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Abstract

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder caused by an 

abnormal expansion of CAG repeats. Although pathogenesis has been attributed to this 

polyglutamine expansion, the underlying mechanisms through which the huntingtin protein 

functions have yet to be elucidated. It has been suggested that postnatal reduction of mutant 

huntingtin through protein interference or conditional gene knockout could prove to be an effective 

therapy for patients suffering from HD. For allele-specific targeting, transcription activator-like 

effectors (TALE) were designed to target single-nucleotide polymorphisms (SNP) in the mutant 

allele and packaged into a vector backbone containing KRAB to promote transcriptional 

repression of the disease-associated allele. Additional TALEs were packaged into a vector 

backbone containing heterodimeric FokI and were designed to be used as nucleases (TALEN) to 

cause a CAG-collapse in the mutant allele. Human HD fibroblasts were treated with each TALE-

SNP or TALEN. Allele-expression was measured using a SNP-genotyping assay and mutant 

protein aggregation was quantified with Western blots for anti-ubiquitin. The TALE-SNP and 

TALEN significantly reduced mutant allele expression (p < 0.05) when compared to control 

transfections while not affecting expression of the nondisease allele. This study demonstrates the 

potential of allele-specific gene modification using TALE proteins, and provides a foundation for 

targeted treatment for individuals suffering from Huntington’s or other genetically linked diseases.
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INTRODUCTION

Huntington’s disease (HD) is an inherited autosomal-dominant neurodegenerative disease 

caused by an expansion of CAG trinucleotide repeats found in exon 1 of the huntingtin 

(HTT) gene (43). Individuals with 38 or more CAG repeats typically develop HD in 

adulthood (12), and greater than 60 CAG repeats results in in juvenile (JHD) onset (34). The 

expanded CAG region causes the production of mutant huntingtin protein and results in 

progressive degeneration of neurons, primarily in the putamen, caudate nucleus, and cerebral 

cortex (1,37). HD is clinically diagnosed by perturbed motor functioning termed chorea, or 

involuntary muscle movements. Neurological symptoms of HD include cognitive 

impairment affecting processes such as reasoning, memory, and comprehension. 

Psychologically, HD patients manifest personality changes along with depression, anxiety, 

and other emotional disturbances (25,39). Behavioral abnormalities including dementia and 

impaired motor and speech functions occur in a progressive fashion (24,33), ultimately 

rendering patients incapable of caring for themselves. HD eventually culminates in death 

around 15–20 years after the diagnoses of motor symptoms. Despite the wealth of clinical 

research accumulated since the identification of the mutant Huntington gene published in 

1993 (43), there continues to be no cure for HD; only palliative therapies aimed at reducing 

motor symptoms (21,23) and psychological disturbances are available.

Although HD has a single genetic cause, the disease pathology is very complex, leading to 

detrimental effects on a wide variety of cellular processes. In addition to the complexity of 

the disorder, our lack of knowledge of the exact function of the healthy and mutant protein 

makes it difficult to develop an appropriate therapy (13,19). Healthy huntingtin is essential 

for neuronal development (29,32), and new studies have pointed toward the importance of 

the protein in adulthood (35). Mutant huntingtin accumulates in the cells of HD patients, 

aggregating in the nucleus and causing alterations in gene transcription that result in toxicity 

(2,4,39). This aggregation results in downstream deficits such as dysfunction in RNA 

synthesis, the ubiquitin proteasome system, impaired mitochondrial activity, cellular 

inclusions, and activation of proapoptotic molecules that eventually lead to cell death 

(5,14,17). Due to the development of transgenic mouse models of HD, studies have begun to 

uncover the widespread pathological effects of mutant huntingtin. Conditional knockout of 

mutant huntingtin in the striatum has demonstrated partial motor and psychiatric recovery, 

but to ameliorate HD-like symptoms, striatal and cortical knockout of mutant huntingtin was 

required (46). Additionally, studies have shown widespread HD-associated pathology in the 

brain and other organs of transgenic mice (6,30,31,50). Any potential avenue for HD therapy 

must take into account the role of the healthy huntingtin protein in maintaining neuronal 

health, as complete suppression of both wild-type and mutant alleles has resulted in 

unintended negative consequences (8,35,44).

There have been several encouraging studies suggesting that postnatal reduction of mutant 

huntingtin through protein interference or conditional gene knockout may be an effective 

therapy for patients suffering from HD (15,22,26,36,41,42). Allele-specific silencing of the 

huntingtin gene may be possible by either targeting the expanded CAG region directly or by 

targeting genetic polymorphisms found in the mutant allele. Despite the genetic diversity 
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around the huntingtin gene, 190 single nucleotide polymorphisms (SNP) that are associated 

with the mutant allele have been identified in adult patients (47). The minor allele frequency 

(MAF) for a large portion of the validated SNP was greater than 0.20, meaning that these 

targetable polymorphisms occur in at least 20% of the population. The strong association 

between specific SNP alleles and CAG expansion also provides an opportunity for 

personalized therapeutics in HD in which the clinical development of only a small number 

of allele-specific targets may be sufficient to treat up to 88% of the HD patient population 

(47).

We targeted the mutant huntingtin allele through two approaches: transcriptional repression 

and gene correction. To achieve the allele-specific transcriptional repression of mutant HTT, 
we designed transcription activator-like effectors (TALE) to target unique DNA sequences in 

the mutant allele (9,10,27). These TALEs can be paired with a variety of effector domains to 

modulate gene expression or to have specific nuclease activity (20,49). For the gene 

silencing approach, we constructed TALEs targeting SNPs that occur preferentially in the 

mutant Huntingtin allele, and thus serve to distinguish the mutant allele from the healthy 

allele. We selected three SNP sites that occur independently of each other in greater than 

45% of the HD population to target with our gene repression strategy. The targeted SNPs 

used in this study were rs762855 (MAF 0.45; mutant allele association 0.97; referred to as 

T7 in the figures), rs3856973 (MAF 0.48; mutant allele association 0.94; referred to as T3γ 
in the figures), and rs2024115 (MAF 0.48; mutant allele association 0.97; referred to as T2 

in the figures). These TALEs are paired with a transcriptional repressor Krüppel associated 

box (KRAB) to silence gene expression upon binding (28,40,48).

For the gene correction approach, pairs of TALEs were attached to obligate-heterodimeric 

variants of the nuclease from Flavobacterium okeanokoites (FokI) (TALEN). Our rationale 

for the use of a heterodimeric nuclease was to reduce potential off-target nuclease activity by 

necessitating complementary binding of the two TALE arrays to elicit a double-stranded 

break. The breaks were expected to be repaired by the highly efficient single-strand 

annealing pathway, resulting in the deletion of CAG repeats (7,11). The TALEN pairs 

targeted the forward and reverse strands of the CAG repeats (referred to as CAG-F&R in the 

figures). This design takes into account the number of repeats required for each TALEN to 

bind and the space needed for FokI to create a double-stranded break, such that only CAG 

lengths greater than 15 would enable TALEN-mediated double-strand breaks. Therefore, 

only long (pathogenic) CAG repeats would be substrates for CAG shortening.

Our data demonstrate that these two gene-targeting approaches have the potential to become 

potent therapies through allele-specific reduction of the mutant huntingtin allele. In addition, 

this technology can easily be adapted to a wide-range of trinucleotide repeat disorders (38) 

and other diseases for which there is a known genetic mutation, thus expanding the utility of 

this approach and making it a highly favorable therapeutic strategy. Here, we explore the 

efficacy of allele-specific targeting of the mutant hungtingtin allele in patient-derived 

fibroblasts.
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MATERIALS AND METHODS

TALE Construction

TALEs were constructed using the Golden Gate TALEN kit (Addgene, Cambridge MA, 

USA) following previous published protocols (9). All TALEs were initially cloned into 

pTAL2 vector (Addgene) before subsequent insertion into a VP64-fused vector for luciferase 

confirmation assay. TALEs were further cloned into a phosphoglycerate kinase plasmid 

(pPGK) vector with KRAB-fused, FokI DD, or RR effector domains (3) (Addgene) for gene 

silencing or CAG collapse, respectively. Each TALE was designed for a unique 18 base pair 

sequence only found in either the promoter region of the huntingtin gene or the CAG 

expansion. For transcriptional repression of the mutant allele the TALE was designed to 

have the HD-associated SNP occurring in the first four repeat variable diresidues of the 

TALE plasmid.

Luciferase Binding Assay

The luciferase binding assay is a conformational assay developed to measure the binding 

and biological activity of the TALE. Briefly, the target sequence for the TALE is cloned into 

the promoter of a luciferase reporter gene and transfected into HEK293T cells (ATCC, 

Manassas, VA, USA). Upon binding to the correct location the TALE should turn on the 

reporter gene and the cells will emit luciferase demonstrating the binding of the TALE. 

TALE binding sites were inserted in front of the SV40 promoter in a pGL3 Luciferase 

Reporter vector (3) (Addgene) in between the NheI and XhoI sites via PCR for each TALE 

constructed. VP64-fused TALEs were cotransfected with the pGL3 Luciferase Reporter into 

HEK293T cells using Lipofectamine 3000 (Life Technologies, Carlsbad, CA, USA). 

Luciferase assays were performed 2 days posttransfection in a Veritas Microplate 

Luminometer using the Dual Luciferase Reporter Assay System (Promega, Madison, WI, 

USA) protocol.

HD Fibroblast Culture and Transfections

To perform the initial proof-of-concept studies of allele-specific correction or silencing, we 

wanted to test the therapeutic in an easy-to-isolate and -expand cell line that contained the 

naturally occurring gene mutation under the endogenous promoter. Human HD fibroblasts 

were purchased from Coriell Cell Repository (GM02151 Female 26 year old; Camden, NJ, 

USA) and cultured at 37°C, 5% CO2, in DMEM high glucose (Hyclone, Logan, UT, USA) 

supplemented with 20% Premium Select FBS (Atlanta Biologicals, Norcross, GA, USA) 

and 1% L-glutamine (Hyclone, Logan, UT, USA). The study was IRB exempt as the cells 

were commercially purchased. Cells were passaged when they reached 85% confluency 

using TrypLE Express (Life Technologies, Carlsbad, CA, USA) and plated into six-well or 

10-cm dishes (Corning, St. Louis, MO, USA) at 4,500 cells/cm2 for SNP genotyping or 

Western blot analysis, respectively. TALE-KRAB or TALE-FokI DD and TALE-FokI RR 

fusion vectors were cotransfected into HD patient-derived fibroblast cells (GM02151) with 

an eGFP reporter plasmid under a CMV promotor (Addgene). Transfections were performed 

via two different kits: Lipofectamine 3000 and polyethylenimine (PEI) following the 

manufacturer’s protocol.
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Viability Assay

To measure toxicity and cell death following administration of the TALE, we used well-

validated flow cytometry methods to quantify the percentage of viable cells. Cells were 

passaged 48 h after transfection and costained with annexin V and propidium iodide (PI) per 

the Annexin V-FITC Apoptosis Kit (Invitrogen, Carlsbad, CA, USA). Cells were 

counterstained with Hoescht 33348 (1:1,000; Thermo Fisher Scientific, Waltham, MA, 

USA) for 15 min at room temperature. Viability was determined via FACS (FC500; 

Beckman-Coulter, Brea, CA, USA). Twenty thousand events were recorded for each 

condition.

Western Blot

To semiquantify the aggregates associated with the mutant huntingtin protein, we performed 

Western blot experiments using a previously validated antibody for human HD fibroblasts 

(14). Protein was extracted 2 days posttransfection via standard protein isolation protocol 

using Pierce RIPA buffer (Thermo Fisher Scientific) with a halt protease & phosphatase 

inhibitor cocktail (Thermo Fisher Scientific). Protein lysate (10 μg) was loaded into wells of 

an SDS-polyacrylamide gel (Life Technologies) and were electrophoresed (Life 

Technologies) for 1 h at 200 volts. Protein was transferred onto prepared PVDF membrane 

(Life Technologies) by first equilibrating the gel in transfer buffer for 15 min and then 

transferring the gel onto the PVDF membrane running at 30 volts overnight at 4°C. 

Membranes were blocked with 5% nonfat milk (Bio-Rad, Hercules, CA, USA) for 1 h at 

room temperature. The membrane was then transferred to a solution containing anti-

ubiquitin (1:500, MAB1510; Millipore, Temecula, CA, USA) and 5% BSA (Bio-Rad) in 

TBS (Bio-Rad) overnight at 4°C with gentle agitation. Membrane was washed with TBST 

(Thermo Fisher Scientific, Pittsburg, PA, USA) three times before incubation with anti-

mouse IgG-HRP (1:1,000, SC-2005; Santa Cruz Biotechnologies, Santa Cruz, CA, USA) for 

1 h at room temperature. Bands were developed using SuperSignal West Pico 

Chemiluminescent Substrate (Thermo Fisher Scientific) for 5 min at room temperature. 

Membranes were imaged on a ChemDoc XRS+ (Bio-Rad) using ImageLab 5.1 software 

(Bio-Rad). The same procedure was then performed using anti-β-actin (1:1,000, A5441; 

Sigma-Aldrich, St. Louis, MO, USA) as a housekeeping protein after stripping the 

membrane for 15 min at room temperature using Restore PLUS Western Blot Stripping 

Buffer (Thermo Fisher Scientific).

SNP Genotyping Assay

The SNP genotyping assay from Life Technologies enables the quantification of 

transcription levels of individual alleles using a distinct primer probe set synthesized to 

identify a SNP between the two alleles. RNA extractions were performed 2 days 

posttransfection using RNEasy Plus mini kit (Qiagen, Hilden, Germany). cDNA synthesis 

was subsequently performed using the iScript cDNA Synthesis kit (Bio-Rad). SNP 

genotyping assay was performed using TaqMan Probes for SNP rs363070 as it exists in the 

3′ end of the mutant huntingtin RNA and has been previously validated by Life 

Technologies. SNP genotyping following our protocol allows for the quantification of the 

transcription of both the mutant and healthy huntingtin alleles using Q-PCR. The 
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manufacturer’s protocol was followed with the exception of using cDNA. Input cDNA (10 

ng) from each treatment group underwent PCR in triplicate. Genotyping assays were 

performed in the StepOnePlus PCR system (Applied Biosystems, Foster City, CA, USA) 

and analyzed in StepOne v2.2.2 (Applied Biosystems).

GFP Cell Sorting

To measure the potency of the TALE in only fibroblasts that were successfully transfected, 

we performed a fluorescent activated cell sorting experiment to purify the cells based on a 

fluorescent tag incorporated into the TALE plasmid. HD fibroblasts were transfected with 

TALE-fused KRAB with eGFP using the same protocol described above. Forty-eight hours 

posttransfection, cells were sorted by fluorescent activated cell sorting (FACS; UC Davis 

FACS Core). Cells were sorted in PBS using BD Influx Cell Sorter (BD Biosciences, San 

Jose, CA, USA) a five-laser system consisting of a blue laser (100 mW at 488 nm), red laser 

(30 mW at 635 nm), green laser (150 mW at 532 nm), violet laser (50 mW at 405 nm), and 

UV laser (100 mW at 355 nm). The instrument was set up with the 100-μM nozzle and 

aligned on day of sort. eGFP-positive and -negative cells were sorted and immediately plated 

as described above. Twenty-four hours after FACS, the cells underwent SNP genotyping as 

described above.

Statistical Analysis

All statistical analysis was performed using SPSS v22. Multivariate or one-way analysis of 

variance (ANOVA) was used to compare between-group differences with least significantly 

different (LSD) post hoc analysis performed when appropriate. All data are presented as 

mean and standard error.

RESULTS

All TALEs were sequence verified for the correct promoter, repeat variable diresidue (RVD), 

and effector domain (Fig. 1). The ability of the TALE to bind to its target sequence was 

assessed using a Luciferase binding assay (3). TALEs T7, T2, T3, CAG-F, and CAG-R were 

cloned with a transcriptional activator (VP64) and cotransfected into HEK293T cells with a 

reporter plasmid containing the respective TALE binding sites upstream of a luciferase gene. 

All TALEs constructed demonstrated luciferase expression when compared to control 

transfections (Fig. 2A). Data are presented as luciferase expression over the respective target 

sequence without TALE and controlled for transfection efficiency. All TALEs demonstrated 

equivalent expression as the positive control cells transfected with the luciferase gene under 

the normal pGL3 promoter.

The potential toxicity of the TALEs was tested using a cell viability assay. Briefly, toxicity 

was measured 48 h posttransfection of TALEs into HD fibroblasts by flow cytometry with 

annexin V and PI. Cells were considered viable if they did not have annexin V or PI signal. 

No differences were observed in toxicity between the pPGK-empty vector and the TALEs 

targeting SNP sites or CAG regions (Fig. 2B).

Protein aggregation was quantified with a Western blot for anti-ubiquitin. The ubiquitin-

proteasome system has been implicated in HD progression and is used as a marker of 
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disease progression (44). No overall between-group differences were observed in the 

expression of ubiquitin protein aggregation [F(4, 14) = 1.343, p = 0.320]; however, a trend 

toward reduced protein aggregation was observed in several of the TALEs (Fig. 2C).

Allele expression was quantified using a SNP geno-typing assay. One-way ANOVA revealed 

no significant between-group differences in expression of the healthy allele [F(4, 17) = 

1.134, p = 0.383], suggesting that the TALE does not target the healthy allele. A significant 

between-group difference was observed for expression of the mutant allele [F(4, 17) = 

3.889, p = 0.027]. LSD post hoc analysis revealed a significant difference in mutant allele 

expression between control (pPGK empty) and CAG-F&R (p = 0.007), T7 (p = 0.009), T3 

(p = 0.021), and T2 (p=0.010). These data suggest that TALEs designed to cause either CAG 

collapse or gene silencing via SNP targeting are potent in selectively reducing mutant allele 

expression (Fig. 2D).

Transfection efficiency was measured using immunocytochemistry and revealed that 15–

23% of the cells were transfected and expressed eGFP (Fig. 3A). Correlational analysis from 

the same experiment revealed that the number of cells transfected had high negative 

correlation with the expression of the mutant allele and protein aggregation, suggesting that 

the TALE is highly potent when delivered to the cells (data not shown). Fluorescent 

activated cell sorting (FACS) to purify only the cells receiving TALEs demonstrated 

approximately 68% reduction of the mutated allele 24 h after sorting (Fig. 3B), suggesting 

the TALE is highly potent, and the delivery of the therapeutic needs to be optimized. FACS 

purification of the cells demonstrated the potency of the TALEs; however, due to the low 

transfection efficiencies and limited samples FACS could not be performed for all analyses.

DISCUSSION

The results from this study indicate that transcription activator-like effectors can be 

constructed and utilized to reduce mutant allele expression in human HD-derived fibroblasts. 

Multiple TALEs were created to target SNP sites occurring in or near the promoter region of 

the huntingtin gene and paired with the transcriptional repressor KRAB. A second set of 

TALEs were created to induce a collapse of the CAG repeat by using heterodimeric nuclease 

FokI in a paired fashion to induce a double-stranded break of the DNA only in CAG lengths 

containing greater than 15 repeats. All of the TALEs showed efficient binding in the 

luciferase assay as demonstrated by expression of the luciferase gene above the levels 

observed in the control cells. These results verify the construction of the TALE and, more 

importantly, the ability of each construct to bind and regulate gene expression. Each TALE 

or combination of TALEs did not demonstrate cell toxicity above what was observed in the 

control transfected cells, confirming that the TALE itself is not inherently toxic to cells.

Western blot analysis revealed a trend toward decreased protein aggregation in the T7-, T3-, 

and GAG-F&R-treated Huntington fibroblasts compared to cells treated with empty vector. 

These trends correlated well with the transfection efficiency (described below). Western blot 

is a less sensitive measure than the SNP genotyping assay but still provides valuable insight 

into the reduction of mutant protein. It is likely that the large number of non-transfected cells 

skews the results and limits the statistical power of this measure.
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The transcriptional repressor TALE T7, T3, and T2 demonstrated significant mutant allele 

knockdown as measured by the SNP genotyping assay. Furthermore, none of the TALEs 

tested in this study reduced expression of the healthy allele, demonstrating allele specificity 

of the gene regulation approach. Significant reduction of mutant allele expression of upward 

to 20% was observed with TALE paired with KRAB that was designed to target to SNPs 

occurring in the mutant allele in a mixed population of treated and untreated fibroblasts. 

Interestingly, a significant reduction of mutant allele expression was observed in HD 

fibroblasts treated with CAG-F and CAG-R, which were designed to create a double-

stranded break, collapse of the CAG region, and allele repair without interfering with allele 

expression. It is possible that the hypothesized DNA repair mechanism in HD is impaired 

and the normally efficient single-strand annealing repair pathway was disrupted (16), 

resulting in lowered allele expression. The level of mutant allele repression that will be 

required to significantly alter or halt disease progression is not yet known. Further 

experiments were performed to determine whether the TALE was approximately 20% 

efficient at reducing expression of the mutant huntingtin allele or whether traditional 

transfection techniques limited the effectiveness of the TALE. It has been previously 

reported by other groups that fibroblasts are difficult to transfect cells and have low 

transfection efficiencies (18), similar to our findings.

The potency of the TALEs was further validated through correlational and cell-sorting 

experiments. In the first set of experiments, the TALE plasmids were cotransfected with a 

plasmid containing eGFP under a CMV promoter. The cells were then imaged to quantify 

the percentage of HD fibroblasts that had received the TALE. It was found that transfection 

efficiency of TALE and eGFP plasmids into fibroblasts was 15–23%, similar to previous 

reports (18). However, many of the TALEs displayed a strong negative correlation between 

transfection efficiency and mutant allele reduction and transfection efficiency and protein 

aggregation, demonstrating that the transfection may be the limiting factor in mutant allele 

reduction (data not shown).

In an attempt to characterize the potency of our TALE allele regulation platform, T7, a 

TALE targeted to a SNP and paired with a transcriptional repressor that showed significant 

reduction and allele specificity, was recloned and paired with eGFP following KRAB. This 

plasmid was then transfected into HD fibroblasts and the eGFP-positive and eGFP-negative 

cells were sorted via fluorescence activated cell sorting, replated for 24 h to allow the cells 

to recover without undergoing more than one population doubling. These cells were then 

analyzed with the SNP genotyping assay. Transfection efficiency was similar to that 

observed in the correlational study. Isolation of an eGFP-positive population revealed 

reduced expression of the mutant huntingtin allele by approximately 68%. While this 

experiment did not demonstrate complete silencing of the mutant allele, it is possible that a 

small percentage of non-GFP cells were cultured or that a small percentage of the cells 

proliferated and that the daughter cells did not contain the TALE. More importantly, these 

data suggest that TALEs are highly potent and efficient in reducing the expression of the 

mutant huntingtin allele.

Although the different TALEs constructed did not display the same efficacy, these results 

will help future studies design their gene-editing approaches around target sites that 

Fink et al. Page 8

Cell Transplant. Author manuscript; available in PMC 2019 April 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



displayed better efficiency (i.e., the location of the SNP within the promoter and where the 

SNP falls within a region of high specificity for the TALE). The relatively quick design and 

validation of multiple TALEs allows the flexibility for allelic silencing, pending SNP allele 

analysis, or CAG collapse, as potential gene therapies, thus potentially providing therapy to 

a large proportion of the HD and JHD populations (Fig. 4).

While these results demonstrate great promise in terms of targeted allele manipulation, much 

work will be needed to demonstrate the preclinical efficacy and safety of this new approach. 

Future studies should focus on characterizing an appropriate delivery system for in vivo 

administration of the most effective TALE into transgenic mouse models of HD. Similar 

studies to those described here could also be performed in HD and JHD patient-derived 

neurons to demonstrate that the TALE is efficient in reducing allele expression without overt 

toxicity, similar to what was observed in primary patient fibroblasts. Characterization of 

patient-derived neurons could also be performed to validate the ability of the TALE to 

restore normal synaptic function as well as other downstream disease phenotypes, such as 

mitochondrial damage and the accumulation of reactive oxygen species.

ACKNOWLEDGMENTS:

This work was supported by a National Institute of Health National Research Service Award Postdoctoral 
Fellowship (F32NS090722) (K. D. Fink), Graduate Fellowships (NSF GRFP 011116000, NIH T32-GM008799, 
NSF GROW 201111600, T32-HL086350) (J. D. Anderson), NIH NIGMS Predoctoral Fellowship (T32GM099608) 
(P. Deng), National Institute of Health Director’s transformative award (R01GM099688) (J. A. Nolta), National 
Institute of Health (R01GM097073) (D. J. Segal), California Institute for Regenerative Medicine (CIRM 
DR2-05415) (V Wheelock/J. A. Nolta), Stewart’s and Dake Family Gift (K. D. Fink), Help4HD International, the 
University of California Davis Flow Cytometry Shared Resource Laboratory with funding from the NCI P30 
(CA0933730), NIH (NCRR C06-RR12088, S10 RR12964 and S10 RR 026825) with technical assistance from Ms. 
Bridget McLaughlin and Mr. Jonathan Van Dyke, and philanthropic donors from the HD community, including the 
Roberson family and TeamKJ. The authors declare no conflicts of interest.

REFERENCES

1. Aylward EH Change in MRI striatal volumes as a biomarker in preclinical Huntington’s disease. 
Brain Res. Bull. 72:152–158; 2007. [PubMed: 17352939] 

2. Bence NF; Sampat RM; Kopito RR Impairment of the ubiquitin-proteasome system by protein 
aggregation. Science 292:1552–1555; 2001. [PubMed: 11375494] 

3. Bhakta MS; Segal DJ The generation of zinc finger proteins by modular assembly. Methods Mol. 
Biol. 649:3–30; 2010. [PubMed: 20680825] 

4. Browne SE Mitochondria and Huntington’s disease pathogenesis: Insight from genetic and chemical 
models. Ann. NY Acad. Sci. 1147:358–382; 2008. [PubMed: 19076457] 

5. Brustovetsky N Mutant huntingtin and elusive defects in oxidative metabolism and mitochondrial 
calcium handling. Mol. Neurobiol; 2015.

6. Buonincontri G; Wood NI; Puttick SG; Ward AO; Carpenter TA; Sawiak SJ; Morton AJ Right 
ventricular dysfunction in the R6/2 transgenic mouse model of Huntington’s disease is unmasked by 
dobutamine. J. Huntingt. Dis. 3:25–32; 2014.

7. Cade L; Reyon D; Hwang WY; Tsai SQ; Patel S; Khayter C; Joung JK; Sander JD; Peterson RT; 
Yeh J-RJ Highly efficient generation of heritable zebrafish gene mutations using homo- and 
heterodimeric TALENs. Nucleic Acids Res. 40:8001–8010; 2012. [PubMed: 22684503] 

8. Cattaneo E; Rigamonti D; Goffredo D; Zuccato C; Squitieri F; Sipione S Loss of normal huntingtin 
function: New developments in Huntington’s disease research. Trends Neurosci. 24:182–188; 2001. 
[PubMed: 11182459] 

Fink et al. Page 9

Cell Transplant. Author manuscript; available in PMC 2019 April 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



9. Cermak T; Doyle EL; Christian M; Wang L; Zhang Y; Schmidt C; Baller JA; Somia NV; Bogdanove 
AJ; Voytas DF Efficient design and assembly of custom TALEN and other TAL effector-based 
constructs for DNA targeting. Nucleic Acids Res. 39:e82; 2011. [PubMed: 21493687] 

10. Christian M; Cermak T; Doyle EL; Schmidt C; Zhang F; Hummel A; Bogdanove AJ; Voytas DF 
Targeting DNA double-strand breaks with TAL effector nucleases. Genetics 186:757–761; 2010. 
[PubMed: 20660643] 

11. Doyon Y; Vo TD; Mendel MC; Greenberg SG; Wang J; Xia DF; Miller JC; Urnov FD; Gregory 
PD; Holmes MC Enhancing zinc-finger-nuclease activity with improved obligate heterodimeric 
architectures. Nat. Methods 8:74–79; 2011. [PubMed: 21131970] 

12. Estrada Sánchez AM; Mejía-Toiber J; Massieu L Excitotoxic neuronal death and the pathogenesis 
of Huntington’s disease. Arch. Med. Res. 39:265–276; 2008. [PubMed: 18279698] 

13. Evers MM; Schut MH; Pepers BA; Atalar M; van Belzen MJ; Faull RL; Roos RA; van Roon-Mom 
WMC Making (anti-) sense out of huntingtin levels in Huntington disease. Mol. Neurodegener. 
10:21; 2015. [PubMed: 25928884] 

14. Fernandez-Estevez MA; Casarejos MJ; López Sendon J; Garcia Caldentey J; Ruiz C; Gomez A; 
Perucho J; de Yebenes JG; Mena MA Trehalose reverses cell malfunction in fibroblasts from 
normal and Huntington’s disease patients caused by proteosome inhibition. PLoS One 9:e90202; 
2014. [PubMed: 24587280] 

15. Garriga-Canut M; Agustín-Pavón C; Herrmann F; Sánchez A; Dierssen M; Fillat C; Isalan M 
Synthetic zinc finger repressors reduce mutant huntingtin expression in the brain of R6/2 mice. 
Proc. Natl. Acad. Sci. USA 109:E3136–E3145; 2012. [PubMed: 23054839] 

16. Genetic Modifiers of Huntington’s Disease (GeM-HD) Consortium. Genetic Modifiers of 
Huntington’s Disease GeM-HD Consortium. Identification of genetic factors that modify clinical 
onset of Huntington’s disease. Cell 162:516–526; 2015. [PubMed: 26232222] 

17. Gong B; Kielar C; Morton AJ Temporal separation of aggregation and ubiquitination during early 
inclusion formation in transgenic mice carrying the Huntington’s disease mutation. PLoS One 
7:e41450; 2012. [PubMed: 22848498] 

18. Han NR; Lee H; Baek S; Yun JI; Park KH; Lee ST Delivery of episomal vectors into primary cells 
by means of commercial transfection reagents. Biochem. Biophys. Res. Commun. 461:348–353; 
2015. [PubMed: 25887802] 

19. Hodgson JG; Smith DJ; McCutcheon K; Koide HB; Nishiyama K; Dinulos MB; Stevens ME; 
Bissada N; Nasir J; Kanazawa I; Disteche CM; Rubin EM; Hayden MR Human huntingtin derived 
from YAC transgenes compensates for loss of murine huntingtin by rescue of the embryonic lethal 
phenotype. Hum. Mol. Genet. 5:1875–1885; 1996. [PubMed: 8968738] 

20. Hu J; Lei Y; Wong W-K; Liu S; Lee K-C; He X; You W; Zhou R; Guo J-T; Chen X; Peng X; Sun 
H; Huang H; Zhao H; Feng B Direct activation of human and mouse Oct4 genes using engineered 
TALE and Cas9 transcription factors. Nucleic Acids Res. 42:4375–4390; 2014. [PubMed: 
24500196] 

21. Huntington Study Group. Tetrabenazine as antichorea therapy in Huntington disease: A 
randomized controlled trial. Neurology 66:366–372; 2006. [PubMed: 16476934] 

22. Kay C; Skotte NH; Southwell AL; Hayden MR Personalized gene silencing therapeutics for 
Huntington disease. Clin. Genet. 86:29–36; 2014. [PubMed: 24646433] 

23. Kenney C; Hunter C; Jankovic J Long-term tolerability of tetrabenazine in the treatment of 
hyperkinetic movement disorders. Mov. Disord. 22:193–197; 2007. [PubMed: 17133512] 

24. Kim J-I; Long JD; Mills JA; McCusker E; Paulsen JS; PREDICT-HD Investigators and 
Coordinators of the Huntington Study Group. Multivariate clustering of progression profiles 
reveals different depression patterns in prodromal Huntington disease. Neuropsychology 29(6):
949–960; 2015. [PubMed: 26011117] 

25. Klempír J; Klempírová O; Stochl J; Spacková N; Roth J The relationship between impairment of 
voluntary movements and cognitive impairment in Huntington’s disease. J. Neurol. 256:1629–
1633; 2009. [PubMed: 19449086] 

26. Kordasiewicz HB; Stanek LM; Wancewicz EV; Mazur C; McAlonis MM; Pytel KA; Artates JW; 
Weiss A; Cheng SH; Shihabuddin LS; Hung G; Bennett CF; Cleveland DW Sustained therapeutic 

Fink et al. Page 10

Cell Transplant. Author manuscript; available in PMC 2019 April 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



reversal of Huntington’s disease by transient repression of huntingtin synthesis. Neuron 74:1031–
1044; 2012. [PubMed: 22726834] 

27. Mahfouz MM; Li L; Shamimuzzaman M; Wibowo A; Fang X; Zhu J-K De novo-engineered 
transcription activator-like effector (TALE) hybrid nuclease with novel DNA binding specificity 
creates double-strand breaks. Proc. Natl. Acad. Sci. USA 108:2623–2628; 2011. [PubMed: 
21262818] 

28. Margolin JF; Friedman JR; Meyer WK; Vissing H; Thiesen HJ; Rauscher FJ Krüppel-associated 
boxes are potent transcriptional repression domains. Proc. Natl. Acad. Sci. USA 91:4509–4513; 
1994. [PubMed: 8183939] 

29. McKinstry SU; Karadeniz YB; Worthington AK; Hayrapetyan VY; Ozlu MI; Serafin-Molina K; 
Risher WC; Ustunkaya T; Dragatsis I; Zeitlin S; Yin HH; Eroglu C Huntingtin is required for 
normal excitatory synapse development in cortical and striatal circuits. J.Neurosci. 34:9455–9472; 
2014. [PubMed: 25009276] 

30. Mielcarek M; Inuabasi L; Bondulich MK; Muller T; Osborne GF; Franklin SA; Smith DL; 
Neueder A; Rosinski J; Rattray I; Protti A; Bates GP Dysfunction of the CNS-heart axis in mouse 
models of Huntington’s disease. PLoS Genet. 10:e1004550; 2014. [PubMed: 25101683] 

31. Mihm MJ; Amann DM; Schanbacher BL; Altschuld RA; Bauer JA; Hoyt KR Cardiac dysfunction 
in the R6/2 mouse model of Huntington’s disease. Neurobiol. Dis. 25:297–308; 2007. [PubMed: 
17126554] 

32. Molina-Calavita M; Barnat M; Elias S; Aparicio E; Piel M; Humbert S Mutant huntingtin affects 
cortical progenitor cell division and development of the mouse neocortex. J. Neurosci. 34:10034–
10040; 2014. [PubMed: 25057205] 

33. Morreale MK Huntington’s disease: Looking beyond the movement disorder. Adv. Psychosom. 
Med. 34:135–142; 2015. [PubMed: 25832519] 

34. Nance MA; Mathias-Hagen V; Breningstall G; Wick MJ; McGlennen RC Analysis of a very large 
trinucleotide repeat in a patient with juvenile Huntington’s disease. Neurology 52:392–394; 1999. 
[PubMed: 9932964] 

35. Ochaba J; Lukacsovich T; Csikos G; Zheng S; Margulis J; Salazar L; Mao K; Lau AL; Yeung SY; 
Humbert S; Saudou F; Klionsky DJ; Finkbeiner S; Zeitlin SO; Marsh JL; Housman DE; 
Thompson LM; Steffan JS Potential function for the Huntingtin protein as a scaffold for selective 
autophagy. Proc. Natl. Acad. Sci. USA 111:16889–16894; 2014. [PubMed: 25385587] 

36. Olson SD; Kambal A; Pollock K; Mitchell G-M; Stewart H; Kalomoiris S; Cary W; Nacey C; 
Pepper K; Nolta JA Examination of mesenchymal stem cell-mediated RNAi transfer to 
Huntington’s disease affected neuronal cells for reduction of huntingtin. Mol. Cell. Neurosci. 
49:271–281; 2012. [PubMed: 22198539] 

37. Paulsen JS; Long JD; Johnson HJ; Aylward EH; Ross CA; Williams JK; Nance MA; Erwin CJ ; 
Westervelt HJ; Harrington DL; Bockholt HJ; Zhang Y; McCusker EA; Chiu EM; Panegyres PK; 
PREDICT-HD Investigators and Coordinators of the Huntington Study Group. Clinical and 
biomarker changes in premanifest Huntington disease show trial feasibility: A decade of the 
PREDICT-HD Study. Front. Aging Neurosci. 6:78; 2014. [PubMed: 24795630] 

38. Richard G-F Shortening trinucleotide repeats using highly specific endonucleases: A possible 
approach to gene therapy? Trends Genet. 31:177–186; 2015. [PubMed: 25743488] 

39. Ross CA; Aylward EH; Wild EJ; Langbehn DR; Long JD; Warner JH; Scahill RI; Leavitt BR; 
Stout JC; Paulsen JS; Reilmann R; Unschuld PG; Wexler A; Margolis RL; Tabrizi SJ Huntington 
disease: Natural history, biomarkers and prospects for therapeutics. Nat. Rev. Neurol. 10:204–216; 
2014. [PubMed: 24614516] 

40. Santoni de Sio FR Kruppel-associated box (KRAB) proteins in the adaptive immune system. 
Nucleus 5:138–148; 2014. [PubMed: 24699165] 

41. Southwell AL; Skotte NH; Kordasiewicz HB; Østergaard ME; Watt AT; Carroll JB; Doty CN; 
Villanueva EB; Petoukhov E; Vaid K; Xie Y; Freier SM; Swayze EE; Seth PP; Bennett CF; 
Hayden MR In vivo evaluation of candidate allele-specific mutant huntingtin gene silencing 
antisense oligonucleotides. Mol. Ther. 22:2093–2106; 2014. [PubMed: 25101598] 

42. Stanek LM; Sardi SP; Mastis BM; Richards AR; Treleaven CM; Taksir TV; Misra K; Cheng SH; 
Shihabuddin LS Silencing mutant huntingtin by AAV-mediated RNAi ameliorates disease 

Fink et al. Page 11

Cell Transplant. Author manuscript; available in PMC 2019 April 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



manifestations in the YAC128 mouse model of Huntington’s disease. Hum. Gene Ther. 25(5):461–
474; 2014. [PubMed: 24484067] 

43. The Huntington’s Collaborative Research Group. A novel gene containing a trinucleotide repeat 
that is expanded and unstable on Huntington’s disease chromosomes. The Huntington’s Disease 
Collaborative Research Group. Cell 72:971–983; 1993. [PubMed: 8458085] 

44. Vagner T; Young D; Mouravlev A Nucleic acid-based therapy approaches for Huntington’s disease. 
Neurol. Res. Int. 2012:358370; 2012. [PubMed: 22288011] 

45. Vinther-Jensen T; Simonsen AH; Budtz-Jørgensen E; Hjermind LE; Nielsen JE Ubiquitin: A 
potential cerebrospinal fluid progression marker in Huntington’s disease. Eur. J. Neurol. 22(10):
1378–1384; 2015. [PubMed: 26073975] 

46. Wang N; Gray M; Lu X-H; Cantle JP; Holley SM; Greiner E; Gu X; Shirasaki D; Cepeda C; Li Y; 
Dong H; Levine MS; Yang XW Neuronal targets for reducing mutant huntingtin expression to 
ameliorate disease in a mouse model of Huntington’s disease. Nat. Med. 20:536–541; 2014. 
[PubMed: 24784230] 

47. Warby SC; Montpetit A; Hayden AR; Carroll JB; Butland SL; Visscher H; Collins JA; Semaka A; 
Hudson TJ; Hayden MR CAG expansion in the Huntington disease gene is associated with a 
specific and targetable predisposing haplogroup. Am. J. Hum. Genet. 84:351–366; 2009. 
[PubMed: 19249009] 

48. Witzgall R; O’Leary E; Leaf A; Onaldi D; Bonventre JV The Krüppel-associated box-A (KRAB-
A) domain of zinc finger proteins mediates transcriptional repression. Proc. Natl. Acad. Sci. USA 
91:4514–4518; 1994. [PubMed: 8183940] 

49. Zhang Z; Wu E; Qian Z; Wu W-S A multicolor panel of TALE-KRAB based transcriptional 
repressor vectors enabling knockdown of multiple gene targets. Sci. Rep. 4:7338; 2014. [PubMed: 
25475013] 

50. Zielonka D; Piotrowska I; Marcinkowski JT; Mielcarek M Skeletal muscle pathology in 
Huntington’s disease. Front. Physiol. 5:380; 2014. [PubMed: 25339908] 

Fink et al. Page 12

Cell Transplant. Author manuscript; available in PMC 2019 April 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Transcription activator-like effector (TALE) design. The repeat variable diresidue (RVD) 

sequence can be seen by the colored lettering. The target sequence is in black text.For 

single-nucleotide polymorphism (SNP) targeting, the allele mismatch can be seen in the 

outlined box. The effector domain for each plasmid is shown in the right column.
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Figure 2. 
TALE binding assay. (A) TALE binding was assessed using a luciferase-binding assay in 

which the TALE was cloned with an activator effector domain (VP64) and cotransfected into 

HEK293 cells with a luciferase reporter plasmid containing the TALE target region. All 

TALE constructs demonstrated luciferase expression when compared to control transfections 

(n = 4). (B) Toxicity was measured 48 h posttransfection with Lipofectamine 3000 by flow 

cytometry with annexin V fluorescein isothiocyanate (FITC) and propidium iodide (PI). 

Cells were considered viable if they were negative for annexin V/PI. No differences were 

observed in toxicity between the phosphoglycerate kinase (PGK) empty vector and the 

TALE targeting SNP sites or CAG regions (n = 3). (C) Protein aggregation was quantified 

with a Western blot for anti-ubiquitin. No overall between-group differences were observed 

in the expression of ubiquitin protein aggregation [F(8, 26) = 0.512, p = 0.832] (n = 5). (D) 

Allele expression was quantified using a Life Technologies SNP genotyping assay. One-way 

ANOVA revealed no significant between-group differences in expression of the healthy 

allele [F(4, 18) = 0.994, p = 0.443], suggesting that the TALE does not target the healthy 

allele. A significant between-group difference was observed for expression of the mutant 

allele [F(4, 18) = 3.021, p = 0.05]. LSD post hoc analysis revealed a significant difference in 

mutant allele expression between control (pPGK empty) and CAG-FR (p = 0.007), T7 (p = 

0.009), T3γ (p = 0.021), and T2 (p = 0.010). LSD post hoc analysis revealed a significant 

difference between mutant and healthy allele expression in CAG-FR (p = 0.001), T3γ (p = 

0.05), T2 (p = 0.022), and a trend in T7 (p = 0.061) (n = 6). *Significant from Control.
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Figure 3. 
Transfection efficiency was measured using fluorescent microscopy. (A) All TALE 

transfections resulted in approximately 15–23% efficiency. (B) Fluorescent activated cell 

sorting to purify only the cells receiving TALE demonstrated approximately 68% reduction 

of the mutate allele 24 h after sorting (n = 3). GFP, green fluorescent protein.
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Figure 4. 
Application to the patient population. In theory, allele-specific targeting using TALE could 

potentially cover 100% of the patient population. The use of multiple TALEs may be 

capable of covering 100% of the patient population, allowing flexibility for either allelic 

silencing, pending SNP allele analysis, or CAG collapse in regards to potential gene 

therapies. HTT, Huntingtin gene. Adapted from Kay et al. (22).
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