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Abstract 

 

Spinocerebellar ataxias (SCAs), whose cause is associated with mutations in short 

tandem repeats (STRs), are neurodegenerative diseases, characterized by a cerebellar 

atrophy and, consequently, a motor impairment. In 2017, an (ATTTC)n insertion within a 

normal (ATTTT)n sequence in a DAB1 5’ UTR intron was identified as the causative 

mutation of SCA37. Although the main pathogenic mechanism remains unclear, an RNA-

mediated toxicity may be implied in the SCA37 phenotype, as shown in a zebrafish 

model, demonstrating that (AUUUC)n insertion is deleterious in vivo. Sense and 

antisense transcription in noncoding repeat regions associated with neurodegenerative 

diseases interferes with normal cellular pathways by an RNA gain-of-function 

mechanism. Antisense transcripts may also play a role in SCA37 pathogenicity. Previous 

work of our team evidenced the existence of promoter activity in DAB1 antisense strand, 

which was able to trigger transcription in zebrafish muscular and cerebellar tissues. In 

this project, we characterized the expression of two promoters in zebrafish embryos. 

Thus, we detected promoter expression in horizontal myosepta and muscular fibers, 

revealing that these promoters are tissue-specific. Moreover, we studied the potential of 

these promoters to interact with cis-regulatory elements as enhancers, demonstrating 

that antisense promoters are able to stablish a regulatory network with the midbrain-

specific enhancer Z48, enlightening, more accurately, that antisense promoter activity 

may be regulated by brain-specific regulatory elements. As in silico analyses 

demonstrated, (ATTTC)n insertion may be located within a DNA regulatory region and, 

as regulatory elements may modulate the SCA37 toxicity, the existence of regulatory 

elements as enhancers were also investigated. However, no evidence of enhancer 

activity was detected in the repeat flanking region in DAB1 orientation. Finally, to clarify 

the role of antisense transcripts in SCA37 toxicity, we verified that the (GAAAU)n RNA is 

not toxic for zebrafish embryos, suggesting that other regulatory role may be underlying 

its function. In summary, we characterized regulatory elements in the DAB1 repeat 

flanking region to have insight in the SCA37 pathogenic mechanism. 

 

 

 

Keywords Spinocerebellar ataxia type 37 (SCA37), neurodegeneration, antisense 

transcription, regulatory elements, cellular toxicity
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Resumo 
 

As ataxias espinocerebelosas (SCAs), cuja causa está associada a mutações em 

microssatélites, são doenças neurodegenerativas, caracterizadas por uma atrofia 

cerebelar e, consequentemente, uma perda motora. Em 2017, uma inserção (ATTTC)n 

numa sequência (ATTTT)n normal, localizada na 5’ UTR da região intrónica do gene 

DAB1, foi identificada como causa da SCA37. Apesar do principal mecanismo 

patogénico ainda não ter sido esclarecido, uma toxicidade mediada pelo RNA pode estar 

implicada no fenótipo observado na doença, como demonstrado com o modelo peixe-

zebra, no qual a inserção (ATTTC)n foi deletéria in vivo. A transcrição a partir de ambas 

as cadeias de DNA, em regiões repetitivas não-codificantes, associada a doenças 

neurodegenerativas, interfere com vias celulares normais através do ganho de função 

do RNA. Os transcritos da cadeia oposta ao gene DAB1 também podem contribuir para 

um aumento ou diminuição da patogenicidade observada na SCA37. Trabalho prévio do 

nosso grupo evidenciou a existência de atividade promotora na cadeia oposta ao gene 

DAB1, que levou à transcrição nos tecidos muscular e cerebelar de peixe-zebra. Neste 

projeto, nós caracterizámos a expressão de dois promotores em embriões de peixe-

zebra, detetando assim expressão dos promotores no miosepto horizontal e nas fibras 

musculares, revelando que esses promotores são específicos de determinado tecido. 

Além disso, estudámos o potencial desses promotores para interagir com elementos 

regulatórios em cis como enhancers, demonstrando que esses promotores na cadeia 

oposta ao gene DAB1 conseguem interagir com o enhancer Z48, que é específico do 

mesencéfalo, revelando assim que estes promotores podem estar a ser regulados por 

elementos regulatórios específicos de cérebro. Como demonstrado através de análises 

in silico, a inserção (ATTTC)n pode estar localizada numa região regulatória do DNA e, 

como elementos regulatórios podem modular a toxicidade observada na SCA37, a 

existência de elementos regulatórios como enhancers foi também investigada. Contudo, 

nenhuma evidência de atividade de enhancers foi detetada na região flanqueante da 

sequência repetitiva (ATTTT)n. Para elucidar a função desempenhada pelos transcritos 

da cadeia oposta ao gene DAB1 na toxicidade observada na SCA37, verificámos que o 

RNA (GAAAU)n não é tóxico para embriões de peixe-zebra, sugerindo ter outra função 

regulatória. Em sumário, caracterizámos elementos regulatórios na região flanqueante 

ao trato repetitivo do gene DAB1 para perceber o seu contributo para o mecanismo 

patogénico subjacente à SCA37. 

 

Palavras-chave Ataxia espinocerebelosa tipo 37 (SCA37), neurodegeneração, 

transcrição bidirecional, elementos regulatórios, toxicidade celular
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Introduction 

 

Repeat diseases 

 

Overview 

 

Approximately 3% of the human genome including exons, introns and 5’ and 3’ 

untranslated regions (UTRs), contains repetitive sequences of 1-6 nucleotides, called 

short tandem repeats (STRs)1. Several neurological and neuromuscular diseases are 

caused by repeat length expansion above a normal threshold or insertion of STRs, 

located in coding and noncoding regions2. 

In 1991, the fragile X syndrome (FXS) and spinal bulbar muscular atrophy (SBMA 

or Kennedy’s disease) were the first repeat diseases reported caused by repeat 

expansions1. Thenceforth, many other neurological and neuromuscular diseases such 

as spinocerebellar ataxias (SCAs), myotonic dystrophy types 1 and 2 (DM1 and DM2), 

Huntington’s disease (HD), dentatorubropallidoluysian atrophy (DRPLA), frontotemporal 

dementia (FTD)/amyotrophic lateral sclerosis (ALS), oculopharyngeal muscular 

dystrophy (OPMD), syndromic and non-syndromic X-linked mental retardation (XLMR) 

caused by trinucleotide, tetranucleotide, pentanucleotide or hexanucleotide repeat 

expansions have been found3; 4.  

Previously, only repeat expansion diseases had been associated with STR 

sequences, however, more recently, repeat insertions have been found pathogenic in 

SCA31, SCA37 and benign familial myoclonic epilepsy 5-7. This new type of mutations 

consists in a pathogenic repetitive tract insertion, not found in normal individuals, within 

a normal polymorphic repetitive region. Both, repeat expansions and insertions, are 

dynamic mutations due to their ability to expand and contract upon intergenerational 

transmission. Somatic mosaicism among different tissues in the same individual has also 

been observed. Moreover, in the same family, from a generation to another, an increased 

severity of the disease may be observed since the repeat tend to expand, which causes 

an earlier onset of the disease, as occurs in SCAs 1, 2, 3 and 7, and, in DRPLA8.  

Repeat mutations may cause disease by three main mechanisms: gene loss-of-

function, RNA gain-of-function and protein gain-of-function (Figure 1), that will be 

detailed in the following sections9. 
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Figure 1  Overview about the pathological pathways underlying the neurodegenerat ion in repeat  

expansion diseases. In coding regions, the protein gain -of-funct ion is  the principal mechanism, 

responsible for the cel lular toxici ty.  After gene transcript ion, the expanded CAG RNA are translated 

into proteins containing expanded polyQ stretches. These mutant proteins form aggregates in the 

cel l ,  compromising the nat ive funct ion of these proteins. In noncoding regions, the two major 

mechanisms are gene loss-of-funct ion and RNA gain-of -funct ion. Some repeats lead to epigenetic 

alterat ions and gene si lencing. These repeat RNAs form RNA foci,  which recruit  several RNABP, 

leading to a disrupt ion of biological pathways in which these RNABP are involved. Furthermore, 

these repeat RNAs may be translated by RAN-translat ion, contribut ing to cel lular toxici ty.  Adapted 

from Lourei ro  e t  al . ,  2016. 
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Pathogenic pathways triggered by repeat mutations 

 

Coding repetitive regions 

 

Protein gain-of-function 

 

 Pathogenic repeats in DNA coding regions include expansions of trinucleotide 

CAG and GCN repeats, which are translated into proteins containing polyglutamine 

(polyQ) or polyalanine (polyA) repetitive tracts. The trinucleotide repeat expansions 

encode long tracts of amino acids that compromise the native function of the protein, and 

those abnormal proteins have the ability to form aggregates in the cytoplasm and in the 

nucleus of the cell. This pathogenic pathway occurs by a protein gain-of-function process 

and is detected in all pathogenic repeat expansions located in coding DNA regions, like 

those that cause SCA 1, 2, 3, 6, 7 and 17, in addition to other neuronal diseases such 

as SMBA, HD, DRPLA, and OPMD4; 9; 10.   

 

 

 

Noncoding repetitive regions 

 

In noncoding regions, several expanded repetitive sequences causing disease 

have been reported associated with trinucleotide, tetranucleotide, pentanucleotide and 

hexanucleotide repeats3. These repeats may be pathogenic either when the transcription 

is inhibited, and the gene is silenced causing gene loss-of-function, or when the gene is 

transcribed, and the RNA acquires a function that leads to cellular toxicity by RNA gain-

of-function.  

 

 

Gene loss-of-function 

 

In diseases resulting from a gene loss-of-function mechanism, the gene 

expression may be decreased or even silenced by epigenetic modifications, leading to 

reduction or even absence of protein product, as occurs in FXS and Friedreich’s ataxia 

(FRDA)1. In FXS, (CGG)n expansion above 200 units, in the 5’ UTR of fragile X mental 

retardation 1 (FMR1) gene, leads to CpG island methylation and hence to gene silencing 

and absence of the gene protein FMRP4; 11; 12. In FRDA, the GAA expansion in intron 1 
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of frataxin (FXN) gene is responsible for histone modifications in flanking repeat regions, 

which induces heterochromatin formation and FXN transcription inhibition. 

Consequently, a decrease of FXN expression leads to a reduction of the frataxin 

protein11. 

 

 

RNA gain-of-function 

 

In several noncoding gene regions, the mutant repeats are transcribed producing 

an expanded RNA, which contributes to toxicity in the cell. Those RNAs cause toxicity in 

the cell by an RNA gain-of-function mechanism. The repetitive RNA is responsible for 

(1) RNA foci formation, (2) disruption of splicing in other cellular mRNAs originated by 

sequestration of RNA-binding proteins (RNABPs), mainly splicing factors, in RNA foci, 

(3) abortive transcripts resulting from R-loops formation, (4) nucleocytoplasmic transport 

impairment, and (5) noncanonical translation3. In noncoding repeat diseases, wherein 

the gene is transcribed, the repetitive sequences of RNA form secondary structures, 

which sequester several RNABPs like splicing or regulatory factors that modulate 

splicing, leading to nuclear aggregates formation. Thus, the expanded transcripts may 

disturb the normal function of essential proteins by affecting their accessibility in the cell1; 

13. Many splicing factors recruited by secondary and quaternary repetitive RNA 

structures, in foci, have been described for diseases like DM types 1 and 2, SCA31, 

SCA36, Fragile X Tremor Ataxia Syndrome (FXTAS) and FTD/ALS1; 5; 14-16. For instance, 

in both DM1 and 2, the muscleblind-like (MBNL) proteins are retained by the expanded 

CUG/CCUG through hairpin structures, leading to splicing misregulation of several 

MBNL gene targets1; 12; 17; 18. In turn, sequestration of serine/arginine-rich splicing factors 

(SRSFs) by mutant RNAs may also lead to a splicing dysregulation, as described in 

SCA31 and SCA365; 15. Furthermore, the formation of RNA/RNABP aggregates 

increases the cellular toxicity, interfering with the RNA processing (splicing, nuclear 

export, localisation) and translation3; 12; 19. Some proteins of the nuclear pore complex 

bind to these RNA foci, compromising the nucleocytoplasmic transport, as referenced in 

FTD/ALS, which is caused by a hexanucleotide expansion in C9ORF721; 3; 13; 19-21. 

The abnormal repeat RNA may acquire unusual conformations derived from 

mismatch paired nucleotides with DNA or RNA, in repetitive stretches22. One such 

conformations are the R-loops (DNA::RNA hybrid) formed during transcription3; 23, other 

are the hairpins; triple-stranded and slipped-DNAs structures can contribute to repeat 

instability, as in FRDA and FXS, or to transcription abortion2. 
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The expanded RNAs may escape to the cytoplasm, inducing their noncanonical 

translation1. Repeat-associated non-AUG (RAN) translation is a noncanonical translation 

mechanism observed in several neurological diseases caused by repeat expansions24; 

25. The secondary structures of the repetitive RNA are able to recruit ribosomes and 

initiate translation without an AUG-initiation codon across the three reading frames1. 

Thus, the repeat expanded RNA stretches is translated into homopolymeric, dipeptide, 

tetrapeptides and pentapeptide proteins, depending on the repeat, and these 

translational products aggregate in the cytoplasm and are transported to the nucleus, 

increasing the neuronal toxicity24-29. RAN translation was firstly reported in 2011, for 

SCA8. The stable RNA hairpins formed by the CAG repeats from the ataxin 8 (ATXN8) 

recruit the translational machinery and trigger the initiation of translation, leading to the 

production of polyQ proteins. These homopolymeric proteins accumulate particularly in 

the nuclei of the Purkinje cells, leading to an increase of toxicity in cerebellar tissues24; 

30. 

Some upstream open reading frames (uORFs) in the 5’ UTR may trigger RAN 

translation. These sequences are able to recruit ribosomes through near-cognate 

codons (e.g. UUG or CUG) and initiate the translation without an AUG-initiation codon. 

Thus, the RAN translation may be initiated upstream of the repeat, leading to different 

repetitive proteins and, consequently, different outcomes in repeat diseases, as reported 

in FXTAS and FTD/ALS24; 25; 27; 31. 

 

 

Bidirectional transcription across repetitive tracts 

 

Bidirectional transcription has been identified in several repeat diseases located 

in coding and noncoding regions16; 32-36. The repeats may be transcribed from both 

strands such as in SCA7, SCA8, HD, HDL2, FXTAS, DM1 and FTD/ALS35;34 36; 39. Sense 

and antisense transcripts contribute to the disease phenotype in SCA7, SCA8, FXTAS 

and FTD/ALS16; 35-37. 

In SCA8, both protein and RNA gain-of-function are associated with bidirectional 

transcription. An expanded CAG in ATXN8 gene orientation encodes a toxic polyQ 

protein and, in the ataxin8 opposite strand (ATXNOS) an untranslated CUG RNA is 

transcribed, leading to RNA foci formation in cerebellar cortex36. 

In FXTAS and FTD/ALS, both sense and antisense transcripts were identified, 

contributing to RNA gain-of-function. In FXTAS, which is caused by a premutation (55-

200 CGG repeats) in the 5’ UTR of the FMR1, the RAN translation occurs from both 

sense and antisense transcripts across different reading frames. The repetitive RNA from 
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the expanded sense transcripts is translated into polyglycine (polyG) proteins, whereas 

from the antisense transcripts, proteins containing polyproline (polyP), polyarginine 

(polyR) and polyalanine (polyA) tracts are synthesized. These proteins are responsible 

for the formation of intranuclear inclusions in neuronal tissues16; 24; 25; 27. In FTD/ALS, the 

repetitive RNA resulting from the expression of C9ORF72 antisense strand also forms 

RNA foci and may be translated into different dipeptide-repeat proteins: poly-AP (poly – 

Alanine-Proline), poly-PR (poly – Proline-Arginine) and poly-GP (poly – Glycine-

Proline)26; 38; 39. Studies have demonstrated that these dipeptide-repeat proteins interfere 

with the cellular processes and form neuronal inclusions, increasing the cellular toxicity35; 

39; 40. 

The identification of repetitive loci bidirectional transcribed have revealed that not 

only the repeat expression in gene-oriented strand drives to pathogenicity, but also the 

expression in the antisense strand may interfere with different cellular pathways, leading 

to an increase in toxicity. 

 

 

 

Spinocerebellar ataxias 

 

SCAs are a group of autosomal dominant inherited neurodegenerative diseases, 

mainly characterized by cerebellar atrophy due to Purkinje cell loss8; 41; 42. The 

degeneration may extend to the brainstem and spinal cord8; 9.  

Up to date, 44 types of SCAs have been genetically identified6; 43. They are 

caused by classical mutations such as duplications, deletions or point mutations and 

dynamic mutations like repeat expansions and insertions that can be located in both 

coding and noncoding DNA regions42; 43. The SCAs associated with STRs are either 

caused by CAG repeat expansions in coding regions, such as SCA 1, 2, 3, 6, 7 and 17, 

or by trinucleotide, pentanucleotide and hexanucleotide repeats in noncoding regions. In 

2009, the first repeat insertion mutation was discovered associated with the SCA31, 

which is caused by a (TGGAA)n insertion within a normal polymorphic (TAAAA)n in an 

intron of brain expressed, associated with Nedd4 (BEAN) gene5. In 2017, the second 

repeat insertion was found in SCA37 by the laboratory led by Dr Isabel Silveira, wherein 

this project is being performed. SCA37 is caused by an (ATTTC)n insertion in the middle 

of an (ATTTT)n located in an intronic region of the DAB1, reelin adaptor protein (DAB1) 

gene6. 
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The estimated prevalence of SCAs varies according to the geographic region 

from 1.6 to 5.6 per 100 000 inhabitants6. In Portugal and worldwide, the most common 

SCA is SCA3/Machado-Joseph Disease, followed by SCA2, SCA37 and DRPLA44.  

 

 

Spinocerebellar ataxia type 37 

 

 

The SCA37 is a progressive pure cerebellar ataxia characterized by dysarthria 

as the first symptom, whose onset ranges from the late teens to the 6th decade.  

SCA37 is caused by an (ATTTC)n insertion in a noncoding region of DAB1 gene. 

The mutation associated with SCA37 was described in 2017, by the research group led 

by Dr Isabel Silveira, in six families from southern Portugal6. The published work reported 

the genetic mapping of the disease, the discovery of the mutation and an RNA gain-of-

function involvement in the pathology. In parallel with this work, in 2013, a Spanish group 

reported the clinical description and genetic mapping of SCA37 to chromosome 1p32, in 

a Spanish kindred45. This last study found that affected individuals are characterized by 

a pure cerebellar ataxia and abnormal vertical eye movements. Although abnormal 

vertical eye movements have not been detected in Portuguese SCA37 families, the 

remaining clinical features overlap in all families.   

SCA37 is caused by an (ATTTC)n insertion within an (ATTTT)n sequence in a 5’ 

UTR intron of DAB1 (DAB1, reelin adaptor protein) on chromosome 1p32. The (ATTTT)n 

tract observed in nonpathological alleles can vary from 7 to 400 repetitive units, whereas 

the pathogenic pentanucleotide alleles have a configuration [(ATTTT)60-79(ATTTC)31-

75(ATTTT)58-90] (Figure 2). The (ATTTC)n insertion shows intergenerational instability, 

with a tendency to increase in size when transmitted to the next generation. When the 

father is the transmitting parent, this instability is increased compared with when the 

mother is the transmitting parent. The SCA37 pentanucleotide is transcribed and the 

pathogenic mechanism involved in the disease is mediated by a toxic RNA, as shown by 

Seixas et al6.  

In SCA37, the mutant transcripts form RNA aggregates in the nucleus of human 

cell lines (Figure 3). Like expanded repeat RNAs reported in other diseases1; 13, the 

(AUUUC)n RNA may have the ability to bind RNABP, forming pathological RNA foci that 

dysregulate normal cellular pathways.  
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Danio rerio, commonly known as zebrafish, is a teleost fish from the Southeast 

Asia, that became one of the most important vertebrate model organisms for 

developmental studies. The zebrafish model has also been widely used in studies related 

to functional genomics and human neuronal diseases due to its great homology with 

human. Zebrafish, whose complete genomic sequence is already known, have a rapid 

development and large broods all over the year46-48. Several technical approaches have 

been developed, enabling an easy zebrafish manipulation and its inexpensive husbandry 

in small laboratorial areas. Furthermore, the transparency of the embryos is a critical 

feature for live-imaging analyses48; 49. Given these unique features, molecular research 

in neurodegenerative diseases such as Parkinson’s disease, Alzheimer’s disease, ALS, 

and spinocerebellar ataxias like SCA3/MJD and SCA13 have used zebrafish models50-

52. Due to the advantages in usage of this animal model and the published reproducible 

results in other neurodegenerative diseases, zebrafish was used to perform functional 

studies in SCA37.  

When the mutant RNA insertion was microinjected into one to two-cell stage 

zebrafish embryos, an increased toxicity was also observed, leading to an abnormal 

development and, an increased lethality rate at 24 hours postfertilization (hpf) compared 

with embryos injected with RNA from the nonpathological alleles6 (Figure 4). As 

described for other repeat diseases, repeat RNA may lead to a toxic cellular environment 

or may be translated by noncanonical mechanisms such as RAN-translation, being toxic 

for the cells1; 12.  

Figure 2  Schematic representat ion of (ATTTC) n  insert ion within a normal (ATTTT) n  t ract at the DAB1 

intergenic region. Pathological insert ion in the DAB1  ant isense strand is in the middle poly(A) of an 

AluJb sequence, on chromosome 1. SCA37 affected individuals have the pathogenic (ATTTC) n  al lele 

that ranges from 31 to 75 pentanucleot ide repeats, f lanke d by normal (ATTTT) n ,  as represented in 

electropherogram. Adapted f rom Seixas et  a l . ,  2017.  
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The SCA37 mutation is located in the DAB1 gene, which is a neurodevelopmental 

gene, involved in early neuronal migration. DAB1 protein is a cytoplasmic adaptor of the 

reelin signalling pathway, essential for neuronal cell migration and brain development. 

Four DAB1 transcriptional variants have been identified spanning the repetitive region in 

the sense strand. The gene expression is higher in human fetal brain than in adult 

cerebellum6. A recent study demonstrated an increase of DAB1 RNA and protein 

expression in post-mortem SCA37 cerebella compared with controls53. 

 

 

Figure 3  Pathological ins(AUUUC) n  RNA leads to the formation of nuclear aggregates in SCA37. ( A)  

Schematic representat ion of normal N(ATTTT) 7  and N(ATTTT)1 39  alleles and the pathological  

ins(ATTTC)n  al lele, used to understand the RNA toxicity in this neurological  disease. ( B) 

Overexpression of the pathological ins(ATTTC) n  in transfected human embryonic cel l  l ine HEK293T 

demonstrated the abi l i ty of this mutant RNA to form nuclear aggregates, contrari l y to the normal 

alel les, which suggests that RNA may have an important role for the SCA37 pathogenicity.  Adapted 

from Seixas et  al . ,  2017.  
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In the DAB1 opposite strand, the (ATTTT/AAAAT)n, is located in the middle polyA 

of an Alu element (Figure 5). In other repeat diseases such as FRDA, DM2, SCA10 and 

SCA31, the pathogenic repeats are also within Alu elements5; 54-56. Alu elements are one 

of the most abundant transposable elements in the human genome, belonging to the 

short interspersed nuclear elements (SINEs). They are primate specific retroelements, 

composed by two different monomeric sequences separated by a short polyA, having 

also a longer polyA at the 3’ end. Considering the phylogenetic age, the Alu elements 

are mainly classified into three subfamilies with the AluJ being the most ancestral; this is 

followed by the AluS and finally the AluY is the youngest subfamily of Alus. Only some 

elements of the AluY subfamily are actually transposable active in the human genome57-

60.  

 

 

Figure 4  RNA toxicity underlying SCA37. ( A) Zebraf ish embryos that were injected with t he 

pathological ins(AUUUC) 5 8  RNA demonstrated an increased lethal i ty rate when compared with those 

injected with the normal N(AUUUU) 7  and N(AUUUU) 13 9  RNAs or the Cas9 RNA control (p < 0.001; ꭓ2  

test for the lethal i ty rate).  (B) Pathological ins(AUUUC)5 8   inject ion  also  led to an increase of 

developmental defects, as observed in embryos (b),  (c) and (d) when compared with wild -type 

phenotype (a).  Adapted f rom Seixas et  a l . ,  2017.  
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The genomic context of the SCA37 pentanucleotide is complex in the DAB1 

opposite strand, the pentanucleotide is located within an Alu element which is upstream 

of a CpG island and a transcription factor binding site (TFBS) (Figure 5). Preliminary in 

silico analysis of the repeat genomic context, using the UCSC genome browser, raised 

the hypothesis that the region where the repeat is located might have a function at the 

transcriptional regulatory level. Genomic elements, like promoters, enhancers, silencers 

and insulators in the SCA37 repeat flanking regions may influence the levels of 

expression of the toxic insertion (ATTTC)n, having an impact in the molecular pathways 

leading to the neurodegenerative SCA37 phenotype. 

 

 

 

Finding gene regulatory DNA sequences  

 

Genome wide sequencing has been determinant to increase the extensive data 

about the complexity behind gene regulation in eukaryotes, particularly in the human 

genome61; 62. In the last decades, several unknown DNA regions have been studied 

regarding their genomic function63. Currently, there is a concept that gene expression is 

highly regulated by DNA regulatory elements (promoters, enhancers, silencers, 

Figure 5  Genomic context of the repeat f lanking regions in DAB1  ant isense strand or Alu-oriented 

strand. Alu elements are composed by two monomers separated by a middle polyA, containing a 

longer polyA at 3’ end. Boxes A and B, which are present in the left  monomer, are two internal  

promoter regions. In Alu-oriented strand, a polymorphic (AAAAT) n  region is located in the middle 

polyA of an AluJb element. Prel iminary in s i l ico  analysis in UCSC genome browser revealed a CpG 

island and a TFBS at downstream of the repeti t ive region 
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insulators) and epigenetic modifications (DNA methylation, histone modifications), 

responsible to coordinate complex networks underlying the spatiotemporal 

transcription62. Promoters and enhancers are considered as two important DNA 

regulatory elements, allowing a differential and tissue-specific gene expression64. 

Promoter sequences, that are usually nearby to transcription start sites (TSSs), are able 

to initiate transcription by RNA polymerase II recruitment, whereas cis-regulatory 

elements, as enhancers, are distant elements that interact with promoters to regulate the 

transcriptional rates through chromatin loops62; 64 (Figure 6). Several high-throughput 

molecular techniques have been developed to study DNA-DNA interactions such as 4C 

(chromatin conformation capture circular), ChIA-PET (chromatin interaction analysis by 

paired-end tag sequencing) and Hi-C (high-throughput chromosome conformation 

capture), enabling the detection of DNA long-range interactions65; 66.  

Gene noncoding regions have been described as regulatory regions that are able 

to define the chromatin conformation and the transcription initiation and elongation, 

recruiting transcription factors and RNA polymerase II. Thus, the identification of these 

regulatory regions is mandatory to understand their biological roles and the implications 

of their DNA variations in disease67.  

To find sequences with promoter activity, a traditionally used assay is dual-

luciferase activity. However, this method does not allow the study of expression in vivo, 

at different time points, lacking the description of the tissue specificity of the regulatory 

modules68; 69. Zebrafish transgenesis, using a Tol2 transposon system to integrate a 

vector, wherein the sequence of interest is cloned upstream of an enhanced green 

fluorescent protein (EGFP) sequence, without a promoter (Figure 7), offers several 

advantages. This approach is based on the assessment of EGFP expression in vivo, in 

different tissues using a fluorescence stereoscope. Furthermore, the zebrafish is not 

euthanized, and thus, the activity can be studied at different time points during animal 

development and adulthood. Moreover, this strategy allows the identification of TSSs by 

5’- rapid amplification of cDNA ends (5’-RACE), finding transcripts originated from the 

activity of specific promoters. To assess the ability of the promoter to interact with an 

enhancer, a brain-specific enhancer like the Z48 enhancer, known as Z54272 

enhancer70-73, can be used. Thus, a vector harbouring EGFP and Z48 sequences 

downstream of a putative promoter sequence allows indirect visualization of promoter 

and Z48 enhancer interaction by EGFP expression in zebrafish midbrain. 
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To find enhancers there is a simple method that is the zebrafish enhancer 

detection (ZED) vector72.  This ZED vector is composed by a transgenesis control 

cassette and an enhancer detection cassette (Figure 8) that  allows detection of cis-

regulatory sequences72. In this system, the success of fragment integration in the 

zebrafish genome is controlled by the RFP expression, while the enhanced activity is 

controlled by the EGFP expression, whose gene is associated with a minimal promoter. 

Therefore, EGFP expression increment is related to the presence of an enhancer 

sequence.  

 

Figure 6  Gene regulat ion network. Transcript ion factors and RNA polymerase I I  interact with a 

promoter,  which may be composed by core promoter and nearby proximal promoter elements, to 

act ivate transcript ion. Transcript ion is modulated by other regulatory elements,  such as insulators, 

s i lencers and enhancers, that are able to increase or decrease the transcript ional levels. Promoter 

and interact ions with their distal regulatory elements through DNA loops are the key for gene 

expression. Adapted f rom Maston G.A. e t  a l . ,  2006.  
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Figure 7  Promoter act ivi ty assessment. Zebraf ish transgenesis are performed using Tol2  t ransposon 

system. Tol2  element,  current ly used to create zebraf ish transgenic l ines , is a DNA transposon 

ident i f ied in medaka f ish (Oryzias lat ipes ) genome78 - 8 0 .  Tol2  RNA synthesised in v i tro  is co-

microinjected with a Tol2  vector containing Tol2  recogni t ion sites f lanking the interest DNA. After 

translat ion of transposase RNA by zebraf ish, Tol2  protein recognizes these recognit ion sites , 

integrat ing the DNA randomly in the f ish genome. Microinjected animals may be selected by 

f luorescence expression and the transgenic are raised to adul thood. These mosaic zebraf ishes aging 

three months are then backcrossed with wi ld -type animals to ident i fy transgenic animals whose 

integrat ion occurred in the germline (founder animals) to characterize the expression in F1 embryos.  
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Regulatory DNA sequences in SCA37 

  

Previous work of our team on regulatory regions in the SCA37 locus detected 

promoter activity across the repeat region in the DAB1 antisense strand74. Promoter 

activity driven by antisense intronic region where the repeat is located (Total fragment or 

Frag T) was detected in muscular and cerebellar tissues of F1 zebrafish embryos (Figure 

9, top panel). The characterization of promoter elements in this regulatory region was 

assessed by fragmentation of the region in 3 sequences (Frag 1-3), resulting in EGFP 

expression (Figure 9, lower panel). Frag 1 sequence contains a genomic region 

upstream of Alu element and its left monomer, Frag 3 comprises the genomic region 

downstream of Alu where a CpG island and a TFBS is located. Functional genomic 

assays were performed with an (ATTTT)14 normal allele. 

 

Figure 8 Zebraf ish Enhancer Detect ion (ZED) vector.  The vector contains two cassettes for the 

transgenesis control ( red) and the enhancer detect ion (violet),  f lanked by Tol2  recognit ion sites 

(orange). The t ransgenesis control cassette contains a cardiac act in promoter (pale blue),  that  

tr iggers the expression of red f luorescent protein  (RFP ) (red) in the cel ls of the embryo with the 

integrated DNA sequence. The enhancer detect ion cassette is composed by a gateway site (yel low) 

for the insert ion of the fragment of interest,  to evaluate i ts enhancer act ivi ty by a gata2 minimal 

promoter (pale blue) with an EGFP (green) downstream. Adapted f rom Bessa e t .  a l ,  2009.  
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Figure 9  Promoter act ivi ty across the repeat region of the DAB1  ant isense strand. Ant isense 

sequence of repeat f lanking region (Frag T) tr iggers EGFP expression in muscle f ibers and 

cerebellum of zebraf ish embryos, at 72 hpf ( top panel ).  After Frag T was fragmentat ion, promoter 

act ivi ty was detected upstream of the repeat (Frag 1) and at downstream of the Alu element (Frag 

3) ( lower panel ).  Asterisks represent regions of autof luorescence (embryos yolk).   
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Aims 

 

In several repeat diseases such as SCA8, HD, FXTAS, DM1 and FTD/ALS, both 

sense and antisense strands containing the repetitive tract are transcribed and these 

RNAs may disrupt essential biological pathways3; 32-34; 36; 39. Preliminary results using 

zebrafish embryos, showed promoter activity in two regions flanking the repeat in DAB1 

antisense strand. Thus, it is important to understand in which tissues and stages the 

antisense transcripts are expressed, as well as to identify the TSS(s) in human 

cerebellum. Furthermore, since the repeat is located close to putative regulatory 

elements, it is crucial to know if this complex genomic region has a regulatory function.  

Therefore, this project aims to: 

 

a) Describe the antisense transcription across the SCA37 normal repeat in different 

tissues and stages of the transgenic zebrafish 

b) Clarify the genomic regulation of antisense transcription 

c) Identify the TSS(s) using zebrafish transgenic animals 

d) Investigate the presence of enhancers in the repeat flanking region  

 

The characterization of the antisense transcriptional network performed in this work 

is the basis for the investigation of potential pathogenic pathways led by the antisense 

(GAAAU)n RNA in SCA37. 
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Materials and methods 

 

Zebrafish husbandry and manipulation 

 

Zebrafish husbandry conditions and manipulation procedures were carried out 

according to National guidelines of animals housing and care (Decreto-Lei nº 113/2013), 

and European Union legislation for zebrafish experimentation (Directive 2010/63/EU). 

Zebrafish were grown and maintained in the licenced Zebrafish facility of Vertebrate 

Development and Regeneration group at i3S led by Dr José Bessa.   

Zebrafish embryos were maintained in an incubator at 28.5°C in petri dishes 

containing embryos medium (E3) (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM 

MgSO4, 0.00015% methylene blue) up to 6 days postfertilization (dpf). Animals for which 

was expected to detect fluorescent proteins expression, E3 medium was supplemented 

with 1x of 1-phenil-2-thiourea (PTU)75, that inhibits animal pigmentation for image 

acquisition purpose. At 6 dpf, embryos were placed in Zebrafish facility nursery at 24°C 

on a 14hr/10hr light dark circadian cycle. All the larvae transferred to nursery were 

bleached from 10 to 28 hpf with a 0.03% sodium hypochlorite solution (Sigma-Aldrich). 

At 10 dpf, the recirculating water system was turned on. After one month in nursery, 

zebrafish were transferred to larger aquaria (3.5 L). All the animals were fed three times 

a day with GEMMA Micro 150 (Skretting) until reach one month and, after that, they were 

fed with Zebrafeed 400-600 (Sparos).  

 

 

 

Cloning 

 

Total fragment (Frag T) with the upstream (Frag 1), (ATTTT)14 tract (Frag 2) and 

downstream (Frag 3) sequences in both DAB1 and Alu orientations (Figure 9) were 

previously cloned in pCR™8/GW/TOPO® TA Cloning plasmids (Invitrogen™). This 

vector, which comprises the attL1 and attL2 sites, is an entry clone vector commonly 

used to Gateway™ recombination76; 77. Then, the sequences cloned in this vector were 

recombined with the different destination vectors used in this work (1GWC2EGFP, 

miniTOL_MCS(pUC19)-GW GFP-Z48 and ZED vector) by Gateway™ technology using 

Gateway™ LR Clonase™ II Enzyme mix (Invitrogen™). 
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Plasmids were transformed in NZYStar Competent Cells (NZYTech) and DNA 

plasmids extraction were performed using ZR Plasmid Miniprep™-Classic (Zymo 

Research), according to the manufacture’s recommendations.  Sequences cloned in the 

vectors described were confirmed by Sanger sequencing.  

 

 

 

Promoter activity characterization in DAB1 antisense 

orientation 

 

To characterize the activity of each Frag 1 and Frag 3 promoters across DAB1 

antisense strand (Figure 6), Frag 1 and Frag 3 were cloned in 1GWC2EGFP plasmid in 

DAB1 antisense orientation, upstream of an EGFP sequence without promoter. Then, 

1GWC2EGFP plasmids were microinjected in zebrafish embryos with a Tol2 transposon 

system.  

Zebrafish embryos injected with 1GWC2EGFP, in which the fragment was 

integrated (mosaics for the DNA sequence injected), were raised in Zebrafish nursery 

until reach the adulthood. Transgenic animals were then backcrossed, to select the 

zebrafish that integrated the transgenesis in germline (founders). The offspring of these 

animals was analysed and, those with EGFP positive animals in the offspring were 

selected as founders. Then, EGFP expression was analysed and characterized in these 

F1 embryos, from 24 hpf up to 7 dpf.  

 

 

 

Promoter-enhancer interaction 

 

To study the ability of the promoter sequences to interact with enhancers, the 

entry vectors containing Frag T and the fragmented Frag 1, Frag 2 and Frag 3 sequences 

in DAB1 antisense orientation were recombined to miniTOL_MCS(pUC19)-GW GFP-

Z48 destination vector that contains the midbrain-specific enhancer Z48. To guarantee 

that EGFP expression was actually triggered by the interaction of the cloned sequences 

with the Z48 enhancer, an empty miniTOL_MCS(pUC19)-GW GFP-Z48 was used as 

negative control. Thus, EGFP expression was then analysed from 24 hpf up to its 

vanishing in F0 embryos. 
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Enhancer detection assay 

  

To detect enhancer elements across the repeat flanking region, Frag T was 

previously cloned in ZED vector72. In this vector, Frag T was cloned upstream of a 

minimal promoter that drives the EGFP expression (Figure 9). If the cloned sequences 

contain enhancers, an increase in EGFP expression is detected. ZED vector comprises 

a cardiac actin promoter that drives the RFP expression, at 48 hpf, in heart and muscles, 

which functions as transgenesis control cassette (Figure 9), enabling to select 

transgenic animals. An empty ZED vector was also used as negative control. Thus, 

EGFP expression was compared in F0 embryos over time, to detect its enhancement in 

the presence of an enhancer element. 

 

 

 

In vitro Tol2 RNA synthesis 

 

To synthesise Tol2 RNA, PCS2FA plasmid, which contains the Tol2 sequence 

under a SP6 promoter, was linearized with 60U Anza™NotI (Invitrogen™) overnight at 

37°C. Linearized DNA was then purified with phenol chloroform to eliminate RNAses 

(detailed protocol in Appendix 1). Tol2 RNA was synthesised with SP6 RNA polymerase 

(Thermo Fisher Scientific) (detailed protocol in Appendix 2). RNA was purified in a 

sephadex column (detailed protocol in Appendix 3) and then, re-purified with phenol 

chloroform. 

 

 

 

Microinjections 

  

All the 1GWC2EGFP, ZED vector and miniTOL_MCS(pUC19)-GW GFP-Z48 

vectors comprise two Tol2 arms that are recognized by Tol2 transposase78-80. This 

recognition leads to the transposition of the sequences of interest randomly in zebrafish 

genome. Previously to microinjection procedure, 1GWC2EGFP, ZED vector and 

miniTOL_MCS(pUC19)-GW GFP-Z48 plasmids were purified with phenol chloroform 

(detailed protocol in Appendix 1), and then co-injected in one to two-cell stage zebrafish 

embryos together with Tol2 RNA (detailed protocol in Appendix 4). 
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 Zebrafish animals from wild-type AB line were crossed to obtain embryos for 

microinjection procedures79; 80.  To promoter activity assay, microinjected embryos were 

raised to generate a transgenic line, whereas to enhancer assay and promoter and Z48 

enhancer interaction assay, three independent microinjections (replicates), in which the 

fragments flanked by Tol2 arms were microinjected in at least 200 embryos, were 

performed at different days.  

 

 

 

Imaging acquisition and analysis 

 

Fluorescence expression was analysed in Leica M205 FA stereomicroscope from 

Leica Microsystems, using the Leica Applications Suite (LAS) software. Imaging 

acquisition was performed using Orcha Flash 4.0 LT system. A 300 mgL-1 tricaine 

solution (ethyl 3-aminobenzoate methanesulfonate or MS222) (Sigma-Aldrich) was used 

as anesthetic in imaging acquisition. Imaging edition was posteriorly performed in 

ImageJ program.  

 

 

 

Laser Scanning Confocal Microscopy 

 

 To specifically localize the promoter activity as well as its interaction with Z48 

enhancer, EGFP expression was analysed by confocal imaging. F1 zebrafish embryos 

of 1GWC2EGFP vector (promoter activity assay) and microinjected embryos with 

miniTOL_MCS(pUC19)-GW GFP-Z48 (promoter-enhancer interaction analysis) were 

fixed overnight at 72 hpf and 48 hpf, respectively. Embryos were fixed in 4% 

formaldehyde in Phosphate-buffered saline (PBS), overnight at 4ºC. Then, larvae were 

washed in 0.1% Triton in PBS for 10min, repeating the procedure 5x. Embryos were then 

permeabilized with 0.5% Triton in PBS for 30 min, and then, stained with 0.001% DAPI 

overnight at 4ºC. Imaging acquisition was performed using the SP5 II TCS Laser 

Scanning Confocal Microscope from Leica Microsystems with a 20x glycerol objective. 
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RNA toxicity assay 

 

T7-pCDH-CMV-MCS-EF1-GFP-T2A-Puro plasmids comprising the normal 

N(AAAAT)7 and N(AAAAT)139 alleles and the pathological insertion 

[(TAAAA)56(CTTTA)54(TAAAA)44] under a T7 promoter were linearized. T7-pCDH-CMV-

MCS-EF1-GFP-T2A-Puro plasmids were linearized with 60U Anza™EcoRI (Invitrogen™) 

overnight at 37°C, a restriction enzyme that cuts the DNA sequence downstream of the 

repeats of interest. Then, plasmids were purified with phenol chloroform (detailed 

protocol in Appendix 1) and N(UAAAA)7, N(UAAAA)139 and ins(GAAAU)54 RNAs were 

in vitro transcribed using T7 RNA polymerase (Thermo Fisher Scientific) (detailed 

protocol in Appendix 2). RNAs were purified with a sephadex column (detailed protocol 

in Appendix 3) and then re-purified with phenol chloroform (detailed protocol in 

Appendix 1). Cas 9 RNA, used as control in this experiment, was synthesized using the 

same protocol. 

Approximately 5 nL of N(AAAAU)7, N(AAAAU)139, ins(GAAAU)54 and Cas 9 RNAs 

were microinjected  in one to two-cell stage embryos, at a concentration of 100 ngµL-1 . 

At least 200 embryos were microinjected per condition and microinjection procedures 

were performed in triplicated. To analyse the developmental defects and lethality of the 

embryos, they were observed at 6 hpf, 24 hpf and 48 hpf. Embryos lethality was 

statistically analysed with a ꭓ2 test.  
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Results 

 

Antisense transcription driven by upstream and downstream 

SCA37 repeat sequences 

 

 Previous work of our team showed the existence of two putative promoters in 

DAB1 antisense orientation, flanking the repetitive SCA37 region74 (Figure 9). Now, to 

characterize the activity of these promoter sequences in different tissues and 

developmental stages, we analysed stable F1 transgenic lines for the upstream (Frag 1) 

and downstream (Frag 3) repeat sequences (Figure 10A). Their promoter activity was 

compared with the promoter activity of the total fragment (Frag T) containing the repeat 

with upstream and downstream sequences, in F1 zebrafish lines. An empty 

1GWC2EGFP vector was used as a negative control to guarantee that EGFP expression 

was entirely driven by promoter sequences (Figure 10B). The offspring of two founder 

animals, with transgenesis integration in germline, was characterized per condition (Frag 

1 and Frag 3) from 24 hpf to 7 dpf. 

Regarding Frag 1, the promoter expression in stable lines was only detected at 

48 hpf (Figure 11A). In F1 embryos expressing Frag 1, EGFP expression was noticed 

in muscular tissue, particularly in horizontal myosepta from 48 hpf to 7 dpf, at least 

(Figure 11 A and Figure appendix 5). Regarding promoter activity in embryos brain, no 

strong EGFP signal was clearly found in F1 embryos, as confirmed using confocal 

microscopy at 72 hpf. However, some EGFP signal driven by Frag 1 in brain structures 

may occur at other developmental stages (Figure 11B).  

Concerning Frag 3 promoter activity, this sequence was able to trigger EGFP 

transcription from 24 hpf to 7 dpf in F1 zebrafish embryos (Figure 12A and Figure 

appendix 6). EGFP expression was detected in muscle fibers along the body of the 

embryos (Figure 12A). A slight difference in EGFP was detected between F1(1) and 

F1(2) founder animals at 24 hpf (Figure 12A). In F1(1), EGFP was found in notochord 

and muscular tissue, whereas in F1(2) EGFP was only expressed in muscular tissue. 

From 48 hpf to 7 dpf, EGFP signal was detected in muscular tissue in embryos of both 

F1 lines (Figure 12A and Figure appendix 6). At 72 hpf, the EGFP signal was also 

evaluated in brain of F1 embryos driven by Frag 3 promoter, by confocal microscopy. 

However, no evidence of EGFP expression driven by the Frag 3 promoter was noticed 

(Figure 12B).  
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Summarising, we detected a tissue-specific promoter activity of Frag 1 and Frag 

3 in horizontal myosepta and muscle fibers, respectively. In transgenic zebrafish 

embryos containing Frag T, we observe EGFP expression in these both tissues, meaning 

that Frag T expression results from a cumulative effect of the promoter activity of Frag 1 

and Frag 3 (Figure 13). Contrarily to promoter activity detected in muscular tissue, when 

we investigated the promoter activity in zebrafish embryos cerebellum, we found that 

EGFP is expressed in cerebellar tissue of Frag T transgenic embryos, but not in the 

cerebellum of Frag 1 and Frag 3 transgenic embryos (Figure 13). These results suggest 

that there is synergic activity between Frag 1 and Frag 3 promoters, leading to the 

cerebellar expression in Frag T. 

 

Figure 10  Promoter act ivi ty across DAB1  ant isense strand. (A) Scheme of 1GWC2EGFP vector used;  

each putat ive promoter sequence was cloned upstream of an EGFP sequence without  promoter.  ( B)  

An empty 1GWC2EGFP vector was microinjected in zebraf ish embryos and compared with a posit ive 

control,  Frag T, to guarantee that EGFP transcript ion is only driven by the tested sequences;  

asterisks indicate autof luorescence regions such as the yolk  of the embryos.  



FCUP 
Antisense expression across the repeat insertion in DAB1 and relevance for the pathogenic mechanism of SCA37 

27 

 

 

  

 

 

 

Figure 11  Ant isense transcript ion driven by the upstream SCA37 repeat sequence (Frag 1).  ( A)  At 

48 hpf,  EGFP was f irst ly observed in the horizontal myosepta of F1 zebraf ish embryos (1 and 2).  

(B) Z project ion of confocal images of brain structures of Frag 1 animals (F1 generat ion);  Z -stacks 

with 10 and 20 focal planes. Asterisks indicate autof luorescence regions such as larvae  yolk and 

blood cel ls.  
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Figure 12  Ant isense transcr ipt ion driven by downstream SCA37 repeat sequence (Frag 3).  ( A)  At 

24 hpf,  the F1(1) demonstrated an EGFP expression in notochord that was not detected in F1(2) 

embryos; F1(2) shows EGFP expression in muscular t issue. At 48 hpf,  EGFP was observed along 

the muscle f ibers of the embryos in both founders. (B) Founders 1 and 2, Z-stacks with 13 and 9 

focal planes in brain t issue, respect ively, were acquired. A sterisks indicate autof luorescence regions 

such as larvae yolk and blood cel ls.  
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Promoters in the SCA37 region interact with a brain enhancer 

 

To investigate if the promoters identified in the SCA37 repeat flanking region, in 

Alu orientation, were able to interact with brain-specific enhancers, Frag T and its 

fragmented sequences, Frag 1, Frag 2 and Frag 3, were cloned upstream EGFP and 

Z48 enhancer sequences (Figure 14A). We tested if these promoter sequences were 

able to interact with the strong midbrain-specific enhancer Z48 that would drive EGFP 

expression to midbrain cells (Figure 14B). An empty miniTOL_MCS(pUC19)-GW GFP-

Z48 plasmid was also microinjected in zebrafish embryos as negative control, to 

guarantee that the EGFP expression in the midbrain of embryos injected with vectors 

containing promoter sequence and Z48 enhancer is the result of interaction between 

these sequences (Figure 14C). Each miniTOL_MCS(pUC19)-GW GFP-Z48 plasmid 

containing the promoters sequences (Frag T, Frag 1, Frag 2, Frag 3) was independently 

microinjected three times, in at least 200 embryos. 

 

 

Figure 13  Schematic representat ion of promoter act ivi ty in DAB1  ant isense strand. Promoter act ivi ty 

in muscular t issue observed in Frag T embryos results from the act ivi ty of Frag 1 and Frag 3 

promoters in horizontal myosepta and muscle f ibers, respect ively. In cerebellar t issue, no EGFP 

expression was detected in Frag 1 and Frag 3 embryos, however EGFP expression was observed in 

Frag T embryos.  



FCUP 
Antisense expression across the repeat insertion in DAB1 and relevance for the pathogenic mechanism of SCA37 

30 

 

Promoter and Z48 enhancer interaction was initially analysed in Frag T (Figure 

15). EGFP signal in midbrain cells was observed at 24 hpf, weakening at 6 dpf (Figure 

15A and Figure appendix 7). As the Frag T, Frag 1 and Frag 3 have promoter activity 

in muscular cells, this expression was used as a transgenesis control in injected 

embryos. EGFP expression was detected widely in midbrain in 39.7% of microinjected 

embryos (Figure 15A and Figure 16). To confirm that promoter-Z48 enhancer 

interaction drives EGFP expression that is located in midbrain cells, 48 hpf embryos were 

also fixed and visualised using a confocal microscope (Figure 15B). 

 

 

 

 

 

Figure 14  Interact ion between putat ive promoter sequences and midbrain-specif ic enhancer Z48.  

(A) miniTOL_MCS(pUC19)-GW GFP-Z48 vector,  in which each putat ive promoter sequence (Frag T,  

Frag 1, Frag 2 and Frag 3) was cloned upstream of an EGFP to evaluate their abi l i ty to recognize 

brain-specif ic enhancers. (B) Schematic representat ion of midbrain posit ion in a 29 hpf zebraf ish 

embryo. (C) Top image shows EGFP expression in midbrain of a posit ive interact ion between Z48 

and Frag T. Lower image is an empty miniTOL_MCS(pUC19)-GW GFP-Z48 vector used as negative 

control,  to guarantee that EGFP transcript ion is dr iven only in presence of the tested promoters,  

el iminat ing artefacts inherent to vector;  asterisks indicate autof luorescence regions (embryos yolk).  

Adapted f rom Haf f ter P .  et  a l . ,  1996.  
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Figure 15  Characterizat ion of EGFP expression driven by Frag T promoter -Z48 interact ion in 

midbrain cel ls from 24 hpf to 72 hpf (A) and at 48 hpf (B).  (A) EGFP expression was detected in 

whole midbrain of zebraf ish embryos, however, promoter act ivi ty of Frag T maint ained i ts expression 

in muscular t issue. (B) Two focal planes enabled the visual izat ion of EGFP signal (del imited by 

yel low box) in whole midbrain through confocal microscopy. As negative control,  an empty 

miniTOL_MCS(pUC19)-GW GFP-Z48 plasmid was used. Asterisks indicate autof luorescence regions 

such as embryos yolk and blood cel ls.  I l lustrat ion from Inst i tute of Neuroscience, University of  

Oregon.  
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Promoter-Z48 enhancer activity was then evaluated in Frag 1, Frag 2 and Frag 

3. At 24 hpf, Frag 1 promoter-Z48 enhancer interaction was unable to drive EGFP 

expression in midbrain cells, while Frag T and Frag 3 promoters-Z48 interaction were 

able to drive expression at this time point. At 48 hpf, Frag 1 promoter was able to interact 

with Z48 enhancer in 16.0% of embryos, leading to a faint EGFP expression in a 

superficial subpopulation of midbrain cells, 15.1% of the embryos injected with Frag 1-

Z48 exhibited EGFP expression only in muscle tissue but not in midbrain (Figure 16, 

Figure 17A and Figure appendix 8). To localize the EGFP expression in midbrain cells 

of embryos expressing Frag 1, embryos were fixed at 48 hpf and analysed through 

confocal microscopy (Figure 17B). Confocal microscopy enabled to ensure the 

localisation of EGFP expression superficially in midbrain cells. 

 

 

 

 

Figure 16  Microinjected embryos expressing EGFP, at 48 hpf.  Posit ive embryos for transgenesis 

maintained EGFP expression in muscle t issue. Frag T promoter and Z48 enhancer i nteract ion led to 

a widespread EGFP expression in midbrain cel ls in 39.7% of transgenic embryos; the interact ion 

between Frag 1 promoter and Z48 was only detected superf ic ial ly in midbrain cel ls in 16% of 

transgenic embryos; in 14.8% of transgenic Frag 3 p romoter animals, EGFP was widespread in 

midbrain, while 11.1% the interact ion occurred only in a subpopulat ion of midbrain cel ls,  s imilarly 

to Frag 1 promoter;  asterisks indicate autof luorescence regions such as the embryos yolk.  
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Figure 17  Characterizat ion of EGFP expression tr iggered by Frag 1 promoter and Z48 enhancer 

interact ion. (A)  From 48 hpf up to 4  dpf,  EGFP expression driven by Frag 1 promoter -Z48 interact ion 

was detected superf ic ial ly in midbrain of zebraf ish embryos. However, some  transgenic embryos 

were unable to induce EGFP transcript ion in midbrain at the same developmental stage. At 24 hpf,  

EGFP was only detected in muscular t issue of transgenic embryos. ( B) Two focal planes enabled 

the visual izat ion of EGFP signal (del imited by yel low box) superf ic ial ly in midbrain cel ls of 48 hpf 

transgenic embryos, using confocal microscopy.  Asterisk indicate autof luorescence regions. 

I l lustrat ion from Inst i tute of Neuroscience, University of Oregon.  
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Although promoter activity was not detected in Frag 2 in preliminary assays, the 

interaction of this antisense sequence with Z48 was also tested, as weak promoters may 

only drive transcription when interacting with an enhancer. However, EGFP expression 

was not detected in Frag 2-Z48 enhancer interaction in zebrafish embryos (Figure 16 

and Figure 18). 

 

 

 

 

 

 

Interaction between Frag 3 promoter and Z48 enhancer was also analysed. 

EGFP expression was detected in midbrain of 25.9% of microinjected zebrafish embryos 

at 24 hpf. Whereas 14.8% of these embryos expressed EGFP widely in midbrain, its 

expression in 11.1% of them was restricted to a subpopulation of cells (Figure 16, Figure 

19A and Figure appendix 9). Frag 3 promoter-Z48 enhancer interaction was also 

analysed using confocal microscopy to assess the promoter-enhancer interaction in 

brain tissue (Figure 19B).  

Although the promoter and Z48 enhancer interaction verified in Frag 1 and Frag 

3, EGFP expression driven by Frag T in midbrain cells seems to be much stronger than 

in fragmented sequences, suggesting that Frag T expression has a synergic interaction 

of different promoters (Figure 16).  

 

 

Figure 18  Analysis of  Frag 2 and Z48 enhancer interact ion.  Given  the  hypothesis that Frag 2 had a 

week promoter,  able to interact with an enhancer, Z48 enhancer was used to test i ts act ivi ty,  at least 

in midbrain cel ls.  EGFP expression was not detected in zebraf ish embryos; aster isks indicate 

autof luorescence regions such as embryos yolk cel ls.  
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Figure 19  EGFP expression driven by Frag 3 promoter and Z48 enhancer interact ion. ( A) Transgenic 

animals with Frag 3 promoter and Z48 enhancer were able to tr igger EGFP signal in whole midbrain  

at 24 hpf.  EGFP expression was detected superf ic ial ly in midbrain of  some zebraf ish embryos. (B)  

Two focal planes al lowed visual izat ion of EGFP signal (del imited by the yel low box) in midbrain, 

using confocal microscopy.  Asterisks indicate autof luorescence regions such as embryos yolk and 

blood cel ls.  I l lustrat ion from Inst i tute of Neuroscience, Univer sity of Oregon.  
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No enhancer activity in the SCA37 repeat sequence 

 

 To evaluate Frag T enhancer activity, the sequence in DAB1 orientation was 

cloned in the ZED vector (Figure 9). In DAB1 antisense orientation, Frag T showed 

promoter activity, thus the enhancer assay using ZED vector tool was performed in sense 

orientation. As the ZED vector contains a minimal promoter driving the EGFP expression, 

an empty ZED vector was also microinjected and used as negative control. EGFP 

expression was then compared in transgenic animals. 

 At 48 hpf, 72 hpf and 4 dpf, no EGFP signal enhancement was observed in 

animals injected with ZED vector containing the Frag T when compared with animals 

injected with an empty ZED vector (Figure 20). 

  

 

 

 

 

 

 

 

 

 

 

Figure 20  Evaluat ion of enhancer act ivi ty across Frag T in DAB1  orientat ion. Transgenic embryos 

injected with ZED-Frag T and ZED empty vector ( lef t  and right panels, respect ively) were compared 

for EGFP expression enhancement; RFP expression is a marker of transgenesis integrat ion;  

asterisks indicate autof luorescence regions such as the yolk of zebraf ish larvae.  
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Antisense (GAAAU)n RNA is not toxic in zebrafish embryos 

 

 To investigate if the antisense repeat insertion RNA contributes to the 

pathogenicity driven by the SCA37 insertion, normal antisense RNAs N(AAAAU)7 and 

N(AAAAU)139, and the pathogenic antisense insertion RNA ins(GAAAU)54 flanked by 

AAAAUs and AluJb monomers, were microinjected in one to two-cell stage zebrafish 

embryos. Animals viability and morphology was analysed at 24 hpf and 48 hpf. As 

control, Cas 9 RNA was used to normalize the lethality and phenotypic abnormalities 

underlying the microinjection procedure.  

At 24 hpf, Cas9 control RNA showed 27.91% lethality, N(AAAAU)7 22.44%, 

N(AAAAU)139 17.64%, and ins(GAAAU)54 25.43% (average of three replicas with at least 

200 embryos each). The lethality rate between ins(GAAAU)54 and the other conditions 

did not reach statistically differences (Figure 21). The values of developmental 

abnormalities and dead animals were significantly different between Cas9 control RNA 

and normal N(AAAAU)139 RNA (average of three replicas with at least 200 embryos each; 

ꭓ2 test p < 0.0001); normal N(AAAAU)7 RNA and normal N(AAAAU)139 RNA (average of 

three replicas with at least 200 embryos each; ꭓ2 test p < 0.05); normal N(AAAAU)139 

RNA and pathogenic ins(GAAAU)54 RNA (average of three replicas with at least 200 

embryos each; ꭓ2 test p < 0.001) (Figure 21). At 48 hpf, the lethality rate remained 

statistically non-significant between ins(GAAAU)54 and each of other condition, excepting 

N(AAAAU)139 (ꭓ2 test p < 0.001) (data not shown). 
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Figure 21  No in v ivo deleterious effect  of the ant isense ins(GAAAU)54  RNA inject ion in zebraf ish 

embryos. Percentage of embryos with wild -type phenotype (WT), developmental defects (defects) 

and lethal i ty (dead) at 24 hpf,  after Cas9 control,  N(AAAAU) 7 ,  N(AAAAU)13 9  and ins(GAAAU)54  RNA 

inject ions (average of three repl icas with at least 200 embryos each; ꭓ2  test for the lethal i ty rate).  

Non-signif icat ive dif ferences were observed between Cas9 control RNA and ins(GAAAU) 54 ,  

N(AAAAU)7  and ins(GAAAU) 54 .  Signif icat ive dif ferences were observed between N(AAAAU) 139  and 

the other RNA condit ions (average of three repl icas with at least 200 embryos each; ꭓ2  test for the 

lethal i ty rate; ****p < 0.0001; ***p < 0.001; *p < 0.05).  
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Discussion  

 

In several repeat diseases as SCA8, FTD/ALS and FXTAS, the repeat 

bidirectional transcription has been reported as contributing for the disease 

pathogenicity16; 35; 36. In this work, we showed that the DAB1 (ATTTC)n insertion may be 

transcribed in antisense orientation, a finding that may have implications in SCA37 

pathogenicity.  

Previous work has shown promoter activity in DAB1 antisense strand in the 

repeat flanking region, upstream and downstream the repeat74. In this work, we 

characterized the activity of these promoter regions in F1 zebrafish embryos. We found 

that the upstream repeat (Frag 1) promoter is active in muscular tissue, particularly in 

the horizontal myosepta, a cluster of differentiated structures of myomere, responsible 

to separate dorsal and ventral muscular masses47; 81, while the downstream repeat (Frag 

3) promoter is active in muscular tissue, showing that these two promoters are tissue-

specific and their activity does not overlap in muscular tissue. Horizontal myosepta, 

which is important for the migration of the cells of posterior lateral line (sensorial organ 

containing the neuromasts, responsible to feel water oscillations), develops parallelly to 

the notochord82; 83. Regarding the Frag 3 F1 generation, we found a different pattern of 

promoter activity at 24 hpf in the offspring of two founders. In the offspring of one Frag 3 

founder, we detected EGFP expression in notochord, but we did not find the same 

expression pattern in the offspring of the second founder. As we did not see a 

corroborative result regarding EGFP expression in notochord in the offspring of both 

founders, we neglected this result. This may be explained by the genomic context where 

sequence integration occurred, being possible that Frag 3 sequence had been integrated 

in a region susceptible to regulatory elements that act in notochord-specific genes, 

leading to EGFP expression in this zebrafish structure. Interestingly, at muscular level, 

from 48 hpf to 7 dpf, the promoter activity found in F1 zebrafish from founders of Frag 1 

and Frag 3 overlaps the promoter activity of Frag T, where promoter activity is detected 

in both muscular tissue and horizontal myosepta. However, contrarily to Frag T where 

cerebellar EGFP expression was detected, no cerebellar expression was detected in F1 

of Frag 1 and Frag 3 promoters, at 72 hpf. This result shows that Frag 1 and Frag 3 alone 

do not have promoter activity in cerebellum of zebrafish animals. However, when these 

promoters are in the same sequence (Frag T), they are able to drive EGFP expression 

in this brain region. This suggests that Frag T has a more robust promoter activity than 

Frag 1 and Frag 3 promoters separately. Frag T sequence may comprise regulatory 
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elements required for promoter activation that were disrupted during Frag T 

fragmentation in Frag 1, 2 and 3. Overall, the promoter activity found in transgenic 

zebrafish embryos for the (AAAAT)n flanking region indicates that these promoters may 

also be active in human cerebellum in DAB1 opposite strand. Thus, in the future, it is 

mandatory the identification of Frag 1 and Frag 3 TSSs in zebrafish transgenic animals 

in order to enable the identification of the RNAs transcribed under these promoters. If 

the activity of Frag 1 and Frag 3 promoters is detected in human cerebellum, a DAB1 

antisense transcription role may be suggested in SCA37 disease. Especially, Frag 1 that 

seems to drive repeat expression in antisense orientation, a mechanism already 

associated with repeat diseases84. 

Promoter activity was evaluated using a vector containing the putative promoter 

upstream the EGFP sequence in zebrafish stable transgenic lines. Thus, promoter 

activity was assessed by detecting EGFP expression under a fluorescence stereoscope. 

This approach may have a limitation, as background of images may mask EGFP 

expression and give a false indication of fluorescence location on the embryos tissues. 

To overcome this issue, an in situ hybridization of whole embryo using a labelled probe 

complementary to the transcript could be performed to clarify the expression location of 

Frag 1 and Frag 3 promoters. 

The promoters found in this work are able to interact with enhancers cloned in 

their vicinity, suggesting that they could function in a similar way in DAB1 genomic 

landscape. Both Frag 1 and Frag 3 are able to interact with the midbrain-specific 

enhancer Z48 leading to EGFP expression in this region73. This indicates that cis-

regulatory elements as cerebellar-specific enhancers may be involved in DAB1 

antisense expression regulation in different tissues or developmental stages. 

Interestingly, when comparing the Frag T, Frag 1 and Frag 3 promoters interaction with 

Z48 enhancer, we observed different patterns of expression. Frag T-Z48 enhancer 

interaction led to a widespread promoter activation in midbrain. Frag 3-Z48 interaction 

led to promoter activation in whole midbrain in only 14.8% of the embryos, whereas, in 

the remaining 11.1% of the embryos, the Frag 3-Z48 interaction only led to promoter 

activity in superficial cells of zebrafish midbrain. A weaker promoter-Z48 interaction was 

found with Frag 1, where 16.0% of the embryos showed Frag 1-Z48 interaction in 

superficial midbrain cells and in the remaining 15.1% no interaction was detected. Similar 

to the results obtained with promoter assay, no evidence of cumulative effect was 

observed in interaction between Z48 enhancer and Frag 1 and Frag 3 promoters, which 

explains the Frag T-Z48 activity detected in midbrain cells, showing that this interaction 

is stronger with the whole sequence than the separated Frag 1 and Frag 3, suggesting 

that the Frag T contains important regions for promoter-Z48 interaction that are not 
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present in Frag 1 or Frag 3 sequences, or the Frag T promoter activity is stronger by 

itself. Thus, these antisense promoters may interact with cis-regulatory elements 

belonging to DAB1 regulatory landscape, that may regulate the antisense transcription 

in space and time. 

  To investigate if Frag 2 had also promoter activity when activated by an enhancer, 

we tested the interaction between Frag 2 and Z48, however, we did not detect any EGFP 

expression, supporting the result that Frag 2 does not contain a promoter sequence and 

there is no promoter activity across the AluJb element or it requires upstream sequences. 

Alu elements are able to interact with promoters at long-range distances as enhancers85, 

which may be an hypothesis for Frag 2 function. Thus, it is possible that this AluJb 

element may have a regulatory role in both DAB1 gene regulation and antisense 

transcriptional regulation. To investigate the presence of an enhancer element in the 

repeat flanking region, we cloned the Frag T in DAB1 orientation in a ZED vector72. Only 

fragments in sense orientation were tested using this molecular tool, because promoter 

activity was already detected across this region in antisense orientation. As ZED vector 

comprises a minimal promoter that may be enhanced by a promoter or an enhancer, the 

outcome of ZED vector does not allow distinction between promoter and enhancer 

elements. Using this strategy, we did not detect enhancer activity in DAB1-oriented Frag 

T sequence in zebrafish embryos, indicating that an enhancer is not present in the repeat 

flanking region.  

The RNA-mediated toxicity is a common pathogenic pathway to noncoding repeat 

diseases5; 15; 39. Previously, we have shown that the (AUUUC)n RNA is highly toxic in vivo 

in injected zebrafish embryos6. As in diseases like FTD/ALS86, the antisense repeat 

mitigates the toxicity of the sense repeat and we detected one promoter (in Frag 1 

sequence) immediately upstream of the repetitive region, we hypothesized that this 

promoter would drive the repeat expression in antisense orientation and the antisense 

repeat might be toxic itself. Thus, we investigated the toxicity of the SCA37 antisense 

repeat in vivo. Normal and mutant antisense RNAs were microinjected in one to two-cell 

stage of zebrafish embryos, however, non-significant differences were found between 

ins(GAAAU)54 and Cas9 control or between ins(GAAAU)54 and normal N(AAAAU)7 RNAs, 

suggesting the (GAAAT)n insertion is not toxic in vivo. Unexpectedly, the lethality rate of 

N(AAAAU)139 was significantly lower than in the other conditions (p<0.001), suggesting 

that the longer normal RNA N(AAAAU)139 may have a protective effect when compared 

with the other tested RNAs. Perhaps, in an affected individual with a large normal allele, 

the large normal RNA may interfere with the SCA37 phenotype, protecting from toxicity. 

However, clinical investigation together with co-injection of N(AAAAU)139 with (GAAAU)54 

RNA need to be performed to clarify this hypothesis. 
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In summary, in this study we identified two promoters in DAB1 antisense 

orientation that are able to interact with brain-specific enhancers. One promoter is 

located upstream the repeat and may be able to drive antisense repeat expression in 

human cerebellum and the other promoter is located downstream the repeat. Although 

the antisense repeat is not toxic in vivo, their expression may have other regulatory 

functions, such as the interference with the toxic sense repeats, modulating the SCA37 

pathogenicity.  

 

 

 

Future perspectives 

 

 The present work enabled to shed light on a putative role of DAB1 antisense 

promoters in SCA37 pathogenicity, however further work needs to be performed to 

understand 1) how the antisense promoters identified in this study are expressed in 

human cerebellum, and 2) what is their role in SCA37 pathogenicity. Now it is mandatory 

to map the TSSs of the identified promoters (Frag 1 and Frag 3) in zebrafish embryos to 

later investigate their expression in human cerebellum. For that, after RNA extraction 

from stable transgenic zebrafish lines containing Frag T, we will perform a 5’ RACE using 

a gene specific primer that anneal on EGFP, to identify the TSSs of the transcripts from 

Frag 1 and Frag 3 promoters. Later, to characterize the full-length transcripts driven by 

promoters in Frag 1 and Frag 3 in human cerebellum, the brain region most affected by 

this SCA, we will perform a 3’ RACE using human cerebellum RNA and specific primers 

that anneal in the sequence detected in zebrafish 5’ RACE. As Frag 1 and Frag 3 showed 

specific expression in horizontal myosepta and muscle fibers, respectively, we will also 

perform the characterization of these promoters in RNA from human muscle.  

The characterization of promoter activity from DAB1 antisense strand was here 

investigated using the short normal allele (AAAAT)14. As the two promoters characterized 

in this project are located upstream and downstream of the AAAAT repeat (Figure 9), 

differences in repeat length or nucleotide composition may modify promoters activity due 

to chromatin rearrangements. Thus, it is necessary to perform the characterization of 

these antisense promoters containing the large normal allele (AAAAT)139 and the 

pathogenic (GAAAT)n allele to understand if different repeat size or repeat nucleotide 

composition changes transcript expression. For that, we will clone into 1GWC2EGFP 

vectors the larger normal allele and the pathogenic allele upstream of an EGFP 

sequence to assess their promoter activity, injecting these vectors in one to two-cell 
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stage zebrafish embryos. If differences in promoters expression are detected, other 

methods such as ChIA-PET or Hi-C may be used to understand the chromatin 

interactions in this region66.  

In FXS and FRDA, the repeat expansions lead to a gene loss-of-of-function by 

gene expression silencing1. FXS is caused by CGG repeat expansion, above 200 units, 

in the 5’ UTR of the FMR1. This expansion is methylated, and the methylation extends 

to the gene promoter, leading to FMR1 silencing87. In FRDA,  the expanded GAA repeat 

in the first intron of FXN gene leads to the histone modifications in the repeat flanking 

region with consequent heterochromatin formation, impeding the gene transcription 

initiation and elongation11. Given the genomic context of SCA37 locus (Figure 5), in 

which a CpG island is located at downstream of the ATTTT repeat, we hypothesized that 

the pathogenic insertion may lead to the CpG island methylation and/or histone 

modifications, and, consequently, to a silencing of Frag 3 and/or Frag 1 promoter. Thus, 

CpG island methylation and histone modifications may lead to heterochromatin 

formation, which might have an impact in DAB1 expression. If differences in promoters 

activity are detected using the pathogenic insertion allele, we may perform a 

chromosome conformation capture-on-chip (4C) to verify the DNA conformation in this 

region. According to our results, Frag 1 and Frag 3 promoters may have a synergic 

activity that might be compromised due to these chromatin modifications. Furthermore, 

the different nucleotide composition may lead to a different genomic regulation by cis- 

and trans- regulatory elements, as enhancers or transcription factors binding. Thus, the 

different nucleotide content may interfere with DNA chromatin dynamics, that may enable 

a different interaction and binding of regulatory elements, which may lead to a 

transcription dysregulation. 

 The SCA37 pathogenic mechanism includes an RNA-mediated toxicity by the 

repeat in DAB1-oriented strand, as demonstrated by the (AUUUC)58 RNA injection in 

zebrafish embryos6. In FTD/ALS and FXTAS, the bidirectional transcription has been 

reported, contributing for disease pathogenicity16; 35. Given that we found promoter 

activity across the DAB1 antisense strand triggered by a promoter upstream of the 

repeat, we hypothesised that the antisense transcripts containing the (GAAAU)n RNA 

may also play a role in the disease toxicity74. In this work, our results revealed that the 

(GAAAU)54 RNA insertion is not toxic for zebrafish embryos, however, we do not exclude 

a role for antisense repeat transcription in SCA37 disease. The antisense RNA may act 

at transcriptional level, decreasing or increasing the transcription of the sense strand due 

to heterochromatin formation or recruitment of transcriptional machinery, respectively88; 

89. Hypothetically, the antisense RNA insertion might bind to the sense RNA insertion, 

reducing or increasing the sequestration of RNABP and, consequently, decreasing or 



FCUP 
Antisense expression across the repeat insertion in DAB1 and relevance for the pathogenic mechanism of SCA37 

44 

 

increasing the cellular toxicity. In future, to unravel the role of both strands in SCA37 

pathogenicity, we will perform the co-injection of (AUUUC)58 and (GAAAU)54 RNAs in 

zebrafish embryos. One hypothesis that could explain the significant decrease of lethality 

and malformations in zebrafish embryos after the (AAAAU)139 RNA injection is the 

possibility of acting as a long-noncoding RNA that may interfere with apoptosis pathway, 

since these RNA molecules may interact with mRNAs and/or proteins involved in this 

pathway. For example, long noncoding MALAT1 was already reported to inhibit the 

caspase-8 activity, contributing for apoptosis suppression90. To test this hypothesis, 

some apoptosis markers should be analysed by immunofluorescence and Western blot 

to investigate the differences of protein localisation and expression between (AAAAU)139 

RNA and an RNA control, after zebrafish embryos injections. Given the reduction of 

lethality verified in zebrafish embryos injected with (AAAAU)139 (Figure 21), we 

hypothesised that this long normal allele may have a protective effect, that may decrease 

the cellular toxicity when present together with the pathogenic insertion allele. The co-

injection of (AUUUC)58 and (AAAAU)139 RNAs will also be performed to understand the 

protective effect of (AAAAU)139 allele in an affected individual with these both alleles. 

 Therefore, in the future, we will focus our work in the understanding of the 

genomic regulation behind SCA37 locus and the pathways that lead to an RNA-mediated 

toxicity, aiming to understand the contribution of antisense expression for the cellular 

toxicity in human cerebellum, that will give insight in the pathogenic mechanism 

underlying the SCA37.  
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Appendix 1 

 

Phenol chloroform DNA/RNA purification 

 

For RNA purification all the material used in the procedure is RNAse free and all the 

steps were performed at 4ºC. 

 

1. If necessary, bring the DNA/RNA volume up to 100 µL with nuclease free 

HyClone HyPure water (GE Healthcare Life Sciences) 

2. Add 100 µL of phenol chloroform isoamyl alcohol (Fisher Scientific) at 4°C 

3. Mix vigorously and centrifuge at high speed (13 000 rpm) for 5 min 

4. Transfer the upper phase (aqueous phase) to a new tube  

5. Add 100 µL of chloroform (Fisher Scientific) at room temperature 

6. Mix vigorously and centrifuge at high speed (13 000 rpm) for 5 min 

7. Place the upper phase (aqueous phase) to a new tube RNAse free and add 10 

µL of sodium acetate (3 M, pH 5.2) (Merch, Milipore) at room temperature to each 

100 µL of upper phase collected 

8. Add 2 volumes of 100% ethanol (Merch, Milipore) at -20°C 

9. Mix gently, inverting the tube 2-4 times, and precipitate the DNA at -80°C for at 

least 1 hr 

10. Centrifuge at high speed (13 000 rpm) for 15 min 

11. Discard the ethanol and wash the pellet with 70 % ethanol at -20°C 

12. Centrifuge at high speed (13 000 rpm) for 5 min 

13. Discard the supernatant and dry the pellet 

14. Resuspend the pellet in HyClone HyPure water (GE Healthcare Life Sciences) 

and place on ice 

15. Quantify the DNA/RNA in NanoDrop™ 1000 Spectrophotometer (Thermo Fisher 

Scientific) 
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Appendix 2 

 

In vitro RNA synthesis 

 

For in vitro RNA synthesis, all the material used in the procedure is RNAse free. 

 

1. Linearize >3 µg of DNA plasmid and confirm the digestion, using 0.3 µg of DNA, 

by 0.8 % agarose gel electrophoresis  

2. Quantify the plasmid DNA using the NanoDrop™ 1000 Spectrophotometer 

(Thermo Scientific) 

3. Purify the DNA sample according to phenol chloroform DNA/RNA extraction 

(Appendix 1) 

4. Prepare a 50 µL mix at final volume for RNA synthesis as followed:  

a. Add 1x transcription buffer (Thermo Scientific), 5 mM DTT (Invitrogen™) 

and 1 mM NTPs (New England Biolabs) and incubate at 37°C for 5 min 

b. Add 2-2.5 mM Cap Analog [m7G(5')ppp(5')G] (New England Biolabs) and 

incubate at 37°C for 1 min 

c. Add the purified DNA sample and incubate at 37°C for 1 min 

d. Add 120U NZY Ribonuclease Inhibitor (NZYTech) and incubate at 37°C 

for 1 min 

e. Add 40U RNA polymerase (Thermo Scientific) and incubate at 37°C for 1 

hr 

f. Add 20U RNA polymerase and incubate at 37°C for 1 hr 

g. Add 1U DNAse I (Thermo Scientific) and incubate at 37°C for 30 min 

5. Purify the transcribed RNA according to purification of RNA transcribed in vitro 

(Appendix 3) 
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Appendix 3 

 

Purification of RNA transcribed in vitro 

 

A. Sephadex column preparation  

 

1. Remove the plugger of a 1 mL syringe and plug the syringe with sterile glass wool 

(0.1 mm) 

2. Fill the syringe with illustra Sephadex G-50 Fine DNA Grade (GE Healthcare Life 

Sciences) and place it into a 15 mL disposable tube 

3. Centrifuge at 4 000 rpm for 5 min at 4°C 

4. Discard the flow-through and, if necessary, compact the column with more 

sephadex (up to 0,6 mL) 

5. Discard the flow-through and place a new 1 mL tube at the bottom of the syringe 

to collect the RNA 

6. Add 50 µL of HyClone HyPure water (GE Healthcare Life Sciences) to sephadex 

column and centrifuge at 4 000 rpm for 5 min at 4°C 

7. Verify if the collected volume is 50 µL, if not repeat the centrifugation again 

 

 

B. RNA purification in Sephadex column 

 

1. Bring the RNA volume to 50 µL with HyClone HyPure water (GE Healthcare Life 

Sciences) 

2. Place the RNA sample to sephadex column (A) and centrifuge at 4 000 rpm for 

5 min at 4°C 

3. Place the purified RNA sample into a new tube 

4. Repeat the centrifugation and collect the purified RNA sample to the same tube 

5. Quantify the RNA in NanoDrop™ 1000 Spectrophotometer (Thermo Fisher 

Scientific) 
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Appendix 4 

 

Zebrafish microinjection 

 

A. Courtship and spawning  

 

1. At the end of the day prior to microinjection procedure, prepare 1 L breeding tank 

(Figure 1 Appendix 4) and place 3 females and 2 males in each side of the tank 

2. At first hours of light cycle, place the breeding tank above a lamp, removing the 

divider of the tank and a small amount of water, to allow animals courtship 

3. Collect the fertilized eggs in water facility system 

 

 

 

 

 

 

 

 

Figure appendix 4  Apparatus of zebraf ish breeding tank. Prior to microinject ion procedure, 1L 

external tank containing an internal tank with a perforated bottom, a device and a l id was seated 

with water faci l i ty system. After the spawning, animals were placed on other exter nal tank using the 

internal tank and the fert i l ized eggs were easi ly col lected from the bottom of the external tank.  

Adapted f rom Techniplas t .  
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B. Microinjection 

 

1. Prepare the needles from glass capillaries using a puller (Narishige) 

2. Cut off the needle’s tip with forceps under a stereoscope 

3. Prepare the injection mix as followed: 50 ng of the interest vector + 50 ng of Tol2 

RNA (ratio 1:1) + 10% phenol red (Sigma-Aldrich) (dye used to visualize the 

injection procedure) 

4. Load the needle with microinjection mix and calibrate the microinjector 

(Narishige) pressure to inject the embryos with 5 nL approximately 

5. Positioning the embryos with a help of a microscope slide and microinject 

approximately 5 nL into the yolk of one to two-cell stage embryos 

6. Transfer the injected embryos to a new petri dish with E3 medium with PTU and 

incubate them at 28°C 
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Appendix 5 

 

Figure appendix 5  Characterizat ion of F1 embryos expressing Frag 1  promoter.  The offspring of 

two founders was analysed from 48 hpf up to 7 dpf.  EGFP expression was detected in muscular 

t issue, specif ical ly in horizontal myosepta of the zebraf ish offspring of F1(1) and F1(2);  asterisks 

indicate autof luorescence regions. 



 

 

 

 



FCUP 
Antisense expression across the repeat insertion in DAB1 and relevance for the pathogenic mechanism of SCA37 

63 

 

Appendix 6 
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Figure appendix 6  Characterizat ion of F1 embryos expressing Frag 3 promoter.  The offspring of 

two founders was analysed from 24 hpf up to 7 dpf.  EGFP expression was detected in muscle f ibers 

along the body of zebraf ish embryos. At 24 hpf,  the offspring of F1(1) exhibit  an EGFP expression 

in notochord, contrari ly to the offspring of F1(2).  Asterisks indicate autof luorescence regions. 



FCUP 
Antisense expression across the repeat insertion in DAB1 and relevance for the pathogenic mechanism of SCA37 

65 

 

Appendix 7 

 

 

 

 

 

 

  

Figure appendix 7  Evaluat ion of Frag T promoter -Z48 enhancer in F0 zebraf ish embryos along the 

t ime. In Frag T, promoter -enhancer interact ion was observed from 24 hpf up to 6 dpf.  EGFP 

expression was detected in whole midbrain cel ls.  Although midbrain expression, EGFP was also 

detected in muscle f ibers along the body of zebraf ish embryos,  as a result  of promoter specif ic i ty 

for these regions. Asterisks indicate autof luorescence regions. 
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Appendix 8 
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Figure appendix 8  Evaluat ion of Frag 1 promoter -Z48 enhancer in F0 zebraf ish embryos. In Frag 1,  

promoter-enhancer interact ion was observed from 48 hpf up to 6 dpf.  EGFP expression was detected 

in superf ic ial midbrain cel ls in some zebraf ish embryos. In some transgenic embryos, EGFP in 

midbrain was not detected.  EGFP expression was also observed in muscle f ibers, as a result  of 

promoter specif ic i ty for these regions. Asterisks indicate autof luorescence regions. 
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Appendix 9 
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Figure appendix 9  Evaluat ion of Frag 3 promoter -Z48 enhancer in F0 zebraf ish. In Frag 3, promoter -

enhancer interact ion was observed from 24 hpf up to 6 dpf,  and EGFP expression was detected 

spread in whole midbrain cel ls in some zebraf ish embryos. However, in some embryos, EGFP 

expression was only detected in superf ic ial cel ls of midbrain. Although midbrain expression, EGFP 

was detected in muscle f ibers in al l t ransgenic embryos as a result  of promoter specif ic i ty for these 

regions. Asterisks indicate autof luorescence regions. 



 

 

 

 

  



 

 

 


