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METHODS AND COMPOSITIONS FOR TREATING BRAIN DISEASES 

RELATED APPLICATIONS 

This application claims the benefit of priority of U.S. Provisional Application Serial No.  

5 62/098,085 filed on December 30, 2014, which application is herein incorporated by reference.  

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH 

This invention was made with government support under NS50210 and NS052789-S1 

awarded by the National Institutes of Health. The government has certain rights in the 

D invention.  

BACKGROUND 

Huntington's Disease (HD) is a fatal autosomal-dominant neurodegenerative disease 

caused by CAG repeat expansion in exon 1 of huntingtin, which encodes the protein huntingtin 

5 (HTT)(1993). Despite HTT expression in all tissues and brain regions, the striatum demonstrates 

the most profound and early degeneration. Mutant HTT (mHTT) negatively affects multiple 

cellular pathways, including mitochondria biogenesis (Cui et al., 2006; Tsunemi et al., 2012), 

cholesterol homeostasis (Karasinska and Hayden, 2011; Valenza and Cattaneo, 2011; Valenza et 

al., 2005), axonal growth (Li et al., 2001), and synaptogenesis (Milnerwood and Raymond, 

2010), all of which may contribute to neuronal dysfunction and loss. These varied phenotypes 

may result from disruption of a core component regulating a range of fundamental biological 

processes. Identifying such a primary pathogenic event would facilitate therapeutic 

development.  

Gene transfer is now widely recognized as a powerful tool for analysis of biological 

events and disease processes at both the cellular and molecular level. More recently, the 

application of gene therapy for the treatment of human diseases, either inherited (e.g., ADA 

deficiency) or acquired (e.g., cancer or infectious disease), has received considerable attention.  

With the advent of improved gene transfer techniques and the identification of an ever 

expanding library of defective gene-related diseases, gene therapy has rapidly evolved from a 

treatment theory to a practical reality.  

Traditionally, gene therapy has been defined as a procedure in which an exogenous gene 

is introduced into the cells of a patient in order to correct an inborn genetic error. Although 

more than 4500 human diseases are currently classified as genetic, specific mutations in the 

human genome have been identified for relatively few of these diseases. Until recently, these
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rare genetic diseases represented the exclusive targets of gene therapy efforts. Accordingly, 

most of the NIH approved gene therapy protocols to date have been directed toward the 

introduction of a functional copy of a defective gene into the somatic cells of an individual 

having a known inborn genetic error. Only recently, have researchers and clinicians begun to 

appreciate that most human cancers, certain forms of cardiovascular disease, and many 

degenerative diseases also have important genetic components, and for the purposes of 

designing novel gene therapies, should be considered "genetic disorders." Therefore, gene 

therapy has more recently been broadly defined as the correction of a disease phenotype through 

the introduction of new genetic information into the affected organism.  

In in vivo gene therapy, a transferred gene is introduced into cells of the recipient 

organism in situ that is, within the recipient. In vivo gene therapy has been examined in several 

animal models. Several recent publications have reported the feasibility of direct gene transfer 

in situ into organs and tissues such as muscle, hematopoietic stem cells, the arterial wall, the 

nervous system, and lung. Direct injection of DNA into skeletal muscle, heart muscle and 

injection of DNA-lipid complexes into the vasculature also has been reported to yield a 

detectable expression level of the inserted gene product(s) in vivo.  

Treatment of diseases of the central nervous system remains an intractable problem. An 

example of such a disease is Huntington's disease. Proteins deficient in this disorder, when 

delivered intravenously, do not cross the blood-brain barrier, or, when delivered directly to the 

brain, are not widely distributed. Earlier data indicated that inhibiting the mTOR pathway may 

be beneficial. However, our work reveals that this is detrimental and also show that therapies 

that stimulate this pathway is what is beneficial.  

SUMMARY 

In a first aspect, the present invention provides a method for treating or preventing 

Huntington's disease (HD) in a subject in need thereof comprising administering said 

therapeutic agent to the brain of said subject, wherein said therapeutic agent comprises an 

adeno-associated viral (AAV) vector comprising a nucleic acid encoding a constitutively active 

Ras homolog enriched in brain (Rheb) mutant (caRheb; S16H) operatively linked to a promotor, 

wherein said caRheb; SI6H expression into the striata brain tissue improves motor function in 

the subject, thereby treating or preventing the HD.  

In a second aspect, the present invention provides method for modulating mHTT

associated metabolic phenotypes and/or reversal of striatal atrophy in a subject in need thereof 

by administering a therapeutic agent to the brain of said subject, wherein said therapeutic agent
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comprises an adeno-associated viral (AAV) vector comprising a nucleic acid encoding a 

constitutively active Ras homolog enriched in brain (Rheb) mutant (caRheb; S16H) operatively 

linked to a promotor, wherein said caRheb; S16H expression into the striata brain tissue 

modulates said mHTT-associated metabolic phenotypes and/or reverses said striatal atrophy in 

the subject.  

In a third aspect, the present invention provides use of adeno-associated viral (AAV) 

vector comprising a nucleic acid encoding a constitutively active Ras homolog enriched in brain 

(Rheb) mutant (caRheb; S16H) operatively linked to a promotor in the preparation of a 

medicament for treating or preventing Huntington's disease (HD) in a subject, wherein the 

medicament is for administration to the brain of the subject.  

In a fourth aspect, the present invention provides use of adeno-associated viral (AAV) 

vector comprising a nucleic acid encoding a constitutively active Ras homolog enriched in brain 

(Rheb) mutant (caRheb; S16H) operatively linked to a promotor in the preparation of a 

medicament for modulating mHlTT-associated metabolic phenotypes and/or reversal of striatal 

atrophy in a subject, wherein the medicament is for administration to the brain of the subject.  

The present invention provides in certain embodiments, methods for treating or 

preventing Huntington's disease (HD) in a subject in need thereof (e.g., in a subject that has 

inherited the disease gene), comprising administering a therapeutic agent that activates 

mTORC1 function and/or increases Ras Homolog Enriched in Striatum (Rhes) levels in the 

subject's brain as compared to the function or level in the subject prior to treatment. In certain 

embodiments, the subject may have mitochondrial dysfunction, aberrant cholesterol 

homeostasis, striatal atrophy, impaired dopamine signaling and/or decreased autophagy.  

The present invention provides in certain embodiments, methods of modulating mHTT

associated metabolic phenotypes and/or reversal of striatal atrophy by administering a 

therapeutic agent that activates mTORClfunction and/or increases Ras Homolog Enriched in
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Striatum (Rhes) levels in the subject's brain as compared to the function or level in the subject 

prior to treatment.  

The present invention provides a method of delivering a therapeutic agent to a brain cell 

of a mammal comprising administering to the brain cell an AAV particle containing a vector 

5 comprising the nucleic acid inserted between a pair of AAV inverted terminal repeats, thereby 

delivering the nucleic acid to the brain cell. In certain embodiments, the AAV is AAV2/1. In 

certain embodiments, the AAV is AAV2/5. As used herein, the term AAV2/1 is used to mean 

an AAV2 ITR and AAV1 capsid, the term AAV2/2 is an AAV2 ITR and AAV2 capsid, the term 

AAV2/4 is an AAV2 ITR and AAV4 capsid, etc. In certain embodiments, the AAV is AAV1, 

0 AAV2, AAV5, AAV6 and/or AAV9. In certain embodiments, the AAV is AAV1. In certain 

embodiments, the AAV is AAV2. In certain embodiments, the AAV is AAV5. In certain 

embodiments, the AAV is an AAV6. In certain embodiments, the AAV is an AAV8. In certain 

embodiments, the AAV is an AAV9. In certain embodiments, the AAV is an AAVrh10.  

In certain embodiments, the AAV capsid has at least 80% homology to any reference 

5 AAV serotype capsid protein VP1, VP2, and/or VP3, e.g., to a AAVl capsid protein VP1, VP2, 

and/or VP3, or e.g., to a AAV2 capsid protein VP1, VP2, and/or VP3, or e.g., a AAV3 capsid 

protein VP1, VP2, and/or VP3, or e.g., a AAV4 capsid protein VP1, VP2, and/or VP3, or e.g., a 

AAV5 capsid protein VP1, VP2, and/or VP3, or e.g., a AAV6 capsid protein VPl, VP2, and/or 

VP3, or e.g., a AAV7 capsid protein VP1, VP2, and/or VP3, or e.g., a AAV8 capsid protein 

VPl, VP2, and/or VP3, or e.g., a AAV9 capsid protein VP1, VP2, and/or VP3, or e.g., a 

AAVrh10 capsid protein VP1, VP2, and/or VP3, or e.g., a AAVrh74 capsid protein VP1, VP2, 

and/or VP3.  

In certain embodiments, the AAV capsid has 100% homology to any reference AAV 

serotype capsid protein VP1, VP2, and/or VP3, e.g., to a AAV1 capsid protein VP1, VP2, and/or 

VP3, or e.g., to a AAV2 capsid protein VP1, VP2, and/or VP3, or e.g., a AAV3 capsid protein 

VP1, VP2, and/or VP3, or e.g., a AAV4 capsid protein VP1, VP2, and/or VP3, or e.g., a AAV5 

capsid protein VP1, VP2, and/or VP3, or e.g., a AAV6 capsid protein VP1, VP2, and/or VP3, or 

e.g., a AAV7 capsid protein VP1, VP2, and/or VP3, or e.g., a AAV8 capsid protein VP1, VP2, 

and/or VP3, or e.g., a AAV9 capsid protein VP1, VP2, and/or VP3, or e.g., a AAVrh1O capsid 

protein VP1, VP2, and/or VP3, or e.g., a AAVrh74 capsid protein VP1, VP2, and/or VP3.  

In certain embodiments, the subject is a human.  

In certain embodiments, the therapeutic agent is a therapeutic nucleic acid. In certain 

embodiments, the therapeutic agent is a protein.  

3
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In certain embodiments, the agent is administered to the brain of the subject. In certain 

embodiments, the agent is injected at 1-5 locations in the brain, such as at one, two, or three 

locations in the brain. In certain embodiments, the agent is administered to the mammal's 

striatum, cortex or ventricular space.  

5 

BRIEF DESCRIPTION OF THE FIGURES 

Figures 1A-1B. mTORC1 activity is reduced in HD human and mouse striatum.  

(A) Immunoblotting of mTOR, Rictor, Raptor, and mTORC1 activity (pS6) showed reduced 

mTORC1 activity in the striatum of patients with HD (N=10; see Fig SlA for expanded series) 

D compared to unaffected individuals (N=6). p-actin was used as a loading control. Data represent 

mean + SEM. ***P<0.001, Student's t-test. (B) Immunoblotting of mTOR, Rictor, Raptor, and 

pS6 from 6-week-old N171-82Q and WT mouse striatal lysates. p-actin was used as a loading 

control. Densitometry analyses for panels A and B revealed reduced pS6 levels in HD patient 

(N=10) vs. controls (N=6), and 6-week-old N171-82Q mice (N=4) compared to age- and sex

5 matched WT littermates (N=4). Data represent mean + SEM.*P<0.05; ***P<0.001, Student's t

test.  

Figures 2A-2G. Activation of mTORC1 pathway corrects metabolism-related 

deficits in HD mice. (A) Western blot shows increased pS6 and DARPP-32 immunoreactivity 

in N171-82Q mice treated with unilateral injection of AAV.caRheb, compared to untreated.  

Mice were injected at 7 weeks of age and striatal lysates harvested at 10 weeks of age. Right, 

densitometry quantification of DARPP-32 immunoreactivity (N=4 mice per group; *P<0.05, 

One-way ANOVA with Tukey's post-hoc test). (B) RT-qPCR analysis of PGCl-a in striatal 

homogenates from 10-week-old N171-82Q mice treated with unilateral injection of 

AAV.caRheb at 7 weeks of age. Striatal lysates from uninjected contralateral hemispheres 

served as internal controls (N=8 per group). (C-G) RT-qPCR analysis of ROS detoxifying genes 

in striatal homogenates from 10-week-old NI71-82Q and WT mice after unilateral injection of 

AAV.caRheb at 7 weeks of age. Lysates from uninjected contralateral hemispheres served as 

internal controls (N=8 per group). All genes were normalized to endogenous 3-actin. Data 

represent mean + SEM. C=Control. *P<0.05, **P<0.01, ***P<0.001, Student's t-test.  

Figures 3A-3F. mTOR regulates cholesterol biosynthetic pathway genes in HD mice 

striata. (A and B) WT (Q7) and mutant (Q111) striatal cells grown in normal media were 

treated with 250 nM Torin1 or DMSO (control). Total cell extracts were obtained 24 hours after 

treatment. Gene expression levels of HMGCR and HMGCS1 were normalized to endogenousp

actin. (C-F) RT-qPCR analysis of lipogenic genes from striatal homogenates of 10-week-old 

4
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N171-82Q and WT mice after unilateral injection of AAV.caRheb at 7 weeks of age. Lysates 

from uninjected contralateral hemispheres served as internal controls (N=8 per group). All 

genes were normalized to endogenous -actin. Data represent mean + SEM. C=Control.  

*P<0.05, **P<0.01, ***P<0.001, Student's t-test.  

5 Figures 4A-4D. AAV.caRheb increases basal autophagy in N171-82Q mice. (A and 

B) Biochemical assessment of autophagy (LC3 and BeclinI) in striatal lysates from N171-82Q 

mice after unilateral injection of AAV.caRheb at 7 weeks of age. Striata were harvested 3 weeks 

post-injection. Uninjected contralateral striata serve as internal controls (N=6 mice per group).  

Representative western blots and densitometry analysis revealed increased LC3II and BeclinI 

levels in AAV.caRheb-treated N171-82Q mice striata. p-actin was used as a loading control.  

Data are mean + SEM.**P<0.01; Student's t-test. (C) Left panels: representative 

photomicrographs of an autophagosome (arrow) and an autolysosome (double arrow). Scale bar 

is 0.5 pm. Right panel: frequency of autophagosomes and autolysosomes detected in striatal 

neurons from AAV.eGFP and AAV.caRheb treated NI71-82Q mice (3 mice examined per 

5 group; 7-10 cells/hemisphere/animal). Ratio indicates number of autophagosome or 

autolysosome over total number of cells counted. (D) Ultrastructural TEM analysis of striatal 

sections from N171-82Q mice after AAV.eGFP or AAV.caRheb injections into opposite 

hemispheres (N=3 mice per group). Left panel: a representative photomicrograph of striatal 

neurons from control treated striata shows electron-lucent cytoplasm, devoid of endoplasm 

granular mass and organelles. Right panel: AAV.caRheb treated neurons show normal 

cytoplasm enriched with organelles and endoplasm granular mass. Scale bar is 5 tm.  

Figures 5A-5G. mTORC1 regulates genes involved in mHTT aggregate clearance.  

(A-F) RT-qPCR analysis of genes from striatal homogenates of 10-week-old N171-82Q and WT 

mice after unilateral injection of AAV.caRheb at 7 weeks of age. The uninjected contralateral 

side served as an internal control (N=8 per group). (A and B) Expression of genes implicated in 

the SUMO modification of mHTT. (C-E) Expression of IKK related genes (Ikbkb, Ikbkap, and 

Ikbke). (F) Expression of HDAC4. All genes were normalized to endogenous p-actin. Data 

represent mean + SEM. C=Control. *P<0.05, **P<0.01, ***P<0.001, Student's t-test.(G) Left 

panels, immunohistochemical staining of N171-82Q mouse striatum with EM48 2 weeks after a 

single unilateral injection of AAV.caRheb and AAV.eGFP into the hippocampus of 10-week 

N171-82Q mice (N=4 per treatment group; Scale bar: 50 pm). Right panel, AAV.caRheb 

reduced EM48 positive aggregates. Arrows: Em48 positive aggregates. Data represent mean + 

SEM. *P<0.05. Student's t test.  

5
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Figures 6A-6E. mTORC1 promotes MSN growth and counteracts mHTT-induced 

motor phenotypes. (A) Immunohistochemical staining of MSNs with anti-DARPP-32, 2 weeks 

after a single unilateral injection of AAV.caRheb into the striatum of 11-week-old N171-82Q 

mice. Mice were given vehicle or RADOOfor 2 weeks. (B and C) Quantification of MSN cell 

5 area and striatal volumes from tissues of animals treated as in (A) (N=4 per treatment group; 

mean + SEM). (D) WT mice injected unilaterally with AAV.mHTT/AAV.eGFP or 

AAV.mHTT/AAV.caRheb at 6 weeks of age. When tested 4 weeks post-injection, 

AAV.mHTT/AAV.eGFP induced ipsilateral rotational behavior in response to amphetamine.  

Co-injection of AAV.caRheb altered AAV.mHTT-induced ipsilateral rotation following 

amphetamine administration, with mice displaying contralateral rotation (N=4 per treatment 

group). *P<0.05, **P<0.001, ***P<0.001, Student's t-test. Scale bars: 100 m (A-D). (E) Left 

panels, Immunohistochemical staining of MSNs with anti-DARPP-32 of sections from 

AAV.mHTT/AAV.eGFP or AAV.mHTT/AAV.caRheb injected mice from (D). The 

contralateral uninjected hemisphere is shown as control. Right panels, quantification of MSN 

5 area expressed as percentage of uninjected contralateral striata.*P<0.05, Student's t-test. Scale 

bars: 50 pm.  

Figures 7A-7D. Intrastriatal Rhes overexpression improves disease phenotypes in 

N171-82Q mice. (A) RT-qPCR analysis of endogenous Rhes levels from striatal lysates of 

unaffected individuals (Ctl, N=4) and HD patients (N=10), and 6-week-old N171-82Q (N=5) 

and WT (N=4) littermates. Data represent mean + SEM. *P<0.05, ***P<0.001, Student's t-test.  

(B) Rotarod assessment of N171-82Q and WT mice after bilateral injection of AAV.Rhes, 

AAV.RhesS33N, or saline into the striatum at 7 weeks of age (N=10-14 mice per group at 14 

weeks of age; N=6-13 mice per group at 18 weeks of age). Rotarod data from three consecutive 

days at 14 and 18 weeks of age are shown as latency to fall. Saline and AAV.RhesS33N-injected 

N171-82Q mice performed significantly worse compared to AAV.Rhes-injected N171-82Q 

mice on the rotarod at 14 and 18 weeks of age. NS=Not statistically significant. Data represent 

mean + SEM. *P<0.05; **P<0.01; ***P<0.001, One-way ANOVA with Tukey's post-hoc test.  

(C) DARPP-32 staining and quantification of MSN area of N171-82Q mice striatal tissue 

sections after unilateral injection of AAV.Rhes and contralateral injection of AAV.GFP at 7 

weeks of age. Tissues were harvested at 19 weeks of age (N=3 mice/group; GFP=245 cells; 

Rhes=251 cells). Data represent mean + SEM. ***P<0.001, Student's t-test. Scale bars: 50 pm.  

(D) qPCR analysis of PGC-l a in striata from AAV.Rhes- or saline-treated N171-82Q and WT 

mice (n=6-9 per group) harvested at the end of the study (19 weeks of age). C=Control.  

*P<0.05, Student's t-test.  

6
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Figure 8. Proposed mechanism through which impaired mTOR contributes to 

complex disease phenotypes in HD. Under normal physiological condition, mTOR regulates 

varied biological processes that are crucial for neuronal function and survival. In HD, mHTT 

disrupts mTORC1 function by direct interaction with mTOR, causing neuronal dysfunction by 

5 negatively impacting multiple pathways. In the striatum, mHTT further impairs mTORC1 

activity by interfering with Rhes, a striatum enriched mTOR regulator. Thus, a concomitant loss 

of Rhes and mTORC1 activity may render striatal tissue vulnerable to early degeneration in HD.  

Figures SlA-SlB. mTORC1 activity is reduced in HD human and mouse striatum.  

(A) Western blot demonstrates reduced mTORC1 activity (pS6) in the striatum of patients with 

HD (N=10) compared to unaffected individuals (N=6). 1-actin was used as a loading control 

(related to Figure 1A). (B) Biochemical analysis of endogenous mTORCl activity (pS6) 

fromI4-week-old N171-82Q and WT mouse striatal lysates. p-actin was used as a loading 

control. Densitometry analysis revealed reduced pS6 level in 14-week-old N171-82Q mice 

(N=5) compared to age- and sex-matched WT littermates (N=4). Data represent mean + 

SEM.*P<0.05, Student's t-test.  

Figures S2A-S2H. AAV1 efficiently transduces striatal neurons in mice. A 

representative immunohistochemistry picture of a HD mouse striatum showed robust 

transduction of neurons (NeuN) in a 18-week-old mouse after AAV1.eGFP injection at 6 weeks 

of age. See also McBride et al, PNAS: 105(15):5868-73, 2008. (B-H) AAV.caRheb improves 

) metabolism-related deficits in NI71-82Q mouse striatum. B) Western blot shows increased pS6 

and DARPP-32 levels of striatal lysates in N171-82Q mice treated with unilateral injection of 

AAV.caRheb, compared to AAV.eGFP treated animals. Mice were injected at 10 weeks of age, 

and tissues were harvested at 13 weeks of age. Right, densitometry quantification of DARPP-32 

immunoreactivity (N=4 mice per group; *P<0.05, Student's t-test). (C-H) RT-qPCR analysis of 

metabolism related genes and the NI71-82Q transgene from striatal homogenates of 13 weeks 

old N171-82Q mice after unilateral injection of AAV.caRheb and contralateral injection of 

AAV.eGFP at 10 weeks of age (N=4 per group). All genes were normalized to p-actin. Data 

represent mean + SEM. *P<0.05, **P<0.01, Student's t-test.  

Figures S3A-S3F. A,B. Torin1 inhibits metabolism gene expression genes in 

striatal cell model of HD. Q7 and Q11 striatal cells grown in normal serum condition were 

treated with Torin1 or DMSO (control). Total cell extracts were obtained 24 hrs later. (A) 

Biochemical assessment shows reduced mTORC Iactivity (pS6 and p4E-BP1), PGC1-a, and 

DARPP-32 expression in Q7 and QI11 cells with Torin Itreatment. (B) A representative 

western blot for CREB and its coactivator, TORC1 24 hours after Torin Itreatment.  

7
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Densitometry analyses show Torin Isuppressed TORC1 and CREB levels in Q7 and Q Illcells.  

Values are percentage of vehicle-treated controls + SEM of four independent experiments (N=4 

per treatment groups). Endogenous p-actin was the loading control.*P<0.05; **P<0.01, 

Student's t-test. C-F. mTOR alters cholesterol biosynthesis gene expression in 

5 AAV.caRheb versus AAV.eGFP treated HD transgenic mouse striata. RT-qPCR analysis of 

lipogenic genes from striatal homogenates of 13-week-old N171-82Q and WT mice after 

unilateral injection of AAV.caRheb at 10 weeks of age. Lysates from AAV.eGFP injected 

contralateral hemispheres served as internal controls (N=4 per group). All genes were 

normalized to endogenous p-actin. Data represent mean + SEM. C=Control. *P<0.05, **P<0.01, 

Student's t-test.  

Figure S4. Basal autophagy is enhanced in N171-82Q mice striata. Biochemical 

assessment of LC3II in striatal lysates from N171-82Q and WT mice after injection of 

AAV.eGFP at 10 weeks of age. Striata were harvested 3 weeks post-injection. Densitometry 

analysis revealed increased LC31I levels in the striatum of N171-82Q mice (N=9) compared to 

5 WT (N=5). p-actin was used as a loading control. Data are mean + SEM.*P<0.05, Student's t

test.  

Figure S5. AAV.eGFP transduction of hippocampus. eGFP expression in the 

hippocampus of N171-82Q mice 2 weeks after AAV1.eGFP injection into the dentate gyrus at 

10 weeks of age. Scale bars: 1mm (left), 100 pm (right).  

Figures S6A-S6B. RADO inhibits mTORC1 activity in the striatum of N171-82Q 

mice. (A) Biochemical assessment of mTORC1 activity (pS6) in striatal lysates from N171

82Q mice that received vehicle (2% DMSO) or mTORCl inhibitor RADOO (N=3 mice per 

group). Mice were treated for 2 weeks and striata harvested 24 hours after the last dose.  

Densitometry analysis of immunoblots of samples from mice.p-actin was used as a loading 

control. Data represent mean + SEM. ***P<0.001, Student's t-test. (B) Representative 

photomicrographs of immunohistochemical staining for pS6 (green) and Hoescht staining (blue), 

2 weeks after a single unilateral injection of AAV.caRheb into the striatum of 11-week-old 

N171-82Q mice. Mice were given vehicle (N=3) or RADOOl(N=4) for 2 weeks. Scale bars: 25 

pim.  

Figures S7A-S7C. Rhes expression levels are reduced in HD transgenic mice striata.  

(A) Endogenous striatal Rhes levels in 17-week-old N171-82Q (N=4) and WT mice (N=6).  

Rhes mRNA abundance was normalized to endogenous p-actin. Data represent mean + 

SEM.*P<0.05; Student's t-test. (B) Rheb levels are unchanged in N171-82Q mice striata from 6

week-old N171-82Q (N=5) and WT mice (N=4), and 17-week-old N171-82Q (N=4) and WT 
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mice (N=6). Student's t-test. (C) N171-82Q mice perform indistinguishably from normal at 5 

and 10 weeks of age (N=10-14 mice per group). Rotarod data from four consecutive days are 

shown as latency to fall. Data represent mean + SEM. One-way ANOVA with Tukey post-hoc 

test.  

5 Figure S8. Transduction of N171-82Q mouse striatum with Rhes and GTPase 

deficient Rhes S33N. Representative western blot of mTORCl activity (p-4E-BP1) and Rhes 

transgenes (Flag) in N171-82Q mice transduced with AAV.Rhes, AAV.RhesS33N, or saline in 

the striatum. Mice were injected at 7 weeks of age, and striatal tissues were harvested 3 weeks 

post-injection. P-actin was used as a loading control.  

DETAILED DESCRIPTION 

Therapeutic Agents 

In certain embodiments, the present invention provides therapeutic agents to a subject in 

need thereof. In certain embodiments, the therapeutic agent comprises an mTORCl regulator.  

5 In certain embodiments, the mTORC Iregulator is Rheb (Homo sapiens Ras homolog 

enriched in brain (RHEB), mRNA NCBI Reference Sequence: NM_005614.3). Rheb sequence 

(coding sequence indicated in bold): 

GGCGTAATTAAAAAGCGGCGGAAGAAGGTGGGAGGGTCATGACGCAGCGAG 

TTTCAGTCGTGACTTTTCTGGGGGCATCGCGGCGTCCCCTTTTTTTGCCTTTAAAGTA 

AAACGTCGCCCCGACGCACCCCCCGCGTATTTCGGGGGGCGGAGGCGGCGGGCCAC 

GGCGCGAAGAGGGGCGGTGCTGACGCCGGCCGGTCACGTGGGCGTGTTGTGGGGG 

GGAGGGGCGCCGCCGCGCGGTCGGTTCCGGGCGGTTGGGAGCGCGCGAGCTAGCG 

AGCGAGAGGCAGCCGCGCCCGCCGCCGCCCCTGCTCTGTATGCCGCTCTCTCCCGGC 

GCGGCCGCCGCCGATCACAGCAGCAGGAGCCACCGCCGCCGCGGTTGATGTGGTTG 

GGCCGGGGCTGAGGAGGCCGCCAAGATGCCGCAGTCCAAGTCCCGGAAGATCGC 

GATCCTGGGCTACCGGTCTGTGGGGAAATCCTCATTGACGATTCAATTTGTTG 

AAGGCCAATTTGTGGACTCCTACGATCCAACCATAGAAAACACTTTTACAAAGT 

TGATCACAGTAAATGGACAAGAATATCATCTTCAACTTGTAGACACAGCCGGG 

CAAGATGAATATTCTATCTTTCCTCAGACATACTCCATAGATATTAATGGCTAT 

ATTCTTGTGTATTCTGTTACATCAATCAAAAGTTTTGAAGTGATTAAAGTTATC 

CATGGCAAATTGTTGGATATGGTGGGGAAAGTACAAATACCTATTATGTTGGT 

TGGGAATAAGAAAGACCTGCATATGGAAAGGGTGATCAGTTATGAAGAAGGGA 

AAGCTTTGGCAGAATCTTGGAATGCAGCTTTTTTGGAATCTTCTGCTAAAGAAA 

ATCAGACTGCTGTGGATGTTTTTCGAAGGATAATTTTGGAGGCAGAAAAAATG 
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GACGGGGCAGCTTCACAAGGCAAGTCTTCATGCTCGGTGATGTGATTCTGCTGC 

AAAGCCTGAGGACACTGGGAATATATTCTACCTGAAGAAGCAAACTGCCCGTTCTC 

CTTGAAGATAAACTATGCTTCTTTTTTCTTCTGTTAACCTGAAAGATATCATTTGGGT 

CAGAGCTCCCCTCCCTTCAGATTATGTTAACTCTGAGTCTGTCCAAATGAGTTCACT 

5 TCCATTTTCAAATTTTAAGCAATCATATTTTCAATTTATATATTGTATTTCTTAATATT 

ATGACCAAGAATTTTATCGGCATTAATTTTTCAGTGTAGTTTGTTGTTTAAAATAAT 

GTAATCATCAAAATGATGCATATTGTTACACTACTATTAACTAGGCTTCAGTATATC 

AGTGTTTATTTCATTGTGTTAAATGTATACTTGTAAATAAAATAGCTGCAAACCTCA 

GTCCTTTGTGCTACTTGATGTGGCTTTCAAAGAAGAGAAGCCTTGTCCTGAGTTTCT 

CACTTGGCTTCAGGAAGGCCCCAGGTTGGATTCCAGAAACCAGTGAAGATGTGGCC 

ACAGGAGGAGGTGTGCTGAGGTGGCTGCTGACCGTGGACTCCCTGCGCAGTGGCCT 

GCAGATGTTGGGGCTGGGTTACAGCTGATTGAAGCTGAGTGGCCCTGGGGGGTCTG 

TGAGGGGAGTTCCTCCCCAGTGATGAAATTCTCTCCTTCCACCCTCAAATCCCTAGA 

CCTTGACTGAAATGCTCCGTGGTCGGGAGCCTGGTCAAGGAGGAGGAGCTGCTGAG 

5 AGGCATTGTTCGCCCTTGCTCATAGCTTAGCTCGATGTCCGTGTCAGACAGGAGATG 

ATTGAGAACAGCCTTGCCTGTCACTGTCCTAGAACACCCTGGAGTTTAGTGTTCTGT 

GTCAGAGTCTTGGGAGCCTCCTTCAGACCCAGATGACGGGCCTCCCTCTGTCCAAGG 

AGCAGCTGTAAAGGAGAAGAGGGATTTCATTTGTTTGGTGGCTGTTACCTTGTCTGT 

AAGTCAAACTTGGAGTTGAGCAGTGCTTTTTAAACGATTCCCTTTTGCAGCTAAAAT 

TTCACAGGGCTATTTCTAATACGTAAGCAAATGTTACCATTGACTTTATTAATAAAA 

TATAGTTTTGCTTTGCAAAAAAAAAAAAAAAAAA (SEQ ID NO:1). In certain 

embodiments, the Rheb is at least 90% identical to the protein encoded by SEQ ID NO:1 (e.g., 

90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99% or 100% identical to the protein 

encoded by SEQ ID NO:1). In certain embodiments, the Rheb is at least 90% identical to the 

protein encoded by the Rheb coding sequence, SEQ ID NO:2 (e.g., 90%, 91%, 92%, 93%, 94%, 

95%, 96%, 97%, 98%, 99% or 100% identical to the protein encoded by SEQ ID NO:2), 

indicated in bold above. In certain embodiments, the Rheb is constitutively active Rheb mutant 

(caRheb; S16H). In certain embodiments, the nucleic acid encoding Rheb is a fragment or 

variant of SEQ ID NO: 1 or 2, or has substantial identity to SEQ ID NO: 1 or 2.  

In certain embodiments, the mTORC Iregulator is Rhes (Homo sapiens RASD family, 

member 2 (RASD2), mRNA NCBI Reference Sequence: NM_014310.3). Rhes sequence 

(coding sequence indicated in bold): 

CCCTTGCGCCTCCTTGCCCGGCCGCGCCCAGCCCGGCGTCCCGAGCAGCGCA 

GGGGAGGATCCCCGCGCAGTGACCCGGGAGCCACCACAGACTCTGGGAGGCTCGG 
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CGGCTGGAGCAGCAGGCAGCTCCCCGCAGCTCCCGGCGCTTCCAGGCAGCTCTCTG 

AGCCGTGCCAGAGGCCCGGCCCGCCATTCCCAGCCCCGAGCCATGATGAAGACTT 

TGTCCAGCGGGAACTGCACGCTCAGTGTGCCCGCCAAAAACTCATACCGCATG 

GTGGTGCTGGGTGCCTCTCGGGTGGGCAAGAGCTCCATCGTGTCTCGCTTCCT 

5 CAATGGCCGCTTTGAGGACCAGTACACACCCACCATCGAGGACTTCCACCGTA 

AGGTATACAACATCCGCGGCGACATGTACCAGCTCGACATCCTGGATACCTCT 

GGCAACCACCCCTTCCCCGCCATGCGCAGGCTGTCCATCCTCACAGGGGATGT 

CTTCATCCTGGTGTTCAGCCTGGATAACCGGGAGTCCTTCGATGAGGTCAAGC 

GCCTTCAGAAGCAGATCCTGGAGGTCAAGTCCTGCCTGAAGAACAAGACCAAG 

0 GAGGCGGCGGAGCTGCCCATGGTCATCTGTGGCAACAAGAACGACCACGGCG 

AGCTGTGCCGCCAGGTGCCCACCACCGAGGCCGAGCTGCTGGTGTCGGGCGA 

CGAGAACTGCGCCTACTTCGAGGTGTCGGCCAAGAAGAACACCAACGTGGACG 

AGATGTTCTACGTGCTCTTCAGCATGGCCAAGCTGCCACACGAGATGAGCCCC 

GCCCTGCATCGCAAGATCTCCGTGCAGTACGGTGACGCCTTCCACCCCAGGCC 

5 CTTCTGCATGCGCCGCGTCAAGGAGATGGACGCCTATGGCATGGTCTCGCCCT 

TCGCCCGCCGCCCCAGCGTCAACAGTGACCTCAAGTACATCAAGGCCAAGGTC 

CTTCGGGAAGGCCAGGCCCGTGAGAGGGACAAGTGCACCATCCAGTGAGCGA 

GGGATGCTGGGGCGGGGCTTGGCCAGTGCCTTCAGGGAGGTGGCCCCAGATGCCCA 

CTGTGCGCATCTCCCCACCGAGGCCCCGGCAGCAGTCTTGTTCACAGACCTTAGGCA 

CCAGACTGGAGGCCCCCGGGCGCTGGCCTCCGCACATTCGTCTGCCTTCTCACAGCT 

TTCCTGAGTCCGCTTGTCCACAGCTCCTTGGTGGTTTCATCTCCTCTGTGGGAGGAC 

ACATCTCTGCAGCCTCAAGAGTTAGGCAGAGACTCAAGTTACACCTTCCTCTCCTGG 

GGTTGGAAGAAATGTTGATGCCAGAGGGGTGAGGATTGCTGCGTCATATGGAGCCT 

CCTGGGACAAGCCTCAGGATGAAAAGGACACAGAAGGCCAGATGAGAAAGGTCTC 

CTCTCTCCTGGCATAACACCCAGCTTGGTTTGGGTGGCAGCTGGGAGAACTTCTCTC 

CCAGCCCTGCAACTCTTACGCTCTGGTTCAGCTGCCTCTGCACCCCCTCCCACCCCC 

AGCACACACACAAGTTGGCCCCCAGCTGCGCCTGACATTGAGCCAGTGGACTCTGT 

GTCTGAAGGGGGCGTGGCCACACCTCCTAGACCACGCCCACCACTTAGACCACGCC 

CACCTCCTGACCGCGTTCCTCAGCCTCCTCTCCTAGGTCCCTCCGCCCGACAGTTGT 

GCTTTGTTGTGGTTGCAGCTGTTTTCGTGTCATGTATAGTAGTAGAAATGGAAATCA 

TTGTACTGTAAAAGCCTAGTGACTCCCTCCTTGGCCAGGCCCTCACCCAGTTCAGAT 

CCACGGCCTCCACCCGGGACGCCTTCCTCCTCTGCTCCCAAACAGGGTTTCCGTGGC 

CTGTTTGCAGCTAGACATTGACCTCCGCCATTGAGCTCCACGGTTTACAGACAATTG 

CACAAGCGTGGGGTGGGCAGGCCAGGACTGCTTTTTTTTAATGCTCCCATTTCACAG 
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AGGATACCACCGAGACTCGGAGGGGACACGATGAGCACCAGGCCCCACCTTTGTCC 

CCTAGCAAATTCAGGGTACAGCTCCACCTAGAACCAGGCTGCCCTCTACTGTGCTCG 

TTCCTCAAGCATTTATTAAGCACCTACTGGGTGCTGGGTTCACTGTGTCCTAGGAAA 

CCAAGAGGGTCCCCAGTCCTGGCCTCTGCCCGCCCCTGCTGCCCCACCACCTTCTGC 

5 ACACACAGCGGTGGGGAGGCGGGGAGGAGCAGCTGGGACCCAGAACTGAGCCTGG 

GAGGGATCCGACAGAAAAGCTCAGGGCGGGTCTTCTCCTTGTGCCCGGGATTGGGC 

TATGCTGGGTACCACCATGTACTCAGGCATGGTGGGTTTTGAACCCATAAACCAAA 

GGCCCTTGTCATCAGCTCTTAACAAGTATATTTTGTATTTTAATCTCTCTAAACATAT 

TGAAGTTTTAGGGCCCTAAGGAACCTTAGTGATCTTCTATTGGGTCTTTCTGAGGTT 

CAGAGAGGGTAAGTAACTTCCTCCAGGTCACACAGCAAGTCTGTGGGTGGCAGAAG 

CAAGCTAGCGCTGGGCATTCAGTACATACCACGATGTGCTCCCTCTCTTGATGCTTG 

GCCCCTGGGGCCTTCAGGGCTTTGGGACATCTTGTCCTCAACCCTCTCCCTAGATCA 

GTCTGTGAGGGTCCCTGTAGATATTGTGTACACCATGCCCATGTATATACAAGTACA 

CACAGATGTACACACAGATGTACACATGCTCCAGCCCCAGCTCTGCATACCTGCAC 

5 CTGCACCCCAGCCTTGGCCCCTGCCTGCGTCTGTGCTCAAAGCAGCAGCTCCAACCC 

TGCCTCTGTCCCCTTCCCCACCCACTGCCTGAGCCTTCTGAGCAGACCAGGTACCTT 

GGCTGCACCGGTGTGTGGCCCGCTCTCACCCAGGCACAGCCCCGCCACCATGGATC 

TCCGTGTACACTATCAATAAAAGTGGGTTTGTTACAAAAAAAAAAAAAAAAAAAAA 

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 

AAA (SEQ ID NO:3). In certain embodiments, the Rhes is at least 90% identical to the protein 

encoded by SEQ ID NO:3 (e.g., 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99% or 

100% identical to the protein encoded by SEQ ID NO:3). In certain embodiments, the Rhes is at 

least 90% identical to the protein encoded by the Rhes coding sequence, SEQ ID NO:4 (e.g., 

90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99% or 100% identical to the protein 

encoded by SEQ ID NO:4), indicated in bold above. In certain embodiments, the nucleic acid 

encoding Rheb is a fragment or variant of SEQ ID NO: 3 or 4, or has substantial identity to SEQ 

ID NO: 3 or 4.  

In certain embodiments, the therapeutic agent is contained in a viral vector. In certain 

embodiments, the viral vector is an adeno-associated viral (AAV) vector.  

Expression Cassettes and Vectors 

The present invention also provides an expression cassette comprising a sequence 

encoding Rhes or Rheb.  
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In certain embodiments, the expression cassette further contains a promoter. In certain 

embodiments, the promoter is a regulatable promoter. In certain embodiments, the promoter is a 

constitutive promoter. In certain embodiments, the promoter is a PGK, CMV or RSV promoter.  

The present invention provides a vector containing the expression cassette described 

5 above. In certain embodiments, the vector is a viral vector. In certain embodiments, the viral 

vector is an adenoviral, lentiviral, adeno-associated viral (AAV), poliovirus, HSV, or murine 

Maloney-based viral vector.  

"Expression cassette" as used herein means a nucleic acid sequence capable of directing 

expression of a particular nucleotide sequence in an appropriate host cell, which may include a 

) promoter operably linked to the nucleotide sequence of interest that may be operably linked to 

termination signals. It also may include sequences required for proper translation of the 

nucleotide sequence. The coding region usually codes for a protein of interest. The expression 

cassette including the nucleotide sequence of interest may be chimeric. The expression cassette 

may also be one that is naturally occurring but has been obtained in a recombinant form useful 

5 for heterologous expression. The expression of the nucleotide sequence in the expression 

cassette may be under the control of a constitutive promoter or of a regulatable promoter that 

initiates transcription only when the host cell is exposed to some particular stimulus. In the case 

of a multicellular organism, the promoter can also be specific to a particular tissue or organ or 

stage of development.  

"Operably-linked" refers to the association of nucleic acid sequences on single nucleic 

acid fragment so that the function of one of the sequences is affected by another. For example, a 

regulatory DNA sequence is said to be "operably linked to" or "associated with" a DNA 

sequence that codes for an RNA or a polypeptide if the two sequences are situated such that the 

regulatory DNA sequence affects expression of the coding DNA sequence (i.e., that the coding 

5 sequence or functional RNA is under the transcriptional control of the promoter). Coding 

sequences can be operably-linked to regulatory sequences in sense or antisense orientation.  

Adeno associated virus (AAV) 

Adeno associated virus (AAV) is a small nonpathogenic virus of the parvoviridae family.  

AAV is distinct from the other members of this family by its dependence upon a helper virus for 

replication. In the absence of a helper virus, AAV may integrate in a locus specific manner into 

the q arm of chromosome 19. The approximately 5 kb genome of AAV consists of one segment 

of single stranded DNA of either plus or minus polarity. The ends of the genome are short 

inverted terminal repeats which can fold into hairpin structures and serve as the origin of viral 
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DNA replication. Physically, the parvovirus virion is non-enveloped and its icosohedral capsid 

is approximately 20 nm in diameter.  

To date, numerous serologically distinct AAVs have been identified, and more than a 

dozen have been isolated from humans or primates. The genome of AAV2 is 4680 nucleotides 

5 in length and contains two open reading frames (ORFs). The left ORF encodes the non

structural Rep proteins, Rep 40, Rep 52, Rep 68 and Rep 78, which are involved in regulation of 

replication and transcription in addition to the production of single-stranded progeny genomes.  

Furthermore, two of the Rep proteins have been associated with the preferential integration of 

AAV genomes into a region of the q arm of human chromosome 19. Rep68/78 has also been 

shown to possess NTP binding activity as well as DNA and RNA helicase activities. The Rep 

proteins possess a nuclear localization signal as well as several potential phosphorylation sites.  

Mutation of one of these kinase sites resulted in a loss of replication activity.  

The ends of the genome are short inverted terminal repeats (ITR) which have the 

potential to fold into T-shaped hairpin structures that serve as the origin of viral DNA 

5 replication. Within the ITR region two elements have been described which are central to the 

function of the ITR, a GAGC repeat motif and the terminal resolution site (trs). The repeat 

motif has been shown to bind Rep when the ITR is in either a linear or hairpin conformation.  

This binding serves to position Rep68/78 for cleavage at the trs which occurs in a site- and 

strand-specific manner. In addition to their role in replication, these two elements appear to be 

central to viral integration. Contained within the chromosome 19 integration locus is a Rep 

binding site with an adjacent trs. These elements have been shown to be functional and 

necessary for locus specific integration.  

The AAV virion is a non-enveloped, icosohedral particle approximately 25 nm in 

diameter, consisting of three related proteins referred to as VP1, VP2 and VP3. The right ORF 

encodes the capsid proteins VP1, VP2, and VP3. These proteins are found in a ratio of 1:1:10 

respectively and are all derived from the right-hand ORF. The capsid proteins differ from each 

other by the use of alternative splicing and an unusual start codon. Deletion analysis has shown 

that removal or alteration of VP1 which is translated from an alternatively spliced message 

results in a reduced yield of infections particles. Mutations within the VP3 coding region result 

in the failure to produce any single-stranded progeny DNA or infectious particles. An AAV 

particle is a viral particle comprising an AAV capsid protein. An AAV capsid polypeptide can 

encode the entire VP1, VP2 and VP3 polypeptide. The particle can be a particle comprising 

AAV2 and other AAV capsid proteins (i.e., a chimeric protein, such as AAV1 and AAV2).  

Variations in the amino acid sequence of the AAV2 capsid protein are contemplated herein, as 
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long as the resulting viral particle comprises the AAV2 capsid remains antigenically or 

immunologically distinct from AAV1, as can be routinely determined by standard methods.  

Specifically, for example, ELISA and Western blots can be used to determine whether a viral 

particle is antigenically or immunologically distinct from AAV1. Furthermore, the AAV2 viral 

5 particle preferably retains tissue tropism distinct from AAV1.  

An AAV2 particle is a viral particle comprising an AAV2 capsid protein. An AAV2 

capsid polypeptide encoding the entire VP1, VP2, and VP3 polypeptide can overall have at least 

about 63% homology (or identity) to the polypeptide having the amino acid sequence encoded 

by nucleotides set forth in NC_001401 (nucleotide sequence encoding AAV2 capsid protein).  

D The capsid protein can have about 70% homology, about 75% homology, 80% homology, 85% 

homology, 90% homology, 95% homology, 98% homology, 99% homology, or even 100% 

homology to the protein encoded by the nucleotide sequence set forth in NC_001401. The 

capsid protein can have about 70% identity, about 75% identity, 80% identity, 85% identity, 

90% identity, 95% identity, 98% identity, 99% identity, or even 100% identity to the protein 

5 encoded by the nucleotide sequence set forth in NC_001401. The particle can be a particle 

comprising another AAV and AAV2 capsid protein, i.e., a chimeric protein. Variations in the 

amino acid sequence of the AAV2 capsid protein are contemplated herein, as long as the 

resulting viral particle comprising the AAV2 capsid remains antigenically or immunologically 

distinct from AAV4, as can be routinely determined by standard methods. Specifically, for 

example, ELISA and Western blots can be used to determine whether a viral particle is 

antigenically or immunologically distinct from AAV1. Furthermore, the AAV2 viral particle 

preferably retains tissue tropism distinction from AAV1, such as that exemplified in the 

examples herein, though an AAV2 chimeric particle comprising at least one AAV2 coat protein 

may have a different tissue tropism from that of an AAV2 particle consisting only of AAV2 coat 

proteins.  

In certain embodiments, the invention further provides an AAV2 particle containing, i.e., 

encapsidating, a vector comprising a pair of AAV2 inverted terminal repeats. The nucleotide 

sequence of AAV2 ITRs is known in the art. Furthermore, the particle can be a particle 

comprising both AAV1 and AAV2 capsid protein, i.e., a chimeric protein. Moreover, the 

particle can be a particle encapsidating a vector comprising a pair of AAV inverted terminal 

repeats from other AAVs (e.g., AAV1-AAV9 and AAVrh1O). The vector encapsidated in the 

particle can further comprise an exogenous nucleic acid inserted between the inverted terminal 

repeats.  
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The following features of AAV have made it an attractive vector for gene transfer. AAV 

vectors have been shown in vitro to stably integrate into the cellular genome; possess a broad 

host range; transduce both dividing and non-dividing cells in vitro and in vivo and maintain high 

levels of expression of the transduced genes. Viral particles are heat stable, resistant to solvents, 

5 detergents, changes in pH, temperature, and can be concentrated on CsCl gradients or by other 

means. The present invention provides methods of administering AAV particles, recombinant 

AAV vectors, and recombinant AAV visions. For example, an AAV2 particle is a viral particle 

comprising an AAV2 capsid protein, or an AAV1 particle is a viral particle comprising an 

AAV1 capsid protein. A recombinant AAV2 vector is a nucleic acid construct that comprises at 

least one unique nucleic acid of AAV2. A recombinant AAV2 virion is a particle containing a 

recombinant AAV2 vector. To be considered within the term "AAV2 ITRs" the nucleotide 

sequence must retain one or both features described herein that distinguish the AAV2 ITR from 

the AAV1 ITR: (1) three (rather than four as in AAV1) "GAGC" repeats and (2) in the AAV2 

ITR Rep binding site the fourth nucleotide in the first two "GAGC" repeats is a C rather than a 

T.  

The promoter to drive expression of the protein or the sequence encoding another agent 

to be delivered can be any desired promoter, selected by known considerations, such as the level 

of expression of a nucleic acid functionally linked to the promoter and the cell type in which the 

vector is to be used. Promoters can be an exogenous or an endogenous promoter. Promoters 

can include, for example, known strong promoters such as SV40 or the inducible 

metallothionein promoter, or an AAV promoter, such as an AAV p5 promoter. Additional 

examples of promoters include promoters derived from actin genes, immunoglobulin genes, 

cytomegalovirus (CMV), adenovirus, bovine papilloma virus, adenoviral promoters, such as the 

adenoviral major late promoter, an inducible heat shock promoter, respiratory syncytial virus, 

Rous sarcomas virus (RSV), etc. Additional examples include regulated promoters.  

The AAV vector can further comprise an exogenous (heterologous) nucleic acid 

functionally linked to the promoter. By "heterologous nucleic acid" is meant that any 

heterologous or exogenous nucleic acid can be inserted into the vector for transfer into a cell, 

tissue or organism. The nucleic acid can encode a polypeptide or protein or an antisense RNA, 

for example. By "functionally linked" is meant such that the promoter can promote expression 

of the heterologous nucleic acid, as is known in the art, such as appropriate orientation of the 

promoter relative to the heterologous nucleic acid. Furthermore, the heterologous nucleic acid 

preferably has all appropriate sequences for expression of the nucleic acid, as known in the art, 

to functionally encode, i.e., allow the nucleic acid to be expressed. The nucleic acid can include, 
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for example, expression control sequences, such as an enhancer, and necessary information 

processing sites, such as ribosome binding sites, RNA splice sites, polyadenylation sites, and 

transcriptional terminator sequences. The nucleic acid can encode more than one gene product, 

limited only by the size of nucleic acid that can be packaged.  

5 In certain embodiments of the present invention, the heterologous nucleic acid can 

encode beneficial proteins that replace missing or defective proteins required by the subject into 

which the vector in transferred, such as Rheb or Rhes.  

An AAV1 particle is a viral particle comprising an AAV1 capsid protein. Variations in 

the amino acid sequence of the AAV1 capsid protein are contemplated herein, as long as the 

0 resulting viral particle comprising the AAV1 capsid remains antigenically or immunologically 

distinct from other AAV capsids, as can be routinely determined by standard methods.  

Specifically, for example, ELISA and Western blots can be used to determine whether a viral 

particle is antigenically or immunologically distinct from other AAV serotypes.  

The term "polypeptide" as used herein refers to a polymer of amino acids and includes 

5 full-length proteins and fragments thereof. Thus, "protein" and "polypeptide" are often used 

interchangeably herein. Substitutions can be selected by known parameters to be neutral. As will 

be appreciated by those skilled in the art, the invention also includes those polypeptides having 

slight variations in amino acid sequences or other properties. Such variations may arise naturally 

as allelic variations (e.g. due to genetic polymorphism) or may be produced by human 

intervention (e.g., by mutagenesis of cloned DNA sequences), such as induced point, deletion, 

insertion and substitution mutants. Minor changes in amino acid sequence are generally 

preferred, such as conservative amino acid replacements, small internal deletions or insertions, 

and additions or deletions at the ends of the molecules. These modifications can result in 

changes in the amino acid sequence, provide silent mutations, modify a restriction site, or 

5 provide other specific mutations.  

The present method provides a method of delivering a nucleic acid to a cell comprising 

administering to the cell an AAV particle containing a vector comprising the nucleic acid 

inserted between a pair of AAV inverted terminal repeats, thereby delivering the nucleic acid to 

the cell. Administration to the cell can be accomplished by any means, including simply 

contacting the particle, optionally contained in a desired liquid such as tissue culture medium, or 

a buffered saline solution, with the cells. The particle can be allowed to remain in contact with 

the cells for any desired length of time, and typically the particle is administered and allowed to 

remain indefinitely. For such in vitro methods, the virus can be administered to the cell by 

standard viral transduction methods, as known in the art and as exemplified herein. Titers of 
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virus to administer can vary, particularly depending upon the cell type, but will be typical of that 

used for AAV transduction in general. Additionally the titers used to transduce the particular 

cells in the present examples can be utilized. The cells can include any desired cell in humans as 

well as other large (non-rodent) mammals, such as primates, horse, sheep, goat, pig, and dog.  

5 More specifically, the present invention provides a method of delivering a nucleic acid to 

a cell in the brain, particularly medium spiny neurons, comprising the nucleic acid inserted 

between a pair of AAV inverted terminal repeats, thereby delivering the nucleic acid to the cell.  

The present invention further provides a method of delivering a nucleic acid to a cell in a 

subject comprising administering to the subject an AAV particle comprising the nucleic acid 

inserted between a pair of AAV inverted terminal repeats, thereby delivering the nucleic acid to 

a cell in the subject.  

Also provided is a method of delivering a nucleic acid to a brain cell, such as a neuron in 

the striatum or cortex in a subject comprising administering to the subject an AAV particle 

comprising the nucleic acid inserted between a pair of AAV inverted terminal repeats, thereby 

delivering the nucleic acid to the neuron or other cell in the subject.  

Certain embodiments of the present disclosure provide a cell comprising a viral vector as 

described herein.  

AAV Vectors 

In one embodiment, a viral vector of the disclosure is an AAV vector. An "AAV" vector 

refers to an adeno-associated virus, and may be used to refer to the naturally occurring wild-type 

virus itself or derivatives thereof. The term covers all subtypes, serotypes and pseudotypes, and 

both naturally occurring and recombinant forms, except where required otherwise. As used 

herein, the term "serotype" refers to an AAV which is identified by and distinguished from other 

AAVs based on capsid protein reactivity with defined antisera, e.g., there are eight known 

serotypes of primate AAVs, AAV-1 to AAV-9 and AAVrhlO. For example, serotype AAV2 is 

used to refer to an AAV which contains capsid proteins encoded from the cap gene of AAV2 

and a genome containing 5' and 3' ITR sequences from the same AAV2 serotype. As used 

herein, for example, rAAV1 may be used to refer an AAV having both capsid proteins and 5'-3' 

ITRs from the same serotype or it may refer to an AAV having capsid proteins from one 

serotype and 5'-3'ITRs from a different AAV serotype, e.g., capsid from AAV serotype 2 and 

ITRs from AAV serotype 5. For each example illustrated herein the description of the vector 

design and production describes the serotype of the capsid and 5'-3'ITR sequences. The 

abbreviation "rAAV" refers to recombinant adeno-associated virus, also referred to as a 

recombinant AAV vector (or "rAAV vector").  
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An "AAV virus" or "AAV viral particle" refers to a viral particle composed of at least 

one AAV capsid protein (preferably by all of the capsid proteins of a wild-type AAV) and an 

encapsidated polynucleotide. If the particle comprises heterologous polynucleotide (i.e., a 

polynucleotide other than a wild-type AAV genome such as a transgene to be delivered to a 

5 mammalian cell), it is typically referred to as "rAAV".  

In one embodiment, the AAV expression vectors are constructed using known 

techniques to at least provide as operatively linked components in the direction of transcription, 

control elements including a transcriptional initiation region, the DNA of interest and a 

transcriptional termination region. The control elements are selected to be functional in a 

mammalian cell. The resulting construct which contains the operatively linked components is 

flanked (5' and 3') with functional AAV ITR sequences.  

By "adeno-associated virus inverted terminal repeats" or "AAV ITRs" is meant the art

recognized regions found at each end of the AAV genome which function together in cis as 

origins of DNA replication and as packaging signals for the virus. AAV ITRs, together with the 

AAV rep coding region, provide for the efficient excision and rescue from, and integration of a 

nucleotide sequence interposed between two flanking ITRs into a mammalian cell genome.  

The nucleotide sequences of AAV ITR regions are known. As used herein, an "AAV 

ITR" need not have the wild-type nucleotide sequence depicted, but may be altered, e.g., by the 

insertion, deletion or substitution of nucleotides. Additionally, the AAV ITR may be derived 

from any of several AAV serotypes, including without limitation, AAV1, AAV2, AAV3, 

AAV4, AAV5, AAV7, etc. Furthermore, 5' and 3'ITRs which flank a selected nucleotide 

sequence in an AAV vector need not necessarily be identical or derived from the same AAV 

serotype or isolate, so long as they function as intended, i.e., to allow for excision and rescue of 

the sequence of interest from a host cell genome or vector, and to allow integration of the 

heterologous sequence into the recipient cell genome when AAV Rep gene products are present 

in the cell.  

In one embodiment, AAV ITRs can be derived from any of several AAV serotypes, 

including without limitation, AAV1, AAV2, AAV3, AAV4, AAV5, AAV7, etc. Furthermore, 5' 

and 3' ITRs which flank a selected nucleotide sequence in an AAV expression vector need not 

necessarily be identical or derived from the same AAV serotype or isolate, so long as they 

function as intended, i.e., to allow for excision and rescue of the sequence of interest from a host 

cell genome or vector, and to allow integration of the DNA molecule into the recipient cell 

genome when AAV Rep gene products are present in the cell.  
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In one embodiment, AAV capsids can be derived from AAV2. Suitable DNA molecules 

for use in AAV vectors will be less than about 5 kilobases (kb), less than about 4.5 kb, less than 

about 4kb, less than about 3.5 kb, less than about 3 kb, less than about 2.5 kb in size and are 

known in the art.  

5 In one embodiment, the selected nucleotide sequence is operably linked to control 

elements that direct the transcription or expression thereof in the subject in vivo. Such control 

elements can comprise control sequences normally associated with the selected gene.  

Alternatively, heterologous control sequences can be employed. Useful heterologous control 

sequences generally include those derived from sequences encoding mammalian or viral genes.  

D Examples include, but are not limited to, the SV40 early promoter, mouse mammary tumor virus 

LTR promoter; adenovirus major late promoter (Ad MLP); a herpes simplex virus (HSV) 

promoter, a cytomegalovirus (CMV) promoter such as the CMV immediate early promoter 

region (CMVIE), a rous sarcoma virus (RSV) promoter, pol II promoters, pol III promoters, 

synthetic promoters, hybrid promoters, and the like. In addition, sequences derived from non

5 viral genes, such as the murine metallothionein gene, will also find use herein. Such promoter 

sequences are commercially available from, e.g., Stratagene (San Diego, Calif.).  

In one embodiment, both heterologous promoters and other control elements, such as 

CNS-specific and inducible promoters, enhancers and the like, will be of particular use.  

Examples of heterologous promoters include the CMV promoter. Examples of CNS-specific 

promoters include those isolated from the genes from myelin basic protein (MBP), glial 

fibrillary acid protein (GFAP), and neuron specific enolase (NSE). Examples of inducible 

promoters include DNA responsive elements for ecdysone, tetracycline, hypoxia and aufin.  

In one embodiment, the AAV expression vector which harbors the DNA molecule of 

interest bounded by AAV ITRs, can be constructed by directly inserting the selected sequence(s) 

into an AAV genome which has had the major AAV open reading frames ("ORFs") excised 

therefrom. Other portions of the AAV genome can also be deleted, so long as a sufficient 

portion of the ITRs remain to allow for replication and packaging functions. Such constructs can 

be designed using techniques wellknown in the art.  

Alternatively, AAV ITRs can be excised from the viral genome or from an AAV vector 

containing the same and fused 5' and 3' of a selected nucleic acid construct that is present in 

another vector using standard ligation techniques. For example, ligations can be accomplished in 

20 mM Tris-Cl pH 7.5, 10 mM MgCl 2, 10 mM DTT, 33 pg/ml BSA, 10 mM-50 mM NaCl, and 

either 40 uM ATP, 0.01-0.02 (Weiss) units T4 DNA ligase at 0°C (for "sticky end" ligation) or 1 

mM ATP, 0.3-0.6 (Weiss) units T4 DNA ligase at 14°C (for "blunt end" ligation).  
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Intermolecular "sticky end" ligations are usually performed at 30-100 pg/ml total DNA 

concentrations (5-100 nM total end concentration). AAV vectors which contain ITRs.  

Additionally, chimeric genes can be produced synthetically to include AAV ITR 

sequences arranged 5' and 3' of one or more selected nucleic acid sequences. Preferred codons 

5 for expression of the chimeric gene sequence in mammalian CNS cells can be used. The 

complete chimeric sequence is assembled from overlapping oligonucleotides prepared by 

standard methods.  

In order to produce rAAV virions, an AAV expression vector is introduced into a 

suitable host cell using known techniques, such as by transfection. A number of transfection 

D techniques are generally known in the art. See, e.g., Sambrook et al. (1989) Molecular Cloning, 

a laboratory manual, Cold Spring Harbor Laboratories, New York. Particularly suitable 

transfection methods include calcium phosphate co-precipitation, direct micro-injection into 

cultured cells, electroporation, liposome mediated gene transfer, lipid-mediated transduction, 

and nucleic acid delivery using high-velocity microprojectiles.  

5 In one embodiment, suitable host cells for producing rAAV virions include 

microorganisms, yeast cells, insect cells, and mammalian cells, that can be, or have been, used 

as recipients of a heterologous DNA molecule. The term includes the progeny of the original 

cell which has been transfected. Thus, a "host cell" as used herein generally refers to a cell 

which has been transfected with an exogenous DNA sequence. Cells from the stable human cell 

line, 293 (readily available through, e.g., the American Type Culture Collection under Accession 

Number ATCC CRL1573) can be used in the practice of the present disclosure. Particularly, the 

human cell line 293 is a human embryonic kidney cell line that has been transformed with 

adenovirus type-5 DNA fragments, and expresses the adenoviral Ela and El b genes. The 293 

cell line is readily transfected, and provides a particularly convenient platform in which to 

produce rAAV virions.  

By "AAV rep coding region" is meant the art-recognized region of the AAV genome 

which encodes the replication proteins Rep 78, Rep 68, Rep 52 and Rep 40. These Rep 

expression products have been shown to possess many functions, including recognition, binding 

and nicking of the AAV origin of DNA replication, DNA helicase activity and modulation of 

transcription from AAV (or other heterologous) promoters. The Rep expression products are 

collectively required for replicating the AAV genome. Suitable homologues of the AAV rep 

coding region include the human herpesvirus 6 (HHV-6) rep gene which is also known to 

mediate AAV-2 DNA replication.  
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By "AAV cap coding region" is meant the art-recognized region of the AAV genome 

which encodes the capsid proteins VP l, VP2, and VP3, or functional homologues thereof. These 

Cap expression products supply the packaging functions which are collectively required for 

packaging the viral genome.  

5 In one embodiment, AAV helper functions are introduced into the host cell by 

transfecting the host cell with an AAV helper construct either prior to, or concurrently with, the 

transfection of the AAV expression vector. AAV helper constructs are thus used to provide at 

least transient expression of AAV rep and/or cap genes to complement missing AAV functions 

that are necessary for productive AAV infection. AAV helper constructs lack AAV ITRs and 

can neither replicate nor package themselves. These constructs can be in the form of a plasmid, 

phage, transposon, cosmid, virus, or virion. A number of AAV helper constructs have been 

described, such as the commonly used plasmids pAAV/Ad and pIM29+45 which encode both 

Rep and Cap expression products. A number of other vectors have been described which 

encode Rep and/or Cap expression products.  

Methods of delivery of viral vectors include injecting the AAV into the subject.  

Generally, rAAV virions may be introduced into cells of the CNS using either in vivo or in vitro 

transduction techniques. If transduced in vitro, the desired recipient cell will be removed from 

the subject, transduced with rAAV virions and reintroduced into the subject. Alternatively, 

syngeneic or xenogeneic cells can be used where those cells will not generate an inappropriate 

immune response in the subject.  

Suitable methods for the delivery and introduction of transduced cells into a subject have 

been described. For example, cells can be transduced in vitro by combining recombinant AAV 

virions with CNS cells e.g., in appropriate media, and screening for those cells harboring the 

DNA of interest can be screened using conventional techniques such as Southern blots and/or 

PCR, or by using selectable markers. Transduced cells can then be formulated into 

pharmaceutical compositions, described more fully below, and the composition introduced into 

the subject by various techniques, such as by grafting, intramuscular, intravenous, subcutaneous 

and intraperitoneal injection.  

In one embodiment, pharmaceutical compositions will comprise sufficient genetic 

material to produce a therapeutically effective amount of the nucleic acid of interest, i.e., an 

amount sufficient to reduce or ameliorate symptoms of the disease state in question or an 

amount sufficient to confer the desired benefit. The pharmaceutical compositions will also 

contain a pharmaceutically acceptable excipient. Such excipients include any pharmaceutical 

agent that does not itself induce the production of antibodies harmful to the individual receiving 
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the composition, and which may be administered without undue toxicity. Pharmaceutically 

acceptable excipients include, but are not limited to, sorbitol, Tween80, and liquids such as 

water, saline, glycerol and ethanol. Pharmaceutically acceptable salts can be included therein, 

for example, mineral acid salts such as hydrochlorides, hydrobromides, phosphates, sulfates, and 

5 the like; and the salts of organic acids such as acetates, propionates, malonates, benzoates, and 

the like. Additionally, auxiliary substances, such as wetting or emulsifying agents, pH buffering 

substances, and the like, may be present in such vehicles. A thorough discussion of 

pharmaceutically acceptable excipients is available in Remington's Pharmaceutical Sciences 

(Mack Pub. Co., N.J. 1991).  

0 It should be understood that more than one transgene could be expressed by the delivered 

viral vector. Alternatively, separate vectors, each expressing one or more different transgenes, 

can also be delivered to the subject as described herein. Furthermore, it is also intended that the 

viral vectors delivered by the methods of the present disclosure be combined with other suitable 

compositions and therapies.  

5 As is apparent to those skilled in the art in view of the teachings of this specification, an 

effective amount of viral vector which must be added can be empirically determined.  

Administration can be effected in one dose, continuously or intermittently throughout the course 

of treatment. Methods of determining the most effective means and dosages of administration 

are well known to those of skill in the art and will vary with the viral vector, the composition of 

the therapy, the target cells, and the subject being treated. Single and multiple administrations 

can be carried out with the dose level and pattern being selected by the treating physician.  

In certain embodiments, the rAAV is administered at a dose of about 0.3-2 ml of 1x10 5

1x1016vg/ml. In certain embodiments, the rAAV is administered at a dose of about 1-3 ml of 

1x10 7 -1xl1vg/ml. In certain embodiments, the rAAV is administered at a dose of about 1-2 

5 ml of 1x108 -xO1 3vg/ml.  

Formulations containing the rAAV particles will contain an effective amount of the 

rAAV particles in a vehicle, the effective amount being readily determined by one skilled in the 

art. The rAAV particles may typically range from about 1% to about 95% (w/w) of the 

composition, or even higher or lower if appropriate. The quantity to be administered depends 

upon factors such as the age, weight and physical condition of the animal or the human subject 

considered for treatment. Effective dosages can be established by one of ordinary skill in the art 

through routine trials establishing dose response curves. The subject is treated by administration 

of the rAAV particles in one or more doses. Multiple doses may be administered as is required 

to maintain adequate enzyme activity.  

23



WO 2016/109649 PCT/US2015/068034 

Vehicles including water, aqueous saline, artificial CSF, or other known substances can 

be employed with the subject invention. To prepare a formulation, the purified composition can 

be isolated, lyophilized and stabilized. The composition may then be adjusted to an appropriate 

concentration, optionally combined with an anti-inflammatory agent, and packaged for use.  

5 The present invention provides a method of increasing the level of a target protein in a 

cell by introducing a protein, or nucleic acid molecule encoding a protein described above into a 

cell in an amount sufficient to increase the level of the target protein in the cell. In certain 

embodiments, the accumulation of target protein is increased by at least 10%. The accumulation 

of target protein is increased by at least 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90% 95%, 

or 99%.  

Nucleic Acids Encoding Therapeutic Agtents 

The term "nucleic acid" refers to deoxyribonucleotides or ribonucleotides and polymers 

thereof in either single- or double-stranded form, composed of monomers (nucleotides) 

5 containing a sugar, phosphate and a base that is either a purine or pyrimidine. Unless 

specifically limited, the term encompasses nucleic acids containing known analogs of natural 

nucleotides that have similar binding properties as the reference nucleic acid and are 

metabolized in a manner similar to naturally occurring nucleotides. Unless otherwise indicated, 

a particular nucleic acid sequence also encompasses conservatively modified variants thereof 

(e.g., degenerate codon substitutions) and complementary sequences, as well as the sequence 

explicitly indicated. Specifically, degenerate codon substitutions may be achieved by generating 

sequences in which the third position of one or more selected (or all) codons is substituted with 

mixed-base and/or deoxyinosine residues.  

A "nucleic acid fragment" is a portion of a given nucleic acid molecule.  

Deoxyribonucleic acid (DNA) in the majority of organisms is the genetic material while 

ribonucleic acid (RNA) is involved in the transfer of information contained within DNA into 

proteins. Fragments and variants of the disclosed nucleotide sequences and proteins or partial

length proteins encoded thereby are also encompassed by the present invention. By "fragment" 

or "portion" is meant a full length or less than full length of the nucleotide sequence encoding, or 

the amino acid sequence of, a polypeptide or protein. In certain embodiments, the fragment or 

portion is biologically functional (i.e., retains 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 

50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, 99% or 100% of Rheb or Rhes).  

A "variant" of a molecule is a sequence that is substantially similar to the sequence of the 

native molecule. For nucleotide sequences, variants include those sequences that, because of the 
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degeneracy of the genetic code, encode the identical amino acid sequence of the native protein.  

Naturally occurring allelic variants such as these can be identified with the use of molecular 

biology techniques, as, for example, with polymerase chain reaction (PCR) and hybridization 

techniques. Variant nucleotide sequences also include synthetically derived nucleotide 

5 sequences, such as those generated, for example, by using site-directed mutagenesis, which 

encode the native protein, as well as those that encode a polypeptide having amino acid 

substitutions. Generally, nucleotide sequence variants of the invention will have at least 40%, 

50%, 60%, to 70%, e.g., 71%, 72%, 73%, 74%, 75%, 76%, 77%, 78%, to 79%, generally at least 

80%, e.g., 81%-84%, at least 85%, e.g., 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 

o 95%, 96%, 97%, to 98%, sequence identity to the native (endogenous) nucleotide sequence. In 

certain embodiments, the variant is biologically functional (i.e., retains 5%, 10%, 15%, 20%, 

25%,30%,35%,40%,45%,50%,55%,60%,65%,70%,75%,80%,85%,90%,95%,99% or 

100% of activity of the wildtype Rhes or Rheb).  

"Conservatively modified variations" of a particular nucleic acid sequence refers to those 

5 nucleic acid sequences that encode identical or essentially identical amino acid sequences.  

Because of the degeneracy of the genetic code, a large number of functionally identical nucleic 

acids encode any given polypeptide. For instance, the codons CGT, CGC, CGA, CGG, AGA 

and AGG all encode the amino acid arginine. Thus, at every position where an arginine is 

specified by a codon, the codon can be altered to any of the corresponding codons described 

without altering the encoded protein. Such nucleic acid variations are "silent variations," which 

are one species of "conservatively modified variations." Every nucleic acid sequence described 

herein that encodes a polypeptide also describes every possible silent variation, except where 

otherwise noted. One of skill in the art will recognize that each codon in a nucleic acid (except 

ATG, which is ordinarily the only codon for methionine) can be modified to yield a functionally 

identical molecule by standard techniques. Accordingly, each "silent variation" of a nucleic acid 

that encodes a polypeptide is implicit in each described sequence.  

The term "substantial identity" of polynucleotide sequences means that a polynucleotide 

comprises a sequence that has at least 70%, 71%, 72%, 73%, 74%, 75%, 76%, 77%, 78%, or 

79%, or at least 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, or 89%, or at least 90%, 

91%, 92%, 93%, or 94%, or even at least 95%, 96%, 97%, 98%, or 99% sequence identity, 

compared to a reference sequence using one of the alignment programs described using standard 

parameters. One of skill in the art will recognize that these values can be appropriately adjusted 

to determine corresponding identity of proteins encoded by two nucleotide sequences by taking 

into account codon degeneracy, amino acid similarity, reading frame positioning, and the like.  
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Substantial identity of amino acid sequences for these purposes normally means sequence 

identity of at least 70%, at least 80%, 90%, or even at least 95%.  

The term "substantial identity" in the context of a peptide indicates that a peptide 

comprises a sequence with at least 70%, 71%, 72%, 73%, 74%, 75%, 76%, 77%, 78%, or 79%, 
5 or 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, or 89%, or at least 90%, 91%, 92%, 93%, 

or 94%, or even, 95%, 96%, 97%, 98% or 99%, sequence identity to the reference sequence over 

a specified comparison window. An indication that two peptide sequences are substantially 

identical is that one peptide is immunologically reactive with antibodies raised against the 

second peptide. Thus, a peptide is substantially identical to a second peptide, for example, 

where the two peptides differ only by a conservative substitution.  

Methods for Introducing Genetic Material into Cells 

The exogenous genetic material (e.g., a cDNA encoding one or more therapeutic 

proteins) is introduced into the cell in vivo by genetic transfer methods, such as transfection or 

5 transduction, to provide a genetically modified cell. Various expression vectors (i.e., vehicles 

for facilitating delivery of exogenous genetic material into a target cell) are known to one of 

ordinary skill in the art.  

As used herein, "transfection of cells" refers to the acquisition by a cell of new genetic 

material by incorporation of added DNA. Thus, transfection refers to the insertion of nucleic 

acid into a cell using physical or chemical methods. Several transfection techniques are known 

to those of ordinary skill in the art including: calcium phosphate DNA co-precipitation; DEAE

dextran; electroporation; cationic liposome-mediated transfection; and tungsten particle

faciliated microparticle bombardment. Strontium phosphate DNA co-precipitation is another 

possible transfection method.  

In contrast, "transduction of cells" refers to the process of transferring nucleic acid into a 

cell using a DNA or RNA virus. A RNA virus (i.e., a retrovirus) for transferring a nucleic acid 

into a cell is referred to herein as a transducing chimeric retrovirus. Exogenous genetic material 

contained within the retrovirus is incorporated into the genome of the transduced cell. A cell 

that has been transduced with a chimeric DNA virus (eg, an adenovirus carrying a cDNA 

encoding a therapeutic agent), will not have the exogenous genetic material incorporated into its 

genome but will be capable of expressing the exogenous genetic material that is retained 

extrachromosomally within the cell.  

Typically, the exogenous genetic material includes the heterologous gene (usually in the 

form of a cDNA comprising the exons coding for the therapeutic protein) together with a 
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promoter to control transcription of the new gene. The promoter characteristically has a specific 

nucleotide sequence necessary to initiate transcription. Optionally, the exogenous genetic 

material further includes additional sequences (i.e., enhancers) required to obtain the desired 

gene transcription activity. For the purpose of this discussion an "enhancer" is simply any non

5 translated DNA sequence which works contiguous with the coding sequence (in cis) to change 

the basal transcription level dictated by the promoter. The exogenous genetic material may 

introduced into the cell genome immediately downstream from the promoter so that the 

promoter and coding sequence are operatively linked so as to permit transcription of the coding 

sequence. A retroviral expression vector may include an exogenous promoter element to control 

transcription of the inserted exogenous gene. Such exogenous promoters include both 

constitutive and inducible promoters.  

Naturally-occurring constitutive promoters control the expression of essential cell 

functions. As a result, a gene under the control of a constitutive promoter is expressed under all 

conditions of cell growth. Exemplary constitutive promoters include the promoters for the 

5 following genes which encode certain constitutive or "housekeeping" functions: hypoxanthine 

phosphoribosyl transferase (HPRT), dihydrofolate reductase (DHFR), adenosine deaminase, 

phosphoglycerol kinase (PGK), pyruvate kinase, phosphoglycerol mutase, the actin promoter, 

and other constitutive promoters known to those of skill in the art. In addition, many viral 

promoters function constitutively in eucaryotic cells. These include: the early and late 

promoters of SV40; the long terminal repeats (LTRs) of Moloney Leukemia Virus and other 

retroviruses; and the thymidine kinase promoter of Herpes Simplex Virus, among many others.  

Accordingly, any of the above-referenced constitutive promoters can be used to control 

transcription of a heterologous gene insert.  

Genes that are under the control of inducible promoters are expressed only or to a greater 

degree, in the presence of an inducing agent, (e.g., transcription under control of the 

metallothionein promoter is greatly increased in presence of certain metal ions). Inducible 

promoters include responsive elements (REs) which stimulate transcription when their inducing 

factors are bound. For example, there are REs for serum factors, steroid hormones, retinoic acid 

and cyclic AMP. Promoters containing a particular RE can be chosen in order to obtain an 

inducible response and in some cases, the RE itself may be attached to a different promoter, 

thereby conferring inducibility to the recombinant gene. Thus, by selecting the appropriate 

promoter (constitutive versus inducible; strong versus weak), it is possible to control both the 

existence and level of expression of a therapeutic agent in the genetically modified cell. If the 

gene encoding the therapeutic agent is under the control of an inducible promoter, delivery of 
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the therapeutic agent in situ is triggered by exposing the genetically modified cell in situ to 

conditions for permitting transcription of the therapeutic agent, e.g., by intraperitoneal injection 

of specific inducers of the inducible promoters which control transcription of the agent. For 

example, in situ expression by genetically modified cells of a therapeutic agent encoded by a 

gene under the control of the metallothionein promoter, is enhanced by contacting the 

genetically modified cells with a solution containing the appropriate (i.e., inducing) metal ions 

in situ.  

Accordingly, the amount of therapeutic agent that is delivered in situ is regulated by 

controlling such factors as: (1) the nature of the promoter used to direct transcription of the 

inserted gene, (i.e., whether the promoter is constitutive or inducible, strong or weak); (2) the 

number of copies of the exogenous gene that are inserted into the cell; (3) the number of 

transduced/transfected cells that are administered (e.g., implanted) to the patient; (4) the size of 

the implant (e.g., graft or encapsulated expression system); (5) the number of implants; (6) the 

length of time the transduced/transfected cells or implants are left in place; and (7) the 

production rate of the therapeutic agent by the genetically modified cell. Selection and 

optimization of these factors for delivery of a therapeutically effective dose of a particular 

therapeutic agent is deemed to be within the scope of one of ordinary skill in the art without 

undue experimentation, taking into account the above-disclosed factors and the clinical profile 

of the patient.  

In addition to at least one promoter and at least one heterologous nucleic acid encoding 

the therapeutic agent, the expression vector may include a selection gene, for example, a 

neomycin resistance gene, for facilitating selection of cells that have been transfected or 

transduced with the expression vector. Alternatively, the cells are transfected with two or more 

expression vectors, at least one vector containing the gene(s) encoding the therapeutic agent(s), 

the other vector containing a selection gene. The selection of a suitable promoter, enhancer, 

selection gene and/or signal sequence (described below) is deemed to be within the scope of one 

of ordinary skill in the art without undue experimentation.  

The therapeutic agent can be targeted for delivery to an extracellular, intracellular or 

membrane location. If it is desirable for the gene product to be secreted from the cells, the 

expression vector is designed to include an appropriate secretion "signal" sequence for secreting 

the therapeutic gene product from the cell to the extracellular milieu. If it is desirable for the 

gene product to be retained within the cell, this secretion signal sequence is omitted. In a similar 

manner, the expression vector can be constructed to include "retention" signal sequences for 

anchoring the therapeutic agent within the cell plasma membrane. For example, all membrane 
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proteins have hydrophobic transmembrane regions, which stop translocation of the protein in the 

membrane and do not allow the protein to be secreted. The construction of an expression vector 

including signal sequences for targeting a gene product to a particular location is deemed to be 

within the scope of one of ordinary skill in the art without the need for undue experimentation.  

5 

Methods of Treatment 

Certain embodiments of the present disclosure provide a method of treating a disease in a 

mammal comprising administering a protein or vector encoding a protein as described herein to 

the mammal.  

D In certain embodiments, the mammal is human.  

Certain embodiments of the present disclosure provide a use of a protein or vector 

encoding a protein as described herein to prepare a medicament useful for treating Huntington's 

disease in a mammal.  

The present disclosure also provides a mammalian cell containing a vector described 

5 herein. The cell may be human, and may be from brain.  

Certain aspects of the disclosure relate to polynucleotides, polypeptides, vectors, and 

genetically engineered cells (modified in vivo), and the use of them. In particular, the disclosure 

relates to a method for gene or protein therapy that is capable of both systemic delivery of a 

therapeutically effective dose of the therapeutic agent.  

According to one aspect, a cell expression system for expressing a therapeutic agent in a 

mammalian recipient is provided. The expression system (also referred to herein as a 

"genetically modified cell") comprises a cell and an expression vector for expressing the 

therapeutic agent. Expression vectors include, but are not limited to, viruses, plasmids, and 

other vehicles for delivering heterologous genetic material to cells. Accordingly, the term 

"expression vector" as used herein refers to a vehicle for delivering heterologous genetic 

material to a cell. In particular, the expression vector is a recombinant adenoviral, adeno

associated virus, or lentivirus or retrovirus vector.  

The expression vector further includes a promoter for controlling transcription of the 

heterologous gene. The promoter may be an inducible promoter (described below). The 

expression system is suitable for administration to the mammalian recipient. The expression 

system may comprise a plurality of non-immortalized genetically modified cells, each cell 

containing at least one recombinant gene encoding at least one therapeutic agent.  

The cell expression system is formed in vivo. According to yet another aspect, a method 

for treating a mammalian recipient in vivo is provided. The method includes introducing an 
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expression vector for expressing a heterologous gene product into a cell of the patient in situ, 

such as via intravenous administration. To form the expression system in vivo, an expression 

vector for expressing the therapeutic agent is introduced in vivo into the mammalian recipient 

i.v., where the vector migrates via the vasculature to the brain.  

5 According to yet another aspect, a method for treating a mammalian recipient in vivo is 

provided. The method includes introducing the target protein into the patient in vivo.  

The expression vector for expressing the heterologous gene may include an inducible 

promoter for controlling transcription of the heterologous gene product. Accordingly, delivery 

of the therapeutic agent in situ is controlled by exposing the cell in situ to conditions, which 

D induce transcription of the heterologous gene.  

A "variant" of one of the polypeptides (e.g., Rhes or Rheb) is a polypeptide that is not 

completely identical to a native protein. Such variant protein can be obtained by altering the 

amino acid sequence by insertion, deletion or substitution of one or more amino acid. The 

amino acid sequence of the protein is modified, for example by substitution, to create a 

5 polypeptide having substantially the same or improved qualities as compared to the native 

polypeptide. The substitution may be a conserved substitution. A "conserved substitution" is a 

substitution of an amino acid with another amino acid having a similar side chain. A conserved 

substitution would be a substitution with an amino acid that makes the smallest change possible 

in the charge of the amino acid or size of the side chain of the amino acid (alternatively, in the 

size, charge or kind of chemical group within the side chain) such that the overall peptide retains 

its spacial conformation but has altered biological activity. For example, common conserved 

changes might be Asp to Glu, Asn or Gln; His to Lys, Arg or Phe; Asn to Gln, Asp or Glu and 

Ser to Cys, Thr or Gly. Alanine is commonly used to substitute for other amino acids. The 20 

essential amino acids can be grouped as follows: alanine, valine, leucine, isoleucine, proline, 

phenylalanine, tryptophan and methionine having nonpolar side chains; glycine, serine, 

threonine, cystine, tyrosine, asparagine and glutamine having uncharged polar side chains; 

aspartate and glutamate having acidic side chains; and lysine, arginine, and histidine having 

basic side chains.  

The amino acid changes are achieved by changing the codons of the corresponding 

nucleic acid sequence. It is known that such polypeptides can be obtained based on substituting 

certain amino acids for other amino acids in the polypeptide structure in order to modify or 

improve biological activity. For example, through substitution of alternative amino acids, small 

conformational changes may be conferred upon a polypeptide that results in increased activity.  

Alternatively, amino acid substitutions in certain polypeptides may be used to provide residues, 
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which may then be linked to other molecules to provide peptide-molecule conjugates which, 

retain sufficient properties of the starting polypeptide to be useful for other purposes.  

One can use the hydropathic index of amino acids in conferring interactive biological 

function on a polypeptide, wherein it is found that certain amino acids may be substituted for 

5 other amino acids having similar hydropathic indices and still retain a similar biological activity.  

Alternatively, substitution of like amino acids may be made on the basis of hydrophilicity, 

particularly where the biological function desired in the polypeptide to be generated in intended 

for use in immunological embodiments. The greatest local average hydrophilicity of a 

"protein", as governed by the hydrophilicity of its adjacent amino acids, correlates with its 

immunogenicity. Accordingly, it is noted that substitutions can be made based on the 

hydrophilicity assigned to each amino acid.  

In using either the hydrophilicity index or hydropathic index, which assigns values to 

each amino acid, it is preferred to conduct substitutions of amino acids where these values are 

±2, with I being particularly preferred, and those with in ±0.5 being the most preferred 

5 substitutions.  

The variant protein has at least 50%, at least about 80%, or even at least about 90% but 

less than 100%, contiguous amino acid sequence homology or identity to the amino acid 

sequence of a corresponding native protein.  

The amino acid sequence of the variant polypeptide corresponds essentially to the native 

polypeptide's amino acid sequence. As used herein "correspond essentially to" refers to a 

polypeptide sequence that will elicit a biological response substantially the same as the response 

generated by the native protein. Such a response may be at least 60% of the level generated by 

the native protein, and may even be at least 80% of the level generated by native protein.  

A variant may include amino acid residues not present in the corresponding native 

protein or deletions relative to the corresponding native protein. A variant may also be a 

truncated "fragment" as compared to the corresponding native protein, i.e., only a portion of a 

full-length protein. Protein variants also include peptides having at least one D-amino acid.  

The variant protein may be expressed from an isolated DNA sequence encoding the 

variant protein. "Recombinant" is defined as a peptide or nucleic acid produced by the 

processes of genetic engineering. It should be noted that it is well-known in the art that, due to 

the redundancy in the genetic code, individual nucleotides can be readily exchanged in a codon, 

and still result in an identical amino acid sequence.  

The present disclosure provides methods of treating a disease in a mammal by 

administering an expression vector to a cell or patient. For the gene therapy methods, a person 
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having ordinary skill in the art of molecular biology and gene therapy would be able to 

determine, without undue experimentation, the appropriate dosages and routes of administration 

of the expression vector used in the novel methods of the present disclosure.  

According to one embodiment, the cells are transformed or otherwise genetically 

5 modified in vivo. The cells from the mammalian recipient are transformed (i.e., transduced or 

transfected) in vivo with a vector containing exogenous genetic material for expressing a 

heterologous (e.g., recombinant) gene encoding a therapeutic agent and the therapeutic agent is 

delivered in situ.  

As used herein, "exogenous genetic material" refers to a nucleic acid or an 

0 oligonucleotide, either natural or synthetic, that is not naturally found in the cells; or if it is 

naturally found in the cells, it is not transcribed or expressed at biologically significant levels by 

the cells. Thus, "exogenous genetic material" includes, for example, a non-naturally occurring 

nucleic acid that can be transcribed into anti-sense RNA, as well as a "heterologous gene" (i.e., a 

gene encoding a protein which is not expressed or is expressed at biologically insignificant 

5 levels in a naturally-occurring cell of the same type).  

In summary, the term "therapeutic agent" includes, but is not limited to, agents 

associated with the conditions listed above, as well as their functional equivalents. As used 

herein, the term "functional equivalent" refers to a molecule (e.g., a peptide or protein) that has 

the same or an improved beneficial effect on the mammalian recipient as the therapeutic agent of 

which is it deemed a functional equivalent.  

The above-disclosed therapeutic agents and conditions amenable to gene replacement 

therapy are merely illustrative and are not intended to limit the scope of the instant disclosure.  

The selection of a suitable therapeutic agent for treating a known condition is deemed to be 

within the scope of one of ordinary skill of the art without undue experimentation.  

5 Dosages, Formulations and Routes of Administration of the Agents of the Invention 

The agents of the invention are administered so as to result in a reduction in at least one 

symptom associated with Huntington's disease. The amount administered will vary depending 

on various factors including, but not limited to, the composition chosen, the particular disease, 

the weight, the physical condition, and the age of the mammal, and whether prevention or 

treatment is to be achieved. Such factors can be readily determined by the clinician employing 

animal models or other test systems which are well known to the art.  

The present invention envisions treating Huntington's disease by the administration of an 

agent, e.g., Rhes or Rheb, an expression vector, or a viral particle of the invention.  

Administration of the therapeutic agents in accordance with the present invention may be 
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continuous or intermittent, depending, for example, upon the recipient's physiological condition, 

whether the purpose of the administration is therapeutic or prophylactic, and other factors 

known to skilled practitioners. The administration of the agents of the invention may be 

essentially continuous over a preselected period of time or may be in a series of spaced doses.  

5 Both local and systemic administration is contemplated.  

One or more suitable unit dosage forms having the therapeutic agent(s) of the invention, 

which, as discussed below, may optionally be formulated for sustained release (for example 

using microencapsulation), can be administered by a variety of routes including parenteral, 

including by intravenous and intramuscular routes, as well as by direct injection into the 

diseased tissue. For example, the therapeutic agent may be directly injected into the brain.  

Alternatively the therapeutic agent may be introduced intrathecally for brain and spinal cord 

conditions. The formulations may, where appropriate, be conveniently presented in discrete unit 

dosage forms and may be prepared by any of the methods well known to pharmacy. Such 

methods may include the step of bringing into association the therapeutic agent with liquid 

5 carriers, solid matrices, semi-solid carriers, finely divided solid carriers or combinations thereof, 

and then, if necessary, introducing or shaping the product into the desired delivery system.  

When the therapeutic agents of the invention are prepared for administration, they may 

be combined with a pharmaceutically acceptable carrier, diluent or excipient to form a 

pharmaceutical formulation, or unit dosage form. The total active ingredients in such 

formulations include from 0.1 to 99.9% by weight of the formulation. A "pharmaceutically 

acceptable" is a carrier, diluent, excipient, and/or salt that is compatible with the other 

ingredients of the formulation, and not deleterious to the recipient thereof. The active ingredient 

for administration may be present as a powder or as granules; as a solution, a suspension or an 

emulsion.  

Pharmaceutical formulations containing the therapeutic agents of the invention can be 

prepared by procedures known in the art using well known and readily available ingredients.  

The therapeutic agents of the invention can also be formulated as solutions appropriate for 

parenteral administration, for instance by intramuscular, subcutaneous or intravenous routes.  

The pharmaceutical formulations of the therapeutic agents of the invention can also take 

the form of an aqueous or anhydrous solution or dispersion, or alternatively the form of an 

emulsion or suspension.  

Thus, the therapeutic agent may be formulated for parenteral administration (e.g., by 

injection, for example, bolus injection or continuous infusion) and may be presented in unit dose 

form in ampules, pre-filled syringes, small volume infusion containers or in multi-dose 
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containers with an added preservative. The active ingredients may take such forms as 

suspensions, solutions, or emulsions in oily or aqueous vehicles, and may contain formulatory 

agents such as suspending, stabilizing and/or dispersing agents. Alternatively, the active 

ingredients may be in powder form, obtained by aseptic isolation of sterile solid or by 

5 lyophilization from solution, for constitution with a suitable vehicle, e.g., sterile, pyrogen-free 

water, before use.  

It will be appreciated that the unit content of active ingredient or ingredients contained in 

an individual aerosol dose of each dosage form need not in itself constitute an effective amount 

for treating the particular indication or disease since the necessary effective amount can be 

D reached by administration of a plurality of dosage units. Moreover, the effective amount may be 

achieved using less than the dose in the dosage form, either individually, or in a series of 

administrations.  

The pharmaceutical formulations of the present invention may include, as optional 

ingredients, pharmaceutically acceptable carriers, diluents, solubilizing or emulsifying agents, 

5 and salts of the type that are well-known in the art. Specific non-limiting examples of the 

carriers and/or diluents that are useful in the pharmaceutical formulations of the present 

invention include water and physiologically acceptable buffered saline solutions such as 

phosphate buffered saline solutions pH 7.0-8.0 and water.  

The invention will now be illustrated by the following non-limiting Example.  

Example 1 

Reinstating Aberrant mTORC1 Activity in Huntington's Disease Mice Improves 

Disease Phenotypes 

Mechanistic target of rapamycin (mTOR) is a serine-threonine kinase that integrates 

signals to regulate cell growth and metabolism (Laplante and Sabatini, 2012). mTOR forms 2 

distinct complexes, mTORC Iand mTORC2. Under nutrient-rich conditions, mTORC1 is 

activated and promotes protein translation and cell growth. In contrast, nutrient withdrawal 

inactivates mTORC1 and initiates macroautophagy (hereafter referred to as autophagy) as a cell 

survival mechanism. mTORCl positively controls mitochondrial biogenesis (Cunningham et al., 

2007) and regulates lipid homeostasis by controlling cholesterol synthesis (Peterson et al., 2011; 

Porstmann et al., 2008). Moreover, in the brain, mTORCl promotes myelination, axon growth, 

and regeneration (Kim et al., 2012; Park et al., 2008; Sun et al., 2011), and genetic deletion of 

the Ras homologue enriched in brain (Rheb), a key activator of mTORC1, causes decreased 

cortical thickness and defective myelination (Zou et al., 2011).  
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In the striatum Rhes (Ras homolog enriched in the striatum) serves as a key activator of 

mTORC1 (Subramaniam et al., 2012). Genetic knockout of Rhes reduces mTORC Iactivity, and 

attenuates adverse responses to L-DOPA induced dyskinesia (Subramaniam et al., 2012).  

Additionally, Rhes facilitates SUMOylation (Subramaniam et al., 2009), a process implicated in 

5 HD pathogenesis (Steffan et al., 2004). In vitro, Rhes promotes SUMOylation of mHTT to 

induce cytotoxicity (Subramaniam et al., 2009), and reducing exogenously added Rhes with 

siRNAs increased survival of cells transfected with mHTT fragments (Lu and Palacino, 2013; 

Seredenina et al., 2011). In vivo, genetic ablation of Rhes protects against neurotoxin-induced 4 

striatal lesions (Mealer et al., 2013), and transiently delays motor symptom onset in R6/1 HD 

mice (Baiamonte et al., 2013). Because Rhes is highly expressed in the striatum (Spano et al., 

2004), it has been proposed that Rhes-mHTT interactions may underlie the prominent striatal 

degeneration in HD.  

However, other data call to question a pathogenic role for Rhes in HD. Rhes levels are 

reduced in HD patient caudate nucleus (Hodges et al., 2006), and Rhes ablation in R6/1 HD 

5 models does not prevent brain degeneration (Baiamonte et al., 2013). Furthermore, Rhes KO 

mice develop brain atrophy and behavioral abnormalities resembling those found in HD mice 

(Baiamonte et al., 2013; Spano et al., 2004). In addition, Rhes promotes autophagy (Mealer et 

al., 2014), a well-established protective mechanism in HD. Therefore, given the critical function 

of Rhes in mediating striatal mTORC Isignaling, we hypothesized that a concomitant loss of 

Rhes and mTORC Iactivity contributes to the early striatal pathology in HD, and that enhancing 

mTORC1 function, through up-regulation of Rheb or Rhes, would be neuroprotective.  

To test this hypothesis we acutely modulated Rhes and mTORC1 activity in adult striata 

of HD transgenic mice. We found beneficial effects with mTORC Iactivation, including 

improved mHTT-associated metabolic phenotypes and reversal of striatal atrophy. Consistently, 

restoring mTORC Iactivity or Rhes levels in vivo was protective. Further, we showed that the 

neuroprotective property of Rhes is dependent on its GTPase activity, which is required for 

activating mTORCl but independent of SUMOylation related activity. Collectively, these data 

suggest that impaired Rhes/mTORCl activity is relevant to the notable striatal pathogenesis in 

HD and suggest that impaired mTORC1 function may represent a fundamental mechanism 

underlying the complex disease phenotypes in HD.  

Results 

mTORC1 activity is reduced in the striatum of HD 

As a first test of our hypothesis, we examined mTORC1 activity in HD brain. We found 
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that mTORC Iactivity is reduced in striatal tissues from HD patients and N171-82Q mice as 

detected by reduced phosphorylation of ribosomal protein S6 (pS6), an established marker of 

mTORCl activity (Figure 1A; Figures SlA,B). In HD mice, mTORC1 activity is impaired at 6 

weeks of age, prior to the onset of neurological symptoms (Figure IB). The reduced mTORC1 

5 activity is not associated with reduced expression of mTOR, or components of the mTOR 

complex (e.g. Rictor and Raptor)(Figures 1A,B; Figure SlA). We next engineered adeno

associated viruses (AAVs), which transduce striatal neurons (Figure S2A) (McBride et al., 

2008), to express Rheb, a well-established positive regulator of mTORC1 (Laplante and 

Sabatini, 2012). In this manner, we can acutely enhance mTORC1 activation in vivo. We used a 

D constitutively active Rheb mutant (caRheb; S16H) previously shown to activate mTORC1 

signaling in mouse brain (Kim et al., 2012; Zou et al., 2011). Unilateral injection of 

AAV.caRheb into N171-82Q mouse striata markedly induced mTORCl activity as 

indicated by increased pS6 at 3 weeks post-injection (Figure 2A). Selective reduction of 

DARPP-32 levels, a fundamental component of dopamine signaling in medium spiny neurons 

5 (MSN), is an indicator of pathological progression in HD mouse and human brains (Bibb et al., 

2000; Hodges et al., 2006). AAV.caRheb transduction promoted a 33% increase of DARPP-32 

levels in NI71-82Q mouse striata compared to contralateral uninjected tissue (Figure 2A).  

Moreover, AAV.caRheb upregulated expression of the mitochondrial-transcriptional regulator, 

PPARy coactivator Ia (PGC1-a) (Figure 2B), a master regulator of mitochondrial biogenesis 

that when increased improves mitochondrial function and motor deficits in HD models (Cui et 

al., 2006; Tsunemi et al., 2012). Consistent with increased mitochondria activity, the levels of 

reactive oxygen species detoxifying (ROS) genes, SOD2, cyt-c, and ANTI were also increased 

in AAV.caRheb treated brains (Figures 2C-F). Glutathione peroxidase, a recently identified 

neuroprotective antioxidant enzyme in HD model organisms (Mason et al., 2013), selectively 

increased in HD brains after caRheb transduction (Figure 2G). The improved profile could not 

be explained by an indirect effect of virus injection or downregulation of the mHTT transgene; 

similar results were obtained when AAV.caRheb injected brains were compared to AAV.eGFP 

treated brains, and 

caRheb did not affect mHTT transgene expression (Figures S2B-H). We next performed 

in vitro studies and treated striatal cells that express expanded (Q11) and normal (Q7) Htt 

(Trettel et al., 2000) with an ATP-competitive inhibitor of mTOR, Torini. Torin1 potently 

inhibits TORfunctions including those that are resistant to inhibition by rapamycin (Thoreen et 

al., 2009). Torin1 treatment reduced pS6 and p-4E-BP1 levels as well as DARPP-32 expression 

in Q7 and Q111 cells (Figure S3A). Torin also repressed PGC1-a, the PGC- a-regulated 
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genes cAMP response element-binding protein (CREB), and transducer of regulated CREB 1 

(TORC1) (Figures S3A, B). Together, our in vitro and in vivo results indicate that mTORC 

regulates PGC-a and PGC1-a regulated metabolic genes in the setting of WT and mutant HTT 

alleles.  

5 mTORC1 controls lipogenic gene expression in HD brains 

We next determined whether impaired mTORC1 activity underlies other HD-specific 

metabolic pathway alterations. Aberrant cholesterol biosynthesis has been observed in HD 

mouse and human brains (Karasinska and Hayden, 2011; Valenza and Cattaneo, 2011). The 

expression of genes required for lipid biosynthesis is controlled by nuclear transactivation of 

D sterol regulatory element-binding proteins (SREBPs). mHTT has been reported to inhibit 

nuclear translocation of SREBP in cells and HD mice, which may contribute to dysfunctional 

cholesterol synthesis (Valenza et al., 2005). mTORCl also regulates SREBP transactivation 

(Peterson et al., 2011; Porstmann et al., 2008). To determine if reducing mTORC1 activity alters 

cholesterol synthesis in the setting of HD, we applied Torin1 to cultured Q7 or Q11 striatal 

5 cells. Torin1 reduced expression of the SREBP target genes HMG-CoA reductase (HMGCR), 

the rate-limiting enzyme in cholesterol synthesis and HMGCS1 in both mutant and normal cell 

lines (Figures 3A, B).  

In N171-82Q mice, HMGCR is significantly reduced (Figure 3C) compared to controls, 

similar to what has been found in HD patient brains (Hodges et al., 2006). AAV.caRheb 

normalized HMGCR levels, and also increased expression of enzymes required for sterol 

biosynthesis: HMG-CoA synthase 1 (HMGCS1), lanosterol 14a- demethylase (CYP51), and 7

dehydrocholesterol reductase (DHCR7) (Figures 3C-F; Figures S3 C-F). Similar to our in vitro 

findings, mTOR's regulation of striatal lipogenic gene expression is independent of the state of 

polyglutamine expansion in HTT, as AAV.caRheb also increased expression of these genes in 

5 WT striata as well (Figures 3C-3F). Although the reduction of HMGCR gene expression is mild 

in N171-82Q mice (transgene expressed from prion promoter) reduced expression of HMGCR, 

HMGCS1, DHCR7, and CYP51 are observed in HD human and other mouse models (Hodges et 

al., 2006; Valenza et al., 2005). Together, our results indicate that mTORC1 promotes lipogenic 

gene expression in the striatum, and suggest that impaired mTORC1 activity may contribute to 

reduced lipogenic gene expression in HD.  

mTORC1 enhances pathways implicated in mHTT clearance 

mTORC1 activity is generally associated with antagonizing autophagy induction, 

although autophagy can occur through mTORCl dependent and independent pathways. With 

37



WO 2016/109649 PCT/US2015/068034 

relevance to HD, basal autophagic activity is critical for maintaining neuronal survival and 

promoting aggregate clearance (Jeong et al., 2009; Ravikumar et al., 2004; Yamamoto et al., 

2006). As such, we next examined the effects of mTORCl activation on autophagy in 

AAV.caRheb treated HD mouse striata. We found increased basal levels of the autophagosome

5 membrane-associated protein, LC3-II in N171-82Q mice compared to WT mice (Figure S4).  

AAV.caRheb treatment increased levels of LC3-1I (Figure 4A) and Beclin-1, a protein necessary 

for autophagy induction (Figure 4B). To distinguish between enhanced autophagy and 

impairment of autophagolysosomal maturation, electron microscopy (EM) was used to quantify 

the relative number of autophagosomes and autolysosomes in brains of mice treated with 

D AAV.caRheb in one hemisphere or AAV.eGFP in the other hemisphere. While the 

autophagosomes/autolysosome ratio was similar between hemispheres, both autophagosomes 

and autolysosomes were increased with AAV.caRheb treatment compared to the control treated 

contralateral sides (Figure 4C), suggesting that autophagy is activated in the setting of increased 

mTORC1 activity in vivo. We also noted that control treated (AAV.eGFP) N171-82Q mice brain 

5 was depleted of electron-dense endoplasm granular mass and cytoplasmic organelles (Figure 

4D), a phenotype similar to the striatal pathology induced by nucleolar stress (Kreiner et al., 

2013). Conversely, cells in AAV.caRheb treated hemispheres showed enriched electron-dense 

cytoplasmic organelles.  

Recent work suggests that autophagic/proteasomal degradation of mHTT occurs through 

post-translational modifications (PTM) (Jeong et al., 2009; Jia et al., 2012; O'Rourke et al., 

2013; Thompson et al., 2009). For example, the SUMO E3 ligase PIAS Iincreases mHTT 

aggregate formation by promoting SUMO2 conjugation to mHTT in cell models, and reducing 

the PIAS Iortholog in Drosophila expressing the mHTT protein is protective (O'Rourke et al., 

2013). We found that SUMO2 levels were elevated in 14-week-old N171-82Q mouse striatum 

and that AAV.caRheb repressed PIAS1 and SUMO2 expression in both N171-82Q mice and 

WT control littermates (Figures 5A, B). We also examined IdB kinase (IKK), a kinase that 

induces mHTT 

degradation and targets mHTT for clearance by the proteasome and lysosome 

(Thompson et al., 2009). Endogenous IKK related genes (Ikbkb, Ikbkap, and Ikbke) were 

reduced in N171-82Q mouse striata, and AAV.caRheb restored their expression (Figures 5C-E).  

Additionally, HDAC4 is an important regulator of mHTT aggregate formation and reduction of 

HDAC4 reduces cytoplasmic aggregates, improves neuronal function, and extends the life span 

of HD mice (Mielcarek et al., 2013). Here, we found that AAV.caRheb transduction reduced 

HDAC4 expression in N171-82Q mouse striata (Figure 5F). HTT fragment-containing 
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aggregates are few and inconsistent in striatum, but robust in hippocampus in N171-82Q mice.  

Therefore, we tested aggregate burden in the hippocampus. AAV efficiently transduces 

hippocampal neurons (Figure S5), and AAV.caRheb injected animals showed significantly 

reduced mHTT aggregate load compared to AAV.eGFP injected mice (Figure 5G), consistent 

5 with the observed effects of AAV.caRheb on genes involved in mHTT clearance.  

Enhanced mTORC1 activity rescues striatal atrophy and improves motor 

phenotypes in HD mice 

N171-82Q mice display pronounced striatal atrophy with preserved MSN numbers 

(Cheng et al., 2011; Schilling et al., 1999). To examine how mTORC1 activity impacts striatal 

D volume in diseased brain, we performed unilateral AAV.caRheb injection into the striata of 11

week-old N171-82Q mice, an age by which there is measurable striatal atrophy (Cheng et al., 

2011), and compared the treated hemisphere with the untreated side. AAV.caRheb positively 

impacted MSN cell size and striatal volume compared to untreated contralateral hemispheres 

(Figures 6A-C). To confirm that caRheb acts through mTORC1, we administered RADOO1, a 

5 known mTORC Iinhibitor (Fox et al., 2010). RADOOl1treatment reversed the morphological 

effects of caRheb and attenuated S6 phosphorylation (Figures 6A-6C; Figures S6A, B).  

Additionally, we found that 2 weeks of RAD001 treatment in the absence of caRheb caused a 

mild but significant exacerbation of MSN atrophy in N171-82Q mice (Figures 6A, B). These 

results suggest that AAV.caRheb promotes MSN growth or preserves MSN size through the 

mTORC1 pathway, and that impairing mTORC1 in vivo exacerbates this phenotype.  

Impaired striatal dopamine circuitry is associated with motor symptoms in HD mice 

(Bibb et al., 2000; Johnson et al., 2006). Therefore, to determine the functional impact of 

AAV.caRheb on dopamine pathways we unilaterally injected N171-82Q mice and subjected 

them to amphetamine induced rotational tests. Amphetamine triggers dopamine release and 

induces rotational behavior in mice if there is imbalanced dopamine signaling in one hemisphere 

versus the other. For this, we co-injected AAV expressing mHTT (AAV.mHTT) into 6-week

old WT mice with either AAV.caRheb or control virus (AAV.eGFP). Unilateral injection of 

AAV.mHTT/AAV.eGFP caused ipsilateral rotation toward the injected side, an indication of 

mHTT toxicity (Figure 6D). In contrast, co-injection of AAV.caRheb with AAV.mHTT did not 

induce ipsilateral rotation, instead mice displayed contralateral rotations (Figure 6D). Consistent 

with the behavioral results, injection of AAV.mHTT/eGFP caused MSN atrophy compared to 

untreated contralateral striatum whereas co-injection of AAV.caRheb with AAV.mHTT 

prevented MSN atrophy (Figure 6E). Thus, enhancing mTORC1 activity benefits mHTT-driven 

neuronal atrophy and dopamine pathway impairment.  
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Exogenous addition of Rhes, a striatum-enriched mTOR activator, rescues mHTT

associated disease phenotypes in HD transgenic mice 

In the striatum, mTOR is predominantly regulated by a striatal-enriched GTPase protein, 

Rhes (Subramaniam et al., 2012). Prior in vitro studies imply a toxic role of Rhes in HD 

5 (Subramaniam et al., 2009), but its disease relevance in vivo is unclear. We found that Rhes 

levels were reduced in HD human and mouse striata (Figures 7A and S7A). Rheb levels are not 

reduced (Figure S7B). Notably, Rhes is significantly reduced prior to the onset of neurological 

symptoms; 6-week-old N171-82Q mice have 73% of wild type Rhes levels even though clinical 

symptoms are not evident until 12-14 weeks of age (Figures 7A and S7C). We therefore 

investigated how enhancing Rhes levels impacts disease phenotypes. As the N-terminal 

fragment of mHTT was previously shown to interact with Rhes and confer cytotoxicity in vitro, 

the N171-82Q model is ideal for testing this question in vivo (Subramaniam et al., 2009). If Rhes 

is a critical mediator of HD toxicity, acute overexpression of Rhes in N171-82Q mouse striata 

would be expected to exacerbate disease phenotypes. AAVs expressing Rhes (AAV.Rhes) were 

injected into 7-week-old N171-82Q mice and WT littermates. In contrast to what was expected 

from earlier in vitro work, but consistent with our findings on mTORCl activation by Rheb, 

Rhes overexpression improved motor function in N171-82Q mice compared to saline-treated, 

disease littermates as determined by rotarod testing at 14 and 18 weeks of age (Figure 7B). In 

addition, after unilateral injection, AAV.Rhes significantly increased MSN cell size compared to 

control-treated contralateral hemispheres (Figures 7C). Similar to Rheb, AAV.Rhes upregulated 

expression of the mitochondrial transcriptional regulator, PGC1-a (Figure 7D).  

In cell based assays, Rhes enhances mHTT toxicity by promoting SUMOylation of 

mHTT (Subramaniam et al., 2009). To ascertain if the observed disease modifying effects of 

Rhes in vivo are via the mTORC1 or SUMOylation pathways, we generated AAVs that express 

RhesS33N (AAV.RhesS33N), a Rhes mutant with abolished GTPase activity and reduced 

mTORCl activation but intact SUMOylation modulatory activity (Subramaniam et al., 2012; 

Subramaniam et al., 2009). Following striatal injections, AAV.RhesS33N-treated N171-82Q 

mice showed reduced mTORCl activity compared to N171-82Q mice injected with AAV.Rhes 

(Figure S8). AAV.RhesS33N failed to modify motor deficits in N171-82Q mice, which 

performed similarly to control treated N171-82Q mice (Figure 7B). Notably, Rhes S33N does 

not cause further behavioral exacerbation, as one would predict based on prior in vitro 

observation (Subramaniam et al., 2009). Collectively, these data suggest that Rhes rescues HD 

behavioral deficits in part via mTORC1 activation.  
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Discussion 

Cumulatively, we show that impaired mTORC Iactivity is upstream of various 

phenotypic changes associated with HD, and may underlie the metabolic and degenerative 

phenotypes. We find that mTORC1 activation promoted energy metabolism, autophagy, and 

5 striatal cell function in HD mice. Consistent with a neuroprotective role of mTORC1, we find 

that Rhes, a striatum-enriched mTOR activator, is reduced in HD brains prior to onset of 

neurological symptoms, and that exogenous Rhes addition alleviates motor deficits and brain 

pathology in HD mice. Notably, the ability to promote striatal cell growth and function in 

symptomatic HD mice supports the notion that there is plasticity in mHTT-laden neurons 

) (Yamamoto et al., 2000), and highlights the possibility of reverting striatal atrophy after disease 

onset through mTORC1 activation. Because mHTT has an increased propensity to bind Rhes 

(Subramaniam et al., 2009) and mTOR (Ravikumar et al., 2004), it is possible that a 

concomitant loss of Rhes and mTOR function by mHTT may render the striatum more 

vulnerable to early degeneration in HD (Figure 8). Given that striatal volume is a strong 

5 predictor of disease progression in HD patients (Tabrizi et al., 2013), therapies that restore 

striatal mTORC1 activity to normal levels may alleviate disease. A key disease mechanism by 

which mHTT interferes with energy production is repression of PGC-la activity, whose 

expression is reduced in human caudate and HD transgenic mouse striata (Cui et al., 2006; 

Hodges et al., 2006; Tsunemi et al., 2012). Reduced PGC-la levels may also sensitize HD 

brains to oxidative stress as dopaminergic neurons in PGC-la KO mice are vulnerable to MPTP 

mediated oxidative damage (St-Pierre et al., 2006). Restoring brain PGC-la expression 

ameliorates striatal atrophy in R6/2 HD mice (Cui et al., 2006), and improves motor phenotypes 

in the N171-82Q and R6/2 HD mouse models (Cui et al., 2006; Tsunemi and La Spada, 2011).  

Our finding that mTOR is a positive regulator of PGC-1a activity in HD mouse brains provides 

5 a therapeutic target for enhancing PGC-la activity and a potential mechanism by which PGC-la 

activity may be impaired.  

At first blush, these data may appear to contradict the conventional view in the HD field 

indicating that mTORC1 inhibition is protective (Ravikumar et al., 2004; Roscic et al., 2011).  

Inhibition of mTORCl by systemic delivery of rapamycin attenuates disease phenotypes in 

Drosophila and N171-82Q HD mice (Ravikumar et al., 2004). It is possible however that, the 

behavioral improvements induced by rapamycin may reflect the beneficial effects on skeletal 

muscle, rather than mTORC1 inhibition in the brain. In line with this, in R6/2 HD mice treated 

with rapamycin, rotarod improvement is transient and associated with accelerated weight loss 

and enhanced brain atrophy (Fox et al., 2010). Interestingly, mTORC1 activity is abnormally 
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elevated in R6/2 mouse skeletal muscles (She et al., 2011). Together with our data, these 

findings support the notion that restoring balanced mTORC1 activity is critical and raise the 

interesting point that there can be tissue specific effects of mHTT on mTOR activity; unlike 

skeletal muscle, brain mTORCl activity is already impaired in HD.  

5 The finding that mTORC1 enhancement is neuroprotective also provides a mechanistic 

basis for earlier studies supporting a role for various agents shown to be therapeutic in HD 

models. For example, restoring BDNF-TrkB signaling has well-established neuroprotective 

effects in several preclinical HD models (Jiang et al., 2013; Simmons et al., 2013; Xie et al., 

2010; Zuccato et al., 2001). A physiological consequence of this signaling cascade is mTORC1 

activation (Troca-Marin et al., 2011; Zhou et al., 2010). Moreover, an RNAi screen identified 

Lkb-1 as a potent disease modifier in cell and drosophila HD models (Schulte et al., 2011). Lkb

1 is a tumor suppressor that negatively regulates mTORC1 (Shaw et al., 2004). Suppressing 

Lkb-1 improved mHTT-induced dysmorphic neurite growth in primary neurons, and rescued 

lethality and neurodegenerative phenotypes in drosophila expressing a mHTT allele (Schulte et 

5 al., 2011). Together, these results are consistent with our view that re-balancing mTORC1 

activity is beneficial in HD.  

Autophagy is essential for cell homeostasis and protein clearance (Wong and Cuervo, 

2010). We find that mTORC1 activation stimulates autophagic activity in HD mouse brains and 

alters expression of genes implicated in promoting mHTT degradation (PIAS1, SUMO2, IKK, 

and HDAC4). These results may be surprising as mTORC1 is generally considered inhibitory to 

autophagy. However, recent evidence demonstrate that autophagy can occur under mTOR 

stimulated conditions (Narita et al., 2011), and under prolonged starvation conditions, 

reactivation of mTOR promotes formation of lysosomes, which are required for sustained 

autophagy (Yu et al., 2010). We suspect that enhanced basal or quality control autophagy is a 

necessary response to cell growth and metabolic activity, and unlike starvation-induced 

autophagy, is consistent with mTORC1 activation. Although the precise mechanism by which 

mTORC1 induces autophagy is unclear, we found mTORC1 enhancement increased beclin1 

levels, an essential component involved in autophagic vesicle nucleation. Interestingly, 

overexpression of beclin 1 induces autophagic clearance of mHTT aggregates (Shoji-Kawata et 

al., 2013). Additionally, we find that mTORCl upregulates expression of IKK, a known 

autophagy inducer that promotes mHTT degradation (Thompson et al., 2009). Further, 

stimulation of IGF1/Akt signaling, which in-turn activates mTORC1, induces mHTT 

phosphorylation and targets mHTT degradation (Humbert et al., 2002; Yamamoto et al., 2006).  

Cumulatively the data show that varied mechanisms for mHTT degradation are interrelated and 
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controlled by mTORC1 activity.  

The striatum-enriched protein, Rhes, is proposed to cause striatal degeneration by 

promoting SUMOylation of mHTT; siRNA knockdown of SUMO1 abolishes Rhes mediated 

cytotoxicity in vitro (Subramaniam et al., 2009). Contrary to the potential toxic role of Rhes, we 

5 find that Rhes addition improves neuropathological and motor phenotypes in HD mice, and that 

this neuroprotective property of Rhes requires its GTPase activity. This is in contrast to the in 

vitro condition, where the GTPase activity of Rhes is not involved with mHTT-mediated 

cytotoxicity. Interestingly, we find that reducing Rhes levels in vivo causes compensatory up

regulation of SUMOl in HD mouse striata (data not shown). This is consistent with the 

0 observation that SUMO1 and SUMO2 modified proteins accumulate in HD postmortem human 

brains (O'Rourke et al., 2013). Additionally, overexpressing the GTPase deficient but 

SUMOylation intact Rhes mutant does not exacerbate motor phenotypes in N171-82Q mice as 

one would predict based on prior in vitro results (Subramaniam et al., 2009), implying that the in 

vivo modulators of MSN toxicity is distinct from that in an isolated culture system.  

5 Consistent with a cytoprotective role of Rhes, we recently reported that siRNA knock

down of Rhes exacerbates striatal atrophy and behavioral phenotypes in transgenic HD mice 

(Lee et al., 2014). On the other hand, other work showed that crossing Rhes KO mice with R6/1 

mice delayed rotarod deficits (Baiamonte et al., 2013). However, genetic deletion of Rhes does 

not prevent striatal atrophy in the R6/1 mice; and Rhes KO mice demonstrate severe brain 

degeneration similar to HD mice (Baiamonte et al., 2013). Further, Rhes levels are reduced in 

HD patients and HD mouse model striata, with symptomatic HD patients showing a striking 

83% reduction of striatal Rhes compared to unaffected individuals (Figure 7A). Rhes has 

recently been shown to promote autophagy (Mealer et al., 2014), and regulate intracellular iron 

homeostatsis (Choi et al., 2013). Therefore, restoring rather than reducing Rhes may be 

beneficial in HD brains.  

The finding that normalizing mTORCl activity improves HD phenotypes may have 

broad therapeutic implication for neurological diseases with deregulated mTOR activity. For 

instance, neurodevelopmental disorders such as fragile X mental retardation and autism are 

generally associated with hyperactive mTORCl activity; suppressing mTORCl in these 

conditions improves disease phenotypes (Bhattacharya et al., 2012; Tsai et al., 2012). In 

contrast, in the case of amyotrophic lateral sclerosis (ALS) where neuronal mTORC Iactivity is 

reduced, stimulation of mTORC1 counteracts the degenerative process (Saxena et al., 2013).  

Thus, restoring the homeostatic level of mTORC1 function may broadly benefit neurological 

diseases.  
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In summary, our study provides new insight into the inter-connectivity of complex 

pathological phenotypes in HD, which converge on the mTORC Ipathway. And, together with 

prior work in other neurodegenerative disease fields, highlights the observation that the extent of 

mTORC1 activation must be carefully controlled for therapeutic utility. While reducing the 

5 expression of the mHTT in the brain would be a direct way to rescue mTORCl activity in the 

setting of HD, a rebalance of mTORCl activity may be of therapeutic benefit.  

Experimental Procedures 

Animals. All animal protocols were approved by the University of Iowa Animal Care 

D and Use Committee. N171-82Q mice were obtained from Jackson Laboratories (Bar Harbor, 

ME) and maintained on B6C3F1/J background. Mice were genotyped using primers specific for 

the mutant human HTT transgene, and hemizygous and age-matched wild-type littermates were 

used for the indicated experiments. Mice were housed in a controlled temperature environment 

on a 12-hour light/dark cycle. Food and water were provided ad libitum. For pharmacological 

5 studies, RADOOwas obtained from LC Laboratories, diluted to 2mg/ml in 2% DMSO, and 

stored at - 20°C. Freshly thawed vehicle and RAD001 (30 pmol/kg) were given 3 times per 

week (Monday, Wednesday, and Friday) for two weeks by gavage as described previously(Fox 

et al., 2010). Mice were sacrificed 24 hours after the last dose.  

Plasmids and AAVs 

AAV vectors serotype 1 (AAV2/1) were used for this study. Rhes and Rheb cDNA 

sequences were amplified from a mouse striatum cDNA library. A Flag epitope was 

incorporated to the 3'-end by PCR for western blot detection. GTPase inactive Rhes mutant 

(RhesS33N) and hyperactive Rheb mutant (caRheb;S16H) were generated by QuikChange site

directed mutagenesis (Agilent Technology). The primers for mutagenesis were designed based 

on the QuikChange Primer Design Program (http://www.stratagene.com). Rhes, RhesS33N, and 

caRheb sequences were cloned into AAV expression vectors under the control of a chicken p

actin promoter. AAV.Rhes and AAV.RhesS33N vectors also express enhanced GFP (eGFP) 

under the control of an IRES sequence. In addition, an N-terminal myc-tagged NI71-82Q 

sequence was PCR amplified from a pCMVHD- N171-82Q plasmid (Harper et al., 2005), and 

cloned into the same AAV expression vector to generate AAV.mHTT. All AAVs were produced 

by University of Iowa Vector Core. The AAV titers were determined by RT-PCR (Rhes: 3 x 

1012 viral genomes/ml, RhesS33N: 3 x 1012 viral genomes/ml, caRheb: 3 x 1012 viral 

genomes/ml, eGFP: 3 x 1012 viral genomes/ml, and mHTT (N171-82Q): 3 x 1012 viral 

genomes/ml).  
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Injections 

The stereotaxic coordinates used for the striatum is 0.86 mm rostral to bregma, 1.8 mm 

lateral to midline, 3.5 mm ventral to the skull surface. N171-82Q mice and WT littermates were 

injected with AAV.Rhes, AAV.RhesS33N, or saline at 7 weeks of age. For all behavioral 

5 studies, mice were injected bilaterally with 5-pl of AAV. For unilateral injection studies, 5-pl 

injections of AAV was used. The stereotaxic coordinates used for hippocampus is AP:-2.0 mm, 

ML:+ 1.5 mm, DV:-2.3 mm relative to bregma; mice were injected unilaterally with 1-ul of 

AAV. For amphetamine induced rotation tests in WT mice, 3 PIl AAV.mHTT was co-injected 

with either 2 il AAV.caRheb or 2 pl AAV.eGFP into the striatum. Injection rates for all studies 

0 were 0.2 pl/min. Mice were sacrificed at indicated ages using standard approved methods 

(Harper et al., 2005; McBride et al., 2008).  

Cell culture and transfections 

Mutant (QI11) and WT (Q7) striatal cells (Trettel et al., 2000) with full-length HTT 

were kindly provided by Dr. Marcy MacDonald. The Q7 and QI11 cells were grown at 37°C in 

5 Dulbecco's modified Eagle's medium (DMEM; Sigma Chemical Co, St. Louis, MO) 

supplemented with 10% fetal bovine serum, 1% non-essential amino acids, 2 mM L-glutamine, 

and 400 pg/ml G418 (Geneticin; Invitrogen, Carlsbad, CA). For mTOR-inhibition studies, cells 

were treated with DMSO or 250 nM Torin1 (Tocris, Bristol, UK) for 24 hours.  

Mouse Brain Isolation 

Mice used in histological analyses were anesthetized with a ketamine/xylazine mix and 

transcardially perfused with 20 ml of 0.9% cold saline, followed by 20 ml of 4% 

paraformaldehyde in 0.1 M P04 buffer. Brains were removed and postfixed overnight, and 40

pm thick sections were collected. Mice used for molecular analyses were perfused with 20 ml of 

0.9% cold saline, and brain was removed and blocked into 1-mm-thick coronalslices. Tissue 

5 punches of striatum were taken by using a tissue corer (1.4 mm in diameter).Tissue punches 

were flash frozen in liquid nitrogen and stored at -80°C until used.  

Immunohistochemistry and quantitation 

Floating, 40-jm coronal brain sections were processed for immunohistochemical 

staining of medium spiny neurons or mHTT aggregates using biotin-labeled antibody. Sections 

were blocked in 5% normal goat serum for 1 hour, then incubated with primary antibody 

(DARPP-32, 1:200, Cell Signaling) overnight and washed. mHTT aggregates were 

immunostained with em48 antibody (1:200, mEM48; gift from X. J. Li, Emory University 

School of Medicine). S6 phosphorylation was detected with a phospho-S6 antibody (S235/236, 

1:300, Cell Signaling). Sections were incubated in goat anti-rabbit or goat anti-mouse 
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biotinylated IgG secondary antibodies (1:200; Vector laboratories) for 1 hr at room temperature 

and then treated with avidin-biotinylated horseradish peroxidase complexes (ABC; Vector 

Labs). In all procedures, deletion of the primary antibody served as control. Stained sections 

were mounted onto Superfrost Plus slides (Fisher Scientific, Pittsburgh, PA). Images were 

5 captured using an Olympus BX60 light microscope and DP70 camera with Olympus DP 

Controller software (Olympus, Melville, NY). For each brain, four representative sections were 

chosen and areas of 70 DARPP-32 positive medium spiny neurons (MSN) were manually traced 

under 40x objective from each hemisphere. The areas of DARPP-32 positive MSN were 

quantified by Olympus DP2- BSW software (version 2.1). The average MSN areas of ipsilateral 

injected sides were compared to contralateral control sides and expressed as means + SEM.  

EM48 positive inclusions were counted by an experimenter blinded to treatment groups.  

Stereology 

Striatal volume was calculated using point counting methods with the Cavalieri estimator 

of volume (Michel and Cruz-Orive, 1988). Briefly, images of DARPP-32 stained coronal 

5 sections (40 pm thick) were captured using an Olympus BX60 light microscope and DP70 

camera with Olympus DP Controller software (Olympus, Melville, NY). An acetate sheet with a 

grid pattern was placed on the image at random angles, and the number of grid intersections 

overlying the striatum was counted. A random systematic set of serial sections at an interval of 

480 pm apart was used. A minimum of 200 points were counted over 5 sections. Left and right 

striatal volumes were determined independently on the same sections from the point counts by 

using the formula Vol (object)= EP (object) - t -a(p), where EP (object)=sum of points overlying 

the striatum, t=distance between sections, and Ap=area per point.  

Electron microscopy 

Mice were anesthetized and perfused intracardially with saline solution followed by 

2.5% glutaraldehyde in 0.1M sodium cacodylate buffer pH 7.4. Brains were removed and post

fixed in 2.5% glutaraldehyde, 0.1M sodium cacodylate buffer pH 7.4 for 24 hours. 100 pm 

coronal sections were cut with vibratome and fixed in 1% OsO4 in 0.1M cacodylate for 1h, 

stained with 1% uranyl acetate, dehydrated and embedded in Eponate 812. Semithin 1- m 

Toluidine Blue stained sections were examined under the light microscope to identify striatum.  

Ultrathin sections of striatum (80 nm) were examined with a JEOL EX 1200 transmission 

electron microscope.  

Western blot analysis 

Mouse striata were harvested and lysed in RIPA buffer containing 50 mM Tris (pH 8.0), 

150 mM NaCl, 1% NP450 detergent, 0.1% SDS detergent, 0.5% deoxycholic acid, and 1 mMp
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mercaptoethanol with protease inhibitors (Complete Mini, Roche Applied Science, Mannheim, 

Germany) and phosphatase inhibitors (PhosSTOP Phosphatase Inhibitor Cocktail, Roche 

Applied Science, Mannheim, Germany). Tissues were homogenized on ice and spun at 14,000g 

for 20 min. Supernatant were used for analysis. Protein concentration was determined by BCA 

5 assay (Pierce, Rockford, IL) and 20-30 ig of protein was reduced and separated by SDS-PAGE 

on 4/o-10% acrylamide gels and transferred to 0.2 m Immobilon PVDF membranes (Millipore, 

Billerica, MA). The primary antibodies used were as follows: DARPP-32 (1:1000, Cell 

Signaling), p-actin (Sigma-Aldrich, 1:5000), S6 (1:1000, Cell Signaling), phospho-S6 

(S235/236, 1:1000, Cell Signaling), 4EBP1 (1:1000, Cell Signaling), phospho-4E-BP1 (T37/46, 

0 1:1000, Cell Signaling), mTOR (1:1000, Cell Signaling), Rictor (1:1000, Cell Signaling), Raptor 

(1:1000, Cell Signaling), CREB (1:1000, Cell Signaling), TORCi (1:1000, Cell Signaling), 

PGCl-a (1:1000, abcam), LC3 (1:1000, Novus Biologicals), and Beclin1 (1:1000, Cell 

Signaling). Secondary antibodies used were HRP-goat anti-mouse IgG and HRP-goat anti-rabbit 

IgG (Cell Signaling). Blots were developed using ECL Plus Western Blotting Detection System 

5 (GE Healthcare, Pittsburg, PA), and then exposed to film. Protein quantification was performed 

using NIH ImageJ software or the VersaDocTM Imaging System (Biorad) and Quantity One R 

analysis software. Band densities were normalized to housekeeping (p-actin) bands from the 

same samples and lanes.  

Brain samples 

D Coronal sections of human autopsy brain tissues were obtained from unaffected 

individuals and patients with Vonsattel grade 2, 3 and 4 HD (Dr. Christopher Ross, Johns 

Hopkins University; New York Brain Bank at Columbia University, Alzheimer Disease 

Research Center, Taub Institute). Tissues were flash frozen with postmortem intervals (PMI) 

ranging from 13 to 49 hours. Caudate/putamen nuclei were dissected from the frozen tissues 

5 placed on an ice-cold metal stage and homogenized in RIPA buffer with protease inhibitors 

(Complete Mini, Roche Applied Science, Mannheim, Germany) and phosphatase inhibitors 

(PhosSTOP Phosphatase Inhibitor Cocktail, Roche Applied Science, Mannheim, Germany).  

Lysates were spun at 14,000g for 20 min. The supernatant was collected for western blot 

analysis. Additional frozen tissues were processed for RNA extraction using TRIzol.  

Quantitative real-time PCR (RT-qPCR).  

RNA was isolated from striatal punches using 1 ml of TRIzol. Random-primed first

strand complementary DNA (cDNA) synthesis was performed using 500 ng total RNA (High 

Capacity cDNA Reverse Transcription Kit; Applied Biosystems, Foster City, CA) per 

manufacturer's protocol. Real-time PCR was performed on a sequence detection system (Prism 
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7900HT, Applied Biosystems) using SYBR green PCR mix (Invitrogen) or TaqMan 2x 

Universal Master Mix (Applied Biosystems). The following Taqman primer/probe sets were 

obtained from Applied Biosystem: Rhes (Mm04209172_ml and Hs04188091lmH), PGC1-a 

(Mm01208835_ml), and HMGCS1 (Mm01304569_ml), and HDAC4 (Mm01299557_ml). The 

5 primer sequences for SYBR green RT PCR are available upon request. Relative gene expression 

was determined using the AACT method, normalizing to p-actin.  
Behavioral Tests 

Amphetamine induced rotational assay 

Mice were injected with intraperitoneal amphetamine (3 mg/kg; Sigma), and then placed 

individually in the center of a square plastic activity chamber (50 x 50 cm). Mice were allowed 

to habituate in the chamber for 20 min before amphetamine induction. Rotational behavior was 

then recorded for 40 min by a ceiling-mounted video camera. Net rotation was expressed as 

number of ipsilateral turns - number of contralateral turns in a 40 min session.  

Accelerating Rotarod 

Male N171-82Q mice were tested for baseline motor function at 6 weeks of age, and 

then at 10, 14, and 18 weeks of age. Before each test, mice were first habituated on the rotarod 

for 4 minutes and rested for one hour. The tests were conducted three trials per day (with 30 

minutes of rest between trials) for four consecutive days. For each trial, mice were placed on the 

rod that accelerates from 4-40 rotations per min over 4 minutes, and then speed maintained at 40 

rpm. Latency to fall (or if mice hung on for two consecutive rotations without running) was used 

as a rating of motor performance. The trials were stopped at 300 seconds, and mice remaining 

on the rotarod at that time were scored as 300 sec. Data from the three trials for each group on 

each day are presented as means SEM. Mice were always tested in the dark phase of the 

light/dark cycle. All behavioral experiments were conducted with the experimenter blind to 

mouse genotypes and treatments.  

Statistical analyses 

Data were analyzed using Student's t-test or One-way ANOVA analysis, followed by 

Tukey's post hoc analyses to assess for significant differences between individual groups. All 

statistical analyses were performed using GraphPad Prism version 5.0c. Data are expressed as 

mean SEM. In all cases, P < 0.05 was considered significant.  
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Accordingly, this invention includes all modifications and equivalents of the subject matter 

55



WO 2016/109649 PCT/US2015/068034 

recited in the claims appended hereto as permitted by applicable law. Moreover, any 

combination of the above-described elements in all possible variations thereof is encompassed 

by the invention unless otherwise indicated herein or otherwise clearly contradicted by context.  

56



57 

CLAIMS 

1. A method for treating or preventing Huntington's disease (HD) in a subject in need 

thereof comprising administering said therapeutic agent to the brain of said subject, 

wherein said therapeutic agent comprises an adeno-associated viral (AAV) vector 

comprising a nucleic acid encoding a constitutively active Ras homolog enriched in brain 

(Rheb) mutant (caRheb; S16H) operatively linked to a promotor, wherein said caRheb; 

SI6H expression into the striata brain tissue improves motor function in the subject, 

thereby treating or preventing the HD.  

2. The method of claim 1, wherein the subject may have mitochondrial dysfunction, 

aberrant cholesterol homeostasis, striatal atrophy, impaired dopamine signaling and/or 

decreased autophagy.  

3. A method for modulating mHTT-associated metabolic phenotypes and/or reversal of 

striatal atrophy in a subject in need thereof by administering a therapeutic agent to the 

brain of said subject, wherein said therapeutic agent comprises an adeno-associated viral 

(AAV) vector comprising a nucleic acid encoding a constitutively active Ras homolog 

enriched in brain (Rheb) mutant (caRheb; S16H) operatively linked to a promotor, 

wherein said caRheb; SI6H expression into the striata brain tissue modulates said 

mHTT-associated metabolic phenotypes and/or reverses said striatal atrophy in the 

subject.  

4. The method of any one of claims I to 3, wherein the AAV is AAV1, AAV2, AAV5, 

AAV6 and/or AAV9.  

5. The method of claim 4, wherein the AAV is AAV2.  

6. The method of claim 4, wherein the AAV is AAV2/1.  

7. The method of any one of claims I to 6, wherein the therapeutic agent is administered to 

the brain of the subject either directly or via the bloodstream.
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8. The method of claim 7, wherein the therapeutic agent is administered to the subject's 

striatum, cortex or ventricular space.  

9. The method of any one of claims 1 to 8, wherein the subject is human.  

10. The method of any one of claims 1 to 9, wherein the therapeutic agent is injected at 1-5 

locations in the CNS.  

11. The method of claim 10, wherein the therapeutic agent is injected at a single location in 

the brain.  

12. Use of adeno-associated viral (AAV) vector comprising a nucleic acid encoding a 

constitutively active Ras homolog enriched in brain (Rheb) mutant (caRheb; S16H) 

operatively linked to a promotor in the preparation of a medicament for treating or 

preventing Huntington's disease (HD) in a subject, wherein the medicament is for 

administration to the brain of the subject.  

13. The use of claim 12, wherein the subject may have mitochondrial dysfunction, aberrant 

cholesterol homeostasis, striatal atrophy, impaired dopamine signaling and/or decreased 

autophagy.  

14. Use of adeno-associated viral (AAV) vector comprising a nucleic acid encoding a 

constitutively active Ras homolog enriched in brain (Rheb) mutant (caRheb; S16H) 

operatively linked to a promotor in the preparation of a medicament for modulating 

mHTT-associated metabolic phenotypes and/or reversal of striatal atrophy in a subject, 

wherein the medicament is for administration to the brain of the subject.  

15. The use of any one of claims 12 to 14, wherein the AAV is AAV1, AAV2, AAV5, 

AAV6 and/or AAV9.  

16. The use of claim 15, wherein the AAV is AAV2 or AAV2/1.  

17. The use of any one of claims 12 to 16, wherein the therapeutic agent is for administration 

to the brain of the subject either directly or via the bloodstream.
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18. The use of claim 17, wherein the therapeutic agent for administration to the subject's 

striatum, cortex or ventricular space.  

19. The use of any one of claims 12 to 18, wherein the subject is human.  

20. The use of any one of claims 12 to 19, wherein the therapeutic agent is for injection at 1

5 locations in the CNS.  
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