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CRYSTAL STRUCTURES OF CIP2A

FIELD OF THE INVENTION

The present invention relates to crystalline CIP2A and in particular
to the use of structural information of crystalline human CIP2A for ligand and/or
inhibitor identification, design and production, as well as in silico and in vitro
screening assays for detection of such ligands and/or inhibitors.

BACKGROUND OF THE INVENTION

Human cell transformation and cancer progression is driven by a
combination of hyperactive oncogenic signaling and the inhibition of critical
tumor suppressors. Therefore, efficient cancer therapies should aim to restore
the physiological activities of both of these mechanisms. However, although
inhibition of hyperactivated oncogenic kinases by small molecule inhibitors is
an established cancer treatment modality, there are no approved cancer ther-
apies to date based on the reactivation of inhibited tumor suppressors.

Protein phosphatase 2A (PP2A) is a critical tumor suppressor that
normally acts by preventing cellular transformation, whereas its inhibition pro-
motes the various malignant characteristics of human cancer cells. In cancer
cells, PP2A inhibition results in hyperphosphorylation of a large number of on-
cogenic drivers and synergizes with other oncogenic events, such as constitu-
tive RAS activity. Importantly, in contrast to another important tumor suppres-
sor, p53, which is genetically inactivated in a large number of human cancers
and is thus refractory to reactivation by most approaches, PP2A complex com-
ponents are mutated at a relatively low frequency in most types of human can-
cer. This establishes the reactivation of PP2A as a very attractive novel ap-
proach in cancer therapy. Furthermore, the recent discovery of small mole-
cules and peptides that are capable of restoring PP2A activity in human cancer
cell lines provides convincing support to this strategy by demonstrating robust
in vivo efficacy in preclinical studies.

A number of recent studies have demonstrated that PP2A is inhibit-
ed in cancer by a group of otherwise unrelated PP2A inhibitor proteins. Among
them, Cancerous inhibitor of PP2A (CIP2A) is the most prevalent oncoprotein
and has been shown to drive the malignant growth of numerous human cancer
cell lines. Depletion of CIP2A in cancer cells results in dephosphorylation of
many oncogenic PP2A targets (e.g., MYC, E2F1, Akt), and these effects have
been shown to be reversible upon PP2A co-inhibition. Regarding functional
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synergism between PP2A inhibition and RAS signaling, CIP2A overexpression
is required for RAS driven human cell transformation, and extensive overlap
between RAS and CIP2A-regulated phosphoproteomes has been recently dis-
covered. Nonetheless, the molecular basis of how CIP2A inhibits PP2A activity
towards these critical targets remains enigmatic.

In vivo, RNAi-mediated depletion of CIP2A expression potently in-
hibits xenograft tumor growth, and we recently demonstrated reduced Her2-
driven mammary tumorigenesis in a CIP2A-deficient genetic mouse model.
More recently, this mouse model was found to be totally resistant to develop-
ment of another breast cancer subtype. Importantly, CIP2A deficiency does not
compromise normal mouse development or growth, except for a defect in
spermatogenesis. As CIP2A is overexpressed in more than 60% of most types
of human cancer and predicts poor patient survival in over dozen different can-
cer types, its prognostic and functional relevance equals, or exceeds, that of
most oncoproteins that have been traditionally considered important oncogenic
drivers. For example, comparison of clinical relevance of CIP2A overexpres-
sion and KRAS mutation across the Cancer Genome Atlas (TCGA) pan-cancer
data revealed that these alterations have similar prognostic role in colon can-
cer patients, and patients with both of these alterations represent the patient
population with clearly the worst prognosis. Indeed, studies to date indicate
that inhibiting CIP2A protein expression may constitute a very efficient cancer
therapy strategy without detrimental side effects.

PP2A functions as a protein complex consisting of either a core di-
mer between the scaffolding A subunit (PP2R1A, PP2R1B) and the catalytic
subunit PP2Ac (PPP2CA, PP2CB) or a trimer in which one of the numerous
regulatory B subunits (PPP2R2A, PPP2R2B, PPP2R2C, PPP2R2D;
PPP2R5A, PPP2R5B, PPP2R5C, PPP2R5D, PPP2R5E; PPP2R3A,
PPP2R3B, PPP2R3C; STRN, STRN3, STRN4) interacts with the AC core di-
mer. The binding of the B subunits to the core dimer is a highly regulated pro-
cess, the details of which yet remain to be fully understood; however, it has
been shown that different B subunits mediate the substrate specificity of the
PP2A trimer. Our current understanding supports the view that only a subset of
the numerous B subunits are relevant for the tumor suppressor activity of
PP2A, which is likely based on their selective binding to certain oncogenic
PP2A target phosphoproteins. For example, B56a (PPP2R5A) binds directly to
the PP2A target MYC and mediates PP2A complex recruitment and the PP2A-
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mediated dephosphorylation of MYC serine 62. CIP2A has been shown to in-
hibit this process, though the PP2A sub-complex selectivity of CIP2A remains
to be mechanistically explained. Understanding the mechanism by which
CIP2A can inhibit PP2A tumor suppressor activity without affecting the activity
of all PP2A complexes is also a relevant question in light of understanding why
the inhibition of CIP2A does not have detrimental effects on mouse viability,
which is observed with the inhibition of another PP2A inhibitory protein: PME-
1. In addition to the uncertainty regarding the mechanism by which CIP2A in-
hibits PP2A activity, a lack of structural information for the CIP2A protein has
thus far hampered the advancement of this potential cancer therapy target in
drug development.

BRIEF DESCRIPTION OF THE INVENTION

In one aspect, the present disclosure provides crystal structures of
CIP2A, the crystal structures being present on space group P6s with two
CIP2A molecules in one asymmetric unit.

In another aspect, the present disclosure provides a method of iden-
tifying a compound that interacts with CIP2A. Said method comprises the steps
of:

a) providing X-ray diffraction data of crystalline CIP2A, capable of
displaying a three-dimensional representation of CIP2A when read by an ap-
propriate machine and processed by a computer program for determining mol-
ecule structures,

b) performing rational drug design or in silico screening of a com-
pound library on the basis of the three-dimensional representation of CIP2A,
and

c) identifying a potential compound that interacts with CIP2A.

In a further aspect, the present disclosure provides a method of
preparing the present crystal of CIP2A. Said method comprises the steps of:

a) providing a solution of CIP2A in a suitable buffer, such as 20 mM
Tris-HCI, pH 8.0, 250 mM NaCl and 2 mM dithiothreitol,

b) mixing the solution with a crystallization solution comprising 7%
(w/v) polyethylene glycol (PEG 4000), 0.1 M sodium malonate, pH 6.0, and

) incubating the mixture under conditions to promote hanging drop
vapour diffusion for a time sufficient to produce the crystal of CIP2A.

In a still further aspect, the present disclosure provides use of the
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structure of the present crystal of CIP2A in modelling a relevant molecule
which interferes with the interaction of CIP2A with PP2A proteins.

Other objectives, aspects, embodiments, details and advantages of
the present invention will become apparent from the following figures, detailed
description, examples, and dependent claims.

BRIEF DESCRIPTION OF THE DRAWINGS

In the following the invention will be described in greater detail by
means of preferred embodiments with reference to the attached drawings, in
which

Figure 1A illustrates the overall structure of the CIP2A(1-560) dimer.
Two views of the crystal structure are related by a 90 degree rotation. Posi-
tions of N- and C-termini are labeled.

Figure 1B illustrates a separated view of a CIP2A(1-560) monomer
in three orthogonal views. Positions of the three subdomains are boxed.

Figures 2A to 2D demonstrate the verification of homodimerization
of full-length CIP2A.

Figure 2A shows a summary of selected CIP2A interacting proteins
found in the yeast-two-hybrid screen. The yellow bar shows the areas mediat-
ing the interaction. These areas are based on the fragments being able to in-
teract with full-length CIP2A.

Figure 2B demonstrates the dimerization of CIP2A(1-560) fragment
as analyzed by GST pulldown. Equal molar amounts of GST and GST-
CIP2A(1-560) were incubated with CIP2A(1-560)-V5 fragment for 1 h at 37 °C.

Figure 2C demonstrates size exclusion chromatography analysis of
GST-CIP2A(1-560) and GST. The samples were incubated 1 h at 37 °C before
the run. The chromatography step was carried out at RT.

Figure 2D demonstrates thermophoresis analysis of CIP2A(1-560)
dimerization.

Figures 3A to 3C illustrate direct interactions between CIP2A and
members of the B56 family of PP2A regulatory subunits.

Figure 3A demonstrates a GST pulldown assay for B56 — GST-
CIP2A(1-560) interaction. Equal molar amounts were used in all samples. The
proteins were incubated 1 h at 37 °C.

Figure 3B demonstrates a thermophoresis analysis of B56 -
CIP2A(1-560) interactions. CIP2A(1-560) fragment was labeled by NT-647
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NHS label.

Figure 3C demonstrates a size exclusion chromatography analysis
of GST-CIP2A(1-560) interaction with B56a. The proteins were incubated to-
gether 1 h at 37 °C before the run. As a negative control, B56a was also tested
with GST. The chromatography step was carried out at RT.

Figures 4A to 4C illustrate direct binding of CIP2A to either B56 or
PP2Ac. For each experiment represented in these figures, equal molar
amounts of proteins were used, and the proteins were incubated 1 h at 37 °C,
unless otherwise indicated.

Figure 4A demonstrates the mapping of the B56 interaction site in
CIP2A by GST pulldown analysis. Equal molar amounts of each fragment and
GST were incubated with B56a. for 1 h at 37 °C.

Figure 4B demonstrates the mapping of the PP2Ac interaction site
in CIP2A by GST pulldown analysis. Equal molar amounts of each fragment
and GST were incubated with BS6a for 1 h at 37 °C.

Figure 4C demonstrates the conservation of CIP2A(1-560) dimer in-
terface based on ten CIP2A sequences from representative species. The
darker color indicates higher conservations.

Figures 5A to 5F illustrate that CIP2A dimerization interface muta-
genesis results in a CIP2A dimer that is deficient in B56 binding.

Figure 5A shows the CIP2A(1-560) homodimerization interface. This
interface is mostly formed by hydrophobic residues in the last two helices of
CIP2A(1-560). The positions of the C-termini were labeled.

In Figure 5B, positions of key hydrophobic residues in the CIP2A
homo-dimerization interface are shown in a “peeled-apart” view.

Figure 5C demonstrates an analysis of mutational effects by GST
pulldown assay for B56o — GST-CIP2A(1-560) interaction. Equal molar
amounts were used in all samples. Representative result is shown.

Figure 5D demonstrates quantitation of the Western blot result.
Shown is mean values + S.E.M from three independent experiments.

Figure 5E illustrates analysis of mutational effects by GST pulldown
assay for CIP2A(1-560) dimerization. Equal molar amounts were used in all
samples.

Figure 5F demonstrates a thermophoresis analysis of the mutational
effect on CIP2A(1-560) dimerization. The CIP2A(1-560) WT fragment was la-
beled by NT-647 NHS label.
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Figures 6A to 6D demonstrate that mutations at the dimer interface
of CIP2A negatively affect its dimerization efficiency and B56 binding.

Figure 6A illustrates dimerization of indicated GST-CIP2A(1-560)
WT and mutant proteins analyzed by GST pulldown. Equal molar amounts of
GST and GST-CIP2A(1-560) proteins were incubated with CIP2A(1-560)-V5
fragment for 1 h at 37 °C before pulldown.

Figure 6B illustrates a GST-pulldown assay for interaction between
B56a and indicated GST-CIP2A(1-560) WT or dimerization interface mutant
proteins. Equal molar amounts of GST and GST-CIP2A(1-560) proteins were
incubated with B56a for 1 h at 37 °C before pulldown.

Figure 6C shows quantitation of the Western blot results from Figure
6A and 6B. Shown is relative B56 binding efficiency of mutants as compared to
GST-CIP2A(1-560) WT, quantified as a ratio between B56a and GST-
CIP2A(1-560) in pull-down sample. Shown is mean + S.E.M from four inde-
pendent B56-binding experiments. T-test between mutant and WT proteins for
their relative CIP2A dimerization ** p < 0.01. To compare the degree of B56
binding deficiency of R522D and L533E CIP2A(1-560) mutants to the degree
of dimerization deficiency, the graph also includes quantitation of relative
CIP2A dimerization efficiency from Figure GA.

In Figure 6D, the ratio between observed effects for both mutants on
both dimerization and B56 binding (based on Figure 6C) was calculated to es-
timate the degree of contribution of CIP2A dimerization to its maximal B56
binding capacity. Both mutants showed comparable degree of impact to B56
binding.

Figures 7A to 7| demonstrate that a full length CIP2A 3A dimeriza-
tion interface mutant is degraded in cells and loses its oncogenic activity.

Figure 7A shows an RT-PCR analysis of CIP2ZA mRNA expression
from retrovirally infected NIH3T3 cells expressing either V5 tagged full-length
WT or 3A CIP2A mutant.

Figure 7B shows a Western blot analysis of protein expression of V5
tagged full-length WT or 3A CIP2A mutant from retrovirally infected NIH3T3
cells. Shown is a representative blot of numerous independent experiments
with similar results.

Figure 7C shows a Western blot analysis of protein expression of
V5 tagged full-length WT or 3A CIP2A mutant from transiently transfected
HelLa cells. Shown is a representative blot of numerous independent experi-
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ments with similar results.

Figure 7D shows an endogenous CIP2A protein expression in HelLa
cells transfected with two independent B56a siRNA for 72 hours. Shown is a
representative result of three independent experiments.

Figure 7E demonstrates an analysis of CIP2A mRNA expression in
HelLa cells transfected with two independent B56a siRNAs for 72 hours.
Shown is expression difference relative to Scr. siRNA transfected cells.

Figure 7F is a representative figure of cell densities of NIH-3T3 cells
stably transduced with either WT CIP2A or the CIP2A-3A mutant compared at
day 5 after seeding equal number of cells at low confluence. Scale bar is 1000
uM.

Figure 7G demonstrates protein expression of V5 tagged CIP2A WT
and 3A mutant in NIH-3T3 cells after 48h of serum starvation (+). CIP2A anti-
body recognizes the exogenous CIP2A in the absence of endogenous CIP2A
expression in these cells.

Figure 7H illustrates the effect of serum starvation on cell viability of
stably transduced NIH-3T3 clones expressing either CIP2A WT or the 3A mu-
tant. Shown is the mean reduction in cell viability as compared to normal cul-
ture medium + S.E.M of 3 experiments with 6 replicate samples.

Figure 71 illustrates increased caspase 3 activity in CIP2A 3A mu-
tant expressing cells after 72h of serum starvation. Shown are the mean val-
ues + S.E.M of 2 experiments with 6 replicate samples.

Figures 8A to 8E illustrate the functional impact of L533E and
R522D mutations.

Figure 8A shows a Western blot analysis of protein expression of
V5 tagged full-length WT or L533E and R522D CIP2A mutants from transiently
transfected HEK293T cells. Shown is a representative blot for relative V5/ B-
Actin from three independent experiments with similar results.

Figure 8B shows the quantitation of the Western blot results from A.
Shown is mean + S.E.M.

Figure 8C is an RT-PCR analysis of CIP2A, B-Actin and GAPDH
MRNA expression from transiently transfected HEK293T cells expressing ei-
ther V5 tagged full-length WT or L533E and R522D mutant. Plotted is mean +
S.E.M. from four experiments with duplicate samples.

Figure 8D shows a Western blot analysis of c-MYC protein expres-
sion in 22RV1 cells transiently transfected with V5 tagged full-length WT or
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L533E CIP2A. Shown are representative blots from four independent experi-
ments with similar results.

Figure 8E shows the quantitation of the Western blot results from D.
Shown is mean + S.E.M.

Figure 9 illustrates the folding propensity of human CIP2A. The X-
axis corresponds to residue numbers 1-905. The Y axis is the disorder tenden-
cy for each residue. The darkest curve is the average result from 6 different
programs, as summarized by the metaPrDOS server. Higher values indicate
higher disorder propensity. This prediction is consistent with the present bio-
chemical analysis that CIP2A(1-560) forms the folded core domain, whereas
the rest of CIP2A including the predicted coiled-coil region is most likely disor-
dered.

Figure 10 is a stereo view of 2Fo-Fc electron density map, con-
toured at 10, showing the joint area of the stem and C-dimerization domains.
While D484 and L504 are parts of the stem domain, R530 and 1531 belong to
the dimerization domain.

Figure 11 demonstrates that the CIP2A 3D structure is distinct from
all known protein structures. No known homodimer structure folds in a similar
shape. Based on 3D structure comparison carried out by the Dali server (Table
2), the two most similar 3D structures to CIP2A are -catenin (PDB ID: 1TH1;
an armadillo-repeat protein) and Walp (PDB ID: 4K6J; a HEAT-repeat protein).
The CIP2A structure (in black) is superimposed with the structure of B-catenin
(grey, panel A) and Walp (grey, panel B), respectively.

Figure 12 confirms CIP2A dimerization by CIP2A(1-560) cross pull-
down and SEC analysis. Figure 12A shows that GST-tagged CIP2A (90KD),
but not GST, can pull-down untagged CIP2A (60KD) in a stoichiometric man-
ner. The SDS-PAGE was stained with Coomassie Blue. Figure 12B shows
SEC analysis of untagged CIP2A(1-560), which has a nominal MW of 62kD.
Positions of 150 kD and 66 kD MW markers are marked. Inlet is the Coomass-
ie Blue-stained SDS-PAGE of the CIP2A peak.

Figure 13 indicates that PP2A interaction results obtained with B56a
can be generalized to another B56 family tumor suppressor B56y (PPP2R5C)
and that similar to B56a, the minimal region that mediates CIP2A interaction
with B56y is located between amino acids 159 to 245.

Figure 14 shows surface electrostatic potential analysis and poten-
tial binding sites for Ca and B56. The surface electrostatic potential was calcu-
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lated using the APBS module and presented by Pymol. On the basis of the
“front” view, it is clear that the “inner” surfaces of the CIP2A twisted double
hook shape is highly negatively charged. The view with ~75° rotation indicates
the potential B56 and Ca binding sites, speculated based on both surface con-
servation and charge-distribution, by white and grey ovals, respectively.

Figure 15 is an illustration of detailed interactions in the CIP2A di-
mer interface mediated by the three helices of C-dimerization domain. In Fig-
ure 15A, hydrophobic interactions are shown in two orientations. The two
CIP2A molecules are shown in lighter and darker grey, respectively. In the
second orientation, one CIP2A is shown in space-filled model. In Figure 15B,
shown are the hydrogen bonds formed between the two CIP2A subunits.

Figure 16 is an illustration of a structure model of conformation
change in the CIP2A-3A dimer superimposed with CIP2A homodimer. The
CIP2A-3A mutant dimer structure in which WT CIP2A is shown in light grey
(left side) and 3A mutant CIP2A in dark grey (right side), respectively, was
simulated by the Rosetta package. In the final model 3A mutant (right side)
was superimposed into the WT CIP2A (right side).

Figure 17 shows that transiently transfected CIP2A WT and 3A mu-
tant cDNAs produce equal levels of CIP2A transcripts. Shown is a relative in-
crease in expression as compared to pCDNA vector transfected Hela Cells
24h after transfection. Shown is mean+S.D. from 2 biological replicate experi-
ments.

DETAILED DESCRIPTION OF THE INVENTION

The present disclosure provides crystal structures of CIP2A. Prefer-
ably, the crystals are of sufficient quality to allow the determination of the
three-dimensional X-ray diffraction structure to a resolution of about 3 A to
about 4 A, preferably 3A. The disclosure also relates to methods of preparing
and crystallizing CIP2A. The information derived from the crystal structures
can be used to analyse and modify CIP2A activity as well as to identify com-
pounds that interfere with the binding of CIP2A to PP2A proteins.

Crystallization requires abundant amounts of the polypeptide to be
crystallized in a relatively homogeneous form. To this end, a variety of host-
expression vector systems may be employed for recombinant expression of
CIP2A as is readily apparent to a skilled person. Suitable vectors include, but
are not limited to, modified viruses, bacteriophages, plasmids and plasmid de-
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rivatives, e.g. pGEX vectors. Depending on the vector system utilized, any of a
number of suitable transcription and translation elements, including constitutive
and inducible promoters, may be used in the expression vector. However, the
vector system and the regulatory elements chosen must be compatible with
the host cell selected for expression. Typical non-limiting examples of suitable
expression hosts include mammalian cells (e.g. CHO cells), insect cells, yeast
cells, and bacteria (e.g. E. coli).

In some embodiments it may be advantageous to produce a deriva-
tive of CIP2A wherein selenomethionine is incorporated into the CIP2A poly-
peptide in place of methionine. Depending on the host system employed,
those skilled in the art can easily select a suitable protocol by which the host
cells are induced to incorporate selenomethionine into proteins by suppression
of methionine biosynthesis.

A CIP2A encoding vector may be introduced into the desired host
cells by any suitable method known in the art, e.g., transfection, electro-
poration, microinjection, transduction, cell fusion, calcium phosphate precipita-
tion, lipofection, or use of a gene gun.

For use in the present invention, a variety of CIP2A polypeptides
may be utilized. Such polypeptides include full-length CIP2A consisting of ami-
no acid residues 1-905 of SEQ ID NO:1, and any truncated form thereof. Ow-
ing to a poor stability of full-length CIP2A when produced in either E. coli or
insect cells, as well as aggregation of the C-terminal fragment spanning resi-
dues 561-905 of SEQ ID NO:1, a preferred CIP2A polypeptide for crystalliza-
tion purposes is the truncated CIP2A polypeptide of amino acid residues 1-560
of SEQ ID NO:1. Other preferred fragments of CIP2A for crystallization pur-
poses include, but are not limited to, amino acid residues 1-245 of SEQ ID
NO:1, amino acids 159-245 of SEQ ID NO:1, amino acid residues 232-560 of
SEQ ID NO:1, 265-560 of SEQ ID NO:1, 293-560 of SEQ ID NO:1, and 331-
560 of SEQ ID NO:1. However, as is apparent to those having skill in the art,
the exact amino acid boundaries may vary within the practical limits of the dis-
order propensity of CIP2A (Figure 9).

The CIP2A amino acid sequence may be altered from the naturally
occurring sequence by any amino acid substitutions, insertions, deletions, and
the like in any number of combinations in order to produce a conformationally
modified or dimerization deficient CIP2A polypeptide for crystallization purpos-
es. Preferred mutations include, but are not limited to L529A, L532A, L533A,
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R522D, and L533E. Mutations L529A, and L533A appear to interfere with
CIP2A conformation but not prevent CIP2A dimerization, whereas mutations
R522D and L533E appear to disrupt the dimerization.

Prior to crystallization, purification steps are employed to ensure
that CIP2A is isolated in a relatively homogeneous state. In general, the higher
the purity, the better the likelihood of success in subsequent crystallization
steps. Non-limiting examples of typical purification methods include the use of
centrifugation, partial fractionation using salt or organic compounds, dialysis,
conventional column chromatography (such as ion-exchange, molecular sizing
chromatography etc.), high performance liquid chromatography (HPLC), and
gel electrophoresis methods.

Any crystallization technique known to those skilled in the art may
be employed to obtain crystals of the present invention. Commonly used tech-
niques include batch crystallization, vapour diffusion (either by sitting drop or
hanging drop) and dialysis. In each of these methods, it is important to pro-
mote continued crystallization after nucleation by maintaining a supersaturated
solution. In some instances, seeding of the crystals is required to obtain X-ray
quality crystals.

Generally, the crystals of the invention are grown by dissolving sub-
stantially pure CIP2A polypeptide in an aqueous buffer containing a precipitant
at a concentration just below that necessary to precipitate the protein. Water is
removed by controlled evaporation to produce precipitating conditions, which
are maintained until crystal growth ceases.

In a preferred embodiment of the invention, CIP2A crystals are
grown by the hanging drop technique. In this method, an initial polypeptide
mixture is created by adding a precipitant to concentrated polypeptide solution.
The resulting precipitant concentration is about half that required for crystalliza-
tion. The polypeptide/precipitant solution is then placed on a glass slide which
is inverted and allowed to equilibrate in a sealed container with a larger aque-
ous reservoir having a precipitant concentration optimal for producing crystals.
The difference in the precipitant concentrations causes the protein solution to
have a higher vapor pressure than the reservoir solution. Since the container is
sealed, water from the polypeptide mixture transfers to the reservoir solution
resulting in the crystallization of the peptide. Usually, the sealed container is
allowed to stand for about 1 to 6 weeks until crystals grow.

As is described in Example 2 below, it has been found that hanging
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drops containing 1.0 pl of CIP2A polypeptide (1.5 mg/ml in 20 mM Tris-HCI, pH
8.0, 250 mM NaCl and 2 mM dithiothreitol) and 1.0 ul of reservoir solution (7%
w/v polyethylene glycol (PEG 4000), 0.1 M sodium malonate, pH 6.0) equili-
brated over 400 ul of reservoir buffer at room temperature provide diamond
shaped crystals in a few days.

Of course, those having skill in the art will recognize that the above-
described crystallization conditions can be varied. Such variations may be
used alone or in combination, and include, for instance, variations in polypep-
tide concentrations, Tris-HCl concentrations, pH ranges, and temperature
ranges.

Once a crystal of the present disclosure is grown, it is exposed to an
intense beam of X-rays produced by a conventional X-ray source (such as a
sealed tube or a rotating anode) or a synchrotron source. Methods of crystal
data characterization include, but are not limited to, precision photography,
oscillation photography and diffractometer data collection. In Example 2 below,
diffraction data sets were collected at beamlines 8.2.1 and 8.2.2 of the Ad-
vanced Light Source (ALS) using a ADSC Q315R detector.

Data processing and reduction can be carried out using programs
such as DENZO, XDISPLAYF, and SCALEPACK of the HKL2000 program
suite, as well as XDS and MOSFLM.

Methods of obtaining the three-dimensional structure, as well as the
atomic coordinates, of a crystalline polypeptide on the basis of diffraction data
are well-known in the art. For example, single-wavelength anomalous disper-
sion (SAD) or multi-wavelength anomalous dispersion (MAD) may be used for
structure elucidation. Non-limiting examples of software suitable for structure
determination and refinement include programs of the PHENIX program suite,
as well as AMORE, COOT, and REFMAC of the CCP4i program suite.

Structural coordinates of a crystalline composition of this invention
may be stored in a machine-readable form on a machine-readable storage
medium, e.g. a computer hard drive, random-access memory (RAM), read-only
memory (ROM e.g. CDROM), or a diskette, either local to a computer or re-
mote (e.g. a networked storage medium, including the internet), for display as
a three-dimensional shape or for other uses involving computer-assisted ma-
nipulation of, or computation based on, the structural coordinates or the three-
dimensional structures they define. For example, data defining the three di-
mensional structure of CIP2A, or portions or structurally similar homologues
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thereof, may be stored in a machine-readable storage medium, and may be
displayed as a graphical three-dimensional representation of the protein struc-
ture, typically using a computer capable of reading the data from said storage
medium and programmed with instructions for creating the representation from
such data. Such data may be used for a variety of purposes, such as the eluci-
dation of other related structures and drug discovery.

Initially, the present crystalline CIP2A(1-560) fragment diffracted up
to a resolution of about 4.0 A. By careful dehydration of the crystals, diffraction
quality was improved to a resolution of about 3.6 A. Finally, the crystal struc-
ture of CIP2A(1-560) was determined at 3.0 A resolution by altering the crystal-
lization conditions and using selenium-methionine single-wavelength anoma-
lous scattering (SAD) method.

The three-dimensional crystal structure revealed that CIP2A exists
as a homodimer and that homodimerization is mediated by a relatively flat and
highly hydrophobic surface formed by the last three helices of CIP2A(1-560).
To be more specific, amino acid residues 507-559 of SEQ ID NO: 1 appear to
be responsible for CIP2A(1-560) dimerization. Additionally, the N-terminal re-
gion seems to be particularly important for B56a. binding. More specifically,
amino acids 159-245 of SEQ ID NO:1 appear to contain features required for
B56a binding, with 1-245 fragment showing higher efficiency than fragment 1-
159 of SEQ ID NO:1. Narrowing down the region further was not possible be-
cause fragments between 159-245 proved to be unstable.

The refined three-dimensional CIP2A structure according to the pre-
sent invention is represented by the structure determination statistics given in
Table 1 below. The crystalline CIP2A may form in the space group P65 with the
unit cell dimensions of £ 5% of those presented in Table 1. In one embodi-
ment, the crystalline CIP2A may form in the space group P65 with the unit cell
dimensions of a=b =153.28 A, c =105.44 A, o. = B = 90°, y = 120°. In another
embodiment, the crystalline CIP2A may form in the space group P6s with the
unit cell dimensions of a = b = 154.61 A, ¢ = 105.68 A, a. = B = 90°, y = 120°.
However, the present invention contemplates CIP2A crystals, which may form
in any space group including, but not limited to, P6s.
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Table 1. nffraction Data and Refinement

Dataset Seder-CHPIA

Crystal Povometers

Space group P64

Cell dimensions
=590, y=120°

Cell content 2 protein molecules/AU

Solvent content 88,344

Data Collection

Wavelength 0.979454

Resolution S0A 358 (361A AS5A)
Unigue reflections 18,630

Rege 6.6%% (84.3%)
Average Fo 350038
Complsteness 98.7% (99.3%)
Redundancy 13.2{15.3)
Se sites (foundfotal) 12716

Refinement
Ry R
Average B factor

Rrosd bond ideality
Rosd angle ideality
Ramachandran favored
Protcin residues

Water

e

as=h=154.61A, o= 105684,

Native-CIP2A

Po.
anber1 ST 28A, o105 444,
ol O0°, =1 200

2 protein molecoles/AU

2 oAn
37 4%

0979454

SO0A - 20A (GUEA - 304)
28,364

7.5% {96.9%)

254423}

99.9% (10025}

7.4 (6.4

24, 1% ¢ 27.2%
$1.8A°
(L0049 4
0.4504°
8529

1933

0

AU asymmetric unit: rmsd, root-mean-square deviation, Values i parentheses
indicate the corresponding statistics in the highest-resolution shell.

The crystals of the invention, and particularly the refined three-
dimensional structure obtained therefrom, have a wide variety of uses includ-
ing, but not limited to, identifying molecules that bind to various native or mu-
tated domains of CIP2A. The three-dimensional structure is particularly useful
for identifying inhibitors which target the homodimerization domain as an ap-
proach towards developing new therapeutic agents with PP2A-inhibiting activi-
ty. Moreover, the 3D structure may be utilized not only for developing mole-
cules that would target the dimerization interface directly, but also other re-
gions of CIP2A, particularly regions that appear to mediate PP2A binding, such
as the N-terminal region.

As used herein, the terms “PP2A proteins” and “components of the
PP2A complex”, or any equivalent expressions thereof, refer to PP2R1A,
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PP2R1B; PPP2CA, PP2CB; PPP2R2A, PPP2R2B, PPP2R2C, PPP2R2D;
PPP2R5A, PPP2R5B, PPP2R5C, PPP2R5D, PPP2R5E; PPP2R3A,
PPP2R3B, PPP2R3C; STRN, STRN3, or STRN4 either alone or in any combi-
nation thereof. Preferred PP2A proteins include, but are not limited to,
PPP2R5A (B56a.), PPP2R5D (B565), PPP2R5C (B56y), and PPP2CA (PP2Ac)
either alone or in any combination thereof.

As is described in the Examples below, subtle interference with di-
merization surface by mutations revealed that dimerization surface confor-
mation is critical for CIP2A to bind to B56a.. Mutations of critical amino acids at
the interaction interface may block substrate binding with or without disrupting
dimerization.

The present in vitro biochemical interaction analyses demonstrate
for the first time direct interaction between CIP2A and any of the PP2A protein
complex components. It is demonstrated that CIP2A binds to B56, resulting in
the formation of the high molecular weight CIP2A-B56 complex. However,
CIP2A also binds directly to PP2A catalytic subunit PP2Ac.

CIP2A is a very promising protein target for cancer therapy, and the
results disclosed herein provide a structural rationale for the development of
inhibitors that target the CIP2A homodimerization interface. Importantly, alt-
hough CIP2A homodimerization is mediated by several intermolecular interac-
tions, the dissociation constant for this interaction is approximately 290 nM,
making its disruption by small molecules feasible. Moreover, there are very
clear effects on B56 binding of minor structural changes in the dimerization
interface, and together with the intrinsic disorder of the “stem” region, this indi-
cates that CIP2A might be susceptible to targeting by allosteric modulators
without a need for breaking the dimer.

Therapeutically, the most striking finding of the present disclosure is
that a small structural perturbation in the CIP2A dimerization interface results
in CIP2A protein degradation in cancer cells. In general, the benefits of drug
targeting to induce protein degradation are also clear, as such an approach
removes any potential activities of the protein as well as any scaffolding func-
tions and results in longer pharmacodynamic effects that are predicted to re-
main even after drug has been metabolized.

Thus, one aspect of the present invention includes an in silico
method of using a crystal of the present invention in a drug screening assay.
Any existing library of potential ligands of CIP2A can be examined through the
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use of computer modelling using a docking program such as GRAM, DOCK,
AUTODOCK, MOE-DOCK or FLEXX. This procedure can include, for example,
computer fitting of potential ligands, preferably antagonists of CIP2A, to the
homodimerization domain or the N-terminal PP2A-binding region of CIP2A to
determine how well the shape and the chemical structure of the potential lig-
and will interfere with CIP2A interaction with PP2A proteins. Clinically relevant
potential drugs need not break the CIP2A dimer in order to interfere with the
CIP2A interaction with PP2A proteins but, in some embodiments, they may
well cause the breaking of the CIP2A dimer.

In some embodiments, crystal structures of CIP2A with mutated
homodimerization domains, such as those comprising one or more mutations
of L529A, L532A, L533A, L533E and R522D, may be used for counter-
screening potential anti-cancer drugs. In such cases a potential anti-cancer
drug would be such that it is able to bind to a non-mutated CIP2A but not to a
mutated CIP2A.

Docking algorithms can also be used to verify interactions with lig-
ands designed de novo. As used herein, “de novo compound design” refers to
the process wherein the three-dimensional structure of CIP2A is used as a
platform or basis for the rational design of compounds that will interact with
CIP2A, preferably with the domains that affect CIP2A binding to PP2A pro-
teins.

Computer programs can also be employed to estimate the attrac-
tion, repulsion, and steric hindrance between the potential ligand and CIP2A.
Generally, the tighter the fit (e.g. the lower the steric hindrance, and/or the
greater the attractive force) the more potent the potential drug will be since
these properties are consistent with a tighter binding constant.

After selecting a potential drug by in silico computer modelling or de
novo compound design, the potential drug may be produced and contacted
with CIP2A, or a fragment thereof, in order to detect its ability to bind CIP2A
and, preferably interfere with CIP2A binding to PP2A proteins. In a particular
embodiment either the potential drug or the CIP2A or fragment thereof is la-
beled. In another embodiment the CIP2A or fragment thereof is bound to a sol-
id support. Non-limiting examples of high throughput techniques for assessing
the binding of the potential drug to CIP2A include microscale thermophoresis
(MTS) and fluorescence-based thermal shift (FTS) assay. Non-limiting exam-
ples of high throughput techniques for determining whether or not CIP2A inter-
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actions with PP2A proteins include isothermal calorimetry (ITC), surface plas-
mon resonance (SPR), microscale thermophoresis, fluorescence resonance
energy transfer (FRET) and amplified luminescent proximity homogeneous
assay screen (AlphaScreen, Perkin Elmer). In a particular embodiment either
CIP2A or PP2A proteins are labeled. In another embodiment the CIP2A or
PP2A proteins are bound to a solid support.

In a preferred embodiment, the method further comprises growing a
supplemental crystal containing a protein-drug complex formed between the
CIP2A and the candidate drug.

Another aspect of the present invention relates to the identification
of small molecules that inhibit CIP2A interaction with PP2A proteins in a high
throughput screening assay. In some non-limiting embodiments, interaction
conditions for such assays may not contain any divalent cation chelators such
as EDTA, EGTA, and the like. In some cases, interaction studies should not be
carried out at the room temperature unless the interaction conditions comprise
zinc. Thus, if zinc is not included, a reaction temperature of 37°C may be
beneficial for carrying out an interaction reaction between CIP2A and PP2A
proteins. On the other hand, if zinc is included, said interaction reaction may be
successfully carried out at the room temperature. However, in some other em-
bodiments, the reaction may be successfully carried at the room temperature
even if zinc is not included in the interaction conditions.

In an embodiment of the above aspect, CIP2A and PP2A proteins
are allowed to interact in a buffer containing 50 mM Tris, 150 mM NaCl, 10%
glycerol, 0.2% Igepal, 2 mM DTT, pH 7.5 for 1 hour at 37°C followed by addi-
tion of GSH agarose (available e.g. from Thermo Scientific) and further incuba-
tion for 1 hour at 37°C in rotation.

In another embodiment of the above aspect, CIP2A and PP2A pro-
teins are allowed to interact in a buffer containing 50 mM Tris, 150 mM NaCl,
10% glycerol, 0.2% NP-40, 50 yM ZnSQ4, 2 mM DTT, pH 7.5 for 1 hour at the
room temperature followed by addition of GSH agarose and further incubation
for 1 hour at the room temperature in rotation. Preferably, the GSH agarose is
added in a volume of 5 ul in 20 pl of the interaction buffer. After incubations,
the reactions are washed with a suitable solution a sufficient number of times.
Preferably, ice cold interaction buffer, e.g. in an amount of 250 pl, is used for
the washings which are repeated a couple of times, such as four times. The
overall washing time may be extended, for instance, to about 1 hour in order to
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reduce the background signal. As is apparent to those skilled in the art, the
exact conditions used for carrying out the interaction reaction between CIP2A
and PP2A proteins are not limited to those mentioned above but may be varied
as generally known in the art.

After formation of an interaction between CIP2A and PP2A proteins
as set forth above, a candidate small molecule compound is added and its ef-
fect on said interaction is determined by any suitable method including, but not
limited to, isothermal calorimetry (ITC), surface plasmon resonance (SPR),
microscale thermophoresis, fluorescence resonance energy transfer (FRET)
and amplified luminescent proximity homogeneous assay screen (AlphaS-
creen, Perkin Elmer). In a particular embodiment either CIP2A or PP2A pro-
teins are labeled. In another embodiment the CIP2A or PP2A proteins are
bound to a solid support.

It will be obvious to a person skilled in the art that, as technology
advances, the inventive concept can be implemented in various ways. The in-
vention and its embodiments are not limited to the examples described above
but may vary within the scope of the claims.

EXAMPLES
Example 1

Protein expression and purification

Full-length CIP2A is not stable enough to be purified from either E.
coli or insect cells for crystallization purposes (results not shown). According to
structural foldability (flexibility) analysis, the C-terminal fragment spanning res-
idues 561-905 is predicted to be intrinsically disordered (Fig. 9). Furthermore,
based on gel filtration, the C-terminal fragment per se tends to aggregate (re-
sults not shown). However, as the N-terminal 560 residues of CIP2A likely ex-
hibit an ordered structure (Fig. 9), we focused on a 3D structure analysis of the
CIP2A(1-560) fragment.

The truncated domain of human CIP2A (residues 1-560) was cloned
into the pGEX-4T1 vector (GE Healthcare) with an N-terminal GST (glutathi-
one-S-transferase) tag and a TEV cleavage site in between. CIP2A(1-560) was
over-expressed in E. coli BL21 (DES3) cells (Novagen), grown in LB media. The
bacteria cell was cultured at 37 °C till O.D.600 reaches 0.5-0.7, and then in-
duced by 0.2 mM Isopropyl B-D-1-Thiogalactopyranoside (IPTG) at 16 °C
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overnight. The bacteria pellets were collected and lysed by sonication. The
GST fusion protein was first purified by Glutathione Sepharose 4B column.
The GST tag was removed by TEV at 4°C overnight. Then the proteins were
further purified by a cation exchange column on FPLC (GE Healthcare). The
purity of samples was verified using SDS-PAGE stained with Coomassie Bril-
liant Blue. The CIP2A truncated domain was observed as a single band at 60
kDa. The protein was then concentrated to 1.5 mg/ml in a buffer containing 20
mM Tris'HCI pH 8.0, 250 mM NaCl, 2 mM DTT for crystallization. A selenome-
thionyl (SeMet) derivative of the CIP2A truncated domain was expressed in an
auto-induction media (F. William Studier, 2005) and purified in the same way
as the native protein.

EXAMPLE 2

Crystallization, optimization and Data Collection

Initial crystals of both the native and the SeMet-substituted CIP2A
truncated domain were obtained using the hanging drop vapor diffusion meth-
od. Crystals were improved by adding 1% PEG 8000 into the condition consist-
ing of 0.1 M sodium malonate pH 6.0 and 7% PEG 4000. 1 ul of protein solu-
tion (1.5 mg/ml) was mixed with 1 pl of reservoir solution and equilibrated over
400 pl reservoir solution at room temperature. Diamond-shaped crystals usual-
ly grew to their full sizes in a few days. After an optimization of cryo-protection
conditions, best crystals diffracted to ~4 A resolution. Crystal diffraction quality
was improved to ~3.6 A resolution by careful dehydration of crystals. To further
improve the diffraction, we carried out a temperature-gradient screening.
CIP2A crystals were sealed in foam boxes under different soaking conditions
and transferred into a 4°C cold room for slow cooling-down, and crystals were
equilibrated at 4°C for different time periods. Amazingly, crystals of Se-Met-
substituted CIP2A soaked at 4°C for ~2 weeks gave dramatically better diffrac-
tions (better than 3 A resolution) than shorter soakings. Crystals were frozen
by liquid nitrogen. Crystal diffraction data sets were collected at the Advanced
Light Source (ALS), beamlines 8.2.1 and 8.2.2. Diffraction data sets were pro-
cessed by HKL2000 (Otwinowski and Minor, 1997) and Mosflm (Battye et al.
2011).

Structure determination and refinement

The structure was determined by single-wavelength anomalous dis-
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persion (SAD) using one data set collected at wavelength 0.9793 angstrom,
which was also used for refinement. The selenium sites and the initial phases
were determined by PHENIX (Adams et al., 2010). Fourteen selenium sites
were found in one asymmetric unit (there are 8 Met residues in each CIP2A(1-
560) fragment, including the N-terminal Met that was not found by PHENIX).
The experimental electron density map clearly showed the presence of two
CIP2A molecules in one asymmetric unit. The structural model was gradually
improved using iterative cycles of manual rebuilding with the program COOT
(Emsley et al., 2010) and refinement with Refmacb of CCP4 6.1.2 Program
Suite (CCP4, 1994). In the crystal lattice, the “tip” domain of CIP2A(1-560) has
an average B-factor of 97.77 A%, while the stem and dimerization domains
have an average B-factor of 66,39 A? , and weak electron densities for the tip
domain part did not allow us to build some loop residues between armadillo
repeat helices.

The structural model revealed that in the crystal lattice, there are
two CIP2A(1-560) molecules, related by a non-crystallographic 2-fold axis, in
each asymmetric unit as illustrated in Figure 1A. This finding is consistent with
the biochemical data set forth in the Examples below. The C-terminal ends of
two CIP2A(1-560) molecules join to form a stable dimer interface. Overall, the
CIP2A(1-560) dimer structure resembles an oppositely-twisted double hook.

The CIP2A(1-560) monomer is an all-helical protein, with most of
the molecules formed by armadillo or armadillo-like repeats (Fig. 1B), and can
be roughly divided into “tip”, “stem” and C-dimerization domains. The first 185
residues form a “tip” domain consisting of 5 shortened armadillo repeats. Fol-
lowing a twist-forming loop, residues 188-505 form the “stem” domain, consist-
ing of atypical armadillo repeats 6-11; residues 507-559 form three helices that
are responsible for CIP2A(1-560) dimerization (Fig. 1B). Some of the armadillo
repeats in the “stem” domain display the structural features of HEAT repeats,
as revealed by protein folding similarity searches using the Dali server (Holm
and Sander, 1997). In addition to the armadillo repeat domains of B-catenin
and APC, the atypical HEAT-repeat domain of Walp is among the closest
structural neighbors of the stem subdomain of CIP2A(1-560) (Fig. 11 and Ta-
ble 2).
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Table 2. Dali Search Summary

¥o: Chain = rmad lali pres :id BLE  Descripticon
i 4ksi-B 15,1 5.1 344 473 12 PDE  MOLECULE: WINGES ATART-LIXKE PROTEIN
BOMOLOG;
é. G 13.3 409 202 13 PLB MOLECULE: BETR-CATENIN;
9 1X.% 418 502 13 PDR  MOLECULE: BETA-CATENIN;

E. 3 iz.3 418 302 HMOLRCHLE: BRETA-TRATENIN;

S: iviZ-p 18,7 12.7 432 S57 MCLECULE: BETA-CATENIN:

é 3nmx-B 12,7 4.%  ZAS 3i5 3 P0B MOLRCUOLE: APCT VARIANT PROTEIN;

7 Jomx-A 1207 4.5 284 3Zg 13 PDE  MOLECULE: AFC VARIANT PROTEIN:

B ithi-p 18,5 10.8% 385 534 15 PDB MCOLECULE: BETA-CRTENIN;

S iiVz-& 185.% 13.3 427 527 13 PLB MCLECULE: BETA-CATENIN:
:E > 4.% 283 3:3 12 PCB MOLECULE: APC VARIANT PROTEIN;

ii: 3 1Z.8 418 437 HMOLRCHLE: BRETA-TRATENIN;
Eg 2 12.2 425 508 MCLECULE: BETA-CATENIN;
13: 15,3 ZB83 331 12 PLB MOLECULE: APT VARIAWT FTROTEIN;
14: i §.3 284 331 13 BDR  MOLECULE: APC VARIANT PROTEIN:
}é: i S.Z2 2B4 323 iZ PDB MCOLECULE: ROENOMETOUS BOLYPROSIS COLI;
ig: G T.7  3Fge 42& 1Z PLB MCLECULE: IMECORTIK ALPHA-1 SUBUNIT!
17 2 5.3 278 308 13 PCB MOLECULE: ADENCMATOUS POLYPOSIS CCLI;
iz 3tTw-B 1T.3 5.3 Z7% 311 4 PDE  MOLECULE: ADENCMATOUE BOLYDOEIS COLIs
iz dkei-p 17.7 5.3 352 187 13 PDB MCOLECULE: WINGS RPBRT-LIME PFRCOTEIN
HOMOLOG;

R S.1 278 21E i3 PDB  MOLECULE: ADENCMATCOUS POLYPOEIS COLI;

The dimeric structure of mutated CIP2A(1-560) containing three
leucine to alanine substitutions at the homodimerization interface, namely
L529A, L532A, and L5333A was modeled by M-ZDOCK (Pierce et al., 2014)
with 2-fold symmetry, which was followed by full-atom docking by Rosetta
(Gray et al., 2003).

EXAMPLE 3.
Experimental procedures for biochemical analysis

Protein expression and purification for biochemical analysis

CIP2A constructs used in interaction experiments were cloned into
the pGEX-4Tt-2 vector containing Thrombin cleavage site. The CIP2A deletion
constructs were cloned individually by generating them by PCR. The B subu-
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nits and PR65 into the pGEX vector containing TEV cleavage site. The pro-
teins were produced in E. coli BL21 strain induced by 0.2 mM Isopropyl B-D-1-
Thiogalactopyranoside (IPTG) when the O.D.600 was 0.6-0.8. The cells were
then shaked at 23 °C and harvested after 3.5 h. The bacteria pellets were col-
lected and lysed by sonication. The GST fusion protein was purified by Gluta-
thione Sepharose 4B column. From the B subunits the GST tag was removed
by TEV cleavage at 4 °C overnight. In dimerization assay the GST tag was
also removed from CIP2A(1-560) by thrombin at RT overnight. The glutathione
containing buffer was replaced by interaction buffer (50 mM Tris, 150 mM
NaCl, 10% glycerol, 0.2% NP-40, 2 mM DTT) using dialysis at 4 °C overnight.
The purified proteins were stored at -80 °C. The PP2A catalytic subunit PP2Ac
was produced as a baculoviral protein as described in (Cho and Xu, 2007).
PP2A trimers and dimers were formed by incubating the A, B and C subunits in
1:1:1 stoichiometry (or 1:1 in case of AC dimer) for 1 h at room temperature.
The complex formation is very efficient for the trimer based on gel filtration
analysis. In some experiments commercially available PP2A dimer purified
from reticulocytes (Millipore) was used.

Yeast-two-hybrid screen

The yeast-two-hybrid screen was performed by Hybrigenics. The
full-length CIP2A was used as a bait and the library in the screen was Breast
Tumor Epithelial Cells (T47D, MDA-MB-468, MCF7, BT20).

GST pulldown assays

In all GST pulldown assays, 10 pmol of each protein was applied,
except in the experiment of the Figure 4E in which ~5 yM GST-CIP2A(1-560)
and excessive B56a/PP2Ac were used as indicated in the Figure. The overall
volume of each pulldown prep is 200 pl. The interaction buffer is 50 mM Tris,
150 mM NaCl, 10% glycerol, 0.2% NP-40, 50 uM ZnSQO4, 2 mM DTT, pH 7.5.
The proteins were then incubated 1 h at 37 C or RT as indicated in the figure
legends. Then 5 yl of GSH agarose (Thermo Scientific) was added in 20 pl of
the interaction buffer and samples were further incubated 1 h at RT in rotation.
Thereafter, the samples were washed four times with 250 ul of ice cold interac-
tion buffer. The overall washing time was extended at least to 1 h in order to
reduce the background. Finally the samples were spun down and the superna-
tant is carefully removed and discarded and the resin was suspended in SDS-
PAGE sample buffer and analyzed by Western blot. The antibodies used for
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the detection are B56ca (Santa Cruz sc-136045), B565 Santa Cruz (sc-
271363), B56¢ Santa Cruz (sc-376176), B56y (Santa Cruz sc-46459), PP2Ac
(Cell Signalling #2038S), Anti-V5 (Sigma V8012), Lamin A/C (Santa Cruz sc-
20681), GST (Santa Cruz sc-138).

Size exclusion chromatography

Size exclusion chromatography was carried out using Superdex
5/150 column (GE Healthcare). The flow rate was 0.3 ml/min and the column
was operated at room temperature. The running buffer was 28 mM Tris, 150
mM NaCl, 0.05% NP-40, 1.25% glycerol, 2 mM DTT, pH 7.2). All samples con-
tained 50 pmol of each protein tested. The proteins were first let to form com-
plexes by incubating them in the interaction buffer (50 mM Tris, 150 mM NacCl,
5% glycerol, 0.2% NP-40, 2 mM DTT, pH 7.5) for 1 h at 37 °C. The total vol-
ume was 120 pl. The samples were centrifugated briefly at 11,000 g for 5 min
before loading to the gel filtration column. In each run, 30 pl of the sample was
injected to column. The total volume of the column is 3 ml.

Thermophoresis

The analysis was carried out by Monolith NT.115 instrument and
NT.115 hydrophilic capillaries. For the analysis, GST-CIP2A(1-560) and GST
proteins were labelled with NT-647 dye by using Monolith protein labeling kit
(Red NHS). The instrument was prewarmed at 37 °C before the analysis. Each
sample set was analyzed twice by using red laser with 20% and 40% led pow-
er respectively.

Retroviral expression of full-length CIP2A constructs

A day before infection, 30,000 NIH3T3 cells were plated in each well
of a 6-well plate. Next day, the 48 h virus preparation was warmed to 37 °C
and mixed with polybrene to final concentration of 8 ug/ml. The culture media
was removed and replaced with 3 ml of the virus preparation. On third day, the
media was replaced with 3 ml of 72 h virus preparation treated the same way
as in the previous step. On the next day the cells were trypsinized and 1/8 of
the cells were replated on another 6-well plate. Puromycin selection was start-
ed on the following day with 1 pg/ml of puromycin and continued for 3 days
when all control cells were found dead.
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Analysis of expression of CIP2A WT and mutant proteins from mammali-
an cells

Cells were plated in a 12 well-plate format. Cells were transfected
using Lipofectamine 2000 (Invitrogen by Thermo Fisher Scientific, IL, USA) or
Fugene 6 (Promega) at 3:1, according to the manufacturer's protocol. After
about 24h, the growth media was removed, the cells were rinsed twice in cold
PBS and then scraped in 100 ul PBS, mixed with 100 pl 2 x SDS-PAGE sam-
ple buffer, incubated for 10 min at 95°C and centrifuged at 13,200 rpm for 15
min. The cleared supernatant (8 ul) was resolved by 4-20% SDS-PAGE and
analyzed by Western blot with the following antibodies: V5 (as above, used at
1:2,000, with secondary anti-mouse at 1:2,000) and 3-Actin (Santa Cruz Bio-
technology, C-4, mMAb, used at 1:5,000, with secondary anti-mouse at
1:5,000). For quantification, for each sample, the signal from the V5 was first
normalized against 3-Actin. Next, the value for WT CIP2A(1-905) was set as 1
and the value for the CIP2A mutant was adjusted accordingly.

For RT-PCR, the cells were plated in a 6 well-plate format. RNA ex-
traction was done with NucleoSpin RNA kit (Macherey-Nagel). Reverse tran-
scription of the RNA extracts was performed using RNase inhibitor rRNAsin
(Promega, WI, USA) and M-MuLV RNase H- reverse transcriptase
(Finnzymes, ThermoFisher Scientific MA, USA). RT-gPCR for CIP2A mRNA
was performed on Applied Biosystems 7900HT Fast Sequence Detection Sys-
tem using TagMan Universal Master Mix Il, no UNG (Applied Biosystems, CA,
USA), Universal ProbeLibrary probe #69 (Roche Applied Science), and follow-
ing primer sequences: GAACAGATAAGAAAAGAGTTGAGCATT (SEQ ID
NO:4) and CGACCTTCTAATTGTGCCTTTT (SEQ ID NO:5).

Analysis of c-MYC protein expression in 22RV1 cells transiently express-
ing CIP2A WT or L533E mutant

22RV1 cells were plated in a 12 well-plate format. Cells were trans-
fected using Lipofectamine 3000 (Invitrogen by Thermo Fisher Scientific) or
Fugene 6 (Promega) at 3:1, according to the manufacturer’s protocol. For
transfection, cells were placed in Optimem, which was removed about 6-7
hours after transfection. About 24h post-transfection, the cells were lysed as
above. In this case, they were mixed with 20 yl 6 x SDS-PAGE sample buffer
and 12 pl was resolved by 4-20% SDS-PAGE and analyzed by Western blot
with the following antibodies: CIP2A (Santa Cruz Biotechnology, 2G10-3B5,
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mMAD, used at 1:1,000), B-Actin (as above), with secondary anti-mouse at
1:5,000, and ¢c-MYC (abcam, Y69, polyclonal Rabbit Ab), with secondary anti-
rabbit at 1:2,000. For quantification, for each sample, the signal from the c-
MYC was first normalized against B-Actin. Next, the value for pcDNA3.1 vector
control was set as 1 and the values for the CIP2A variants were adjusted ac-
cordingly. Data was plotted with GraphPad Prism6 showing mean + S.E.M.
from four experiments.

SiRNA and transient transfection experiments

For B56 siRNA experiment the cells were transfected in with Oligo-
fectamine (Life technologies) using manufacturer’s protocol scaled by a factor
of 7.5 for 10cm plates. Following siRNA sequences with symmetrical over-
hangs were used for B56a knockdown: B56a-1:UAC CCA UCU GUU ACC
ACU CdTdG (SEQ ID NO:2), B56a-2: AAG UGU ACG GAA GAU GUU AdGdC
(SEQ ID NO:3). After 72h transfection the cells were scraped in ice cold PBS
and snap frozen. Samples were split for western blotting and RNA extraction
by NucleoSpin RNA II kit (Macherey-Nagel). Reverse transcription of the RNA
extracts was performed using RNase inhibitor rRNAsin (Promega) and M-
MuLV RNase H- reverse transcriptase (Finnzymes, ThermoFisher). RT-gPCR
for CIP2A mRNA was performed on Applied Biosystems 7900HT Fast Se-
quence Detection System using TagMan Universal Master Mix I, no UNG
(Applied Biosystems), Universal ProbelLibrary probe #69 (Roche Applied
Science), and following primer sequences: GAACAGATAAGAAAAGAGTT-
GAGCATT (SEQ ID NO:4) and CGACCTTCTAATTGTGCCTTTT (SEQ ID
NO:5).

To assess stability and functional effects of the 3A mutant of CIP2A,
Hela cells were transfected by using Fugene HD either with empty pCDNAS3.1
vector, wild type V5-CIP2A WT or 3A mutant vector and cells were harvested
on SDS buffer 2-3 days after transfection. Western blot analysis was per-
formed with following antiboides: V5 (mouse monoclonal, R960-25; Invitrogen),
GAPDH (mouse monoclonal, 5G4-6C5; Hytest).

Preparation of mammalian and retroviral expression plasmids

Full-length CIP2A was cloned in pcDNA3.1/V5-His TOPO vector.
The reverse primer used to amplify CIP2A sequence was designed to be in
frame with the vector, so it did not contain stop codon, or any additional se-
guence at the 5 end. The forward primer carried also an EcoRI site at the 5
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end. This allowed CIP2A sequence together with C-terminal tags to be cut out
from the vector as an EcoRI-Pmel fragment. This fragment was recloned into
the pBabe vector at for retroviral expression. The restriction sites used were
EcoRI and Sall. To make the latter site compatible with Pmel site ligation it
was filled with T4 polymerase in order to produce blunt end. Mutagenesis was
done by Genscript or by using QuickChange Il XL Site-Directed Mutagenesis
Kit (Agilent Technologies, TX, USA). As a PCR template, pGEX4T2/ CIP2A(1-
560) and pcDNA3.1/ CIP2A(1-905) V5 were used. All constructs were verified
by DNA sequencing (Finnish Microarray and Sequencing Centre, Centre for
Biotechnology Turku).

Preparation of retroviruses

Retroviruses were produced from the pBabe constructs by using
Phoenix ecotropic packing cells. The cells were cultured in DMEM medium
containing 10% FBS, 1% Pen-Strep, 1% Glutamine and 1% non-essential
amino acids. On first day 1 million cells were plated on 10 cm plate. Plasmid
transfection was done on the next day using 24 ug of plasmid and 72 pl of
Fugene HD transfection reagent (Promega) according to the protocol of the
Fugene HD. On day 3, 4 ml of fresh media was added. On day 4, the media
was collected and replaced with fresh media. The 48 h virus preparation was
filtered using 0.45 uM filters, aliquoted and stored at -80°C. On day 5the 72 h
virus preparation was harvested as above.

EXAMPLE 4

Verification of CIP2A dimerization

CIP2A dimerization observed by crystallization was confirmed inde-
pendently by a yeast-two-hybrid (Y2H) analysis with full-length CIP2A (Fig.
2A). As CIP2A is expressed at a very low level in most normal tissues but is
overexpressed in breast cancer, we used a mixed cDNA library from several
breast cancer cell lines (T47D, MDA-MB-468, MCF7, BT20). An analysis of
overlapping clones that interacted with full-length CIP2A revealed that CIP2A
homodimerization is mediated by a region encompassing amino acids 338-558
(Fig. 2A; SID), which is fully consistent with the structure of the CIP2A ho-
modimer (Fig. 1A). To further confirm CIP2A homodimerization, we used
thrombin cleavage to remove the GST tag from GST-CIP2A(1-560) and used
this as prey in a GST pull-down experiment with the parental GST-CIP2A(1-
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560) protein. CIP2A(1-560) did not significantly associate with GST alone,
whereas a robust interaction was observed between the two CIP2A fragments
(Fig. 2B and S4A). Next, a gel filtration analysis was performed to confirm
these findings. GST-CIP2A(1-560) has an expected monomer molecular
weight of 90 kDa. However, the protein mostly eluted in fraction 3, and based
on gel filtration column calibration, fraction 3 contains proteins that are approx-
imately 160 kDa (Fig. 2C). To exclude the possibility that high molecular weight
complex formation was due to dimerization via the GST moieties, CIP2A di-
merization was further confirmed by SEC analysis of untagged CIP2A(1-560)
(Fig. 10B). Finally, MicroScale Thermophoresis (MST) analysis revealed that
CIP2A homodimerizes with an approximate affinity (Kd) 290 nM (Fig. 2D).

Together with the structural analysis (Fig. 1), these results reveal a
previously unappreciated homodimerization of full-length CIP2A (Fig. 2A) me-
diated by the last three helices of CIP2A(1-560), which form a planar interac-
tion motif.

EXAMPLE 5

Direct interaction between CIP2A and B56

In addition to CIP2A, B subunit B56y (PPP2R5C) was one of the di-
rect interaction partners that were identified by Y2H to bind to full-length CIP2A
(Fig. 2A). This is very interesting, as B56y has been shown to be one of the
most important tumor suppressor B subunits. To verify these exciting results,
the CIP2A(1-560) was demonstrated to interact directly with BS6y in a GST
pull-down experiment (Fig. 3A). Interestingly, when other members of the B56
family were tested, CIP2A was found to also interact with B56a and very prom-
inently with B565 but not with B56¢ (Fig. 3A). The selectivity among B56 family
members was verified by MST analysis, allowing the determination of approx-
imate Kd values for these interactions (Fig. 3B).

In addition to B56y B56a functions as a tumor suppressor by direct-
ing the PP2A complex to MYC. As CIP2A has been verified in several inde-
pendent studies to inhibit PP2A-mediated MYC dephosphorylation, we used
B56a. as the representative member of the B56 family in all subsequent inter-
action analysis. To confirm that B56 proteins interact with the CIP2A dimer, we
pre-incubated recombinant GST or GST-CIP2A with B56a and analyzed the
gel filtration elution patterns of both B56a. and CIP2A by western blotting. In
the presence of GST alone, B56a eluted in fractions 4 and 5, whereas in the
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presence of GST-CIP2A, there was a clear shift toward higher molecular
weight complexes containing the CIP2A dimer (Fig. 3C).

EXAMPLE 6

Analysis of the B56 and PP2Ac interaction regions of CIP2A

Next we characterized the regions on CIP2A that mediate its direct
interactions with BS6a and B56y. The CIP2A(1-560) fragment showed stronger
binding to CIP2A than the N-terminal fragment CIP2A(1-330). Based on an
analysis of several additional N-terminal CIP2A deletion constructs, the mini-
mal region that mediates the B56a interaction is located between amino acids
159 to 245 (Fig. 4A), which covers the last (fifth) armadillo repeat in the “tip”
domain and the first (sixth) repeat in the “stem” domain (Fig. 1B). Importantly,
this is a very well conserved region in CIP2A(1-560) protein sequence between
different species and forms the most conserved area on CIP2A surface (Fig.
4C), suggesting that B56 binding is a conserved feature in evolution. This is
also supported by the finding that the same region mediates interaction be-
tween CIP2A and B56y Fig. 13. Interestingly, unlike for B56, both the CIP2A(1-
330) and (1-560) fragments showed equal binding to PP2Ac, and the interac-
tion between CIP2A and PP2Ac appears to be mainly mediated by the third
armadillo repeat between amino acids 85 and 128 (Fig. 4B).

Next we modeled the above identified minimal binding regions to
CIP2A structure, taking also into account the charge distribution and assuming
that the binding on CIP2A may occur at positively charged areas since both
B56 and PP2Ac surfaces are largely negatively charged. Strikingly, the "inside"
surfaces of CIP2A(1-560) dimer are highly negatively charged (Fig. 14), indi-
cating that B56 and PP2Ac may bind to positively charged outer surface of
CIP2A molecules. Since B56 binding to CIP2A might cause a slight steric hin-
drance for simultaneous PP2Ac binding, we speculate that B56 and PP2Ac
could bind to two neighboring outer surface areas of CIP2A which are both
positively charged (Fig. 14). Our efforts to confirm this assumption by crystalli-
zation of the CIP2A-B56 and CIP2A-PP2Ac complexes have not been suc-
cessful so far.

Together these results show that whereas PP2Ac interaction is me-
diated by N-terminal armadillo domain, maximal binding of B56 seem to in-
volve multiple regions. Moreover, as the region between residues 330 and 560
strongly contributes to both B56 binding (Fig. 4A), and mediates CIP2A dimeri-
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zation (Fig. 1A and 2A), this suggests that CIP2A dimerization may be relevant
for binding to B56 to a CIP2A dimer.

EXAMPLE 7

Mutational analysis of the CIP2A(1-560) dimerization interface

The dimerization subdomain is formed by the last three helices of
CIP2A(1-560) (Fig. 5A). The last two helices and the loop link to the previous
helix to form a relatively flat and highly hydrophobic surface, mediating the
homodimerization of CIP2A(1-560) (Fig. 5A and Fig. 15A). Formation of this
homodimer interface buries an accessible surface area of 1913 A% which is
typical for specific protein-protein interactions. The two C-terminal ends of the
CIP2A(1-560) homodimer are spatially very close to each other, and both point
to the “top” side of the twisted double hook (Fig. 5A and 15A). The key resi-
dues involved in the interaction between CIP2A monomers include V525,
L529, L532, L533, L546 and 1550 (Fig. 5B and 15B), and all these residues,
with the exception of L533, are evolutionarily conserved across different spe-
cies.

To interfere with the CIP2A homodimerization interface, we mutated
three leucines (L529, L532 and L533) to alanines, collectively referred to as
the 3A mutant, and examined the impact on direct binding to B56a. These
three residues form a cluster, and modeling of their mutation to alanines indi-
cated local sidechain conformational changes only. Intriguingly, the mutation of
L529 significantly decreased CIP2A(1-560) binding to B56a,; furthermore, the
combination of all three mutations nearly abolished B56¢. binding (Fig. 5C and
D, (CIP2A1-560-3A)). Interestingly, despite the loss of B56 binding affinity, nei-
ther the L529A nor the 3A mutants showed any defect in CIP2A dimerization
capacity, as measured by either GST pull-down assay (Fig. 5E) or MST analy-
sis (Fig. 5F). This indicates that the introduced mutations do not prevent CIP2A
dimerization but may cause sufficient conformational change in CIP2A dimer
so that it disrupts B56a binding. This hypothesis is supported by structure
model of CIP2A-3A dimer indicating for a clear conformational shift as com-
pared to WT dimer (Fig. 16).

In addition to 3A mutants, which caused B56 binding defect without
clear impact on CIP2A dimerization, we identified two soluble single point mu-
tants, R522D and L533E, that repeatedly demonstrated significantly impaired
dimerization across six independent assays (Fig. 6A and C). L533 is directly
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involved in the interaction surface between CIP2A monomers. Its substitution
by a bulky negatively charged amino acid is therefore likely to destabilize the
dimerization interface. On the other hand, mutation of another conserved resi-
due, arginine 522, to a negatively charged aspartate can be predicted to inter-
fere with dimerization by steric and/or electrostatic clashes with the proximal
residues such as E523, which also is a strictly conserved residue throughout
evolution. Notably, the mode of interference in dimerization by these mutants
was reflected with their potency on reducing pulled-down parental CIP2A(1-
560)-V5 protein; L533E inhibited dimerization by up to 70%, whereas R552D
being not directly involved in interaction surface caused approximately 50%
inhibition (Fig. 6A and C).

In order to directly test the impact of CIP2A dimerization on B56
binding, the CIP2A(1-560) dimerization compromised mutant L533E was com-
pared with wild-type CIP2A(1-560) for B56a binding by GST pull-down assay.
In line with our hypothesis, L533E mutant showed significantly reduced binding
to B56a (Fig. 6B and C). Although this data do suggest that CIP2A dimeriza-
tion may enhance CIP2A binding to B56a, we wanted to further test whether
the “weaker” dimerization mutant R522D would also show impaired B56 bind-
ing, and whether degree of inhibition of dimerization, and B56 binding would
show any correlation between the two mutants. Indeed, also R522D did show
weaker binding to B56a than wild-type CIP2A (Fig. 6B and C). Importantly
quantification of four independent experiments demonstrated that significantly
lowered capacity of dimerization mutants to bind to B56a. correlated with their
reduced capacity to dimerize (Fig. 6B and C). To estimate the contribution of
dimerization to maximal B56a binding capacity of CIP2A, we calculated the
ratio between observed effects on both dimerization, and B56a binding. Nota-
bly, both mutants showed comparable approximately 50% contribution of di-
merization to B56a binding in our assay conditions (Fig. 6D). This supports the
conclusion that B56a binding defect observed with these mutants is caused by
similar mechanism, i.e. inhibition of dimerization.

EXAMPLE 8

A CIP2A dimerization interface mutant is degraded in cells and loses its
oncogenic activity

To assess the functional impact of the loss of B56 binding via CIP2A
dimerization interface mutations, we created full-length CIP2A mammalian ex-
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pression vectors coding for either wild-type or the 3A mutated protein. It has
been demonstrated that CIP2A overexpression promotes the proliferation and
RAS-driven malignant transformation of NIH-3T3 cells. Therefore, these oth-
erwise CIP2A-negative cells were infected with retroviral CIP2A WT or 3A con-
structs or with the pBabe control vector. As shown in Fig. 7A, RT-PCR re-
vealed that both the CIP2A WT and 3A constructs produced equal amounts of
the transcript. However, repeated experiments showed dramatically lower pro-
tein expression levels in the 3A mutant compared to the WT protein, as meas-
ured using a V5 epitope-specific antibody (Fig. 7B). To assure that the differ-
ence in recombinant protein expression by either WT- or 3A-encoding cDNAs
was not a clonal effect or specific to untransformed NIH-3T3 cells, human
Hela cells were transiently transfected with mammalian expression constructs,
and the expression of recombinant CIP2A proteins was assayed at 72 h after
transfection. As observed in NIH-3T3 cells, the 3A mutant displayed very low
protein expression in HelLa cells (Fig. 7C), even though the WT and 3A
transgenes were quantitatively expressed at the same level (Fig. 17).

Results above indicate that CIP2A binding to B56a may not only
disrupt functional PP2A complex but also autoregulate CIP2A protein expres-
sion. To test this interesting hypothesis, B56a expression was inhibited in
HelLa cells by two independent siRNAs, and both CIP2A protein and mRNA
expression was studied after 72 h. Although B56a depletion did induce robust
inhibition of endogenous CIP2A protein expression (Fig. 7D), neither of the
B56a siRNAs had a significant impact on CIP2A mRNA expression (Fig. 7E).

The low expression of the CIP2A-3A mutant protein resembles the
situation in which CIP2A expression is inhibited in cancer cells by RNAI, genet-
ic deletion, or by various chemicals which has been demonstrated in numerous
studies to inhibit cell survival and malignant growth. NIH-3T3 cells do not en-
dogenously express CIP2A, making them a very suitable model to test whether
the CIP2A-3A mutant has lost its potential to drive cell survival. Indeed, when
the cell densities of NIH-3T3 cells stably transduced with either WT CIP2A or
the CIP2A-3A mutant were compared at day 5 after seeding the cells at low
confluence, there were clearly fewer cells in the CIP2A-3A mutant plates (Fig.
7F). To directly compare the capacity of WT CIP2A or the CIP2A-3A mutant to
support cell viability, we examined the effects of serum starvation of stably
transduced NIH-3T3 clones on CIP2A protein expression, cell viability, and
apoptosis induction. Serum starvation for 48 h inhibited expression of both WT
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and 3A mutant protein, though the lower expression of the 3A mutant under
these conditions correlated with a significantly decreased capacity of the mu-
tant to support cell viability in the first 24 h (Fig. 7G and H), after which ATP-
dependent oxygen consumption in both clones fell below the detection limit.
However, the lower expression of the 3A mutant at 72 h of serum starvation
manifested in significantly increased levels of apoptosis induction, as meas-
ured by an indirect caspase 3 activity assay (Fig. 71).

EXAMPLE 9

Functional analysis of CIP2A dimerization disrupting mutations

To assess the functional impact of CIP2A mutations L533E and
R522D, that disrupt CIP2A dimerization, we created CIP2A(1-905) mammalian
expression vectors coding for either WT or L533E and R522D mutated V5-
CIP2A fusion protein. Similarly to CIP2A-3A mutants, both the L533E and
R522D mutant full-length CIP2A showed up to 50% lower protein levels as
compared to the WT protein in HEK-293 cells (Fig. 8A and B). Importantly inhi-
bition of protein expression of mutants was not due to difference in levels of
expression of CIP2A mRNA from transiently transfected cDNA constructs (Fig.
8C). Importantly, the effects of L633E mutant on CIP2A protein expression was
validated in another cell line (22RV1) with low endogenous CIP2A levels (Fig.
8D). Furthermore, L533E mutant showed significantly lower capacity to support
expression of well-established CIP2A and B56a target MYC, as compared to
WT CIP2A (Fig. 8D, 8E).

Together these results establish relevance for CIP2A dimerization
and B56a binding discovered in this study. As functional consequences of
CIP2A-mediated PP2A inhibition on malignant cell growth and tumorigenesis
are very well established on numerous recent studies (Junttila et al., 2007,
Khanna et al., 2013, Laine et al., 2013), it is conceivable that targeting of
CIP2A regions that contribute to both CIP2A dimerization, and B56 binding
could constitute a first structure-based strategy for therapeutic CIP2A inhibi-
tion.

EXAMPLE 10

Discussion

Inhibition of PP2A tumor suppressor activity is a prerequisite for
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human cell transformation and mediates cancer drug resistance. Thus, under-
standing the molecular mechanisms by which PP2A function is inhibited is of
crucial importance to cancer biology. Except for the relatively infrequent genet-
ic and epigenetic inhibition of PP2A B subunits, most of the oncogenic mecha-
nisms for inhibiting PP2A activity identified thus far affect the catalytic activity
of PP2Ac. Indeed, this is the mechanism of various natural PP2A inhibitor
compounds, such as okadaic acid, the viral inhibitor protein SV40 small-t, and
two other well-characterized PP2A inhibitor proteins, SET and PME-1. We pre-
sent here evidence for CIP2A binding to B56, resulting in formation of the high
molecular weight CIP2A-B56 complex. Importantly, CIP2A does not bind to all
B56 family PP2A B subunits, and its binding affinity to members of the B56
family can differ greatly. Among the B56 family members that CIP2A can dis-
place from the PP2A trimer are B56oa and B56y which are the two PP2A B
subunits with the most convincing functional evidence of tumor suppressor ac-
tivity. We postulate that the binding affinity differences between different B
subunits creates a hierarchy between PP2A complexes that are subject to
CIP2A-mediated inhibition, and this may explain why CIP2A only regulates a
fairly restricted number of PP2A target phosphoproteins. These conclusions
are supported by our unpublished phosphopeptide mass spectrometry analysis
of phosphorylation events regulated either by CIP2A, PME-1 or SET. In this
dataset, CIP2A regulates a characteristic combination of phosphorylation sites
that is more limited than PME-1 or SET phosphoproteomes. The lack of gen-
eral inhibition of PP2A activity is also supported by the absence of viability de-
fects in a CIP2A-deficient mouse model compared to PME-1-knock-out mod-
els.
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CLAIMS

1. A crystal of CIP2A, the crystal being present on space group P6s
with two CIP2A molecules in one asymmetric unit.

2. The crystal according to claim 1, wherein said space group has
unit cell dimensions of + 5% ofa=b = 153.28 A, c=105.44 A, 0. =B =90°, vy =
120°, 0or+5% ofa=b=154.61 A, c=105.68 A, o. = B =90°, v = 120°.

3. The crystal according to claim 1 or 2, wherein the CIP2A com-
prises an amino acid sequence set forth in SEQ ID NO:1.

4. The crystal according to any preceding claim, wherein the CIP2A
comprises amino acids 1-905 of SEQ ID NO:1, amino acids 1-560 of SEQ ID
NO:1, amino acids 1-245 of SEQ ID NO:1, amino acids 159-245 of SEQ ID
NO:1, amino acids 232-560 of SEQ ID NO:1, amino acids 265-560 of SEQ ID
NO:1, amino acids 293-560 of SEQ ID NO:1, amino acids 331-560 of SEQ ID
NO:1, or amino acids 507-559 of SEQ ID NO:1.

5. The crystal according to any preceding claim, wherein the ho-
modimerization domain of CIP2A comprises one or more mutations, preferably
selected from the group consisting of L529A, L532A, L533A, R522D, and
L533E.

6. A method of identifying a compound that interacts with CIP2A,
comprising the steps of:

a) providing X-ray diffraction data of crystalline CIP2A, capable of
displaying a three-dimensional representation of CIP2A when read by an ap-
propriate machine and processed by a computer program for determining mol-
ecule structures,

b) performing rational drug design or in silico screening of a com-
pound library on the basis of the three-dimensional representation of CIP2A,
and

c) identifying a potential compound that interacts with CIP2A.

7. The method according to claim 6, wherein said drug design is
targeted to a homodimerization domain of CIP2A or an N-terminal PP2A-
binding region of CIP2A.

8. The method according to claim 6 or 7, wherein said interaction of
the potential compound with CIP2A prevents CIP2A from interacting with PP2A
proteins.

9. The method according to any one of claims 6 to 8, further com-
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prising the steps of:

d) contacting said potential compound with CIP2A, and

e) determining whether or not said potential compound prevents
CIP2A from binding to PP2A proteins or causes the breakage of CIP2A com-
plex with PP2A proteins.

10. A method of preparing the crystal of CIP2A according to any one
of claims 1 to 4, which comprises the steps of:

a) providing a solution of CIP2A in a suitable buffer, such as 20 mM
Tris-HCI, pH 8.0, 250 mM NaCl and 2 mM dithiothreitol,

b) mixing the solution with a crystallization solution comprising a
precipitating agent, preferably with a crystallization solution comprising 7%
(w/v) polyethylene glycol (PEG 4000), 0.1 M sodium malonate, pH 6.0, and

) incubating the mixture under conditions to promote hanging drop
vapour diffusion for a time sufficient to produce the crystal of CIP2A.

11. Use of the structure of the crystal of CIP2A according to any one
of claims 1 to 4, in modelling a relevant molecule which interferes with the in-
teraction of CIP2A with PP2A proteins.

12. Use of CIP2A and PP2A proteins for performing a high through-
put screen to identify molecules which interfere with the interaction of CIP2A
with PP2A proteins.
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