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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 A S P P @as firstly discovered
in acute leukemia, the detection of A S P P 1 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 A S P P th&omparison to tumor-free areas from the same individuals.
Using short hairpin RNA against A S P P,2wa performed functional analysis, both in
rhabdomyosarcoma and colorectal carcinoma A S P P-2ilenced cell models. Silencing of
A S P P Zx@moted tumor suppression, by (i) mediating chemotherapy response, (ii)
attenuating cellular proliferation and (iii) decreasing the migratory potential. On the
contrary, A’ S P P ®werexpression in CRC cell lines, resulted into increased oncogenic
potential. To elucidate the splicing mechanism of A S P P,2ve 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 A S P P dssan oncogenic
driver as well as a potential predictive marker in human cancers. Our findings have far-
reaching consequences for future therapeutic strategies for A’ S P P 2xpressing cancer
patients and provide proof-of-principle to further explore A’ S P P dsaa potential target for

therapy in human malignancies.
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Summary (German Version)

ASPP2 ist ein unabhangiger haplo-insuffizienter Tumorsuppressor, der bei zellularem
Stress und DNA-Schéaden die Induktion von der Apoptose einleitet. Wir haben eine
alternative onkogene Spleild Variante von ASPP2 entdeckt, die an ihrem C-Terminus
trunkiert ist. Obwohl ASPP2a zuerst bei akuter Leukamie entdeckt wurde, bietet der
Nachweis von ASPP2s 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 fur die kolorektalen Karzinome (CRC), insbesondere
in deren fortgeschrittenen metastasierten Stadien, gibt es nur palliative
Behandlungsmoglichkeiten. Das Verstandnis der molekularen Mechanismen der
Tumorgenese und der Therapieresistenz ist bei beiden Entitaten nach wie vor ein
entscheidender klinischer Bedarf.

Durch die Untersuchung von Gewebe, von STS- und CRC-Patienten, konnten wir eine
erhohte Expression von ASPP2a, im Vergleich zu tumorfreien Geweben derselben
Individuen feststellen. Unter Verwendung von short-hairpin RNA gegen ASPP2a flhrten
wir eine funktionelle Analyse sowohl in Rhabdomyosarkom als auch in kolorektalem
Karzinom Zellmodellen durch, bei denen die Expression von ASPP2a inhibiert wurde. Das
Silencing von A S P P 26aderte die Tumorsuppression, indem es (1) die Reaktion auf
Chemotherapie erhéhte, (2) die Zellproliferation hemmte und (3) das Migrationspotential
verringerte. Um die Splei Mechanismen von ASPP2s aufzuklaren, untersuchten wir
benachbarte Intron-regionen des ASPP2 Exons 17. Wir konnten Konsensregionen, die flr
alternatives SpleiRen verantwortlich sind und somit das Skippen des 17. Exons fordern.
Zu diesem Zweck entwarfen wir Splice Switching Antisense Oligonukleotide, die auf diese

Regionen abzielen und das konstitutive Spleilien von ASPP2 wiederherstellen.

Diese Beobachtungen bilden die Grundlage fir weitere Analysen von AS P P 2als
onkogenem Treiber sowie als potenziellem pradiktiven Marker bei menschlichen
Krebserkrankungen. Unsere Ergebnisse haben weitreichende Konsequenzen fir kinftige
therapeutische Strategien fir A’ S P P-2eaprimierende Krebspatienten und liefern den
Grundsatzbeweisf ¢r di e weitere Erforschung von

Therapie menschlicher Malignome.
12
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1.Introduction

1.1 Short introduction to cancer. Origins and information

Cancer. Described quite freghantilryosas faommmode
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

fcancer is one of the oldest diseases of humankind, and quite possibly the oldestd!. The

first cancer case ever noted, is believed to be a lymphoma affected jawbone, found in
southeastern Africa, dating back to 4000 BCM and although this specific specimen was

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

From ancient Egypt, wher e cancer was found to be descri
around 2625 BC[?, to ancient Greece in 440 BC, where Herodotus recorded the case of

Atossa suffering from breast cancer!?, and finally to 400 AD where excavations revealed

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

19900,

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 centuryl®. In 2020, nearly 10 million deaths were recorded from cancer globally,

making it clear, that the disease is independent of the socioeconomic development!®!,

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!®! 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!”], 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 malfunctionsl’). These six alterations are: acquired
growth signal autonomy, evasion of growth suppressors, acquiring replicative immortality,
inducing angiogenesis, activating tissue invasion and metastasis, and evading
apoptosisl’). 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 [&-10],

The prevalence of cancer, has revealed some key players in the tumor progression
responsible for the initiation of increased mutability™. One of the most prominent member
of these regulators, is the p53 tumor suppressor protein, responsible for monitoring the
integrity of the genomel*?. 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 3. Furthermore, p53 is involved in multiple different pathways in
response to DNA damage, such as senescencel®, cell cycle arrest DNA repair, etc.,
making it a crucial regulatortothec el | 6 s fate H®nd of cell death

Apoptosi s, or Oprogrammed crecéss of theecallttorebminats and ¢
itselflt8], 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 damagel!’l. 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™],

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[8 11, Under normal circumstances, p53 is
inactive and bound to Mdm2 which blocks its apoptotic functions!?% 21, The key discovery
that anticancer chemotherapies kill cancer cells due to activation of the intrinsic and
extrinsic apoptosis pathway!??, 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[*°l,

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 modell*”l. 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-823l. 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!*8 211,

The intrinsic pathway mechanism is significantly more complex and more sensible than
the extrinsic and is associated with the release of cytochrome ¢ 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 membranel*”l. BID and BAX are transcriptional targets of p53 which

17



activate the pathway through their translocation to the mitochondria and suppress the anti-
apoptotic Bcl-2 and Bcl-XL[1, 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
apoptosisl?Y. 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?ll. 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)[2€l,

One of the primary steps in tumorigenesis involve the inactivation of RB1 gene which
further leads to deregulated activity of E2F family[?®l. 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 responsel?’-
291, One known family of transcriptional targets of E2F1 has been found to be the ASPP
family members®9. 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(=0l.

The family name i s b ashardd stouctureh namely ankyrie redeat,mi | y 6 s
SH3, and proline-rich domain-containing protein, but also on their function as apoptosis
stimulating protein of p538Y. 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!®?. ASPP proteins regulate apoptosis through interacting with p53,
either by enhancing its functions on the promoters of proapoptotic genes (ASPP1,
ASPP2)33l or by inhibiting the apoptotic response (IASPP) through antagonizing the
ASPP2-p53 interactionl. ASPP2 was the first protein that was identified to interact with
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the DNA binding domain of wt but not mutated p532* 351, Both ASPP1 and ASPP2 have
tumor-suppressing character and are dysregulated in many cancers®® 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 responsel®8l, 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(® 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 apoptosisi®Y. 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/“?l. 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 proteinl®®l. Also, the most
common p53 mutations have led to disruption of the ASPP2-p53 complex formation!33l,
The Ank-SH3 domain is responsible for most of the protein-protein interactions of
ASPP241, 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 elucidationl,

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[*ll. 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],

NFaB was al so f oun dhe C-terminus of ASRP2, veauttirey dn reolyced

proliferation of dividing cells through the APP-BP1 pathway!*3], even though in tumor

models, NFa B has b ete simulsaheousiy inhibit the pro-apoptotic functions of

ASPP2* The exact relationship between ASPP2 and
since, even though it can have a negative impact in the apoptotic response. A recent study

from Wang et. al, suggested that the absence

to induce tumorigenesis in hepatocellular carcinomal“®l.

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 responsel*: 471, Furthermore, ASPP2 also induces Ras

dependent senescence in tumor cells[*8l,

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 (ASPP27)
were not viable already from the embryonic stage % 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** micel4® 501,
Additionally, it was shown that upon o-irradiation, the ASPP2 heterozygous mice had an
accelerated formation of high-grade T-lymphomas in a p53 wild type background®®, while
the formation of rhabdomyosarcomas in heterozygous ASPP2 mice upon 2-irradiation was
independent of the p53 background*?l. 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 [51-531,

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
(541, 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
20



exon 3P4, 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®®. qpNASPP2, 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[%5], Recently another splice variant of ASPP2 was discovered by our
groupl®l. Inc o nt r a SASPR2git isanissing 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 18561,

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 processP™. Introns have three key sites with
conserved sequences that dedgliinece tdietme @5a@S S)h,e:
(BP) and 306 s Bl These cossente@d sequéndeS Be)p 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!®9,

The 56 SS mar ks the beginning of ehe &Jbh unit of the on an (

spliceosome which also starts to assemble onto the pre-mRNA along with other
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proteinsi®d, The 3 0 ,sdelineates 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[0 61 The branch point is a short consensus upstream of the

polypyrimidine tract that includes a BP adenosine. The 206 OH of attachsite adeno
first upstream nucleotide of the i ndurngthe at t h
firststepof the splicing reaction. In the second s

downstream 36ss thereby r golniagahe two exons thgether® t r oni c

621 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)®2 | 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 mRNAI®4, 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 genesl®l. As an effect, the alternative mMRNA 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)[©® or inhibit (nnRNPs)[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)al t er nat i ve (% altereagM e c3FE0 sdg pleisc
sites, (6) alternative promoters and (7) alternative poly-A sites®8l. The most prevalent form
of alternative splicing, with approximately 40% prevalence over the other alternative
splicing forms/®d, 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’,
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 sequencesl’Y. 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 skippingl”. Using bioinformatics, we can predict potential alternative splicing sites
(56ss, 30ss, branchpoints, ESEs, | SEs, ESSs, |
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 HI"3l. 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: 2Np-methyl (2N;j
O-Me), 2Njuoro (2NF), and 2Np-methoxyethyl (2NMOE) RNA while even more affinity can
be gained using oligonucleotides modified with locked nucleic acids (LNA), which contain

a methylene bridge between the 2Nind 46position of the ribosel™,

Many SSOs strategies have been already developed and are shown to be effective in vivo,
while others have already reached clinical trialsl’3l. 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 A S P P 2veas
found to be overexpressed in human leukemias, A S P P Bas never been studied in solid
tumors.

For this, ex pr essi on ovbs INXeStRRe an STS and CRC native tissue.
Furthermore, to study the functional role of A S P P ih solid tumors, STS and CRC cell
lines were generated both with short RNA hairpins to silence ASPP2s expression, and
A S P P Dwerexpressing vector. The modified cell models were used to assess the
consequenc e ssilanding &n8 dv&eXmression on cellular proliferation, migration,
and sensitivity to damage-induced apoptosis. Finally, having confirmed that A S P P & 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 ASPP2 s 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.

25



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 | Scientific | Data Analysis Paper
Position | ideas % | generation % | interpretation % | 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 llling 6th 24 5
Ulrike Mau- 7th 2 2
Holzmann
Falko Fend 8th 1
Charles D. Lopez 9th 4
Kerstin Kampa- 10th 50 50 45 50
Schittenhelm
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 PUBLISHED
process:

The inactivation of the p53-mediated apoptotic pathway in tumors harboring mutated TP53
has been well studied and elucidated(’™ 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
shortf®3 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®®. 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!3?:
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 overexon 14-1 8, t hat | acked t he
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 ASPP2a.

Using restriction enzymes to digest the wild type ASPP2, we were able to establish a g°PCR
assay to specifically detect A S P P Zseform (EBiomed 2019, Fig. 3). Specifically, 100
blood samples were screened from AML patients, and ASPP2 avas detected in 55 out of
90 samples (61%). Furthermore, A S P P %vas also present in multiple tumor cell lines,

indicating a potential significance of A S P P Bosh in hematologic and solid tumors.

The next question we wanted to answer is whether A S P P 2nRNA translates into a
protein. For this we generated isoform specific rabbit antibodies targeting the unique fusion
site of the A S P P 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 ASPP2a. The
antibody was then further evaluated for Immunohistochemistry on bone marrow from AML
patients and healthy donors (Figure 2d).
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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
A S P P i &ukemia. (Data and figures by K.K-S)

A S P P g2eguencing 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!®, we modelled the predicted structure of
nus of ASPP2a, | two of the

theC-t er mi acking
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the complete SH3 domain (Figure 3 ¢, 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 supportthet heory t hat ASP

can contribute to attenuated activation of the TP53-mediated apoptosis pathway in
hematopoietic and solid tumors.
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Figure 2: (a) Validation of N-terminal and isoform-specific A S P P 8&pecific antibodies on selected cell lines
A S P P 2pecific antibody derived from animal 5385. Tubulin serves as a loading control (Data and figure.
by K.K-S). (b) Immunoprecipitation (IP) using A S P P-8pecific antibodies in lysates derived from three acute
leukemia samples and probed with N-terminal ASPP2 antibodies confirm genuine translation ofan AS P P-2 a
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. A S P P & 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 ant-ASP P 2 a
antibodies confirms cytosolic expression of A S P P & acute leukemia bone marrow biopsies (Figure by B.I.)

To shed Il i ght i nto the functions of t he ASE
overexpressing vector for AdepeRdZndmurine pro Breell h e mat
line Ba/ F3. It was found that Ba/ F3 edeperddencyover ex

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 A S P B2 v expression inhibited damage-induced cell death, we
reasoned that attenuation of A S P B 8xpression would inhibit cell viability. Using a specific
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siRNA against the A S P P 42seform to K562 leukemia model we induced ASPP 23
silencing. It was found that K562 cells treated with imatinib in a dose-dilution assay were
more prone to induction of apoptosis when A S P P 2vas silenced i 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
efficaciesin A’ S P P-ihterferenced cell lines compared to the control cells (EBiomed 2019,

Fig. 5G/H).

a ASPP2C-terminus: exon 16, 17,18 c

VDDPSLPNDEGITA
LHNAVCAGHTEIVK
FLVQFGVNVNAADS
DGWTPLHCAASCNN
VQVCKFLVESGAAV
FAMTYSDMQTAADK
CEEMEEGYTQCSQF
LYGVQEKMGIMNKG
VIYALWDYEPQNDD
ELPMKEGDCMTIIH
REDEDEIEWWWARL
NDKEGYVPRNLLGL
YPRIKPRQRSLA
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ASPP2k C-terminus: exon 16, fruncated exon 18 d
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FLVQFGVNVNAADS
DGWSSGEDGHNE -

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 A S P P 2mino 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 A S P P @ith 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 | Scientific Data Analysis Paper
Position | ideas % | generation % | interpretation % | writin
%
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- 8th 50 10 30 35
Schittenhelm
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 PUBLISHED
process:

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 hypothesisof ASP P 2 a
overexpression in solid tumors. Two independent studies from Vives et. al*®l, and Kampa

et. all®®, have showed that ASPP2 heterozygous mice are prone to tumor formation while
ASPP27- 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(®? 83
classified into more than 100 histological subtypes!®4. 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(®!,
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Since ASPP2 seems to play arole in STS biology, we investigated whether we could detect
the splice variant A S P P 2ne 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 gPCR 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, A’ S P P i &umor tissues has approximately 4 times
higher expression (Figure 4a). Importantly, the A S P P 2eeels 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 AS P P 2ard 7 displayed a detectable A S P P Zxpression
(Figure 4c-e).

To determine if A S P P ¥vas 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 A S P P @xpression, when compared to the tumor free native tissue
(BMC 2022, Fig. 2A). ASPP2a expression was also further inducible under stress
conditions (BMC 2022, Fig. 2B). Both rhabdomyosarcoma cell lines that were screened

were overexpressing A S P P &ken normalized to healthy tissue from STS patients.

To assess our hypothesis on the oncogenicity of the A’ S P P 8p#ce 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 AS P P ®»yw40% after
puromycin selection (BMC 2022, Fig. 4A). As control, the same lentiviral construct was
utilized without baring any hairpin (empty vector, EV).

The stable A S P P Bilenced 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 A S P P &sulted in induction to apoptosis

upon exposure to doxorubicin in both cell lines tested (BMC 2022, Fig. 4B, C), while the
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ICso dropped by approximately 33% in shA S P P.RB® in comparison to EV cells (Figure
5a) and more than 50% in the shA S P P.8BMS cell compared to the ICso of the EV cells
(Figure 5b).

(x-fold)

ASPP2k expression

ASPP2k expression
(x-fold)
o - ~ w & o o

Patient 1 Pationt 2 Patient 3

= Healthy Tissue =  Tumor Tissue

B i

placenta tissue serves as negative control. (b-e) rhabdomyosarcoma patient samples (10x magnification,
zoom 100x). (f) A S P P-8pecific gRT-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) A S P P-8pecific 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 A S P P also plays a role in
cellular proliferation. For this, the A’ S P P-8ilenced rhabdomyosarcoma cell lines were
used in proliferation assays. It was shown that there is a significant attenuation of the
proliferation rates in the shA' S P P 2ell 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 A S P P thaellular 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 ) 88 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 ASP P 2silenced cells have not had a healed wound. Similarly, the sSRMS
cell line displayed a significant decrease in the wound healing speed between EV and
shA S P P Redls. Specifically, the wound healing speed was calculated to be reduced by
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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).
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Figure 5: (a) loglCso and ICso values of the shA S P P.RB® and (b) shA S P P.8BMS cell strains in response to
doxorubicin. shEV cell lines serve as transduction control. (Data and Figure by V.T.)
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. ;

Figure 6: Representative wound healing experiments for the shA S P P.R® 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 A S PP 24ssexpressed in Human Colorectal Carcinoma and

promotes chemotherapy resistance and tumorigenesis

Author Author | Scientific | Data Analysis Paper
Positio | ideas % | generation interpretation % | writin
n % 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- 6th 40 30 30

Schittenhelm

Title of the paper ASPP2a i s expr edoseeta caicinoméa (CRC) and
promotes chemotherapy resistance and tumorigenesis.
Status in publication
progeSS: PUBLISHED

Colorectal carcinoma is the second most frequent cause of cancer related death worldwide
counting almost 1 million deaths in 202001, 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 carcinomasf®®. 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!®8l,

The first step was to investigate whether we could detect A S P P I eolorectal 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
A S P P ih &he 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 A S P P xpression 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 A S P P 2xpression 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 A'S P P thaolorectal carcinoma, we created stable cell
models using p53 wild type cell lines (HCT-116 and DLD-1) both with short hairpin
expression against A S P P anal 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 A’ S P P-gilenced
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 ASPP2 o
overexpression results in increased chemotherapy resistance and evasion of apoptosis
(Figure 8a, b).

Furthermore, cell proliferation assays showed that A S P P gr@amotes cellular proliferation.
Doubling times for the A S P P Bverexpressing 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.A S P P 2ells, increased by 14% from ca. 20hrs doubling time (EV) to 17h, while for
the DLD-1. A’ S P P R2ells, 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 A’ S P P-8ilenced 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 ASPP2a overexpress
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 A S P P 2aa 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 A’ S P P @varexpressing 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.A S P P 2ells and 36%
for the DLD-1 cell line (Frontiers 2021, Fig. 5A, C). Respectively A S P P-8ilencing resulted
in attenuated migration capacity for both shA S P P.BIGT-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 A S P P Bverexpression (Frontiers 2021, Fig. 6A, C), and reduced motility
when A S P P xpression 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 54561, 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 51 10nt 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®®. The enhancing elements tend to play dominant roles in constitutive

splicing, while the silencers are more important in the control of alternative splicing®® 911,

To identify the underlying mechanism of alternative splicing of A S P P,2ve 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.nim.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 sequencel’,

The sequence analysis revealed that the area upstream and downstream of exon 17 is
heavily loaded with non-natural acceptor and branchpoint siteson t he 56 end of
17, but al so insi de teidéFiger9am). Iimpogaatly,fsome ofthese he 36
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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 (>48°C), the
CG% (40%-60%) and the sequence accessibility on the pre-mRNA which should involve
a partially open structure etc.[®d. 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
A S P P Bverexpression. 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 AONSs, 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/?g=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.
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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 AS P P zard ASPP2 was
measured by gqRT-PCR (Figure 10), 48hrs after transfection. We show that, the exon
skipping AON, results in high overexpression of ASP P 2 @p 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 A S P P 2xpression) showed that 3
of them succeeded to induce a reduction in the A S P P 2xpression (Figure 10b, d, e).
Two of them even led to higher production of A S P P gFgure 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 ASPP2 a8

production, while the next candidate located just two nt further, leads to ASPP 2o
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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
ASPP2 g(Figure 10d), it also induced high cell death (data not shown). Importantly, the
highest downregulation of A S P P %as 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 ASPP 2 o
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

Phosphorothioated 2'-O-methyl RNA;
locked nucleic acids (LNA); r

modification; 2' O-methyl RNA m *& modi fi cati or

* modification: Phosphorothioated DNA bases; +

modification:

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 gqRT-PCR quantifying A S P PeX@ression from the exon inclusion AON candidates. (i) isoform
specific gqRT-PCT quantifying A S P P Zxpression 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 | Forward 5 -TGCCTCATGTAACAACGTCCA-3
17)

Reverse 5 -CATAAAGAAATTGGGAGCACTGA-3’

ASPP25 Forward 5 -GATGAAGGCATCACGGCTCT-3
(junction site)

Reverse 5 -CCATCTTCTCCTGAACTCCATC-3’

To analyze the splicing pattern, cells were collected 24hrs after transfection[®3! and a one-
step RT-PCR was performed. Primers were designed for GAPDH, ASPP2 exon 17, and
A S P P furction 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
A S P P furction site (Figure 11c) while expression of exon 17 is increased (Figure 11b).
This observation is in line with the gRT-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 A S P P ZnBNA
expression was not reduced to all in the gPCR. 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 A S P P thtensity. 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 A S P P(228bp). (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 A S P P ®and 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 yearsl®l. 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!(®],

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 cancerl”1%. 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 angiogenesisl’l. 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!'®. The list of the hallmarks of
cancer however grows continuously, providing more insights into cancer initiation, cancer

development and malignant progressionl(’-19,

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 substratesi’l. 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[®4l.

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!?¢l. 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 124, However, it has been found that
its tumor suppressing functions can be attenuated even in wild-type p53 expressing

tumorsl®2, 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 iIASPP (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!®3l. 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[3%, 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 ASPP27- mice are not viable, heterozygous expression of ASPP2 leads
to spontaneous tumor formation in micel*® 5. Interestingly, ASPP2 mRNA is prone to
alternative splicing, resulting in truncated dysfunctional products thereby reversing its anti-
apoptotic functions [B4 55 9. %6 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 A S P P $£%b Specifically, we found that AS P P,2 o
is spliced at the end of exon 16 and is fused with exon 18, thereby completely missing
exon 1715, 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 A S P P Bretein 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[*1. This is hypothesized to
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result in loss of the p53-ASPP2 complex formation. Since A S P P @as detected in 60%
of AML patients, but no expression was detected in healthy bone marrow donors, we
hypothesized that A S P P Zharbors pro-tumorigenic functions and that the tumor-
suppressing characteristics of ASPP2 are lost. The discovery of ASPP2s 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 A S P P ibibits the TP53 pathway remain
unknown and are subject to ongoing research, one possibility is that A S P P birds 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
A S P P 2etains its interaction domains for homodimerization with ASPP2[°7 %81 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 PPI1 domain of the protein, it is also possible that A S P P Bbses the ability to interact
with other binding partners, such as with the p53 family (p63, p73) Bcl-2, Bcl-x., or N F al*B

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 [4° 50 Therefore, we investigated the expression and the role of A S P P ih 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 STSI8 9. 1001 yUnderstanding 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!!®l. 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

survivall®®. 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, A S P P,dnasoft 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 p533¢l, 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 A’ S P P thahe 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 ofthe ASPP2a protein comparing to I
upon immunohistochemistry staining. These observations further strengthen the previous

findings of the oncogenic potential of A S P PIZla

We showed that, upon A S P P Xiéencing, proliferation and growth are attenuated.
Specifically, it was shownthatu pon A SPP 2 s the doubkng tanesofthe rhabdo-
and liposarcoma cell lines increase significantly by an average of 32% in comparison to
EVecells. This effect on the proliferation speed un
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 ASPP27- 52, These
data further support our hypothesis. A S P P Birding on ASPP2, could inhibit the ASPP2
interaction with Ras on its N-terminus(t3], thus contributing to increased proliferation rates.
Similarly, wh en A S PP 2 eed, the nosnal IA8P®2 protein levels are restored, and
enhanced proliferation is prohibited. Further investigation is required regarding the effects
of ASPP2a on PI 3K/ AKT pathway.

Further on, we investigated how A S P P Bilencing influences cell migration. We have
shown that upon A S P P 2nhibition, 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[3? 43 50. 52,104, 105] " Gince this ASPP2 function is mediated via its
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N-terminus, our results i n t he mi grati on as s ayindicapeotmat
A S P P 2xpression might antagonize the E-cadherin, b-catenin interaction of wild type
ASPP2, promoting cell migration. We suggest that A S P P 2ilencing, 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 ASP P 2sdlencing on the induction of apoptosis, on
rhabdomyosarcoma and liposarcoma cells upon doxorubicin treatment. Indeed, it was
observed that apoptotic rates are significantly increased in A S P P 3ikenced cells in
comparison to the control group. Es pe ci al | y-silenoed gsBNPSR@lls, the 1Cso 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®?. 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!*3l. However, since both
p63 and p73 share very similar core domains with p53, the A’ S P P 8péice 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!®”- 39, We suggest that silencing of
A S P P id p53 wild type tumor entities, can possibly restore the already methylation-driven
downregulated normal ASPP2 levels, otherwise inhibited f r o m A Sdldvihg 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 A S P P Bas 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[1%!, we wished to investigate the expression and
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potential role of A S P P i solorectal carcinoma. Even though early tumor stages can be
treated with surgery and chemotherapy, distant metastatic disease remains incurable,
except in selected circumstances('?’l. Understanding the cellular and molecular complexity
of the disease is pivotal to unveil the background of CRC and to design new and more

effective therapiesf98 109,

In analogy to our studies in STS we screened the expression of A S P P thacolorectal
tumors obtained from 25 consented patients and again found A S P P Bvarexpression 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%l the study did not distinguish
between full-length ASPP2 and other alternative splicing variants, such as 3N-ASPP2[5

or A SPIPThese data strongly suggest that the effects of ASPP2 dysregulation in

colorectal carcinoma coul d be eThipisdaimpoeadceb y

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

t he

i nvestigation concerning the role of ASPP2a
having a positive impact on CRC patients. For this, A’ S P P 2xpression levels must be
investigated in future studies with larger and well-defined patient cohorts.

In line with the findings in STS, we found that A S P P &ilencing promotes apoptosis upon

oxaliplatin treatment. | n addi ti on, we overexpressed ASPP
expected, we confirmed that ASPP28a proandtes t

inhibits apoptosis. Since both DLD-1 and HCT-116 cell lines have a p53*'" background,
the P53-dependent tumorigenic functions of A S P P are further underlined. However, the
precise mechanisms of A’ S P P fulction in CRC remain to be elucidated, since CRC is
known for its high molecular heterogeneity [©7, including RAS/BRAF mutations.

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

These findings suggest that A S P P Jhas 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'9, 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*1-113l, 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/'* 115, To date, a great
number of splice modulating ASOs involving gene suppression or activation related to
progression of cancer have entered clinical trials[''6], and some of them, like Oblimersen,
have reached Phase Il for hematological malignancies (AMLI17 CLL[18),  and
NSCLCH119],

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 A'S P P,2ssheavily 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 A S P P Jraduction, as well as for induced exon
inclusion for production of the original ASPP2 mRNA. As expected, exon skipping was
induced and A S P P thRNA production increased, while the exon skipping ASO induced
high overexpression of the A'S P P ZnBNA. While not all ASO candidates managed to
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modulate the splicing machinery, one candidate managed to eliminate the ASPP 2 o

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 A S P P 2limination. 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 A S P P 2ia@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 | have now identifiedthee x pr e s s i 0 n bath in hansa®IBdcanalignancies
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 A S P P Zxpression 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 splicingof t he oncogenic splici
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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ARTICLE INFO ABSTRACT

Article history: Background: Apoptosis-stimulating Protein of TP53-2 (ASPP2) is a tumor suppressor enhancing TP53-mediated
Received 3 January 2019 apoptosis via binding to the TP53 core domain. TP53 mutations found in cancers disrupt ASPP2 binding, arguing
Received in revised form 10 March 2019 for an important role of ASPP2 in TP53-mediated tumor suppression. We now identify an oncogenic splicing var-
Accepted 11 March 2019 iant, ASPP2x, with high prevalence in acute leukemia.

AvallabieonlineZApl 2019 Methods: An mRNA screen to detect ASPP2 splicing variants was performed and ASPP2r was validated using

isoform-specific PCR approaches, Translation into a genuine protein isoform was evaluated after establishing
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Ag:;r epitope-specific antibodies. For functional studies cell models with forced expression of ASPP2¢ or isoform-
Alternative splicing specific ASPP2x-interference were created to evaluate proliferative, apoptotic and oncogenic characteristics of
Oncogenesis ASPP2x.

Acute leukemia Findings: Exon skipping generates a premature stop codon, leading to a truncated C-terminus, omitting the TP53-

binding sites. ASPP2x translates into a dominant-negative protein variant impairing TP53-dependent induction of
apoptosis. ASPP2x is expressed in CD34+ leukemic progenitor cells and functional studies argue for a role in early
oncogenesis, resulting in perturbed proliferation and impaired induction of apoptosis, mitotic failure and chro-
mosomal instability (CIN) - similar to TP53 mutations.
Importantly, as expression of ASPP2x is stress-inducible it defines a novel class of dynamic oncogenes not repre-
sented by genomic mutations.
Interpretation: Our data demonstrates that ASPP2x plays a distinctive role as an antiapoptotic regulator of the TP53
checkpoint, rendering cells to a more aggressive phenotype as evidenced by proliferation and apoptosis rates -
and ASPP2r expression results in acquisition of genomic mutations, a first initiating step in leukemogenesis.
We provide proof-of-concept to establish ASPP2k as a clinically relevant biomarker and a target for molecule-
defined therapy.
Fund: Unrestricted grant support from the Wilhelm Sander Foundation for Cancer Research, the 1ZKF Program of
the Medical Faculty Ttibingen, the Brigitte Schlieben-Lange Program and the Margarete von Wrangell Program of
the State Ministry Baden-Wuerttemberg for Science, Research and Arts and the Athene Program of the excellence
initiative of the Eberhard-Karls University, Tiibingen.

© 2019 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license {http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The current understanding of leukemogenesis is based on an evolu-
— tionary process where stepwise acquisition of somatic mutations drive
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Rasaarch in contaxt

Before this study, it had been shown that ASPP2 is an indepen-
dent haploinsufficient tumer suppressor, which initiates induction
of apoptosis after cellular damage in a 7P53 depandent manner,
Importantly, most TPS3 mutations result in impaired ASPPZ bind-
ing, which again results in abrogated induction of apoptosis.

Added value of this study

Studying the underlying mechanisms of deregulated ASPP2 func-
tion, we uncovered an oncogenic stress-inducible dominant-
negative isoform, which is C-terminally truncated. Intriguingly,
this results in loss of the TP53 binding sites — which in turn results
in impaired induction of apoptosis.

Irmplication of all the available evidence

These observations have far reaching implications for the pre-
diction of response to (chemoltherapy. Further, the discovered
isoform defines a novel class of dynamic stress-inducible onco-
genes, which facilitate the acquisition of gene/chromosomal
abberations further driving cncogenesis.

Not surprisingly, inactivation of the TP53 pathway is a universal eventin
human cancers (reviewed by Vousden and Prives [4]) and TP53 is one of
the most highly mutated genes in human cancers with =50% of human
malignancies harboring inactivating TP53 mutations [5].

Interestingly, in most cases of de novo acute leukemias inacti-
vating mutations of TP53 or chromosomal aberrations of the long
arm of chromosome 17 {locus of TP53) are uncommon |6,7]. There-
fore, acute leukemias must inactivate the TP53 pathway by other
means besides mutation. However, the molecular mechanisms that
inactivate the TP53 pathway in acute leukemia remain unclear. We
have evidence, that dysregulation of a family of TP53-binding pro-
teins (Apoptosis Stimulating Proteins of TP53; ASPPs) may be in-
volved in leukemogenesis:

Three members of the ASPP family exist so far; ASPP1 and ASPP2
[TP53BP2 or 53BP2L) bind to the TPA3 core domain and enhance DNA
binding and transactivation function of TP53 on the promoters of se-
lected pro-apoptotic target genes in vivo [8,9]. Inhibitory-(i)ASPP acts
as an inhibitor of apoptosis by binding to an adjacent region of the
core domain and the proline rich region of TP53 [10].

Co-crystallization of the C-terminus of ASPP2 with the TP53
core domain has revealed that many of the TP53 hotspot mutations
found in cancers disrupt the ASPP2 and TP53 interaction [11]. This
suggests that ASPP2 may play an important role in tumaor suppres-
sion and that attenuation of ASPP2 function might ultimately result
in tumorigenesis. Consequently, targeting of ASPP2 in mouse
models demonstrates that ASPP2 functions as a tumor suppressor
[8,12).

Studies in different human tumor types have indeed suggested
that attenuation/loss of ASPP2 expression is a common occur-
rence: Attenuated ASPP2 function was found in different tumors
such as TP53 wildtype breast cancer [13], lymphoma subtypes
[14] and acute leukemia [9], where low ASPP2 expression levels
associated with biologically more aggressive disease, therapy fail-
ure and poor clinical outcome. These observations not only argue
for a role in tumorigenesis - but for a role in therapy response
via mediating induction of apoptosis. In this context, we have pre-
viously demonstrated that ASPP2 is damage-inducible by
anthracyclines, and failure to do so leads to impaired induction
of apoptosis in vitro [9,15].

Altered expression and function of ASPP2 in physiologic and tumor
tissues is incompletely understood and involves complex mechanisms,
such as promoter methylation [15-21].

Tantalizingly, additional mechanisms may also serve to alter ASPP2
function. ASPF2 is subject to alternative splicing to generate a 1005
amino-acid isoform [ BBP aka 53BP2S) that is less efficient in stimulating
apoptosis [13,22] - implying that ASPP2 function may be controlled by
the generation of different gene products from the ASPPZ locus. Re-
cently, an N-terminal truncated ASPP2 isoform { AN-ASPP2), generated
by an alternative transcription start site, was found to be overexpressed
in breast cancer, promote cellular proliferation, and inhibit apoptosis
[23]. Indeed, the complex structure of the ASPP2 allele suggests that
there are likely additional gene products important for its function.

In an attempt to identify novel ASPP2 gene products, we performed a
systematic screen of the entire ASPP2 transcript - and herein describe
a novel stress-inducible splicing variant, named ASPP2r, with high
prevalence in acute leukemia. We will show, that ASPP2k displays
dominant-negative functions, implying a functional role in oncogenesis
and therapy response.

2. Material and methods
2.1, Cell lines

The IL3-dependent mouse hematopoietic pro-B cell line Ba/F3 and
the acute myelogenous leukemia cell line MOLM14 were generous
gifts from Dr. Heinrich, OHSU, OR. The K562 cell line, derived from a
patient with chronic myeloid leukemia in blast crisis, was obtained
from the Leipniz Institute DSMZ, Germany. The human HMC-1.2
mastocytosis cell line was kindly provided by Dr. Akin (Laboratory of Al-
lergic Diseases, National Institute of Allergy and Infectious Diseases,
NIH, Bethesda, MD], Cell lines were cultured in RPMI media containing
10% FBS.

The HCT116 metastatic human colon adenacarcinoma cell strains,
containing wildtype TP53 (+/+) or a TP53-deleted derivative (—/—),
were gifts from Dr. Bert Vogelstein (Johns Hopkins University,
Baltimore, MD). Cell lines were cultured in DMEM media containing
10% FBS.

2.2, Ficoll hypaque extraction of physiologic or leukentic mononuclear cells

Bone marrow aspirate and peripheral blood samples from patients
and healthy donors were collected in 5000 U heparin after informed
consent and approval of the ethics committee of the University of
Tiibingen. Mononuclear cells were isolated by Ficoll Hypaque density
gradient fractionation. For functional experiments, native ex vivo blasts
were cultured in DMEM media containing 20% FBS [24].

2.3. Polymerase chain reaction (PCR)

mRNA was isolated and reversely transcribed (RT) using standard
techniques following the RNeasy® RNA purification kit { Qiagen, Hilden,
Germany). ASPP2 cDNA (exon 1-18) was sequencially amplified using
the following primer pairs;

fragment 1 (amplicon bp1-143} 5-ATGCGGTTCGGGTCCAAGATG
ATGCCG-3' (sense primer), 5'- CTTGGTCCACTCACAATGTCCC -3 (anti-
sense primer),

fragment 2 (amplicon bp313-856) 5'- CCAGTTGCGGATAATGAGCG
-3" (sense primer), 5'- CTACTTTTGACACAGCCAGGACG -37 (antisense
primer),

fragment 3 (amplicon bp1201-1752) 5'- ATCCAGTCGTCTACTATGC
CTC-3" (sense primer], 5'- AAGCCTGAATGACCAAGGAACC -3° (antisense
primer),

fragment 4 {amplicon bp750-1291) 5'- GGAACAGAAGAGACTAAGC
AATGGG -37 (sense primer), 5'- TGACAACTGCTGAGAACTTCCGTC -3¢
(antisense primer),
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fragment 5 (amplicon bp1599-2132) 5= TATCTTGCGGGATGCT
CAGG -3' [sense primer), 5'- TCTGGGTGCTGCTGTTGATTC -3 (antisense
primer),

fragment G {amplicon bp1915-2465) 5'- CCTTCCAAAGACACCTTAC
TTCCAC -3' (sense primer), 5'- GATGGGTATGATGGGACAGAGATG -3/
{antisense primer),

fragment 7 (amplicon bp2364-2943) 5'- TACAGAGCCAGAGGGTCCT
AATGG =37 (sense primer), 5'- TAGCAGTAAAGCAAGGGGGTTG -3° (anti-
sense primer),

fragment 8 (amplicon bp2864-3436) 5'- GGACAAACTTGCGTAAAAC
TGGC -3 (sense primer), 5'- CCATTTCATCTTCGTCTTCCCTG -37 (anti-
sense primer),

fragment 9 {amplicon bp3347-3537) 5'- GGGATTATGAACCTCAGAA
TG -37 (sense primer), 5'- TCAGCGCCAAGCTCCTTTGTCT -3° (antisense
primer},

fragment 8 (WT)-nested {including exon 17} 5'- TGAAATTCAACCCC
CTTGC - 3" (sense primer), 5' ACTCCACCAAAAACTTACACAC -3,

fragment 8 (kappa)-nested [excluding exon 17) 5'- AAGGCATCACG
GCTCTTCAC -3" (sense primer), 5 CITCTTTCATGGGCAGCTCATC -3,

PCR amplification was performed using 500 ng of cDNA [25], or 1
of amplicon product for nested PCR.

24, Sequencing

Bidirectional Sanger sequencing was performed after amplicon puri-
fication and sequences were analyzed using Chromas software.

Templates of the wildtype sequence of ASPF2 gDNA, cDNA, peptide
sequences, reading frames and restriction sites were generated using
MCBI gene data banking and pDraw software.

Original Sanger sequencing data of ASPP2x can be found online at
https://ncbi.nlm.nih.gov/genbank/

25 qRT-PCR

Quantitative RT-PCR methodology was used according to manufac-
turer protocols. [soform-specific primers detecting the transcript fusion
site of the specific splice variant have been established in our lah. To fur-
ther increase specificity, restriction digest may be applied prior to PCR
amplification using restriction enzymes targeting motifs specifically
occuring in exon 17 - which is spliced out in the newly described splice
variant - to digest the wildtype isoform but leaving the ASPP2x isoform
unaffected. ASPP2 mRNA expression levels, relative to GAPDH as the
housekeeping gene, were determined by gRT-PCR Roche® LightCycler
Technology (Roche, Basel, Switzerland) [15].

26. Cell sort

CD34+ positive leukemia blasts were isolated using standard proto-
cols on a FACSAria assembly.

2.7. Restriction digest

pDraw32 software was used to compute for potential isoform-
specific restriction motifs to specifically digest the wildtype cDNA iso-
form. Two motifs targeting HpyCH4IV or Tsp5091 restriction enzymes
were identified. Restriction digest was set up prior to RT-PCR for 3 h at
37°C and stopped at 65°C for 20 min.

2.8, Development of isoform-specific antibodies

Immunization of rabbits with isoform-specific peptides targeting the
fusion epitope was custom made by a commercial supplier {Biogenes,
Berlin, Germany). Specificity of the unigue fusion epitope was con-
firmed by BlastN search.

2.9, Immunoprecipitation and immunoblotting

Protein cell lysates were used for immunoprecipitation experiments
using ASPP2i-specific antibodies incubated over night. After microbead
capturing immunoblots to target ASPP2 WT was performed as described
before [24,26].

2.10. Immunohistochemistry

In Paraffin-embedded EDTA-decalcified bone marrow biopsies, the
immunohistochemistry was performed in a dilution of 1:500 using an
automated immunostainer (Ventana BenchMark ULTRA IHC/15H stain-
ing module, Ventana Medical Systems, Tuscon, USA) with the U
OptiView DAB IHC v5 procedure according to the manufacturer's proto-
cols. Slides were evaluated on a Zeiss Axioscope 40.

2.11. Flow cytometry based {intracellular) protein expression

Cells were fixed and permeabilisized using the Fix & Perm® Fixation
and Permeabhilisation kit (Invitrogen). The unlabeled primary antibody
was added in a 1:1000 dilution to the cell suspension and incubated
for 1 h at room temperature followed by rinsing and resuspension of
cells. Fluorescent dye-conjugated (AlexaFluor®) secondary antibody
was added in a 1:10000 dilution and cells were incubated for 30 min
at room temperature. After rinsing and resuspension, protein expres-
sion levels were assayed using a FACScalibur® flow cytometer loaded
with CellQuest® analysis software (BD, Heidelberg, Germany).

2.12. Induction of apoptosis

Determination of cellular integrity after successful transfection of
ASPP2r was performed by analysis of induction of apoptosis, which
was measured in an Annexin V-based assay (Immunotech, Marseilles,
France) [26,27) targeting phosphatidylserine. Translocation of phosph-
atidylserine from the inner to the outer leaflet of the plasma membrane
accounts for an early indicator of apoptosis.

2.13. Cytogenetic analysis

Cytogenetic analysis was performed using standard protocols: In
short, cells were cultured and treated with KaryoMAX colcemid (Life
Technologies), hypotonic KCl-solution and harvested in fresh fixative
containing 25% acetic acid and 75% methanol. Karyotyping was per-
formed on G-banded metaphase chromosomes,

2.14. Irradiation

~-irradiation as a cellular stressor was performed at 5Gy (Kampa
et al., PNAS 2009). These experiments were performed in cooperation
with the physics section of the Department of Radinoncology [Univer-
sity of Tibingen).

2.15. Isoform-specific knock-down

Specific ASPP2k siRNA constructs were developed to be used with
standard lipofection transfection technigues following the manufac-
turer protocols.

The constructs or a scrambled siRNA control were lipofected into
leukemia cell lines or freshly harvested native leukemia cells using a li-
pofectamine 2000®-based protocol (Invitrogen, CA). Briefly, 5 = 10°
cells/well were plated in a 24-well plate and cultured in medium con-
taining serum without antibiotics. Constructs are diluted in serum-free
medium and mixed with a lipofectamine. The mix is then added
to the cell suspension followed by incubation at 37 °C. Transfection effi-
cacy was independently validated by siGLO transfection indicator
(Dharmacon).
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2.16. Cloning and transfection/transduction of specific ASPP isoforms in de-
fined cell models

ASPP2x cDNA was custom made (Eurofins, D) encoding for the pep-
tide sequence of the ASPP2x splicing variant and cloned into a HisMax-
based plasmid vector to be transfected into the target cell model (Ba/
F3 cells) using lipofection according to manufacturer protocols. After
successful transfection as determined by Xpress epitope detection and
definite inhibition of the specific ASPP2 isoform in an immunoblot, IL3
weaning was used to evaluate whether the transfected gene of interest
is capable to uphold viability pathways after withdrawal of an obligate
growth stimulus - arguing for oncogenic potential.

2.17. Data availability

The data that support the findings of this study are available from
the corresponding author upon reasonable request.

3. Results

3.1. Identification of a highly prevalent, exon-skipping splicing variant of
ASPP2, ASPP2s, in native acute leukemia samples

To identify novel ASPP2 mutations or transcripts that could be clini-
cally important for regulating ASPP2 function, we set up a screen using

ASPP2 cDNA sense
Exon 17 ———
—Exon16—<
Ewon'1 ——
5
;lllllllllllllllllllll. see Bevvsenee
|TOSTOETOLIAGTIOATEELTESACTIOSAT CACAY 1O TG

) il )
MMJ&&LN : mdmmw.um

TECCTCEANE tan
-

mononuclear cell isolates derived from 30 patient samples with con-
firmed diagnosis of acute myeloid (n = 25) or lymphoid (n = 5)
leukemia.

cDNA, spanning exon 1-18, was analyzed by Sanger sequencing
using primer pairs amplifying 9 overlapping fragments (ref. Material
and methods, 2.3).

No novel missense pointmutations were identified in any of the am-
plified fragments. However, amplification of fragment 8 (spanning exon
14-18) revealed a C-terminal deletion mutation, in ten patients, which
fused mRNA transcripts at base pairs (bp) 3289 (corresponding to
bp53554 in gDNA) with bp3457 (bp61659, gDNA).

This site marks a fusion of end of exon 16 with start of exon 18,
therefore highly suggesting an exon-skipping splicing variant, which
we named ASPP2x (Fig. 1a-c).

To exclude genomic deletion, quantitative (q)PCR was set up to
measure relative gDNA content generated from amplicons 5 prime
(exon 15 and following intron), and 3 prime (exon 17 and following in-
tron), from the fusion site. Both amplicons displayed similar relative ex-
pression levels in several patient samples tested (Fig. 1d) confirming
aberrant splicing rather than a gDNA deletion.

Since ASPP2x would be predicted to have aberrant function, we
wished to further test its prevalence in human cancers. We therefore
performed an extended screen of 100 blood samples derived from pa-
tients with hematologic neoplasms or healthy blood or bone marrow
donors (mostly AML (bm 31, pb 42), but also ALL/AUL (bm 5, pb 3},
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Fig. 1. Identification of a C-terminally truncated exon-skipping splicing variant of ASPP2. (a, b) A systematic mRNA screen reveals a novel mutation fusing exon 16 with exon 18, Bi-
directional Sanger sequencing is shown. {¢) Schematic of exon skipping indicating a reading frame shift followed by an early STOP if translated. (d) Relative quantification of gDNA
expression to compare exon 15 with exon 17 levels excludes genomic deletion (decrease of exon 17) rather than splicing variance via exon skipping {no change of exon 17 expression
on the genomic level). SDC4 served as housekeeping gene. Patient samples #6, #24 and #44 harbor the wildtype isoforms of ASPP2, patient sample #12 harbors the truncated splicing
variant { as validated by bi-directional Sanger sequencing ). Data are mean + SEM. () Nested RT-PCR approach on CD34 + isolated leukemia blasts verifies expression of ASPP2x in leukemia.
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CML/CMML [G], lymphoma and B-CLL (6, including the DOHH-2 cell
line) and healthy blood [3] or bone marrow |4] donors). We identified
ASPP2rin 55 0f 90 (61%) evaluable patients [ 10 samples with poor gqual-
ity material were excluded from the analysis).

Specifically, we found ASPP2x in: AML-bm 57,7% (15/26, 5 samples
wio result), AML-pb 70% (28/40, 2 samples w/o result), ALL-bm 40%
(2/5, 1 sample w/o result), ALL-pB 33,3% (1/3), CML/CMML 75% (3/4,
2 samples w/o result), B-CLL/T-NHL 83,3% (5/6). In contrast, we did
not detect ASPPZr in blood or bone marrow from healthy donors,
These data suggest a high prevalence of the ASPP2x splicing variant in
acute leukemias as well as in other hematologic malignancies,

Motably, no other aberrant splicing variants, which were predicted
or reported in previous screens in various tissues, were detected in
our patient cohort - with the exception of the identification of two ad-
ditional C-terminally truncating splicing variants of ASPP2 in two leuke-
mia patients fusing exon 15 with exon 18 (ASPP2u), respectively fusing
exon 16 with mid of exon 18 (ASPP2A). Both variants again result in a
frame-shift resulting in a premature stop codon - similar to ASPP2K
(not shown). In this report, we concentrate on the prevalent splicing
variant ASPP2r, since the functional consequences for the rare splicing
events are predicted to be similar,

3.2, Validation of ASPP2k expression in CD34 + leukemia stem cells

To validate the presence of the ASPP2k splicing variant in early
human CD34+ leukemia blasts, we performed a cell sort to detect
ASPP2rk-expression in fresh human leukemia blasts, Using a nested RT-

a
ASPP2 cDNA, wildtype-specific nested PCR
(antisense primer locates in exon 17)
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PCR approach spanning the fragment 8 amplicon (ref, Material and
methods, 2.3) and bi-directional Sanger sequencing, we confirmed pres-
ence of ASPP2+ along with the ASPP2 wildtype isoform {supplemental
fig. S1). Interestingly, in one patient, only the exon-skipping ASPF2x
splicing variant was found whereas no ASPP2 WT was detected in the
CD34+ isolated leukemia subpopulation (Fig. le, compare with sche-
matic provided with Fig. 1c). These findings may point to a functional
role of the truncated ASPP2y splicing variant in leukemogenesis,

3.3. Validation of the fusion product using an isoform-specific PCR approach

To further confirm alternative splicing via exon skipping, we de-
signed an isoform-specific RT-PCR assay to distinguish wildtype (WT)
ASPP2 from ASPP2x isoforms:

WT-specific primer pairs, located within exen 17 {missing in
ASPP2K), were designed to detect WT ASPP2 amplicon (Fig. 2a). A non-
specific nested RT-PCR using an antisense exon 18 primer is shown in
Fig. 2b. Additionally, we designed an ASPP2s-isoform specific RT-PCR
assay uniquely recognizing the fusion site (antisense primer in exon
18 and the sense primer located in exon 15) (Fig. 2c/d).

We further validated the ASPP2i: qRT-PCR assay, using restriction en-
zymes to specifically digest the ASPP2 WT isoform. pDraw32 software
identified isoform-specific restriction motifs not present in ASPPZ2
cDNA (Fig. 3a).

After reverse transcription and digestion with either HpyCH4IV or
Tsp5091 prior to PCR amplification (fragment 8, compare Material and
methads 2.3), HpyCHAIV but not Tsp509] digestion cleaved ASPP2x as
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Fig. 2. Isoform-speafic RT-PCR. (4, b) Isoform-specific nested RT-PCR segregates ASPF2 WT (a) compared to isoform-unspecific nested RT-PCR [ b) overlapping the wildtype sequence with
the exon-skipping splice variant. Sanger sequences in sense direction are provided; compare schematic provided with Fig. 1c. (¢, d) ASPP2x isoforme-specifc RT-PCR approach uniquely
detecting the exon16/18 fusion site in sense (c) or antisense (d) direction. Bi-directional sequencing of the primer sites s provided. Left panels: sense direction, middle panels:
antisense direction. Right panels provide a schematic of the primer design, Sp, sense primer; asp, antisense primer.
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Fig. 3. Isoform-specific quantitative (q)RT-PCR (a) Successful design of isoform-specific primer pairs to use in a qRT-PCR approach clearly distinguishes the ASPF2 WT from the ASPFE2r
splice vartant. In contrast to the WT isoform, ASPP2x is stress-inducible by changing culture conditions (RT, cultured at room temperature). Data are mean + SEM. (b} Schematic of WT
(exon 17)-specific digest sites. Red letters mark start/end of exon 17, Exon 17-specific restriction enzymes used for analysis are marked in blue. (¢} An isoform-unspecific KT-PCR
using fragment & primers was set up after restriction digest with either HpyCHAIW or TspS091. Only HpyCH4IV enzyme digest proved to be effective - leaving the ASPP2x isoform
unaffected as demonstrated by Sanger sequencing (upper panel). Ineffective digest using Tsp5091 (lower panel ). (d) Optimized ASPP2r-specific gRT-PCR approach including restriction
digest of exon 17 {WT isoform) demenstrates high specificity of the g RT-PCE primer set - with only moderate improvemnent after pre-digest of the WT isoform. [R) restriction digest sam-
ple. B bone marrow; pb, peripheral blood; donor, bone marrow donor sample. Data are mean + SEM. *** not statistically significant (p = 0,05, Student's i-test ).

predicted (Fig. 3b). To exclude non-specific binding of the ASPP2k-
specific qRT-PCR primer set, gRT-PCR with or without prior wildtype-
specific HpyCH4IV restriction site digest was performed on native cell
samples derived from patients with AML or healthy bone marrow do-
nors. As shown in Fig. 3c, this confirmed (a) preferential expression of
the ASPP2w isoforms in leukemia blasts compared to physiologic mono-
nuclear cells, (b) high specificity of the gRT-PCR assay to detect the
ASPP2r splicing variant.

To further evaluate the robustness of our optimized qRT-PCR
assay, we confirmed presence of the ASPP2r splicing variant in native
leukemia cells and various tumor cell lines, including those derived
from solid tumor neoplasms (supplemental fig. 52a), which points
to a potential role of ASPP2r beyond leukemia in hematologic as
well as solid tumors,

Since expression of ASPP2 WT is inducible upon cellular stressors
such as DNA damaging agents or radiation [9,15,28], we wished to
quantify if ASPP2¥ expression changed in response to cellular stress.
We therefore performed quantitative (q)RT-PCR specific for ASPP2x in
twio leukemia cell line models { K562, MOLM14) before and after treat-
ment with either gamma irradiation or cytarabine (Fig. 3d).

To assess if ASPP2r expression after cell stress was physiological and
occurred in vivo in patients, we quantified ASPP2r-expression using our
QRT-PCR assay in two patients with AML undergoing induction chemao-
therapy. Samples at diagnosis and after 1st induction chemotherapy
were analyzed. Intriguingly, we found persistent elevated ASFP2x levels
in AML blasts from a patient refractory to induction chemotherapy; in
contrast, ASPP2k levels declined in a patient who had a complete

response to induction chemotherapy. This ohservation suggests that
ASPP2r expression is specific in leukemia blasts (supplemental fig. $2b),

3.4. ASPP2k translates into a genuine truncated protein isoform

Since ASPP2ik mRNA expression is physiologic, we next wished to
confirm ASPP2k protein expression. The sequence of ASPP2k with a pre-
mature stop codon (Fig. 1c), predicts the generation of a C-terminally
truncated protein isoform. This is of interest as the C-terminus of
ASPP2 WT harbors the TPS3 contact sites (Fig. 4a); thus ASPP2k protein
would be predicted to be attenuated in promeoting TP53 binding and
TP53-mediated apoptosis compared to ASPP2 WT [11]).

Tao specifically detect ASPP2k protein, we generated isoform-specific
rabbit antibodies, targeting the putative unigue fusion-site of the
ASPP2x-specific epitope (as confirmed by BlastN search), (compare
Fig. 1c).

We performed immunoprecipitation using ASPP2k-specific antibod-
ies on lysates from three patients with AML. Western blotting was then
performed with an N-terminal ASPP2 antibody (Fig. 4b). We found an
ASPP2 immunoreactive band at 111 KDa, which is the predicted size
of ASPP2k (Fig. 4¢). In contrast, we did not detect this band in healthy
bone marrow donors, Of note, it is well described for many commer-
cially available N-terminal ASPP2 antibodies, that - besides ASPP2 - a
“non-specific” band is shown at —110 KDa. Our data suggest, that this
band may represent the ASPP2x isoform (supplemental fig. 53).

We additionaly tested our ASPP2x specific antibiodies on immuno-
histochemistry of a paraffin-embedded bone marrow trepanates from
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patient (i.e. blast persistence) after one cycle of induction chemotherapy; {f} therapy responsive patient (i.e, complete remission after one cycle of induction chemotherapy).

patient samples with AML - further confirming genuine in vivo expres-
sion of ASPP2k (Fig. 4d).

Since we found that ASPP2x mRNA expression is inducible upon
response to cellular stressors such as gamma irradiation or chemo-
therapy (compare Fig. 3d), we next determined whether ASPP2x
protein expression is stress-inducible in vivo: ASPP2k-specific or
C-terminal ASPP2 WT antibodies were used to monitor ASPP2x
and ASPP2 WT protein expression levels, as quantified by FACS
flow cytometry, in two patients with AML undergoing induction
chemotherapy.

Interestingly, we found upregulation of ASPP2x protein within the
first hours of therapy in a patient with refractory disease (Fig. 4e) -
whereas a patient achieving complete remission showed decreasing
levels of ASPP2k and increasing levels of the proapoptotic WT isoform
at the same time points (Fig. 4f).

These findings are noteworthy as monitoring dynamic expression
levels of ASSP2 isoforms may provide a novel early marker to predict re-
sponse towards chemotherapy.

3.5. ASPP2x has dominant-negative apoptotic functions

To shed light into the functions of the ASPP2x isoform, we have
cloned the cDNA into a pcDNA4/HisMax/LacZ vector in order to express
ASPP2k in the hematopoietic 1L3-dependent murine pro B-cell line Ba/
F3.The Ba/F3 cell model is broadly used to evaluate the tumorigenic po-
tential of expressed genes to render cells IL3-factor independent - a sign
of autonomous, oncogenic cellular proliferation [25]. Succesful transfec-
tion and expression was confirmed using the Xpress-epitope tagged-{>-
galactosidase (LacZ) and ASPP2k specific antibodies, as demonstrated in
Fig. 5a/b.
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After withdrawal of [L3, the parental Ba/F3 negative contrals did not
survive, In contrast, Ba/F3 cells with forced expression of ASPP2k lost
IL3-dependency and survived without growth factor supplementation
[Fig. 5c). We also found increased cellular proliferation rates of 1L3-
independent Ba/F3 strains expressing the ASPP2x isoform compared
to Ba/F3 parental cells cultured in IL3-supplemented media (Fig. 5d).
Given our findings that ASPP2x is overexpressed in native leukemia

blasts, these findings stongly suggest that ASPP2r promotes malignant
transformation,

As ASPP2x lacks the TP53-binding site, this may result in impaired
TP53-mediated apoptosis and attenuated cellular repair mechanisms,
To shed insight into this possibility, ASPP2k-transfected Ba/F3 cells
were IL3-weaned and «y-irradiated (1 = 5 Gy) and monitored for IL3-
independent growth. IL3-dependent parental Ba/F3 cells (with and
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without y-irradiation) served as negative controls. Cytogenetic analyses
were performed on IL3-independently proliferating clones after
radiation,

Parental as well as empty vector control cell strains did not survive
IL3-weaning. In contrast, Ba/F3-ASPP2k cell strains survived IL3-
weaning as well as y-irradiation - arguing for ASPP2x promoted malig-
nant transformation. In line, cytogenetics demonstrated chromosomal
instability (CIN) with loss of chromosomes and addition of marker chro-
maosomes (Fig. 5e and supplemental table 51 for all experiments). Nota-
bly, lentiviral knock-down of total-ASPPZ2 reveals similar effects
compared to the ASPP2x cell strains - arguing fo a dominant-negative
function of ASPP2x.

Since enforced ASPP2x expression promoted proliferation and
inhibited damage-induced cell death, we reasoned that attenua-
tion of ASPP2x expression would inhibit cell viability. We there-
fore developed a specific siRMA-based lipofection assay to
selectively target the novel fusion site of the ASPP2k isoform (com-
pare Fig. 1c). Using the BCR-ABLI positive K562 leukemia model,
for which we have shown stress-dependent induction of ASPPZ2x
(compare Fig. 3d), cells were lipofected with specific ASPP2x-
siRNA or a scrambled negative control and then treated either
with the BCR-ABLT-directed tyrosine kinase inhibitor imatinib
mesylate or a DNA-damaging anthracycline. Successful knock
down of ASPP2k transcription is provided with Fig. 5f. Conse-
quently, ASPP2k-specific knock-down leads to restoration of
proapoptotic capacities: K562 cells treated with imatinib in a
dose-dilution assay were more prone to induction of apoptosis
when ASPP2x was silenced - compared to cell strains treated
with a scrambled siRNA control. Similarly, dose-escalating treat-
ment of K562 cells with daunorubicin showed even more pro-
nounced rescue of proapoptotic efficacies in ASPP2r-interferenced
cell strains compared to the control strains (Fig. 5g/h).

Together, these data highly support findings that ASPP2x has
converse function of full-length tumor-suppressing proapoptoic
ASPP2 [12].

3.6. Validation of functional data and demonstration of TPS3-dependence
in an independent ASPP2x solid tumor model

As we pointed out earlier, aberrant splicing of ASPP2 may be more
prevalent in human cancers and also affect solid tumors (compare sup-
plemental fig. S2a).

To challenge our functional data obtained in the leukemia setting,
we obtained an isogenic TP53+/+ vs. TP53—/— colorectal cancer
tumor cell line model. Besides evaluation of proapoptotic efficacy of cy-
totoxic agents in dependence ASPP2r expression, this tumor model fur-
ther allows to evaluate whether functional activity of ASPP2k depends
on the presence of TP53.

Lipofection experiments were performed as described above to
either induce enforced ASPP2k expression - or to knock-down
basal ASPP2k (successful transfection provided with Fig. 6a).

Cells were exposed to DNA damaging agents (oxaliplatin or
irinotecan) and induction of apoptosis was followed for the transfected
strains compared to untreated controls. Fig. Gb-e demonstrates that
forced expression of ASPP2x attenuates induction of apoptosis in TPS3
+{+ cells - but apoptotic efficacy remains mainly unaffected in a
TP53 —/ — background.

Consistent with this, ASPP2x-knockdown restores induction of apo-
ptosis in TP33+/+ cells, whereas TP33 —/— strains remain largely unaf-
fected (Fig. 6f-i).

Together, these data suggest that ASPP2k functions at least in part
through a TP53-dependent mechanism. Further, this model argues for
a universal role of ASPP2+ beyond hematologic malignancies, which de-
serves further expolaration in future studies.

4. Discussion

Although ASPP2 functions as a tumor suppressor (as reviewed by
Kampa, Sullivan, Li and colleagues [8,12,16,29] - and references within),
precisely how it does so and how it is regulated remains unclear. The
role of ASPP2 in human acute leukemia has important prognostic and
therapeutic implications that are not well understood. Qur discovery
of ASPP2x now provides significant new insight into understanding
the complex regulation and function of ASPP2 in human leukemia and
malignancies in general,

We demonstrate that the ASPP2k isoform is generated by alternative
splicing that truncates the C-terminal TP53 binding domain, Moreover,
ASPP2k is frequently expressed in acute leukemia blasts - but is also de-
tected in other hematologic and solid tumors, implicating a common
role in human cancer. Our methods to specifically detect the ASPP2r iso-
form separately from WT ASPP2 are important for the design of future
studies: Prior studies exploring ASPP2 mRNA expression in human can-
cer did not segregate ASPP2 WT and ASPP2k isoforms, which may have
confounded robust interpretation of these clinical datasets.

Our data demonstrate that ASPP2k promotes cellular proliferation
and inhibits damage-induced apoptosis - as confirmed by enforced ex-
pression as well as siRNA knockdown of ASPP2k, Since ASPP2x is specil-
ically expressed in early leukemic progenitor blasts - and higher
expression correlates with in vivo resistance to chemotherapy induc-
tion, our findings suggest, that ASPP2w exerts a role as a pro-
leukemogenic isoform. Importantly, we functionally confirmed that
ASPP2k expression inhibits therapy-induced apoptosis in vitro as well
as promotes growth factor independent cell growth and proliferation.

Since ASPP2k is missing the C-terminal TP53 binding domain, which
has been described to be fundamental for ASPP2 WT pro-apoptotic func-
tion by Ahn et al. [30] or as reviewed by Rotem and colleagues [31], it
seems likely that the anti-apototic and pro-proliferative functions of
ASPP2+ may be the consequence of disrupted binding to TP53. It implies
further, that high levels of ASPP2x may serve to antagonize the ASPP2-
TP53 axis that normally promotes TP53-mediated apoptosis and growth
arrest. This notion is supported by our data demonstrating that enforced
ASPP2r expression inhibits chemotherapy-induced apoptosis more pro-
foundly in TP33 +/+ cells then in isogenic TP53 —/ — cells.

Consistent with these findings, ASFP2¢ specific knock down demon-
strates increased sensitivity to chemotherapy-induced apoptosis in
TP53+/+ but not TP53 —/ — isogenic cells lines. Given that human leu-
kemias harbor a low frequency of TP53 mutations, this suggests that
the ASPP2x isoform may be an important mechanism for suppressing
the TP53 pathway and promoting a more aggressive disease with resis-
tance to induction chemotherapy and resultant poor clinical outcome.
The mechanisms of how exactly ASPP2x inhibits the TP53 pathway re-
main unknown and are subject to ongoing research. One possibilitiy is
that ASPP2i may bind ASPP2 - therefore inhibiting ASPP2 interaction
with TP53 to promote apoptosis. This potential ASPP21-ASPP2 interac-
tion is supported by structural studies, predicting ASPP2-ASPP2 associ-
ations and seems feasible since ASPP2x maintains the putative
interaction domains [32,33]. It may also be possible that ASPP2k has
unigue interactions with other proteins that could inhibit TP53 function
independently. In this context, it is noteworthy that anti-apoptotic BCL-
2 and BCL-XL are known direct interaction partners of the wildtype iso-
form of ASPP2 [34] - but binding sites are lost in ASPP2x. In the rise of
clinical importance of BCL-2/XL inhibitors, the ASPP-BCL interactions
may be of special interest with regard to definition of biomarkers and
trial design - and are under active investigation.

Interestingly, we found that ASPP2y is stress-inducible, Moreover,
ASPP2r induction was observed in AML patients not responding to in-
duction chemotherapy. Since we have demonstrated that increased
ASPP2r expression inhibits apoptosis, this suggests that alternative
splicing of ASPP2 is a potential mechanism for promoting resistance to
therapy.
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In addition, ASPP2k promotes perturbed cellular proliferation, geno-
mic alterations and chromosomal instability with acquisition of marker
chromosomes, indicating oncogenic transformation. As ASFP2k is
stress-inducible, our findings may have far reaching consequences, ar-
guing for alternative splicing of ASPP2 as a dynamic mechanism in
inactivating the TP53 pathway - independently of genomic mutations.

Noteworthy, it was shown that marker chromosomes are found in
high-risk AML, associating with poor prognosis and therapy failure [35].

Prior studies demonstrate that ASPP2 expression is suppressed in
cancer |36-38]. While informative, these studies did not distinguish be-
tween full-length ASPP2 and BBP. The recent description of another
ASPP2 isoform, AN-ASPP2 (23], that is missing the N-terminus and pro-
motes cellular survival and inhibits apoptosis, underscores the impor-
tance of identifying ASPP2 isoforms that have functional and clinical
relevance. Hence, our description of the novel ASPP2x isoform provides
significant new insight into the mechanisms of regulating ASPP2 func-
tion - and emphasizes the need to interpret ASPP2 expression data in
human tumors in the context of all isoforms.

Due to the higher prevalence in leukemias compared to healthy indi-
viduals, ASPP2k may serve as a clinically important prognostic marker,

Maonitoring of dynamic ASPP2xk expression levels while under ther-
apy may also be a useful tool to predict therapy response - thereby
allowing treatment modifications such as dose escalations or addition
of drugs in case of imminent therapy failure. The data presented herein

may help to develop prospective clinical trials for ASPP2k-guided thera-
pies. A response guided therapy strategy has been proposed for pediat-
ric leukemia patients [39]. Dynamic molecular markers predicting
suboptimal response while under therapy would further improve this
concept. The presented proof-of-principle experiments, employing
stress-inducible pro- and antiapoptotic ASPP2 isoforms may provide
such a tool and should further be developed in order to monitor and
steer therapy early in the course by intensifying or adjusting treatment
as necessary.

In summary, we describe a dynamic dominant-negative splicing var-
iant of ASPP2 with oncogenic potential and demonstrate a role of ASPP2k
in early leukemogenesis and therapy resistance. We further demon-
strate prevalence of ASPP2x in other malignancies, including solid tu-
mors — which argues for a much more universal role of ASPP2k in
human cancers. These observations blaze the trail for future studies in
this field and are currently under active investigation.
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Table S1. Cytogenetic analysis of Ba/F3-ASP P2 T c

)
<t
2
S
1=
S o~ o~ < — ©
S
2
<
=
=) R RN
=3 S &S S S S S S S S =
= oo oS g R A A A 4
T T 5 85 33 T 5 5 3B
S S35 583 S35 5383
=
=
=) =) D SR S
= = 22 g = A A =
T k7] T T B T & T D &
S S S S S S S S © =
T
S
=2 ™ M M Mmoo o IO M M 0 o
=)
2 =
D
S
x < <+ ™o <t o™ N N < <
=) S aT = ) =
~ [l S L L B~ N s ~
= SSo9aa S S99 S
k) s 3 o & @ 5] S T o 5]
S S S 5 S8 S S S 5 S S
= N N m ™ — < N NN o~
=] o < < < < ™ < 0 ™ W <
Ee) < < o <
hd ™ Mmoo m < <t m m o™ ™
ae] < <+ ™™ ™m ™ ~ S SN <
~ ™ < ™ om = <+ N mmm ™
o < S <~ < —
=) NI N -~ ~
(=21 o = S NS T o o
o o
=N <
=) Q| 0|00 0 Q|| 0|00
(=) O O O O O O O O O O =
T T 5 85 38 T 5 5 T3
S S35 583 S5 5 8B
© ™ MmN ™ N M o™ e —
™ ™ < ™ ™ ™ o~ ™
© ™o < ™ e N ™ o™ o~
7 ™ ™ ™o~ ™ o™ < ™
< <~ < < < ™ ™m m s < ™ ™
L2 fack 222X fach
T T 51 T 5 5 33 5]
s 35 3 S35 5383 S
— o~ 3] N N —
o~ <~ < < < < <~ N ™ <~

1
5
5
4
5
5
4
5

XY
XX 4
XX
XX
XXX
XX
XX
X
XX
XX 4
XX

g SIS BRBRR 8
jac ]

2

a a g
fasxssg %nggm +
gSSOoS Q@e88888 e 8
~ =& E E E E E - & E E E E E ~ £
BESS5E55 B:E55555 EBE
2 &5 55 BB S d 5555 5 1= =3
Sps8g8e8s SEpegges Sp <
£55558585 5555555 E&s

eifradiation+BV empty vector, KO lentiviral knock down of total ASPP2.

© o r~ r~ N ™ O < M~ I~ © o
3
| S| = _ e~~~ =~ =
=) )
3 T =t b=iBuibuiBwlbulbul
= S S S S S S S
s|l=| == S =3 SIS SS
S T S O & T D
s oS S8 38388353
=
k]
S
= =
= =
T & 5 o 5 s R
S oo s R = fe s A =k = A B
S5 8 & o T T3 T 5 5 8 B D
S 333 S S S S S S5 S 38
k] k]
S S
o < <t ™ N ™ M N AN ™
=
cle @ = =
D
S
o ™M o0 <t o N o0 <t M N NN
R & = IR
~ o~~~ ~ ~ M~ s~
S5 58S S S SS55585
s & o o 5} 5} S 5 O 5 B o
S8 535 S S S5 883838
™ NN~ ™~ ® N NS S
o = = < < N D M N0 <
o - < o ™
<t ™M o ™ <t ™ ™ O M <t M .o W0
o <t o N ™ T ™ = N T NN =
N ™ N N~ o NN o ™~
- ™ < < ™ o mm s~
NN e N NN N
< N < < < o < < © 0 W0 W00 <
Sk S o =]
O O O O oo [
=== = & &S &o
< X X XXX
T O X0 s o & T D
o = = < T & & Lo T T T T T
o T 3 T o o o o w
& T e AR IR AR AR5
5} s O o & @
S EIR=IR-IR 1R 1
N w0 oo~ ™ ™S
— < ™ ™ — N — o o o~ o~
N o~ ™® ™ ™ IR IR —
ot < ® ) o~ < ™ ™ o~
o
™ N m P o < = ™ < ™
)
SO [SENENE ] o SO >
L2 L2 &5 ek R ek
D T T T 5 D D T 5
S 38 S8 8 S S 3 S
P ™ o~ o~ — o~ ™
< < < oo o <+ 0 < S <t T o0 <+

XX
X
X

XX

X2

XX

X
XXX

XX

XX

XX

XX 4
X

8855 gee 585853

o

=1

+

- x

2 2

S S

g g

2 2
N Eggﬁ gsszﬁza
8888 853 gg2g83
E E E E O‘DEEE ,\‘UEEEEEE
Es88 58588 58588885858
SE &8 (28888 [& &85 85856
2222 EgPEZ EgfErzEs
88838 = 3 8 S8 & S 88883

72



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).

Vasileia Tsintari !, Bianca Walter!, Falko Fend 2, Mathis Overkamp 2, Christian
Rothermundt 3, Charles D Lopez 4, Marcus M Schittenhelm 2 and Kerstin M Kampa-

Schittenhelm 1.5*

1 Department of Hematology, Oncology, Clinical Immunology and Rheumatology, University
Hospital Tubingen (UKT), Germany, 2 Institute of Pathology at the University Hospital Tlbingen,
Germany, 3 Department of Medical Oncology and Hematology, Cantonal Hospital St. Gallen
(KSSG), Switzerland, 4 Department of Hematology and Medical Oncology, Oregon Health and
Science University (OHSU), Portland, OR United States of America, 5 Translational Experimental
Hematology and Oncology, Medical Research Center and Department of Oncology and

Hematology, Cantonal Hospital St. Gallen, Switzerland.

Corresponding author: Dr. Kerstin Maria Kampa-Schittenhelm, Pl and head of the laboratory of
experimental, translational hematology and oncology, Medical Research Facility (MFZ) at the
Kantonsspital St. Gallen, House 9, Rorschacherstr. 95, 9007 St. Gallen, Switzerland. Phone No:
+41 494 1067, Email: Kerstin.kampa-schittenhelm@kssg.ch

73


about:blank

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 (A S P P)2 that is overexpressed in human leukemias to promote therapy
resistance. However, A S P P Ras never been studied in STS.

Materials _and _Methods: Expression of A SP P 2 was quantified in human

rhabdomyosarcoma tumors using immunohistochemistry and gRT-PCR from formalin-
fixed paraffin-embedded (FFPE) and snap-frozen tissue. To study the functional role
of A’ S P P ih arhabdomyosarcoma, isogenic cell lines were generated by lentiviral
transduction with short RNA hairpins to silence A S P P xpression. These engineered
cell lines were used to assess the consequences of A S P P Xigencing on cellular
proliferation, migration, and sensitivity to damage-induced apoptosis. Statistical analyses
were performed using St u d e -test and 2-way ANOVA.

Results: We found elevated A S P P hRNA in different soft tissue sarcoma cell lines,
representing five different sarcoma sub-entities. We found that A S P P liRNA expression
levels were induced in these cell lines by heat-stress. Importantly, we found that the
median A S P P 2xpression level was higher in human rhabdomyosarcoma in comparison
to a pool of tumor-free tissue. Moreover, A S P P 2\&ls were elevated in patient tumor
samples versus adjacent tumor-free tissue within individual patients. Using isogenic cell
line models with silenced A S P P 2xpression, we found that suppression of ASPP 28
enhanced chemotherapy-induced apoptosis and attenuated cellular proliferation.
Conclusion: Detection of oncogenic A S P P i buman sarcoma provides new insights into
sarcoma tumor biology. Our data supports the notion that A S P P premotes sarcoma
genesis and resistance to therapy. These observations provide the rationale for further
evaluation of A’ S P P Assan 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 @ 2. According to the revised 2020 WHO
classification, sarcomas are classified into more than 100 histological subtypes @ 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) ®. 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 -7,

Attenuation of the ASPP2 wildtype isoforms is frequently observed in various tumors such
as breast cancer ©, high-grade lymphoma ® and acute leukemia ©), 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. 1) While Aspp2) mice were not viable, hemizygous (+/-) mice appeared
developmentally normal but presented with an accelerated cellular proliferation rate in
mouse embryonic fibroblasts (MEF) @ 12 and an increased incidence of spontaneous

tumors i especially lymphoma and sarcoma entities (19,
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Importantly, we have recently described a novel stress-inducible splicing variant of ASPP2,
named A S P P,2nith a high prevalence in acute leukemia ®_ENREF 14Exon-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 ASPP2a 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). ASPP2a
displays dominant-negative functions, which include increased proliferation rates along
with impaired induction of apoptosis pathways. The functional consequences of ASPP2a
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 A S P P 2saexpressed in other tumor entities beyond
leukemia as well 3. However, the distribution and the functional role of ASPP2a remain
unknown. We therefore now expanded our studies to other neoplasms of mesenchymal
origin and demonstrate frequent expression of the dominant negative A S P P Baorm in
soft tissue sarcoma (STS), especially in rhabdomyosarcoma. Further, we demonstrate that
A S P P B 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 A S P P i enetastasis.

Detection of oncogenic A S P P 2nshuman sarcoma supports the notion that ASPP 2 a
promotes sarcoma genesis and resistance to therapy. Our findings provide the proof-of-
concept for further evaluation of A S P P Assan 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
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