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ABSTRACT: ATP-binding proteins, including protein kinases, play

ATP and ATP probe competition i} ATP.binding
o e ik
essential roles in many biological and pathological processes and thus "‘W o A oshon e eome

these proteins are attractive as drug targets. Acyl-ATP probes have
been developed as efficient probes for kinase enrichment, and these
probes have also been used to enrich other ATP-binding proteins.
However, a robust method to identify ATP-binding proteins with
systematic elimination of nonspecific binding proteins has yet to be
established. Here, we describe an ATP competition assay that
permitted establishment of a rigorous ATP-binding protein list with
virtual elimination of nonspecific proteins. A total of 539 ATP-binding
protein candidates were identified, including 178 novel candidates. In
informatics analysis, ribosomal proteins were overrepresented in the
list of novel candidates. We also found multiple ATP-competitive sites
for several kinases, including epidermal growth factor receptor,
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serine/threonine-protein kinase PRP4 homologue, cyclin-dependent kinase 12, eukaryotic elongation factor 2 kinase, ribosomal
protein S6 kinase alpha-1, and SRSF protein kinase 1. Using our cataloged ATP-binding protein list, a selectivity profiling method
that covers the kinome and ATPome was established to identify off-target binding sites of ATP-competitive kinase inhibitors,

staurosporine and crizotinib.

KEYWORDS: Chemical proteomics, ATP-binding proteins, ATP-competitive kinase inhibitor

& INTRODUCTION

Adenosine triphosphate (ATP) is an abundant nucleoside
triphosphate that is often referred to as the “molecular unit of
currency” of intracellular energy transfer.' ATP binds to
numerous proteins that play pivotal roles in most cellular
processes, including metabolism, synthesis, active transport, cell
signaling, and maintenance of cell structure. The phosphate-
binding loop (P-loop) is a particular motif found in ATP- and
guanosine triphosphate (GTP)-binding proteins.” The P-loop
was originally identified as a conserved motif in the a- and f-
subunits of ATP synthases, myosin, and kinases ;2* however, this
motif is not found in all ATP-binding proteins.

There are almost 1500 proteins that are assigned as ATP-
binding proteins in the UniProt database; however, the whole
picture of the ATP-binding proteome (ATPome) is still unclear.
Aﬂimty chromatography using ATP- lmmoblhzed sepharose
beads® or kinase inhibitor-immobilized beads * have often been
used to identify ATP-binding proteins. Recently, biotin-
conjugated acyl-ATP probes have also been developed for
large-scale identification of ATP-binding proteins.® Using biotin-
conjugated acyl-ATP probes, lysine residues of target proteins
can be covalently labeled by the probe, thus allowing enrichment
of labeled proteins or peptides using streptavidin beads. This
superior probe design allows reduced sample complexity and
increases the sensitivity. Furthermore, ATP-binding sites or
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regions can be identified from mass spectrometry-based
identification of labeled peptides. This information is particularly
valuable because ATP-binding sites are key residues modulating
enzyme actlvxty

This kind of probe has been used for kinome analysis’ and
analysis of other ATP-binding proteins.”*® In mammalian cells,
551 proteins were identified in HeLa-S3 cells using a
desthiobiotin-conjugated ATP-affinity probe.** Also, 122 ATP-
binding proteins in Mycobacterium tuberculosis and 242 Tabeled
sites in Arabidopsis thaliana were identified using similar
probes.®™ These large-scale studies suggest that enrichment
based on biotin-streptavidin affinity will enable sensitive and
large-scale identification of the ATPome.

Despite this progress, the acyl-ATP probe has the disadvantage
of reacting nonspecifically with lysine residues that are not in
ATP-binding sites. It was reported that only 11% of all identified
pepndes were considered to belong to the possible ATP-binding
proteins.® These data suggest that nonspecific labeling is more
dominant than specific labeling. In kinome analysis, this
disadvantage of an acyl-ATP probe is not a major problem
because conserved lysine targets near the ATP-binding site are
known;”® thus, it is possible to distinguish nonspecific from
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specific labeled peptides using the amino acid sequences of
identified peptides. However, for other ATP-binding proteins, it
is difficult to predict ATP-binding sites or regions because the P-
loop motif is not conserved in all proteins. For this reason, a
systematic and robust method is required that allows
identification and quantification of ATP-binding proteins and
residues on a global proteome scale with minimum contam-
ination by nonspecific binding proteins. Moreover, development
of novel methodology for ATPome analysis will contribute to
decoding of ATP—protein interactions and understanding of the
regulatory mechanisms of ATP-dependent protein functions,
both of which are crucial in the design of ATP-competitive
inhibitors for drug discovery.

An acyl-ATP probe has also been used for identification of off-
target proteins of ATP-competitive kinase inhibitors, using
competitive binding studies.”™”® Although various methods have
been developed for selectivity profiling of kinase inhibitors,
including the acyl-ATP probe, most of these methods are limited
to kinase targets.”™ However, kinase inhibitors can also inhibit
other proteins.*'® Thus, a selectivity profiling method for ATP-
competitive inhibitors that covers kinases and other ATP-
binding proteins will give more off-target information and
contribute to understanding the molecular mechanism of action
of kinase inhibitors.

In this study, we developed a straightforward and robust
strategy using ATP and ATP probe competition to distinguish
ATP-binding proteins from nonspecific labeled proteins using
quantitative proteomic analysis. Our ATPome analysis enabled
systematic elimination of nonspecific labeled proteins and
establishment of a rigorous ATPome list. Using this list, we
proved our concept of expanding targets from the kinome to the
ATPome for selectivity profiling of ATP-competitive kinase
inhibitors.

B EXPERIMENTAL DETAILS

Materials
An ActivX desthiobiotin-ATP probe, Halt protease/phosphatase

inhibitor cocktail, Zeba spin desalting column (7K MWCO), and

high-capacity-binding streptavidin agarose were obtained from
Thermo Scientific (Rockford, IL). Modified trypsin, complete
protease inhibitor cocktail, and PhosSTOP phosphatase
inhibitor cocktail were purchased from Roche Applied Science
(Mannheim, Germany). Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum (FBS), dialyzed FBS, penicillin,
and streptomycin were from Life Technologies (Carlsbad, CA).
(S)-Crizotinib was obtained from APEXbio (Houston, TX).
13C¢,"N,-L-arginine hydrochloride and *Cg,"*N,-1-lysine hydro-
chloride were purchased from Cambridge Isotope Laboratories
(Tewksbury, MA). Unless otherwise noted, all other chemicals
were obtained from Wako (Osaka, Japan).

Cell Culture and Lysis

HeLa-S3 cells for label-free experiments were grown in DMEM
with 10% fetal bovine serum plus antibiotics in 10% CO, at 37
°C. HeLa-S3 cells for SILAC experiments were cultured in
DMEM as described by Ong et al'' Briefly, DMEM was
supplemented with 10% dialyzed fetal bovine serum and either
28.0 mg/L normal isotopic abundance arginine and 48.7 mg/L
normal isotopic abundance lysine (light) or 28.0 mg/L arginine
with six *C and four '*N atoms and 48.7 mg/L Iysine with six *C
and two N atoms (heavy). The efficiency of labeling was
estimated to be 99.5% for lysine and 98.5% for arginine after five
passages, and labeled cells were used for spike-in SILAC
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experiments. Approximately S X 10° cells were centrifuged,
washed with cold phosphate-buffered saline (PBS), and lysed
with S mL of ice-cold lysis buffer (25 mM Tris, pH 7.5, 150 mM
NaCl, 1% CHAPS, 1% Nonidet P-40, protease inhibitor cocktail,
and phosphatase inhibitor cocktail). The lysate was aliquoted,
snap-frozen in liquid nitrogen, and stored at —80 °C.

ATP Probe Labeling, in-Solution Digestion, and Affinity
Purification

Cell lysate was centrifuged at 16 000g at 4 °C for 5 min, and the
resulting supernatant was collected and subjected to gel filtration
using a Zeba spin column (Pierce) to remove free endogenous
ATP, ADP, and small molecules. Halt protease/phosphatase
inhibitor cocktail was then added to the sample. Protein
concentrations were determined by DC protein assay (Bio-
Rad, Hercules, CA), and the cell lysate was diluted with reaction
buffer (20 mM Hepes, pH 7.5, 150 mM NaCl, 0.1% Triton X-
100) to a final protein concentration of 4 mg/mL. MnCl, was
added to 250 uL of lysate (1 mg of protein) at a final
concentration of 20 mM. The labeling reaction in the ATP-
competition assay was carried out at a final concentration of $
UM ATP probe at room temperature with gentle shaking for 10
min, following preincubation with ATP for 10 min. After the
reaction, the sample was denatured by S M urea, reduced with
DTT (S mM final concentration), and alkylated with
iodoacetamide (20 mM final concentration). The labeling
reaction in the kinase inhibitor experiment was performed
similarly, with minor modifications. Kinase inhibitors were
preincubated for 10 min with SILAC-labeled light Iysate (1 mg of
protein), whereas SILAC-labeled heavy Iysate (1 mg of protein)
was not treated with kinase inhibitors. Concentrations of kinase
inhibitors were determined to cover IC, values from previous
studies.” After denaturation with urea, heavy Iysate was spiked
into an equal amount of light lysate. After the alkylation step, the
solution was substituted by digestion buffer by gel filtration
followed by digestion at 37 °C overnight with sequencing-grade
trypsin at an enzyme/substrate ratio of 1:100. Immobilized
streptavidin agarose resin was used to capture the labeled
peptides. Prior to binding, 50 yL of slurry was washed three times
with 500 uL of elution buffer (50% acetonitrile, 0.1% TEA) and
three times with 500 pL of digestion buffer. After addition to the
digested peptide solution, the mixture was incubated at room
temperature for 1 h with gentle rotation. To remove the unbound
peptides, agarose resin was extensively washed with 2 mL of
washing buffer (25 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM
EDTA, 1% Nonidet P-40, and 5% glycerol), 2 mL of PBS, and 2
mL of pure H,O. After washing, labeled peptides were eluted
with 150 uL of elution buffer (50% ACN, 0.1% TFA) twice and
dried in a SpeedVac. Peptides were dissolved in 50 L of 2 M urea
and 1% TFA and desalted using StageTips.'> Each experiment
was performed in triplicate or quadruplicate.

LC—MS/MS Analysis

StageTip-purified peptides were eluted in a final volume of 10 yL.
Liquid chromatography was performed with an UltiMate 3000
Nano LC system (Thermo Scientific) and a HTC-PAL
autosampler (CTC Analytics, Zwingen, Switzerland). Peptides
were separated on a fused silica column (300 mm length X 75 ym
id.) packed in-house with reverse-phase material ReproSil-Pur
C18-AQ, 1.9 pum resin (Dr. Maisch, Ammerbuch-Entringen,
Germany) at 60 °C. The mobile phases consisted of buffer A
(0.1% formic acid and 2% acetonitrile) and B (0.1% formic acid
and 90% acetonitrile). Samples were dissolved in 1% TFA and
2% acetonitrile and loaded onto a trap column (0.075 X 20 mm,
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Acclaim PepMap RSLC Nano-Trap Column; Thermo Scien-
tific). The nanoLC gradient was delivered at 280 nl./min and
consisted of a linear gradient of buffer B developed from 5 to 30%
B in 85 min. The Q Exactive instrument was operated in data-
dependent mode. Survey full-scan MS spectra (m/z 350—1800)
were acquired in the Orbitrap with a resolution of 70 000 after
accumulation of ions to a 3 X 10° target value. Dynamic exclusion
was set to 20 s. The 12 most intense multiply charged ions (z >
2) were sequentially accumulated to a 2 X 10° target value and
fragmented in the octopole collision cell by higher-energy
collisional dissociation (HCD) with a maximum injection time of
120 ms and a resolution of 35 000. Typical mass spectrometric
conditions were as follows: spray voltage, 2 kV; no sheath and
auxiliary gas flow; heated capillary temperature, 250 °C;
normalized HCD collision energy, 25%. The MS/MS ion
selection threshold was set to 5 X 10* counts. A 3.0 Da isolation
width was chosen.

Analysis of Proteomic Data

Raw data were processed by MaxQuant 1.3.0.5 supported by the
Andromeda search engine for peptide identification."”” Max-
Quant was used to score peptides for identification based on a
search with an initial allowed mass deviation of the precursor ion
of up to 7 ppm. The allowed fragment mass deviation was 20
ppm. Search of MS/MS spectra against the UniProt human
database (release 2011 11) combined with 262 common
contaminants was performed using the Andromeda search
engine. Enzyme specificity was set as C-terminal to Arg and Lys
with allowed cleavage at proline bonds and a maximum of three
missed cleavages. Carbamidomethylation of cysteine was set as a
fixed modification, and methionine oxidation and desthiobioti-
nylated lysine (+196.1212 Da), as variable modifications.
Peptides and proteins were accepted with a false discovery rate
of <1%, which was estimated on the basis of the number of
accepted hits from the reverse database. Feature matching
between raw files was enabled for ATP competition data sets
using a retention time window of 2 min. To extract ATP-
competitive peptides/sites from label-free quantitation data, we
removed peptides that were inhibited by <80% at 10 M ATP.
Peptides with quantitation values that were not reproducible
were also rejected, based on an average of <0.5 for three
correlation coefficients of intensity values in triplicate experi-
ments (correlation coefficients of experiments 1 and 2,2 and 3, 3
and 1); 89.6% of peptides were rejected by this filter. MS spectra
for all ATP-competitive peptides were checked for missed
assignments by matching between raw files, and 946 peptides
(4.3% of all peptides) passed all criteria and were recognized as
ATP-competitive peptides. In the kinase inhibitor experiment,
spike-in SILAC quantitation was used instead of label-free
quantitation. Peptides inhibited by >50% at 10 M staurosporine
were accepted. MS spectra for all target peptides were checked
manually. A list of identified proteins and peptides is given in
Supporting Information Table S1.

RESULTS AND DISCUSSION
Rigorous ATP-Binding Proteome {ATPome) Analysis

Chemical proteomic analysis is an important approach for large-
scale ATPome analysis.”>® However, nonspecific chemical
labeling is unavoidable because the acyl phosphate group of
the probe can react with lysine residues that are not located near
the ATP-binding site in addition to conserved lysine residues in
the ATP-binding site. In previous reportS,Sb’c all proteins labeled
by an ATP probe were recognized as ATP-binding proteins. This
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is because experiments were not designed to distinguish specific
proteins from nonspecific proteins. In a report considering
nonspecific binding of an acyl ATP probe, low (10 4M) and high
(100 M) concentrations of the probe were used in the labeling
step to distinguish specific from nonspecific labeling.** This
strategy is based on the hypothesis that specific labeling reactions
are more likely to occur at low concentration, relative to
nonspecific labeling, and this strategy was shown to be applicable
for some ATP-binding proteins.** However, it may be difficult to
identify the entire ATPome using this strategy because apparent
dissociation constants of ATP with kinases were reported to vary
by more than 3 orders of magnitude.”

To address this problem, we used a simple strategy of ATP and
ATP probe competition to distinguish specific and nonspecific
labeling (Figure 1). Six concentrations of ATP (final
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Figure 1. Schematic of the ATP and ATP probe competition assay to
identify ATP-binding proteins.

concentrations: 0 nM, 100 nM, 1 uM, 10 M, 100 uM, and 1
mM) were added to cell lysates following a desalting step to
remove endogenous ATP. Then, the ATP probe was added to
each cell lysate to label lysine residues under competition with
ATP. Lysine residues were categorized on the basis of dose-
dependent inhibition profiles showing specific and nonspecific
labeling.

Mass spectrometry (MS) properties also affect peptide
sequence detection, and it has been shown that high-resolution
MS and MS/MS are suitable for modified peptide identifica-
tion."* In previous studies, low—low (low-resolution MS and
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Table 1. Identified, Quantified, and ATP-Competitive Peptides in Each Kinase Family

; identified ‘ ‘ quantified ’ .. ATP competitive
- total VAR HRD  othes. = VAIK  HRD others  VAIK  HRD  others
AGC 156 23 27 106 20 19 2 16 13 %
atypical 179 6 1 172 3 0 98 2 0 15
CAMK 80 20 21 39 17 17 19 11 11 7
cxi 2 0 8 14 0 8 1 0 6 s
MGC 140 20 38 82 17 33 ) 11 21 21
other 103 15 30 58 10 27 30 6 19 9
STE 169 20 23 116 25 19 st 12 6 23
TK 84 2 0 82 17 0 36 12 0 25
TKL 3 7 9 16 6 s 6 s 3 1
total 965 143 157 665 115 128 345 75 79 132

MS/MS) and high—low (high-resolution MS and low-resolution
MS/MS) strategies have been used for identification of ATP
probe-labeled peptides.”>>®% In this study, we used a high—high
strategy (high-resolution MS and MS/MS)™ for accurate site
identification of target lysine residues to create a rigorous
ATPome list. A total of 22 236 labeled peptides were identified
with FDR <1%, and 794 peptides showed ATP-competitive
profiles in triplicate experiments. At the protein level, 539 protein
groups were identified as ATP-binding protein candidates,
including 178 candidates that are not assigned as ATP-binding
protein in the UniProt database. On the basis of large-scale
proteome data for HeLa cells,' 7781 proteins were identified in
total, and 868 were ATP-binding proteins. Thus, of the 1479
assigned ATP-binding proteins in the UniProt database, 58.7%
(868/1479) were identified in HeLa cells. Nonidentified proteins
might have low abundancy, may not be expressed in the cells, or
may have amino acid sequences that are not suitable for MS
detection. Therefore, the 868 identified ATP-binding proteins
are considered to be MS-detectable ATP-binding proteins in
HelLa cells using state-of-the-art MS technology.

Of the 539 ATP-binding protein candidates identified in our
study, 495 were included in the large-scale HeLa proteome data.
Thus, if we assume that 868 ATP-binding proteins in the
database are MS-detectable ATP-binding proteins in HeLa and
HelLa-S3 cells, then the sensitivity of our ATP competition assay
is 57.0% (495/868). This value is only a rough estimate because
it does not include differences between the previous and current
studies, including modification of peptides (unmodified vs
labeled peptides), cell lines (HeLa vs HeLa-S3), and instruments.
Sensitivity can be calculated more precisely with greater
accumulation of ATPome data. It is also difficult to discuss the
specificity of our identified ATP-binding protein candidates
because of the lack of a large-scale validation method. However,
361 of these proteins (67.0%) were assigned as ATP-binding
proteins in the UniProt database. We anticipate that the other
178 proteins will eventually be confirmed as ATP-binding
proteins by the scientific community.

Kinases ldentified in ATPome Analysis

All protein kinases have at least one of two reactive lysine
residues in the ATP-binding pocket: one is found in the ATP
binding loop region in the VAIK motif in all protein kinases
except WNK, whereas the other is located two residues to the C-
terminal side of the catalytic asgartic acid in the HRD motif in
most serine/threonine kinases.>® From our data set, 220 kinase
groups were identified. As shown in Table 1, a total of 965
peptides were identified, of which 143 and 157 contained a lysine
residue in the VAIK motif and close to the HRD motif,
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respectively, and 665 (68.9% of all the identified peptides) had a
lysine from another kinase region. Thus, these data show that
most identified peptides were not from the expected regions of
kinases; however, the intensity level of peptides containing the
VAIK or HRD motif was 4.9-fold higher than that of other
peptides on a 50% height cumulative plot (Figure 2). Thus, these
data suggest that the reactivity of the ATP probe with the two
conserved lysine residues is higher than that with other lysine
residues.
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Figure 2. Comparison of peak intensity distributions between peptides
containing conserved lysine residues near the VAIK or HRD motif and
other peptides.

ATP-competitive profiles were found for the expected
peptides containing lysine residues in the ATP-binding pocket
as well as for peptides containing other lysine residues. For
example, nine lysine residues were identified from the kinase
domain of EGFR, and five were quantified (Figure 3). All of the
quantified peptides showed similar dose-dependent competition
profiles. Among these lysines, K745 (IPVAIK(de)ELR) in the
VAIK motif binds to ATP, and K860 and K875 have also been
reported to be ATP-binding sites.** These residues are close to
D855, which is part of the DFG motif assigned as an ATP-
binding site in the UniProt database. The two other sites, K716
and K867, have not previously been recognized as ATP-binding
sites. Multiple ATP-binding sites were also identified on other
proteins, including eight sites on serine/threonine-protein kinase
PRP4 homologue, and four on cyclin-dependent kinase 12,
eukaryotic elongation factor 2 kinase, ribosomal protein S6
kinase alpha-1, and SRSF protein kinase 1. These data suggest
that multiple residues located in ATP-binding pockets and other
regions are involved in ATP-kinase interactions. It will be
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Figure 3. ATP-competitive sites of EGF receptor and their competition
profiles.

important to determine the biological functions of these
interactions, and our site-specific data will permit the generation
of mutated proteins for site-specific functional analysis.

COther Proteins identified in ATPome Analysis

In addition to kinases, 360 protein families/groups were
identified as ATP-binding protein candidates using the ATP
competition assay (Table 2). These included 130 protein
families/groups that were classified into 17 major ATP-binding
protein families. Most were assigned as ATP-binding proteins in
the UniProt database. For example, SO lysine residues (10
protein groups) were identified from the ATP-binding cassette
(ABC) transporter family (Figure 4). Twelve of these lysine
residues were located in ATP-binding regions based on a
database search, 11 showed dose-dependent competition
profiles, and 8 met our stringent criteria to be kept as candidate
sites for ATP binding. The three other sites in the ATP-binding
region did not meet our criteria due to quantitative variability
between experiments (see Experimental Details). This finding
suggests that true negative results are present in the data.
However, we used stringent criteria because we placed a priority
on the confidence of our ATPome list. Four lysine residues
(ABCB6_K836, MRP4_K633, ABCE1_K169, and
ABCE1_K250) with ATP-competitive profiles were also
identified despite these sites not being located in a conserved
ATP-binding region. The biological importance of these lysines
is unknown, but the rigor of our data should provide confidence
in future biological functions identified for these residues.
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Table 2. ATP-Binding Proteins Identified Using an ATP
Competition Approach in This Study

ATP binding proteins UniProt
confirmed by ATP UniProt not
protein family/group competition assigned® assigned"
protein kinase 179 179 0
small molecule 31 31 0
kinases/
phosphotransferases
AAA ATPase family 15 15 0
aminoacyl-tRNA 10 10 0
synthetases
ATP GRASP domain 10 10 0
proteins
HSP90 family 8 8 0
HSP70 family 8 8 0
ABC Transporters 8 8 0
DEAD box helicase 8 8 0
family
other AAA+ members 7 N 2
ubiquitin-activating E1 N N 0
enzymes
chaperonins and 4 4 0
related proteins
actins 4 4 0
MCM family 3 3 0
nudix hydrolases 3 0 3
HSP110 family 2 2 0
HSP40 family 2 0 2
dynein heavy chain 2 2 0
family
others 230 59 171
total 539 361 178

“Proteins assigned as ATP-binding protein. bProteins not assigned as
ATP-binding protein.

Bioinformatics Analysis of the ATPome

Our ATPome list contains 230 ATP-binding protein candidates
that do not belong to the major 17 ATP-binding protein
families/groups (Table 2). Of these, S9 proteins were already
assigned as ATP-binding proteins in the UniProt database, but
171 proteins were not assigned. Gene ontology (GO) analysis
revealed that GO terms related to ribosome were significantly
overrepresented in these 171 proteins (p < 0.0001, Table 4),
whereas GO terms related to ATP-binding and kinases were
strongly overrepresented in all ATP-binding protein candidates,
as expected (Table 3). Protein synthesis is one of the most ATP-
consuming processes in mammalian cells;'” thus, the high
number of ribosome-related terms is reasonable. Among the
ribosomal proteins that showed dose-dependent competition
profiles (Supporting Information Figure 2), RPS9, RPL7a, and
RPS6 have previously been identified as ATP-binding proteins.”
Another 11 of the ribosomal proteins have not been previously
reported to be ATP-binding proteins.

We also tried to find ATP-binding motifs using our rigorous
and large-scale data set. In an initial analysis of motifs for
identified kinases, the expected conserved HRD motif
(HxDxKxxN) located in subdomain VIB and the VAIK motif
(VAxK and GxxxAxK) in subdomain II were identified using a
motif-X software tool'® (Figure SA). Analysis of AAA+ ATPases
also resulted in identification of the well-known P-loop sequence
motif (Figure SB). We also looked for sequence motifs for ATP-
binding protein candidates that were not assigned in the UniProt
database; however, no significant motif was identified. Thus,
structural analysis at the molecular level is needed to understand
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Figure 4. ATP competitive sites and competition profiles of ATP-binding cassette (ABC) transporter family.

the interactions between ATP and the ATP-binding protein
candidates identified in this study.

Selectivity Profiling of Kinase inhibitors Using an Acyl-ATP
Probe

The sensitivity and throughput of target selectivity proﬁling of
kinase inhibitors using an acyl-ATP probe have improved, o7d
but only kinases have previously been selected as profiling
targets. However, it is possible that ATP-competitive kinase

5466

87

inhibitors inhibit other ATP-binding proteins. Therefore, we
expanded our targets and performed ATPome profiling in HeLa-
S3 cell Iysate. Staurosporine was used as a test inhibitor because
of its established wide specificity for multiple target kinases.
Selectivity profiling of ATPome was performed using the
spike-in SILAC method.*® As shown in Figure 6, 69 peptides
identified from kinases and 10 peptides identified from other
ATP binding proteins showed dose-dependent inhibition
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Table 3. Significantly Overrepresented GO Terms for Identified ATP-Binding Proteins

GO term P value fold enrichment Benjamini—Hochberg
GO:0005524~ATP binding 4.83 % 1071 4.42 157 X 1071
GO:0032559~adenyl ribonucleotide binding 3.45 X 1071 4.40 224 x 1078
GO:0030554~adenyl nucleotide binding 127 % 1071 425 274 x 107
GO:0001882~nucleoside binding 4.11% 107 4,19 6.66 x 1074
GO:0001883~purine nucleoside binding 7.69 % 107'% 420 9.98 X 10™M°
G0:0032555~purine ribonucleotide binding 292X 1071 3.68 316 x 1071
GO:0032553~ribonucleotide binding 292 % 1071 3.68 3.16 x 107
GO:0017076~purine nucleotide binding 217 % 10712 3.58 2.01 x 107120
GO:0000166~nucleotide binding 1.43 X 1071 3.09 1.16 x 1071
GO:0006468~protein amino acid phosphorylation 7.14 X 1077 5.89 1.54 % 10798
GO:0004672~protein kinase activity 2.54 % 107 5.60 1.83 x 1079
GO:0004674~protein serine/threonine kinase activity 3.02 X 107% 6.24 1.96 x 107
G0:0016310~phosphorylation 1.64 x 107 4.80 1.76 x 107!
GO:0006796~phosphate metabolic process 112 % 107 3.96 8.00 x 107%°
GO0:0006793~phosphorus metabolic process 112 x 107 3.96 8.00 x 107%°

Table 4. Significantly Overrepresented GO Terms for Identified but Nonassigned ATP-Binding Proteins

GO term P value fold enrichment Benjamini—Hochberg
GO:0006414~translational elongation 123 x 107" 8.61 1.08 % 1078
GO:0022626~cytosolic ribosome 247 x 107 7.49 573 % 107¢
G0:0022625~cytosolic large ribosomal subunit 112 % 107¢ 10.72 6.51 X 107%
G0:0030529~ribonucleo protein complex 6.08 x 1077 2.80 7.05 x 107°
GO:0044445~cytosolic part 1.06 x 1076 5.04 8.19 x 1075
G0:0033279~ribosomal subunit 463 % 107¢ 4.83 215 x 107
GO:0003735~structural constituent of ribosome 238 x 1076 4.73 7.44 x 107*
GO:0005840~ribosome 222% 10°° 3.67 8.59 X 107*

Figure S. Motif analysis of ATP competitive sites on kinases and AAA+
ATPases.

profiles. Similar kinome profiling results were found to those
obtained in previous studies using an acyl-ATP probe’ or
competition binding assays using recombinant kinases.”!
However, protein kinase C (PKC), a well-known target of
staurosporine, was not identified using our method. We found
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that a peptide containing the VAIK motif of protein kinase C-
alpha (ETGNHYAMK(de)ILDK) was identified in two LC—
MS/MS runs, but this peptide was not quantified in both cases.
Weak intensity seems to be the major reason that this peptide
was identified only in two runs and without quantification.
Therefore, there is a need to increase the sensitivity using
targeted analysis”® to detect targets with weak intensity. We also
found 10 other ATP-binding proteins (10 lysine residues) with
dose-dependent inhibition profiles. These 10 lysines were
confirmed to be ATP-competitive in our ATP competition
assay. Therefore, it is possible that these lysines are not
nonspecific targets but are specific targets of staurosporine.
The 10 identified targets were in ribosomal proteins (RL7a and
RL10), SMC3, SAHH2, CLP1, heat shock proteins (HS90A and
90B), HDACI, SIL1, and DHX40. These proteins have not
previously been recognized as targets of staurosporine, which
suggests that they may be off-target binding sites. There was no
sequence similarity among the probe-binding region of these
proteins, but this might be due to the wide selectivity of
staurosporine. We also performed selectivity profiling of (S)-
crizotinib, which was recently reported as an inhibitor of 7,8-
dihydro-8-oxoguanine triphosphatase, MTH1.>* As shown in
Figure 7, MTH1 (80DP) was identified as a target of (S)-
crizotinib in our assay system. The identified site (K79) is located
in a region that is critical for the protein activity of MTH1.> In
addition to MET and MAP3K1, which are known targets of
crizotinib, pseudokinase MLKL (mixed lineage kinase domain-
like) was also identified as a target candidate. Two lysines (K230
and K331) on MLKL identified in our study were recently shown
to be involved in ATP binding.** Therefore, this suggests that
(S)-crizotinib and ATP compete for the ATP-binding region of
MLKL. We also performed quenching experiments using 1 mM

dx.doi.org/10.1021/pr500845u | J. Proteome Res. 2014, 13, 5461-5470
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lysine as a quencher. As shown in Supporting Information Figure
4, inhibition profiles of (S)-crizotinib were similar in experiments
with and without quenching. This result confirms that the
original protocol without quenching’ 7" is useful for selectivity
profiling.

In silico off-target profiling is a rapidly developing area.”® In a
large-scale study based on structural similarity to predict the off-
target activity of 656 marketed drugs against 73 protein targets,
about 50% of the predictions were confirmed experimentally.*®
The relationship between off-target binding and 31de effects is
also relevant for prediction of drug side effects.*® These data
suggest the importance of drug—protein interactions for in silico
prediction of off-target binding and side effects. The off-target
profiling method established in this study will complement in
silico profiling due to the scalability, throughput, rigor, and high-
confidence level of our system. Our approach can be used for
basic data acquisition and validation of predicted results in silico.
Thus, we believe off-target profiling using an acyl-ATP probe will
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become an important tool for avoidance of side effects in early

drug discovery.

@ CONCLUSIONS

It is indispensable to distinguish specific targets from nonspecific
targets in ATP-binding proteome analysis using a chemical
proteomics approach. Here, we introduced an ATP competition
assay to eliminate nonspecific targets and used high-resolution
MS and MS/MS for accurate site identification of target lysine
residues to create a rigorous ATPome list. This approach led to
the identification of 539 ATP-binding protein candidates that
included 178 previously unrecognized proteins, including
ribosomal proteins. These findings indicate that the biological
roles of ATP—-protein interactions might be more diverse than
expected. Our ATPome data will contribute to decoding and
understanding dynamic ATP—protein interactions on a systems
level. We also proved the concept by expanding the targets of
selectivity profiling of kinase inhibitors using the ATPome data
set. This concept should also be applicable to other ATP-
competitive kinase inhibitors to identify off-target interactions
and understand the mechanisms of their side effects.
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ORIGINAL ARTICLE
Nuclear accumulation of annexin A2 contributes to

chromosomal instability by coilin-mediated
centromere damage

T Kazami', H Nie', M Satoh', T Kuga®, K Matsushita', N Kawasaki', T Tomonaga'? and F Nomura'

Most human cancers show chromosomal instability (CIN), but the precise mechanisms remain uncertain. Annexin A2 is frequently
overexpressed in human cancers, and its relationship to tumorigenesis is poorly understood. We found that annexin A2 is~

overexpressed in the nuclei of CIN cells compared with cells with microsatellite instability (MIN). Ectopic annexin A2 expression in
MIN cells results in a high level of aneuploidy and induces lagging chromosomes; suppression of annexin A2 in CIN cells reduces
such CIN signatures with apoptosis of highly aneuploid cells. Ectopic expression of annexin A2 in MIN cells reduces the expression
of centromere proteins. Conversely, annexin A2-knockdown in CIN cells increases the expression of centromere proteins. Moreover,
the endogenous expression levels of centromere proteins in CIN cells were greatly reduced compared with MIN cell lines. The

reduced expression of centromere proteins likely occurred due to aberrant centromere localization of coilin, a major component of
the Cajal bodies. These results suggest that nuclear accumulation of annexin A2 has a crucial role in. CIN by disrupting centromere

function.

Oncogene advance online publication, 27 October 2014; doi:10.1038/0nc.2014.345

INTRODUCTION

Aneuploidy resulting from chromosomal instability (CIN) is a
hallmark of human cancer. CIN is characterized by gains or losses
of whole or large portions of chromosomes caused by continuous
chromosome missegregation during mitosis. Another form of
genetic instability, known as microsatellite instability (MIN), is
characterized by mutation rates hundreds of fold higher than
those of normal cells."?

The malfunction of a number of potential mitotic targets that
may cause CIN has been identified, including overexpression or
mutational inactivation of genes that regulate chromosome
cohesion,>® mutation of the spindle assembly checkpoint,’®
amplification of genes required for centrosome maturation®'?
and mutational inactivation or aberrant expression of genes that
regulate kinetochore-microtubule attachment dynamics.'>%° We
have recently reported that decreased expression of the nuclear
membrane protein lamin B2 is involved in CIN2' However,
alternative mechanisms of CIN remain to be uncovered.

Annexins are a family of cytosolic proteins that bind to
membranes and are involved in a number of membrane-related
processes.*? Annexin A2 is also known to have a role in DNA
synthesis and cell proliferation*** Moreover, annexin A2 is
strongly expressed in several cancers,®® %’ although the precise
mechanism through which overexpression contributes to tumor-
igenesis is poorly understood.

In this study, we performed a proteomic search to identify the
factors involved in CIN by comparing the nuclear protein
expression profiles of CIN and MIN colorectal cancer cell lines,
and found that annexin A2 is significantly overexpressed in the
nuclei of CIN cells. The involvement of annexin A2 in CIN was

verified by the examination of chromosomal states upon ectopic
expression of annexin A2 in diploid MIN cells or reduced
expression of annexin A2 in CIN cells. Most strikingly, we showed
evidence that reduced expression of core centromere proteins
(CENPs), through aberrant centromere localization of coilin, is
involved in CIN.

RESULTS

Proteomic analysis of differentially expressed nuclear proteins
between CIN and MIN colorectal cancer cells

To improve the sensitivity and dynamic range of conventional
two-dimensional (2D) gels, we used the agarose 2D-DIGE method
to compare the protein expression profiles of CIN and MIN cell
lines. On the basis of a previous study, colorectal cancer cell lines
can be clearly segregated into two groups.' CIN cell lines show a
dramatic variation in chromosome content among cells expanded
through 20-30 generations, with the average difference from the
modal chromosome number exceeding 20%; MIN cell lines,
however, show minimal variation in chromosome content, with
the average difference from the modal chromosome number
being less than 8%."?® Thus, we used HT29, SW480, SW837 and
CaC02 as CIN cell lines, and HCT116, RKO, DLD1 and SW48 as MIN
cell lines. CIN reflects defects in mitotic processes, such as
chromosome condensation, sister-chromatid cohesion, kineto-
chore structure and function, centrosome/microtubule formation
and dynamics, as well as checkpoints. The factors responsible for
these processes localize primarily in the nucleus; therefore, we
decided to analyze nuclear proteins in CIN and MIN cell lines.
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Nuclei were isolated and nuclear proteins were extracted from
each cell line. The nuclear extracts of each cell line were labeled
with Cy5 for CIN cells and Cy3 for MIN cells. An internal standard,
created by pooling aliquots of all samples, was labeled with Cy2.
Next, 50-ug aliquots of each labeled protein sample were mixed
and separated using agarose 2D-DIGE. To identify the differentially
expressed nuclear proteins across the two groups of cell lines, four
pair-wise comparisons were carried out between the representa-
tive CIN and MIN cell lines and then statistical analysis was
performed across the four pairs.

Protein spots from CIN nuclei that showed increased or
decreased expression were displayed as red or green, respectively
(Figure 1a). The fluorescence volume of these spots was quantified
using DeCyder imaging analysis software. Spots demonstrating a
1.5-fold increase or 1.5-fold decrease with a P-value <0.05 were
considered as having undergone a significant change in expres-
sion. We found that the expression of 42 proteins had increased
and that of 64 proteins had decreased in CIN nuclei when
compared with MIN nuclei. To identify the proteins, 500 ug of
nonlabeled nuclear extract was separated by conventional agarose
2-DE, and proteins were visualized by Coomassie blue staining. We
carefully compared the DIGE image with Coomassie blue-stained
gels and picked 27 visible protein spots manually. Using mass
spectrometry, a total of 15 proteins were identified (Figure 1,
Supplementary Table $2). Annexin A2 shows increased expression
in several types of cancer, and correlation of ANXA2 expression
with tumor progression, recurrence and prognosis has also been
reported,?” although the precise mechanism of involvement of
annexin A2 in tumorigenesis remains to be elucidated. Thus, we
focused on annexin A2 for further investigation.

The amount of annexin A2 was elevated in the nuclei of CIN cells
vs MIN cells

Western blot analyses were performed to validate the differential
expression of several proteins. The purity of nuclear extracts was
confirmed by western blot analysis of the nuclear marker protein
lamin A/C and the cytosolic protein GAPDH (Figure 1b, upper).
Annexin A2 protein levels were higher in the nuclei of CIN cells as
compared with MIN cells (Figure 1b, upper, Supplementary
Figure S1a). In contrast, there were no differences in annexin A2
protein levels in CIN- and MIN-cell whole cell extracts (Figure 1b,
lower).

Since annexin A2 contains an NES sequence and is actively
transported to the cytoplasm,? the amount of nuclear annexin A2
is very low. The minute nuclear annexin A2 protein level was
verified by western blotting using the same amounts of whole cell
extracts and nuclear extracts loaded side by side (Supplementary
Figure S1b). Note that 25% of the nuclear extract as compared
with the blot shown in Figure 1b was loaded; consequently, no
bands can be visualized.

Immunostaining showed that annexin A2 localizes uniformly in
CIN cells, whereas it mainly localizes in the cytoplasm of MIN cells
(Figures 2a and c). To clearly verify the difference in the amount of
nuclear annexin A2 between CIN and MIN cells, immunostaining
of annexin A2 was performed using the nuclear export inhibitor
leptomycin B. The localization of annexin A2 clearly shifted from
the cytoplasm to the nucleus by leptomycin B treatment
(Figure 2b), and the nuclear intensity of annexin A2 staining in
leptomycin B-treated CIN cells was markedly higher than in MIN
cells (Figures 2b and c). Thus, a small proportion of annexin A2
localizes to the nucleus, and nuclear localization is more
pronounced in CIN cells than in MIN cells, but it is actively
exported to the cytoplasm.

Ectopic nuclear expression of annexin A2 induces aneuploidy

The above observations raised the question of whether over-
expression of annexin A2 in the nucleus induces the CIN
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Figure 1. The amount of nuclear annexin A2 is increased in CIN cells.
(a) Proteomic analysis of CIN (SW837) and MIN (DLD1) cell lines was
performed using agarose 2D-DIGE. Nuclear extracts (NE) from each
cell line were prepared and applied to 2D-DIGE as described in
Supplementary Materials and Methods. Arrows indicate protein
spots with increased (red) or decreased (green) intensities in CIN
cells, and numbers correspond to the numbers in Supplementary
Figure S1. (b) Western blot analysis of nuclear and whole cell
extracts from CIN and MIN cells. Annexin A2 protein levels in the
nuclei and whole cells were examined by western blotting using an
anti-annexin A2 antibody. The purity of nuclear extracts and the
equality of loading in each lane were confirmed by western blotting
with anti-lamin A/C and -GAPDH antibodies. Nuclear (20 ug) and
whole cell extracts (5pg) were loaded and separated by electro-
phoresis on 10-20% gradient gels. Anti-annexin A2 antibody diluted
1:1000, anti-lamin A/C antibody diluted 1:250, anti-GAPDH antibody
diluted 1:100000 were used as primary antibodies. Rabbit anti-
mouse IgG HRP diluted 1:1000, donkey anti-rabbit IgG HRP diluted
1:3000 in blocking buffer were used as secondary antibodies.
Antigens on the membrane were detected by enhanced chemilu-
minescence detection reagents (see Materials and methods). The
amount of annexin A2 protein was significantly higher in the nuclei
of CIN cells, whereas there were no differences in the annexin A2
protein levels in CIN- and MIN-cell whole cell extracts. The additional
annexin A2 band in DLD1 cells probably corresponds to an isoform
of annexin A2.

phenotype. To answer this question, annexin A2-FLAG was
transiently introduced into the MIN cell lines RKO and HCT116,
followed by fluorescence in situ hybridization (FISH) analysis with
CEP7, 8, 10, 12, 15 and 17 centromere probes, and immunostain-
ing using anti-FLAG antibody. The expression level of FLAG-
tagged annexin A2 was comparable with that of endogenous
annexin A2 (Figure 3a). FISH analysis of the annexin A2-FLAG
expressed in HCT116 and RKO cells at 72h after transfection
showed that many cells overexpressing annexin A2 have
abnormal chromosome numbers (Figure 3b). The number of
centromeric signals for chromosomes 7, 8, 10, 12, 15 and 17 were
counted in at least 250 cells, and we found that 40-60% of

© 2014 Macmillan Publishers Limited
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Annexin A2 is more abundant in the nuclei of CIN cells than MIN cells. (a) Immunostaining of annexin A2 in CIN and MIN cells,

Annexin A2 localizes uniformly in CIN (CaCO2 and SW480) cells, whereas it mainly localizes in the cytoplasm of MIN (HCT116, and RKO) cells.
(b) Immunostaining of annexin A2 in CIN and MIN cells treated with nuclear export inhibitor. Annexin A2 accumuiated in the nucleus
after leptomycin B treatment, and shows higher nuclear levels in CIN (CaCO2 and SW480) cells as compared with MIN (HCT116, and RKO) cells.
CIN and MIN cell lines were incubated for 3h in the presence of 200 nm leptomycin B followed by immunostaining with annexin A2
antibody. Cells were counterstained with DAPI (blue). (c) Relative intensity of annexin A2 between nuclei and whole cells in CIN and MIN cells
with or without leptomycin B. Stained samples were viewed under an Axio Imager Z1 microscope, and the intensity of annexin A2
in the nucleus and whole cell was quantified using AxioVision software. The area of each cell was delimited and the pixel intensity
was calculated. Relative intensities of annexin A2 between nuclei and whole cells are represented as means +s.d. At least 100 cells were

quantified. Bar, 10 pm. *P<0.05 by Wilcoxon-Mann-Whitney test.

annexin A2-FLAG transfected RKO cells showed aneuploidy, as
compared with about 5-15% of FLAG-only transfected control
cells (Figure 3c). Aneuploid cells were also significantly increased
in annexin A2-FLAG transfected HCT116 cells as compared with
control cells (Supplementary Figure S2a). Moreover, the induction
of aneuploidy was observed by overexpression of non-tagged
annexin A2 (Supplementary Figure S2b), which indicates that
FLAG-tagged annexin A2 is functional and supports our hypoth-
esis that annexin A2 overexpression induces aneuploidy.

© 2014 Macmillan Publishers Limited

Transient ectopic nuclear expression of annexin A2 induces CIN

The term CIN refers to the accelerated rate of whole chromosomal
gain and loss, but the term is often used in a more general sense
to show a high level of aneuploidy with complex karyotypes.>*°
Recently, the accelerated rate of aneuploidy was clearly shown
by 'CIN analysis’, which is the quantification of the modal
chromosome number and the percentage of cells deviating
from that mode in individual colonies grown from a single cell,
either untreated or forced to recover from nocodazole- or
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-3

monastrol-induced mitotic delay for one or more consecutive whereas aneuploidy persists in CIN cells, which acquired an ability
days.®® In this analysis, both MIN cells and CIN cells increase to grow efficiently with nondiploid karyotypes. This persistence of

aneuploid cells immediately after nocodazole or monastrol aneuploidy after induction of chromosome missegregation is
treatment. However, the number of aneuploidy cells declines to necessary for the CIN phenotype. Thus, we investigated if
basal level upon growth without further treatment in MIN cells, transiently overexpressed annexin A2 cells could maintain
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aneuploidy. We plated annexin A2-overexpressed cells at low
density, grew them for 7 days until the cells formed individual
colonies, and analyzed the chromosome number by FISH using
CEP8, 10, 12 and 15 centromere probes. Examples of aneuploid
cells grown for 3 and 7 days are shown in Figure 3d. As expected,
annexin A2-overexpressed cells showed a high percentage of
aneuploid cells even after 7 days in RKO (Figure 3e) and HCT116
cells (Supplementary Figure S2¢), consisting of various chromo-
some numbers from one to more than six as compared with
control cells (Figure 3f (CEP12); Supplementary Figure S2d
(CEP15)). Furthermore, ectopic expression of annexin A2 markedly
increased lagging chromosomes either 72h or 7 days after
transfection (Figure 3g), possibly due to merotelic microtubule-
chromosome attachment, a leading cause of CIN. Note that
aneuploidy and chromosome missegregation persists at least for
7 days when annexin A2 localizes mainly in cytoplasm (Figure 3d).
These results suggest that transient ectopic nuclear expression of
annexin A2 maintains aneuploidy and chromosome missegrega-
tion and also enables cells to grow efficiently with nondiploid
karyotypes, which is a unique feature of CIN.

Knockdown of annexin A2 in CIN cells suppresses the CIN
signature and induces apoptosis of highly aneuploid cells

If overexpression of annexin A2 is a critical step in the
development of CIN, suppression of annexin A2 expression in
CIN cell lines should repress the CIN phenotype. An example of
suppression of CIN has previously been shown by overexpression
of the kinesin-13 microtubule depolymerases MCAK and Kif2b by
reducing kinetochore-microtubule attachment hyperstability that
causes merotelic microtubule attachment.”” Overexpression of
each kinesin significantly suppresses the incidence of lagging
chromosomes, chromosome missegregation rates and deviation
from the modal chromosome number in CIN cell lines, and
restores faithful chromosome segregation to cancer cells that
otherwise shows CIN. As intercellular heterogeneity with respect
to the chromosome copy number is a typical characteristic of CIN
cell lines,*® we examined whether suppression of annexin A2
expression reduces chromosome number heterogeneity.

CaC02 cells were transfected with two different annexin A2
small interfering RNAs (siRNA-1, -2) or control siRNA, and
chromosome numbers of single-cell colonies as described in the
legend of Figure 3d were analyzed by FISH with CEP10 and CEP17
probes 7 days after transfection. Annexin A2 expression was
greatly suppressed by the siRNAs (Figure 4a). As shown in
Figure 4b (CEP17) and Supplementary Figure S3a (CEP10), CaCO2
cells exhibited marked heterogeneity in chromosome number.
Strikingly, suppression of annexin A2 expression decreased the
frequency of highly aneuploid cells, and as a result, reduced the
intercellular heterogeneity of the chromosomes, and the distribu-
tion of the chromosome number shifted to the left (Figure 4b,
Supplementary Figure S3a). The frequency of cells showing a less
than modal chromosome number (four for chromosome 10 and
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five for chromosome 17) increased in annexin A2-knockdown
CaCO2 cells (Figure 4¢; Supplementary Figure S3b).

To investigate the mechanism of decreased high aneuploidy,
we examined if suppression of annexin A2 reduces the
missegregation rate of the chromosomes. To do this, the
frequency of lagging chromosomes was examined in annexin
A2-knockdown CIN cells. CaCO2 cells were transfected with
annexin A2 siRNAs, and the number of lagging chromosomes
was counted in at least 250 anaphase cells 72 h after transfection.
As expected, reduced expression of annexin A2 in CaCO2 cells
with siRNAs decreased the frequency of lagging chromosomes
from 48.0 to 21.4% (Figure 4d).

Suppression of highly aneuploid cells might be also caused by
apoptosis of the aneuploid cells. Thus, we tested if suppression of
annexin A2 induces apoptosis of severely aneuploid cells. We
examined the expression of two apoptotic markers, cleaved
caspase 3 and cleaved PARP, in annexin A2-knockdown CaCO2
cells. Forty-eight hours after transfection of annexin A2 siRNAs, the
expression of cleaved caspase 3 and of cleaved PARP greatly
increased (Figure 4e). These observations suggested that annexin
A2 overexpression increases CIN cell tolerance to chromosome
gain. Thus, when annexin A2 is knocked down in CIN cells, cells
that gain extra chromosomes may be eliminated via apoptosis,
whereas cells losing chromosomes may survive. Decreased
frequency of lagging chromosomes by annexin A2-knockdown
might also contribute to the suppression of CIN signatures.

Nuclear annexin A2 interacts with coilin, a major component of
Cajal bodies

To investigate how excess annexin A2 in the nucleus contributes to
mitotic defects leading to CIN, we searched for proteins that interact
with annexin A2 in the nucleus. RKO and HCT116 MIN cell lines that
stably express annexin A2-FLAG were treated with leptomycin B,
and nuclear extracts were prepared and immunoprecipitated with
magnetic beads coupled with anti-FLAG antibody. Immunoprecipi-
tated proteins were separated by SDS-polyacrylamide gel electro-
phoresis and comprehensively identified using mass spectrometry
(Supplementary Table S3). Among the proteins we identified, coilin
has recently been reported to be involved in a cell response
triggered by centromere structure instability and mitotic defects.’
Coilin is a major component of Cajal bodies (CBs)*? and recent
studies have shown that when cells are infected with herpes
simplex virus type 1, CBs disassemble and coilin accumulates at the
damaged centromere to interact with centromeric DNA.3' Thus, we
sought to determine whether annexin A2 overexpression affects the
function of coilin, CBs and centromeres.

Ectopic expression of annexin A2 in MIN cells induces scattering
and colocalization of coilin with centromeres, whereas annexin
A2-knockdown in CIN cells converges scattered coilin

First, the interaction between annexin A2 and coilin was
confirmed by immunoprecipitation of annexin A2-FLAG, followed

<
Figure 3.

Overexpression of annexin A2 induces aneuploidy in cells of the MIN RKO line. (@) An annexin A2-FLAG expression plasmid was

transfected into RKO cells, and the expression of annexin A2-FLAG was assessed by western blotting using an anti-FLAG antibody after 72 h.
Lane 1: control; lane 2: annexin A2-FLAG-transfected RKO cells. (b) Analysis of chromosome numbers in annexin A2-overexpressed MIN cells,
RKO cells were transfected with an annexin A2-FLAG expression plasmid, and FISH analysis was performed using centromere probes (CEP7:
green, 12: red). (c) Frequency of aneuploidy (the deviation from diploid) in RKO cells overexpressing annexin A2-FLAG 72 h after transfection.
CEP7, 8, 10, 12, 15 and 17 signals were examined in at least 250 cells. (d) CIN analysis of annexin A2-overexpressed MIN cells. Annexin A2-
FLAG-oxerexpressed RKO cells were plated at low density and colonies grown from single cells were fixed after 3 and 7 days. Individual
colonies grown from a single cell were analyzed by FISH using the CEP15 probe (green). RKO cells show various chromosome numbers 7 days
after transfection. (e) Frequency of aneuploidy (the deviation from diploid) in annexin A2-FLAG-overexpressed RKO single-cell colonies 7 days
after transfection. CEP8, 10, 12 and 15 signals were examined in at least 250 cells. (f) Distribution of chromosome number in annexin A2-FLAG-
overexpressed RKO single-cell colonies 7 days after transfection. Chromosome numbers of single-cell colonies were analyzed by FISH using
the CEP12 probe after 7 days in at least 300 cells. Overexpression of annexin A2 increased the intercellular heterogeneity of the chromosome
number. (g) Frequency of lagging chromosomes in annexin A2-FLAG-overexpressed RKO single-cell colonies 72h and 7 days after
transfection. Bar, 10 um. *P<0.05 by Wilcoxon-Mann-Whitney test.
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Figure 4. Suppression of annexin A2 reduces intercellular heterogeneity in the chromosome copy number associated with CIN. (a) Two
different annexin A2 siRNAs, 1 and 2, were transfected into CaCO2 cells, and the expression of annexin A2 was assessed by western blotting
after 72 h. (b) CIN analysis and distribution of chromosome number in annexin A2-knockdown CIN cells. Annexin A2-knockdown CaCO?2 cells
with siRNA 2 were plated at low density, and colonies grown from single cells were isolated. Chromosome numbers of single-cell colonies
were analyzed by FISH using the CEP17 probe after 7 days in at least 300 cells. Suppression of annexin A2 expression reduced the intercellular
heterogeneity of the chromosome number. (c) Frequency of cells exhibiting equal to or less than the modal chromosome number
(chromosome 17) in annexin A2-knockdown CaCO2 cells. Centromere signals were counted in at least 300 cells. (d) Frequency of lagging
chromosomes in annexin A2-knockdown CaCO2 single-cell colonies 72 h after transfection. At least 250 cells were counted. (e) Western blot
analyses of apoptotic markers in annexin A2-knockdown CaCO?2 cells. Western blot analyses were performed using anti-cleaved caspase 3 and
cleaved PARP antibodies in control and annexin A2-suppressed CaCO2 cells 48 h after transfection. *P £ 0.05 by Wilcoxon-Mann-Whitney test.

by western blotting using an anti-coilin antibody (Supplementary
Figure S4a). Next, we investigated the localization of coilin upon
ectopic expression of annexin A2. HCT116 cells were transiently
transfected with annexin A2-FLAG, and coilin was immunostained
with a specific antibody 72h after transfection (Figure 5a).
Annexin A2-expressing cells were verified by immunostaining
using an anti-FLAG antibody (Figure 5a). The percentage of
HCT116 cells that overexpressed annexin A2-FLAG was 79.3-
96.5%. Strikingly, scattered coilin staining was observed in the
nuclei of annexin A2-FLAG-overexpressed HCT116 and DLD1 cells
(Figure 5a, Supplementary Figure S4b), which contrasts markedly
to the several large stained foci observed in the control cells. The
frequency of cells containing >6 foci significantly increased in
annexin A2-FLAG-overexpressed cells as compared with control

Oncogene (2014), 1-13

97

cells (Figure 5b). This indicates that overexpression of annexin A2
induces the disassembly of CB.

To examine if CIN cells that naturally accumulate annexin A2 in
the nucleus show the same pattern of scattered coilin as in
annexin A2-overexpressed MIN cells, we performed immunostain-
ing of coilin in CaCO2 and SW480 cells. As expected, scattered
coilin was observed in these cells (Figure 5a, Supplementary
Figure S4b). Intriguingly, when the expression of annexin A2 in
CaC02 and SW480 cells was suppressed by siRNA, scattered coilin
converged and several large foci were observed, as seen in
MIN cells (Figure 5¢, Supplementary Figure S4b). The frequency of
cells containing > 6 foci was significantly lower in siRNA-treated
cells as compared with control cells (Figure 5d, Supplementary
Figure S4c).
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