500; GE 
Healthcare, NA934 at RT for 2 h in 5% milk TBST solution. 
Protein bands were detected by chemiluminescence (Pierce 
ECL; Thermo Fisher Scientific, 32,106). ImageQuant TL 
(v2005, Amersham Biosciences) was used for densitometry 
analysis.

Western blot analysis for FKPB51 in NSC and MSN treated 
with SAFit2

Lysates (8–15 μg) were prepared in 4X sample buffer 
(Invitrogen, NP0007) with 0.05 M DTT, and boiled for 10 min 
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at 95°C. Lysates were run on a 4–12% Bis-tris gel at 200 V for 
50 min in MES running buffer (Invitrogen, NP0002) with anti-
oxidant (Invitrogen, NP0005). Transfer was performed ON, 
20 V for 840 min at 4°C, onto a 0.4-μm nitrocellulose membrane. 
Blocking was done with 5% milk in TBST. After blocking mem-
branes were probed with the following primaries: FKBP5/FKBP5 
(1:100; Cell Signaling Technology, 12,210), VCL/vinculin (1:500; 
MilliporeSigma, V9131) or ACTB/β-actin (1:1000–2000; 
MilliporeSigma, A5441), or TUBA4A/TUBA1A/α-tubulin 
(1:1000; MilliporeSigma, T6199). Membranes were incubated 
with secondary anti-murine HRP-coupled antibodies (1:2500; 
GE Healthcare, NXA931) or anti-rabbit HRP-coupled antibo-
dies (1:2500; GE Healthcare, NA934) at RT for 2 h in 5% milk 
TBST solution. Protein bands were detected by chemilumines-
cence (Pierce ECL; Thermo Fisher Scientific, 32,106). 
ImageQuant TL (v2005, Amersham Biosciences) was used for 
densitometry analysis.

Western blot analysis of HTT and mHTT in HD NSC and 
MSN

Lysates (20 μg) were prepared in 4X sample buffer (Invitrogen, 
NP0007) with 0.05 M DTT, and boiled for 10 min at 95°C. mHTT 
and HTT bands were separated on a 3–8% Tris-acetate gel, run for 
90 min in Tris-acetate running buffer (Invitrogen, LA0041) and 
antioxidant (Invitrogen, NP0005) at 200 V on ice. Transfer was 
performed at 4°C at a constant 20 V for 840 min in transfer buffer 
(Thermo Fischer Scientific, NP00061) onto a nitrocellulose mem-
brane. Blocking was done ON in 5% milk in TBST, primary 
antibody HTT (1:250; Millipore MAB2166), HTT (1:500; 
Millipore, 1574), VCL/vinculin (1:500; MilliporeSigma, V9131) 
was probed at 4°C ON in 5% milk TBST, secondary HRP- 
coupled anti-mouse (GE Healthcare, NXA931; 1:2500) was 
probed ON at 4°C in 5% milk TBST. Protein bands were detected 
by chemiluminescence (Pierce ECL; Thermo Fisher Scientific, 
32,106). ImageQuant TL (v2005, Amersham Biosciences) was 
used for densitometry analysis.

LC3 Western blots

Protein concentrations were determined by BCA protein assay 
(Thermo Fisher Scientific, 23,225). Lysates (5 μg) were prepared in 
4X LDS buffer (Invitrogen, NP0007) and 0.05 M DTT. Samples 
were boiled for 10 min at 95°C and separated by 1D-SDS-PAGE 
electrophoresis on a 12% Bis-Tris gel at 200 V for 60 min in MOPS 
running buffer and antioxidant (Invitrogen, NP0005). Transfer 
was performed on ice in a cold room at 350 mA constant for 1 h in 
transfer buffer (Invitrogen, NP00061) with 10% methanol onto 
a 0.2-μm PVDF membrane (Millipore, LC20002). After blocking 
in 5% milk in TBST, primary antibody (20 μg/ml; Novous, 
100–2220) was incubated ON in 5% milk in TBST at 4°C. 
Membranes were incubated with secondary anti-rabbit (1:2500; 
GE Healthcare, NA934) or anti-murine (NXA931) HRP-coupled 
antibodies (1:2500; GE Healthcare) at RT for 2 h in 5% milk TBST 
solution. Protein bands were detected by chemiluminescence 
(Pierce ECL; Thermo Fisher Scientific, 32,106). ImageQuant TL 
(v2005, Amersham Biosciences) was used for densitometry 
analysis.

Western blot analysis comparing SAFit2 and rapamycin 
treatment in NSC

Lysates (15 μg) were prepared in 4X sample buffer 
(Invitrogen, NP0007) with 0.05 M DTT, and boiled for 
10 min at 95°C. Bands were separated on a 3–8% Tris- 
acetate gel, run for 90 min in Tris-acetate running buffer 
(Invitrogen, LA0041) and antioxidant (Invitrogen, NP0005) 
at 200 V on ice. Transfer was performed at 4°C at a constant 
20 V for 840 min in transfer buffer (Invitrogen, NP00061) 
onto a nitrocellulose membrane. Blocking for all phosphory-
lated antibodies was done ON in 5% BSA (MilliporeSigma, 
03117332001) in TBST. Blocking for all non-phosphorylated 
equivalents of antibodies was done ON in 5% milk in TBST. 
Primary antibody phosphorylated MTOR (1:100; Cell 
Signaling Technology, 2971), was normalized to total MTOR 
(1:100; Cell Signaling Technology, 2972). Both antibodies 
were applied at 4°C ON in 5% milk TBST or 5% BSA TBST, 
secondary HRP-coupled anti-rabbit (1:3000; GE Healthcare, 
NA934). Further comparison was done by probing primary 
antibodies phosphorylated ULK1 (1:100: Cell Signaling 
Technology, 6888) probed at 4°C ON in 5% BSA TBST, 
normalized to total ULK1 (1:100; MilliporeSigma, 7481), 
probed at 4°C ON in 5% milk TBST. Both antibodies utilized 
secondary HRP-coupled anti-rabbit (1:3000; GE Healthcare, 
NA934) and were probed ON at 4°C in 5% BSA or milk 
TBST, respectively. A 4–12% Bis-Tris gel, run for 50 min in 
Tris-acetate running buffer (Invitrogen, LA0041) and antiox-
idant (Invitrogen, NP0005) at 200 V on ice was used for 
RPS6/S6. Primary antibodies utilized for probing were phos-
phorylated RPS6 (1:100; Cell Signaling Technology, 5364) 
probed at 4°C ON in 5% BSA TBST, normalized to total S6 
(1:100; Cell Signaling Technology, 2217), probed at 4°C ON in 
5% milk TBST. Both antibodies utilized secondary HRP- 
coupled anti-rabbit (1:3000; GE Healthcare, NA934) and 
were probed ON at 4°C in 5% BSA or milk TBST, respec-
tively. Protein bands were detected by chemiluminescence 
(Pierce ECL; Thermo Fisher Scientific, 32,106). ImageQuant 
TL (v2005, Amersham Biosciences) was used for densitometry 
analysis.

Caspase activity assay comparing SAFit2 to rapamycin 
treatment in NSC

A 96-well assay plate with black sides and clear flat bottom 
(Corning, 3340) was coated with Matrigel solution in DMEM 
F-12 Knockout medium (50 μL/well), and allowed to sit for 
24 h at 37°C. NSC were seeded at 20,000 cells/well, and 
allowed to culture in NPM until achieving 70% confluency. 
Cells were then treated with 0.1% DMSO (NBM with 1% 
penicillin-streptomycin), SAFit2, or rapamycin in starvation 
media, for 24 h. After 24 h, Activated Caspase APO 3/7 HTS 
kit (Cell Technology, APO200-3), including Cell lysis buffer 
(3005), and Caspase 3/7 Reagent (z-DEVD) 2 Rodamine 110 
(Cell Technology, 4004). Change in fluorescence was recorded 
on a PerkinElmer VictorX3 Multimode Plate Reader. One 
hundred reads at 488 nm emission were collected, and 
a best fit line was calculated through the reads. The best fit 
line was then normalized to total protein value calculated by 
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BCA assay on a by well basis to calculate the Caspase Activity/ 
total Protein.

Western blotting for FKBPs in HD transgenic mice brain 
lysates

Cortical and striatal lysates (20–40 μg) were prepared in 4X 
LDS buffer (Invitrogen, NP0007) and 0.05 M DTT. Samples 
were boiled for 10 min at 95°C and separated by 1D-SDS- 
PAGE electrophoresis on a 12% Bis-Tris gel at 200 V for 
50 min in MOPS running buffer and antioxidant 
(Invitrogen, NP0005). Transfer was performed on ice in 
a cold room at 350 mA constant for 1 h in transfer buffer 
(Invitrogen, NP00061) with 10% methanol onto a 0.2-μm 
PVDF membrane (Thermo Fisher, 88,520). After blocking in 
5% milk in TBST, primary antibody FKBP1A/FKBP12 (1:-
1000–4000; Abcam, ab2918), FKBP1B/FKBP12.6 (1:100–200, 
Abcam, ab82316); FKBP5/FKBP51 (1:100–500; Cell Signaling 
Technology, D5G2), FKBP4/FKBP52 (1:100; Cell Signaling 
Technology, 11,826), TUBA4A/TUBA1A/α-tubulin (1:500–-
4000; MilliporeSigma, T6199) were incubated ON in either 
5% milk TBST or 5% BSA TBST at 4°C. Membranes were 
incubated with secondary anti-rabbit (1:2500; GE Healthcare 
NA934) or anti-murine HRP-coupled antibodies (1:2500; GE 
Healthcare, NXA931) at RT for 2 h in 5% milk TBST solution. 
Protein bands were detected by chemiluminescence (Pierce 
ECL; Thermo Fisher Scientific, 32,106). ImageQuant TL 
(v2005, Amersham Biosciences) was used for densitometry 
analysis.

Western blot analysis in R6/2 and zQ175 treated with 
SAFit2

Lysates (15–30 μg) were prepared in 4X sample buffer 
(Invitrogen, NP0007) with 0.05 M DTT, and boiled for 
10 min at 95°C. The R6/2 lysates were run on a 4–12% Bis- 
tris gel at 200 V for 50 min in MES running buffer 
(Invitrogen, NP0002) with antioxidant (Invitrogen, 
NP0005). The zQ175 lysates were separated on 3–8% tris- 
acetate gel at 200 V for 90 min in tris-acetate running 
buffer. Transfer was performed ON, 20 V for 840 min at 
4°C, onto a 0.4-μm nitrocellulose membrane. Blocking was 
done with 5% milk in TBST. After blocking membranes 
were probed with the following primaries: HTT (1:500; 
MilliporeSigma, 5492), FKBP5/FKBP51 (1:100; Cell 
Signaling Technology, 12,210), VCL/vinculin (1:500; 
MilliporeSigma, V9131) or ACTB/β-actin (1:1000–2000; 
MilliporeSigma, A5441), or TUBA4A/TUBA1A/α-tubulin 
(1:1000; MilliporeSigma,T6199). Membranes were incubated 
with secondary anti-murine HRP-coupled antibodies 
(1:2500; GE Healthcare, NXA931) or anti-rabbit (1:2500; 
GE Healthcare, NA934) at RT for 2 h or ON at 4°C in 
5% milk TBST solution. Protein bands were detected by 
chemiluminescence (Pierce ECL; Thermo Fisher Scientific, 
32,106). ImageQuant TL (v2005, Amersham Biosciences) 
was used for densitometry analysis.

IHC staining

Paraffin-embedded coronal mouse brain sections from zQ175 
and WT mice (7 μm) were deparaffinized and rehydrated with 
xylene and ethanol rinses, with a final rinse in deionized 
water. The slides were then washed in TBS for 10 min. 
Antigen retrieval was performed using citrate buffer at pH 
6.0 for 5 min at 40% power in 1100 W microwave (Sanyo). 
The slides were allowed to cool in the same buffer at RT for 
20 min. Slides were then washed in TBS. Sections were 
blocked for 60 min in blocking buffer containing 5% normal 
goat serum in TBS and 2 μg/mL goat anti-mouse IgG (1 mg/ 
ml; Aves Labs, Inc., IMU-1010). Primary antibodies FKBP5/ 
FKBP51 (1:25; Santa Cruz Biotechnology, sc-271,547) and 
HTT (1:50; MilliporeSigma, H7540) were diluted in 1% BSA 
in TBS and left at 4°C ON in a humidified chamber. Slides 
were washed three times in TBS. Secondary antibodies of 
goat-anti mouse Alexa Fluor 555 (1:500; Thermo Fisher 
Scientific, A21424) and goat-anti rabbit Alexa Fluor 488 
(1:500; Thermo Fisher Scientific, A11006) were diluted in 
1% BSA in TBS and incubated at RT for 2 h. Slides were 
washed for 10 min, three times and then dried. Slides were 
mounted using Prolong Gold with DAPI (Thermo Fisher 
Scientific, P36931). All images were collected using a Zeiss 
LSM 780 confocal on an Axio Observer Z1 inverted micro-
scope with Plan-Apochromat 63x/1.40 NA Oil DIC objective 
and zoom at 2.0. DAPI was excited with a 405-nm Diode laser 
line at 36.8% (Filter 410–498 nm). Alexa Flour 488 secondary 
was excited with a 488-nm Argon laser line at 2.5% (Filter 
490–544 nm). Alexa Fluor 555 secondary was excited with 
a 555 nm DPSS laser line at 10.0% (Filter 566–697 nm). 
Master gain for all channels set to 650. Dimensions: x: 1584, 
y: 1584, z: 25, channels: 3, 12-bitImage size x: 71.03 µm, y: 
71.03 µm, z: 7.74 µm. Z-series optical sections were collected 
with a step-size of 0.28 μ in 26 steps over 7 μ in the 
z dimension. Co-localization analysis was done using 
IMARIS 64 software (IMARIS x64 7.4.2 February 2021 2012 
Build 26,649 for x64, Bitplane Scientific Software).

Co-immunoprecipitation with HTT or FKBP5 antibody

Total midbrain lysate was used from homozygote zQ175 
and wild-type mice for Co-IP. Co-IP for striatal and cor-
tical lysates used an allelic series of heterozygote mice 
consisting of WT, 50Q, 90Q, and 175Q expansions. Total 
lysate (300 μg, midbrain, striatal or cortical) was diluted 
into a final volume of 700 μL (T-PER, Thermo Fisher 
Scientific, 78,510; Protease Inhibitor Complete tablet, 
MilliporeSigma, 11,697,498,001). The lysate was pre- 
cleared with protein G beads (GE Healthcare, 17,061,801) 
for 1 h at 4°C. Pre-cleared brain lysates were incubated ON 
at 4°C with HTT antibody (1:140; Millipore, MAB2166) or 
FKBP5 antibody (1:50; Cell Signaling Technology, 12,210) 
or no antibody as a control. Lysate was incubated with 
protein G beads (GE Healthcare, 17,061,801) for 5 h at 4° 
C. Beads were washed with TPER (5X) and eluted with 2X 
LDS buffer (50 μL; Invitrogen, NP0007) and 0.1 M DTT, 
boiled for 10 min and then spun at 15,294 x g for 10 min, 
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and the supernatant was saved. Twenty-five μL of the total 
50 μL elute volume was boiled for 10 min at 95°C and then 
separated by 1D-SDS PAGE electrophoresis on a 4–12% 
Bis-Tris gel at 200 V for 50 min in MES running buffer 
(Invitrogen, NP0002) with antioxidant (Invitrogen, 
NP0005). Transfer was performed ON, 20 V for 840 min 
at 4°C, onto a 0.4-μm nitrocellulose membrane. Blocking 
was done with 5% milk in TBST. After blocking primary 
antibody of HTT (1:100–300; Millipore, MAB2166) and 
FKBP5/FKBP51 (1:100–250; Cell Signaling 
Technology,12,210) and FKBP5/FKBP51 (1:100–300; Santa 
Cruz Biotechnology, 271,547) was incubated ON at 4°C in 
5% milk in TBST. Membranes were incubated with second-
ary anti-rabbit (1:2500; GE Healthcare, NA934V) or anti- 
murine (1:2500; GE Healthcare, NXA931) HRP-coupled 
antibodies at RT for 2 h or ON at 4°C in 5% milk TBST 
solution. Protein bands were detected by chemilumines-
cence (Pierce ECL; Thermo Fisher Scientific, 32,106). 
ImageQuant TL (v2005, Amersham Biosciences) was used 
for densitometry analysis.

Immunocytochemistry of NSC

NSC were cultured in eight-well Matrigel (Corning, 
CB40234)-coated-chamber slides eight-well chamber slides 
(BD Falcon, 354,108) and fixed with 4% PFA 
(MilliporeSigma, 158,127) for 15 min at RT and washed 
three times with PBS (corning, 21–031-CV). Cells were per-
meabilized with 0.1% Triton X-100 (Fisher Scientific, BP151- 
100) in PBS PBS (corning, 21–031-CV). Blocking was done 
with 1% BSA (MilliporeSigma, 03117332001) and 5% donkey 
serum (MilliporeSigma, D9663) in PBS. Primary antibodies 
(1:200, FKBP5, Santa Cruz Biotechnology, sc-271,547; 1:200, 
HTT, MilliporeSigma, H7540) were incubated for 24 h at 4°C 
in a humid chamber. Secondary antibodies (Alexa 488 and 
Alexa 546) were used at 1:250 at RT for 90 min in the dark. 
Slides were mounted with 1.5-mm coverslips and ProLong 
Gold with DAPI antifade mount. Imaging was done on 
a Nikon Eclipse Ti-U microscope using Plan Apo λ 20X/ 
0.75 objective.

Immunocytochemistry of human MSN

C116 and HD MSN were fixed using 4% paraformalde-
hyde in 0.1 M PBS, pH 7.4 (Corning, 21–040-CV) for 
30 min. After three washes in PBS, cells were permeabi-
lized and blocked for 1 h at RT using 0.1% Triton X-100 
(Thermo Fisher Scientific, 28,313) and 4% donkey serum 
in PBS. Primary antibodies were added in the presence of 
blocking buffer ON at 4°C. Secondary antibodies (1:500) 
were added after three PBS washes in blocking buffer at 
RT for 1 h. The following primary antibodies were used 
for the immunofluorescence studies: rabbit anti-PPP1R1B 
/DARPP-32 (1:100; Santa Cruz Biotechnology, sc-11,365), 
rabbit anti-MAP2 (1:100; Millipore, AB5622) and rabbit 
anti-NES/nestin (1:100; Abcam, ab92391). The secondary 
antibodies were donkey anti-rabbit IgG conjugated with 
Alexa Fluor 488 (Invitrogen, A12379) or Alexa Fluor 647 
(Invitrogen, A22287). Images were acquired using a Biotek 

Cytation 5 microscope and were prepared using Fiji soft-
ware (ImageJ).

Statistical analysis

Student’s paired t-test and ANOVA with Tukey’s multiple 
comparison test was used to study differences in expression. 
All statistical analysis and graph plotting were performed 
using PRISM 7 by GraphPad Software (La Jolla, CA, USA). 
p < 0.05 was considered as statistically significant.
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