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ABSTRACT 

 

HuntingtonsËs disease (HD) is devastating neurodegenerative disorder manifesting 

by motor disturbances, cognitive decline and personal changes. The huge effort to find a cure 

for HD has brought several promising therapeutic treatments on the scene. Each of the 

prospective approaches needs to be investigated for safety, tolerability and efficacy. 

Mouse and rat models were a lot helpful in examination of pathological mechanisms of HD, 

but they are not sufficient for completion of pre-clinical testing.  

Therefore, we aimed to generate transgenic HD minipig to overcome the gap between 

rodents and humans. Minipig transgenic for the first 548 aminoacids of human mutant 

huntingtin gene (TgHD) under the control of human HD promotor was manipulated 

by lentiviral transduction of porcine one-cell stage embryos. Currently, six generations 

of minipigs expressing single copy of N-truncated human mutant huntingtin protein (mtHtt) 

with a repetition of 124 glutamines are at disposal. 

The more the model simulates the disease symptoms the better it is for translational 

research as the efficacy of the cure can be finer evaluated. Hence, the second aim was 

to demonstrate HD-like phenotype in our model. Testicular degeneration that preceded 

the clinical symptoms onset was observed as a consequence of expression of mtHtt. 

Continuous age-dependent accumulation of mtHtt fragments was detected in TgHD brains. 

Moreover, further age-related molecular alterations discriminative for HD brain were revealed 

in TgHD brain tissues, including neuronal loss, activated microglia and demyelination. 

Newly developed tests for examination of cognitive abilities and stress-induced behavior 

showed decline in their performance. Furthermore, impaired gait and increased physical 

activity were observed in TgHD minipigs.  Manifestation of clinical symptoms at the age 

of 6-7.9 years is a result of mild but ongoing brain degeneration. 

Slow progression of the disease makes TgHD minipig a suitable model 

for investigation of pre-clinical stage of the disease and long-term HD therapy research. 

The methods and results obtained in this study will be used for longitudinal evaluation 

of efficacy of the gene-lowering therapy for HD.   



 

 

ABSTRAKT  

 

Huntingtonova choroba (HCH) je devastuj²c² neurodegenerativn² onemocnŊn², 

projevuj²c² se poruchami motorickĨch i kognitivn²ch funkc², a tak® osobnostn²mi zmŊnami. 

Obrovsk® ¼sil² naj²t l®ļbu t®to nemoci pŚineslo na sc®nu nŊkolik slibnĨch l®ļebnĨch procedur. 

KaģdĨ z perspektivn²ch terapeutickĨch pŚ²stupŢ vġak mus² bĨt prozkoum§n z hlediska 

bezpeļnosti, sn§ġenlivosti a ¼ļinnosti. Myġ² a potkan² modely byly velmi uģiteļn® 

pŚi zkoum§n² patologickĨch mechanismŢ HCH, ale v pŚedklinick®m testov§n² nejsou 

dostaļuj²c². 

Proto, aby se pŚeklenula biologick§ vdz§lenost mezi hlodavci a lidmi, zamŊŚili jsme se 

na vytvoŚen² transgenn²ho miniaturn²ho prasete s HCH. Transgenn² miniaturn² prase k·duj²c² 

prvn²ch 548 aminokyselin lidsk®ho mutovan®ho huntingtinu (TgHD) pod kontrolou lidsk®ho 

promotoru pro huntingtin vzniklo po lentivirov® transdukci praseļ²ch jednobunŊļnĨch 

embry². V souļasn® dobŊ je k dispozici ġest generac² miniprasat exprimuj²c²ch  jednu  kopii 

N-termin§ln² ļ§sti lidsk®ho mutovan®ho proteinu huntingtin (mtHtt) s prodlouģenou repetic² 

124 glutaminŢ. 

Ļ²m v²ce model simuluje pŚ²znaky nemoci, t²m lepġ² je pro translaļn² vĨzkum, protoģe 

¼ļinnost l®ļby lze vyhodnotit pŚesnŊji. DruhĨm c²lem proto bylo demonstrovat v naġem 

modelu fenotyp HCH. V dŢsledku exprese mtHtt byla pozorov§na testikul§rn² degenerace, 

kter§ pŚedch§zela n§stupu klinickĨch pŚ²znakŢ. V mozc²ch transgenn²ch zv²Śat byla 

detekov§na kontinu§ln² akumulace fragmentŢ mtHtt z§visl§ na vŊku. KromŊ toho, 

v mozkovĨch tk§n²ch transgenn²ch prasat byly odhaleny dalġ² molekul§rn² zmŊny, kter® jsou 

charakteristick® pro mozek pacientŢ s HCH, vļetnŊ ztr§ty neuronŢ, aktivovan® mikroglie 

a demyelinizace. NovŊ vyvinut® testy pro zkoum§n² kognitivn²ch schopnost² a chov§n² 

v stresovĨch situac²ch prok§zaly pokles v jejich proveden². Nav²c byla pozorov§na porucha 

chŢze a zvĨġen§ fyzick§ aktivita transgenn²ch prasat. Projevov§n² klinickĨch pŚ²znakŢ 

ve vŊku 6-7.9 let je vĨsledkem m²rn®, ale vŊkem postupuj²c² degenerace mozku. 

D²ky pomal®mu rozvoji onemocnŊn² je TgHD miniprase vhodnĨm modelem 

pro zkoum§n² preklinick®ho stadia nemoci, a tak® pro dlouhodobĨ vĨzkum zamŊŚenĨ 

na nalezen² terapie pro HCH. Metody a vĨsledky z²skan® v t®to studii budou pouģity 

pro dlouhodob® experimenty hodnot²c² ¼ļinnost genov® terapie pro sn²ģen² hladiny exprese 

mutovan®ho huntingtinu. 

  



 

 

ABBREVIATIONS  

 

ABMI    animal body mass index  

ACBD3   Acyl-coenzyme A binding domain containing 3 protein 

CAG    cytosine - adenine - guanine  

DARPP32   dopamine- and cAMP- regulated neuronal phosphoprotein  

GFAP    glial fibrillary acidic protein 

HD    Huntingtonôs disease  

HD KI   HD knock-in 

HCH    Huntingtonova choroba  

HTT    huntingtin gene  

Htt   endogenous huntingtin protein 

Iba1   ionized calcium-binding adapter molecule 1 

mRNA   messenger RNA 

miRNA   micro RNA 

MRI    magnetic resonance imaging 

mtHTT   mutant huntingtin gene 

mtHtt    mutant huntingtin protein 

mtDNA  mitochondrial DNA  

PBMC   peripheral blood mononuclear cells  

PCR    polymerase chain reaction 

polyQ   polyglutamine tract  

qPCR    quantitative polymerase chain reaction  

Qs   glutamines 

SCNT   somatic cell nuclear transfer 

SDH   succinate dehydrogenase 

SDHA/SHDB  succinate dehydrogenase A/ succinate dehydrogenase B 

TgHD    transgenic for N-truncated mutant human huntingtin gene 

WB   Western blot 

WT    wild-type  

8-oxo-G   8-oxoguanine  
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INTRODUCTION  

 

Huntingtonôs disease (HD) is  rare  neurodegenerative  disorder with a prevalence 

of 3-10 affected persons per 100.000 individuals in Western Europe and North America [1], 

[2]. This disorder is caused by the prolonged glutamine (polyQ) repetition in exon 1 of the 

huntingtin gene (HTT) encoding mutant huntingtin protein (mtHtt) [3]. The polyQ repeat size 

inversely correlates with the age of onset and severity of the disease [4].  

Clinical symptoms manifested by personal changes together with motor and cognitive 

decline are typically discerned between thirty and fifty years of age [5], [6]. HD patients 

suffer from chorea, impaired gait, lack of balance coordination, and disturbed fine motor 

skills like tongue persistence protrusion and phonatory dysfunction [7]ï[11]. 

Among prominent cognitive symptoms belong impaired judgment, the inability to complete 

a task, and also difficulty with tasks requiring flexibility or speed [12], [13]. The behavioral 

disturbances include anxiety, and impulsive and aggressive behavior interchanging with 

apathy [14]. In addition, disruption in circadian rhythm was demonstrated in HD gene carriers 

[15]. 

Clinical symptoms are a consequence of progressive degeneration of the brain. Even if 

the brain pathology is a result of harmful effect of mtHtt, reduction of endogenous huntingtin 

protein (Htt) or combination of both, a hallmark of HD is a loss of medium-sized spiny 

neurons [1] and formation of mtHtt aggregates tightly corresponding to the disease 

progression [16]. Numerous studies indicated that aggregation is a successive process when 

aggregates are assembled from N-terminal mtHtt fragments and mtHtt oligomers that trigger 

cellular dysfunctions in affected tissues [17], [18]. N-terminal fragments of mtHtt accumulate 

with the disease progression, and their abundance varies among tissues, which may be 

consistent with cell susceptibility to HD [19]ï[21]. Nuclear localization of mtHtt fragments is 

connected to more severe manifestation of the disease [22]. In addition, white matter atrophy, 

reduced myelination and activated microglia were observed in HD individuals [23], [24]. 

Various studies showed increased oxidative stress in HD [25], [26] that was suggested to 

cause an inhibition of mitochondrial functions [27] since reduced activity of complexes II, III 

and IV were detected in brains of HD patients [28], [29].  

Even though HD is considered to be a disorder of the brain, the whole body is 

affected. Severe cachexia manifesting by obvious skeletal muscle wasting and weight loss 

was recognized in HD patients [30]ï[33]. Furthermore, testicular abnormalities, decrease 
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in numbers of germ cells as well as abnormal morphology of seminiferous tubules were found 

in HD men [34].  

HD is inherited in an autosomal-dominant manner thus possessing a devastating 

impact on several family generations since there is no cure available up to date. Huntingtin 

protein plays a role in diverse cellular processes including transcription, RNA splicing, 

vesicular trafficking, anti-apoptotic processes, endocytosis, and cellular homeostasis [35], 

hence the complexity of the disease has made the HD treatment research very challenging.  

Animal models constitute an important tools for appreciation of therapies 

for neurodegenerative disorders. Unfortunately, a number of promising therapies with very 

auspicious results in HD rodent models, failed to be beneficial in humans [22], [36]ï[38]. 

Small brain size and differences in neuro-architecture to humans limit rodent models 

for assessment of drug doses, design of the therapy, the same as for usage of medical 

equipment applicable for human patients [39]. Therefore, large animal models heve been 

generated with an expectation to provide better pre-clinical outcomes including safety, 

tolerability, biodistribution, longitudinal investigation, and efficacy of novel therapeutic 

approaches [40]. Among large animals, minipigs represent a good economical and ethical 

choice [41]. Vigorous advantages of minipigs are their rather large brain that is similarly 

structured as in humans, resemblance in body size, physiology, longevity of 15-20 years [42] 

and not least a 96% homology between porcine and human huntingtin genes and proteins 

[43]. 

Several different approaches can be used for transgenesis in large animal models. 

Somatic cell nuclear transfer (SCNT) allowed the first genetic manipulations in large animals 

[44]. However, efficacy of SCNT is very low. Therefore, transduction with lentiviral vectors 

[45] was developed as an alternative to SCNT. Both approaches have their advantages and 

disadvantages. The SCNT enables to transfer only genetically modified embryos into 

a surrogate sow. On the other side, prenatal and neostnatal death is not such frequent when 

lentiviral transduction is manipulated [46]. Recently, the CRISPR/Cas9 system has become 

the most widespread approach for genetic modifications since it enables sequence-specific 

targeting of genome and editting in the endogenous locuses. All of these approaches were 

used for generation of HD large animal models with various impacts on created transgenic 

animals and their progeny. SCNT was applied for generation of HD pigs [47], lentiviral 

transgenesis was employed in generation of HD non-human primates [48], [49], HD sheep 

[50] and HD minipigs [51], and lately CRISPR/Cas9 technique succeeded in generation 

of HD knock-in (HD KI) pigs [52].  
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This study introduces the generation of minipig transgenic for N-truncated part 

of human mutant huntingtin (TgHD) achieved by lentiviral transduction. Next, manifestation 

of HD-like phenotype is demonstrated in both pre-clinical and clinical stages of the disease. 

Thus, TgHD minipig could serve as a useful model for testing of therapeutic treatments 

for HD. 
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AIMS  

 

All of the potential therapeutic approaches for HD need to be tested for their safety, 

tolerability and efficacy. TgHD minipig could bridge the gap between rodents and humans. 

 

AIM 1) Generation of transgenic minipig with mutant human huntingtin gene  

To confirm transgenesis, determine the transgene copy number and its localization 

in porcine genome. To validate the number of glutamines in polyQ repetition. 

To prove the expression of transgenic mtHtt protein in porcine brain and peripheral 

tissues. To produce transgenic progeny. 

 

However, the generation of transgenic animal does not mean that the disease model was 

generated. The phenotype observed in transgenic animals needs to correlate with the disease 

manifestation in patients.  

 

AIM 2)  Demonstration of both pre-clinical and clinical manifestation of the disease 

in transgenic minipigs 

 

Autosomally dominant inheritance of HD enabled the production of transgenic offspring. 

However, considering the periods for reaching sexual maturity and gestation time, at least one 

year is needed for achieving the next generation of the progeny. Taking into account 

the number 4-6 piglets in the litter, an optimal strategy for phenotype monitoring needed to be 

designed, in order some of the animals could be used for observation of brain pathologies and 

simultaneously, some of the animals could reach the age when clinical symptoms of the 

disease are demonstrable. Therefore, we decided to assess the disease using: 

 

AIM 2A) invasive methods 

To investigate formation of mtHtt aggregates. To confirm neuronal loss in brain. 

To analyze brain pathologies caused by the expression of mtHtt. 

 

AIM 2 B) non-invasive methods 

To identify potential biomarkers of the disease progression in peripheral tissues. 

To develop a battery of tests for monitoring of behavioral, motor, and cognitive 

changes. To evaluate behavior together with motor and cognitive performances.  
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Motivation of the study 

All of the HD families crave for a cure that would not only help manage the symptoms 

but also treat the disease itself. Hunting for potential therapies brought a question 

of evaluation of their safety and efficacy since the results gained from rodent studies could not 

be sufficiently translated to humans. There was no large animal model for HD in 2007 when 

we have started with our study. Thus, we decided to generate transgenic minipig with human 

mutated huntingtin. The main reasons were not only long lifespan, similar physiology 

of minipigs to humans and large gyrencephalic porcine brain allowing detailed identification 

of brain structures by imaging techniques, but also very large similarity between the porcine 

and human huntingtin genes and proteins. The number of cytosine-adenine-guanine (CAG) 

repeats in huntingtin gene varies from 6 to 37 triplets in unaffected individuals and from 37 to 

180 repeats in mutated allele of HD patients. The longer is CAG tract the earlier is HD onset. 

With the strategy to observe a clicical phenotype in minipig within estimated 2-4 years of age, 

we decided to use a sequence of 145 glutamines (Qs) in human huntingtin gene. 

 

Summary 

Lentiviral vectors carrying the sequence of the first 548 amino acids of human 

huntingtin gene including a tract of 145 glutamines under the control of human HD promoter 

(HIV1-HD-548aaHTT-145Q) were created. Their transduction potential both with 

the expression of the transgene were tested in porcine differentiated neural stem cells. 

Next, embryos at pronuclear stage were microinjected with the vector constructs into the 

perivitelline space, cultured into the blastocyst stage in vitro and then laparoscopically 

transferred into the fallopian tubes of recipients sows. After standard duration of gravidity, 

the first HIV1-HD-548aaHTT-145Q manipulated piglets were born. One gilt was transgenic 

in a litter of 6 live newborns. Since HD is autosomally dominant inherited disorder, 

we produced F1 and F2 generations of TgHD minipigs by mating of TgHD and wild-type 

(WT) animals. 

The first of all, we needed to confirm incorporation of the transgene into the porcine 

genome, its presence at RNA level and its protein expresssion in the brain and peripheral 

tissues. We were interested where the transgene was inserted, in how many copies and what 

was the length of polyQ tract in transgene. 

Transgenesis was confirmed by genotyping in genomic DNA from porcine skin 

biopsies or skin fibroblasts. One copy of the transgene integrated to the genome was detected 

by relative comparison of quantitative DNA amplification between the endogenous porcine 
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HTT and the transgenic human HTT genes. Localization of transgene with 124 glutamines 

was proved on q arm of chromosome 1 (1q24-q25).  

Eight minipigs at the age of 4-16 months were sacrificed and their brains and tissues 

were used in biochemical and immunohistochemical examinations.  

We confirmed expression of mutant Htt protein in different regions of the brain and 

spinal cord the same as in peripheral tissues. No nuclear inclusions were detected in the 

TgHD brain up to the age of 16 months.  

One of the hallmarks of HD is a loss of medium sized spiny neurons which express 

high levels of dopamine- and cAMP- regulated neuronal phosphoprotein (DARPP32). 

We showed expression of DARPP32 in neostriatal neurons and neuropil. However, only 

slight non-significant decrease in median number of DARPP32+ neurons per mm
3
 was 

revealed in caudate and putamen of the TgHD minipigs. 

Since the the testicular pathology in humans was related to the presence of mutant Htt 

we decided to examine also semen and testicular tissues of TgHD boars. We showed 

a significant decline in the median number of spermatozoa in TgHD boars and significantly 

reduced number of intact WT minipig oocytes penetrated by TgHD spermatozoa what 

indicated impaired penetration activity of spermatozoa in TgHD boars. Removal of the zona 

pellucida markedly increased penetration rate in the WT and TgHD groups to 100% level.  

We did not observe the differences in the development and behavior of the TgHD 

minipigs from F0-F3 generations and no motor deficits specific for HD were evident in the 

TgHD animals up to 40 months of age. 

This study demonstrated successful establishment of a transgenic model of HD 

in minipig. Transgenesis did not influence survival or normal development of animals through 

multiple generations. Both female and male transmissions of the HD transgene were 

confirmed. The lentiviral delivery did not cause mosaicism, since the expression of mutant Htt 

was confirmed in both brain and peripheral tissues in F1 and F2 TgHD minipigs and 

maintained the same number of glutamines. We detected slight reduction in the number 

of DARPP32+ neurons in caudate and putamen of 16-month-old brain. We observed a decline 

in fertility in 13-month-old boars caused by reduced sperm number and penetration rate. 

No changes in behavior or motor functions were observed up to the age of 40 months. 

The study was limited by the low number of animals in experimental groups as minipigs 

become sexually mature at the age of 5 months, the gestation time is almost 4 months and not 

all of the transgenes could be sacrificed in young ages in order to have a chance to produce 

transgenic offspring and study their phenotype in older ages.   
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My contribution  

I isolated, cultured and characterizated the porcine neural differentiated stem cells 

derived from brains of porcine 40-day-old fetuses. I transducted differentiated stem cells 

by lentiviral constructs and immunocytologically tested the transduction potential of lentiviral 

vectors. I designed all of the primers for genotyping, detection of mRNA and validation 

of copy number variation of inserts in porcine genome. I isolated DNA, RNA and conducted 

all of the PCR and qPCR reactions including those determined for the validation of glutamine 

number in mtHTT polyQ tract. I prepared protein lysates and participated on western blot 

(WB) analyses. I participated on modifying the protocols for processing of porcine brains 

for immunohistochemical analyses. I observed the development and behavior of TgHD 

animals and evaluated the rates of trangenesis and mutant huntingtin gene transmission 

to next generations. I wrote a draft of the manuscript. 
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