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ABSTRACT

Homeodomain Interacting Protein 2 (HIPK2), a cell fate decision kinase inactivated in
several human cancers, is thought to exert its oncosuppressing activity through its p53-
dependent and -independent apoptotic function. However, a HIPK2 role in cell
proliferation has also been described. In particular, HIPK2 is required to complete
cytokinesis, the last step of cell division, and impaired HIPK2 expression results in
cytokinesis failure and tetraploidization. Since tetraploidy may yield to aneuploidy and
chromosomal instability (CIN), we asked whether the unscheduled tetraploidy caused by
loss of HIPK2 might contribute to tumorigenicity generating aneuploidy and CIN. Here,
we show that, compared to Hipk2+/+ mouse embryo fibroblasts (MEFs), Hipk2-null MEFs
accumulate subtetraploid karyotypes and develop CIN. At the functional level,
accumulation of these defects inhibits proliferation and spontaneous immortalization of
primary MEFs whereas it associates with increased tumorigenicity when MEFs are
transformed by the E1A and Harvey-Ras oncogenes. Upon mouse injection, E1A/Ras-
transformed Hipk2-null MEFs, but not their Hipk2+/+ counterparts, generate near-
tetraploidy tumors. Thus, we evaluated HIPK2 expression in a human cancer derived by
initial tetraploidization event, such as pancreatic adenocarcinoma. We analyzed HIPK?2
protein levels by immunohistochemistry in tissue microarrays including different stages of
pancreatic malignant progression. Of relevance, we found a significant correlation among
reduced HIPK2 expression, increased grade of malignancy, and higher nuclear size of
tumor cells, a marker of increased ploidy and CIN. Overall, these results indicate that
HIPK2 acts as a caretaker gene, whose inactivation causes CIN by cytokinesis failure and

increased tumorigenicity.



INTRODUCTION

Homeodomain Interacting Protein 2 (HIPK2)

The HIPKs family is composed by four serine/threonine kinase (HIPK1-4) that are
extremely evolutionarily conserved in vertebrates and derive by yeast kinase Yak1 (Kim et
al., 1998).

HIPK1, HIPK2 and HIPK3 have a similar protein structures with a 90% of homology in
the kinase domain, that is the enzymatic domain, and 70% for the homeobox interacting
domain (HID), that is the region of interaction with homeodomain protein and other
molecules (Kim et al., 1998; Figure 1).

HIPK4 has been discovered through in silico analysis on human kinome and it is the only
member that miss the HID; for this reason it likely exerts different biological functions
respect to the other HIPKs (Schmitz et al., 2014).

Even if these kinases are very similar each other, HIPK2 seems to have a higher biological
relevance. Indeed HIPK?2 is detected much more frequently than its sister kinases in
unbiased screens or in yeast two-hybrid screens. For this reason HIPK2 is the most

characterized and studied HIPKs member. (Schmitz et al., 2014)

Figure 1. Schematic representation of HIPK2 structural domains. N-ter: N-terminal domain; HID:
Homeobox Interactive Domain; PEST: region containing a sequence rich in P, E, S and T, that is important
for HIPK?2 regulation and interaction with other protein; AID: Auto-Inhibitory Domain; YH: Y and H rich
domain. (Adapted from Siepi et al, 2013)

HIPK2 has been originally identified as a corepressor for the homeodomain transcription
factor NKx1.2, but, during the last years a plethora of new HIPK2 interactors and
substrates has been found and HIPK2 has been involved in a lot of different signal
transduction pathway and cellular processes, such as cell proliferation, transcriptional
regulation, DNA damage response, differentiation, angiogenesis and antiviral responses.

(Rinaldo et al., 2007)
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Figure 2. HIPK? targets. Schematic representation of HIPK? targets with indicated biological activity and
phosphorilation site/s (Adapted from Rinaldo et al., 2007)
HIPK2 plays a role in DNA damage response pathway by binding and phosphorylating
several transcription factors and coregulators. One of the main substrate through which
HIPK2 exerts this role is the tumor suppressor p53. HIPK2 and p53 colocalize at PML-
Nuclear bodies and HIPK?2 interacts with the C-terminus of p53 regulating its localization,
phosphorylation, acetylation, and transcriptional activity (D’Orazi et al., 2002; Hofmann et
al., 2002). Normally, the activation of HIPK2, in proliferating unstressed cells, is finely
controlled by a protein degradation mechanism. Several E3 ubiquitin ligase (e.g. Siah-1,
Siah-2, WD40 repeat/SOCS, MDM?2) are able to polyubiquitinate HIPK2 leading to its
degradation and blocking its functions (Rinaldo et al., 2007b; Choi et al., 2008; Calzado et
al., 2009; Kim et al., 2009). Upon severe DNA damage by UV irradiation or antineoplastic
treatments, such as doxorubicin or cisplatin, the HIPK2 degradation is blocked. To escape
the proteasome dependent degradation HIPK2 requires the kinases ATM and ATR, that
phosphorylate the ubiquitin ligase Siah-1 leading to its degradation and to HIPK2
stabilization (Winter et al., 2008). Once accumulated, HIPK2 phosphorylates human p53
at Ser46 (or mouse p53 at Ser58) driving to apoptosis by p53-mediated transcriptional
activation of pro-apoptotic factor, such as BAX and NOXA, and repression of anti-
apoptotic factors, such as Galectin-3 (D’Orazi et al., 2002; Hofmann et al., 2002; Di
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Stefano et al., 2004; Cecchinelli et al., 2006).

HIPK?2 regulation is critical to control the pS3 activity and to balance the cell fate of DNA
damaged cells between growth arrest and apoptosis. On one hand, when damage is severe
and irreparable, HIPK2 is accumulated, p53 is then phosphorilated on Ser46 and its pro-
apoptotic functions lead to cell death; on the other hand when damage is repairable, a
crosstalk between MDM?2 and HIPK2 determines HIPK2 degradation, p53 is not
phophorilated and its growth arrest functions are preferred to attempt DNA damages
reparation (Rinaldo et al., 2007b; Shmueli and Oren, 2007; Figure 3).

This HIPK2 regulation mediated by MDM2 addresses the different outcome of p53
reactivating coumpond treatments, Reactivation of p53 and Induction of Tumor cell
Apoptosis (RITA) and Nutlin3. Nutlin-3 induces mitotic arrest of in vivo tumor xenograft
cells (Vassilev et al., 2004) while RITA induces the apoptosis of the same cells (Issaeva et
al., 2004). The different outcomes are due to the mechanisms of action of the two
coumpounds. Nutlin3 is able to bind MDM2 in its p53 pocket inhibiting p53 degradation
(Vassilev et al., 2004), but preserving the enzymatic activity of MDM2. Thus Nutlin-3
allows MDM2-mediated HIPK2 degradation. On the other side, RITA acts directly on p53
preventing the p53-MDM2 binding, which causes p53 accumulation, and downregulating
MDM2 levels, which causes HIPK2 stabilization and consequent p53 HIPK2-mediated
phosphorylation on Ser46 (Rinaldo et al., 2009).
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Figure 3. HIPK2-mediated p53 Ser46 phosphorylation (pS3 Ser46P) affects cell fate decision. Upon mild
DNA damage, p53 induces overexpression of Mdm2, which determines HIPK2 degradation by
ubiquitination and prevents the p53 phosphorilation on Ser46 favoring growth arrest. Conversely after severe
DNA damage MDM?2 levels are low, HIPK? is stabilized and can phosphorilates p53 on Ser46. p53 Ser46P
selectively transactivates proapoptotic genes and subsequent cell death. Low levels of Mdm2 may also
promote translocation of monoubiquitinated p53 to the mitochondria, where it further augments apoptosis.
(adapted from Shmueli and Oren, 2007)

HIPK2 can also promote apoptosis by targeting factors other than p53, such as promoting
the CtBP transcriptional apoptotic co-repressor degradation by a specific phosphorilation
at Ser422 (Zhang et al., 2003), or by modulating the activity of other proteins, directly or
indirectly related to apoptosis, such as the p53 family members p73 and p63 (Kim et al.,
2002; Lazzari et al., 2011) and the p53 inhibitor MDM?2 (Wang et al., 2001; Di Stefano et
al., 2004).

Reduction of HIPK2 expression by RNA-specific interference (RNAi) was shown to
impair apoptosis and induce resistance to different chemotherapeutics (Krieghoff-Henning

and Hofmann, 2008; Puca et al., 2010), suggesting that HIPK2, like other genotoxic stress
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responders or apoptosis activators, is a tumor suppressor on its own. Indeed, a few
mechanisms of HIPK?2 inactivation have been identified in human cancers, such as HIPK2
forced cytoplasmic relocalization in leukemogenesis and in breast carcinomas (Wee et al.,
2008; Pierantoni, personal comunications), HIPK2 mutations in acute myeloid leukemia
(Li et al., 2007), and allele-specific loss of heterozygosity in thyroid cancers (Lavra et al.,
2011). Recently, a screening for genetic alterations in radiation-induced thymic
lymphomas demonstrated that Hipk2 is a haploinsufficient tumor suppressor gene in vivo,
showing loss of one Hipk?2 allele in 30% of the tumors and increased susceptibility of
Hipk2+/- mice to radiation-induced thymic lymphoma (Mao et al., 2011).

During development, impaired proliferation, rather than apoptosis defects, has been
observed. Hipk2-/- mice born at a reduced mendelian rate; they can survive and be fertile
but they are significantly smaller than their wild-type littermates throughout adulthood
(Isono et al., 2006) and proliferation defects have been observed in sensory neurons
(Wiggins et al., 2004) and in MEFs (A. Fusco, personal comunication). Hipkl/Hipk2
double knockout embryos die between 9.5 and 12.5 days post-coitus with proliferation
defects (Isono et al., 2006), confirming a role in cell proliferation and suggesting
redundancy between the two members of the HIPK family. Moreover, induction of HIPK2
expression was observed upon cell cycle reactivation of quiescent cells, including GO
peripheral blood mononuclear cells (Iacovelli et al., 2009).

Recently, a novel role of HIPK2 in cell division has been demonstrated by Rinaldo and
coworkers (Rinaldo et al., 2012). Particularly, they identified in the histone H2B a new
unexpected interactor of HIPK2. HIPK2 and the histone H2B localize at midbody, the
organelle-like bridge formed between the two daughter cells during cytokinesis.
Furthermore, they found that HIPK2 phosphorilates H2B at Ser14. The localization of
HIPK2 at midbody and its H2B specific phosporilation (H2B-Ser14P) are critical for a
successful cytokinesis. Indeed, HIPK2 depletion or HIPK2 kinase dead mutant
overexpression lead to the absence of H2B-Serl4P at midbody, causing failure of
cytokinesis and binucleation. Of relevance, the overexpression of phospho-mimetic mutant
H2B-Ser14D rescues cytokinesis failure in Hipk2 null cells, clearly demonstrating that
HIPK2-mediated phosphorilation of H2B at Ser14 is required for a successful cytokinesis.
Since HIPK2 and H2B-Serl14P are also associated to nuclear functions related to DDR
(Pérez-Cadahia et al., 2010), one hypothesis to explain their localization at midbody could

be the involvement in DDR pathway and the presence of chromosomal bridge in
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cytokinesis. Nonethless, the authours showed that H2B-Ser14P and HIPK?2 localization at
midbody occurs independently from the presence of DNA at cleavage plane,
demonstrating novel intriguing HIPK2/H2B crosstalk in cytokinesis independent from

DNA damage (Rinaldo et al., 2012; Figure 4).
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Figure 4. Graphical abstract of cytokinesis in HIPK2 proficient or defective cells. Lacks of H2B-Ser14P
localization at midbody in HIPK2 defective, results in cytokinesis defects and binucleation. The
immunofluorescence images show HIPK2 and H2B-Serl4P localization during cytokinesis in HeLa cell.
(adapted from Rinaldo et al., 2012)

This fascinating new role of HIPK2 could unveil an important mechanism in tumor
formation/progression and could represent another HIPK2 oncosuppressive function
besides the already demostrated function in DDR. Indeed, the proliferation of binucleated
tetraploid cells could lead to aneuploidy, one of the hallmark of cancer, promoting

chromosomal instability, cell transformation and cancer progression.



Tetraploidy and cancer

Genome integrity is essential for a correct functionality of cells and tissues. The diploidy
state maintainance in mammalian somatic cells is assured at least by three main control
mechanisms: regulation of DNA replication, DDR pathway and spindle assembly
checkpoint. These mechanisms act on cell cycle to prevent the proliferation of cells with
abnormal DNA contents (Davoli and De Lange al, 2011).

The DNA replication is blocked in G1 phase through the formation of pre-replication
complex (pre-RC) to avoid early replicating events. Cdtl is an essential factor of pre-RC
complex; its degradation via proteasome during the early S phase and the expression of
Cdtl-inhibitor geminin, during S and G2 phases, prevent premature re-formation of pre-
RC complex and allow correct and complete replication. In the next G1 geminin is
degradated by APC/C-Cdh1 ubiquitin ligase and Cdtl can form the pre-RC complex and
stop the replication until next S phase occurs (Remus and Diffley, 2009).

The DDR controls the integrity of genome and prevent the replication of damaged DNA.
When genotoxic stresses produce single or double strand breaks in G1, the kinases ATM
and ATR phosphorilate the downstream effector, Chkl and Chk2, starting a
phosphorilation cascade that lead to cell cycle arrest through: i) inactivation of Cdc25A
phosphatase, required for activation of Cdk2, ii) activation of p21, a Cdk2 inhibitor; iii)
activation of p16, that prevents phosphorylation of Rb (Ciccia and Elledge, 2010).

The correct chromosome segregation during mitosis is regulated by a kinetochore-
microtubule attachments control called Spindle Assembly Checkpoint (SAC). When a
chromosome is unattached to microtubule during metaphase or is not correctly oriented,
the SAC is activated and stops the mitosis at anaphase. Only once chromosomes are
correctly bi-oriented, the SAC is deactivated and allow the ubiquitin ligase APC/C to
degradate the securin. Without securin, separase is free to cleave the cohesins, that
maintain joined the sister chromatids, and the mitosis can go ahead (Musacchio and
Salomon, 2007).

Dysfunctions in the checkpoint systems can lead to aneuploidy, a condition in which cells
gain or loss one or more chromosomes, that is dangerous for the integrity of the genome
and omeostasis of the tissues. Indeed, the genetic imbalance derived from this condition is
thougth to be potentially oncogenic and most solid human tumors are characterized by

aneuploidy (Holland and Cleveland 2009).



Another kind of chromosomal number aberration is polyploidy, that is a condition in
which cells contain a multiple integer of normal diploid set of chromosomes, in particular
tetraploid cells contain double DNA content, i.e. four set of chromosomes. Many species
of plants, insects, fish, amphibians are characterized by a tetraploid DNA content,
nonetheless mammals are all diploids and do not tolerate germline polyploidization (Otto,
2007). The only exception could be represented by red vizcacha rat, but its tetraploidy
status is controversial (Svartman et al., 2004). Thus, tetraploid mammals embryo caused
by meiotic or mitotic error undergo spontaneous abortion or resorption (Kaufman, 1991;
Davoli and De Lange, 2011).
Although diploidy characterize nearly all the normal human cells, there are some cells that
permit a physiological polyploidization through different mechanisms:

* Trophoblast giant cells, that can skip mitosis because reduced amounts of geminin,

provoking S and G phase alternation;
* Megakariocytes and Hepatocytes, that undergo endomitosis, a particular mitosis in
which cytokinesis fails;

* Muscle cells and osteoclasts, in which occur cell fusion.
If and how polyploidization confers benefits to these cells is not fully understood.
Probably the decreased surface/volume ratio minimizes membrane requirements and
increase the metabolic capacity confering advantageous energetic conditions for involved
tissues. (Davoli and De Lange 2011; Comai 2005). Furthermore, tetraploid cells are shown
to be more resistant to stress and polyploidization has been proposed as stress response
mechanism in liver (Celton-morizur and Desdouets, 2010; Pandit 2013).
Except for the cases described above, proliferation of polyploid cells is not allowed and it
is potentially dangerous. Indeed, a well-established hypothesis on tumorigenesis, recently
confirmed in mice by Fujiwara et al 2005, is that tetraploid cells can act as genetically
unstable intermediate, facilitating the formation of aneuploidy and the transformation of

cells (Ganem et al., 2007; Nigg et al, 2002; Storchova and Pellman, 2004). (Figure 5)
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Figure 5. Proposed model of aneuploidy generating from tetraploidy. Cytokinesis defects cause cleavage
furrow regression and binucleated tetraploid cells formation. The presence of extracentrosomes can lead to
bipolar or multipolar mitosis during tetraploid unscheduled proliferation. Bipolar mitosis generates two
tetraploid cells with the same amount of chromosomes, while, if multipolar mitosis occurs, chrosomomes
will be missegregated giving rise to aneuploid cells (modified from Shi and King, 2005)

Since Boveri time, more than 100 years ago, it has been observed that aneuploid cells
show multiple centrosomes and multipolar mitoses and it has been reported that many
aneuploid tumors contain cells with multiple centrosomes (Holland and Cleveland, 2009).
Tetraploidy could be one of the causes of the presence of multiple centrosomes. Further
recent studies show the presence of tetraploid cells in premalignant condition, such as the
Barret oesophagus, a metaplasia of the normal stratified squamous epithelium (Galipeau et

al., 1996; Reid et al., 2010).
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Moreover for many aneuploid cancers, characterized by hypertriploid/near tetraploid
karyotypes, an early/intermediate tetraploidization event has been hypothesized (see table
1). These abnormal karyotypes cannot be explained by a diploid cell chromosomal
instability. In fact, it has been calculated that, to form a hypertriploid karyotype, a diploid
cell would required more than 150 population doublings, while a single tetraploidization

event can double the DNA content in only one cell division. (Davoli and De Lange, 2011)

Tumor type Tumors with >68
chromosomes

Liver Adenocarcinoma 54%
Osteosarcoma 42%
Pancreatic Adenocarcinoma 41%
Lung Adenocarcinoma 36%
Cervical Carcinoma 34%
Neuroblastoma 31%
Hodgkin’s Lymphoma 31%
Prostate Adenocarcinoma 28%
Skin Squamous Cell Carcinoma 28%
Soft Tissue Sarcoma 25%
Colon Adenocarcinoma 24%
Ovarian Adenocarcinoma 23%
Testis Seminoma or Teratoma 23%
Astrocytoma (grade I1I-1V) 22%

Table 1. List of tumors with a chromosome number >68. Data derived from Mitelman database are used to
calculate the percentage of tumors with >68 chromosomes. In the list are reported the tumor types with a
percentage higher than 20%. (Adapted from Davoli and De Lange, 2011)

Since deleterious mutations could be easily masked by the presence of extra copies, the
presence of four set of each chromosome could offer a simply method to allow mutation
load with a higher ratio than diploid cells, facilitating the evolutionary stabilization of
mutations and combination with other mutations. The presence of multiple centrosomes
could also lead to multipolar spindle generating errors in chromosomal segregation and
then favoring the formation of aneuploidy (Shi and King, 2005; Pellman, 2007). In mice,
tetraploids, generated by transient cytokinesis failure in p53-null mouse mammary
epithelial cells (MMECs), have an increased frequency of whole-chromosome
missegregation and chromosomal rearrangements. MMECs p53-null tetraploids are more
prone to transformation after exposure to carcinogen and, when transplanted into nude
mice, form malignant mammary epithelial cancers more easily than their diploid p53-null

control (Fujiwara et al., 2005). Thus, tetraploidy has been proposed as an intermediate that
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facilitates structural changes and brings to disruption of cell growth checkpoint (Storchova
and Pellman, 2004; Otto, 2007).

The proliferation of tetraploid cells is generally inhibited (Vitale et al., 2011). It has been
demostrated that, when cytokinesis is inhibited by cytochalasin B, the derived binucleated
cells stop proliferating, through a mechanism that involve the oncosoppressor key factors
p53 and Rb, and undergo apoptosis (Andreassen et al., 2001; Margolis et al., 2003;
Castedo et al., 2006). Binucleated cells generated by cell to cell fusion can proliferate only
in absence of p53 or transformed by SV40 virus, that inhibits p53 and Rb functions (Duelli
et al.,, 2007; Vitale et al., 2011). These observations led to hypothesize a mechanism in
which p53 and Rb control the tetraploid proliferation and survival, the so called
“tetraploidy checkpoint”. This checkpoint has been called into question for a long time
because it was not clear if G1 arrest and p53 activation would be determined by DNA
damage due to prolonged mitosis and/or by the pharmacological treatment used to induce
binucleation, rather than the tetraploidy on its own (Uetake et al., 2004).

Ganem and coworkers has recently published an elegant study in which identify the
pathway responsible for tetraploid cells growth blockage (Ganem et al., 2014). They
compared the results of large-scale RNAI screening with two different approaches. With
the first approach they monitored in which case tetraploid retinal pigment epithelial human
non-trasformed cells (tetraploid RPE-1) generated by different mechanisms and blocked in
G1, rescue proliferation; in the second case they showed in which case proliferation is
rescued by RNAI in diploid RPE-1 treated with low dosage of doxorubicin to induce low
cytostatic DNA damage. A list of three different classes of proteins involved in the
tetraploidy response was created by comparison of this two screenings: proteins involved
in G1 cell cycle arrest of diploid DNA damaged cells, proteins that allow to enter in S
phase both tetraploids and DNA damaged diploid cells, and proteins that allow to enter S
phase only tetraploid cells. In this way they identify proteins with a specific role in
activation and maintenance of tetraploid G1 arrest. The strongest hit founded, specific for
tetraploidy, was the kinase LATS2, previously described as p53 activator by inhibition of
MDM2 (Aylon et al., 2006). LATS2 is part of HIPPO tumor suppressor pathway. They
demonstrated that when cells become tetraploid, the activation of LATS2 led to
YAP/TAZ-dependent transcription inactivation and p53 stabilization. Furthermore, they
showed that reduced contractility and multiple centrosomes presence of tetraploid cells can

induce the HIPPO pathway (Ganem et al., 2014; Zhao et al., 2014; Figure 6).
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Figure 6. Proposed model of Hippo pathway and Tetraploidy-Induced Cell Cycle Arrest.
Most tetraploid cells have abnormal cytoskeleton and extra centrosomes, which lead to genomic instability.
In this model extra centrosomes initiate G1 arrest via LATS2-YAP pathway. (Adapted from Ganem et al.,

2014)
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Pancreatic Ductal Adenocarcinoma

Pancreatic ductal adenocarcinoma (PDA) is the most lethal common cancer. The median
age at diagnosis is 71 years and the worldwide incidence ranges from 1-10 cases per
100000 people/year. It is one of the ten leading cause of death from cancer. The prognosis
is poor with an estimated average life expectancy after diagnosis of approximately 3-6
months.

The poor prognosis is mainly due to the lack of effective therapy and of screening tool to
diagnose asymptomatic premalignant and early malignant tumors. Thus, most of the times,
PDA is diagnosticated at advanced stages when it is not possible a surgical resection, that
is currently the only curative therapy possible. Chemoradioterapy and systemic therapy are
in use only as adjuvant therapy to reduce risk of metastates and locoregional failure, but
they are hardly efficient. For all these reasons the cumulative PDA 5 year survival rate is
approximately <5%. (Ryan et al., 2014)

New treatments and screening tools are needed to improve the dramatic prognosis of the
disease.

The precursors of PDA are a series of preinvasive neoplasias, histologically and
genetically subdivided in three different grade of malignancies, called pancreatic
intraepithelial neoplasias (PanINs). Many studies have been performed at molecular level
and many aspects of the genetic pathways have been elucidated in the last decades. In 90%
of PanINs an oncogenic mutation in KRas is reported (Kanda et al., 2012). Mutation in
KRas is thought to be an early event of PDA, indeed has been often founded in absence of
other genetic alterations, and it is required also to substain the progression to PDA
(Aguirre et al., 2003). Everyway, tumor suppressor genes inactivation is necessary to step
forward to a higher grade of malignance. The main mutations in tumor suppressors include
p53, CDKN2A, that is involved in G1 cell cycle arrest pathway, and SMAD4, involved in
TGF-f response pathway (Ryan et al., 2014; Hustinx et al., 2005; Figure 7)

Failure of cytokinesis is considered as a major mechanism underlying tetraploidization and
centrosome amplification in this type of cancer (Sato et al., 1999). Indeed, cytokinesis
failure and the tendency of tetraploid cells to evade the tetraploidy checkpoint are
frequently observed in an acinarductal transdifferentiating culture model of pancreatic
carcinogenesis, predisposing pleiotropic mitotic defects (Sphyris and Harrison, 2005). In

the last decades many studies have identified molecular alterations that occur in PanIN as
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they progress to invasive ductal adenocarcinoma (Tanaka et al., 1984; Hruban et al., 2007;
Maitra and Hruban, 2008). However, the molecular mechanisms and genes involved in the

cytokinesis failure are still unknown

Pancreatic Ductal Adenocarcinomas

CDKN2A
(G1 cell cycle
arrest pathway)

p53
(p53 pathway)

ATM
BRCA2
(DNA damage KRAS
response) (mitogenic signaling)

SMAD4
TGF-BR1
TGF-BR2

MLL2 (TGF-B pathway)
MLL3
KDM6A ARIDIA
(histone methylation) ARID1B
SMARCA1
(nucleosome
remodeling)

Figure 7. Frequencies of mutations in Pancreatic Ductal Adenocarcinoma. Approximate frenquencies of the
main mutations in patients with PDA. (Adapted from Ryan et al., 2014)

In the last decade engineered mouse models provide an useful tool to dissect these
mutations and the outcome deriving by combinations of different mutations. One example
is the KRasG12D mouse model that expresses only in pancreas the G12D mutation of
KRas and develops PDA with histological features and progression that resemble human
PDA (Hingorani et al., 2003; Hingorani et al., 2005)

In addition to mutational events, a large scale chromosomal changes and whole-genome
duplication are found in pancreatic adenocarcinoma. It was calculated that approximately
41% of pancreatic adenocarcinomas are characterized by tetraploidization event (Davoli

and de Lange, 2011; Figure 8). Cytokinesis defects, MDM2 overexpression and ploidy
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changes are reported in pancreatic acinar

transdifferentiation. (Sphyris and Harrison, 2005)
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Figure 8. Tetraplodization in Pancreatic Adenocarcinoma. Upper panel, Distibution of chromosome
numbers in Pancreatic Adenocarcinomas. Lower panel, a representative karyotype of a pancreatic cancer is

reported. (Adapted from Davoli and de Lange, 2011)
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AIM

HIPK2 has been proposed as oncosuppressor for its proapoptotic functions in response to
genotoxic stress (D’orazi et al., 2012). Recently a new role of HIPK2 in cytokinesis has
been proposed. In particular it has been demostrated that Hipk2-null or interferred cells fail
abscission, the last phase of cytokinesis, generating binucleated tetraploid cells (Rinaldo et
al., 2012).

Since tetraploidy may lead to aneuploidy and chromosomal instability we asked whether
the consequences of cytokinesis defects derived by HIPK2 absence could affect tumor
formation and/or progression. To answer this question, we evaluated chromosomal
instability and tumorigenicity of littermate-paired MEFs, derived by Hipk2+/+ and -/-
mice, both in normal primary context and E1A/Ras transformed context. We performed in
vitro and in vivo experiments, such as metaphase spread karyotyping to assess
chromosomal instability, population doublings and BrdU assay to assess proliferation, and
tumorigenicity assay in soft agar and in nude mice.

To further investigate on HIPK2 oncosuppressive functions, we analyzed a human tumor
in which cytokinesis defects and tetraploidy-mediated CIN are considered key events in
its formation/progression, such as the pancreatic ductal adenocarcinoma. In particular, we
obtained tissue microarrays containing normal tissues and different stages of pancreatic
ductal adenocarcinoma, and we evaluated HIPK2 levels and ploidy status by
immunohistochemestry.

The purpose of this thesis is to show a new oncosuppressive function of HIPK2 and
strenghten the concept of tetraploidization as unstable intermediate state in tumorigenicity.
In that case HIPK2 could assure the genome integrity both activating its proapoptotic
functions after DNA damage, and partecipating in cell division to determine the correct

ploidy of daugther cells.
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RESULTS

Hipk2 absence cause aneuploidy and CIN but do not promote transformation

Rinaldo and coworkers have demonstrated that HIPK2 absence causes cytokinesis failure
and tetraploidization in human and mouse cells (Rinaldo et al., 2012). We observed that
primary Hipk2-/- MEFs have significant longer cytokinesis time and higher percentage of
cytokinesis failure compared to primary Hipk2+/+ MEFs by live-cell imaging, showing

that cytokinesis failure occurs in the absence of Hipk?2 in these cells (Figure 9).
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Figure 9. Primary Hipk2-/- MEFs show cytokinesis failure and longer cytokinesis time than primary
Hipk2+/+ MEFs. A-B, Asynchronous primary MEFs were analyzed by phase microscopy live-cell imaging
at passage 4 after explantation. The percentage of mononucleated cells with the indicated outcome is
reported in A. The length of cytokinesis calculated from cleavage furrow ingression is reported in B.

Based on these observations, we asked whether the cytokinesis failure lead to CIN in these
primary MEFs. Thus, we performed chromosomal counts of colcemid-arrested metaphase
spreads of these cells at different passages in culture. As expected, primary Hipk2+/+
MEFs showed a very stable diploid karyotype (<1% tetraploid cells at p3) with the
appearance of a few tetraploid cells at later passages (27% tetraploid cells at p6) (Figure
10A). In contrast, Hipk2-/- MEFs showed a high percentage of cells with tetraploid and
near-tetraploid karyotype from the early passages (225% tetraploid/near-tetraploid cells at
p3) that further increased at later passages (245% tetraploid/near-tetraploid cells at p6)
(Figure 10A).

Next, we evaluated whether aneuploidy and CIN are sufficient to induce transformation in

primary MEFs. We first compared population doublings and spontaneous immortalization
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in primary Hipk2+/+ and -/- MEFs by routinely passaging the cells by the 3T3 protocol.
As expected, Hipk2+/+ MEFs proliferate and, after a crisis, resume proliferation (Figures
10C-D), becoming immortal. In contrast, primary Hipk2-/- MEFs, after the first passages
in which accumulate karyotype defects (Figure 10A), stop proliferating and do not
spontaneously immortalize (Figures 10C-D). This different behavior was reproducibly
seen in littermate-paired MEFs derived from three independent litters and was confirmed
by bromodeoxyuridine (BrdU) incorporation analyses (Figure 10E).

To evaluate whether the Hipk2-/- MEFs stop proliferating because of a tetraploid G1 arrest
induced by tumor suppressive mechanism such as p53 activation (Thompson et al., 2010),
we analyzed the effect of hipk2 absence in p53-null background. We observed that Hipk2-
/- Tp53-/- MEFs, despite the presence of CIN, proliferate and spontaneously immortalize,
as well as Hipk2+/+ Tp53-/- MEFs, suggesting that p53 inactivation leads to the
acquisition of tolerance to the CIN induced by hipk2 absence (Figures 10B-D).

Overall, these observations indicate that hipk2 absence leads to tetraploidy associated with
aneuploidy and CIN in primary MEFs and suggest that these events, despite an initial
proliferation of tetraploid/near-tetraploid cells, inhibit rather than facilitate tumor

promotion.
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Figure 10. CIN and proliferation in primary MEFs. A.The percentage of metaphases with the indicated
chromosome number is shown. B, p53 and Hipk2 mRNA levels of indicated MEFs were analyzed by
quantitative real time RT-PCR as control. Relative fold-enrichments were determined by the 2**“" method,
using Actin as normalizer, and data are represented as mean + Standard Deviation (SD). C, Doublings of
indicated MEFs were scored and a representative curve is shown. Data are presented as mean = SD. D,
Representative bright-fields of indicated MEFs are shown, scale bar, 50 um. E, MEFs proliferative activity
was evaluated as the percentage of BrdU incorporation. BrdU positivity was measured at the indicated p and
data presented as mean + SD; (* P=0.037 at p7 and P= 0,012 at p8, Student t test) NS, not significant.
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In agreement with these findings, we observed that hipk2 absence is not sufficient to
trigger transformation of primary MEFs by expressing a single oncogene, such as Ras or

E1A (Figure 11).
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Figure 11. Some E1A- or Ras-expressing colonies were obtained by stably transfecting E1A- or Ras-
expressing vectors, however these colonies could not be fully established. Primary Hipk2+/+ and -/- MEFs,
at passage 3 after explantation, were stably transfected with the indicated vectors. Number of colonies
obtained after 10 days of selection were counted. No colonies were obtained by transfecting empty control
vectors. The experiments were performed in triplicate and data are represented as mean + SD (left); No
significant differences between Hipk2+/+ and -/- populations were observed. Representative crystal-violet
stained plates are shown, right. E1A- and Ras-expressing single cell-derived clones or stable polyclonal
populations could not be established. Primary MEFs require the presence of two cooperating oncogenes such
as adenoviral E1A along with Ras for transformation (Land et al., 1983). The expression of a single
oncogene is not sufficient for Hipk2 null MEFs transformation.

Furthermore we observed that Hipk2-/- Tp53-/- MEFs, such as Hipk2+/+ Tp53-/- MEFs,
do not show anchorage-independent growth capability, suggesting that hipk2 absence is
not sufficient to induce transformation even in primary MEFs lacking p53 (data not

shown).
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E1A/Ras-transformed Hipk2-/- MEFs show higher rates of cytokinesis failure than
E1A/Ras Hipk2+/+ MEFs

Next, to evaluate the consequence derived by cytokinesis failure and tetraploidization due
to hipk2 absence in a carcinogenic context, we transformed early-passage primary
Hipk2+/+ and -/- MEFs, by stably expressing the E1A and Harvey-Ras oncogenes. The
expression levels of the two oncogenes and the Hipk2 mRNA levels were assessed on
single-cell clones (Figure 12A) and polyclonal populations (Figure 12B) stably expressing
E1A and Ras (E1A/Ras MEFs).

A B .
Primary E1A/Ras
MEF MEF
E1ARas Hipk2+/+ Clones E1A/Ras Hipk2-/~ Clones ° vETs
#1 #2 #3 #4 #5 #6 #1 #2 #3 #4 #5 -+
1A - - - .- E1A - .
P —— r x 2 LT
GAPDH-----’----— CAPDH " s o o
127 1.2 - ,%
R R o d
g 1 g 1
<08 1 208 1
206 1 z
z0. Oé 0.6 4
20.4 - ¥0.4 -
o2 0.2
: Und : Und Und
0 - S —— R S e
#1 #2 #3 #4 #5 #6 #1 #2 #3 #4 #5 Primary E1ARas
- . —— MEFs MEFs
E1A/Ras Hipk2+/+ E1A/RasHipk2-/-

Figure 12. E1A/Ras stable trasfection in Hipk2+/+ and -/- MEFs. A-B, Total Cell Extracts (TCE) from
stable E1A/Ras expressing clones (A) and polyclonal populations (B) were analyzed by WB and by real-time
RT-pcr. Representative WB for indicated proteins are shown (A-B, upper panels). Hipk2 mRNA relative
fold-enrichments were determined by the 2" method, using Actin as normalizer, and representative graphs
are shown (A-B lower panels); data are represented as mean = SD. Und, undeterminable since no specific
Hipk2 mRNA amplification occurs, as expected in hipk2 null cells.

An initial characterization of these cells showed that, relative to their transfection
efficiency, that was consistently 11% for the Hipk2+/+ and 8% for the Hipk2-/- MEFs, the
Hipk2-/- MEFs yield a reproducible higher number of E1A/Ras-expressing colonies
compared with the Hipk2+/+ counterparts (Figure 13), suggesting that hipk2 absence
might facilitate transformation, at least in these conditions. To note, Hipk2+/+ MEFs do
not show significative difference in HIPK2 transcriptional level after E1A and Ras
oncogenes induction (Figure 12B, lower panel).
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Figure 13. Hipk2+/+ and Hipk2-/- colonies after E1A and Ras trasfection. Colonies number obtained after
selection were counted. The experiments were performed in quadruplicate and data relative to transfection

efficiency are represented as mean + SD, left; (* P<0.05, Student t test). Representative plates are shown,
right.

Next, we verified whether Hipk2 absence leads to cytokinesis failure in the transformed
MEFs, as we previously observed in other conditions (Rinaldo et al., 2012). Polyclonal
populations of E1A/Ras Hipk2+/+ and -/- MEFs were followed during their progression
through cell division by live-cell imaging. The cells were monitored by phase microscopy
and the length of cytokinesis was calculated from cleavage furrow ingression. E1A/Ras
Hipk2+/+ MEFs underwent an apparently normal cytokinesis in 78.3 + 36.5 min (n=55),
whereas E1A/Ras Hipk2-/- MEFs took significantly longer to complete this process (133.7
+ 101.8 min; n=49). In contrast, the time that cells spent in mitosis before anaphase and
anaphase duration were not remarkably different between E1A/Ras Hipk2+/+ and -/-
MEFs (data not shown). Besides the increased lenght in cytokinesis, E1A/Ras Hipk2-/-
MEFs displayed marked difficulties in completing cell division, with cells remaining
interconnected by intracellular bridges for a long time and with a high percentage of cells
that fail cytokinesis (Figures 14A-B). Strikingly, 31% of E1A/Ras Hipk2-/- MEFs failed
cytokinesis ending up as binucleated cells (Figure 14A). Furthermore, we observed that
these binucleated cells might enter an unhindered mitosis and produce vital progeny (n=8;

Figure 14E).
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Figure 14. E1A/Ras Hipk2-/- MEFs show cytokinesis defects. A-E, Asynchronous E1A/Ras Hipk2+/+ and -
/- MEFs time lapse video analysis. A, The percentage of cells with the indicated outcome is reported. B,
Cytokinesis time was evaluated for each cell successfully completing the cell division and the percentage of
cells with the indicated cytokinesis time is reported. C-E, Representative still images of time lapse videos are

shown with indicated time after cleavage furrow ingression in C, D, and E, respectively. Scale bar, 10um.
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Cytokinesis failure of E1A/Ras Hipk2-/- MEFs leads to aneuploidy and CIN

To investigate the occurrence of CIN after HIPK2-dependent cytokinesis failure, we
measured the frequency of binucleated cells that accumulate during the passages of
asynchronously growing MEFs. The morphological evaluation of adherent MEFs was
assessed after tubulin immunostaining (Figure 15A). A higher frequency of binucleated
cells was observed in the ElA/Ras Hipk2-/- MEFs compared with the Hipk2+/+
counterparts at early passage after stable transfections. The fraction of binucleated cells
increased with passages only in E1A/Ras Hipk2-/- MEFs, suggesting that a process of CIN
was present after cytokinesis failure due to the hipk2 absence (Figure 15A). At late
passages after stable transfection, we also analyzed DNA content of the E1A/Ras MEFs by
cytofluorimetric analysis. A strong reduction of the diploid population with a shift towards
cells with a double DNA content and a broad population of cells with DNA content >4N,
rather than the appearance of a distinct peak of 8N cells, suggest the occurrence of near-
tetraploid cells in the E1A/Ras Hipk2-/- MEFs (Figure 15B).

To confirm that E1A/Ras MEFs become aneuploid rather than remain tetraploid, we
analyzed their karyotypes by chromosomal counts of colcemid-arrested metaphase spreads
(Figures 15C-D). E1A and Ras oncogenes are able to induce CIN (Woo et al., 2004) and in
agreement, we detected the presence of tetraploid and near-tetraploid karyotypes (80 + few
chromosomes) in both E1A/Ras Hipk2+/+ and -/- MEFs. However, early passage E1A/Ras
Hipk2-/- MEFs showed a significant larger accumulation of tetraploid/near tetraploid
karyotypes than the Hipk2+/+ counterparts (Figure 15C). At later passages, the majority of
mitoses in the E1A/Ras Hipk2-/- MEFs were near tetraploid and a wide distribution of
chromosome numbers in the 4N-8N interval was observed, indicative of an ongoing CIN
process (Figure 15C). These findings demonstrate the occurrence of CIN by hipk2
deficiency and clearly indicate that oncogene-induced CIN is strongly exacerbated by
hipk2 absence. Comparable results were obtained by examining the karyotype of five
single-cell clones and three independent polyclonal populations of Hipk2+/+ and -/- MEFs
stably-expressing E1A/Ras, indicating that CIN is a specific effect due to HIPK2 status
and not to any potential effect deriving from differential E1A/Ras expression in the
analyzed populations (data not shown). Further signs of increased karyotype defects in the
E1A/Ras Hipk2-/- MEFs were obtained by analyzing the percentage of micronucleated
cells (5 £ 0.8% in Hipk2-/- MEFs versus 1 = 0.9% in Hipk2+/+ MEFs), a sign of CIN
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(Nicholson et al., 2012) and by measuring the size of nuclear areas (Figure 15E), a

parameter that correlate with ploidy (Senovilla et al., 2012)
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Figure 15. CIN and aneuploidy in E1A/Ras MEFs. A, Cells were fixed at indicated passages (p) after stable
transfection, stained with Hoechst and anti-Tubulin to identify the nuclei and the cytoplasm, respectively. About
1,000 cells per sample were scored for the presence of one or two nuclei/cell and the data are represented as mean
+ SD (*P <0.05, Student t test). B, DNA content analysis. Dashed lines outline 2N and 4N DNA content. C, The
percentage of metaphases with the indicated chromosome number is shown; at least 65 metaphases were analyzed
for each sample. D, Representative images of Hoechst-stained metaphase spreads of indicated MEFs are shown;
scale bar, 10 um. E, Nuclear area of indicated cells stained with anti-beta-Tubulin-Cy3 (red) and Hoechst (blue)
was measured and reported as mean = SD; for each case 400 nuclei were measured and P value for the Student t
test is shown (left). Representative immunostainings of indicated MEFs are shown (right); scale bar, 10pum.



Moreover, we analyzed also the karyotype of human tumor HeLa cells undergoing

cytokinesis failure after HIPK2 transient depletion. Accordingly to near-tetraploidization

observed in Hipk2-/- MEFs, we observed an increase of the metaphases with near-double

chromosome number also in human HeLLa HIPK2-depleted cells compared to control cells

(Figure 16A-C).

Altogether, these data show that Hipk2 absence leads to accumulation of aneuploidy and

CIN.
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Figure 16. Cytokinesis defects and aneuploidy in Hipk2-interfered HelLa cells. A-C, HeLa cells were
transfected with 40nM of HIPK2 specific stealth siRNA mix (HIPK2i) or universal negative control stealth
siRNA mix (CTRi) and analyzed 5 days after transfection. HIPK2 protein levels by WB are shown in A,
cytokinesis outcome was monitored by time lapse microscopy and reported in B. The percentage of
metaphases with the indicated chromosome number range is shown in C.
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E1A/Ras Hipk2-/- MEFs are markedly more tumorigenic than E1A/Ras Hipk2+/+

MEFs and generate highly aneuploid tumors in vivo

To further characterize the phenotype produced by hipk2 absence, we evaluated the
tumorigenicity of E1A/Ras Hipk2+/+ and -/- MEFs in vitro and in vivo. First, we
examined the anchorage-independent growth capability by soft agar colony formation
assay. We observed that E1A/Ras Hipk2-/- MEFs formed more colonies than E1A/Ras
Hipk2+/+ MEFs and that these colonies were characterized by larger dimensions (Figure
17A).

Next, we compared the in vivo tumorigenicity of E1A/Ras MEFs by testing their ability in
forming tumors in immunocompromised mice. When injected subcutaneously into nude
mice (n=5), E1A/Ras Hipk2-/- MEFs (2x10°) produced rapid and aggressive tumors in all
animals within 5 days (Figure 17B and Table 2). In contrast, the same number of E1A/Ras
Hipk2+/+ MEFs was not able to produce detectable tumors during five months of
observation. In order to determine the tumorigenic potential of E1A/Ras MEFs more
accurately, serial dilution injections were performed. As shown in Table 2, as little as
1x10* E1A/Ras Hipk2-/- MEFs were still able to induce tumors in 1 out of 3 mice in a
short period of time (13 days). In contrast, at least 2x10” E1A/Ras Hipk2+/+ MEFs were
required to induce tumors in mice after subcutaneous injection. These findings clearly
indicate that E1A/Ras Hipk2-/- MEFs are markedly more tumorigenic than their hipk2

proficient counterpart.

A B
E1A/Ras Hipk2+/+ E1A/Ras Hipk2+/+
250 - E1A/Ras 2x10°n=5 2x107n=3
= Hipk2+/+ . E1AIRas Hipk2+/- » E1AIRas Hipk2-/-
—— 5x10°n=5 2x10F n=5
200 1 100 TH_H
@ k)
r:) —~ 80 4
E 150 A, 2
[ — p —
> ETA:RQ'S 8 60 By
S 100 1 Hipk2-/- E T
8 G 40 a2
1
50 Z 20 ‘
® TEiARas  E1AR 0 ' I e a0 e 4
JATRES ARas 0 5 0 15 20 25 30
Hipk2+/+  Hipk2-/- Days

Figure 17. E1A/Ras MEFs tumorigenicity. A, Anchorage-independent growth of indicated MEFs was analyzed.
The number of colonies obtained by seeding 3 x 10* cells at p2 after stable transfection are presented as mean +
SD. (*P <0.05, Student t test). Representative bright-fields of 10 days colonies are shown, right; scale bar, 200 um.
B, Kaplan-Meier tumor free curve is reported for indicated cells concentration. n= mouse number. 29



E1A/Ras Hipk2+/+ E1A/Ras Hipk2-/-

Injected cell
) 2x10° 5x10° 1x107 2x107|1x10° 1x10* 5x10° 2x10°
number

Tumor incidence | 0/5 0/5 0/5 3/3 0/3 1/3 3/5 5/5

Tumor

appearance n.a. na. na 7 n.a. 13 5 5

Table 2. Tumorigenic potential of indicated MEFs in vivo. Tumor incidence is reported as tumor bearing
mice/ number of injected mice. Tumor appearance is reported as days post injection. n.a., not applicable.

Impairment of HIPK2 provokes resistance to UV- or doxorubicin-induced cell death and
this phenotype is believed to contribute to tumorigenicity (Rinaldo et al., 2007; Lazzari et
al., 2011) Indeed, our E1A/Ras Hipk2-/- MEFs are more resistant than their Hipk2+/+

counterpart to doxorubicin-induced cell death (Figure 18).
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Figure 18. E1A/Ras MEFs Hipk2-/- show higher resistance to doxorubicin treatment. A-B, Indicated MEFs
were treated with 1 pM doxorubicin (Sigma). Cell viability was assessed by using ADAM-MC automatic
cell counting system (Bio Digital) in A and by trypan blue exclusion in B 24h after treatment. CTR, control
untreated cells; DOX, doxorubicin-treated cells. P values for the Student t test are shown.

Thus, in order to assess whether the aneuploidy and CIN we observed in the E1A/Ras
Hipk2-/- MEFs also contribute to the high tumorigenicity of these cells, we made use of
two different experimental approaches.

First, we took advantage of a phosphomimetic histone H2B-S14D mutant that, at variance

from wild-type H2B, can rescue the cytokinesis failure, in the HIPK2-defective cells
30



(Rinaldo et al., 2012). Thus, Hipk2-/- primary MEFs were stably transfected with the E1A
and Ras oncogenes in combination with wild-type H2B or H2B-S14D (Figure 19A). As
expected, only the phosphomimetic H2B-S14D mutant was able to rescue the cytokinesis
defects (Figure 19B-C) When analyzed for the anchorage-independent growth capability,
the E1A/Ras Hipk2-/- MEFs expressing H2B-S14D showed a strong significant reduction
of colony formation compared to E1A/Ras Hipk2-/- MEFs expressing wild-type H2B
(Figure 19D), supporting the idea that cytokinesis failure contribute, at least in part, to the
tumorigenicity of the E1A/Ras Hipk2-/- MEFs.
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Figure 19. Phosphomimetic H2BS14D expression rescue cytokinesis failure and reduce in vitro
tumorigenicity of E1A/Ras Hipk2-/- cells. A-D, primary Hipk2-/- MEFs were stably transfected at passage 3
after explantation with E1A and Ras expression vectors in combination with a vector expressing GFP-H2B
or GFP-H2B-S14D. A, TCEs from stable polyclonal populations were analyzed by WB to verify expression
levels of exogenous proteins by using indicated Abs. ACTIN expression was used as loading control. B-C,
Asynchronous polyclonal populations were analyzed at passage 2 after stable transfection by live-cell
imaging as in the Figure 1 D-E. The percentage of mononucleated cells with the indicated outcome is
reported in B. Cytokinesis time was evaluated for each mononucleated cell successfully completing the cell
division and the percentage of cells with the indicated cytokinesis time is reported in C. D, Anchorage-
independent growth was analyzed. The soft-agar colony number obtained by seeding 3 x 10* cells at passage
2 after stable transfection are presented as mean + SD (*P <0.05, Student t test).
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Since only 31% of the E1A/Ras Hipk2-/- MEFs undergo cytokinesis failure (Figure 14A),
we reasoned that if aneuploidy and CIN do not significantly contribute to the
tumorigenicity of these MEFs, the karyotype-defective cells would have been counter
selected in favor of the cells that succeed in faithful cytokinesis. To experimentally assess
this idea, we examined the tumors formed by E1A/Ras Hipk2+/+ and -/- MEFs in vivo.
Mice were sacrificed and the explanted tumors were processed for histochemical analyses
and in vitro cell culture. Morphological evaluation of Hematoxylin Eosine (HE)-stained
tumor slides showed that both E1A/Ras Hipk2+/+ and -/- MEF-derived tumors were
highly malignant sarcomas (Figure 20A). However, when the size of nuclear areas was
quantified on a subset of randomly selected tumor regions by using morphometric
software, we found that the mean nuclear area of mononucleated Hipk2-/- tumor cells was
significantly higher than that of Hipk2+/+ tumor cells (Figure 20B-C). Comparable results
were obtained by measuring the mean nuclear area and the mean length of the major
nuclear axis by using the Image J software. Together, these data suggest that Hipk2-/-
tumor cells have a higher DNA content than the Hipk2+/+ counterpart, supporting the
occurrence of an increased ploidy in the absence of hipk2.

To further measure the degree of aneuploidy of the E1A/Ras Hipk2+/+ and -/- MEF-
derived tumors, we generated cell lines from the tumors morphometrically analyzed above.
Chromosome counts of metaphase spreads showed a clear prevalence of near-tetraploid
karyotypes in the E1A/Ras Hipk2-/- tumors at opposite with Hipk2+/+ tumor cells, that
were mostly in the diploid range (Figure 20D), suggesting that aneuploid cells are not
counter-selected in vivo, during tumor formation. Indeed, by comparing the percentages of
near-tetraploid metaphases of the E1A/Ras Hipk2-/- MEFs before and after in vivo
passage (compare results in Figures 15C and 20D), an increase of cells with altered
karyotype is detectable upon in vivo tumor growth, indicating a pro-tumorigenic role for

these alterations.
Altogether, these findings demonstrate that hipk2 absence strongly increases

tumorigenicity of E1A/Ras-transformed MEFs and support the idea that aneuploidy and

CIN contribute to aggressiveness of HIPK2 defective tumors.
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Figure 20. A, Representative HE staining of indicated tumors; scale bar, 60 pm. B, Morphometrical
evaluation of HE-stained sections from three different Hipk2+/+ and -/- tumors was performed. Nuclear area
size distribution is reported in box plot graph (¥*P<0.001, Kruskal-Wallis non-parametric test) and the
percentage of cells with the indicated nuclear area range is reported in C. Data are presented as mean = SD (*
P<0.05, Student t test). D, Metaphase karyotype distribution of indicated tumor-derived cells is shown; at
least 90 metaphases were analyzed for each tumor.
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Reduced HIPK2 expression correlates with high tumor and nuclear grade in

pancreatic adenocarcinoma

To verify whether the relationship between hipk2 absence and CIN defined in MEFs can
occur in human cancers, we evaluated the HIPK?2 expression in tissue microarrays (TMAs)
of pancreatic cancers in which tetraploidization due to cytokinesis failure precedes an
aneuploid state characterized by high incidence of near-tetraploid karyotypes (Sato et al.,
1999; Tanaka et al., 1984; Hruban et al., 2007; Maitra and Hruban 2008).
Immunohistochemical analyses were performed by using anti-HIPK2 specific antibody
(Ab) (previously used in lacovelli et al., 2009) in TMAs that included normal pancreatic
tissue, PanIN-3, and invasive ductal adenocarcinomas (Piscuoglio et al., 2012). As shown
in Figures 21 A and 21B, we found that the percentage of HIPK?2 positive cells, irrespective
of the intensity of the staining, was significantly reduced in PanIN-3 and in pancreatic
adenocarcinoma compared to normal tissue. It is worthy to note that we also observed a
general decrease in the intensity of HIPK2 staining by comparing samples of normal
versus PanIN-3 and PanIN-3 versus adenocarcinoma (Figure 19A and data not shown). A
further analysis of the latter finding in the PanIN-3 samples highlighted a relationship
between HIPK?2 intensity and the shape and the size of nuclei. In particular, to quantify
this aspect, cells were divided into high and low HIPK2 expressing cells and nuclei were
analyzed by measuring the area and the length of the major axis. Binucleated cells were
not considered for these analyses. We found a highly significant correlation between low
HIPK2-expressing cells and ample, pleomorphic, nuclei and between high HIPK2-
expressing cells and small, regularly shaped nuclei (Figure 21C and data not shown). A
representative PanIN-3 image in which the black arrows indicate low HIPK2 expressing
cells and the white arrows indicate high HIPK2 expressing cells is reported and 5X
magnification of indicated cells is shown.

These results show, in pancreatic cancer, an association between HIPK2 reduction, and
high tumor and nuclear grades. Although this association needs to be further investigated,
it opens up to the possibility that HIPK2 reduction/inactivation might contribute to

tetraploidization and CIN in this type of cancer.
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Figure 21. HIPK?2 expression during pancreatic malignant progression. A, Representative images of HIPK2
immunostaining in normal pancreas, PanIN-3, and adenocarcinoma samples. B, The percentage of HIPK2
positive cells observed in each indicated subset of samples is reported and P values for the Wilcoxon test are
shown. C, Nuclear area size distribution of low and high HIPK2-expressing cells in PanIN-3 samples (n=12)
was evaluated and reported; for each case 400 tumor nuclei were measured and P value for the Student t test
is shown. Low and high HIPK2-expressing cells show 2.3 fold of difference in the intensity of the staining.
A representative PanIN-3 image in which the black arrows indicate low HIPK2 expressing cells and the
white arrows indicate high HIPK2 expressing cells is reported and 5X magnification of indicated cells is

shown. 35



CONCLUSION

Unscheduled tetraploid cell proliferation can lead to CIN and ultimately to cancer
(Fujiwara et al., 2005; Ganem et al., 2007; Ganem et al., 2009). The aim of this thesis was
to investigate on the consequences of cytokinesis failure and tetraploidization caused by
HIPK?2 absence. We show that hipk2-null cell tetraploidy evolves rapidly in high levels of
aneuploidy and CIN. As a consequence, we observed that accumulation of these defects
antagonizes cell proliferation and spontaneous immortalization of primary MEFs whereas

it associates with increased tumorigenicity in E1A/Ras transformed MEFs. (Figure 22)

Hipk2-/- MEF

l

|

/N

Primary background Transformed background

Proliferating
tetraploid cells

|

Growth arrest

High tumorigenicity

Figure 22. Schematic representation of different outcome of Hipk2 absence in primary or transformed
MEFs. The absence of Hipk2 determines cytokinesis failure and formation of binucleated tetraploid cells.
Tetraploidization leads to growth arrest in a primary context, while in a trasformed context, i.e. E1A/Ras
overexpressing MEFs, generates highly tumorigenic near-tetraploid cells.

Hipk2-null MEFs proliferation and immortalization can occur in the background of non
functional p53 tumor suppressor protein, according to data showing that tetraploids
expressing wild-type p53 fail to propagate (Fujiwara et al., 2005; Figure 8C). However,

hipk2 absence does not induce transformation in a p53-null context in our experimental
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system. These findings suggest that HIPK2 absence is not sufficient for tumor promotion,
but rather favors tumor progression destabilizing the genome, as reflected by chromosomal
abnormalities found in hipk2-null cells. These data are in agreement with observations
reporting that hipk2 absence does not induce spontaneous tumors in mice but predisposes
to tumor formation upon chemical or physical induction. Altogether, these findings
support a new model where HIPK2 acts as a caretaker gene, whose absence causes CIN,
which triggers further alterations in the presence of oncogenic stress and ultimately
accelerate tumor progression toward a higher malignant state. It was proposed that more
potent CIN genes are those that possess multiple tumor suppressive activities that are
simultaneously perturbed (Ricke and van Deursen, 2013). Although HIPK2 does not act
directly as a tetraploid checkpoint protein, our findings, when combined with the role of
HIPK2 in DNA damage checkpoint control, indicate that HIPK2 might be important for
safeguarding the genome, not only by participating in the DNA damage responses but also
by controlling genome stability and preventing tetraploidy.

It has been reported that E1A/Ras transformed p53-null MEFs display increased CIN
caused by increased ROS production (Woo et al., 2004). Recently, HIPK2 was shown to
be required also for ROS-induced cell death (de la Vega et al., 2012), but whether this is
another reason for the increased CIN in hipk2-null MEFs has to be further investigated.
HIPK2 inactivation/dysfunction has been observed in different types of human tumors and
several evidences support the notion that the dosage of this tumor suppressor might be
relevant. In particular, it has been reported that HIPK2 loss-of-heterozygosity occurs
frequently in radiation-induced mouse lymphomas and in human thyroid carcinomas,
indicating that loss of a single allele is sufficient to impact tumor susceptibility, at least in
some contexts (Mao et al., 2012; Lavra et al., 2011). Rare mutations or amplification of the
HIPK?2 gene in some human cancers have also been reported (Li et al., 2007, Deshmukh et
al., 2008). However, data are sparse and the HIPK2 role in tumor formation and/or
progression is still unclear in a scenario that appears complex and heterogeneous. Thus, it
is important to identify HIPK2 as one of the CIN genes with different tumor-protective
molecular activities, because it might facilitate to decipher the basis of heterogeneity of
HIPK2 dysfunctions in different tissues and subsets of cancers.

Pancreatic adenocarcinomas belong to tumors in which relevant oncosuppressor pathways
are believed to be inactivated before the emergence of tetraploidization (Sato et al., 1999;

Tanaka et al., 1984; Hruban et al., 2007; Maitra and Hruban 2008, van Heek et al., 2002).
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This characteristic makes them interesting to look for HIPK2 dysfunctions. In this study,
we found for the first time that HIPK2 was under-expressed in PanIN-3 and in pancreatic
adenocarcinoma in contrast to the high expression levels observed in normal pancreas.
This novel finding is consistent with the function of HIPK2 as a tumor suppressor during
pancreatic malignant progression. However, the mechanisms underlying HIPK2
inactivation in this type of cancer remains to be revealed. Interestingly, the nuclei of the
PanIN-3 cells are reported to exhibit large pleiomorphism and considerable changes in the
nuclear area that often correlate with altered DNA content (Sphyris and Harrison, 2005;
Hruban et al., 2001; Hruban et al., 2007, Hruban and Fukushima, 2007). Molecular
alterations occurring during PanINI1-3 progression have been identified and the
inactivation of relevant oncosuppressor pathways such as those of pRb and p53 has been
frequently observed before the tetraploidization stimulus at PanIN-3 (Maitra and Hruban,
2008; Sphyris and Harrison, 2005). Our observations indicate that low HIPK2 expressing
cells are greater in nuclear size than high HIPK2 expressing cells in the PanIN-3 lesions.
Although this correlation needs further study, it opens a scenario in which HIPK2
reduction might correlate with higher DNA ploidy. Thus, these data might suggest that
HIPK2 dysfunction can be one of the causes of cytokinesis failure leading to
tetraploidization in the precursor lesions during pancreas tumor progression. Furthermore,
the HIPK?2 expression reduction in PanIN lesions would be a potential marker for the early
detection of pancreatic neoplasia. Recent molecular studies show the importance of these
lesions as precursors to invasive pancreatic cancer and highlight the relevance of PanINs
in cancer treatment, as their early detection would be helpful in treating them before an

invasive cancer develops.

Data presented in this thesis have been published in:
Valente D, Bossi G, Moncada A, Tornincasa M, Indelicato S, Piscuoglio S,
Karamitopoulou ED, Bartolazzi A, Pierantoni GM, Fusco A, Soddu S, and Rinaldo C.
HIPK2 deficiency causes chromosomal instability by cytokinesis failure and increases

tumorigenicity. Oncotarget 2015; in press.
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FUTURE PERSPECTIVE

In this study we show that HIPK2 absence leads to cytokinesis failure and CIN associated
to higher tumorigenicity. Furthermore, we observed HIPK2 lower expression correlated to
higher malignancies of PDA and higher DNA content in PanIN lesions. These
observations lead to hypothesize that HIPK2 might play a role in ploidy preservation
during PDA progression. To assess this hipothesis we will perform further investigations
on tetraploidization effects due to HIPK2 absence in a mouse model of pancreatic cancer.
We will use a well characterized mouse model that expresses an activated form of the
oncogene KRas, mutated in G12D (KRasG12D) only in pancreatic cells, and develops
PDA resembling the histopathological features of the human disease. (Hingorani et al.,
2003). Thus, we will produce Hipk2-/-; KRasG12D mice that will carry hipk2-null and
KRasG12D alleles exclusively in pancreas tissue. Then, we will compare the incidence
and the progression of PDA in Hipk2+/+; KRasG12D and Hipk2-/-; KRasG12D mice
evaluating the percentage of survival and the ploidy of tumoral tissues.

Moreover, we will assess HIPK2 expression in human pancreas tumor samples performing
analysis on HIPK2 mRNA levels, by qRT-PCR, and HIPK?2 protein levels, by WB, and we
will verify the ploidy state in relation to HIPK2 expression with direct specific assay, such
as FICTION technique (Weber-Matthiesen et al., 1993).

Furthermore, we will perform in vitro experiments to look for new “midbody specific”
HIPK?2 interactors besides H2B-Ser14P trying to decipher the pathway(s) in which HIPK2
is involved during cytokinesis and abscission.

Data from in vitro and in vivo analysis will be useful to identify specific mechanisms and
molecular pathways that are disrupted in early stage of Pancreatic Adenocarcinoma and
that could be used as potential marker for tumor stratification or therapeutic target.
Overall, we will accumulate further data to highlight the importance of tetraploidization in
early step of tumorigenicity as a genetically unstable intermediate, one of the unanswered

issues of cancer cell biology.
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METHODS

Cells and culture conditions

Primary MEFs explantation was performed as previously described (Rinaldo et al., 2012).
Primary MEFs were cultured in DMEM with high-glucose, supplemented with 20% heat-
inactivated FBS (HyClone, Thermo Scientific, Lafayette, CO, USA). Tp53 heterozygote
mice were kindly provided by Prof. P. Di Fiore; Cicalese et al., 2009). Human cervical
adenocarcinoma HeLa cells and E1A/Ras MEFs were cultured in DMEM with low-
glucose, supplemented with 10% heat-inactivated FBS (Life Technologies, Carlsbad, CA,
USA). To determine population doublings a 3T3 subculture schedule was performed by
plating 3 x 10° cells per 60 mm dish in triplicate.

BrdU incorporation assay

Cells were incubated in the presence of 20 uM BrdU (Sigma, Saint-Louis, MI, USA) for
16 h, fixed in methanol/acetone 1:1 and subjected to immunofluorescence with anti-BrdU
Ab (1:100 dilution; DAKO, Glostrup, Denmark) and FITC-conjugated secondary Ab
(1:200 dilution; Jackson Labs, Bar Harbor, ME, USA). Nuclei were counterstained with 1
pg/ml Hoechst 33258 dye (Sigma). At least 500 cells per sample were counted.

Soft agar colony formation assay

Cells were suspended in 0.6% Difco agar noble (Becton Dickinson, Sparks, MD, USA) in
growth medium, plated on 60 mm dish containing a solidified bottom layer (1.2% agar in

growth medium) and incubated.

RNA interference, RNA extraction and quantitative real-time RT-PCR

RNA interference was obtained by HIPK2-specific stealth RNAi sequences (a mix of three
different sequences in combination) and by universal negative control stealth RNAi, the
Negative Medium GC Duplexes (Life Technologies) as reported in Rinaldo et al., 2012.
RNA extraction and quantitative real-time RT-PCR were performed as in lacovelli et al.,
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2009. The following primers were used:

Forward Hipk2 5'-AGGAAGAGTAAGCAGCACCAG-3;
Reverse Hipk2 5'-TGCTGATGGTGATGACACTGA-3’;
Forward Actin 5'-CGATGCCCTGAGGCTCTTT-3;
Reverse Actin 5'-TAGTTTCATGGATGCCACAGGAT-3';
Forward p53 5’-CCTCTGAGCCAGGAGACATTTTC-3’;
Reverse p53 5’-AAGCCCAGGTGGAAGCCATAGTTG-3’;

Each target amplification was performed in duplicate on two different RNA preparations.

Tumorigenicity assay and tumors morphological analyses

Cells were suspended in PBS and injected subcutaneously, within the interscapular region,
in 6 week-old female nude mice. To avoid in vitro selection, cells were expanded
minimally before injection; MEFs at passage 3 after stable transfection were injected.
Mice were monitored for tumor appearance/growth three times a week. Tumor growth was
followed by caliper measurements and tumor volume (TV) estimated by the formula: TV =
a x b’/2, where a and b are tumor length and width, respectively. Tumor bearing mice were
sacrificed when TV was up to 2 cm’. Excised tumors were fixed in 4% PBS-buffered
formalin. After conventional histological preparation 3 um thick sections were stained
with HE for microscopic morphological evaluation. Morphometric analyses were
performed on contiguous sections by using ImageJ software (National Institutes of Health,
Bethesda, MD, USA) or by automated analysis (Aperio Scan Scope XT/CS). Randomly
selected tumor fields were considered.

All the procedures involving animals and their care were conformed to the relevant

regulatory standards in accordance with the Italian legislation.

Expression vectors and transfection

The following plasmids were employed: E1A12S- and Harvey-Ras- expressing vectors
(kindly provided by Dr. G. Piaggio; Gurtner et al., 2010), EGFP-expressing vector
(pEGFP-c2; Clontech, Mountain View, CA, USA) and pBabepuro (vector expressing the
puromycin-resistance marker), GFP-H2B and GFP-H2BS14D (carrying blastictidine-

resistance marker; Rinaldo et al., 2012) Cells were transfected by using Lipofectamine
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LTX and Plus reagent (Life Technologies) and selected in 2 pg/mL puromycin (Sigma)
and/or in 3 pg/mL blasticitidine (Sigma).

Metaphase spreads and flow cytometry analysis

Actively proliferating cells were treated with 100 ng/ml demecolcine solution (Sigma) for
3 h. Cells were trypsinized, washed with PBS, hypotonically treated with 75SmM KCL and
fixed in methanol/acetic acid 3:1. After two fixative changes, cells were dropped onto cold
slides and stained with Hoechst 33258. For flow cytometry analysis active proliferating
cells were permeabilized in PBS/0.1% Triton X, stained with propidium iodide (Sigma)
and analyzed by EPICS XL (Beckman Coulter, Brea, CA, USA).

TMAS

TMAs data validation and immunoistochemical evaluation were performed as previously
described (Piscuoglio et al., 2012). The Ab used for HIPK2 immunostaining was described
in ref. 11. Each sample was scored and analyzed independently by two pathologists. For
morphometric analyses, HIPK2 staining intensity was graded as absent (0), weak (1+),
intermediate (2+), or strong (3+) and the cells were divided into two groups, high

(intermediate/strong) and low (absent/weak) HIPK2 expressing cells.

Live-Cell imaging

Cells seeded in p-slides 8-well (80826, Ibidi, Munchen, Germany) were observed under a
Nikon Eclipse Ti inverted microscope using a 40x objective. During the whole
observation, cells were kept in a microscope stage incubator (Basic WJ, Okolab) at 37°C
and 5% CO,. DIC images were acquired over a 24 hours period by using a DS-QilMc

camera. Image and video processing was performed with NIS-Elements AR 3.22.

Western blotting

Total Cell Extracts (TCEs) were prepared and resolved as previously described (Rinaldo et
al., 2012). The following Abs were employed: anti-Ras (OP40, 1:500 diluition;
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Calbiochem, Cambridge, UK), anti-E1A (M58 clone, 1:500 diluition; BD Biosciences, San
Jose, CA, USA), anti-GAPDH (1:1000 diluition; Santa Cruz Biotechnology, Santa Cruz,
CA, USA), anti-HIPK?2 (kindly provided by Dr. L. Shmidtz); anti-GFP (1:500 diluition;
Santa Cruz Biotechnology, Santa Cruz, CA, USA); anti-alpha-tubulin and anti-Actin
(1:1000 diluition; Immunological Science, Rome, Italy); anti-HRP-conjugated goat anti-
mouse and anti-rabbit (Bio-Rad Laboratories, Hercules, CA, USA). Immunoreactivity was
determined using the ECL-chemiluminescence reaction (Amersham, Piscataway, NIJ,

USA) following the manufacturer’s instructions.

Immunofluorescence

Cells were seeded onto poly-L-lysine coated coverslips, fixed in 2% formaldehyde,
washed in PBS, permeabilized in 0.25% Triton X-100 in PBS, and then blocked in 5%
bovine serum albumin in PBS before anti-beta-Tubulin-Cy3 (1:500 dilution; Sigma) was

applied. Nuclei were counterstained with Hoechst 33528.

Statistical analysis

Significant changes were assessed by using Student’s t test. P values <0.05 were
considered significant. Normality tests were performed on measures of the nuclear area in
murine explanted tumors. Since data did not follow a normal distribution, they were
analyzed using Kruskal-Wallis non-parametric test and the statistical analysis was
performed with the PAST free data analysis package. TMA statistics were calculated using

Wilcoxon rank sum test and Cox regression analysis
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