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Prostate cancer (PrCa) is the most common cancer type in men. Dysregulated splicing 

is considered a hallmark of cancer, and PrCa has its own characteristic splicing 

landscape. Alternative splicing (AS) enables production of multiple protein isoforms 

from a single gene by altering splicing of exons and introns. AS outcomes can be 

studied with reverse transcription PCR (RT-PCR) or a minigene splicing assay, which 

allows comparison of wild type and mutant sequences in identical conditions.  

This MSc study focused on two splicing mutations in ANO7, a PrCa susceptibility gene. 

Variant rs77559646 in the splice donor site of intron 4 leads to exon skipping and 

increased intronic expression presumably by disrupting binding of an essential splicing 

factor. The variant was corrected by CRISPR-Cas9 base-editing, also producing a new 

unwanted mutation upstream. This study aimed to determine whether normal splicing 

would be restored regardless. Ultimately, RT-PCR analysis revealed that intron 3 

expression was not reduced. Additionally, the region exhibited deletions related to Alu 

repeat elements. Splicing assay showed that exon 4 splicing was improved, but only 

slightly. 

Variant rs78154103 in intron 7 causes cryptic splice site selection and partial intron 

retention. The variant’s effect on splicing was studied with a minigene splicing assay 

using a longer construct than in a previous study, allowing formation of endogenous 

secondary structures, suspected of contributing to dysregulated splicing. As 

anticipated, more exon skipping was detected compared to reference, but inclusion of 

cryptic exon did not differ between the constructs, contrary to what was expected. 
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Eturauhassyöpä on miesten yleisin syöpä. Eturauhassyövässä, kuten muissakin syö-

vissä, havaitaan häiriintynyttä esiaste-RNA:n silmukointia. Vaihtoehtoinen silmukointi 

mahdollistaa useamman erilaisen proteiinituotteen tuoton yhdestä geenistä vaihtoeh-

toisilla eksoni-introni-yhdistelmillä. Vaihtoehtoista silmukointia voidaan tutkia esimerkik-

si RT-PCR-tekniikalla (reverse transcriptase - polymerase chain reaction) tai minigee-

nien silmukointianalyysillä (engl. minigene splicing assay), joka mahdollistaa villityypin- 

ja mutanttisekvenssin vertailun identtisissä olosuhteissa. 

Tässä tutkielmassa tutkin kahta ANO7-eturauhassyöpäalttiusgeenissä ilmenevää sil-

mukointimutaatiota. Variantti rs77559646 sijaitsee introni 4:n luovuttaja-alueella, josta 

silmukointi tavallisesti alkaa. Variantti johtaa eksoni 4:n poissilmukointiin ja lisäänty-

neeseen introni 3:n ekspressioon oletettavasti estämällä silmukointiin tarvittavan ribo-

nukleoproteiinin sitoutumisen. Mutaatio on korjattu CRISPR-Cas9 ba-

se-editing -tekniikalla, mutta samanaikaisesti syntyi uusi mutaatio yläjuosteessa. Tut-

kimuksen tavoitteena oli selvittää, palautuuko asianmukainen silmukointi tahattomasta 

muutoksesta huolimatta. Asiaa tutkittiin RT-PCR-tekniikalla ja minigeenien silmukointi-

analyysillä. RT-PCR-analyysi osoitti, että introni 3:n ekspressio ei eronnut muokatun ja 

varianttisekvenssin välillä. Lisäksi tutkitulla introni 3 -alueella havaittiin deleetioita, jotka 

olivat yhteydessä Alu-toistojaksoihin. Silmukointianalyysistä kävi ilmi, että eksoni 4:n 

silmukointi palautui, mutta odotettua heikommin. 

Introni 7:ssä sijaitseva variantti rs78154103 aiheuttaa kryptisen silmukointikohdan akti-

vaation, johtaen kryptisen eksonin (eksoni + osa intronia) muodostumiseen. Variantin 

vaikutusta silmukointiin tutkittiin minigeenien silmukointianalyysillä käyttäen pidempää 

minigeenikonstruktia, kuin aiemmassa tutkimuksessa. Pidempi sekvenssi mahdollistaa 

RNA:n sekundaarirakenteiden muodostumisen, joiden rakennemuutosten epäillään 

aiheuttavan häiriintynyttä silmukointia kyseisellä geenialueella. Odotusten mukaisesti 

variantti aiheutti lisääntynyttä eksonin poistoa verrattuna villityyppiin. Kryptinen eksoni 

kuitenkin ekspressoitui yhtä vahvasti molemmilla konstrukteilla, toisin kuin odotettiin. 
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1. Introduction 

1.1 Prostate cancer (PrCa) 

1.1.1 Epidemiology 

Prostate cancer (PrCa) is the most common cancer type in men, with a bit over 5,000 

cases reported annually in Finland (Pitkäniemi et al. 2020). Incidence rates began 

increasing in the 1990s, and consequently so did PrCa mortality. This increase in 

reported cases is, however, most likely due to increased screening for PSA 

(prostate-specific antigen), which is an enzyme secreted by the prostate gland 

(Duodecim 2021). Secretion of PSA is elevated in patients with PrCa but can also be 

caused by other conditions (Käypä hoito 2021). In 2018, PrCa was the most diagnosed 

cancer in Finnish men, as well as the second leading cause of cancer related deaths in 

men (> 900 deaths per year) (Pitkäniemi et al. 2020). Fatal cases in PrCa are mainly 

due to metastatic disease (Wang et al. 2018). However, mortality has decreased 

drastically and prognosis for PrCa has improved, with 5-year survival rate being well 

over 90 % (Pitkäniemi et al. 2020; Duodecim 2021). Prognosis depends on how 

progressed the tumor is, its histologic grade, age and general health of the patient, as 

well as PSA level (Käypä hoito 2021). It is worthwhile mentioning that many PrCa 

cases are clinically insignificant, and screening regularly leads to overdiagnosis and 

overtreatment (National cancer institute 2021). 

 

1.1.2 Development and progression 

The prostate gland is comprised of luminal cells, basal cells, and neuroendocrine cells 

(Wang et al. 2018). Most primary prostate cancers are adenocarcinomas (National 

cancer institute 2021), which develop through a multistep process, as reviewed in 

Wang et al. (2018). Tumor formation begins with prostatic neoplasia and has been 

shown to originate from both luminal and basal cells. A small subset of PrCa cases 

comprise of other forms of carcinoma (National cancer institute 2021). Prostate tissue 

is known to be quite heterogeneous, consisting of multiple different cell types, and 

prostate tumors are a mixture of both malignant and nonmalignant cells (Stuart et al. 

2004). Overall, PrCa exhibits large heterogeneity between patients and intratumorally, 

in terms of pathology, function, and genomic features. This heterogeneity complicates 

detection and development of reliable markers and therapy options (Wang et al. 2018). 
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Risk factors of PrCa include increasing age, ethnic background, family history, as well 

as dietary factors and alcohol use (National cancer institute 2021). Risk is higher in 

men with advanced age, and African-American men have an elevated risk compared to 

European and Asian men. Some risk-increasing dietary factors include high 

consumption of fats, processed and red meats, and excessive use of multivitamins 

(Käypä hoito 2021). Major cellular processes that have been proposed to contribute to 

prostate carcinogenesis include chronic inflammation, oxidative stress and resulting 

DNA damage, telomere shortening, senescence, and genetic factors 

(Shen & Abate-Shen 2010). 

A major contributor to PrCa development and progression is the increased expression 

and/or activation of androgen receptor (AR) and consequently the AR-signaling 

pathway (Wang et al. 2018). The most common AR-binding androgens are 

testosterone and its more active metabolite 5α-dihydrotestosterone (DHT). 

AR-mediated signaling is essential for normal prostate development as well, but is 

emphasized in PrCa (McCrea et al. 2016). Increased AR activity leads to upregulation 

and downregulation of various genes, such as PSA, and prostatic AR has long been 

thought to function as a proliferator (Heinlein & Chang 2004). In 2008, Niu et al. 

suggested that AR works via proliferator as well as suppressor activities, depending on 

the cell-type (epithelial basal, epithelial luminal, or differentiating stromal) and the stage 

of PrCa progression. AR’s role as a proliferator, however, remains to be the prevailing 

view (McCrea et al. 2016). PrCa is strongly hormone responsive and hormonal therapy 

is common. Unfortunately, so is development of resistance (see more below). 

Additional signaling pathways dysregulated in PrCa include the PI3K pathway and 

several DNA repair pathways, among more (Wang et al. 2018). 

 

1.1.3 Diagnostics and treatment 

PrCa symptoms include changes in urination, such as increased need to urinate, 

difficulty in emptying the bladder entirely, weak urine flow, and blood in urine 

(Duodecim 2021). If cancer has spread, the range of symptoms increases. For 

instance, in the metastasized disease form, bone pain is a common symptom. Despite 

the high prevalence of PrCa, symptomless men are not screened. Overdiagnosis often 

leads to overtreatment, which, in worst case scenario leads to permanent side effects 

and other complications (National cancer institute 2021). If a man does, however, 

exhibit symptoms, the first diagnostic measure is a digital rectal exam (DRE). In DRE, 

the doctor feels the prostate for lumps or other abnormalities through the rectum with 
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his/her finger. In addition to DRE, a blood sample will be taken to test for increased 

levels of PSA. As mentioned above, higher PSA levels do not necessarily imply cancer, 

since this increase can also be caused by old age, infection, or enlargement of the 

prostate gland (benign prostatic hyperplasia). Thus, PSA testing should not be used as 

an only measure. Additionally, whether PSA testing improves prognosis remains 

debated (National cancer institute 2021). Nevertheless, its great value in screening 

comes from simplicity and low-risk, compared to other diagnostic measures. Another 

clinical standard biomarker for PrCa is prostatic acid phosphatase (PSAP) (Guo et al. 

2021). Like PSA, PSAP levels are also affected by other factors than just PrCa. If the 

probability of PrCa remains high after initial testing, a biopsy is performed to diagnose 

PrCa. Biopsy does, however, pose risks, and performing a biopsy should be carefully 

evaluated (National Cancer Institute 2021).  

Following biopsy, a Gleason score is devised to grade the cancer and the stage of the 

cancer is determined (staging) (National Cancer Institute 2021). The Gleason score 

ranges from 6 to 10, where a Gleason score of >8 presents high-risk and worse 

prognosis. During staging, it is also determined whether the cancer has spread. 

Staging is important for choosing the right treatment option. In stages I and II, cancer 

cells are found locally only in the prostate gland. In stage III and IV prostate cancers, 

the tumor has spread to surrounding tissues and to other parts of the body, 

respectively. 

There are many treatment options, and the choice depends on the grade and stage of 

the cancer, size of the tumor, patient’s age, preexisting medical problems, and whether 

the cancer is newly discovered or relapsed (Duodecim 2021; National cancer institute 

2021). These options include active surveillance, surgery (radical prostatectomy), 

radiation therapy, and hormone therapy. Careful consideration is required to find the 

most effective treatment or combination of treatments for each patient and tumor type 

separately. Low-risk patients are often subjected to surveillance only to avoid 

overtreatment (National cancer institute 2021), but patients with intermediate-risk PrCa 

present a challenge regarding treatment decisions (Wang et al.  2018). As with some 

screening methods, some treatment options pose risks and adverse effects. Radical 

prostatectomy, for instance, can cause incontinence, impotence, and penile shortening, 

whereas radiation therapy is often associated with bowel dysfunction (National cancer 

institute 2021).  

Several hormonal treatment options are available, of which androgen deprivation 

therapy (ADT) is the most common treatment method. Androgen ablation is achieved 

by surgical or chemical castration (Heinlein & Chan 2004; Shen & Abate-Shen 2010) 
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and is often coupled with chemotherapy or radiation (Wang et al. 2018). ADT, however, 

often results in resistance and recurrence. The recurrent disease is called 

castration-resistant prostate cancer (CRPC). Niu et al. (2008) suggested the reason for 

recurrence is the possible dual-function of AR in proliferation and suppression, where 

depletion of its suppressor properties promotes tumor progression. The more 

conventional view, however, is that development of castration resistance is, in most 

cases, an adaptive response to ADT (Shen & Abate-Shen 2010). In CRPC, androgen 

signaling is sustained by many mechanisms, such as AR overexpression. 

Overexpression is achieved by, for instance, copy number amplification, 

gain-of-function mutations, increased intracellular androgen synthesis, and alternative 

splicing (see more below) (McCrea et al. 2016). Other forms of resistance have been 

identified as well (Wang et al. 2018). 

In addition to traditional treatment options, development of cancer immunotherapy 

treatments is intensively pursued. Especially the capacity of PrCa to develop resistance 

to different therapies, as well as the large intratumoral heterogeneity in PrCa brings 

about obstacles in finding effective treatments (Wang et al. 2018). New treatment 

options are being tested in clinical trials constantly (Wang et al. 2018; Duodecim 2021; 

National Cancer Institute 2021). 

 

1.2 PrCa genetics 

1.2.1 Heritability 

PrCa is a complex disease, meaning that genetic and environmental factors are at 

play. Risk of PrCa increases with age, and incidences are highest at 80 years of age 

(Pitkäniemi et al. 2020). Elevated risk is also associated with family cancer history and 

ethnic background: men with affected first-degree relatives are at much greater risk, as 

are African-American men (National Cancer Institute 2021). The heritability of PrCa is 

relatively high, and genetic factors are estimated to explain as much as 57 % of the 

risk, according to Hjelmborg et al. (2014). 

Originally in 1993, Carter et al. described PrCa as having three subtypes: familial, 

hereditary, and sporadic (reviewed in Raghallaigh & Eeles 2021). Both familial and 

hereditary types are due to increased risk in men with family history of PrCa. Familial 

PrCa is simply characterized by having a history of PrCa in the family, whereas 

hereditary PrCa is a more specific type and requires one of three criteria to be fulfilled, 

which the familial type need not fulfill. Therefore, hereditary PrCa can be thought of as 
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a subtype of familial PrCa, with at least one of the following occurring, according to 

Raghallaigh & Eeles (2021): PrCa must have been reported in at least three 

generations (1), onset of PrCa must have happened at the age of <55 years in at least 

two family members (2), or the disease has been found in at least three first-degree 

relatives (3). Out of all PrCa cases, the hereditary subtype accounts for 3—5 % of 

cases, whereas familial PrCa accounts for 10—15 % of cases. Sporadic PrCa covers 

the remaining 85 % of all PrCa cases (Raghallaigh & Eeles 2021).  

Rodríquez et al. (1997) found that family history increases risk of fatal PrCa by 60 % 

compared to those without affected family members. They also found that risk of PrCa 

increases proportionally to the number of affected relatives, and the family-degree of 

an affected relative contributes to the risk as well. Similar results were obtained by 

Zeeger et al. (2003). Additionally, they found that the age of onset contributes to risk of 

recurrence, with lower age increasing risk. Familial PrCa is extensively studied using 

twin studies. For instance, a Nordic twin study conducted by Helmborg et al. (2014) 

found that the risk to develop PrCa was approximately three times higher for men with 

an affected monozygotic twin, than for those without. Risk was significantly higher 

(two-fold) for men with dizygotic twins as well, compared to the overall population. It 

has been found that, even though age of onset is lower in hereditary PrCa, the 

sporadic and hereditary forms do not otherwise differ clinically (Bratt 2002). Earlier 

onset does, however, lead to increased mortality in hereditary PrCa compared to 

sporadic. 

 

1.2.2. Genetic biomarkers 

Identifying genetic biomarkers of PrCa is pivotal for disease diagnosis, defining disease 

subtypes, and development of new therapeutic strategies. The search for effective 

prognostic biomarkers is intense. Search methods include gene expression profiling, 

miRNA expression profiling, serum proteomics and metabolomics (Shen & Abate-Shen 

2010). PrCa susceptibility has been associated with several genes and hundreds of 

SNPs through linkage analyses and genome-wide association studies (GWAS) 

(Raghallaigh & Eeles 2021). Frequencies of PrCa associated variants differ between 

different ethnic groups, according to Olender & Lee (2019). SNPs associated with PrCa 

risk are multiplicative, meaning that their effects are cumulative. This makes alleles 

associated with PrCa with only low-to-moderate risk, yet are common at the 

population-level, a considerable contributor to PrCa initiation and progression (Dadaev 

et al. 2018).  
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Some PrCa susceptibility genes include HOXB13, BRCA1/2, ATM, CHEK2 and TP53, 

to mention a few (National Cancer Institute 2021; Raghallaigh & Eeles 2021). The 

tumor suppressor HOXB13 was the first gene identified as a hereditary prostate cancer 

gene (National cancer institute 2021). HOXB13 contributes to PrCa risk by interacting 

with the AR. Out of the two tumor suppressor genes BRCA1 and BRCA2, germline 

mutations in the latter are shown to have a more substantial impact on PrCa risk 

(Nyberg et al. 2020). Nyberg et al. (2020) showed that BRCA2 mutations are also 

linked to higher risk of aggressive PrCa. Genetic testing for BRCA variants is already 

implemented to some extent and likely will become more common in the future 

(National cancer institute 2021; Raghallaigh & Eeles 2021).  

The vast heterogeneity in PrCa can also be seen in the expression levels of genes 

associated with PrCa risk. For instance, a microarray meta-analysis of four 

independent PrCa gene expression datasets by Rhodes et al. (2002) found a total of 

500 genes upregulated as well as several downregulated in clinically localized PrCa 

compared to benign prostate tissue. Stuart et al. (2004) set to distinguish expression 

level differences between different cell types found in prostate tissue and identified 

several gene expression alterations to be cell type- and tumor-specific. Their findings 

supported over 300 of the genes reported by Rhodes et al. (2002) to be upregulated in 

prostate tumor tissue. Additionally, Chandran et al. (2007) found that over 400 genes 

are upregulated and over 350 genes downregulated in the metastatic form of PrCa, 

compared to primary tumor tissue. Knowledge of expression level changes can be 

implemented in the identification of tumor aggression. The role of these genes varies 

from cell-cell interaction control to transcription regulation. Wang et al. (2018) review 

some common genes and signaling pathways involved and dysregulated in PrCa. 

Taken together, these findings represent the fact that several biological processes are 

altered in PrCa.  
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1.3 Alternative splicing and cancer 

1.3.1 Pre-mRNA splicing 

Pre-mRNA (precursor messenger RNA) splicing (henceforth referred to as mRNA 

splicing) is a post-transcriptional mechanism essential for gene expression. At its core, 

mRNA splicing involves the removal of introns from pre-mRNA with two 

transesterification events catalyzed by a specialized machinery called the spliceosome. 

In addition to the spliceosome, cis-acting elements in the pre-mRNA sequence, as well 

as trans-acting proteins are needed for splicing to occur (Olender & Lee 2019). A 

spliceosome is a ribonucleoprotein (RNP) complex consisting of five small nuclear 

RNPs (snRNPs) and hundreds of associated proteins that are needed for accurate and 

stable splicing (Abramowicz & Gos 2018). The main snRNPs in the spliceosome, which 

themselves are composed of small nuclear RNAs (snRNAs), are U1, U2, U4/6 and U5 

(Wahl et al. 2009). The accessory proteins have varying roles – some are RNA-binding 

proteins (RBPs; such as U2AF and SF1) and some are enzymes (such as helicases 

and kinases) (Cooper et al. 2009). RBPs are those which regulate when, where and 

how frequently splicing events occur. Major conformational rearrangements of the 

spliceosome complex are also crucial for splicing to occur (Wahl et al. 2009). Several 

RBPs are associated with structural modifications of the RNA sequence as well 

(Cooper et al. 2009). In addition, changes in RNA secondary structures also regulate 

splicing and gene expression (Olender & Lee 2019). 

The first essential step in splicing is the recognition of splice sites (ss) which are 

located at exon-intron boundaries: one at the 3’ end of the intron (3’ss) and another at 

the 5’ end (5’ss). The most common splice site dinucleotides found at the exon-intron 

boundaries are GT at the 5’ss and AG at the 3’ss (Abramowicz & Gos 2018). In the first 

step of splicing, the 5’ss, also called the splice donor, is identified by the U1 snRNP, 

which then binds to the RNA sequence. The partially conserved 5’ss sequence spans 

positions -3 to +6, where the first three nucleotides reside in the exon and the six latter 

in the intron (Roca et al. 2005). After U1 binding, U2 snRNP base pairs with the branch 

point sequence (BPS) of the intron. Conformational rearrangements take place and 

rest of the snRNPs (U4/U6 and U5) are also recruited to the forming complex – the U6 

snRNP, for instance, replaces U1. The complex experiences catalytic activation and 

the first transesterification event, where a 2’-hydroxyl group in the BPS attacks a 

phosphodiester bond in the 5’ss, takes place. At this point a lariat structure is formed, 

which consists of the intron to be cleaved and the 3’ exon. After additional 

compositional and conformational changes to the complex, another transesterification 

reaction takes place, where a 3‘-hydroxyl group attached to the 5’ss attacks the 3’ss, 
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also known as the splice acceptor. After the two transesterification reactions, the intron 

is excised, and the two exons ligated together. All through the splicing process, RBPs 

bind and detach to help stabilize the RNA-RNA interactions and contribute to structural 

modifications. (Wahl et al. 2009).  

Splice site selection is influenced by relative strength of the splice site and cis-acting 

elements, which include splicing enhancers and silencers. The strength of a splice site 

is defined by the cis-acting sequences’ ability to bind trans-acting proteins (Olender & 

Lee 2019). Additionally, exonic splicing enhancers (ESEs) and intronic splicing 

enhancers (ISEs) work to facilitate splicing, whereas exonic splicing silencers (ESSs) 

and intronic splicing silencers (ISSs) have an opposite function. 

 

1.3.2 Alternative splicing (AS) 

A process called alternative splicing (AS) enables the production of multiple protein 

isoforms from a single gene by alternatively splicing either introns or exons. AS is part 

of normal development and differentiation. In fact, the great majority (>90 %) of human 

genes exhibit AS post-transcription, which greatly increases the repertoire of protein 

isoforms generated by genes. AS allows cells to respond to different environments and 

adapt to different developmental stages. (Olender & Lee 2019). Generally speaking, 

this means that AS outcomes are time- or spatial-dependent. According to Sugnet et al. 

(2004), AS events in humans and mice are highly conserved. This further 

demonstrates the importance of AS and how it provides an evolutionarily advantage.  

Traditionally AS mechanisms are divided into five groups, which include exon exclusion 

(a.k.a. exon skipping), intron inclusion (a.k.a. intron retention), alternative 3’ and 5’ 

splice sites, and mutually exclusive exons, as reviewed by Wang & Aifantis (2020). 

Exon exclusion is thought to be the most frequent type of AS in vertebrates (Sugnet et 

al. 2004) as well as among different cancer types (Tsai et al. 2015). In exon exclusion, 

whole exons are omitted from the final transcript. Intron inclusion on the other hand 

means that an intron is retained in the final transcript, which tends to lead to a 

premature stop-codon and consequently nonsense-mediated decay (NMD). The use of 

alternative splice sites leads to only a segment of an exon being excluded or 

conversely only a segment of intron included. Mutually exclusive exons, as the name 

implies, are those where only one or the other is retained in the final transcript.  
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1.3.3 AS, mutagenesis, and cancer 

Pre-mRNA processing requires a vast amount of different accessory and regulatory 

proteins and RNAs, as discussed above, which inevitably increases the probability of 

mutations occurring and consequently dysregulation of splicing (Cooper et al. 2009). 

Mutations in certain genomic regions affect mRNA splicing and are thus called splicing 

mutations. Splicing can be influenced through alterations of splice sites or splicing 

regulatory elements, or by creating new splice sites or activating existing, cryptic ones 

(Abramowicz & Gos 2018). Splicing mutations may also affect splicing machinery 

components (Wang & Aifantis 2020), yet these types of splicing mutations are more 

uncommon (Cooper et al. 2009). Abramowicz and Gos (2018) divide splicing mutations 

into different categories: (1) mutations can occur in traditional splice sites, where they 

lead to difficulties in RNA-protein interactions and consequently exon skipping; (2) a 

mutation in an intronic sequence can give rise to a new, cryptic splice site which, when 

activated, leads to part of an intron (cryptic exon) being included; (3) a cryptic splice 

site can arise in the exon by mutation, leading to part of an exon being excluded; (4) 

mutations in exonic sequences can disrupt the function of cis-acting elements; and 

finally (5) splicing can be affected by alterations of mRNA secondary structures. 

Fundamentally, splicing mutations exert their power through affecting the strength of a 

splice site – natural or cryptic. A cryptic splice site is used when it is stronger than the 

natural splice site. It is notable that a splicing mutation in a cis-element affects splicing 

of a single gene, in which the mutation occurs, whereas a splicing mutation in trans, 

such as splicing machinery components, can cause aberrant splicing in multiple genes 

(Faustino & Cooper 2003). 

Out of all disease-causing mutations, 30—60 % are estimated to be splicing mutations, 

according to Jung et al. (2015). The great majority of splicing-associated factors and 

regulators are subject to disease-causing mutations as well as expression level 

dysregulation (Bonnal et al. 2020). Cancer cells are known to exploit AS to facilitate all 

hallmarks of cancer, and dysregulated splicing in cancer has gained more attention in 

cancer research in recent years (Wang & Aifantis 2020). Splicing dysregulation itself is 

regarded as a hallmark of cancer (Cooper et al. 2009) and contributes to the vast 

heterogeneity of cancer (Rajan et al. 2009).  

Several different kinds of splicing mutations have been found to promote 

tumorigenesis, along with other, non-splicing related mutations. Cancer-related splicing 

mutations usually involve disrupting interactions between mRNA and RBPs or by 

activating cryptic splice sites (Jiang et al. 2000). Transcripts resulting from aberrant 

splicing may exert their tumorigenic properties via completely new mRNA isoforms, or 
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by altering expression of already existing isoforms (Pajares et al. 2007; Tsai et al. 

2015; Olender & Lee 2019). The former results from unnatural splicing patterns, 

whereas the latter is a result of alternative splice site selection (Faustino & Cooper 

2003).  

Splicing mutations may act as oncogenic drivers or passengers, and regularly lead to 

activation of proto-oncogenes or suppression of tumor suppressors. For the former, 

increased activation and gain-of-function are the cause of acquired oncogenic activity, 

whereas for the latter, frameshift mutations or generation of premature stop codons 

and resulting NMD are a common mechanism for inactivation (Olender & Lee 2019), as 

in the case of the famous tumor suppressor TP53 (Jung et al. 2015). Consequences of 

aberrant splicing may include, for instance, epigenetic alterations, DNA damage, or 

gene expression changes (Olender & Lee 2019). 

Differential expression of splicing-associated proteins has been reported in many tumor 

tissues (Wang & Aifantis 2020). The splicing factor SF2 (ASF, SRSF1), for example, is 

regularly overexpressed in cancer due to amplification and activation of the gene 

encoding for it, SFRS1. SFRS1 is a proto-oncogene, as shown by Karni et al. (2007). 

They found that SF2 contributes to tumorigenesis by dysregulating expression of 

different splicing isoforms in many cancer-related genes.  

Splicing-related therapy strategies have been intensively explored. Indeed, 

cancer-specific splice variants are a promising tool for diagnostics, identifying disease 

aggressiveness, and cancer therapy. Possible therapy targets include alterations in 

splice sites, as well as in cis-sequences and trans-acting proteins (Olender & Lee 

2019). Wang & Aifantis (2020) in turn point out the utility of splicing-induced tumor 

neoantigens. These neoantigens, namely truncated protein isoforms that have evaded 

NMD, show potential for cancer vaccines. Additionally, spliceosome inhibitors 

(Wang & Aifantis 2020) and modulators (Paschalis et al. 2018) have been proposed as 

splicing-related therapeutic strategies. Yet another option is pre-mRNA-binding 

antisense oligonucleotides (ASOs), which work by preventing unfavorable splicing and 

promoting proper splicing (Cooper et al. 2009; Wang & Aifantis 2018). Antisense 

hybridization by other RNAs has also been developed to work in a similar manner as 

ASOs, and direct elimination of mRNA using RNA interference (RNAi) is also a 

potential therapy form (Cooper et al. 2009).  

Cooper et al. (2009) suggest that targeting misfunctioning RNAs and RNPs involved in 

splicing regulation could be a more viable therapy approach than targeting the 

mis-spliced proteins. Additionally, Tsai et al. (2015) propose that splicing factors should 
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work as therapy targets instead of AS events, which would be better suited for serving 

as biomarkers. To escape therapies, some oncogenes use differential splicing to 

generate alternative protein isoforms, unrecognizable to the treatment method being 

used (Wang & Aifantis 2020). Furthermore, splicing variants may impact how the 

cancer cell responds to other non-splicing related therapeutic approaches by making 

the cell more vulnerable to certain therapies or by increasing resistance (Bonnal et al. 

2020). 

 

1.3.4 AS and PrCa 

As with other cancer types, PrCa has its own characteristic splicing landscape. AS is 

involved in all steps of PrCa, including development, progression, and even drug 

resistance. Splicing contributes to PrCa via many mechanisms, such as mutated 

splicing machinery components and splicing factors, altered expression of splicing 

factors, as well as through effects on cellular signaling pathways. 

As discussed, persistent AR signaling is integral for treatment resistance in PrCa and 

the development of CRPC. AS has been identified as one factor contributing to 

development of resistance via alterations of the AR transcript. The AR gene is 

comprised of 8 exons and several AR splice variants (AR-Vs) have been reported 

(Paschalis et al. 2018). Aberrant splicing can uphold AR signaling by, for instance, 

production of AR isoforms that work independently of circulating androgens. One AR-V 

working by such mechanism is the splice variant AR-V7, which is the most clinically 

significant of all 20 or so AR-Vs identified (Antonarakis et al. 2016; Paschalis et al. 

2018; Olender & Lee 2019). AR-V7 has been shown to increase risk of relapse and 

correlates with worse prognosis. AR-V7 is significantly upregulated in CRPC tissue, as 

well as bone metastatic tissue, a proven by Hörnberg et al. (2011). Consequently, it 

poses a potential biomarker for the disease. AR-V7 is a result of premature 

polyadenylation and alternative splice site selection near exon 3, which lead to cryptic 

exon 3 inclusion and a truncated protein product (Paschalis et al. 2018; Olender & Lee 

2019). This truncated AR does not contain a ligand-binding domain needed for 

androgen binding, which eventually leads to androgen-independent activation (McCrea 

et al. 2011; Antonarakis et al. 2016; Olender & Lee 2019). Several regulatory 

mechanisms for AR-V7 expression have been proposed (Paschalis et al. 2018). 

Increased expression of AR-V7 is the result of increased AR expression and decreased 

AR signaling, of which both are achieved by ADT (Antonarakis et al. 2016). Hence, 

ADT indirectly leads to increased production of AR-V7, which then contributes to 
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resistance. The functional role of splice variant AR-V7 is yet to be discovered 

(Paschalis et al. 2018).  

Clinically significant AR splice variants are insensitive to antiandrogen therapies. This 

is due to absence of the aforementioned ligand-binding domain, which acts as the 

target of such therapies (Paschalis et al. 2018). Following from this, it ought to be 

beneficial to develop treatments targeting other domains of the AR, which have been 

proven to be sustained in AR-Vs as well (Antonarakis et al. 2016). Additionally, splicing 

factors have been identified that favor production of AR-V7, and these could potentially 

be used as therapeutic targets (McCrea et al. 2011). 

Other genes with splice variants associated with PrCa include FGFR2, Bcl-x, KLF6, 

CLK1 and VEGF, to mention a few (Rajan et al. 2009; Olender & Lee 2019). KLF6 

(Kruppel-like Factor 6) for instance has a splice variant called KLF6-SV1 which has 

been associated with increased metastasis and poorer survival in men with PrCa 

(Narla et al. 2008). KLF6 itself is a tumor suppressor, whereas splice variant KLF6-SV1 

possesses oncogenic properties. KLF6-SV1 is a result of alternative 5’ss selection in 

exon 2 (Rajan et al. 2009). Narla et al. (2008) showed that the variant is overexpressed 

in PrCa and even more so in metastatic tissue. They tested the significance of 

KLF6-SV1 in respect to PrCa progression and metastasis by inhibition with RNAi and 

found that tumor growth was suppressed. This suggests that KFL6-SV1 could prove to 

be a potential therapeutic target.  

 

1.3.5 Studying AS 

The Human Gene Mutation Database estimates the proportion of splicing mutations out 

of all mutations in the genome to be approximately 9 %. Abramowicz and Gos (2018) 

point out that this estimate might be greatly underestimated since identifying splicing 

mutations, especially by only using DNA sequencing, is challenging. What makes 

studying aberrant splicing even more difficult is the tissue-specificity of splicing (Tsai et 

al. 2015). 

Several programs and bioinformatic algorithms have been devised to predict the effect 

of a mutation or other genomic alteration on splicing (Di Giacomo et al. 2013; 

Abramowicz & Gos 2018). Due to the predictive nature of these in silico methods, as 

well as their tendency to often mispredict splicing variants’ effects (Di Giacomo et al. 

2013), in vitro functional studies are necessary. Predictive algorithms are important 
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nevertheless for guiding towards further analysis of variants that are likely clinically 

significant (Spurdle et al. 2008).  

At the time, the most efficient way to determine the effect of a mutation on splicing is to 

use reverse transcription PCR (RT-PCR) on RNA extracted from patient tissue or cell 

line and sequence the resulting cDNA. RT-PCR provides a relatively reliable and fast 

method for determining the splicing landscape of a tissue. It allows the detection of all 

transcript variants expressed in the tissue. A downside of direct RNA analysis by RT-

PCR is the possibility of NMD, however. (Abramowicz & Gos 2018). Additionally, RNA 

is often not readily available, and so other methods have been devised (Spurdle et al. 

2008). 

Another method for examining splice variants is by microarrays designed specifically 

for detection of splicing changes. Microarrays rely on probes which bind specific 

fragments of DNA or RNA. This hybridization emits a signal which is then measured, 

and which reflects the relative expression of each fragment. Splicing-specific arrays 

differ from conventional microarrays in that they are designed to bind all exons (exon 

arrays) or exon junctions (exon junction array) (Rajan et al. 2009), or both (Fehlbaum 

et al. 2005). This allows direct measurement of exon expression and the full range of 

transcripts. These so-called splice-arrays can be designed to measure AS events of all 

kinds, as proven by Fehlbaum et al. (2005). Splice-arrays have drawbacks, such as 

signal variability and the impact of initial amounts of the splice variants in cells, 

especially if low, as pointed out by Rajan et al. (2009). These microarrays are 

developed based on existing knowledge of AS events derived from public databases. A 

major drawback therefore comes from the availability of known AS events, which is 

incomplete to say the least (Pajares et al. 2007). 

Limitations of microarrays can be overcome by mRNA-sequencing (mRNA-Seq) (Rajan 

et al. 2009). At its core, mRNA-Seq involves a high-throughput 

sequencing-by-synthesis approach to generate short cDNA reads from RNA. These 

reads are then aligned with a reference genome sequence. By this method, both 

known and novel splicing events can be identified. The method is, however, sensitive 

to biases emerging from improper cDNA fragmentation (Bainbridge et al. 2006). 

Yet another possibility is to use minigene splicing assays. These come in handy 

especially when RNA from a patient is not available. Aside from obviating the need of 

patient RNA, minigene splicing assays also bring about the benefit of avoiding 

problems brought by NMD and provide a clear picture of a possible causal effect (Di 

Giacomo et al. 2013). The assay relies on genomic DNA and involves amplification of 
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the target region, cloning it to an expression vector, and transfecting the construct to a 

suitable cell line. RNA of transfected cells is then extracted, RT-PCR performed, and 

the resulting cDNA analyzed. Different splicing patterns are generally detected by 

resolving the RT-PCR-products by gel electrophoresis and sequencing the resulting 

fragments. (Bonnet et al. 2008; Di Giacomo et al. 2013). 

Minigene splicing assays allow the comparison of splicing patterns of wild type and 

variant sequences in identical conditions, clarifying the effect of the mutation on 

splicing compared to normal. The target region usually contains the exon and 

surrounding intronic sequences, but larger constructs containing several exons can 

also be made. Minigene assays are not without drawbacks, however. As Spurdle et al. 

(2008) point out, several factors that are present in the gene’s natural habitat, such as 

other genes and cell type-specific elements, which might affect splicing patterns, are 

absent. Additionally, the many steps in the assay generate technical challenges and 

vulnerabilities. These assays are often combined with bioinformatic methods to attain 

reliable results (Spurdle et al. 2008; Abramowicz & Gos 2018). The benefit of this 

combination approach was demonstrated by Di Giacomo et al. (2013) in their paper on 

splicing-affecting BRCA2 exon 7 variants’ prevalence. 

 

1.4 ANO7 

1.4.1 ANO7 and the TMEM16 protein family 

ANO7 (Anoctamin 7, TMEM16G, NGEP [New Gene Expressed in Prostate], D-TMPP 

[Dresden-transmembrane protein of the prostate]) is located in chromosome 2 band 

q37.3 (Kiessling et al. 2005). ANO7 is part of the transmembrane protein 16 (TMEM16) 

protein family, also known as anoctamins (ANOs) (Guo et al. 2021). The TMEM16 

family includes ten homologs (ANO1-10; TMEM16A-K) which all are composed of eight 

transmembrane domains (Das et al. 2008; Kunzelmann et al. 2019). Anoctamins are 

found in all mammals and have various functions in cells: some work as ion channels, 

some as lipid scramblases, while some possess both functions (Guo et al. 2021). For 

example, ANO1 is a Ca2+-activated Cl- channel (Caputo et al. 2008), whereas ANO7 is 

thought to work as a Ca2+-dependent lipid scramblase rather than an ion channel 

(Suzuki et al. 2013), though controversy remains (Guo et al. 2021). Guo et al. (2021) 

hypothesize, that ANO7, like its homolog ANO6, might actually have a dual-function, 

i.e. work as an ion channel as well as a lipid scramblase.  
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Kunzelmann et al. (2019) review the various roles of anoctamins in cells. Some 

anoctamins have been identified to be involved in cell proliferation, but roles of the 

different homologs differ and even contradict. Indeed, some have been identified to be 

involved in cell growth, like ANO1, whereas some in different forms of cell death 

(ANO6). Cell proliferation is, after all, partly regulated by intracellular Ca2+ signals, 

which are regulated by anoctamins that work as Ca2+-regulated ion channels. On the 

other hand, increased Ca2+ levels can also contribute to cell death. Anoctamins have 

been proposed to be involved in cell proliferation by other mechanisms as well, for 

example by working as counter-ion channels. The many proposed mechanisms and 

roles of anoctamins in cells represent the depth of dubiety concerning the TMEM16 

protein family.  

The function of ANO7 is also debated. Marx et al. (2021) proposed that ANO7 has a 

role in dedifferentiation of prostate epithelial cells when expression is reduced, whereas 

Wahlström et al. (submitted manuscript) believe that ANO7 works as a tumor 

suppressor. ANO7 has also been found to affect cell morphology by forming 

aggregates, which was proven by preventing said aggregation by RNAi (Das et al. 

2007). ANO7’s role in vesicle formation, through its scrambling activity (Suzuki et al. 

2013), as with its homolog ANO6, has been suggested as well (Kaikkonen et al. 2020). 

It is evident that the exact function of ANO7 still remains unknown and further research 

is needed. 

It has been ascertained that ANO7 is androgen-dependent. This is supported by the 

fact that among PrCa cell lines, ANO7 transcripts are present only in 

androgen-dependent cells (LNCaP, VCaP, 22Rv1 and MDA PCa 2b cell lines), but not 

in PC-3 nor DU145 cell lines (androgen-independent cell lines) (Bera et al. 2004; 

Kiessling et al. 2005; Das et al. 2007). Kiessling et al. (2005) tested ANO7’s 

androgen-dependence by addition of synthetic androgen to LNCaP cells’ growth 

media. This led to increased expression. ANO7 mRNA levels are, however, quite low in 

LNCaP cells, especially compared to patient tissue samples. 

ANO7 is reportedly expressed as two different length mRNA products, which are a 

result of two splice variants (Bera et al. 2004; Das et al. 2007). Other ANOs have also 

been reported to express alternatively spliced isoforms. ANO1, for example, has been 

shown to exist as at least four different splice variants (Caputo et al. 2008). An ANO6 

splice variant has also been reported and is associated with breast cancer (Dutertre et 

al. 2010). The predicted shorter variant of ANO7, ANO7-S, is encoded by the first four 

exons and is composed of 179 amino acids. However, its existence has not yet been 

proven. The longer variant, ANO7-L, is derived from all 25 exons, and is 933 amino 
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acids long. (Das et al. 2007; Guo et al. 2021). ANO7-S is a consequence of internal 

polyadenylation, which is a result of a polyA-signal downstream of exon 4 (Bera et al. 

2004). Because of this, the fourth and final exon in ANO7-S is longer than the 

corresponding exon in the full-length transcript. Other anoctamins also exhibit shorter 

transcripts (Hartzell et al. 2009).  

Bera et al. (2004) found that the two ANO7 isoforms are localized in different regions in 

prostate tissue: ANO7-L in the plasma membrane and ANO7-S in the cytoplasm. 

Similar results regarding ANO7-L localization were obtained by Mohsenzadegan et al. 

(2013), and Das et al. (2007; 2008) in their subsequent papers. This implies that the 

absence of transmembrane domains in ANO7-S affects the localization of the protein 

product. Das et al. (2007) found ANO7-L to be localized especially at cell:cell contact 

regions in LNCaP cells and suggested that ANO7-L might therefore contribute to 

cell-cell interactions and possibly cell adhesion, which would explain the previously 

mentioned aggregate forming by ANO7.  

 

1.4.2. ANO7 and cancer 

Many TMEM16 genes have been documented to be overexpressed in cancer, making 

them feasible tumor biomarkers (Hartzell et al. 2009; Kunzelmann et al. 2019). Of the 

anoctamins, ANO1 in particular has been largely studied in this regard. It has been 

coined a tumor marker in many cancers, such as pancreatic cancer, prostate cancer, 

breast cancer and lung cancer, to name a few (Kunzelmann et al. 2019). ANO1 is 

significantly upregulated in cancer tissue and is considered a proto-oncogene due to its 

role in cell proliferation.  

ANO7 has also been associated with PrCa susceptibility (Dadaev et al. 2018; 

Kaikkonen et al. 2018). As its original name, NGEP, implies, ANO7 is considered a 

prostate-specific gene. Indeed, many research groups (Bera et al. 2004; Das et al. 

2007; Das et al. 2008; Mohsenzadegan et al. 2015) have found that ANO7 is 

expressed solely in prostate tissue – benign, malignant and normal. Das et al. (2008) 

found ANO7 to be expressed in 91 % of PrCa tissue samples studied, including 

metastatic tissue, whereas Mohsenzadegan et al. (2013) and Kiessling et al. (2005) 

detected ANO7 transcripts in all prostate tissue samples studied. It is notable that 

ANO7 transcripts have been found in some other tissues as well, such as the small 

intestine, colon, liver, and taste buds, as pointed out by Guo et al. (2021), but only in 

trace amounts (Kiessling et al. 2005; Kaikkonen et al. 2018). The almost exclusive 

expression of ANO7 in prostate tissue has made it a promising immunotherapeutic 
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target. Another contributing factor is the fact that ANO7 is expressed on the cell surface 

(Bera et al. 2004; Das et al. 2007; Das et al. 2008; Mohsenzadegan et al. 2013). 

Findings on ANO7 expression levels in PrCa tissue have been contradicting. ANO7 

has been found to be under-expressed in PrCa tissue, and that expression levels have 

an inverse correlation with severity of the disease (Kiessling et al. 2005; Marx et al. 

2021), Gleason score (Jhun et al. 2017), pathologic tumor stage and serum PSA levels 

(Mohsenzadegan et al. 2015). Significant downregulation of ANO7 mRNA expression 

has also been found in metastatic prostate tumor samples compared to primary tumors 

(Chandran et al. 2007). Marx et al. (2021) argue that reduced ANO7 expression levels 

could thus be used to reliably determine the aggressiveness of PrCa and predict poor 

patient prognosis. One research group has, however, found no correlation between 

ANO7 expression levels and tumor grade (Das et al. 2008), and great variability in 

expression levels between individuals has also been documented (Kiessling et al. 

2005). 

Upregulation of ANO7 mRNA expression in PrCa tissue has been reported. Kaikkonen 

et al. (2018) found that ANO7 mRNA levels are increased in PrCa tissue, compared to 

other organs and other cancerous tissue. The group found increased ANO7 expression 

to be correlated with poor prognosis, as opposed to what Marx et al. (2021) argued, 

and to what has previously been reported (see previous paragraph). They did not, 

however, study the difference in expression levels between tumor and normal prostate 

tissue. These conflicting findings regarding ANO7 expression level changes in PrCa 

call for additional research.  

Taken together, if ANO7 were to become an immunotherapeutic target for PrCa, 

treatment should be adjusted for low-grade and high-grade PrCa patients. 

Mohsenzadegan et al. (2013) suggest that patients with more advanced PrCa could 

benefit more from combination therapy, where immunotherapeutic approaches are 

coupled with traditional therapy. ANO7-targeted therapy has been studied to some 

extent already, as briefly reviewed by Guo et al. (2021). Guo et al. (2021) highlight the 

versatile use of monoclonal antibodies (mAbs) that could be developed to target cell 

membrane localized ANO7. ANO7-targeted peptide vaccines have also been 

suggested. For instance, Cereda et al. (2009) managed to generate ANO7-specific T 

cells, capable of lysing ANO7 target cells. Even though ANO7 has great potential in 

terms of PrCa diagnostics and treatment, more research is clearly needed in order to 

determine the feasibility of ANO7 as a diagnostic marker and an immunotherapeutic 

target. 
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1.4.3 ANO7 variants and PrCa 

The variant rs77559646 in exon 4 of ANO7 has been associated with risk of PrCa and 

predisposes to the aggressive form of PrCa (Kaikkonen et al. 2018). It is a G>A 

transition which is located five nucleotides downstream of exon 4. This region is part of 

the unique coding area for ANO7-S, as mentioned by Wahlström et al. (submitted 

manuscript). The variant allele has been shown to result in a missense mutation 

(Arg104His) (Dadaev et al. 2018). The area in question is also part of the 5’ splice 

region of exon 4. The location of variant rs77559646 thus implies that the variant might 

have a dual effect, as pointed out by Wahlström et al. (submitted manuscript). Indeed, 

the variant has been shown to function as a splice site mutation as well. In their study, 

Wahlström et al. (submitted manuscript) found that the variant allele leads to 

dysregulated splicing and consequently to reduced ANO7 protein levels. In 

heterozygote individuals, ANO7 protein levels are still detectable in the apical 

membrane of prostate tissue due to one functioning wild type allele, whereas 

homozygous individuals exhibit close to none protein product apically. 

Splicing dysregulation caused by variant rs77559646 is most likely a consequence of 

inadequate base pairing between splicing machinery and the RNA sequence. The U1 

snRNP is required to bind the 5’ss for splicing to occur normally. In the reference 

sequence, one mismatch is already present at position +4, due to an A>C transition 

relative to the consensus sequence. This mismatch does not, however, disturb regular 

splicing since the splice site is strong enough for proper splicing regardless. An 

additional mismatch is introduced by the variant allele A in position +5. Two 

mismatches then are expected to cause problems with U1 snRNP base pairing. 

Aberrant splicing due to variant rs77559646 leads to an increase in intronic RNA and 

exon 4 skipping (Wahlström et al. submitted manuscript). By comparing the reference 

and variant constructs, the variant has been shown to cause increased intron 3 

expression and reduced splicing of exon 4. The exon definition theory, which states 

that splicing machinery assembly can occur across the exon, rather than intron (De 

Conti et al. 2013), could provide an explanation for why intron 3 splicing is altered as 

well, even though the mutation resides in intron 4. The ‘exon definition’ model applies 

when the exon in question is relatively short and the introns long, as in the case with 

exon 4, and introns 3 and 4. The idea is that communication is favored between splice 

sites with the shortest distance to one another. Additionally, expression of introns 4 and 
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5 were also elevated in carriers of variant rs77559646 (Wahlström et al. submitted 

manuscript). 

Ultimately, the amount of ANO7-L protein decreases in the cell dramatically. This is 

detected at the apical membrane. Since homozygous carriers of the variant exhibit no 

protein product, contrary to non-carriers and heterozygous carriers, it is thought that 

the decrease in ANO7-L amount is associated with risk of aggressive PrCa. When 

examining heterozygotes, Wahlström et al. (submitted manuscript) showed, however, 

that the level of mRNA is not downregulated between reference and variant, which 

implies that NMD is not activated. In fact, Kaikkonen et al. (2018) found that mRNA 

levels of ANO7 were significantly upregulated in prostate tumors of carriers and linked 

to poor overall survival. Wahlström et al. (submitted manuscript) suggest the possibility 

that mutant ANO7 mRNA resides in the nucleus, rather than cytoplasm, where it would 

be subjected to NMD.  

Another variant, rs78154103 (C>G), found in intron 7 has been linked to a cryptic 

splicing event and a decrease in the level of normally spliced ANO7 mRNA, as shown 

by Wahlström et al. (unpublished). The variant is located 15 nt downstream of exon 7 

and is reported to increase the usage of an alternative 5’ss (dinucleotide GC) in intron 

7, located 170 nt downstream of exon 7. Aberrant splicing due to use of the cryptic 

splice donor leads to inclusion of a cryptic exon 7 sequence. The variant is very 

common in the general population (Ensembl genome browser 104 2021) and always 

cooccurs with variant rs77559646. This is not true the other way around, however. 

Unlike variant rs77559646, variant allele rs78154103 has not been associated with 

increased risk of PrCa. 

Transcripts produced by the cryptic splicing event are detectable in homozygous wild 

types (C/C). However, according to RNA-Seq data, homozygous wild type patients 

display fewer splicing events from the cryptic donor site (dPSI [delta percent spliced 

in] = <0.1) than homozygous for the variant allele (G/G) (dPSI = >0.2). The difference 

between wild type and variant is detectable but subtle when tested experimentally, as 

previously shown by Wahlström et al. (unpublished) with a minigene splicing assay. 

Wahlström et al. (unpublished) hypothesize that the cause of cryptic splicing due to 

variant rs78154103 is through changes in secondary structure of ANO7. Altered RNA 

secondary structures are known to affect mRNA splicing, mainly by preventing the 

association of RBPs (De Conti et al. 2013). The exon 7-exon 8 region is believed to 

form a stem-loop structure, which in turn could be disturbed by variant rs78154103. 

Alterations in a stem-loop structure can lead to changes in binding of a splicing 
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regulatory protein to the 5’ss if it is located in the stem, as has previously been proven 

to be the case in intron 10 of Tau protein (Ray et al. 2011). Upon binding to the 5’ss, 

the protein stabilizes the stem-loop structure, which then prevents binding of U1 

snRNP to the 5’ss. Following from this, the splicing machinery rather uses a cryptic 

splice donor that is accessible, as in this case would be the splice site further 

downstream of intron 7, ultimately leading to partial intron 7 retention.  

In a previous study by Wahlström et al. (unpublished), the effect of variant rs78154103 

on the usage of cryptic splice donor in intron 7 was tested using a minigene splicing 

assay. A construct which contained exon 7 and only a segment of intron 7 coupled with 

vector intron was designed and used as a minigene. Difference in the level of normally 

spliced ANO7 mRNA between the reference and variant constructs was found to be 

small, yet statistically significant. Wahlström et al. (unpublished) also studied the 

variant’s effect on splicing by using intron 7-specific primers and detected five different 

splice variants, which were more strongly expressed in the variant construct. 

 

1.5 Aims of the study 

As mentioned earlier, it is of great importance to identify genes, variants, and 

mechanisms of action associated with disease development, progression, and 

resistance. Since aberrant splicing contributes enormously to many disease types, 

including cancer, it is pivotal to study and understand its causes and consequences. 

Several genes with aberrant splice variants exhibiting oncogenic properties, and 

alterations in transcript isoform abundances have been implicated in many cancer 

types, such as prostate cancer. The search is ongoing and provides novel diagnostic 

and therapeutic opportunities.  

Previously, the inclusion of exon 4 has been attempted to be restored by correcting the 

variant allele rs77559646. 22Rv1 cell line, a natural carrier of variant rs77559646,  was 

subjected to CRISPR-Cas9 DNA base-editing, by which the variant allele A was 

converted back to G. In the process, a neighboring A allele in position +3 relative to the 

exon 4-intron 3 boundary was also converted to G. This study aims to determine 

whether this correction together with the unintended transition restores normal splicing 

of ANO7. The new splice donor sequence is expected to be strong enough for proper 

U1 binding and restore normal splicing, which would be seen as a decrease in both 

exon 4 skipping and intron 3 inclusion. This hypothesis is supported by the fact that in 

the consensus sequence, the allele in position +3 is a pseudo-uridine nucleotide (Ψ), 

which is capable of forming a base pair with either purine allele, G or A. To test this, 
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RT-PCR will be performed for clones containing the variant and for clones with the 

corrected allele(s) to see for differences in intron 3 expression levels. Additionally, a 

minigene splicing assay will be conducted for a construct containing the base-edited 

sequence to see the overall change in exon 4 skipping relative to a reference and a 

variant construct.  

As mentioned, the effect of variant rs78154103 on the usage of cryptic splice donor in 

intron 7 was previously tested using a minigene splicing assay, with a construct 

containing exon 7 and a synthetic intron 7, comprised of vector and endogenous intron 

7. In this study, a longer construct will be designed and examined using a minigene 

splicing assay. Here, the minigene will contain the entire intron 7, along with 

surrounding exons. The use of a whole intron in the minigene rather than only a 

segment allows the RNA to form secondary structures in a similar fashion as 

endogenously, revealing secondary structure modification’s possible contribution to 

aberrant splicing by variant rs78154103. An additional benefit from using the whole 

intron comes from avoiding effects caused by accessory vector intron. The minigene 

splicing assay will be performed using vector- and gene-specific primers. 
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2. Materials and methods 

2.1 Intron 3 expression level determination 

For the evaluation of intron 3 expression levels, CRISPR-Cas9 base-edited 22Rv1 cell 

line samples, kindly provided by PhD Christopher Löf, were used. Of the clones, five 

had undergone no change (heterozygous for variant rs77559646), three had 

undergone correction (+3 G/G and +5 G/G), and one had corrected rs77559646 as well 

as one of the bystander alleles (+3 A/G and +5 G/G). The clones had previously been 

stored in 1 ml volumes of TRIsure™ (Meridian Bioscience) at -80ºC. Total RNA was 

extracted according to TRIsure extraction protocol, with an additional chloroform 

extraction, and eluated into 40 µl of nuclease-free water. Total RNA was quantified 

using UV spectrophotometry and samples then stored at -80ºC until cDNA synthesis. 

Due to inadequate RNA concentrations, two samples were discarded, and seven 

clones chosen for further analysis. RNA quality of all remaining clones was measured 

using 2200 TapeStation System (Agilent Technologies). 

cDNA conversion from RNA samples was performed using Maxima H Minus First 

Strand cDNA Synthesis Kit, with dsDNase (Thermo Fisher Scientific), according to 

protocol, including the additional step 4 of dsDNase inactivation using 10 mM DTT. 

1 µg of total RNA was used for a 20 µl reaction. Reverse transcriptase minus (RT-) 

negative controls were also prepared for two of the randomly chosen cDNA syntheses 

to assess possible genomic DNA contamination. The primers used for first strand 

cDNA synthesis were oligo(dT) and random hexamer primers, 0.5 µl each per reaction, 

both of which were supplied by the kit. Since two primers were used, deviating from 

manufacturer’s protocol, the incubation in step 4 of first strand synthesis was modified 

to be 10 min at 25ºC, followed by 30 min at 50ºC. All cDNA samples were stored 

at -80ºC. 

PCR was performed using AmpliTaq Gold® 360 Master Mix (Applied Biosystems) and 

the following cycling conditions: initial denaturation at 95ºC for 10 min, 40 cycles of 

95ºC for 30 s, 58ºC for 30 s, and 72ºC for 1 min 30 s, and final extension at 72ºC for 

7 min. PCR reactions were made to 25 µl volumes according to manufacturer’s 

protocol, with 2 µl of first strand cDNA synthesis product, corresponding to 100 ng total 

RNA, and 0.5 µl per 10 µM primer. Two sets of primers were used, in separate PCR 

reactions. The first pair of primers, ANO7_i3_F1 and ANO7_i3_R1 (see Appendix 1) 

are designed to amplify a 401 bp region in intron 3. The second pair of primers, 

ANO7_i3_F2 and ANO7_i3_R2 (Appendix 1) are designed to amplify a 1154 bp region 

in intron 3. The resulting PCR products were run on 1.2 % agarose gels and 
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photographed using the ChemiDoc MP Imaging System (Bio-Rad). An additional, third 

PCR reaction was also made using actin amplifying primers ACTB-221-F and 

ACTB-221-R (Appendix 1), to determine the integrity of the cDNA. The cycling 

conditions were similar, with the exception of annealing at 52ºC. PCR products were 

similarly resolved on an agarose gel and photographed. 

All fragments from primer pair 2 PCR were excised and purified. DNA extraction was 

performed using NucleoSpin Gel and PCR Clean-up Mini kit for gel extraction and PCR 

clean up (Macherey-Nagel). Purified DNA was eluated into 15 µl and concentrations 

measured using UV spectrophotometry. DNA was stored in -20ºC until Sanger 

sequencing (Eurofins Genomics). 

Sequencing results led to additional cloning of the purified DNA using the StrataClone 

PCR Cloning Kit (Agilent). Manufacturer’s protocol was followed, starting from ligation 

(step 4 onwards). 2 µl of the cloning reaction mixture was used for transformation to 

competent cells (supplied by the kit). Deviating from manufacturer’s protocol, 10 µl was 

plated on the other plate, in a total volume of 110 µl with LB medium, and rest of the 

transformation mixture on the other, in a 100 µl total volume after centrifugation. 

Multiple single, white colonies were picked and returned to +37ºC overnight. Colony 

PCR was performed the next day using AmpliTaq Gold® 360 Master Mix (Applied 

Biosystems). PCR reactions were made to 30 µl total volumes, with 15 µl AmpliTaq 

master mix, 0.6 µl of 10 µM primers each (T3 and T7; Appendix 1), and 13.8 µl 

nuclease-free water. Small amounts of bacterial colony mass from the plates were 

used as template. The following cycling conditions were used: initial denaturation at 

95°C for 10 min, 35 cycles of 95°C for 30 s, 52°C for 30 s, 72°C for 60 s, and final 

extension at 72°C for 7 min. PCR products were visualized on an agarose gel and 

purified using NucleoSpin Gel and PCR Clean-up Mini kit for gel extraction and PCR 

clean up (Macherey-Nagel). Concentrations were then measured, and the purified DNA 

stored in -20ºC until Sanger sequencing (Eurofins Genomics). 

A miniprep was made from previously prepared bacterial colonies of one of the 

samples. The miniprep was prepared using NucleoSpin Plasmid EasyPure 

(Macherey-Nagel), according to manufacturer’s protocol. Concentration of the miniprep 

was measured and the sample subjected to Sanger sequencing (Eurofins Genomics). 

The obtained sequencing results were analyzed using various programs. Sequence 

quality was first confirmed using BioEdit (Hall 1999). The Basic Local Alignment Search 

Tool (BLAST) (NCBI) was used to confirm that all sequences originated from ANO7 by 

performing a BLAST search against the whole human genome. Further BLAST 
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analyses were performed for some sequences. Additionally, Pairwise Sequence 

Alignment tools (EMBOSS Water) as well as Multiple Sequence Alignment tools 

(Kalign, MAFFT and T-coffee) were utilized. All tools are provided by EMBL-EBI. To 

obtain sensible results, advanced option ‘gap open penalty’ was modified to be high 

and ‘gap extension penalty’ to be low. Moreover, the intron 3 reference sequence was 

subjected to RepeatMasker analysis. Results were visualized using SnapGene 

(Insightful Science; available at snapgene.com). 

 

2.2 Plasmid construction 

Genomic DNA from base-edited clones of the cell line 22Rv1 was used for plasmid 

construction. For minigene splicing assay of exon 4, a CRISPR-Cas9 base-edited 

clone in which a correction of rs77559646 (+3 G/G and +5 G/G) had occurred, was 

used as template. For splicing assay of intron 7, an unedited clone heterozygous for 

rs77559646, was used as template. 

 

2.2.1 Exon 4 constructs 

Primers for amplification of exon 4 and surrounding intronic sequences had previously 

been designed by PhD Gudrun Wahlström (Wahlström et al. submitted manuscript). 

The primers ANO7-ex4-F and ANO7-ex4-R (Appendix 1) had been designed to amplify 

an 806 bp region, consisting of 367 bp of intron 3, the entirety of exon 4 (143 bp) and 

296 bp of intron 4, and flanked restriction sites for EcoRI and BamHI. PCR was 

performed using Phusion® Hot Start Flex DNA Polymerase (New England BioLabs 

Inc.) in 50 µl total volume and according to the protocol provided by manufacturer. 1 µl 

of genomic DNA of unknown concentration in DNAreleasy Advance (Nippon Genetics) 

was used for the reactions. The cycling conditions were the following: initial 

denaturation at 98ºC for 30 s, 35 cycles of 98ºC for 10 s, 60ºC/65ºC for 15 s, and 72ºC 

for 15 s, and final extension at 72ºC for 5 min. The resulting PCR fragments were 

resolved on a 1 % agarose gel. After this, PCR products were purified using 

NucleoSpin Gel and PCR Clean-up Mini kit for gel extraction and PCR clean up 

(Macherey-Nagel). Purified DNA was eluated into 30 µl and concentrations measured, 

after which DNA was stored in -20ºC until cloning. 

The amplified region was cloned into the plasmid pSPL3 by first performing digestions 

for the extracted DNA and plasmid using 5 µl CutSmart™ -buffer (NewEngland 
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BioLabs) and restriction enzymes EcoRI and SacI (1 µl each). For DNA, the whole 

remaining volume was used, and for pSPL3 plasmid, 0.5 µl DNA, corresponding to 

1.7 µg, was used. Reactions were filled to 50 µl with MQ water. The digestion reactions 

were incubated at 37ºC for 1 h. After incubation, digestion products were resolved on a 

0.8 % agarose gel. Correct sized fragments were excised and purified using the 

above-mentioned kit, and eluated into 15 µl. 

Ligation of insert to vector was done using 50 ng of vector and the Rapid DNA Ligation 

Kit (Thermo Fisher Scientific), according to manufacturer’s protocol. Vector and insert 

volumes were calculated using the following formula: 

 
 

The result was further multiplied by x3 to achieve a 3:1 insert:vector ratio. Ligation 

reactions were filled up to a final volume of 20 µl with Milli-Q water. A control reaction 

was also made, which did not contain an insert. 

The plasmids were transformed into NEB 5-alpha Competent E. coli cells (NewEngland 

BioLabs), using 5 µl ligation product per 50 µl competent cells. The cells were plated 

on two agar plates containing ampicillin (100 µg / ml), so that the first plate contained 

100 µl of the transformation mixture and the second contained rest of the mixture. After 

growth at +37ºC overnight, two colonies were picked from the 100 µl plate for further 

growth in 2 ml LB-medium containing ampicillin (100 µg / ml). These bacterial cultures 

were then grown overnight at 37°C and used to make minipreps the following day using 

NucleoSpin Plasmid EasyPure (Macherey-Nagel), according to manufacturer’s 

protocol. Proper insertion of the amplified region was confirmed by linearization using 

5 µl miniprep and restriction enzymes EcoRI and BamHI (1 µl each), and 5 µl 

FastDigest buffer (Thermo Fisher Scientific), to a total volume of 20 µl. Digestion 

reactions were incubated at 37ºC for 15 min, after which they were run on 1 % agarose 

gels to ensure correct insertion. 

After confirmation of correct insertion, pure cultures were made from both clones. After 

growth overnight at 37ºC on agar plates containing ampicillin (100 µg / ml), further 

cultures were made with 5 ml LB-medium containing ampicillin (100 µg / ml). Bacterial 

cultures were returned to 37°C and incubated overnight by shaking at 225 rpm. The 

next day, glycerol stocks with 60 % glycerol (1/3 of total volume) were prepared from 

the bacterial cultures to final volumes of 1.8 ml. Both clones were done in duplicates 

and stored in -80ºC. 
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After all inserts were confirmed using BioEdit (Hall 1999) by aligning with the desired 

plasmid construct, midipreps were prepared to ensure sufficiently pure DNA for 

transfection. Some glycerol stock, from a sample proven correct by sequencing, was 

scraped off the top and suspended into 3 ml LB-medium containing ampicillin 

(100 µg / ml) and incubated for six hours at 37 °C by shaking at 225 rpm. Absorbance 

was measured using Jenway™ 7200 Visible Scanning Spectrophotometer (Jenway). 

Based on the absorbance values, proper amounts of the cultures were transferred to 

100 ml cultures of LB-medium containing ampicillin (100 µg / ml) and left on overnight 

growth as above. The next day, absorbance was measured similarly.  Midipreps were 

then prepared using NucleoBond Xtra Midi Plus kit (Macherey-Nagel) by following the 

provided protocol. DNA was eluated into 300 µl and concentrations measured. For the 

minigene splicing assay, dilutions with concentration of 1 µg / µl were made. To further 

ensure that the correct plasmid was obtained, a test digestion was done using 0.5 µl of 

midiprep, corresponding to 1 µg DNA, 2 µl FastDigest buffer, and restriction enzymes 

EcoRI and BamHI (1 µl each), to a total volume of 20 µl. Digestion reactions were 

incubated at +37ºC for 15 min after which they were visualized on a 1 % agarose gel. 

DNA was stored in -20ºC. 

 

2.2.2 Intron 7 constructs 

Intron 7 plasmid construction was performed for the most part as exon 4 plasmid 

construction (see chapter 2.2.1). For intron 7 plasmid constructs, primers were 

designed with the help of Primer3Plus (bioinformatics.nl) and Primer-BLAST (NCBI) 

tools. The primers, ANO7-in6-3-F and ANO7-in8-1-R (Appendix 1) were designed to 

amplify a 1523 bp region containing exon 7, intron 7 and exon 8, as well as 210 bp of 

upstream (intron 6) and 266 bp of downstream (intron 8) intronic sequences. The 

primers included sites for EcoRI and EagI. As with construction of exon 4 plasmid 

constructs, PCR was performed using Phusion® Hot Start Flex DNA Polymerase (New 

England BioLabs Inc.), following manufacturer’s protocol. The cycling conditions 

differed from exon 4 plasmid construction and were the following: initial denaturation at 

98ºC for 30 s, 35 cycles of 98ºC for 10 s, 65ºC for 15 s, and 72ºC for 30 s, and final 

extension at 72ºC for 5 min. Gel electrophoresis and DNA extraction were performed 

as in Chapter 2.2.1. 

Cloning of the amplified region to the plasmid pSPL3 was done using restriction 

enzymes EcoRI and EagI, and CutSmart™ -buffer (New England BioLabs Inc.). The 

reactions were incubated at 37ºC for 1 h. For DNA, all remaining template was used, 
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and for pSPL3 plasmid, 10 µl DNA was used (standard miniprep, concentration 

unknown). Reactions were filled to 50 µl with Milli-Q water. The following steps were 

done as in chapter 2.2.1, with the exception of picking six colonies for the 2 ml bacterial 

cultures since intron 7 constructs are heterozygous, and so to assure that both the 

variant and reference were picked. Additionally, restriction enzyme EagI was used 

instead of BamHI in test digestions of mini- and midipreps. Midipreps were made from 

two construct’s glycerol stocks, proven correct by sequencing. Midipreps of intron 7 

constructs were eluated into 400 µl, instead of 300 µl, and stored in -20ºC. 

 

2.3 Minigene splicing assay 

Transfection of plasmid constructs was carried out on mycoplasma-negative COS-7 

cells. The cells were grown in DMEM (Lonza; exp. June 2020), supplemented with 

10 % FBS (Biowest), 100 units/ml penicillin and 100 µg/ml streptomycin (Lonza), and 

2 mM UltraGlutamineTM I Supplement (Lonza). The cells were cultured in T75-flasks 

and grown in 5 % CO2 conditions at +37ºC. Cells were splitted twice a week and used 

within 15 passages since thawing. 

COS-7 cells were plated onto 6-well plates with two cell amounts (1.5 x 105 cells / well 

and 2.25 x 105 cells / well; 5 ml medium / well) and transferred back to 5 % CO2 

conditions at +37ºC overnight. Plates with confluency best corresponding to that 

recommended by the transfection kit’s protocol were selected for transfections the next 

day. The cells were transfected with 2.5 µg DNA and 7.5 µl Lipofectamine 3000 

Reagent (Thermo Fisher Scientific; exp. March 2020), according to manufacturer’s 

protocol. The previously prepared exon 4 construct (Ex4-5), as well as two exon 4 

constructs provided by PhD Gudrun Wahlström containing the reference (Ex4-2) and 

the variant sequences (Ex4-4), in addition to intron 7 constructs (In7-1 and In7-2) were 

used as DNA to be transfected. All five constructs were done in duplicates. 

Additionally, a GFP-positive control was prepared. After incubation at 37ºC overnight, 

cells were inspected using the EVOS M5000 Imaging System (Thermo Fisher 

Scientific) to determine transfection efficiency by measuring GFP fluorescence. The 

transfected cells were then lysed in TRIsure (Meridian Bioscience) in a 1 ml volume 

and stored at -80°C until RNA extraction. RNA isolation was performed following 

manufacturer’s instructions, with an additional chloroform extraction. RNA was eluated 

into 40 µl nuclease-free water, concentrations measured, and stored in -80ºC until 

cDNA conversion. 
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One reference intron 7 construct sample in assay 3 had an inadequate concentration, 

and so an additional RNA precipitation was performed for it and its duplicate. First, 

0.1 volumes of 3 M NaAc was added and the samples vortexed. Then, 2.5 volumes of 

ice-cold 99 % EtOH was added, and the samples incubated in -20ºC for 7 h. After 

incubation, the precipitate was centrifuged down with a speed of 15,000 x g at +4ºC for 

10 minutes. The supernatant was removed and 500 µl of cold 70 % EtOH added on the 

pellet. The samples were vortexed briefly and the centrifugation step repeated. The 

supernatant was again removed carefully, after which the pellet was let to air-dry for 

approximately 10 minutes at room temperature. The pellet was then dissolved into 

15 µl of nuclease-free water, concentrations measured, and RNA stored in -80ºC. 

For cDNA synthesis, 1 µg of total RNA was used. Reverse transcription was performed 

using an oligo(dT) primer and the Maxima H Minus First Strand cDNA Synthesis Kit, 

with dsDNase (Thermo Fisher Scientific) into 20 µl reaction volumes. PCR was 

performed using AmpliTaq Gold® 360 Master Mix (Applied Biosystems). Primers 

dUSD2 and dUSA4 (Appendix 1) were in 10 µM concentrations and used in 0.5 µl 

volumes. The total volume per PCR reaction was 25 µl and the cycling conditions were 

as follows: initial denaturation at 95ºC for 10 min, 40 cycles of 95ºC for 30 s, 60ºC for 

30 s, and 72ºC for 30 s, and final extension at 72ºC for 7 min. The resulting PCR 

products were separated on a 1.2 % agarose gel. The minigene splicing assay protocol 

was performed a total of three times. 

From one of the intron 7 reference constructs of the second splicing assay, fragments 

were excised and extracted using NucleoSpin Gel and PCR Clean-up Mini kit for gel 

extraction and PCR clean up (Macherey-Nagel). The purified DNA was eluated into 

15 µl and concentrations measured. DNA was then stored in -20ºC until Sanger 

sequencing (Eurofins Genomics). 

The sequencing results were first analyzed using BioEdit (Hall 1999) to determine 

sequence quality. After this, a BLAST search using the ‘align two sequences’ feature of 

BLAST against the minigene construct of intron 7 was done. The results were then 

visualized using SnapGene (Insightful Science; available at snapgene.com). 

Intensities of bands in splicing assay gel photos were measured using ImageJ software 

(Schneider et al. 2012). From these, means and standard deviations between all 

splicing assays were calculated using Excel. Statistical analysis of differences between 

means was performed using the analysis of variance (ANOVA) test (SAS Enterprise 

7.1 software). Graphs, in which means were represented as fractions, were 

constructed using Excel. 
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Splice site strengths of the different exon 4 constructs, as well as intron 7 constructs’ 

canonical and cryptic splice sites were determined using the maximum entropy model 

(MAXENT). The algorithm scores splice sites up to a score of 14. 

 

2.3.1 Intron 7-specific RT-PCR 

cDNA of intron 7 constructs of each splicing assay were used as template. PCR was 

performed using AmpliTaq Gold® 360 Master Mix (Applied Biosystems) and primers 

ANO7-crex7-3-F and dUSA4-C (Appendix 1), provided by PhD Gudrun Wahlström. The 

primers amplify a 1779 bp region of the intron 7 plasmid construct containing 758 bp of 

intron 7, exon 8 (111 bp), 286 bp of intron 8, as well as 624 bp of vector. PCR reactions 

were made according to manufacturer’s protocol, with 2 µl of first strand cDNA 

synthesis product, corresponding to 100 ng total RNA, and 0.5 µl per 10 µM primer in 

25 µl total volumes. The cycling conditions were as follows: initial denaturation at 95ºC 

for 10 min, 35 cycles of 95ºC for 30 s, 61ºC for 30 s, and 72ºC for 20 s, and final 

extension at 72ºC for 7 min. PCR products were resolved on a 1.5 % agarose gel and 

the resulting fragments were excised from one lane only. DNA was extracted using the 

NucleoSpin Gel and PCR Clean-up Mini kit for gel extraction and PCR clean up 

(Macherey-Nagel). DNA was eluated into 15 µl and stored in -20ºC until Sanger 

sequencing (Eurofins Genomics). 

Some samples had to be subjected to additional cloning using the StrataClone PCR 

Cloning Kit (Agilent). The whole procedure was performed as in Chapter 2.1. Analysis 

of sequencing results was performed as in Chapter 2.3. 
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3. Results 

In this study the impact of an unintentional conversion, a byproduct of base-editing 

conducted to correct variant allele rs77559646, on ANO7 splicing was examined and 

characterized. More specifically, the effect of the correction(s) was studied in terms of 

intron 3 expression level changes and the extent of exon 4 inclusion. First, the change 

in intron 3 retention was studied by RT-PCR conducted on clones that had undergone 

base-editing successfully and to those still containing the variant. Second, the change 

in exon skipping was examined by conducting a minigene splicing assay. 

Another objective of this thesis was to determine the effect of variant rs78154103 on 

ANO7 splicing. The splicing pattern of the surrounding region was studied by 

conducting a minigene splicing assay. Vector-specific as well as gene-specific primers 

were used. 

 

3.1 Intron 3 expression level determination 

The first part of this study was to evaluate the level of intron 3 expression between the 

different 22Rv1 cell line clones. RNA extraction and cDNA conversion were first 

performed to all seven clones. Specific regions in intron 3 were then amplified by 

RT-PCR using two different primer pairs, and the PCR products resolved on an 

agarose gel (Fig. 1). The first set of primers were designed to amplify a 401 bp region 

in intron 3, which five samples were observed to express, as seen in Figure 1a. An 

additional faint band, approximately 200 bp in size, was also observed in samples A10 

and B7. The second set of primers were to amplify a 1154 bp region in intron 3. 

Figure 1b shows that five clones had expressed the correct sized fragment, yet two 

additional bands were also observed in each lane. Altogether only five out of seven 

clones exhibited intron 3 expression. RIN values revealed that the RNA integrity of the 

two clones (A4 and A5), which failed to express intron 3, was poor (RIN = 5.3 and 

RIN = 5.4). RIN-values of the other five clones were decent (RIN = >8). Overall, the 

goal was to seek major differences in intron 3 expression between the different base-

edited clones. However, results revealed that the extent of endogenous intron 3 

expression did not differ drastically between clones (Fig. 1). 
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Figure 1. Expression of intron 3 in clones subjected to RT-PCR, visualized on a 1.2 % agarose 

gel. RT- = Reverse transcriptase minus negative control. 1 kb molecular weight marker was 

used as ladder. a. PCR products of primer pair 1 RT-PCR. Lane 5 (A12, RT-) most likely 

contains runoff from neighboring well. b. PCR products of primer pair 2 RT-PCR. Blue star 

denotes SEQ29. Red stars denote SEQ30. Yellow stars denote SEQ31. Orange stars denote 

SEQ32. 

All denoted fragments from the gel shown in Figure 1b were extracted and purified. 

Corresponding fragments from different clones were pooled together (see Fig. 1b 

cutline). Reamplifications were performed to some of the fragments to obtain adequate 

concentrations. Furthermore, unsatisfactory sequencing results from the first rounds of 

sequencing led to cloning of the fragments, as well as miniprep construction of one of 

the samples. After these, a total of five samples (SEQ29-3, SEQ29-5, and SEQ30—32) 

were subjected to sequencing analysis. Reamplified fragments, from which initial 

sequencing was performed, are seen in Figure 2a and fragments obtained from colony 

PCR, and from which final sequencing was conducted, are seen in Figure 2b and 2c. 

SEQ32 was sequenced directly from the plasmid, due to unsuccessful colony PCR. 

 

 

 

 

 

b. 

a. 
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Figure 2. Reamplification and colony PCR products visualized on agarose gels. 1 kb molecular 

weight marker was used as ladder. a. Reamplified fragments SEQ29, SEQ31 and SEQ32 on a 

1.2 % agarose gel. b. Colony PCR products of SEQ31 on a 1.5 % agarose gel. c. Colony PCR 

products of SEQ29 and SEQ30 on a 0.8 % agarose gel. Due to size differences, two SEQ29 

fragments were excised (SEQ29-3 and SEQ29-5). 

The anticipated sequence lengths and actual sequencing results are provided in 

Table 1.  Sequencing revealed that each sample contained a region of intron 3, but four 

out of five also exhibited deletions. What is more, two samples, SEQ29-3 and SEQ31, 

were identical in sequence, despite size difference in the original gel (Fig. 1b). 

SEQ29-3 is probably a consequence of contamination, which had most likely occurred 

midst gel extraction of reamplified PCR products (Fig. 2a). Additionally, two samples 

(SEQ29-5 and SEQ30) were identical in length, as predicted (Fig. 1b). SEQ32 

comprised the entire desired intron 3 sequence as proven by a BLAST search, apart 

from some individual variations (see next chapter). Taken together, multiple different 

transcripts were produced from the intron 3 sequence. Furthermore, all intron 3 

fragments sequenced were in length what was anticipated originally, as evident from 

Table 1. 

 

 

 

 

a. b. 

c. 
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Table 1. Samples subjected to sequencing from intron 3 RT-PCR.  

Sequence Origin Primers Fragment length in gel Fragment length 

obtained by 

sequencing 

SEQ29 Primer pair 2 

RT-PCR 

ANO7_i3_F2 

and _R2 

700 bp (original) See SEQ29-3, 

SEQ29-5 below 

SEQ29-3 Primer pair 2 

RT-PCR 

ANO7_i3_F2 

and _R2 

800 bp (after cloning)* 577 bp 

SEQ29-5 Primer pair 2 

RT-PCR 

ANO7_i3_F2 

and _R2 

1000 bp (after cloning)* 724 bp 

SEQ30 Primer pair 2 

RT-PCR 

ANO7_i3_F2 

and _R2 

700 bp (original) / 1000 bp (after 

cloning)* 

715 bp 

SEQ31 Primer pair 2 

RT-PCR 

ANO7_i3_F2 

and _R2 

600 bp (original) / 900 bp (after 

cloning)* 

577 bp 

SEQ32 Primer pair 2 

RT-PCR 

ANO7_i3_F2 

and _R2 

1200 bp 1149 bp 

   
* = 192 bp cloning vector included 

 

 

3.1.1. Defining sequence deletions 

All sequencing results were BLAST searched against the human genome as well as 

intron 3 reference sequence. Search results revealed multiple matches in the genome. 

Therefore, repeat elements in intron 3 were deduced by RepeatMasker analysis. The 

repeat elements are depicted in Figure 3. Figure 3 also illustrates the locations of 

deleted regions of the four samples, compared to the reference sequence of intron 3 

and the intron’s repeat elements. The cut sites in each fragment were observed to be 

located in the AluSx as well as the AluY repeat sequences of intron 3. This was also 

detected when conducting a MAFFT analysis for all sequences, aligned against the 

intron 3 reference sequence (Appendix 2). To be more precise, the first cut site in each 

fragment was found in the former, and the second cut site in the latter repeat element. 

The deletion in samples SEQ29-3 and SEQ31 was 577 bp in length, whereas SEQ29-5 

contained a 430 bp gap, and SEQ30 a 439 bp gap. SEQ29-3 and SEQ31 appeared to 

be identical, most likely due to contamination during extraction from gel, as mentioned 

above. It is notable that SEQ29-3/SEQ31 and SEQ30 contained a short identical 

sequence at both cut sites, making it hard to determine the exact location of the cut. No 

common splice sites were found at the cut sites.  
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Figure 3. A schematic representation of the ANO7 intron 3 sequence, including repeat 

elements and locations of sequence deletions. The repeat elements’ locations, denoted by 

green and orange arrows, were determined using RepeatMasker. Turquoise arrows denote 

positions of primers used in RT-PCR. 

BLAST searches and other analyses revealed that SEQ32 gave two matches, i.e. 

demonstrated high sequence similarity to two regions. Additionally, SEQ32 contained 

multiple mismatches (single nucleotide deviations) with the reference intron 3 

sequence. Thus, Alu elements of SEQ32 were further analyzed (Appendix 3). Due to 

the number of mismatches in the first repeat sequence of SEQ32, the SEQ32 

sequence was separately BLAST searched against the AluSx sequence of reference 

intron 3. This analysis revealed that the beginning of the sequence was a near-perfect 

match to AluSx, whereas multiple mismatches were observed towards the end, 

implying that the sequence originated from somewhere else. SEQ32 was then BLAST 

searched against the AluY sequence of reference intron 3. This search revealed two 

matches. Here, the first match seemed to be identical to that acquired with AluSx. The 

beginning of the sequence contained multiple mismatches and the end was a 

near-perfect match to AluY, opposite to what was observed with AluSx. The second 

repeat sequence in SEQ32, i.e. the second match when BLAST searched against 

AluY, was a near-perfect match to AluY, with only one mismatch and a small 3 nt 

deletion. Taken together, the first Alu repeat sequence in SEQ32 comprised of both 

AluSx and AluY sequences, and the second Alu in SEQ32 corresponded to AluY 

(Appendix 3). 
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3.2 Minigene splicing assay 

To analyze how the unintended alteration near variant rs77559646 affects splicing of 

exon 4, a minigene splicing assay was conducted. Minigenes with the reference 

(Ex4-2), variant (Ex4-4), and base-edited (Ex4-5) sequences were generated by 

amplifying the target region containing exon 4 and flanking introns and cloning the 

sequence to a vector plasmid pSPL3. The minigenes were transfected into COS-7 

cells, and the resulting RNA subjected to RT-PCR. PCR was conducted using vector-

specific primers and the PCR products were resolved on an agarose gel (Fig. 4). Two 

distinct bands, sized 404 bp and 261 bp, could be observed in all constructs, as 

anticipated. The identities of the fragments have previously been reported by 

Wahlström et al. (submitted manuscript). They showed that the 404 bp product 

represents correct splicing of exon 4, whereas the 261 bp fragment represents 

complete exon 4 skipping. An unknown, weak fragment approximately 650 bp in size 

was also detected in the reference construct in this study, but which was not further 

analyzed. 

Figure 4. RT-PCR products of the second minigene splicing assay visualized on a 1.2 % 

agarose gel. All constructs are made in duplicates. 1 kb molecular weight marker was used as 

ladder. Ex4-2 = Reference construct. Ex4-4 = Variant construct. Ex4-5 = Base-edited construct. 

In7-1 = Variant construct. In7-2 = Reference construct. Excised and sequenced fragments from 

construct In7-1 are depicted. 

Intensities of the two resulting bands were first analyzed across all splicing assays 

using ImageJ and Excel. Figure 5 illustrates the mean values of exon inclusion and 

exon skipping in the constructs, expressed as fractions. The results revealed that all 

three exon 4 constructs displayed exon skipping, but to varying extents. Variant allele A 

led to significantly higher levels of exon skipping compared to reference, as previously 

demonstrated by Wahlström et al. (submitted manuscript). Overall, complete exon 

skipping was clearly more prevalent than exon inclusion in Ex4-4 and Ex4-5. The base-

edited Ex4-5 did exhibit improved exon 4 inclusion compared to Ex4-4 but did not 

reach the inclusion levels seen in Ex4-2. Statistical analyses performed using the 

ANOVA test supported these results (Appendix 4). Indeed, results revealed that the 
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difference in exon 4 inclusion and skipping between the three constructs was 

statistically highly significant (p = <.0001). Additionally, MAXENT values support the 

observed pattern: the reference construct gave the highest score (MAXENT = 10.65), 

indicating that the canonical 5’ss is the strongest. The variant had the lowest score 

(MAXENT = 7.79), whereas the base-edited (MAXENT = 9.73) a slightly improved 

score. Taken together, conversion of the variant allele A back to G, accompanied with 

an unintentional conversion A>G nearby, resulted in a small, yet statistically highly 

significant change in exon inclusion. 

Figure 5. A bar graph representing the mean expression of exon 4 inclusion and skipping in 

exon 4 constructs of the minigene splicing assay. The Y-axis demonstrates the fraction (0—1) 

of expression. Ex4-2 = Reference construct. Ex4-4 = Variant construct. Ex4-5 = Base-edited 

construct. Standard deviations are included in the bars. 

Figure 4 also depicts splicing assay results of intron 7 construct analysis. The variant 

allele rs78154103 carrier (In7-1) and reference (In7-2) constructs both resulted in three 

distinct products, sized 427 bp, 316 bp and 258 bp, as revealed by sequencing. The 

sequencing results are seen in Table 2 and Figure 6, with Figure 6a demonstrating the 

reference construct sequence. As seen from Figure 4, the largest fragment (SEQ33) is 

the most strongly expressed in both constructs. Sequencing revealed that SEQ33 

represents exon inclusion, with both exons 7 and 8 retained in the final transcript 

(Fig. 6b) as a result of using canonical splice sites surrounding the exons. The middle 

fragment’s (SEQ34) expression seemed to differ only slightly between the two 

constructs. SEQ34 demonstrated aberrant splicing with only exon 7 retained, and exon 

8 excluded (Fig. 6c). Figure 4 revealed that the smallest fragment (SEQ35), which 

exhibited complete exon 7 and 8 skipping (Fig. 6d), was least expressed in In7-2, but 

not in In7-1. To verify these observations, intensities of the bands were measured and 

analyzed as in exon 4 constructs.  
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Figure 6. A schematic representation of intron 7 splicing assay sequencing results. Green 

arrows denote positions of dUSD2 and dUSA4 primers used in splicing assay RT-PCR. The 

far-right sequence contains the SV40_PA_terminator. a. The pSPL3-intron 7 -minigene 

construct, which against the sequencing results were aligned, showing all elements. Orange 

arrows denote primers used in amplification of the insert region. Purple arrows denote positions 

of vector-specific primers (SPL3-F and SPL3-R). Plum arrows denote primers ANO7-crex7-3-F 

and dUSA4-C used in the second intron 7 RT-PCR (see Chapter 3.2.1). b. SEQ33 sequence 

containing 90 bp vector upstream exon, exon 7 (58 bp), exon 8 (111 bp) and vector downstream 

exon (168 bp). c. SEQ34 containing 90 bp vector upstream exon, exon 7 (58 bp) and vector 

downstream exon (168 bp). d. SEQ35 containing 90 bp vector upstream exon and 168 bp 

vector downstream exon. 

Figure 7 illustrates the variation in exon inclusion between the intron 7 constructs. As 

mentioned, the correctly spliced transcript, exhibiting exon 7 and 8 inclusion, was the 

most prevalent in both constructs. What is more, the fragment is more strongly 

expressed in In7-2 compared to variant In7-1 (Fig. 7). Statistical analysis (Appendix 4) 

revealed that the difference was highly significant (p = <.0001). Exon 8 skipping, 

however, did not differ much between the constructs (p = 0.0631). Conversely, exon 7 

and 8 skipping exhibited statistically highly significant (p = <0.0001) differences 

b. 

c. 

d. 

a. 
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between the constructs. All in all, the different constructs showed a clear difference in 

inclusion of exons 7 and 8. 

Figure 7. A bar graph representing the mean expression of exon 7 and 8 inclusion, exon 8 

skipping, and exon 7 and 8 skipping in intron 7 constructs of the minigene splicing assay. The 

Y-axis demonstrates the fraction (0—1) of expression. In7-1 = Variant construct. 

In7-2 = Reference construct. Standard deviations are included in the bars. 

MAXENT scores of the canonical 5’ss of intron 7 and the cryptic splice site located 

170 nt downstream exon 7 indicated that the cryptic splice site is not stronger than the 

natural one. The scores were 7.35 and -0.49, respectively. 

 

3.2.1 Intron 7 -specific 

To demonstrate how the cryptic splice site in intron 7 is utilized, an intron 7-specific 

primer along with a vector-specific primer were used to analyze the intron 7 constructs. 

Figure 8 illustrates the obtained RT-PCR products on an agarose gel. Both constructs, 

In7-1 and In7-2 produced three fragments, which were approximately 450 bp, 350 bp 

and 310 bp in size (Fig. 8a). Additionally, a fourth very faint band, approximately 

400 bp, could be seen. All fragments were observed to be expressed in similar 

quantities across all samples. The three distinct fragments (SEQ36—38) were excised 

and purified from one of the reference In7-2 samples (Fig. 8a), and SEQ37 and SEQ38 

subjected to sequencing. The largest band (SEQ36) was reamplified (Fig. 8b). Here, 

the fourth band, barely visible in Figure 8a, was clearly visible. The band was not 

extracted, however. Direct sequencing of fragments SEQ36 and SEQ37 did not yield 

decent results, and so cloning was performed. Products from colony PCR (Fig. 8c) 

were then extracted and subjected to sequencing. 
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Figure 8. PCR products of intron 7-specific splicing assay RT-PCR visualized on a 1.5 % 

agarose gel. 1 kb molecular weight marker was used as ladder. a. The original PCR products of 

all intron 7 constructs from every splicing assay (1st, 2nd, 3rd assay, respectively). b. Products of 

the reamplification of SEQ36. c. Colony PCR products of SEQ36 and SEQ37. Due to size 

differences, two SEQ36 fragments were excised (SEQ36-3 and SEQ36-4). 

Table 2 and Figure 9 illustrate the sequencing results. The intron 7 minigene construct 

(Fig. 6a) was used as reference to which all sequences were aligned against. All 

fragments were proven to include 89 bp of intron 7, exon 8 (111 bp), and 108 bp of 

vector downstream exon. 89 bp of intron 7 is a result of using the cryptic splice site. 

SEQ36-3 also included 116 bp of vector cryptic exon. Here the splicing had occurred in 

the vector – a region normally spliced out. The smallest fragment (SEQ38) 

corresponded to SEQ36-3 with the exception of absent vector cryptic exon. Therefore, 

SEQ38 is result of using canonical splice sites in exon 8 and vector, in addition to the 

cryptic splice site in intron 7. Surprisingly, SEQ36-4 and SEQ37 were also identical to 

the aforementioned despite size difference in gel (Fig. 8). SEQ36-4 and SEQ37 were 

quite possibly a result of contamination. The results thus imply that the largest 

(SEQ36-3) and smallest (SEQ38) fragments were successfully sequenced, whereas 

the middle fragment (SEQ37) could not be obtained. 

 

 

 

b. a. 

c. 

SEQ3

6 
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Table 2. Samples subjected to sequencing from splicing assay. 

Sequence Origin Primers Fragment length in gel Fragment length 

obtained by 

sequencing 

SEQ33 Splicing 

assay 

dUSD2 and dUSA4 430 bp 427 bp 

SEQ34 Splicing 

assay 

dUSD2 and dUSA4 330 bp 316 bp 

SEQ35 Splicing 

assay 

dUSD2 and dUSA4 260 bp 258 bp 

SEQ36 Splicing 

assay 

ANO7-crex7-3-F 

and dUSA4-C 

450 bp (original) See SEQ36-3, 

SEQ36-4 below 

SEQ36-3 Splicing 

assay 

ANO7-crex7-3-F 

and dUSA4-C 

700 bp (after cloning)* 424 bp 

SEQ36-4 Splicing 

assay 

ANO7-crex7-3-F 

and dUSA4-C 

600 bp (after cloning)* 306 bp 

SEQ37 Splicing 

assay 

ANO7-crex7-3-F 

and dUSA4-C 

350 bp (original) / 600 bp (after 

cloning)* 

306 bp 

SEQ38 Splicing 

assay 

ANO7-crex7-3-F 

and dUSA4-C 

310 bp 306 bp 

   
* = 192 bp cloning vector included 

 

 

 

 

Figure 9. A schematic illustration of the second intron 7 RT-PCR’s sequencing results. The 

sequences were aligned against the intron 7 minigene construct seen in Figure 6a. Primers 

ANO7-crex7-3-F and dUSA4-C used in RT-PCR are denoted by plum arrows. a. SEQ36-3 

containing 89 bp of intron 7, exon 8 (111 bp), 116 bp vector cryptic exon, and 108 bp vector 

downstream exon. b. SEQ36-4, SEQ37 and SEQ38 containing 89 bp of intron 7, exon 8 

(111 bp), and 108 bp vector downstream exon.  

b. 

a. 
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4. Discussion 

This thesis work focused on revealing the impact of two mutations located in the 

genomic region of ANO7, a prostate cancer susceptibility gene, on pre-mRNA splicing. 

More specifically, two aims were sought after: one focusing on a variant (rs77559646) 

and an unintentional alteration in intron 4 of ANO7, and the other on a variant 

(rs78154103) in intron 7.  

The variant rs77559646 (G>A) has previously been associated with the aggressive 

form of PrCa (Kaikkonen et al. 2018). The variant allele A has been documented to 

lead to aberrant splicing, which can be seen as exon 4 skipping and increased intron 3 

retention (Wahlström et al. submitted manuscript). To correct the variant allele back 

to G, 22Rv1 cell line clones had been subjected to CRISPR-Cas9 base-editing. 

However, the treatment also led to conversion of another A allele to G, 2 bp upstream 

of rs77559646. Both positions, +3 and +5 relative to the exon-intron boundary, are 

located in the splice donor site of intron 4. This study aimed to determine whether 

a) the level of intron 3 expression has decreased in clones subjected to base-editing, 

and b) how the new mutation in position +3 behaves in a minigene splicing assay. 

Another variant, rs78154103 located in intron 7, has been linked to a cryptic splicing 

event as evident from RNA-Seq data (Wahlström et al. submitted manuscript). The 

variant has been shown to activate a cryptic splice donor site in intron 7, which 

consequently leads to partial intron retention. The reason for why a cryptic donor site is 

favored, remains to be elucidated. Changes in secondary structure due to the variant is 

a proposed explanation. In this study, splicing patterns of the region in question were 

analyzed using a minigene splicing assay in which a construct containing the entire 

intron 7 along with surrounding exons was used, contrary to what had previously been 

done (Wahlström et al. unpublished). In their study, Wahlström et al. (unpublished) 

constructed a minigene containing only part of endogenous intron 7. By including the 

entire intron 7 here, secondary structures similar to those formed naturally in the cell 

are allowed to form, which provides clues as to whether secondary structures affect 

splicing of the region. 
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4.1 rs77559646 

Using traditional RT-PCR to determine the level of intron retention in the cell between 

successfully base-edited clones and clones carrying the variant allele rs77559646, did 

not yield anticipated results. It was thought that if intron retention was a consequence 

of splicing defects caused by the variant, correction of the mutation would lead to 

decreased intron expression. Indeed, it was expected that intron 3 expression would 

normalize after correction of the variant allele, regardless of the unintentional 

conversion in position +3. The new mutation +3G is thought to allow proper binding of 

U1 snRNP and consequently promote proper splicing, since according to a consensus 

sequence, +3G and +3A are both favored (Roca et al. 2008). This was tested using two 

different primer pairs that amplify a specific region in intron 3. RT-PCR products 

showed no notable differences in intron 3 expression between the clones using either 

primer pair after visualization on an agarose gel. Some minor differences were 

detected between clones, but there was no pattern in relation to whether the clone had 

a base-edited sequence or not. These alterations were most likely due to varying RNA 

qualities. Additionally, two clones produced no PCR products. The lack of expression 

was found to be a result of poor RNA quality. It is possible that the reason for why this 

was the case might be that something happened to the samples during the extraction 

process, such as overheating of samples. It is also possible that the clones were 

already different during cell culture. In the future, it would be wise to take extra care in 

making sure all clones are subjected to identical treatment conditions. 

 

4.1.1 Intron 3 sequence deletions 

Fragments from the second primer pair’s RT-PCR were subjected to Sanger 

sequencing to determine the origin of the incorrect sized fragments. Surprisingly, 

sequencing results revealed deletions in three fragments, in addition to a correct 

sequence. The number of different deletions suggests that some unknown mechanism 

is the cause. If only two events were observed, the whole region and one with a 

deletion, it might have been possible that germline mutations are to blame. However, in 

this case that explanation seems unlikely due to the occurrence of more than two 

different deletions. A more likely explanation is the presence of somatic deletions. It is 

also worth considering whether these deletions have occurred in the DNA, or 

post-transcriptionally. One possible way to examine this is by sequencing chromosomal 

DNA from said cell line, to elicit whether the deletions have occurred on the 

chromosomal level. 
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It is notable that the cut sites did not display common splice site dinucleotides, and so 

the deletions are not a cause of splicing due to presence of cryptic splice sites. 

However, the samples exhibiting deletions contained short, identical sequences at both 

cut sites. It is uncertain whether these duplications are a cause of the deletions. As the 

sites exhibit microhomology, occurrence of recombination is a possible explanation for 

such deletions. The observation that two samples exhibited identical deletions, and 

some deletions began at the same site supports this notion. Then again, it is possible 

that these are purely coincidental. The locations of the breakpoints, however, provide 

another angle for determining the cause of the deletions. 

Intron 3 contains a high number of Alu repeat elements, as revealed by RepeatMasker 

analysis. The cut sites were all situated in Alu elements of intron 3, implying that Alu 

elements mediated the deletions. The mechanism in question is called 

Alu/Alu-mediated rearrangement (AAMR) (Song et al. 2018), also termed Alu-mediated 

recombination. This theory is further supported by the observation that primer pair 1 

PCR products exhibited no variants, possibly a consequence of the absence of repeat 

elements in the region the primers amplify. It is also notable, that the region is much 

shorter. 

Alu elements are transposable elements, more specifically non-LTR (long terminal 

repeats) retrotransposons, and part of the SINE (short interspersed elements) family. 

They are found throughout the genome and are considered the most abundant repeat 

elements (Pastor et al. 2009). Additionally, Alus can be further subdivided to AluJ, AluS 

and AluY elements (in descending order of evolutionary age), which share high 

sequence similarity (Song et al. 2018). Alu elements are known to affect 

mRNA-splicing through disrupting splicing regulatory elements by insertion to introns, 

or by gain of function (Pastor et al. 2009). They also regularly contribute to diseases 

(Boone et al. 2014). 

Fundamentally, the mechanism of action in Alu-mediated recombination is debated. 

Some suggested mechanisms include nonallelic homologous recombination (NAHR), 

microhomology-mediated end joining (MMEJ) and microhomology-mediated 

break-induced replication (MMBIR). Homologous recombination, however, is an 

unlikely explanation since it requires a longer stretch of homology (~300—500 bp), 

whereas Alu elements themselves are only approximately 300 bp in length (Boone et 

al. 2014; Song et al. 2018). The two other aforementioned mechanisms, that are based 

on homeology (partial homology) and/or are microhomology-mediated are far more 

plausible, as proven by Boone et al. (2014). Microhomologies at the breakpoints can be 

as small as 2 bp according to data by Boone et al. (2014) and Song et al. (2018). 
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The cut sites were located in AluSx and AluY sequences of intron 3, both of which are 

relatively young Alu elements. According to Song et al. (2018), younger Alus mediate 

AAMR events more frequently, for they share higher similarity between each other than 

with older Alus. Additionally, the two sequences were directly oriented, and in 

antisense orientation relative to the intron 3 sequence. The mutual orientation of Alus 

participating in the AAMR event determines the type of rearrangement taking place 

(Majer & Sikora 2021). If the Alus are in opposite orientation, the result is an inversion, 

where the region between the Alus is inverted. Conversely, when the Alus located in 

the same chromosome are both in the same orientation, as in this case, the result is a 

deletion or duplication. Boone et al. (2014), for instance, detected that breakpoint 

junctions of sequenced CNVs in the SPAST gene were mostly located in Alus that 

were in direct orientation. An Alu-mediated deletion results in a chimeric hybrid-Alu 

comprising of half-and-half of both Alus involved in the AAMR event, and the hybrid 

junction contains the microhomology region (Boone et al. 2014; Song et al. 2018). This 

was indeed observed in the results of this study. 

Deletions caused by Alus are recognized in the literature, but all focus on deletions of 

larger size than observed here. Searching ‘Alu-mediated deletions’ mentioned in the 

title in PubMed yielded merely 13 articles in total. Deletions in these studies were most 

often a few kb in size, in contrast to the few hundred bp seen here. Song et al. (2018), 

however, report deletions ranging from 836 bp to as long as >4 Mb. In most studies the 

deletions were coined disease-causing. One such study performed by Nyström-Lahti et 

al. (1995), recognized a 3.5 kb genomic deletion, which corresponded to a 165 bp 

deletion in cDNA, and which was predisposing to hereditary colon cancer. This deleted 

segment corresponded to a whole exon. The mutation responsible for this deletion is 

presumably caused by Alu-mediated recombination. It is possible that smaller deletions 

occurring within an intron, such as the ones in this thesis study, have gone undetected 

and thus no literature on the subject is found. Nevertheless, Alu-mediated 

recombination seems like the most likely explanation for the results obtained here. 

The sample containing the entire amplified region (SEQ32) revealed multiple 

mismatches with the intron 3 reference sequence. These mismatches could be a result 

of PCR mutations or preexisting SNPs, but these explanations are improbable due to 

the vast number of mismatches in SEQ32. Additionally, most mismatches seemed to 

concentrate on one Alu. Therefore, the Alu elements of the sample were looked at in 

more detail. The first Alu element (AluSx) of the sample did not perfectly align with the 

intron 3 reference sequence, yet the second Alu element (AluY) was a near-perfect 

match with AluY of intron 3, as it should. Surprisingly, the latter part of the first Alu 

aligned perfectly with the second Alu (AluY). The reason for this is unknown, and to the 
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best of my knowledge, no such phenomena have been documented before. 

Involvement of AAMR events cannot be ruled out. In the scope of this thesis, it can only 

be stated that the fragment did not entirely correspond to the reference sequence. 

Even though this study did not reveal notable differences in expression levels of intron 

3, it is still possible that subtle changes are present. Possible changes could be 

detected using quantitative RT-PCR (RT-qPCR), which simultaneously measures the 

concentration of the cDNA sequence being amplified. RT-qPCR is ideal for splice 

variant detection, for it measures the ratios of different variants directly. Another benefit 

of RT-qPCR is that it suits well for analysis of mRNA found in low-abundance (Bustin 

2000). This comes in handy when dealing with ANO7, which cell lines express only 

moderately. Bustin (2000) lists additional benefits of using RT-qPCR in detecting splice 

variants. Even so, based on the results obtained from the minigene splicing assay, 

which revealed that base-editing had not restored proper splicing, it was not 

reasonable to further analyze intron 3 expression of the clones using RT-qPCR in this 

study. Additionally, RT-qPCR effectiveness could be disturbed due to the deletions. 

 

4.1.2 Minigene splicing assay  

The mutation that resulted from base-editing was also studied by conducting a 

minigene splicing assay. A minigene construct carrying exon 4 and surrounding 

sequences was generated for the assay, and the final RT-PCR products visualized on 

an agarose gel. By comparing the products of the base-edited construct to those of a 

reference and variant, it was evident that the extent of exon skipping was altered. It 

was expected that exon 4 inclusion would improve, as predicted by a MAXENT 

analysis. That indeed was the case, yet only moderately. The idea behind the 

hypothesis was that U1 snRNP would bind more efficiently to the modified sequence 

than to the variant sequence. 

The U1 snRNP binds to the splice donor site when it contains a specific sequence. 

Correction of variant rs77559646 restores a G (+5G) needed for the binding domain, 

whilst the conversion 2 nt upstream results in another G (+3G). The latter nucleotide in 

question can be an A or a G for proper binding to occur, for the U1 snRNP consensus 

sequence exhibits a pseudo-uridine nucleotide (Ψ) in position +3. A Ψ can base pair 

with either A or G (Roca et al. 2008). +3A and +3G are both reported to be highly 

conserved (Madsen et al. 2006; Roca et al. 2008). Thus, it was expected that correct 

splicing would be restored regardless of the unintentional conversion.  
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Despite a high level of conservation, many +3A>G mutations have been identified as 

disease-causing (Madsen et al. 2006; Roca et al. 2008). For instance, Tzetis et al. 

(2001) showed that a splice donor site mutation 621+3A>G in the CFTR gene reduces 

expression of normal CFTR mRNA. Consequently, the result is a more severe 

phenotype. CFTR (cystic fibrosis transmembrane conductance regulator) is the gene 

responsible for cystic fibrosis, a severe inherited disease mostly affecting the lungs, but 

also other organs. Drawn from this, it is evident that +3G does not always work as 

efficiently as +3A. Whether this is a direct consequence of disturbed base pairing with 

U1 snRNP, was not elucidated in this study. Conversely, search for +3G>A mutations 

in the literature was not as successful. 

Indeed, it was observed that improvement in inclusion of exon 4 occurred, but only 

slightly. Perhaps in this case a G instead of A is not as suitable for some reason. It 

could be possible that the answer lies in the preexisting mismatch +4C – perhaps an 

interaction between the two positions disrupts splicing. Indeed, it has long been thought 

that the positions in the 5’ss are independent, but some modern analysis methods 

desert this idea of independence. Roca et al. (2008) show that there is indeed 

dependence between the different positions of the 5’ss and that these pairwise 

associations are important for, for example, U1 base pairing. Therefore, if this 

interaction between positions is disrupted, correct splicing is disturbed.  

Roca et al. (2008) demonstrate different combinations of modifications in the 5’ss 

sequence that are unfavorable. For instance, they showed that the combination +3G 

and +4C causes aberrant splicing, a combination seen in the base-edited sequence 

studied here. The +3G in their study was successfully activated when the +4C was 

corrected back to consensus +4A. Roca et al. (2005; 2008) argue that correction in 

position +4 is enough to restore correct splicing, for it presumably contributes to the 

stability of the wobble G-Ψ base pair at +3. +3A provides stable enough base pairing 

with U1 even in the presence of non-consensus alleles in other position, such as +4C, 

but +3G requires consensus alleles in other positions (Madsen et al. 2006; Roca et al. 

2008). Drawn from this, the mutated +3G produced by base-editing would probably not 

have a disadvantageous effect on splicing if the allele in position +4 were consensus, 

i.e. +4A. 

It is also worth mentioning that U6 snRNP, also required for correct splicing, base pairs 

with the splice donor site, similarly as U1. U6 binds to the 5’ss after dissociation of U1. 

Binding of U6 is more limited, for the sequence motif responsible for base pairing is 

even more highly conserved than that of U1 (Roca et al. 2008). Involvement of U6 in 

splicing dysregulation here seems an unlikely explanation, however, since, even 
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though the sequence that underwent base-editing introduces two mismatches (+4C 

and +5G) to the highly conserved U6 sequence, the reference and variant provide an 

even more incompatible match, with three mismatches (+3A, +4C and 

+5G(reference)/+5A(variant)) introduced by both. Conclusions of the involvement of U6 

in this case, nor U1 for that matter, cannot be made without experimental testing. 

Taken together, it is evident that the obtained results did not fully support the 

hypothesis that correct splicing would be restored despite introduction of the new 

mutation. Correction of variant allele rs77559646 does restore correct splicing, but this 

recovery seems to be impeded by the new splicing mutation in position +3, which most 

likely exerts its adverse power through interaction with the preexisting +4C. In 

conclusion, correction of variant allele rs77559646 (G>A) by base-editing is not 

reasonable due to its only minor impact on restoring correct splicing. In addition, the 

intron 3 region clearly exhibits a lot of noise, which does not make it a suitable 

candidate region for analysis of expression levels. It is essential for the region used in 

such studies to stay intact, which was proven not to be the case. Deletion of segments 

leads to a wrong kind of expression level reduction. 

 

4.2 rs78154103 

The intron 7 variant allele rs78154103 was similarly studied using a minigene splicing 

assay. A construct carrying the variant allele was compared to a reference construct. 

Results revealed that both constructs expressed the same splice variants when using 

vector-specific primers, although the extent of exon inclusion varied. The transcripts 

revealed inclusion of exons 7 and 8, skipping of both, and surprisingly skipping of only 

exon 8. Exon skipping was more frequent in the variant construct. No cryptic exon 7 

was detected, at least to an extent that would be visible when visualized on an agarose 

gel, contrariwise to what was expected. This suggests that use of the cryptic splice site 

is more prevalent in patient samples, where its utilization is ~20 %, as revealed by 

dPSI scores. If cryptic splice site use were to be as frequent as in patient samples, a 

detectable PCR product would have been obtained. 

Skipping of only exon 8 in the middle fragment was not expected. It is possible that the 

reason for such a transcript is that the splicing complex was unable to form properly. 

The cause of this is unknown. Additionally, the middle fragment in the gel might 

actually comprise two separate fragments. This would have been revealed by running 

the gel longer. 
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Cryptic exon 7 generated by use of the cryptic splice donor was, however, detected 

when using an intron 7-specific primer in addition to a vector-specific primer. Using a 

primer that binds to intron 7 results in amplification of only transcripts containing the 

intron. Additionally, exon 8 was included in the final transcripts obtained from this 

RT-PCR. These results were confirmed by sequencing. All in all, three, as well as 

possibly a fourth very faint one, fragments were produced, of which two were 

successfully sequenced. The middle fragment was not obtained, possibly due to 

contamination by the lower, more intense band. Therefore, more care should have 

been taken while excising bands. Also, selection of the desired sized fragment after 

colony PCR would have been more reliable if the gel were run for a longer period of 

time and/or more thought would have been put to which band to excise.  

The fragments were subjected to sequencing to determine their composition. As 

mentioned, sequence of the middle fragment was not obtained, but the largest and 

smallest fragments were successfully sequenced. The smallest fragment exhibited 

cryptic exon 7 and exon 8 inclusion, as expected. The largest fragment, on the other 

hand, revealed an unexpected vector cryptic exon, in addition to cryptic exon 7 and 

exon 8, indicating that cryptic splice sites in the vector were utilized. An explanation for 

why such splice sites have been selected was not found in the literature. One may 

speculate that splicing in the region occurs slow, and thus the vector intron sequence 

was not spliced out in time. 

In their study, Wahlström et al. (unpublished) detected five fragments after using the 

same intron 7-specific primer for their minigene construct. Sequencing revealed the 

same cryptic exon 7 as obtained here. Results between these two studies deviated, 

however, because exon 8 was included in the construct used in this study. Exon 8 is 

surrounded by active, normally working splice sites. This explains why the results in 

these studies differ in terms of transcript number and composition.  

Surprisingly, cryptic splice site use was as prevalent in the reference construct as in the 

variant, as observed from the gel where RT-PCR products were visualized. Wahlström 

et al. (unpublished), however, detected intensity differences between reference and 

variant: expression of all fragments was lower in the reference constructs, indicating 

that cryptic splice site usage is more infrequent. This was the expectation for results in 

this study. It is plausible that, as with intron 3 expression measurements, RT-qPCR 

could have revealed possible differences in expression. However, it is evident that 

differences would nevertheless not be as considerable as in patient RNA-Seq data 

reported by Wahlström et al. (unpublished).  
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The 5’ss of reference intron 7 is already relatively weak for a splice site, as revealed by 

MAXENT analysis. The cryptic splice site downstream, in turn, gives a negative score, 

evidently indicating that it is weaker. However, it is notable that the cryptic splice site 

contains a noncanonical dinucleotide GC, which presumably perverts the MAXENT 

score. Be that as it may, the results of this study showed that the cryptic splice site is 

favored in some instances and cryptic splice variants are produced. Therefore, 

prediction programs such as MAXENT do not tell the whole story. This contradiction 

suggests that the reason for cryptic splice selection in intron 7 is not caused by 

differences in strength of the different splice sites, but rather by some other 

mechanism. 

A suggested explanation is that changes in RNA secondary structure lead to alternative 

splice donor site use in intron 7 (Wahlström et al. unpublished). Modified RNA 

secondary structures are known to regularly affect splicing (De Conti et al. 2013; 

Abramowicz & Gos 2018; Olender & Lee 2019). To find out whether the region in 

question altogether forms specific secondary structures, such as a stem-loop as 

suggested for intron 7, RNA folding algorithms exist that are designed to predict 

secondary structures formed by the provided sequences (e.g. mFold and RNAfold). 

Secondary structures can also be studied by in vitro functional experiments, such as by 

using antisense RNA (Donahue et al. 2006). Since modified secondary structures can 

contribute to aberrant splicing and disease, targeting these structures is yet another 

possible therapeutic approach.  

Indeed, changes in RNA secondary structure could be the reason for cryptic splice site 

selection in intron 7. Such a mechanism has been reported with the microtubule 

binding protein Tau. Exon 10 of MAPT, the gene encoding Tau, is regularly 

alternatively spliced to form different isoforms of the Tau protein. These isoforms are 

maintained in a constant ratio by splicing regulation, but changes in splicing due to 

mutations disturb this ratio and contribute to tauopathy (Donahue et al. 2006). 

Tauopathy is a term referring to neurodegenerative disorders where Tau is involved. 

One region in particular, the exon 10-intron 10 boundary, is prone to mutations that 

affect exon 10 splicing. MAPT pre-mRNA is shown to form a stem-loop structure in this 

region. Hence, mutations in this area affect the stem-loop structure, leading to changes 

in binding of a specific splicing regulatory protein to the 5’ss located in the stem (Ray et 

al. 2011). Upon binding to the 5’ss, the protein stabilizes the stem-loop structure, which 

in turn prevents binding of U1 snRNP. This ultimately leads to exon 10 exclusion. 

Mutations in the area usually lead to increased exon inclusion, however, by disrupting 

the stem-loop structure’s stable formation (Donahue et al. 2006). Jiang et al. (2000) 
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have shown that even one SNV is enough to disrupt regular splicing of exon 10 of the 

MAPT gene by altering the secondary structure.  

Wahlström et al. (unpublished) suspect that intron 7 also forms a similar stem-loop 

structure, which is affected by variant rs78154103. When the variant is present, the 

stem-loop is predicted to be in a more stable conformation. This in turn would prevent  

binding of the U1 snRNP to the natural 5’ss, and rather uses a cryptic splice donor 

further downstream of intron 7. This theory requires experimental verification. 

In conclusion, the results of this study support the hypothesis that variant allele 

rs78154103 (C>G) leads to cryptic splice site selection in intron 7. However, the 

difference in splicing between variant and reference was not as remarkable as 

anticipated. Another aim was to determine the splice variants produced by cryptic 

splice site usage, which was accomplished adequately. Moreover, this study 

demonstrates the utility of using a longer construct, containing an entire intron, instead 

of a shorter one with only part of an intron when determining splicing patterns of such a 

region. 
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Appendices 

Appendix 1 – Primer table 

Primer Sequence 

ANO7_i3_F1 5’-GTTGTCCTTACTCCTCGGGTG-3’ 

ANO7_i3_R1 5’-TGGCATGAGACAGCAATGGA-3’ 

ANO7_i3_F2 5’-GGGATTAACGTATGCCTGATGT-3’ 

ANO7_i3_R2 5’-ACACCCGAGGAGTAAGGACA-3’ 

ACTB-221-F 5’-GCCTCGCCTTTGCCGA-3' 

ACTB-221-R  5’-CTCGTCGCCCACATAGGAAT-3' 

T3 5’-ATTAACCCTCACTAAAGGGA-3’ 

T7 5’-TAATACGACTCACTATAGGG-3’ 

ANO7-ex4-F 5’-GGGGAATTCTTCTCTATGGCAGGACGGGA-3’ 

ANO7-ex4-R 5’-GGGGGATCCGGAGACGGGACAGGTGAATG-3’ 

ANO7-in6-3-F  5’-TCCTGGGGATGTGAAAAGGC-3’ 

ANO7-in8-1-R 5’-ACCCAGAGAGACAGAGCCAT-3’ 

dUSD2 5’-CCTGCACCTGAGGAGTGAAT-3’ 

dUSA4 5’-GCTCACAAATACCACTGAGAT-3’ 

ANO7-crex7-3-F  5’-CAGAAAGGCCTGCTTGAGAC-3’ 

dUSA4-C 5’-CCTGCACCTGAGGAGTGAAT-3’ 

 

 

 

 

 



 

 

Appendix 2 – MAFFT analysis of all intron 3 sequences against intron 3 

reference sequence 

 

GAP OPEN PENALTY 3.0 
GAP EXTENSION PENALTY 0.01 
 
. = AluSx 
. = AluY 

 



 

 

 



 

 

 

 



 

 

Appendix 3 – BLAST searches of SEQ32’s first and second repeat elements 

against AluSx and AluY repeat sequences 



 

 

Appendix 4 – Statistical analyses by SAS Enterprise 
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