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 (First of all, I replied, do you believe that these prisoners, see anything other than 

themselves, their neighbors, and the shadows cast by the light against the cave wall?)  

(Plato) 
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Summary (English version) 

ASPP2 is an independent haplo-insufficient tumor suppressor that initiates induction of 

apoptosis upon cellular stress and DNA damage. We discovered an oncogenic alternative 

splicing variant, truncated at its C-terminus. Even though ASPP2ə was firstly discovered 

in acute leukemia, the detection of ASPP2ə in solid tumors provides novel insights into the 

biology of cancer. Soft tissue sarcoma (STS) is still under-studied and, to this day, not 

curable with single chemotherapy. Similarly, colorectal carcinoma (CRC), especially in 

advanced metastatic stage, has only palliative treatment options. Understanding the 

molecular mechanisms of tumorigenesis and therapy resistance remains a critical clinical 

need in both entities. Also, the need for prognostic as well as predictive biomarkers to 

direct more effective therapies is pivotal. 

Using tissue from consented STS and CRC patients we detected significant increase in 

the expression of ASPP2ə in comparison to tumor-free areas from the same individuals. 

Using short hairpin RNA against ASPP2ə, we performed functional analysis, both in 

rhabdomyosarcoma and colorectal carcinoma ASPP2ə-silenced cell models. Silencing of 

ASPP2ə promoted tumor suppression, by (i) mediating chemotherapy response, (ii) 

attenuating cellular proliferation and (iii) decreasing the migratory potential. On the 

contrary, ASPP2ə overexpression in CRC cell lines, resulted into increased oncogenic 

potential. To elucidate the splicing mechanism of ASPP2ə, we screened exon 17 neighbor 

intron regions. We identified consensus regions responsible for alternative splicing, thus 

promoting the exon 17 skipping. For this, we designed splice switching antisense 

oligonucleotides to target these regions and restore the constitutive splicing of ASPP2. 

These observations set the ground for further evaluation of ASPP2ə as an oncogenic 

driver as well as a potential predictive marker in human cancers. Our findings have far-

reaching consequences for future therapeutic strategies for ASPP2ə expressing cancer 

patients and provide proof-of-principle to further explore ASPP2ə as a potential target for 

therapy in human malignancies.  
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Summary (German Version) 

ASPP2 ist ein unabhängiger haplo-insuffizienter Tumorsuppressor, der bei zellulärem 

Stress und DNA-Schäden die Induktion von der Apoptose einleitet. Wir haben eine 

alternative onkogene Spleiß Variante von ASPP2 entdeckt, die an ihrem C-Terminus 

trunkiert ist. Obwohl ASPP2ə zuerst bei akuter Leukämie entdeckt wurde, bietet der 

Nachweis von ASPP2ə in soliden Tumoren, neue Einblicke in die Biologie von Krebs. 

Weichteilsarkome (STS) sind wenig erforscht, und bis zum heutigen Tag mit 

Chemotherapie nicht heilbar. Auch für die kolorektalen Karzinome (CRC), insbesondere 

in deren fortgeschrittenen metastasierten Stadien, gibt es nur palliative 

Behandlungsmöglichkeiten. Das Verständnis der molekularen Mechanismen der 

Tumorgenese und der Therapieresistenz ist bei beiden Entitäten nach wie vor ein 

entscheidender klinischer Bedarf. 

Durch die Untersuchung von Gewebe, von STS- und CRC-Patienten, konnten wir eine 

erhöhte Expression von ASPP2ə, im Vergleich zu tumorfreien Geweben derselben 

Individuen feststellen. Unter Verwendung von short-hairpin RNA gegen ASPP2ə führten 

wir eine funktionelle Analyse sowohl in Rhabdomyosarkom als auch in kolorektalem 

Karzinom Zellmodellen durch, bei denen die Expression von ASPP2ə inhibiert wurde. Das 

Silencing von ASPP2ə förderte die Tumorsuppression, indem es (1) die Reaktion auf 

Chemotherapie erhöhte, (2) die Zellproliferation hemmte und (3) das Migrationspotential 

verringerte. Um die Spleiß Mechanismen von ASPP2ə aufzuklären, untersuchten wir 

benachbarte Intron-regionen des ASPP2 Exons 17. Wir konnten Konsensregionen, die für 

alternatives Spleißen verantwortlich sind und somit das Skippen des 17. Exons fördern. 

Zu diesem Zweck entwarfen wir Splice Switching Antisense Oligonukleotide, die auf diese 

Regionen abzielen und das konstitutive Spleißen von ASPP2 wiederherstellen. 

Diese Beobachtungen bilden die Grundlage für weitere Analysen von ASPP2ə als 

onkogenem Treiber sowie als potenziellem prädiktiven Marker bei menschlichen 

Krebserkrankungen. Unsere Ergebnisse haben weitreichende Konsequenzen für künftige 

therapeutische Strategien für ASPP2ə- exprimierende Krebspatienten und liefern den 

Grundsatzbeweis f¿r die weitere Erforschung von ASPP2ə als potenzielles Ziel f¿r die 

Therapie menschlicher Malignome. 
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1.Introduction 

 1.1 Short introduction to cancer. Origins and information 

Cancer. Described quite frequently as a ñmodern disease,ò that rose from the worldôs 

change in lifestyle and from the increasingly higher presence of carcinogens, like alcohol, 

tobacco, UV radiation, air, water pollution, etc. The truth however, is slightly different, since 

ñcancer is one of the oldest diseases of humankind, and quite possibly the oldestò[1]. The 

first cancer case ever noted, is believed to be a lymphoma affected jawbone, found in 

southeastern Africa, dating back to 4000 BC[1] and although this specific specimen was 

not pathologically confirmed, there have been other numerous cases among the millennia. 

From ancient Egypt, where cancer was found to be described in Imhotepôs teachings 

around 2625 BC[2], to ancient Greece in 440 BC, where Herodotus recorded the case of 

Atossa suffering from breast cancer[2], and finally to 400 AD where excavations revealed 

the first malignant bone tumor, an osteosarcoma, preserved in a mummy excavated in 

1990[3]. 

According to WHO, cancer is a general term describing a large group of diseases that can 

affect any part of the body. It is characterized by the rapid creation of abnormal cells that 

grow beyond their usual boundaries and metastasize to adjoining parts of the body and to 

other organs. Even though the exact causes of the disease are not fully understood, there 

have been multiple exogenic factors shown to increase the risk of cancer, but also a 

plethora of inherited genetic mutations. Cancer remains one of the leading cause of death 

globally, and in fact it might surpass in mortality cardiovascular diseases before the end of 

this century[4]. In 2020, nearly 10 million deaths were recorded from cancer globally, 

making it clear, that the disease is independent of the socioeconomic development[5]. 

Breakthroughs in medicine and cancer research have managed to reduce mortality since 

1991 by 31% especially in some cancer cases, achieving very high cure rates, such as 

hematopoietic malignancies (CML) and lymphomas[6] However a great number of cancers 

are still understudied and with poor outcome. The diversity of the disease makes it hard to 

combat, and further research is needed to elucidate the origins, mechanisms, and 
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pathways of this complex disease, and provide patients with efficient and targeted 

treatments.              

 1.2 Hallmarks of cancer and cell death 

After almost half a century of cancer research, it is now known that tumorigenesis is a 

multistep progress driving the transformation of a normal cell to malignancy. Hanahan and 

Weinberg, first identified six of these acquired capabilities of the cancer cells[7], which 

comprise since then the hallmarks of cancer. The common ground for these acquired 

capabilities are genotypic changes in these cells, which result from accumulated mutations 

and DNA damage upon checkpoint  malfunctions[7]. These six alterations are: acquired 

growth signal autonomy, evasion of growth suppressors, acquiring replicative immortality, 

inducing angiogenesis, activating tissue invasion and metastasis, and evading 

apoptosis[7]. The hallmarks of cancer have expanded since then, and eight new are added 

to the list which now also includes: deregulation of cellular metabolism, evasion of the 

immune system, chromosomal instability, and tumor-promoting inflammation, unlocked 

phenotypic plasticity, non-mutational  epigenetic reprogramming, cellular senescence and 

polymorphic microbiomes [8-10]. 

The prevalence of cancer, has revealed some key players in the tumor progression 

responsible for the initiation of increased mutability[11]. One of the most prominent member 

of these regulators, is the p53 tumor suppressor protein, responsible for monitoring the 

integrity of the genome[12]. TP53 is responsible to either employ cell cycle arrest, or initiate 

cell death (apoptosis) upon DNA damage detection and its functions are lost in the majority 

of human cancers [13]. Furthermore, p53 is involved in multiple different pathways in 

response to DNA damage, such as senescence[14], cell cycle arrest DNA repair, etc., 

making it a crucial regulator to the cellôs fate and of cell death[15]. 

Apoptosis, or óprogrammed cell deathô is and orchestrated process of the cell to eliminate 

itself[16]. Different events can trigger apoptosis, during development and aging for example, 

but also homeostatically to retain the integrity of the cell populations of a tissue. As 

mentioned before, apoptosis can also occur as a response to stress stimuli, such as 

immune reactions, various toxic agents and DNA damage[17]. The mechanism of apoptosis 
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comprises of a highly complex molecular signal cascade and its activation is generally 

divided into three main apoptotic pathways: the extrinsic (death receptor pathway) , the 

intrinsic (mitochondrial pathway), and the granzyme B (T-cell mediated cytotoxicity) 

pathway[17].  

P53 serves as regulator of apoptosis in both the intrinsic pathway, also called BCL-2-

regulated pathway, and the extrinsic pathway, also called death receptor pathway 

regulating control points of them. The intrinsic pathway is activated by stress conditions, 

such as cytokine deprivation, ER stress or DNA damage. Respectively the extrinsic 

pathway is activated by ligation of members of the tumor necrosis factor receptor (TNFR) 

family bearing an intracellular death domain[18, 19]. Under normal circumstances, p53 is 

inactive and bound to Mdm2 which blocks its apoptotic functions[20, 21]. The key discovery 

that anticancer chemotherapies kill cancer cells due to activation of the intrinsic and 

extrinsic apoptosis pathway[22], and that this is regulated by p53, placed p53 in the center 

of cancer research. Studies showed that overexpression of mutated p53 can even promote 

tumorigenesis through loss of wt p53 activity, dominant negative effects and new gain-of-

function activities through mixed formation of tetramers with wt and mutant p53[19].  

Shortly, the mechanism of action of the extrinsic pathway involves the activation of 

transmembrane death receptor of the tumor necrosis factor (TNF) superfamily. The death 

domain of these receptors transmits the signal from the cell surface into cell, either through 

the FasL/FasR or the TNF-a/TNFR1 model[17]. Both models lead to the formation of a death 

inducing signaling complex (DISC) that results in the auto catalytic activation of pro-

caspase 8 to caspase-8[23]. From this phase onward the execution of the apoptotic pathway 

is triggered. Even though many death receptors of the extrinsic pathway are direct binding 

partners of p53, its overall contribution is poorly understood, and it is believed that a 

transactivation of BID facilitates the crosstalk between the two pathways[18, 21]. 

The intrinsic pathway mechanism is significantly more complex and more sensible than 

the extrinsic and is associated with the release of cytochrome c and other proteins from 

the mitochondrial membrane into the cytoplasm. This cascade starts upon activation of the 

proapoptotic Bcl-2 (BID, BAX, BAK) family proteins which regulate the permeability of the 

mitochondria outer membrane[17]. BID and BAX are transcriptional targets of p53 which 
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activate the pathway through their translocation to the mitochondria and suppress the anti-

apoptotic Bcl-2 and Bcl-XL[21], thus activating the caspases signal cascade. 

  

 1.3 p53-mediated apoptosis and ASPP family 

When DNA damage is detected, p53 activates repair-proteins, pauses the cell cycle at the 

G1/S phase until the damage is repaired, and in the case of irreparable damage, it initiates 

apoptosis[24]. Upon DNA damage, p53 is stabilized and activated mostly through the ATM-

ATR-p53 signaling pathway, where it is phosphorylated by ATM to initiate p53-mediated 

apoptosis[21]. However, upon DNA damage events, where ATM is deactivated, p53-

depended apoptosis is not impeded and can therefore be initiated also independently of 

ATM [25].P53 can yet be damaged by radiation, various chemicals and viruses (HPV), while 

people with only one functional copy, develop tumors in early childhood (Li-Fraumeni 

syndrome)[26]. 

One of the primary steps in tumorigenesis involve the inactivation of RB1 gene which 

further leads to deregulated activity of E2F family[25]. These transcription factors drive the 

cell from G1 to S phase and DNA synthesis. Furthermore, the E2F-1 family members have 

apoptotic functions and in cooperation with p53 can induce a strong apoptotic response[27-

29]. One known family of transcriptional targets of E2F1 has been found to be the ASPP 

family members[30]. It has been shown that tumors with defective Rb pathway, have 

increased E2F1 activity and increased expression of ASPPs, leading to increased cellular 

sensitivity to p53-mediated apoptosis[30]. 

The family name is based both on the familyôs shared structure, namely ankyrin repeat, 

SH3, and proline-rich domain-containing protein, but also on their function as apoptosis 

stimulating protein of p53[31]. The ASPP family comprises so far from three members, two 

pro-apoptotic (ASPP1, ASPP2) and one inhibitory (iASPP). The ASPP family functions are 

evolutionary conserved, and their ability to affect the apoptotic pathway plays a significant 

role in tumorigenesis[32]. ASPP proteins regulate apoptosis through interacting with p53, 

either by enhancing its functions on the promoters of proapoptotic genes (ASPP1, 

ASPP2)[33], or by inhibiting the apoptotic response (iASPP) through antagonizing the 

ASPP2-p53 interaction[31]. ASPP2 was the first protein that was identified to interact with 
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the DNA binding domain of wt but not mutated p53[34, 35]. Both ASPP1 and ASPP2 have 

tumor-suppressing character and are dysregulated in many cancers[30, 32]. Furthermore, it 

has been shown, that upon loss of p53, ASPP1 and ASPP2 can also interact with p63 and 

p73 and induce an apoptotic response[36]. At the same time, different studies have shown 

that cancers have a significant downregulation of ASPP1 and ASPP2 and it has been 

found that their promoter region is highly methylated[32, 37-39]. On the contrary, PPP1R13L 

(iASPP) is a  proto-oncogene and has been found to inhibit p53 functions and aids the 

cells to evade apoptosis[30]. It is therefore not surprising that it is frequently upregulated in 

human cancers and correlates with poor prognosis. Accordingly, silencing of iASPP 

increases sensitivity to treatment and radiation induced apoptosis[40]. This modulatory 

effect of the ASPP family to induce apoptosis through p53 signaling, can have important 

implications in cancer and can open new therapeutic possibilities. 

 

 1.4 The structure and role of the ASPP2 protein in tumorigenesis 

The first studied member of the ASPP family, was the ASPP2 protein. Its crystal structure 

was isolated in complex with the core domain of wild type p53 where it was revealed that 

the SH3 domain and the ankyrin repeats domain bind the p53 protein[35]. Also, the most 

common p53 mutations have led to disruption of the ASPP2-p53 complex formation[35]. 

The Ank-SH3 domain is responsible for most of the protein-protein interactions of 

ASPP2[41]. Further structural analysis suggested that ASPP2 forms intramolecular domain-

domain interactions due to its highly flexible proline rich domain, which inhibits the Ank-

SH3 domain from partner binding unless otherwise signaled, even though the exact 

mechanism needs further elucidation[41].  

The functions and binding partners of ASPP2 however, are not only limited to apoptosis 

and p53 family binding. The interaction network of ASPP2 involves numerous proteins in 

many different cellular pathways. Among the most known interacting proteins are members 

of the Bcl-2 family of anti-apoptotic proteins, which are inhibited by ASPP2, thereby 

releasing the pro-apoptotic Bcl-2 family members[41]. Katz et. al, have shown that the C-

terminus of ASPP2 interacts with two homologous sites of the Bcl proteins and the 
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strongest and tightest interaction was found to be with the homologous sites of the anti-

apoptotic Bcl-2, whose functions are then inhibited by ASPP2[42].  

NFəB was also found to be activated by the C-terminus of ASPP2, resulting in reduced 

proliferation of dividing cells through the APP-BP1 pathway[43], even though in tumor 

models, NFəB has been shown to simultaneously inhibit the pro-apoptotic functions of 

ASPP2[44]. The exact relationship between ASPP2 and NFəB remains to be elucidated 

since, even though it can have a negative impact in the apoptotic response. A recent study 

from Wang et. al, suggested that the absence of ASPP2 can activate the NFəB pathway 

to induce tumorigenesis in hepatocellular carcinoma[45]. 

ASPP2 furthermore, binds the RAS oncoprotein in an interaction that regulates both 

partners. ASPP2 activates Ras through its N-terminus at the cell membrane, thereby 

inducing p53 dependent apoptosis, while Ras phosphorylates the MAP kinases necessary 

to activate ASPP2 apoptotic response[46, 47]. Furthermore, ASPP2 also induces Ras 

dependent senescence in tumor cells[48].  

ASPP2 is a haplo insufficient tumor suppressor. This has been addressed by two 

independent in vivo studies, where it was shown that ASPP2 deficient mice (ASPP2-/-) 

were not viable already from the embryonic stage [49, 50]. The ASPP2 heterozygous mice 

(ASPP2+/-) even though viable, fertile, and seemingly developing normal it was shown that 

they were more prone to spontaneous tumor formation than the ASPP2+/+ mice[49, 50]. 

Additionally, it was shown that upon ɔ-irradiation, the ASPP2 heterozygous mice had an 

accelerated formation of high-grade T-lymphomas in a p53 wild type background[50], while 

the formation of rhabdomyosarcomas in heterozygous ASPP2 mice upon ɔ-irradiation was 

independent of the p53 background[49]. Several further studies have underlined the tumor-

suppressing impact of ASPP2 through its attenuation and have shed light to the cellular 

pathways even beyond the p53 interactions and in different cancer entities [51-53]. 

The TP53BP2 gene, which is translated into the ASPP2 protein, is organized into two main 

different transcripts, encoding for two mRNAs with different lengths, consisting of 1005aa 

(53BP2 short) and 1128aa (53BP2 long) with the latter lacking exon 3 on the N-terminus 

[54]. The two transcripts are products of alternative splicing and have been found in multiple 

cell lines, however, the predominant form usually detected is the full-length variant missing 
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exon 3[54]. Besides these main two splice variants of ASPP2, another variant has been 

detected to be upregulated in breast cancer by Lopez, et.al completely lacking its N-

terminus missing 254 amino acids[55]. ȹN-ASPP2, antagonizes the tumor suppressing 

functions of ASPP2 in cellular growth and apoptosis response and contributes to an 

oncogenic potential, by promoting proliferation, inhibiting UV-induced apoptosis through 

inhibition of endogenous p21 damage induced activation, and by suppressing the 

expression of ASPP2[55]. Recently another splice variant of ASPP2 was discovered by our 

group[56]. In contrast to ȹN-ASPP2, it is missing its C-terminus thereby lacking two ankyrin 

repeats and the SH3 domain. This truncation results from skipping exon 17 and upon a 

reading frame shift during transcription, a stop codon terminates the peptide translation 

prematurely at the beginning of exon 18[56]. 

Mounting evidence accumulated from the mechanism(s) of action for ASPP2, and its 

alternative splicing variants are complex and extend beyond stimulation of apoptotic 

programs. The presence of alternatively spliced variants which inhibit the pro-apoptotic 

tumor suppressor ASPP2, makes ASPP2 a promising therapeutic target for a variety of 

cancers. 

 

 1.5 Alternative splicing: mechanisms and significance in cancer occurrence 

The primary form of most eukaryotic genes is the pre-mRNA state which comprises of a 

conglomerate of alternating exons (protein coding segments) and introns. The mature 

mRNA, the mRNA which encodes the necessary information for the transcriptional 

product, is created during the splicing process[57]. Introns have three key sites with 

conserved sequences that define them, and these are: 5ô splice site (5ôSS), branch point 

(BP) and 3ô splice site (3ôSS)[58]. These conserved sequences help to define the splice 

sites of a pre-mRNA and their removal is catalyzed by the spliceosome, a complex of five 

(U1, U2, U3, U4, U5) small nuclear ribonucleoprotein (snRNP) particles, associated with 

multiple additional proteins[59].  

The 5ôSS marks the beginning of each intron and is recognized by the U1 unit of the 

spliceosome which also starts to assemble onto the pre-mRNA along with other 
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proteins[60]. The 3ôss, delineates the end of the intron and has a highly conserved 

dinucleotide (mainly AG), preceded by a cytosine and thymidine rich sequence known as 

the polypyrimidine tract and which is recognized and bound by auxiliary factors such as 

U2AF65 and U2AF35[60, 61]. The branch point is a short consensus upstream of the 

polypyrimidine tract that includes a BP adenosine. The 2ôOH of this adenosine attacks the 

first upstream nucleotide of the intron at the 5ôSS to form a lariat intermediate during the 

first step of the splicing reaction. In the second step, the 3ôOH of the 5ǋ exon attacks the 

downstream 3ôss thereby releasing the intronic lariat and joining the two exons together[60, 

62]. Also, additional to the conserved sequences, pre-mRNA splicing can be regulated by 

cis-acting elements, including exonic and intronic splicing enhancers (ESEs and ISEs), or 

silencers (ESSs and ISSs)[62] . They are short and diverse sequences, and they function 

by binding regulatory proteins that either stimulate or repress the assembly of the 

spliceosome at the splice site, thereby affecting both constitutive and alternative splicing 

[63]. 

The term constitutive splicing is used to describe the normal exon ligation in the order they 

appear in a gene. On the contrary, alternative splicing occurs when a deviation from the 

preferred sequence occurs and a new product is being sewed together resulting in various 

forms of mature mRNA[64]. Through alternative splicing, one single gene can create mRNA 

variants for multiple proteins, which increases dramatically the encoding capacity of the 

eukaryotic genome and it is estimated that alternative splicing is evident in nearly 95% of 

the mammalian genes[65]. As an effect, the alternative mRNA isoforms can have distinct 

properties but also translate into functional proteins with divergent functions. Alternative 

splicing is precisely regulated, by both the cis- acting elements (exonic splicing 

enhancers/silencers, intronic splicing enhancers/silencers depending on their location and 

effect on the splice site), and by trans- acting factors. These factors work by binding to the 

enhancers and silencer regions and either activate (SR proteins)[66] or inhibit (hnRNPs)[67] 

the use of the splice site. Nevertheless, since splicing and transcription are coupled 

together, the regulation of alternative splicing is even more complex since it is also affected 

from transcriptional regulators. 

There are seven different types of alternative splicing that can be classified into different 

splicing patterns that include: (1) cassette exons (exon skipping or retention), (2) mutually 
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exclusive exons, (3) retained intron, (4) alternative 5ô splice sites, (5) alternative 3ô splice 

sites, (6) alternative promoters and (7) alternative poly-A sites[68]. The most prevalent form 

of alternative splicing, with approximately 40% prevalence over the other alternative 

splicing forms[69], is the cassette-type exon skipping and many cancers or inherited 

diseases are associated with mutations that cause alternative exon skipping.  

The dysregulation of alternative splicing is closely associated with tumor progression[70], 

thus providing new opportunities for attractive targets in cancer research. Studies on the 

regulatory mechanism of alternative splicing have extended our understanding of 

tumorigenesis. The evidence pointing towards a connection between alternative splicing 

and cancer are growing rapidly, and the therapeutical potential of splicing manipulation are 

very promising.  

 

 1.6 Splice Switching Antisense Oligonucleotides (SSOs) 

Over the past years, alternative splicing has been a central field among bioinformatic 

researchers and has managed to change the view of genomic function. Through these 

studies, the splicing signals on the genome can be predicted through highly preserved 

consensus sequences[71]. Such sequences, for example were found to be conserved both 

upstream and downstream of flanking introns of skipped exons: a G-rich and a C-rich 

sequence is present within many of the flanking introns of the skipped exons in the 

genome. It is proposed that the C-rich and G-rich elements are candidates to be involved 

in exon skipping[72]. Using bioinformatics, we can predict potential alternative splicing sites 

(5ôss, 3ôss, branchpoints, ESEs, ISEs, ESSs, ISS,) that have stronger signaling capacities 

on the splicing machinery. Targeting these sequences through splice switching antisense 

oligonucleotides can aid to manipulate the splicing process and restore the constitutive 

splicing.  

Splice switching antisense oligonucleotides, are small synthetic molecules comprising of 

nucleotides or nucleotide analogues that bind complementary to RNA through base-

pairing. They are typically 15-30 nucleotides long and are chemically modified to escape 

RNA-cleaving from RNAse H[73]. These chemical modifications can improve the potency 

but also the selectivity of the binding, by increasing the affinity of the nucleotides for the 
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complementary target. Some of the most common modifications include: 2ǋ-O-methyl (2ǋ-

O-Me), 2ǋ-fluoro (2ǋ-F), and 2ǋ-O-methoxyethyl (2ǋ-MOE) RNA while even more affinity can 

be gained using oligonucleotides modified with locked nucleic acids (LNA), which contain 

a methylene bridge between the 2ǋ and 4ô position of the ribose[74]. 

Many SSOs strategies have been already developed and are shown to be effective in vivo, 

while others have already reached clinical trials[73]. Even though the delivering strategies 

have been challenging, the fast-developing nanoparticle technology is contributing to 

overcome this barrier. This has paved the way for more targets to be explored, making a 

step further in finding better cancer treatments. Antisense technology has progressed 

rapidly in the past two decades and has now emerged as a highly explored therapeutic 

strategy that is less or non-toxic and more efficacious.  
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2. Aim of the study 

Based on existing evidence that ASPP2 is an independent haplo insufficient tumor 

suppressor initiating apoptosis response upon cellular damage, we analyzed for putative 

ASPP2 splicing variants. We discovered an oncogenic stress-inducible dominant-negative 

alternative splicing variant, which is truncated at its C-terminus. Although ASPP2ə   was 

found to be overexpressed in human leukemias, ASPP2ə has never been studied in solid 

tumors.  

For this, expression of ASPP2ə was investigated in STS and CRC native tissue. 

Furthermore, to study the functional role of ASPP2ə in solid tumors, STS and CRC cell 

lines were generated both with short RNA hairpins to silence ASPP2ə expression, and 

ASPP2ə overexpressing vector. The modified cell models were used to assess the 

consequences of ASPP2ə silencing and overexpression on cellular proliferation, migration, 

and sensitivity to damage-induced apoptosis. Finally, having confirmed that ASPP2ə is an 

alternative splicing variant of ASPP2, we then aimed to target the splicing process by 

switching the alternative splicing process through splice switching antisense 

oligonucleotides.  

Our findings may have far-reaching consequences for future diagnostic and therapeutic 

strategies in human cancers and provide a proof-of-principle to further explore ASPP2ə as 

a potential prognostic marker. Furthermore, restoration of the splicing process and 

reconstitution of the tumor suppressing ASPP2 can point towards a novel therapeutic 

target in solid tumors.  
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3. Results and discussion 

  3.1 Alternative splicing of the tumor suppressor ASPP2 results in a 

stress-inducible, oncogenic isoform prevalent in acute leukemia 

Author Author 
Position 

Scientific 
ideas % 

Data 
generation % 

Analysis 
interpretation % 

Paper 
writing % 

Marcus Schittenhelm 1st 50 20 45 45 

Bianca Walter 2nd 
 

1 
  

Vasileia Tsintari 3rd 
  

1 1 

Birgit Federman 4th 
 

1 2 
 

Mihada Bajrami Saipi 5th 
 

1 
  

Barbara Illing 6th 
 

24 5 
 

Ulrike Mau-
Holzmann 

7th 
 

2 2 
 

Falko Fend 8th 
 

1 
  

Charles D. Lopez 9th 
   

4 

Kerstin Kampa-
Schittenhelm 

10th 50 50 45 50 

Title of the paper Alternative splicing of the tumor suppressor ASPP2 results in a stress-
inducible, oncogenic isoform prevalent in acute leukemia 

Status in 
publication 

process: 
PUBLISHED 

 

The inactivation of the p53-mediated apoptotic pathway in tumors harboring mutated TP53 

has been well studied and elucidated[75, 76]. Inactivation of the p53-mediated apoptotic 

pathway results from the disruption of the complex formation between ASPP2 and p53. 

However, the molecular mechanisms of wild type TP53 tumors with inactive p53 apoptotic 

pathway, remain unclear.  

As already mentioned, ASPP2 undergoes alternative splicing and two products are being 

produced, even though the long variant of 1134aa binds p53 with higher affinity than the 

short[33, 54]. A new splicing variant of ASPP2 was recently identified by Lopez, et.al to be 

overexpressed in breast cancer, lacking its N-terminus, and conferring oncogenic 

characteristics to the tumor cells[55]. Furthermore, multiple studies have identified an 

attenuated expression of ASPP2 in tumor tissues in comparison to healthy specimens that 

correlates with poor clinical outcome. This downregulation results mostly from promoter 
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methylation, but also involves other more complex processes that are still poorly studied[39, 

48, 51, 77-80].  

In order to elucidate these complex processes of ASPP2 attenuation further, we 

hypothesized that ASPP2 might also possess loss-of-function mutations, which disrupt the 

binding region of p53. For this, we performed screenings of 30 AML (25) and ALL (5) 

patients to identify unknown ASPP2 mutations. We were not able to detect any point 

mutations in the ASPP2 cDNA of the patients that was analyzed by Sanger sequencing 

with multiple primers spanning over exon 1-18. However, we found a second ASPP2 cDNA 

product in fragment 8, spanning over exon 14-18, that lacked the 3ô end, respectively the 

C-terminus of the ASPP2 peptide (Figure 1a, b). The new product fuses with exon 18 on 

the end of exon 16, thereby lacking exon 17. Even though exon 18 is present in the cDNA, 

this fusion between exon 16 with exon 18, leads to a reading-frame shift that translates 

into an early stop codon on exon 18, terminating the peptide prematurely (Figure 1c).  

Even though gDNA was analyzed to detect genetic mutations on exon 17 that would cause 

its deletion, analysis of the relative amounts between exon 15 and exon 17 and their 

following introns, did not reveal any difference in their expression levels. These findings 

confirmed the production of an alternative splicing event rather than a mutation (Figure 

1d). The presence of the alternatively spliced isoform was furthermore validated through 

nested RT-PCR and sequencing of the product spanning over the fragment 8 sequence 

(Figure 1e), which confirmed the presence of two products, namely the wild-type isoform 

of ASPP2 and its novel alternative splice, named ASPP2ə. 

Using restriction enzymes to digest the wild type ASPP2, we were able to establish a qPCR 

assay to specifically detect ASPP2ə isoform (EBiomed 2019, Fig. 3). Specifically, 100 

blood samples were screened from AML patients, and ASPP2ə was detected in 55 out of 

90 samples (61%). Furthermore, ASPP2ə was also present in multiple tumor cell lines, 

indicating a potential significance of ASPP2ə both in hematologic and solid tumors. 

The next question we wanted to answer is whether ASPP2ə mRNA translates into a 

protein. For this we generated isoform specific rabbit antibodies targeting the unique fusion 

site of the ASPP2ə peptide, which was validated through western blot of the protein from 

3 AML patients, while no bands were visible in healthy bone marrow donors (Figure 2a, c). 
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The band size was detected at ca. 111kDa which is the predicted size of ASPP2ə. The 

antibody was then further evaluated for Immunohistochemistry on bone marrow from AML 

patients and healthy donors (Figure 2d).   

Figure 1: (a, b) cDNA screening reveals a novel fusion site at the end of exon 16 with exon 18. Bi-directional 
Sanger sequencing is shown. (c) Schematic of exon skipping, indicating a reading frame shift followed by an 
early STOP codon during translation. (d) Relative quantification of gDNA expression to compare exon 15 
with exon 17 levels. No alteration in the genomic quantity is observed among the exons, suggesting that 
exon 17 skipping results from alternative splicing. SDC4 served as housekeeping gene. Patient samples #6, 
#24 and #44 harbor the wildtype isoforms of ASPP2, patient sample #12 harbors the truncated splice variant 
(as validated by bi-directional Sanger sequencing). (e) Nested RT-PCR approach verify the expression of 
ASPP2ə in leukemia. (Data and figures by K.K-S) 

 

ASPP2ə sequencing revealed a C-terminally truncated protein that lacks the TP53 contact 

sites which lie mostly on exon 17 and downstream onto exon 18 (Figure 3a, b). Using 

RaptorX, a protein structure prediction server[81], we modelled the predicted structure of 

the C-terminus of ASPP2ə, lacking two of the original ankyrin repeats of ASPP2 as well as 
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the complete SH3 domain (Figure 3 c, d -unpublished). The efficiency of the prediction was 

based on the PDB where ASPP2 is registered as complex with p53 from crystallography 

analysis. Since the Ankyrin repeats and the SH3 domain comprise the active center of the 

protein, and interact with p53, these observations further support the theory that ASPP2ə 

can contribute to attenuated activation of the TP53-mediated apoptosis pathway in 

hematopoietic and solid tumors.  

 
Figure 2: (a) Validation of N-terminal and isoform-specific ASPP2ə specific antibodies on selected cell lines 
ASPP2ə specific antibody derived from animal 5385. Tubulin serves as a loading control (Data and figure. 
by K.K-S). (b) Immunoprecipitation (IP) using ASPP2ə-specific antibodies in lysates derived from three acute 
leukemia samples and probed with N-terminal ASPP2 antibodies confirm genuine translation of an ASPP2ə-
protein isoform at ~110 KDa (anticipated size 111 KDa). IP using unspecific polyclonal IgG antibodies served 
as negative controls (Data and figure. by K.K-S). (c) Western immunoblot (of 5 separate experiments) using 
equally loaded whole cell lysates of patient samples and donors. ASPP2ə is specifically detected in acute 
leukemia samples compared to mononuclear cells extracted from healthy bone marrow donors. Actin served 
as loading control (Data and figure by K.K-S). (d) Immunohistochemistry analysis using anti-ASPP2ə 
antibodies confirms cytosolic expression of ASPP2ə in acute leukemia bone marrow biopsies (Figure by B.I.)  

 
To shed light into the functions of the ASPP2ə isoform, we have introduced an 

overexpressing vector for ASPP2ə in the hematopoietic IL3-dependent murine pro B-cell 

line Ba/F3. It was found that Ba/F3 cells overexpressing ASPP2ə lost their IL3-dependency 

and survived without growth factor supplementation (EBiomed 2019, Fig. 5C) and showed 

increased cellular proliferation rates compared to control cells (EBiomed 2019, Fig. 5D). 

Furthermore, since ASPP2ə overexpression inhibited damage-induced cell death, we 

reasoned that attenuation of ASPP2ə expression would inhibit cell viability. Using a specific 
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siRNA against the ASPP2ə isoform to K562 leukemia model we induced ASPP2ə 

silencing. It was found that K562 cells treated with imatinib in a dose-dilution assay were 

more prone to induction of apoptosis when ASPP2ə was silenced ï compared to cell 

strains treated with a scrambled siRNA control. Similarly, dose-escalating treatment of 

K562 cells with daunorubicin showed even more pronounced rescue of proapoptotic 

efficacies in ASPP2ə-interferenced cell lines compared to the control cells (EBiomed 2019, 

Fig. 5G/H).            

   

 
Figure 3: (a) Schematic of the wildtype ASPP2 amino acid sequence (corresponding to exon 16, exon 17 
and exon 18/19) and the TP53 binding sites (in red). (b) Schematic of the ASPP2ə amino acid sequence 
(corresponding to exon 16, and truncated exon 18/19) with the novel signature peptide of the variant. (c) 
structural representation of the ASPP2 C-terminus, created with RaptorX structure prediction server. (d) 
Structure prediction of ASPP2ə with two ankyrin repeats and the SH3 domain lost. Unpublished data (Figure 
by V.T).             
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 3.2 Alternative splicing of Apoptosis Stimulating Protein of TP53-2 

(ASPP2) results in an oncogenic isoform promoting migration and therapy 

resistance in sarcoma.  

                       
Author Author 

Position 
Scientific 
ideas % 

Data 
generation % 

Analysis 
interpretation % 

Paper 
writin
g % 

Vasileia Tsintari 1st 10 55 30 25 

Bianca Walter 2nd 10 30 15 
 

Falko Fend 3rd 
 

5 5 
 

Mathis Overkamp 4th 
    

Christian Rothermundt 5th 
   

2 

Charles D. Lopez 6th 
  

5 10 

Marcus M Schittenhelm  7th 30 
 

15 28 

Kerstin Kampa-
Schittenhelm 

8th 50 10 30 35 

Title of the paper Alternative splicing of Apoptosis Stimulating Protein of TP53-2 
(ASPP2) results in an oncogenic isoform promoting migration and 

therapy resistance in soft tissue sarcoma (STS).  

Status in publication 
process: PUBLISHED 

 

After the detection of the novel splice variant of ASPP2 in hematological malignancies, we 

then went further into screening different tumor entities to verify our hypothesis of ASPP2ə 

overexpression in solid tumors. Two independent studies from Vives et. al[49], and Kampa 

et. al[50], have showed that ASPP2 heterozygous mice are prone to tumor formation while 

ASPP2-/- phenotype is lethal already at embryonic stage. Specifically, ASPP2+/- mice 

developed mostly B-cell lymphomas but also soft tissue sarcomas and especially 

rhabdomyosarcomas.  

Soft tissue sarcoma (STS) is a rare and heterogeneous group of malignancies with 

mesenchymal origin, accounting for less than 1% of all human malignancies[82, 83], 

classified into more than 100 histological subtypes[84]. STS can rise from muscle, fat or 

deep skin tissue but also joints, nerves or blood vessels. Treatment options in advanced 

STS are still not satisfying and standard chemotherapy is based on anthracyclines 

however with moderate efficacy and high relapse rates[85]. 
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Since ASPP2 seems to play a role in STS biology, we investigated whether we could detect 

the splice variant ASPP2ə in rhabdomyosarcoma patients. For this, we performed 

screenings in consented rhabdomyosarcoma patients both in RNA and protein level. In 

total, 15 patient samples from snap-frozen native rhabdomyosarcoma tumors were used 

for an isoform specific qPCR to quantify the relative expression of the alternative splice 

variant, in comparison to tissue derived from tumor-free areas. It was found that in 

comparison to the tumor-free tissue, ASPP2ə in tumor tissues has approximately 4 times 

higher expression (Figure 4a). Importantly, the ASPP2ə levels in tumor tissue versus 

healthy tissue within same individuals were also significantly elevated, which further 

confirms the oncogenic functionality of the splice variant. Furthermore, 11 FFPE samples 

from rhabdomyosarcoma patients were immunohistochemically stained with the isoform-

specific antibody against ASPP2ə and 7 displayed a detectable ASPP2ə expression 

(Figure 4c-e).  

To determine if ASPP2ə was also expressed in STS cell lines, we screened 6 different 

STS cell lines from five different sub-types of STS. Four out of the six tested cell lines had 

a significantly elevated ASPP2ə expression, when compared to the tumor free native tissue 

(BMC 2022, Fig. 2A). ASPP2ə expression was also further inducible under stress 

conditions (BMC 2022, Fig. 2B). Both rhabdomyosarcoma cell lines that were screened 

were overexpressing ASPP2ə when normalized to healthy tissue from STS patients.  

To assess our hypothesis on the oncogenicity of the ASPP2ə splice variant, we designed 

a specific shRNA targeting the fusion site of exon 16 with exon 18 of ASPP2. The shRNA 

was incorporated into a lentiviral construct which was used for lentiviral transduction of the 

rhabdomyosarcoma cell lines to create a stable knock down of ASPP2ə by 40% after 

puromycin selection (BMC 2022, Fig. 4A). As control, the same lentiviral construct was 

utilized without baring any hairpin (empty vector, EV). 

The stable ASPP2ə silenced cell lines were then treated with doxorubicin, a standard 

therapeutic treatment in STS, to determine the apoptosis response in comparison to EV 

cells. A dose dilution curve was performed, and cells were collected after 48hrs of 

treatment, for Annexin/7-AAD stain. Silencing of ASPP2ə resulted in induction to apoptosis 

upon exposure to doxorubicin in both cell lines tested (BMC 2022, Fig. 4B, C), while the 
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IC50 dropped by approximately 33% in shASPP2ə.RD in comparison to EV cells (Figure 

5a) and more than 50% in the shASPP2ə.ssRMS cell compared to the IC50 of the EV cells 

(Figure 5b). 

Figure 4: (a-e) FFPE samples stained for ASPP2ə using isoform specific antibody (ab#5385), (a) normal 
placenta tissue serves as negative control. (b-e) rhabdomyosarcoma patient samples (10x magnification, 
zoom 100x). (f) ASPP2ə-specific qRT-PCR assay to determine relative mRNA expression levels in native 
rhabdomyosarcoma patient tissue (n=15). A sample pool (n=6) of tumor-free native tissue derived from the 
same patients serves as control. Each patient sample was measured in technical triplicates. Statistical test: 
unpaired t-test. (g) ASPP2ə-specific qRT-PCR assay between tumor and healthy tissue from the same 
individual (GAPDH serves as housekeeping gene) (n=3). Each patient sample was measured in technical 
triplicates. Statistical test: two-way ANOVA. **** p< 0.0001, *** p<0.001, ** p< 0.01, * p< 0.05. (Data and 
Figure by V.T.) 

 

ASPP2 has been found to be involved in other cellular functions apart from TP53-mediated 

apoptosis regulator. Therefore, we assessed on whether ASPP2ə also plays a role in 

cellular proliferation. For this, the ASPP2ə-silenced rhabdomyosarcoma cell lines were 

used in proliferation assays. It was shown that there is a significant attenuation of the 

proliferation rates in the shASPP2ə cell lines in comparison to the EV controls, and the 

doubling times were significantly decreased (BMC 2022, Fig. 5A-D).  

Finally, we wished to examine the involvement of ASPP2ə in cellular motility. For this a 

wound healing migration assay was performed, and the wound closure was observed 

every two hours for a timeframe of 8 hours (BMC 2022, Fig. 6A-B). TScratch software 

(www.cse-lab.ethz.ch/software.html ) [86] was used to quantify the wound healing speed 

and we found that, while the wound in the shEV.RD, cells has closed in almost 8 hours 

(Fig. 6), the ASPP2ə-silenced cells have not had a healed wound. Similarly, the ssRMS 

cell line displayed a significant decrease in the wound healing speed between EV and 

shASPP2ə cells. Specifically, the wound healing speed was calculated to be reduced by 

http://www.cse-lab.ethz.ch/software.html
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ca. 50% in the RD cells (from 6.5%/h for the EV to 3.5%/h) and almost 65% in the ssRMS 

cell line (from 6.5%/h to 3.5%/h) (BMC 2022, Fig. 6C-D).  

Figure 5: (a) logIC50 and IC50 values of the shASPP2ə.RD and (b) shASPP2ə.ssRMS cell strains in response to 

doxorubicin. shEV cell lines serve as transduction control. (Data and Figure by V.T.) 

 

 

 

Figure 6: Representative wound healing experiments for the shASPP2ə.RD and ssRMS cell lines for five time points (t 
= 0-8hrs). Graphical display of wound healing computed by ImageJ. Blue curve, overlay of wound margin at start of 

experiment; red curve, wound closure at given time point, experiments were performed in technical triplicates. (Data 
and Figure by V.T.) 
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3.3 ASPP2ə is expressed in Human Colorectal Carcinoma and 

promotes chemotherapy resistance and tumorigenesis 

Author Author 
Positio
n 

Scientific 
ideas % 

Data 
generation 
% 

Analysis 
interpretation % 

Paper 
writin
g % 

Ingmar Rieger 1st 10 65 30 10 

Vasileia Tsintari 1st 20 30 20 15 

Falko Fend 2nd 
 

1 
  

Mathis Overkamp 3rd 
 

4 
  

Charles D. Lopez 4th 
   

15 

Marcus M Schittenhelm  5th 30 
 

20 30 

Kerstin Kampa-
Schittenhelm 

6th 40 
 

30 30 

Title of the paper ASPP2ə is expressed in human colorectal carcinoma (CRC) and 
promotes chemotherapy resistance and tumorigenesis. 

Status in publication 
process: PUBLISHED 

 

Colorectal carcinoma is the second most frequent cause of cancer related death worldwide 

counting almost 1 million deaths in 2020[5]. Treatment options in advanced metastatic 

stages involve mostly palliative approaches and despite extensive research on metastatic 

CRC, the need for better treatment options as well as prognostic and predictive biomarkers 

is paramount[87]. 

Almost 50% of all colorectal carcinomas harbor TP53 inactivating mutations that are 

associated with poor clinical outcome. At the same time, significant dysregulation of 

ASPP2 expression has been found in colorectal carcinomas[88]. However, this observation 

does not correlate with the p53 status as one would expect. ASPP2 was found to be 

downregulated in both p53 positive and negative CRCs[88].  

The first step was to investigate whether we could detect ASPP2ə in colorectal carcinoma. 

For this, we screened 15 snap-frozen tissue samples from newly diagnosed consented 

colorectal carcinoma (G2/G3) patients, and tumor-free tissue samples from the same 

patients served as negative control pool. We have found a significant overexpression of 

ASPP2ə in the tumor samples, with a high expression range of up to 17-fold compared to 

the control cohort and with a median of 4.2-fold higher (Figure 7a). Furthermore, five out 
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of the eleven screened patients that were provided with their respective tumor-free 

adjacent tissue showed a significant upregulation of ASPP2ə expression when compared 

with their own adjacent healthy tissue (Figure 7b).   
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Figure 7: (a) qRT-PCR analysis determines relative mRNA expression levels in CRC tissue (n=15) 
compared to a pool of adjacent tumor-free tissue colorectal tissue (n=14). Analyses performed in triplicates. 
Statistical tests: unpaired t-test. (b) Comparison among individual ASPP2ə expression levels in tumor tissue 
vs. adjacent tumor-free tissue colorectal tissue of the same patient. Statistical test: two-way ANOVA. Pair 
C10 was removed from analysis due to R1 resection status. (Data by I.R and V.T.; Figure by V.T.) 

 

To study the functional role of ASPP2ə in colorectal carcinoma, we created stable cell 

models using p53 wild type cell lines (HCT-116 and DLD-1) both with short hairpin 

expression against ASPP2ə and with an overexpressing vector (Frontiers 2021, Fig. 2A-

B). The stable cell models where then used for functional analyses on three hallmarks of 

cancer, proliferation, apoptosis evasion and migration capabilities. As expected, we 

observed an increase oncogenic potential in the cell lines where the alternative splice 

variant was overexpressed, and a more susceptible phenotype in the ASPP2ə-silenced 

models. Specifically, we investigated the effects the overexpression of the alternative 

splice variant confers, when combined with oxaliplatin treatment which is the standard 

chemotherapeutic approach in colorectal carcinoma. We observed that ASPP2ə 

overexpression results in increased chemotherapy resistance and evasion of apoptosis 

(Figure 8a, b). 

Furthermore, cell proliferation assays showed that ASPP2ə promotes cellular proliferation. 

Doubling times for the ASPP2ə overexpressing cell lines were calculated and compared 

with their respective EV controls. It was found that, the proliferation rate in the HCT-
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116.ASPP2ə cells, increased by 14% from ca. 20hrs doubling time (EV) to 17h, while for 

the DLD-1. ASPP2ə cells, the doubling time decreased from 26.4h (EV) to 22, a decrease 

of more than 15% (Frontiers 2021, Fig. 4A, C). On the contrary, a significant decrease in 

cellular proliferation was observed in the ASPP2ə-silenced cell lines (Frontiers 2021, Fig. 

4A, C), which is in line with previous findings in STS as well.     
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Figure 8: Dose dilution experiments using (a) DLD-1 or (b) HCT116 ASPP2ə overexpressing cells are 
shown. Induction of apoptosis after exposure of cells to Oxaliplatin for 48 h is assessed flow cytometrically 
using annexin V/7-AAD. EV, empty vector. Statistical test: two-way ANOVA. ****p < 0.0001, ***p < 0.001, **p 
< 0.01, *p < 0.05. (Data by I.R.; Figure by V.T.) 

Additionally, we confirmed that overexpression of ASPP2ə can have a promoting impact 

in cellular motility and migration, potentially promoting tumor metastasis. Utilizing a wound 

healing assay (Frontiers 2021, Fig. 6A-D) and a transwell migration assay (Frontiers 2021, 

Fig. 5A-D), we showed that the ASPP2ə overexpressing CRC cell lines display increased 

migration rates compared to their respective EV controls. The increase in cellular migration 

in the transwell assay reached up to almost 60% for the HCT-116.ASPP2ə cells and 36% 

for the DLD-1 cell line (Frontiers 2021, Fig. 5A, C). Respectively ASPP2ə-silencing resulted 

in attenuated migration capacity for both shASPP2ə.HCT-116 and DLD-1 cell lines of up 

to 37% in comparison to the EV controls (Frontiers 2021, Fig. 5B, D). The wound healing 

assay further confirmed the results of the transwell assay, with increased migratory 

capacity upon ASPP2ə overexpression (Frontiers 2021, Fig. 6A, C), and reduced motility 

when ASPP2ə expression has been silenced (Frontiers 2021, Fig. 6B, D).   
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 3.4 Design of antisense splicing oligonucleotides inducing exon 

inclusion for pre-mRNA splicing modulation of ASPP2 (unpublished)   

The Apoptosis Stimulating Protein of p53 (ASPP2) is frequently undergoing alternative 

splicing, producing multiple splice variants with varying functions [54-56]. Alternative splicing 

occurs by rearranging the pattern of intron and exon elements to alter the mRNA coding 

sequence, a process that enables the mRNA to direct the synthesis of different protein 

variants (isoforms). These alternative splicing variants, potentially have different cellular 

functions or properties. Regulation of splicing is a complicated process in which numerous 

interacting components are involved, including cis-, and trans-acting factors. Furthermore, 

it is guided by functional coupling between transcription and splicing. Cis-acting elements 

include short degenerate consensus sequences, typically 5ï10nt known as exonic splicing 

enhancers/silencers (ESEs and ESSs respectively), and intronic splicing enhancers/ 

silencers (ISEs and ISSs respectively). They are recognized by trans-acting splicing 

factors, such as serine/arginine-rich domain proteins (SR proteins) and nuclear 

ribonucleoprotein proteins (hnRNPs), which can activate or suppress the splice site 

respectively[89]. The enhancing elements tend to play dominant roles in constitutive 

splicing, while the silencers are more important in the control of alternative splicing[90, 91]. 

To identify the underlying mechanism of alternative splicing of ASPP2ə, we hypothesized 

that cis-acting splicing motifs may exist that could promote the exon 17 skipping. For this, 

we analyzed the human TP53BP2 gene sequence from NCBI 

(http://www.ncbi.nlm.nih.gov/). Specifically, we focused on the exon 17 along with the 

200bp of its upstream and downstream introns which is the maximum distance the splicing 

elements can be found. The sequence was then analyzed using the Human Splicing Finder 

system (http://www.umd.be/HSF3/), a bioinformatics server that combines multiple 

algorithms and matrices in a pool for splicing signals in order to provide a wide range of 

information about signals contained in any human genome sequence[71].  

The sequence analysis revealed that the area upstream and downstream of exon 17 is 

heavily loaded with non-natural acceptor and branchpoint sites on the 5ô end of the exon 

17, but also inside the exon itself and the 3ô end (Figure 9a, b). Importantly, some of these 

http://www.ncbi.nlm.nih.gov/
http://www.umd.be/HSF3/
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signals scored higher than the natural site sequences in the HSF, an indicator of signal 

strength during splicing that could result in an alternative splicing event. Furthermore, we 

have analyzed the exonic splicing regulator (ESR) profile of the sequence. We found that 

there is a big accumulation of ESEs motifs upstream, but also downstream of exon 17 

(Figure 9c, d), and a big cluster of ESSs in the middle and downstream of the exon that 

could contribute to the exon skipping event (Figure 9c, e). 

For the splice switching AON design, specific criteria must be met that increase the affinity 

of the sequence. Some of these criteria involve the length (20-30nt), the Tm (>48oC), the 

CG% (40%-60%) and the sequence accessibility on the pre-mRNA which should involve 

a partially open structure etc.[92]. Using the sequence analysis from HSF, we identified 

candidate target sequences that could potentially induce exon inclusion (Table 1). As proof 

of principle, a splice switching AON was designed to induce exon skipping and therefore 

ASPP2ə overexpression. This segment targets the natural acceptor site of the exon until 

the first nt of exon 17 itself (Table 1). Scrambled splice switching AONs were used as 

controls. For exon inclusion AONs, the target regions that were picked are locations 

involving ISS, ESS sites and sites of non-natural splicing elements (non-natural branch 

point, acceptor, and donor signals). The RNA structure of exon 17, with its upstream and 

downstream 200bp introns, was analyzed for their secondary RNA structure with the mfold 

Web Server (http://unafold.rna.albany.edu/?q=mfold) to determine the RNA structure and 

exclude those candidate sequences that are not located on a too open or too closed region 

of the RNA template.  

http://unafold.rna.albany.edu/?q=mfold
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Figure 9: Analysis of the ASPP2 intron 17 sequence together with its 200bp intron sequence up- and 
downstream using the Human Splicing Finder system. (a) The donor (5'-end at the beginning of the intron) 
and the acceptor (3'- end at the end of the intron) sites in green and red respectively. The natural acceptor 
site has a lower % signal efficiency than the site upwards (94.45% versus 89.4% for the natural site). Also, 
the acceptor site downstream of the exon, has higher efficiency than the natural donor site. (b) Branchpoint 
site analysis reveals the weak signaling strength of the natural branchpoint of the exon. (c-e) Exonic splicing 
regulator profile with ESEs motif accumulation (d) forming positive peaks (c) and ESSs motif clusters forming 
negative curves (e). (Data and Figure by V.T.) 

 

The splice switching AON candidates were then introduced into RD cells through 

lipofectamine transfection and the effect on expression of ASPP2ə and ASPP2 was 

measured by qRT-PCR (Figure 10), 48hrs after transfection. We show that, the exon 

skipping AON, results in high overexpression of ASPP2ə up to 40-fold higher than the 

scrambled splice switching AON (Figure 10i), when simultaneously the ASPP2 expression 

has decreased by 50% (data not shown). This is conclusive since the mature RNA 

produced was highly alternatively spliced. Analysis of the 5 exon inclusion candidates 

(aiming to reduce alternative splicing thus repressing ASPP2ə expression) showed that 3 

of them succeeded to induce a reduction in the ASPP2ə expression (Figure 10b, d, e). 

Two of them even led to higher production of ASPP2ə (Figure 10a, c), thus underlying the 

importance of the correct position of the splice switching AONs for optimal outcome. 

Characteristically, splice switching AON 340-362 induces a reduction in ASPP2ə 

production, while the next candidate located just two nt further, leads to ASPP2ə 
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overexpression (Figure 10, c). Another evidence on the importance of the location comes 

from the splice switching AON 416-437, which even though it suppressed the expression 

ASPP2ə (Figure 10d), it also induced high cell death (data not shown). Importantly, the 

highest downregulation of ASPP2ə was achieved when two AONs were combined (Figure 

10g, h).  

To further identify the splicing modification ability of the splice switching antisense 

oligonucleotides, we performed another confirmational lipofectamine transfection of RD 

cells with the splice switching AONs, 340-362; 342-362; 471-492; 340.471 (combi); 

342.471 (combi). Splice switching AON 163-185 was exempted due to the high ASPP2ə 

overexpression it induced, and the splice switching AON 416-437 was also exempted due 

to the high cell death that it was inducing. 
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Table 1: Target sequences and characteristics of the AON candidates qualifying for the selection criteria. 
The chemical modified sequences are listed below. m_ modification: 2' O-methyl RNA; ñm_*ò modification: 
Phosphorothioated 2'-O-methyl RNA; _* modification: Phosphorothioated DNA bases; +_ modification: 
locked nucleic acids (LNA); r_ modification: RNA. Modifications were decided for optimum Tm and binding 
affinity taking into consideration the locus of the target sequence as well. (Data and Table by V.T.) 
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Figure 10: qRT-PCR for validation of the exon inclusion and exon skipping AON candidates. (a-h) isoform 
specific qRT-PCR quantifying ASPP2əexpression from the exon inclusion AON candidates. (i) isoform 
specific qRT-PCT quantifying ASPP2ə expression induced by the exon skipping AON. Analyses were 
performed in triplicates Statistical test: unpaired t-test. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05. 
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Table 2: Primer- list used for One step RT-PCR. (Data and Figure by V.T.) 
RT-PCR Primer List   

GAPDH Forward 5´-GGCCTCCAAGGAGTAAGACC-3´ 

Reverse 5´-ATGGTACATGACAAGGTGCG-3´ 

ASPP2 (exon 

17) 

Forward 5´-TGCCTCATGTAACAACGTCCA-3´ 

Reverse 5´-CATAAAGAAATTGGGAGCACTGA-3´ 

ASPP2ə 

(junction site) 

Forward 5´-GATGAAGGCATCACGGCTCT-3´ 

Reverse 5´-CCATCTTCTCCTGAACTCCATC-3´ 

 

To analyze the splicing pattern, cells were collected 24hrs after transfection[93] and a one-

step RT-PCR was performed. Primers were designed for GAPDH, ASPP2 exon 17, and 

ASPP2ə junction site (Table 2) and the products were then run in an agarose gel (Figure 

11a). The intensities of the bands were furthermore quantified, and it was found that the 

combination of splice switching AON 340-362 with 471-492 is completely blocking the 

ASPP2ə junction site (Figure 11c) while expression of exon 17 is increased (Figure 11b). 

This observation is in line with the qRT-PCR where the effect of the AON seems to reflect 

also to the reduction of the alternatively spliced mature mRNA. All five candidates 

managed to induce an exon inclusion, even if the mRNA levels of the ASPP2ə mRNA 

expression was not reduced to all in the qPCR. This phenomenon further underlines the 

significance of the location of the splice switching antisense oligonucleotides and the 

importance of their modification to increase affinity and effectivity. Finally, it is important to 

mention that the band intensity of ASPP2 did not variate much among the candidates 

(Figure 11b), compared to the differences on the variation of the ASPP2ə intensity. The 

increase is however significant since the splice switching AONs do not confer mRNA 

silencing, but rather modify the existing template amounts, into specific product production 

without upregulating the mRNA expression.         
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Figure 11: One step RT-PCR for splice switching AON efficiency verification. (a) Agarose gel electrophoresis 

of the RT-PCR products under the different AON candidates for GAPDH (192bp), ASPP2 exon 17 (149bp) 

and ASPP2ə(128bp). (b) Quantification of the ASPP2 exon 17 band intensity of the agarose gel for the 

different AON treatment conditions using ImageJ. (c) Quantification of the ASPP2ə band intensity of the 

agarose gel for the different AON treatment conditions using ImageJ. (d) Quantification of GAPDH band 

intensity of the agarose gel for the different AON treatment conditions using ImageJ. Intensity measurements 

were performed in triplicates Statistical test: unpaired t-test. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 

0.05. (Data and Figure by V.T.) 

 

 

 3.5 Discussion 

Even though the origins of cancer date back to ancient times, it is still one of the main 

causes of death in human populations, according to WHO, and it is estimated that these 

rates will further rise over the next years[5]. The great heterogeneity of cancer malignancies 

is one of the main reasons why no universal treatment can exist, and this is also the 

challenge of cancer research. Over the past 30 years the advance in medical research 

have managed to significantly reduce mortality, especially in hematologic malignancies[6], 

but there are still numerous cancers that lack efficient treatment options.  
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The alterations one cell must undergo to become malignant, have been well described the 

last twenty years and are defined as the hallmarks of cancer[7-10]. The first hallmarks of 

cancer, involved mostly the ability of the cancer cells to survive under harsh conditions 

(treatment, growth factor absence), their accelerated proliferation speed and their ability to 

expand their network by migrating and promoting angiogenesis[7]. Almost ten years later 

these hallmarks have been updated. At this point it became clear that one of the main 

changes that need to occur in a potential cancer cell is the accumulation of mutations and 

genetic instabilities as well as immortal replication abilities[10]. The list of the hallmarks of 

cancer however grows continuously, providing more insights into cancer initiation, cancer 

development and malignant progression[7-10].  

One of the key steps in the process of tumorigenesis, however, is not only the 

accumulation of mutations and genetic instabilities, but also the ability to withstand cellular 

stress occurring upon extensive DNA damage. Evasion of apoptosis is probably one of the 

most studied hallmarks of cancer. It involves the ability of cancer cells to bypass the 

initiation of apoptotic mechanisms triggered by stress conditions, to avoid cell death. In a 

healthy, non - cancerous cell this process involves mainly the activation of two different 

pathways, the extrinsic and the intrinsic apoptotic pathway, both with the ultimate goal to 

activate the caspases and initiate the proteolytic cleavage of cellular substrates[17].  A 

cancer cell on the contrary, disables its intrinsic apoptotic pathway functions in multiple 

ways. It does so by upregulating anti-apoptotic proteins (such as BCL-2 family proteins), 

by inducing expression of oncogenes (e.g. MYC), by accumulating deactivating mutations 

in onco-suppressing genes (such as TP53), or by changing the functions of pro-apoptotic 

proteins via post-translational modifications and alternative splicing[94].  

The TP53 gene is a tumor suppressor that regulates multiple functions such as cell cycle 

apoptosis, autophagy, etc. Alterations lead to a reduction of its tumor-suppressing function, 

while haploinsufficiency leads to early childhood tumor development[26]. TP53 is mutated 

in more than 50% of all human cancers. This results in disturbed DNA-repair, attenuated 

apoptosis and cell cycle dysfunctions amongst others [24]. However, it has been found that 

its tumor suppressing functions can be attenuated even in wild-type p53 expressing 

tumors[32]. Restoring these tumor-suppressing properties is of paramount importance for 
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cancer research. The ASPP protein family (Ankyrin repeat-, SH3-domain- and Proline-rich-

region-containing Proteins; Apoptosis Stimulating Protein of p53), was found to bind the 

p53 core domain and activate the apoptotic functions of p53 and comprises of three 

members ASPP1 and ASPP2 (both pro-apoptotic) and iASPP (anti-apoptotic). ASPP2 is 

the best studied family member. 

It was found that ASPP2 interacts with p53 directly via binding of its C-terminus to the core 

domain of p53, to specifically induce apoptosis[33]. The interaction  of ASPP2 with p53 was 

elucidated by crystal structure where it was found that the p53 core domain binds to the 

SH3 domain and the four ankyrin repeats of ASPP2[35]. Further studies on ASPP2 have 

also revealed that ASPP2 functions expand further than the p53 interaction and apoptosis 

initiation and its importance in human cancer has been further highlighted[30, 41, 43, 47, 51]. 

ASPP2 was found to be a haplo-insufficient tumor suppressor in two independent mouse 

models, and while ASPP2-/- mice are not viable, heterozygous expression of ASPP2 leads 

to spontaneous tumor formation in mice[49, 50]. Interestingly, ASPP2 mRNA is prone to 

alternative splicing, resulting in truncated dysfunctional products thereby reversing its anti-

apoptotic functions [54, 55, 95, 96]. For these reasons, the role of ASPP2 in human 

carcinogenesis has important prognostic and therapeutic implications that need further 

investigation. 

In an effort to shed more light on the role of ASPP2 in AML, we performed TP53BP2 

genome screenings in AML patients with p53 wild type background. Due to the important 

functions of ASPP2 we expected to identify point mutations that would result in ASPP2 

dysfunction, in analogy to p53 mutations. Interestingly, we did not find any mutations in the 

ASPP2 gene. Instead, we were able to identify a new alternatively spliced isoform with 

truncated C-terminus which we named ASPP2ə [56]. Specifically, we found that ASPP2ə, 

is spliced at the end of exon 16 and is fused with exon 18, thereby completely missing 

exon 17[56]. Due to a reading-frame shift during translation, an early stop codon is created 

at the beginning of exon 18, thus resulting in a truncated peptide. An isoform specific 

antibody against the ASPP2ə protein verified the translation of the alternative variant into 

a functional protein detected in AML patients. Loss of the C- terminus results in a truncated 

protein, lacking most of the binding domain of p53 on ASPP2[41]. This is hypothesized to 
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result in loss of the p53-ASPP2 complex formation. Since ASPP2ə was detected in 60% 

of AML patients, but no expression was detected in healthy bone marrow donors, we 

hypothesized that ASPP2ə harbors pro-tumorigenic functions and that the tumor-

suppressing characteristics of ASPP2 are lost. The discovery of ASPP2ə is especially 

important in TP53 wt cancers, providing an explanation for attenuated TP53 pathway 

function despite the TP53 wt background.  

Even though the exact mechanisms of how ASPP2ə inhibits the TP53 pathway remain 

unknown and are subject to ongoing research, one possibility is that ASPP2ə binds and 

thereby blocks ASPP2, which then cannot activate TP53 to promote apoptosis. This theory 

is supported by structural studies demonstrating that ASPP2 creates homodimers. Since 

ASPP2ə retains its interaction domains for homodimerization with ASPP2[97, 98], it could 

function as a natural ASPP2 inhibitor to promote evasion of apoptosis. Furthermore, since 

exon 17 and 18 encode for the SH3 domain and the ankyrin repeats, which comprise the 

main PPI domain of the protein, it is also possible that ASPP2ə loses the ability to interact 

with other binding partners, such as with the p53 family (p63, p73) Bcl-2, Bcl-XL, or NFəB[42, 

43, 98], which are known to interact with the C-terminus of ASPP2.  

Previous studies have shown that ASPP2 heterozygous mice are prone to sarcoma tumor 

formation [49, 50]. Therefore, we investigated the expression and the role of ASPP2ə in soft 

tissue sarcomas. Sarcomas although rare, they are a very heterogeneous tumor entity 

comprising of more than 50 different subtypes. Sarcomas have a high mortality rate mostly 

due to their late diagnosis at advanced disease stage. Their limited treatment options have 

little improved and include mostly radiation and anthracycline-based chemotherapy in non-

resectable/advanced STS[85, 99, 100]. Understanding the cellular and molecular complexity 

of the disease remains crucial, in order to unveil the molecular basis of sarcoma-genesis 

and to design new targeted therapies[101]. In STS cases, the inactivation of TP53, either 

through point mutations or TP53 pathway alterations, plays a key role in soft tissue 

sarcoma formation and it is used as a prognostic factor, associated with decreased 

survival[99, 102].  
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Taking the above-mentioned information into account, we were interested in investigating 

the effect of the anti-apoptotic splice variant of ASPP2, ASPP2ə, in soft tissue sarcomas 

and specifically in rhabdomyosarcoma and liposarcoma sub-entities. Our theory was 

furthermore based upon the findings that ASPP1 and ASPP2 could suppress tumor growth 

even in tumors expressing mutant p53[36]. Using patient tumor tissue and healthy tissue 

derived from the tumor-free resection margin from the same patients, as well as sarcoma 

cell lines, we were able to detect transcription and translation of ASPP2ə in the tumor 

tissue of rhabdomyosarcoma and liposarcoma patients and cell lines. Interestingly, the 

respective healthy tissue had an approximately 5 times lower RNA levels compared to the 

corresponding tumor tissue. The rhabdomyosarcoma fixed tissue furthermore had a 

significantly higher expression of the ASPP2ə protein comparing to healthy fixed tissue, 

upon immunohistochemistry staining. These observations further strengthen the previous 

findings of the oncogenic potential of ASPP2ə[56].  

We showed that, upon ASPP2ə silencing, proliferation and growth are attenuated. 

Specifically, it was shown that upon ASPP2ə silencing, the doubling times of the rhabdo- 

and liposarcoma cell lines increase significantly by an average of 32% in comparison to 

EV cells. This effect on the proliferation speed under ASPP2ə silencing is supported by 

evidence showing that silencing of ASPP2 promotes proliferation through the PI3K/AKT 

pathway due to failure of binding activated Ras at the N-terminus of ASPP2[47, 52]. These 

data further support our hypothesis. ASPP2ə binding on ASPP2, could inhibit the ASPP2 

interaction with Ras on its N-terminus[103], thus contributing to increased proliferation rates. 

Similarly, when ASPP2ə is silenced, the normal ASPP2 protein levels are restored, and 

enhanced proliferation is prohibited. Further investigation is required regarding the effects 

of ASPP2ə on PI3K/AKT pathway. 

Further on, we investigated how ASPP2ə silencing influences cell migration. We have 

shown that upon ASPP2ə inhibition, rhabdomyosarcoma cells become less motile in 

comparison to the control group. This is in line with reports showing that upon ASPP2 

silencing, the epithelial marker E-cadherin is downregulated, while the mesenchymal 

marker N-cadherin is upregulated, pointing towards an involvement of ASPP2 in cell 

migration and metastasis[39, 43, 50, 52, 104, 105]. Since this ASPP2 function is mediated via its 
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N-terminus, our results in the migration assay upon ASPP2ə silencing indicate that 

ASPP2ə expression might antagonize the E-cadherin, ɓ-catenin interaction of wild type 

ASPP2, promoting cell migration. We suggest that ASPP2ə silencing, re-enables ASPP2 

interactions but further research is necessary to shed more light on the underlying 

mechanisms of EMT transition under the influence of ASPP2.  

Finally, we analyzed the effect of ASPP2ə-silencing on the induction of apoptosis, on 

rhabdomyosarcoma and liposarcoma cells upon doxorubicin treatment. Indeed, it was 

observed that apoptotic rates are significantly increased in ASPP2ə silenced cells in 

comparison to the control group. Especially in ASPP2ə-silenced ssRMS cells, the IC50 of 

chemotherapy-induced cell death reduced by 50% as a response to silencing the splicing 

variant. This agrees with evidence showing that apoptosis is attenuated under ASPP2 

silencing[52]. It is known that p63 or p73 are also able to initiate p53-independent ASPP2-

induced apoptosis as response to DNA damage and cellular stress[43]. However, since both 

p63 and p73 share very similar core domains with p53, the ASPP2ə splice variant could 

be unable to bind these p53 family members to initiate apoptosis as well. Different studies 

have shown that the ASPP2 promoter region is hypermethylated in several types of p53 

wild type malignancies, so expression is downregulated[37, 39]. We suggest that silencing of 

ASPP2ə in p53 wild type tumor entities, can possibly restore the already methylation-driven 

downregulated normal ASPP2 levels, otherwise inhibited from ASPP2ə, allowing p53-

dependent apoptosis induction upon chemotherapy. Similarly, in p53 mutated cancers it 

can also contribute to induction of apoptosis by allowing wt ASPP2 to interact with the 

other p53 family members (p63, p73). 

Taken together, our findings suggest that ASPP2ə has an oncogenic potential, affecting 

tumorigenesis, tumor progression and metastasis in soft tissue sarcoma. We were able to 

show that silencing of this splice variant reduces proliferation rates, increases the migratory 

potential, as well as the apoptotic response of rhabdomyosarcoma and liposarcoma cells 

to chemotherapy.  

Since we had evidence that ASPP2 downregulation in colorectal carcinoma correlates with 

abnormal tumor proliferation and growth[106], we wished to investigate the expression and 
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potential role of ASPP2ə in colorectal carcinoma. Even though early tumor stages can be 

treated with surgery and chemotherapy, distant metastatic disease remains incurable, 

except in selected circumstances[107]. Understanding the cellular and molecular complexity 

of the disease is pivotal to unveil the background of CRC and to design new and more 

effective therapies[108, 109].  

In analogy to our studies in STS we screened the expression of ASPP2ə in colorectal 

tumors obtained from 25 consented patients and again found ASPP2ə overexpression in 

tumor tissue compared to adjacent tumor-free tissue. Furthermore, even though Yin et.al, 

have underlined the role of the ASPP family in CRC[106], the study did not distinguish 

between full-length ASPP2 and other alternative splicing variants, such as ɝN-ASPP2[55] 

or ASPP2ə[56]. These data strongly suggest that the effects of ASPP2 dysregulation in 

colorectal carcinoma could be explained by the presence of ASPP2ə. This is of importance 

since these different (and potentially functional counteracting) variants make it difficult to 

establish robust clinical correlations. However, these data set the stage for a larger scale 

investigation concerning the role of ASPP2ə as a prognostic and predictive biomarker 

having a positive impact on CRC patients. For this, ASPP2ə expression levels must be 

investigated in future studies with larger and well-defined patient cohorts.  

In line with the findings in STS, we found that ASPP2ə silencing promotes apoptosis upon 

oxaliplatin treatment. In addition, we overexpressed ASPP2ə in CRC cell lines. As 

expected, we confirmed that ASPP2ə promotes tumor cell proliferation and migration and 

inhibits apoptosis. Since both DLD-1 and HCT-116 cell lines have a p53wt/wt background, 

the P53-dependent tumorigenic functions of ASPP2ə are further underlined. However, the 

precise mechanisms of ASPP2ə function in CRC remain to be elucidated, since CRC is 

known for its high molecular heterogeneity [87], including RAS/BRAF mutations. 

Furthermore, it is known that ASPP2 has other binding partners such as RAS [47, 48]. 

These findings suggest that ASPP2ə has additional functions beyond apoptosis and 

showed that it plays a significant role in CRC. Future studies will need to investigate the 

different isoforms to understand the complex role of ASPP2 in colorectal cancer. 
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Having identified a novel alternative splicing variant of ASPP2 and proven its oncogenic 

potential in three different cancer entities, we investigated how the splicing process can be 

edited to restore wild type ASPP2. Even though alternative splicing was not mentioned in 

the updated list of Hanahan and Weinberg[10], it is considered a rising hallmark of cancer. 

So far, several splice isoforms have been described resulting in multistep carcinogenesis, 

like APC, K-ras, and TP53[110]. Alternative splicing profiles are already being used for 

disease prognosis as diagnostic biomarkers[111-113]. Also, growing evidence suggests that 

alternative splicing plays a significant role in cancer. This is unarguably a potential future 

therapeutic area and further research concerning the dysregulation of alternative splicing 

in cancer is needed. 

Nucleic acid-based therapeutics have been under clinical development for the past 30 

years and the development of splice modulating Antisense Oligonucleotides (ASOs) for 

cancer has gained increased attention in the past decades. Numerous splice modulating 

ASOs have been cleared for application in multiple diseases[114, 115]. To date, a great 

number of splice modulating ASOs involving gene suppression or activation related to 

progression of cancer have entered clinical trials[116], and some of them, like Oblimersen, 

have reached Phase III for hematological malignancies (AML[117], CLL[118]), and 

NSCLC[119]. 

Using the Human Splicing Finder bioinformatics platform, we were able to analyze the 

splicing elements of ASPP2 introns down- and upstream of exon 17, as well as the cis-

acting elements of the splicing machinery. We found that the area around exon 17, which 

is skipped in ASPP2ə, is heavily loaded with motifs and splicing signals that favor the 

alternative exon 17 skipping over the constitutive splicing of the transcript. We identified 

the most promising regions within this area that could potentially be targeted for splicing 

modification and designed RNAse H resistant antisense oligonucleotides. We did so, both 

for induced exon skipping towards ASPP2ə production, as well as for induced exon 

inclusion for production of the original ASPP2 mRNA. As expected, exon skipping was 

induced and ASPP2ə mRNA production increased, while the exon skipping ASO induced 

high overexpression of the ASPP2ə mRNA. While not all ASO candidates managed to 
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modulate the splicing machinery, one candidate managed to eliminate the ASPP2ə 

specific sequence, and to simultaneously increase the production of exon 17. 

Targeting the ASPP2 pre-mRNA with splice switching antisense oligonucleotides can 

potentially result in restoration of exon 17, translation, and ASPP2ə elimination. This is of 

interest as ASPP2 expression is highly attenuated in many cancers and could thus be 

restored to re-gain its onco-suppressing functions. Modulating the splicing towards ASPP2 

production, might be more effective than silencing ASPP2ə via RNAi technologies. Since 

ASO technology involves RNAse H resistant molecules with fewer off target effects and 

higher binding affinity, this might be a promising approach for future in vivo studies.  

To sum up, we have recently identified a novel splice variant of ASPP2. Within this thesis 

project I have now identified the expression of ASPP2ə both in hematologic malignancies 

and solid tumors. The need of larger and well-defined patient cohorts in STS and CRC 

patients is pivotal to establish a clinical correlation to the alternative splicing variant 

expression. Targeting ASPP2ə expression has resulted in a synergistic effect under 

chemotherapy, and further revealed its tumorigenic functions. This further underlines its 

importance and increase its potential as a novel universal biomarker. Furthermore, these 

data point towards a possible therapeutical target to sensitize tumor cells towards 

radiation or chemotherapy, improving patient outcomes. Modulating the splicing of 

ASPP2 to modify the favorable splicing of the oncogenic splicing variant ASPP2ə via splice 

switching antisense oligonucleotides, can have significant importance in cancer treatment 

and can lead to more effective and targeted treatments for cancer patients. 
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Supplemental Information 

 

Figure S1: Nested RT-PCR approach on CD34+ isolated leukemia blasts verify expression of ASPP2Ⱦin acute leukemia. Bidirectional 
Sanger sequencing is shown (upper panel sense, lower panel antisense direction). For schematic compare Figure 1C. 
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Figure S2. Optimized ASPP2Ⱦ-specific qRT-PCR approach in various tumor cell lines. (a) A wildtype-specific restriction site digest 
targeting exon 17 was performed to enrich for the ASPP2ə isoform prior to qRT-PCR. GAPD served as housekeeping gene. Elevated 
levels of ASPP2ə mRNA are not restricted to leukemia ï but is detected in other tumor entities as well (HCT116 colon cancer cell line, 
K562 CML blast crisis cell line, MOLM14 AML cell line, HMC1.2 systemic Masto cytosis cell line). A bone marrow donor and an AML 
bone marrow (bm) patient sample are comparatively provided. (b) Disease monitoring of two patients with AML undergoing induction 
chemotherapy at diagnosis and after regeneration after 1st induction chemotherapy shows persistence of ASPP2Ⱦlevels in refractory 
disease ï whereas ASPP2Ⱦlevels fell to the range of a bone marrow donor in a responder patient. ID, initial diagnosis; CR, complete 
remission; PR partial remission. 

 

 

Figure S3. Validation of N-terminal and isoform-specific ASPP2Ⱦ-specific antibodies on selected cell lines. ASPP2Ⱦ-specific antibody 
derived from animal 5385. Tubulin serves as a loading control. 
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Table S1. Cytogenetic analysis of Ba/F3-ASPP2Ⱦcells +/- irradiation; EV empty vector, KO lentiviral knock down of total ASPP2.
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Abstract 

Background: Metastatic soft tissue sarcoma (STS) is a heterogeneous group of 

malignancies which are not curable with chemotherapy alone. Therefore, understanding 

the molecular mechanisms of sarcoma genesis and therapy resistance remains a critical 

clinical need. ASPP2 is a tumor suppressor, that functions through both p53-dependent 

and p53-independent mechanisms. We recently described a dominant-negative ASPP2 

isoform (ASPP2ə), that is overexpressed in human leukemias to promote therapy 

resistance. However, ASPP2ə has never been studied in STS. 

Materials and Methods: Expression of ASPP2ə was quantified in human 

rhabdomyosarcoma tumors using immunohistochemistry and qRT-PCR from formalin-

fixed paraffin-embedded (FFPE) and snap-frozen tissue. To study the functional role 

of ASPP2ə in rhabdomyosarcoma, isogenic cell lines were generated by lentiviral 

transduction with short RNA hairpins to silence ASPP2ə expression. These engineered 

cell lines were used to assess the consequences of ASPP2ə silencing on cellular 

proliferation, migration, and sensitivity to damage-induced apoptosis. Statistical analyses 

were performed using Studentôs t-test and 2-way ANOVA. 

Results: We found elevated ASPP2ə mRNA in different soft tissue sarcoma cell lines, 

representing five different sarcoma sub-entities. We found that ASPP2ə mRNA expression 

levels were induced in these cell lines by heat-stress. Importantly, we found that the 

median ASPP2ə expression level was higher in human rhabdomyosarcoma in comparison 

to a pool of tumor-free tissue. Moreover, ASPP2ə levels were elevated in patient tumor 

samples versus adjacent tumor-free tissue within individual patients. Using isogenic cell 

line models with silenced ASPP2ə expression, we found that suppression of ASPP2ə 

enhanced chemotherapy-induced apoptosis and attenuated cellular proliferation.  

Conclusion: Detection of oncogenic ASPP2ə in human sarcoma provides new insights into 

sarcoma tumor biology. Our data supports the notion that ASPP2ə promotes sarcoma 

genesis and resistance to therapy. These observations provide the rationale for further 

evaluation of ASPP2ə as an oncogenic driver as well as a prognostic tool and potential 

therapeutic target in STS. 
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Background 

Soft tissue sarcoma (STS) is a rare and heterogeneous group of malignancies of 

mesenchymal origin, accounting for less than 1% of all human malignancies, which 

comprises an annual incidence of 30/million (1, 2). According to the revised 2020 WHO 

classification, sarcomas are classified into more than 100 histological subtypes (3) arising 

from muscle, fat, or deep skin tissue but also joints, nerves or blood vessels. Treatment 

options in advanced STS are still not satisfying for most entities. Standard chemotherapy 

in non-resectable STS is based on anthracyclines, but efficacy rates are moderate and 

patients ultimately relapse and die of the disease. 

The Apoptosis Stimulating Proteins of TP53 (ASPP) represent a family of key apoptosis 

regulators within the TP53 pathway and consist of two pro-apoptotic (ASPP1 and ASPP2) 

and one anti-apoptotic member (iASPP) (4). All three share an evolutionarily conserved C-

terminus that includes four ankyrin repeats, an SH3-domain, and a proline-rich region, 

which directly interacts with the TP53 core domain (ASPP1/2) or an adjacent linker region 

(iASPP) to increase or inhibit the affinity of TP53 to promoters of proapoptotic genes (5-7). 

Attenuation of the ASPP2 wildtype isoforms is frequently observed in various tumors such 

as breast cancer (6), high-grade lymphoma (8) and acute leukemia (9), where low ASPP2 

expression levels are associated with a more aggressive disease, therapy failure, and poor 

clinical outcome. Furthermore, two mouse models have shown that ASPP2 is an 

independent haplo insufficient tumor suppressor, which shares common functions with 

TP53 (6, 10, 11). While Aspp2(-/-) mice were not viable, hemizygous (+/-) mice appeared 

developmentally normal but presented with an accelerated cellular proliferation rate in 

mouse embryonic fibroblasts (MEF) (9, 12) and an increased incidence of spontaneous 

tumors ï especially lymphoma and sarcoma entities (10). 
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Importantly, we have recently described a novel stress-inducible splicing variant of ASPP2, 

named ASPP2ə, with a high prevalence in acute leukemia (13)_ENREF_14. Exon-skipping 

results in a reading-frame shift with a premature translation stop, omitting most of the C-

terminus, which harbors the TP53-binding sites. Consequently, direct interaction of the 

truncated ASPP2ə isoform and TP53 is predicted to be abrogated (similar to the situation 

in TP53-mutated cancers, where mut-TP53 lacks the ASPP2 binding sites (14)). ASPP2ə 

displays dominant-negative functions, which include increased proliferation rates along 

with impaired induction of apoptosis pathways. The functional consequences of ASPP2ə 

are thereby similar to a loss of the ASPP2 wildtype isoform, posing a risk to trigger early 

oncogenesis as well as impairing the response to DNA-damaging cancer therapeutics (13).  

Preliminary data suggest that ASPP2ə is expressed in other tumor entities beyond 

leukemia as well (13). However, the distribution and the functional role of ASPP2ə remain 

unknown. We therefore now expanded our studies to other neoplasms of mesenchymal 

origin and demonstrate frequent expression of the dominant negative ASPP2ə isoform in 

soft tissue sarcoma (STS), especially in rhabdomyosarcoma. Further, we demonstrate that 

ASPP2ə is an important factor in the biology of sarcoma, affecting tumor cell proliferation, 

and apoptosis, proposing a resistance mechanism towards anthracycline-based 

chemotherapy. Tantalizingly, a so far unknown functional mechanism in cellular migration 

is described, arguing for a role of ASPP2ə in metastasis. 

Detection of oncogenic ASPP2ə in human sarcoma supports the notion that ASPP2ə 

promotes sarcoma genesis and resistance to therapy. Our findings provide the proof-of-

concept for further evaluation of ASPP2ə as an oncogenic driver to define tumors at risk 

to metastasize, as well as a prognostic tool and potential therapeutic target in human STS.  

 

Methods 

Patient tissue collection 

Patient rhabdomyosarcoma (Supplemental Table 1) and liposarcoma tissue 

(Supplemental Table 2), (formalin-fixed paraffin-embedded (FFPE) and snap-frozen 

tissue) and clinicopathological data from consented patients were obtained from the 




