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Fig. 4. The molecular mechanisms of dissociation of USP7 from IRS-2. (A and B) Serum-starved H4IIE cells were pretreated with indicated concentrations of PD98059 (A) or
LY294002 (B) for 30 min. Cells were treated with 100 nM insulin for 5 min. The lysates were subjected to immunoprecipitation and immunoblotting analysis. (C) Serum-
starved H4IIE cells were pretreated with 40 uM LY294002 for 30 min and then treated with 100 nM insulin for 5 min. The lysates were subjected to pull-down analysis using
GS5T-fused MATH domain of USP7. (D) Lysates of HEK293T cells over-expressing FLAG-IRS-2 were subjected to immunoprecipitation with anti-FLAG antibody-conjugated
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subjected to immunoprecipitation with anti-FLAG antibody-conjugated beads. Precipitates were subjected to in vitro tyrosine phosphorylation assay using insulin receptor
kinase, washed with lysis buffer, and then eluted with FLAG peptide. Eluates were subjected to pull-down analysis. Data are representative of at least three independent

experiments.

indicating serine phosphorylation of IRS-1/2 triggered dissociation
of USP7 from IRS-1/2 (Fig. 4D and E), these results suggest that
there are key phosphorylation site(s) and kinase(s) downstream
of PI3K involved in IRS-1/2 degradation and required for dissocia-
tion of USP7 from IRS-1/2.

The ubiquitin—proteasome-mediated degradation of IRS-1/2 in-
duced by insulin/IGF stimulation is a component of the cellular
feedback inhibition that modulates insulin/IGF action by limiting
the magnitude and duration of insulin/IGF signals [21]. We demon-
strated that USP7 associates with IRS-1/2 and prevents proteaso-
mal degradation of IRS-1/2 (Figs. 1C and 2B and D). Moreover,
we showed that insulin/IGF stimulation releases USP7 from IRS-
1/2 (Fig. 3A and B). Taking these data together, we concluded that
the dissociation of USP7 from IRS-1/2 induced by insulin/IGF stim-
ulation may be involved in the feedback inhibition mechanism of
insulin/IGF signaling by allowing the ubiquitin dependent degrada-
tion of IRS-1/2.

It was reported that prolonged insulin/IGF stimulation de-
creases IRS-1/2 levels in several cell-types, whereas the detailed
time courses of their decreases are often different for different IRSs
isoforms as well as different cell-types [21,30]. In addition to insu-
lin/IGF stimulation, various stimulation factors and physiological
conditions affect IRS-1/2 levels. Obesity and inflammatory cyto-
kines secreted from adipose tissues induce IRS-1/2 degradation in

insulin target tissues [7], which is thought to be one of the mech-
anisms for the onset of insulin resistance and type 2 diabetes. We
had previously reported that dietary protein deprivation increased
IRS-1/2 in liver, leading to the potentiation of hepatic insulin action
[31]. Unloading stress induces IRS-1 degradation in muscle, which
causes unloading-mediated muscle atrophy [9]. So far, several E3
ligases had been identified as responsible factors for the degrada-
tion of IRS-1/2 in some conditions. However, since our study re-
vealed USP7 as a novel DUB targeting IRS-1/2 and we recently
identified other DUBs as IRSAPs (data not shown), there is an ur-
gent need to elucidate roles of DUBs containing USP7 in the regu-
lation of IRS-1/2 protein levels in IRSs-isoform-, cell-type-, and
stimulation factor-dependent manner.

Protein degradation through proteasome-system is regulated
by the balance between ubiquitination and deubiquitination of tar-
get proteins. Several E3 ligases have been shown to ubiquitinate
IRS-1/2. On the other hand, there is no study showing how IRS-1/
2 are deubiquitinated. To elucidate the degradation mechanism
of IRS-1/2, it is necessary to reveal not only how E3 ligases ubiqui-
tinate IRS-1/2 but also how DUB (s) deubiquitinate IRS-1/2.

In conclusion, we identified deubiquitinating enzyme USP7 as a
novel regulator of IRS-1/2 stability and showed that activation of
the PI3K pathway induced by insulin leads to dissociation of IRS-
1/2 from USP7 and degradation of IRS-1/2.
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Abstract

The Far UpStream Element (FUSE)-binding protein-interacting repressor (FIR), a c-myc transcriptional sup-
pressor, is alternatively spliccd removing the [ra.nscriptional repression domain within exon 2 (FIRAexon2) in
colorectal cancers. SAP155 is a subunit of the essential splicing factor 3b (SF3b) subcomplex in the spliceosome. This
study aims to study the significance of the FIR-SAP155 interaction for the coordination of c-myc transcription, pre-
mRNA splicing, and c-Mye protein modification, as well as to interrogate FIRAexon2 for other functions relating to
altered FIR pre-mRNA splicing. Knockdown of SAP155 or FIR was used to investigate their reciprocal influence on
each other and on ¢-myc transcription, pre-mRNA splicing, and protein expression. Pull down from HeLa cell nuclear
extracts revealed the association of FIR, FIRAexon2, and SF3b subunits. FIR and FIRAexon2 were coimmunopre-
cipitated with SAP155. FIR and FIRAexon2 adenovirus vector (Ad-FIR and Ad-FIRAexon2, respectively) were
prepared to test for their influence on c-myc expression. FIR, SAP155, SAP130, and c-myc were coordinately
upregulated in human colorectal cancer. These results reveal that SAP155 and FIR/FIRAexon2 forma complexand are
mutually upregulating. Ad-FIRAexon2 antagonized Ad-FIR transcriptional repression of c-myc in HeLa cells.
Because FIRAexon2 still carries RRM1 and RRM2 and binding activity to FUSE, it is able to displace repression
competent FIR from FUSE in electrophoretic mobility shift assays, thus thwarting FIR-mediated transcriptional
repression by FUSE. Thus aberrant FIRAexon2 production in turn sustained c-Myc expression. In conclusion, altered
FIR and c-myc pre-mRNA splicing, in addition to c-Myc expression by augmented FIR/FIRAexon2-SAP155
complex, potentially contribute to colorectal cancer development. Mol Cancer Res; 10(6); 787-99. ©2012 AACR.

Introduction

c-Myc plays a critical role in cell proliferation and
tumorigenesis. The ¢-myc proto-oncogene is activated in
various tumors, and its ectopic expression generally
induces transformation. The expression of c-Myc is tightly
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regulated in all stages of macromolecular biosynthesis, but
how its regulation is coordinated between transcription,
pre-mRNA splicing, and c-Myc protein modification
remains largely unexplored. The Far UpStream Element
(FUSE) is a sequence required for the proper transcrip-
tional regulation of the human ¢-myc gene (1). The FUSE
is located 1.5 kb upstream of the c-myc promoter P1 and
recognized by the FUSE-binding protein (FBP); FBP is a
transcription factor that stimulates ¢-myc expression
through FUSE (2—4). Yeast 2-hybrid analysis revealed
that FBP binds to a protein with transcriptional inhibitory
activity termed the FBP-interacting repressor (FIR); by
suppressing the TFIIH/p89/XPB helicase, FIR represses c-
myc transcription (5). Cells from XPB and XPD patients
are defective in FIR repression, indicating that mutations
in TFIIH impair e-myc transcriptional regulation by FIR,
which contributes to tumor development (6). In addition,
FIRAexon2, an exon 2 lacking splice variant of FIR devoid
of e-mye repression activity, is frequently found in human
primary colorectal cancers but not in the corresponding
noncancerous epithelium, indicating that a dominant,
repression-defective FIR could be generated by altered
pre-mRNA splicing in cancers (7). Thus, FIRAexon2
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expression has the potential to promote tumor develop-
ment by disabling authentic c-myc repression of FIR;
thereby, high levels of c-Myc will sustain growth and
often promote apoptosis by increasing the cell division
rate, with associated genomic instability and checkpoint-
driven apoptosis as consequences.

Splicing factor 3b (SF3b) is a subcomplex of the U2
small nuclear ribonucleoprotein (snRNP) in the spliceo-
some. SF3b consists of SAP130, SAP145, SAP155, and
pl4 subunits in nearly equimolar stoichiometry quanti-
ties (8). The p14 subunit, cross-linked to the branch point
adenosine of pre-mRNA introns within the spliceosome,
interacts stably with SAP155, and thus, SE3b is required
for intron recognition (9). PUF60, a splicing variant of
FIR, is a splicing factor-associated protein (8, 10). How-
ever, how FIR directly or indirectly interacts with U2
snRNPs is not yet known. Recently, SAP155 was found
to directly bind to PUFG0 (11, 12), but this was not
determined in the case of FIR. In addition, 2 natural chem-
ical derivatives, spliceostatin A (SSA; ref. 13) and pladie-
nolide (14), inhibit SF3b and thereby induce an antitumor
effect. These results imply that SE3b normally promotes
tumors.

In this study, the SAP155-mediated regulation of FIR/
FIRAexon2 expression was investigated along with its pre-
mRNA splicing in ¢-myc gene expression. We examined
SE3b expression in excised human colorectal cancer tissues,
effects of SAP155 knockdown or SSA treatment on FIR pre-
mRNA splicing, and total protein expression of FIRs
in terms of c-Myc repression. We found that SAP155 is
required for FIR expression and vice versa, and that SAP155
regulates alternative splicing of FIR. Both FIR and
FIRAexon2 were pulled down with SAP155. Importantly,
FIRAexon2 could markedly enhance c-Myc expression,
whereas FIR suppresses c-Myc expression. Thus, sustained
FIR/FIRAexon2-SAP155 interaction affects the well-estab-
lished functions of FIR and SAP155, and hence, interferes
with transcription and alternative splicing of c-mye gene,
respectively. In addition, the reason why FIR, FIRAexon2,
and SAP155 are activated in colorectal cancers is also
discussed.

Materials and Methods

Excised human tumor samples

Tissues from 34 cases of primary colorectal cancer were
surgically excised at Chiba University Hospital. The tumor
samples were obtained from tumor epithelium immediately
after surgical excision, and corresponding nontumor epithe-
lial samples were taken 5 to 10 cm away from the tumor.
Two pathologists microscopically confirmed all tissue sam-
ples as adenocarcinomas. All excised tissues were immedi-
ately placed in liquid nitrogen and stored at —80°C until
analysis. Written informed consent was obtained from each
patient before surgery.

Cell culture
HeLa, HCT116, and 293T cell lines were purchased from
American Type Culture Collection (ATCC) and stored in

the liquid nitrogen before use. Cells were grown at 37°C in
5% CO, in Iscove's Modified Dulbecco's Medium
(IMDM) supplemented with 10% FBS (Invitrogen) and
1% penicillin-streptomycin (Invitrogen).

Protein extraction from tissue samples and
immunoblotting

Proteins from whole-cell extracts were dissolved in a
sample buffer as described previously (7). The amount of
protein in the supernatant was measured by a protein assay
(Bio-Rad). The proteins were separated by electrophoresis
on polyacrylamide gels of suitable concentration and trans-
ferred to a polyvinylidene fluoride membrane (Millipore)
using a tank transfer apparatus (Bio-Rad). The membrane
was blocked with 5% skim milk in PBS for 1 hour.

Western blot and antibodies

Protein extracts were separated by electrophoresis on a
7.5% to 15% Perfect NT Gel (DRC). Proteins were then
transferred to polyvinylidene fluoride membranes (Milli-
pore) using a tank transfer apparatus (Bio-Rad). The mem-
branes were blocked with 0.5% skim milk in PBS. The
primary mouse monoclonal antibody against FIR C-termi-
nus (6B4) was prepared by Dr Nozaki (15). Briefly, the
synthetic peptide was used as immunization antigen (Sup-
plementary Fig, S2B; ref. 16). Ant-FIR rabbit polyclonal
antibodies were prepared or purchased from Japan BioSer-
vice. Other primary and secondary antibodies are listed in
Supplementary Table S1. Antigens on the membrane were
detected with enhanced chemiluminescence detection
reagents (GE Healthcare, UK Ltd). The intensity of each
band was measured by NIH Image.

Plasmids

Full-length FIR ¢cDNA was cloned into a p3xFLAG-
CMV-14 vector (Sigma) to introduce a FLAG-tag at the
carboxyl terminus, and FIRAexon2 cDNA was cloned into a
pcDNA 3.1 plasmid (Invitrogen). Myc-tag at the carboxyl
terminus was prepared by PCR with suitable primers,
including restriction enzyme sites (Bg/ll and Xbal; Supple-
mentary Table S2) through FIR- or FIRAexon2-FLAG-tag
vector. Plasmids were prepared by CsCl ultracentrifugation
or using the Endofree Plasmid Maxi Kit (Qiagen) and DNA
sequences were verified.

Stable transfection

Cells were transfected with plasmids using Lipofectamine
2000 reagents (Gibco BRL). For stable transfection, 5 x 10
cells were transfected with the above FIR-FLAG or
pcDNA3.1-FIRAexon2 plasmids and transferred to 10-cm
dishes 48 hours after transfection. The complete medium
contained 400 pg/mL geneticin in addition to IMDM,
10% FBS, and 1% penicillin—streptomycin. The complete
medium with geneticin was replaced every 4 days until
geneticin-resistant colonies appeared. At least 30 clones were
screened by immunoblotting and immunostaining with
anti-FLAG and anti-FIR antibodies (6B4) to find FIR-
FLAG expressing clones for FIR-FLAG stably expressing
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cells, or with anti-c-Myc antibody to examine c-Myc expres-
sion for FIRAexon2 stably expressing cells.

Extraction of nuclear protein and immunoprecipitation
(pull-down assay)

Cells (~1 x 10°) were resuspended in 5 mL cold buffer
[50 mmol/L phosphate (pH-8.0), 20 mmol/L NaCl, 1
mmol/L DTT, 0.1% NP-40, protease inhibitor cockrail
(Roche Diagnostics)] and left on ice for 15 minutes. The cells
were then homogenized in a Dounce homogenizer or
vigorously vortexed twice for 15 seconds before being
centrifuged for 5 minutes at 100 xg. After the peller was
washed twice with the same cold buffer, it was solubilized in
lysis buffer [50 mmol/L phosphate buffer (pH 8.0), 150
mmol/L NaCl, 1 mmol/L DTT, 0.1% NP-40, and protease
inhibitor cockrail] and then centrifuged for 1 hour at 20,000
% g. The supernatant nuclear proteins were then used in a
Western blot.

For immunoprecipitation by anti-FLAG antibody—con-
jugated beads, the nuclear fraction (NF) was reacted with
magnetic Magnosphere MS300/carboxyl beads (Como Bio)
precoated with anti-mouse IgG to reduce nonspecific pro-
tein binding and then reacted with anti-FLAG antibody for 1
hour at 4°C. After immunoprecipitation, the IgG and anti-
FLAG antibody—conjugated beads were washed 5 times with
50 mmol/L phosphate buffer and the bound proteins were
eluted with extraction buffer [40 mmol/L Tris-HCI (pH
6.8), 1% SDS, 1 mmol/L DTT] for 1 hour at 60°C. The
immunoprecipitates were then analyzed by gel-based liquid
chromatography-mass spectrometry (GeLC-MS) and pro-
tein identification (17). For immunoprecipitation by anti-
SAP155 antibody—conjugated beads, Dynabeads ProteinG
(Invitrogen) was prepared by same procedures as anti-FLAG
antibody. After immunoprecipitation with NF, anti-
SAP155 antibody—conjugated beads were washed 5 times
with 100 mmol/L Glycine (WAKO Pure Chemical Indus-
tries Led.; pH 2.0) for 10 minutes at 4°C.

FIR binding protein identification

Exhaustive screening of FIR binding proteins was carried
out using 2 independent methods. One was GeLC-MS (18-
20) via Flag-conjugated bead pull down with LC-MS.
Digested peptides were injected into a 0.3 X 5-mm L-trap
column and a 0.1 x 150-mm L-column2 (Chemicals
Evaluation and Research Institute, Saitama, Japan) attached
to a NanoSpace high-performance liquid chromatography
(HPLC) pump (Shiseido Fine Chemicals) and Magic 2002
splitter (AMR). The flow rate of the mobile phase was
500 nL/min. The solvent composition of the mobile
phase was programmed to change in 60-minute cycles
with varying mixing ratios of solvent A (2% v/v CH3CN
and 0.1% v/v HCOOH) to solvent B (90% v/v CH3CN and
0.1% v/v HCOOH): 5% to 45.5% B 35 minute, 45.5% to
90% B 4 minute, 90% B 0.5 minute, 90%-5% B 1 minute,
5% B 20 minute. Purified peptides were introduced from
HPLC to LTQ XL (Thermo Scientific), an ion-trap mass
spectrometer, via an attached PicoTip (New Objective). The
Mascot search engine (Matrixscience) was used to identify

proteins from the mass and tandem mass spectra of the
peptides. Peptide mass data were matched by searching the
Human International Protein Index database [IPI, July.
2009, 80412 entries, European Bioinformatics Institute
(Cambridge, UK)] using the MASCOT engine. Database
search parameters were peptide mass tolerance 1.2 Da;
fragment tolerance, 0.6 Da; enzyme set to trypsin, allowing
up to one missed cleavage; variable modifications, methio-
nine oxidation. Identification data (MASCOT dat file) were
organized by Scaffold 3.0.2 software (Proteome Software,
Inc.). The minimum criteria for protein identification were
protein and peptide thresholds set to 95.0% (Scaffold's
probability threshold filter) and number of unique peptides
set to 2. The methods for the direct nanoflow liquid
chromatography-tandem mass spectrometry (LC/MS-MS)
system with FIR-FLAG transiently transfected 293T nuclear
extracts have been described previously (21).

Immunocytochemi

The FIR-FLAG stably expressing HeLa cells were grown
on coverslips overnight and then subjected to immunocy-
tochemistry as described previously (7). The primary mouse
monoclonal anti-FLAG (Santa Cruz Biotechnology) and
primary polyclonal antibodies against SAP155 were diluted
1:500 and 1:200, respectively, in the blocking buffer. The
coverslips were incubated at room temperature for 1 hour.
After washing with PBS, the secondary antibodies Alexa
Fluor 488—conjugated goat anti-rabbit or 594-conjugated
goat anti-mouse IgG secondary antibody (Molecular Probes)
was applied at a dilution of 1:1,000. DNA was counter-
stained with 4/, 6-diamidino-2-phenylindole (DAPI) III
(Vysis, Abbott Park) and cells were observed under an
immunofluorescence microscope (Leica QFISH; Leica
Microsystems). Other primary and secondary antibodies
used in this study are listed in Supplementary Table S1.

siRNA against FIR or SAP155

FIR and SAP155 siRNA duplexes were purchased from
Sigma Aldrich. The target sequences for FIR siRNA and
SAP155 siRNA oligonucleotides are listed (Supplementary
Table $2). Transient transfection of siRNA was carried out
using Lipofectamine 2000 (Invitrogen) according to the
manufacturer's instructions. The transfected cells were cul-
tured for 72 hours at 37°C in a CO, incubator.

Reverse transcriptase PCR and quantitative real-time
PCR

Total RNA was extracted from HeLa cells using the
RNeasy Mini Kit (Qiagen). cDNA was synthesized from
total RNA by the first strand cDNA Synthesis Kit for reverse
transcriptase PCR (RT-PCR; Roche). Using the cDNA as a
template, FIR cDNA was amplified with suitable primers by
RT-PCR (Supplementary Table S2). Glyceraldehyde-3-
phosphate dehydrogenase cDNA was amplified and used
as the control. The PCR product was loaded on a 2.5%
agarose gel (Promega), purified with the Gel Extraction Kit
(Qiagen) and cloned using the pPGEM-T Easy vector system
(Promega) for DNA sequencing,
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Quantitative real-time PCR (qRT-PCR) for ¢-mye or FIR
c¢DNA was done using the LightCycler (Roche) in 20 pL of
reaction mixture consisting of a master mixture (LightCycler
FastStart DNA Master SYBR Green I) that contained
FastStart Taq DNA polymerase, dNTPs, and buffer (Light-
Cycler DNA Master hybridization probes; Roche), 3.0
mmol/L MgCl,, 0.5 pmol/L each of sense and antisense
primers, and 1 PL of template cDNA in a LightCycler
capillary. LightCycler software version 3.3 (Roche) was used
for the analysis of real-time RT-PCR. Primer and probe sets
for B-actin were purchased from Roche Diagnostics. Primers
for RT-PCR and qRT-PCR, siRNAs were purchased and
used simultaneously in accordance with the manufacturer's
instructions (Nihon Gene Research Laboratories Inc.; Sup-
plementary Table S2). Locations of primers and probes for
real-time PCR in this study are indicated for FIR,
FIRAexon2, A3, and A4 cDNAs (Supplementary Fig. S2C).

Spliceostatin A, SF3b (SAP155) inhibitor, and
adenovirus vectors

SSA was prepared as previously (13). The FIR and
FIRAexon2 adenovirus vector was also prepared (Supple-
mentary Fig. S1). Briefly, recombinant adenoviral vectors
expressing full-length human FIR proteins were constructed
by homologous recombination in Escherichia coli using the
AdEasy XL system (Stratagene). The Hindlll-Pmel frag-
ment of pcDNA3.1-FIR (/FIRAexon2) or the Hindlll-
FcoRV  fragment of pcDNA3.1-CMV-LacZ  or
pcDNA3.1-CMV-GFP was cloned into the HindlIl-EcoRV
site of pShuttle-CMYV, generating pShuttle-CMV-FIR (oth-
erwise FIRAexon2), pShurttle-CMV-LacZ or pShuttle-
CMV-GFP (as controls). The resultant shuttle vectors were
linearized with Pmel digestion and subsequently cotrans-
fected into E. coli B]5183-AD-1. The recombinants were
linearized with Pacl digestion and transfected into the E1
transcomplementing 293 cell line to generate Ad-FIR
(FIRAexon2) and Ad-LacZ. The viruses were propagated
in the adenovirus packaging 293 cell line (ATCC) and
purified by double CsCl density gradient centrifugation
followed by dialysis in 10 mmol/L Tris buffer (pH 8.0)
with 10% glycerol. The virus titer was determined by
conventional limiting dilution of 293 cells, that is, a pla-
que-forming assay was carried out with 293 cells (TCIDs
method). The viruses were aliquoted and stored at —80°C
until use. The recombinant adenovirus vectors were used to
examine the effect to c-Myc expression.

FIR or FIRAexon2 protein preparation

To reduce the dimerization, the C-terminal (95 amino
acids)-truncated FIR (447 a.a.) or FIRAexon2 (418 a.a),
including FIR RRM1+RRM2 (Supplementary Fig. S2B
and C), was cloned into Ndel/Xhol site of pET21b vector
(Novagen; Merck chemicals) to introduce His-Tag at C-
terminal and then was transfected to BL21-CodonPlus
(DE3)-RIPL competent cells (Stratagene). Culture was
carried out in TB medium (Invitrogen) in the presence of
100 pg/mL ampicillin and 34 pg/mL chloramphenicol.
Expression was introduced with 0.5 mmol/L IPTG and

then culture was continued at 30°C for 4 hours. Cells were
harvested by centrifugation and disrupted by sonication in
PBS. The supernatants from centrifugation were applied to
HisTrap HP (GE Healthcare) and eluted by imidazole linear
gradient. The eluted proteins were dialyzed to 50 mmol/L
Tris/HCI, pH8.0, then applied HiTrap Q HP column (GE
Healthcare). FIR or FIRAexon2 was eluted NaCl linear
gradient (0.2 to 1.0 mol/L). The eluted proteins were
concentrated and loaded to HilLoad16/60 Superdex75pg
gel filtration column (GE Healthcare), then eluted by 50
mmol/L Tris/HCl, 150 mmol/L NaCl, 10% glycerol,
pH8.0 at 0.5 mL/min.

FUSE ssDNA oligonucleotides

All ssDNA oligonucleotides and 5'- or 3'-biotinylated
ssDNA oligonucleotides pools were chemically synthesized
{(Nihon Gene Research Laboratories).

Electrophoresis mobility shift assay (gel shift assay)

FIR or FIRDexon2 protein binding assay with FUSE
antisense ssDNA oligonucleotides was carried out by Light-
Shift Chemiluminescent electrophoresis mobility shift assay
(EMSA) Kit. EBNA-1 protein and EBNA-1 binding DNA
sequence was employed as positive control (Thermo Scien-
tific) according to company's instruction.

Statistical analysis

Comparison of SAP130, SAP145, SAP155, and FIR
expression between cancer tissues and noncancer epithelium
was evaluated using the Student ¢ test. Correlation between
FIR and SAP155 expression was evaluated using the Pearson
product—-moment correlation coefficients.

Results

Relationship among FIR, FIRAexon2, and SF3b subunits
expression in colorectal cancer tissues

PUF60 is an SF3b-associated protein (8, 12), and FIR is a
splicing variant of PUF60 that lacks exon 5. Total FIR is
increased in colorectal cancers (7). Recently, SSA (13) and
pladienolide (14) have been reported to inhibit SF3b and
induce a strong antitumor effect, implying that SE3b nor-
mally promotes tumors. Therefore, we examined SF3b
expression in surgically excised human colorectal cancers
(Fig. 1A and B). Tortal FIR and SF3b subunit levels were
increased in colorectal cancers tissues compared with their
corresponding nontumor epithelia (Fig. 1C). Furthermore,
the levels of total FIR, SAP155, and SAP130 were positively
correlated (Fig. 1C). However, the level of SAP145, another
component with nearly equimolar subunit stoichiometry
with the other essential subunits of SF3b, was paradoxically
lower in cancer relative to SAP155 and SAP130 expression
(Fig. 1A and B). e-myc, SAP155, SAP130, FIR, FIRAexon2,
and the ratio of FIRAexon2/FIR were all increased at the
mRNA level in colon cancer tissues (T) compared with
corresponding noncancer epithelium (N; Fig. 1D). These
results suggested thar total FIRs, SAP155, or SAP130 tightly
correlate with each other and may cooperate during tumor
formation and progression, perhaps to elevate c-Myc.
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FIR and FIRAexon2 were coimmunoprecipitated and
colocalized with SAP155, indicating FIR, FIRAexon2,
and SAP155 potentially forms a complex

By immunoprecipitation, SAP155 associated with FIR
(Fig. 2A, top). Subcellular localization analysis of FIR and
SAP155 showed that these 2 proteins colocalized in the
nucleoplasm (Fig. 2A, bottom). To show whether SAP155,
FIR, and FIRAexon2 directly interact with each other,
FLAG-tag or Myc-tag recombinant proteins were stably or
transiently expressed in HeLa cells. Then reciprocal pull-
down assays among those proteins were carried out (at least

3 replicates each). Association between FIR-SAP155 (Fig.
2B, top and bottom panels, arrowheads), FIRAexon2 inter-
acted strongly with SAP155 regardless of which partner
was tagged (Fig. 2B, top and bottom, arrows), FIR also
interacted more strongly with FIRAexon2 (Fig. 2C, left,
arrow), than with itwself (Fig. 2C, left, arrowhead) and
FIRAexon2 also was strongly self-interacting (Fig. 2C, right,
arrow). SAP155 was pull down with FIR- and FIRAexon2-
containing complexes, but SAP130 was not detected (Fig.
2C). Therefore, it is likely that FIR and SF3b are func-
tionally linked. The dynamics and affinities among FIR,
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Figure 2. FIR, FIRAexon2, and SAP155 forms complex. A, proteins associated with anti-FLAG beads in the nuclear extracts of FIR-FLAG- or FIRAexon2-FLAG
stably expressing Hel.a cells were analyzed with Westemn blot using anti-SAP155 or SAP130 antibodies. SAP155 and SAP130 were much less detectable in
the FIRAexon2-FLAG complex, 0.10 and 0.35, compared with the FIR-FLAG complex at 1.0, respectively (top). Immunofluorescent study showed that
endogenous total FIRs (red) and SAP155 (green) were colocalized in the nucleoplasm. Both endogenous total FiRs and SAP155 were also colocalized in the
nucleus (bottomn). B, to examine the interaction between FIR or FIRAexon2 and SAP155, FIRAexon2 or FIR was pulled down with anti-SAP155-conjugated
beads in nuclear extracted proteins (NE) of FIR/FIRAexon2-FLAG stably (top) or transiently (bottom) expressing Hela cells. The eluted proteins were
immunoblotted with anti-FLAG antibody to examine the association between FIR/FIRAexon2 and SAP155 (top). NE of FIR/FIRAexon2-FLAG transiently
expressing Hela cells were prepared and treated with anti-SAP155-conjugated beads. The eluted proteins were immunoblotted with anti-FLAG antibody to
examine the association between FIR/FIRAexon2 and SAP155 (bottom). C, to examine the interaction between FIR-FIR, FIR-FIRAexon2, or FIRAexon2-
FIRAexon2, FIR-FLAG or FIRAexon2-FLAG was pulled down with anti-FLAG-conjugated beads in NEs of FIR-Myc tag (top) or FIRAexon2-Myc-tag (bottom)
transiently expressing HeLa cells. NEs of FIR/FIRAexon2-FLAG stably expressing Hela cells were prepared and either FIR-Myc tag (top) or FIRAexon2-Myc-
tag (bottom) expressing vector was transfected. Then the eluted proteins were immunoblotted with anti-FLAG or anti-Myc antibody to examine the association
between FIR-FIR, FIR-FIRAexon2, or FIRAexon2-FIRAexon2, respectively. Note, SAP155 was apparently pulled down with FIR-FIR or FIR-FIRDexon2
complex, but SAP130 was below detection level. IB, immunoblotting.

FIRAexon2, and SAP155 and their relationship to cancer and Hel a cells, and the ratio of FIRAexon2 mRNA relative
await further studies. to FIR mRNA was increased in HeLa cells (Fig. 3A, bottom

panels). SSA, an SF3b inhibitor, was used to verify the role of
SAP155 regulates alternative splicing of FIR pre-mRNA SAP155 in the alternative splicing of FIR mRNA. Although

and amounts of endogenous total FIR proteins SAP155 expression was not suppressed by SSA, FIR pre-
To gain insight into the physiologic relationship between mRNA splicing was affected, just as was seen using SAP155
FIR and SAP155, we first examined the effect of SAP155 siRNA (Fig. 3B, arrows). SSA treatment generated the FIR

knockdown by siRNA on the splicing and expression of FIR. splicing variants A3 and A4, revealed by DNA sequencing of
Treatment of HCT116 or HeLa cells with SAP155 siRNA RT-PCR products (Fig. 3B and Supplementary Fig. S2A and

for 48 hours induced an altered splicing pattern of FIR (Fig, C). These results indicated that pattern of FIR splicing is
3A, arrows) and a reduction in the total amount of endog- sensitive to the level or function of SAP155.

enous FIRs. Novel FIR splicing variants, A3 (Exons 1, 3, and So why did the knockdown of SAP155 by siRNAs reduce
6-12) and A4 (Exons 1, 6-12), were found (Fig. 3A and B, the amount of endogenous total FIR (Fig. 3A)? Is SAP155
Supplementary Fig. S2A and C). Analysis using quantitative required for endogenous FIR expression? To examine

real-time PCR (qRT-PCR; Fig. 3A, bottom panels) showed whether FIR and SAP155 interact with each other, we next
that the ratio of A3 and A4 mRNA relative to FIR mRNA tested whether FIR knockdown could also reduce SAP155
was increased by the SAP155 siRNA treatment in HCT116 expression. FIR siRNA treatment reciprocally decreased the
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SAP155 protein level, but not the SAP155 mRNA level, in
HeLa and HCT116 cells (Fig. 3C). These results indicated
that FIR and SAP155 form a complex at the protein level but
that FIR does nort significantly affect the SAP155 mRNA
level. For proper expression, FIR requires SAP155 at the
RNA level, but SAP155 requires FIR at the protein level.

SAP155 and SAP130, but not SAP145, were
coimunoprecipitated with FIR

The expression of FIR and SF3b subunits SAP155 and
SAP130, but not SAP145, significantly correlated in colon
cancer (Fig. 1C). FIR seems to have a significantly higher
affinity for SAP155 by pull-down assay (Fig. 2B-2D),
whereas SF3b consists of SAP130, SAP145, and SAP155
subunits in nearly equimolar stoichiometry amounts (8). To
explore this discrepancy, we carried out exhaustive screening
of FIR-binding proteins using 2 independent analyses. One
was gel-enhanced LC/MS-MS (GeLC/MS-MS) analysis
using FLAG-conjugated bead pull down with FIR- or
FIRAexon2-FLAG stably transfected HeLa cell nuclear
extracts (refs. 18-20; Supplementary Table S3). The other
was a direct nano-LC/MS-MS system with FLAG-conju-
gated bead pull down with FIR- or FIRAexon2-FLAG
transiently transfected 293T cell nuclear extracts (refs. 21—
24; Supplementary Table S4). In both exhaustive screenings
in HeLa cells, SAP155 was pulled down with FIR, but none
of SAP155, SAP130, or SAP145 coimmunoprecipitated
with FIRAexon2. In 293T cells, SAP155 and SAP130 were
pulled down with FIR and FIRAexon2, respectively (Sup-
plementary Table S5).

SE3b is a highly stable protein complex that remains
intact at high ionic strengths (25, 26). If SF3b is highly
stable, how does SAP155 encounter FIR and form stable
complexes? We hypothesize that SAP155 encounters FIR
before forming the SF3b complex. If this is true, the
synthesis of authentic SF3b should be hindered because
of the imbalance in SAP155, SAP145, and SAP130 pro-
portions, and thus, SF3b dysfunction might occur in cancer
cells. In this scenario, the elevated FIR-SAP155 complexes
in colorectal cancers modify their predominant activities in
nonneoplastic cells, FIR as a ¢-mye transcriptional repressor
and SF3b as a splicing factor.

SeV/AF/FIR suppressed SSA-activated c-Myc, whereas
Ad-FIRAexon2 activated c-myc transcription and led to
c-Myc overexpression

To determine whether the increase in c-myc is likely
attributable to the reduced FIR activity in cells, the SeV/
AF/FIR (27) was used in attempt to block the increase in c-
Moyc that results from treatment with either SAP155 siRNA
or SSA. SeV/AF/FIR suppressed SSA-induced c-Myc acti-
vation (Fig. 4A, compare lane 2 with lane 1) but not basal -
Myc expression (Fig. 4A, compare lanes 4 to 3 and 6 to 5,
respectively). These results were consistent with previous
reports that FIR suppresses activated, not basal, c-mye
transcription (5). Ad-FIRAexon2 activates not only c-mye
transcription but also c-Myc protein expression in HeLa cells
(Fig. 4B). As expected, FIR antagonized the upregulation of

MYC by FIRAexon2 (Fig. 4C). How should we interpret
this result? c-Myc mRNA and protein are not in a linear
relationship because c-Myc increases the efficiency of trans-
lation, including its own mRNA mediated by coding region
determinant-binding protein/insulin-like growth factor 2
mRNA binding protein 1 (CRD-BP/IGF2BP-1; refs. 28,
29). Notably, CRD-BP/IGF2BP-1 was coimmunoprecipi-
tated with both FIR and FIRAexon2 (Supplementary Table
S5). These observations suggested that the increase in c-myc
from either the SAP155 siRNA or SSA treatment is likely
due to the reduced FIR or an imbalance between FIR and
FIRAexon2 in Hela cells. Together, FIRAexon2-FIR and
SAP155 serves as molecular switches for c-myc expression.

Reduction of SAP155 elevates c-Myc expression with FIR
suppression in HelLa cells

As SAP155 knockdown reduced the expression of FIR, a c-
myc transcriptional repressor, it is possible that c-Myc
expression is regulated, at least partly, by SAP155. Indeed,
SAP155 siRNA apparently increased c-Myc but decreased
FIR protein expression in HeLa cells (Fig. 5A). Accordingly,
c-Myec activation by SAP155 siRNA is likely to be indirect
via FIR. SAP155 siRNA also reduced the level of SAP130
(Fig. 5B), suggesting that SAP155, SAP130, and FIR form a
complex. Thus, to further examine the relationship between
c-Myc protein expression and FIRAexon2, we measured the
ratio of FIRAexon2/FIR mRNA during SAP155 knock-
down (Fig. 5C) or SSA treatment (Fig, 5D). As anticipated,
the ratio of FIRAexon2/FIR mRNA correlated well with c-
Myec protein expression in those cells. These findings indi-
cated that the disturbance of FIR pre-mRNA splicing, and
thus the ratio of FIRAexon2/FIR mRNA, had an effect on
not only e-mye gene transcription, but also on c-Myc protein
levels during SAP155 knockdown or SSA treatment.

c-myc gene intron was actively transcripted in colon
cancer tissues

These results strongly suggested that FIR has a higher
affinity with SF3b, SAP155, and SAP130. Hence, in cancer
cells, it is likely that SAP155/FIR or SAP155/130/FIR form
alternative complexes to the ordinary SF3b complex, and
that this may disturb ¢-mye pre-mRNA splicing. Actually, -
mye gene intron 1 sequences were relatively more abundant
in cancers in which the expression of the SE3b subunits was
disturbed than in adjacent noncancer epithelia (Fig. 6A). Of
note, unspliced c-myc mRNA was also overproduced in
cancers (7). RT-PCR using a variety of primer sets showed
that SAP155 siRNA increased total c-myc mature mRNA
(Fig. SA), as well as immature ¢-myc intron 1-containing
mRNA (Fig. 6B) levels. These results confirmed that rotal
¢-mye transcription was activated by SAP155 knockdown. In
addition, it is possible that SSA severely impairs c-myc pre-
mRNA splicing (Fig. 6C). FIR siRNA also slightly inhibited
c-mye pre-mRNA splicing (Fig. 6D). Collectively, disturbed
FIR or SAP155 expression at least partly affected both c-myc
gene transcription and splicing in human colon cancer
tissues.
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Figure 4. Ad-FIR suppressed SSA-activated c-Myc, whereas Ad-FIRAexon2 activated c-myc transcription and led to c-Myc overexpression. A, c-Myc
activation in 50 ng/mL SSA treatment for 48 hours was suppressed by enforced SeV/AF/FIR expression (lane 2). The effect of SeV/AF/FIR (27) was examined for
whether the increase in c-Myc from either the SAP155 siRNA or SSA treatment is impaired by FIR. SeV/AF/FIR suppressed SSA-induced c-Myc activation
(compare lane 2 with lane 1), but not basal c-Myc expression (compare lanes 4 and 6 with lanes 3 and 5, respectively). B, Hela cells were treated with
Ad-FIRAexon?2 for 48 hours, and whole cell proteins and total RNAs were extracted. Western blot analysis for c-Myc protein expression and gRT-PCR forc-myc
mRNA were carried out. Ad-FIRAexon2 activated c-Myc protein and c-myc mRNA in Hela cells. Ad-GFP was used as a control vector. Mock shows that
Hela crude extract proteins are not subject to adenovirus vector treatment. Lanes 2, 7: 0.1 MOI; lanes 3, 8: 0.5 MOI; lanes 4, 9: 1 MOI; lanes 5, 10: 5 MOI;
lanes 6, 11: 10 MOI of Ad-FIRAexon2 or Ad-GFP, respectively. Ad-FIRAexon2 apparently increased c-Myc more than 20 times over mock expression, whereas
Ad-GFP did not affect c-Myc. The increase of c-myc mRNA was much less, 2 to 3 times that of c-Myc protein elevation by Ad-FIRAexon2. C, FIR

and Ad-FIRAexon2 antagonized against c-Myc expression (compare lanes 3 and 6). Lane 1 (Mock): no adenovirus vector; Lane 2: 10 MOI of Ad-FIRAexon2;
Lane 3: 5 MOI of Ad-FIRAexon2 and 5 MOI of Ad-FIR; Lane 4: 10 MOI of Ad-FIR; Lane 5: 10 MOI of Ad-FIRAexon2 (same as lane 2); Lane 6: 5 MOI

of Ad-FIRAexon2 and 5 MOl of Ad-B-gal; Lane 7: 10 MOl of Ad-B-gal. Notably, c-myc mRNA was not significantly activated by Ad-FIRAexon2 (datanot shown).
MOI, multiplicity of infection.

FIRAexon2AC interferes FIRAC to bind to FUSE tions with FIR and with SAP155/SAP130 is shown in Fig,
FIRAC- or FIRAexon2AC-His tag proteins that deleted 7C. FIR suppresses c-myc gene transcription and SAP155

C-terminal 95 amino acids, containing RRM1 and RRM2, regulates alternative splicing in noncancer cells (Fig. 7C,

were purified (Fig. 7A). FIRAexon2AC was found to inter- left), whereas FIRAexon2 interferes with FIR binding to

fere with FIRAC binding to FUSE via EMSA (Fig. 7B). FIR FUSE, resulting ¢-mye activation with potent SF3b dysfunc-

and FIRAexon2 form complex (Fig. 2C). These results tion in cancer cells (Fig. 7C, right)

indicated that formation of FIRAexon2 competes with FIR

for binding to FUSE; probably the protein—protein inter- Discussion

action interferes with DNA recognition by RRM1. A model

o ok The results of this study are summarized as follows: (i)
of summarizing the consequences of FIRAexon2's interac- FIRAexon?2 interacts with FIR and SAP155 (ii) siRNA

Figure 3. siRNA knockdown of SAP155 reduces FIR levels and vice versa. A, treatment with SAP155 siRNA for 48 hours suppressed FIR protein expression and
FIR pre-mRMA splicing in HCT116 and Hela cells. RT-PCR of full-length FIR cDMAs isolated from HelLa or HCT116 cells was carried out to amplify the
aminoterminal regions. Note that novel FIR splicing variants, A3 and A4, were induced by SAP155 siRNA detected by RT-PCR (bottom, arrows). The
expression levels of FIR and FIRAexon2 mRNAs were quantified by gqRT-PCR after SAP155 siRNA treatment for 48 hours in HCT116 and HeLa cells (bottom).
The ratios of A3 and A4 mRNA relative to FIR mRNA were increased by the SAP155 siRNA treatment in HCT116 and Hela cells, as well as the ratio of
FIRAexon2/FIR mRMNA in Hela cells. There was no significant alteration of the ratio of FIRAexon2/FIR mRNA expression by SAP155 siRNAin HCT116 celis. B,
effects of SSA, an SF3b inhibitor, on endogenous FIR expression and pre-mRNA splicing in HeLa cells were analyzed by qRT-PCR. Total FIRs expression was
reduced by treatment with 100 ng/mL SSA for 24 hours. Altered FIR pre-mRNA splicing (lane 4) was detected by gRT-PCR in SSA-treated cells. Novel FIR
splicing variants, A3 and A4, were accumulated by SSA treatment as well as by SAP155 siRNA, as shown in Fig. 1A. Theratios of FIRAexon2, A3, and A4 mRNA
relative to FIR mRNA were increased by SSA treatment. C, FIR siRNA suppressed SAP155 expression in HelLa and HCT116 cells for 48 hours. The ratio of
SAP155/B-actin mRNA was not suppressed by FIR siRNA as determined by gRT-PCR.
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Figure 5. The ratio of FIRAexon2/FIR mRNA coincided well with c-Myc expression. A, treatment with SAP155 siRNA at the indicated concentrations for 48
hours induced an increase in c-myc mRNA, as determined by gRT-PCR, and protein and a decrease in FIR protein expression. FBP expression was
unchanged by SAP155 siRNA. Knockdown of SAP155 by siRNA apparently increased c-Myc about 4 times more than mock expression. Notably, the increase
of e-myc mRNA was, at most, 2 times more than GL2. B, knockdown of SAP155 by siRNA also decreased SAP130 expression in Hela cells. C, interestingly,
c-Myc activation was partly transcriptional because c-myc mRNA determined by gRT-PCR was increased along with SAP155 siRNA. The ratio of
FIRAexon2/FIR mRNA determined by qRT-PCR; FIRAexon2/FIR mRNA coincided well with c-Myc protein expression level. D, SSA (100 ng/mL) was
administered in atime-dependent manner to HelLa cells. MeOH: an equal amount of methanol that dissolves SSA was used as a control; H2O: an equal amount
of HzO that dissolves SSA was used as another control. Interestingly, c-myc mRNA and c-Myc protein expression levels comelated well with the ratio of
FIRAexon2/FIR mRNA expression rather than with FIR or FIRAexon2 mRNA expression alone.

knockdown of FIR reduces SAP155 levels and vice versa; (iii)
increased levels of FIRAexon2 and siRNA knockdown of
SAP155 increased c-Myc levels; and (iv) FIRAexon2 potent-
ly interferes with FIR binding to FUSE, yielding ineffective
suppression of c-myc. In other words, augmented and sus-
tained FIR/FIRAexon2-SAP155 interaction modifies the
functions of FIR and SAP155, thereby interfering with c-mye
transcription and alternative splicing, respectively. In cancer
cells, alternative splicing of FIR or c-myc pre-mRNA may
also be disturbed (8). FIR/FIRAexon2-SAP155 complex
formation potently disturbs the proportion of SAP155,
SAP130, and SAP145 in SF3b, thus altering FIR pre-mRNA
and changing the ratio of FIRAexon2 to FIR mRNA
expression. SAP155 siRNA or SSA treatment induces tran-
sient c-Myc activation in HeLa cells (Fig. 5A, C, and D).
Reduction of FIR increases c-myc expression, and overex-

pression of FIRAexon2 leads to c-Myc protein activation.
Thus, this process forms a novel bona fide molecular switch
for c-myc gene expression.

Why were both FIR and FIRAexon2 overexpressed in
colorectal cancer tissues? Why was SAP155 activated in
cancer tissues, although SAP155 siRNA or SSA treatment
induced c-Myec. First reason might be that FIR is a c-Myc
target. Also, the tight FIR/FIRAexon2-SAP155 interaction
disables established FIR and SAP155 functions disturbing
the synthesis of normally spliced FIR mRNA. Second,
FIRAexon2 potently forms a heterodimer with FIR (Fig.
2B-D) and thus FIRAexon2 interferes with FIR to bind to
FUSE (Fig. 7B and C). These results strongly suggest that
FIRAexon2 antagonized FIR in c-myc transcriptional sup-
pression and simultaneously interferes with SF3b in splicing
during tumor progression. Third, genomic or somatic
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Figure 6. Endogenous c-myc gene splicing was altered in colon cancer tissues. Total RNA was extracted from 5 matched, operatively excised human tumor
samples (T) and adjacent nontumor epithelial tissue (N). cDNA was synthesized from RNA. c-myc intron 1 was examined to determine the extent of
transcription by RT-PCR, through changing the reverse primers located in c-myc intron 1 (R2-R6). A, primers for detection of transcribed c-myc intron 1 are
listed in Supplementary Table S2. c-myc intron 1 was disturbed and transcribed in (T) but not in (N). PC: positive control (cDNA synthesized by Hela cell total
mRNA); NC: negative control (Hz0). B, treatment with SSA (500 ng/mL) disturbed transcription of c-mye intron 1. Transcription of c-myc intron 1 was also
apparently disturbed by siRNA against SAP155 (C) and FIR (D). RNAs: PCR was carried out with primers F-R1 and F-R6 with 1 ug of extracted total RNAas a

template to exclude genomic DNA contamination.

SAP155 is murated in cancers (30, 31). How would these
SAP155 somatic mutations affect to the regulation of c-Myc
by FIR and its alternative splicing products? SAP155 somatic
mutations observed in cancers accumulated at a specific site,
supporting a gain-of-function of SAP155, and perhaps
strengthening binding with FIR or FIRAexon2. The
FBP-FIR—FUSE system mediates c-myc transcriptional con-
trol because the RNA recognition motifs of FIR provide a
platform for independent FUSE DNA and FBP protein
binding, and this explains the structural basis of the revers-
ibility of the FBP-FIR interaction (32, 33). Does
FIRAexon2 interfere with the dimerization of FIR on nucleic
acid binding? What we do know is that the first RNA
recognition motif (RRM) of FIR (amino acids 112-187-
RRM1, Supplementary Fig. S2C) binds nucleic acids, and
thus, it would be helpful to examine whether a conforma-
tional change would occur in FIRAexon2 because FIR has
been shown to dimerize upon nucleic acid binding (33).
Atleast one alternative splicing variant is present in 60% to
95% of all human genes (34). Does the FIR/FIRAexon2—
SAP155 complex affect alternative splicing in addition to
FIR or the c-myc gene? Although further studies are required
to answer this question, the disturbance of alternative
splicing by SSA treatment has been found only in limited
genes (35). Transcription affects splicing and vice versa, but
much remains to be learned about how these processes are
coupled (36-38). How does FIRAexon2 activate c-myc?

Does FBP-FIR or FIR-SAP155 binding differ among
noncancer, transformed, and cancer cells? FBP was identified
as a FIR- or FIRAexon2-binding protein in 293T cells
(Supplementary Tables S4 and S5), but it was below the
detection levels in HeLa nuclear extracts (Supplementary
Tables S3 and S4).

The existence of proteins binding uniquely to FIR or
FIRAexon2, as well as of proteins binding to both (Sup-
plementary Fig. S4A) berween FIR and FIRAexon2 in
HeLa cells (Supplementary Table S3) and 293T cells
(Supplementary Table S5) suggests that this system can
be tuned depending on the cell conditions. IGF2BP-1/
CRD-BP, which meditates stabilization of c-myc mRNA
and in turn transcriptionally regulated by c-myc (28, 29),
was coimmunoprecipitated with both FIR and
FIRAexon2 (Supplementary Table S5). Accordingly, the
balance of c-myc transcription, splicing patterns as well as
c-myc mRNA stability can be adjusted differently in
different cells or in tumors because authentic FIR function
in e-myc transcriptional repression and SAP155 in alter-
native splicing were simultaneously disturbed by FIR/
FIRAexon2/SAP155 complex formation. Our study pro-
poses that c-myc is regulated not only at the transcriptional
but also by the efficiency of the splicing of its pre-mRNA.
Further studies of agents that modify FIR/FIRAexon2-
SAP155 complex formation and SAP155 inhibitors (39)
may provide clues to cancer therapy.
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A, C-terminal 95 amino acids

| deleted FIR- or FIRAexon2-His tag
protein, FIRAC- or FIRAexon2AC-
His tag or with FIR-RRM1 and
RRM2 (amino acids 103-297,
exons 6-9), was prepared, purified,
and was analyzed by SDS-PAGE.
After affinity purification by
HisTrapHP, recovered sample was
dialyzed against 50 mmol/L Tris-
HCI (pH9.0). Lane 1; 1,000 ng of
bovine serum albumin (BSA), lane
2; 500 ng of BSA, lane 3; 250 ng of
BSA, lane 4; 125 ng of BSA, lane 5;
2L, lane 6; 4 uL, lane 7; 8 pL of
purified FIR- (top) or FIRAexon2-
His tag (bottom) proteins.
Concentration of FIRAexon2-His
tag proteins was estimated by
band intensity using with BSA asa
standard. B, EMSA revealed that
FIRAexon2AC interferes with
FIRAC to bind to FUSE. C,
functional model of FIR/
FIRAexon2/SAP155/SAP130
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Abstract

whose expression can be confirmed in our cell system.

incednine-binding proteins.

proteins of small molecules.
,

Background: Identification of the target proteins of bioactive compounds is critical for elucidating the mode of
action; however, target identification has been difficult in general, mostly due to the low sensitivity of detection
using affinity chromatography followed by CBB staining and MS/MS analysis.

Results: We applied our protocol of predicting target proteins combining in silico screening and experimental
verification for incednine, which inhibits the anti-apoptotic function of Bcl-xL by an unknown mechanism. One
hundred eighty-two target protein candidates were computationally predicted to bind to incednine by the
statistical prediction method, and the predictions were verified by in vitro binding of incednine to seven proteins,

As a result, 40% accuracy of the computational predictions was achieved successfully, and we newly found 3

Conclusions: This study revealed that our proposed protocol of predicting target protein combining in silico
screening and experimental verification is useful, and provides new insight into a strategy for identifying target

Background

To understand complex cell systems, functional analysis
of proteins has become the main focus of growing re-
search fields of biology in the post-genome era; however,
the roles of many proteins in cellular events remain to
be elucidated. Among various methods to elucidate pro-
tein functions, the approach of chemical genetics is not-
able, with small molecular compounds used as probes to
elucidate protein functions within signal pathways [1,2].
Indeed, several bioactive compounds have led to break-
throughs in understanding the functional roles of pro-
teins [3-11]; however, one significant hurdle to
developing new chemical probes of biological systems is
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identifying the target proteins of bioactive compounds,
discovered using cell-based small-molecule screening.

A variety of methods and technologies for identifying
target proteins have been reported [12]. Among them, af-
finity chromatography is often used for identifying bio-
logical targets of multiple small molecules of interest;
however, it is usually very difficult to identify compound-
targeted protein with low expression because of the low
sensitivity of detection using coomassie brilliant blue
(CBB) staining and MS/MS analysis. Thus, target identifi-
cation of small molecules using affinity chromatography is
severely limited. To overcome the limitations of affinity
chromatography, we propose a new protocol combining
in silico screening and experimental verification for identi-
fication of target proteins.

In our previous work, we developed an in-silico
screening system, called “COPICAT” (Comprehensive
Predictor of Interactions between Chemical compounds
And Target proteins), to predict the comprehensive

© 2012 Kobayashi et al; licensee BioMed Central Ltd This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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interaction between small molecules and target proteins
[13]. If a target protein is input in the system, a list of
chemical compounds which are likely to interact with
the protein is predicted. In our previous work, several
potential ligands for the androgen receptor were pre-
dicted by this system, these predictions were experimen-
tally verified, and a novel antagonist was found [14]. On
the other hand, if a chemical compound is input in the
system, a list of proteins which are likely to interact with
the compound is predicted by the system.

Previously, we isolated the natural product incednine
from the fermentation broth of Streptomyces sp. ML694-
90F3, which consists of a novel skeletal structure, enol-
ether amide in the 24-membered macrolactam core, with
two aminosugars. In addition, it was reported that inced-
nine induced apoptosis in Bcl-xL-overexpressing human
small cell lung carcinoma Ms-1 cells when combined with
several anti-tumor drugs including adriamycin, camptothe-
cin, cisplatin, inostamycin, taxol, and vinblastine [15]. Be-
cause this compound inhibits the anti-apoptotic function of
Bcl-2/Bcl-xL without affecting its binding to pro-apoptotic
Bcl-2 family proteins, it may target other proteins asso-
ciated with the Bcl-2/Bcl-xL-regulated apoptotic pathway.
To address the mode of action of incednine underlying its
interesting function, we first synthesized affinity-tagged
incednine which is biologically active (data not shown), and
proteins bound to incednine were separated by SDS-PAGE
followed by CBB staining, and each protein band was dir-
ectly identified using liquid chromatography-tandem mass
(LC-MS/MS) spectrometry analysis. Fifty-three proteins
were identified as listed in Table 1, and some of which, such
as eukaryotic initiation factor 4A3(elF4A3), prolyl 4-
hydroxylase, beta subunit (PDI), heat shock protein 70
(HSP70), and protein phosphatase 2A (PP2A) were
reported to relate to cancer cell survival[16-19]. Therefore
these were knocked down by siRNA or inhibited by a spe-
cific inhibitor, and assessed for their ability to modulate
Bcl-2/Bcl-xL. anti-apoptotic function, as does incednine.
However, the candidate proteins tested did not appear to
be the target responsible for modulating Bcl-2/Bcl-xL anti-
apoptotic function (Additional file 1). Therefore, the target
protein of incednine responsible for modulating Bcl-2/Bcl-
xL anti-apoptotic function has not yet been determined,
and further candidate proteins as targets of incednine are
expected to emerge.

In this context, we propose a new protocol combining
in silico screening and experimental verification for the
identification of target proteins. We first predicted the
candidate proteins likely binding to the input compound
by applying the COPICAT system, and then employed
western blotting to detect the binding of predicted pro-
teins to the input compound. This method solves the
problem of the low sensitivity of the traditional method
(as illustrated in Figure 1).
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Results

Computational prediction of target proteins for incednine
We set the chemical compound “incednine” as the bind-
ing ligand, and candidate proteins for the targets of
incednine were computationally predicted from the
KEGG database by using the statistical prediction
method for protein-chemical interaction. The training
dataset of protein-chemical interactions to construct the
SVM-based statistical learning model was collected from
the approved DrugCards data in the DrugBank database
[20], and 53 interactions with incednine obtained from
our previous binding experiments using affinity chroma-
tography (see Table 1 and Methods) because the predic-
tion accuracy was increased when more training samples
of protein-chemical interactions were given to the SVM-
based statistical learning model. Among 24,245 human
proteins in the KEGG repository, 182 proteins were
newly predicted as positive, that is, to interact with
incednine with high probability greater than the 0.5
threshold (the default threshold value).

Clustering of computationally predicted proteins

The 182 proteins that were computationally predicted to
bind to incednine were clustered by the hierarchical
clustering method using 199-dimentional feature vector
that was used for encoding amino acid sequences to
construct the SVM-based statistical learning model (See
Methods section for the details). Note that the similarity
based on this 199-dimentional feature vector is different
from the sequence similarity, and this similarity measure
based on the 199-dimentional vector was proven to
work well for protein-chemical interaction predictions in
our previous work [13]. For example, 5SHTT and AR «-
1A showed only about 10% sequence similarity although
both were reported to interact with the MDMA drug
and successfully predicted by our SVM-based statistical
learning method. A cutoff threshold on the constructed
clustering tree was determined so that the proteins were
clustered into 11 clusters and each cluster had a statisti-
cally significant number of members. The proteins pre-
dicted to bind to incednine are listed in Additional file 2.

Experimental verification

Next, to examine whether incednine can bind to the
proteins, an in vitro biotinylated incednine pull-down
assay using the lysate of Bcl-xL expressing Ms-1 cells
was performed. We tested 16 proteins as pilot experi-
ments, which are selected from each cluster by one or
two based on antibody availability. Negative candidates
that were predicted not to bind to incednine were
extracted for experimental verification. These proteins,
positive candidates and negative candidates, are listed in
Table 2. Among positive candidate proteins, 2 positive
candidates PIK3CG and ACACA were found to bind to



Kobayashi et al. BMC Chemical Biology 2012, 12:2 Page 3 of 9
http://www.biomedcentral.com/1472-6769/12/2

Table 1 List of proteins identified to bind to incednine in our previous binding experiments

Protein Uniprot ID Kegg ID
poly 4- hydroxylase, beta submit P07237 5034
N-acylaminoacy! peptide hydrolase P13798 327
Heat shock protein 70 PO8107 3303/3304
Protein Phosphatase A2 P67775 5515
Similar to DNA damage-binding protein 1 Q16531 1642
Deoxyhypusin synthase isoform alpha P49366 1725
Methionine adenosyltransferse alpha/beta P31153/Q00266/Q9NZLY 4144/4143/27430
4-alpha-glucanotransferse P35573 178
Actin alpha 4 043707 81
Eukaryotic Initiation factor 4A3 P38919 9775
Deoxycytidine kinase p27707 1633
ATP synthase H+ transporting, mitochondrial F1complex, alpha P25705 498
prohibitin P35232 5245
proteasome alpha 7subuit 014818 5688
proteasome(prosome macropain) subunit alpha type 8 Q8TAA3 143471
centaurinbeta 2 Q15057 23527
heterogeneous nuclear ribonucleoprotein A/B Q99729 3182
heterogeneous nuclear ribonucleoprotein K P61978 3190
heterogeneous nuclear ribonucleoprotein D Q14103 3184
heterogeneous nuclear ribonucleoprotein A2/81 P22626 3181
heterogeneous nuclear ribonucleoprotein Al P09651 3178
heterogeneous nuclear ribonucleoprotein M P52272 4670
small nuclear ribonucleoprotein polypeptide D2 family P62316 6633
mitochondrial riblosomal protein L2 Q5T653 51069
mitochondrial riblosomal protein L20 Q9BYCY 55052
mitochondrial riblosomal protein L3 Q6IBT2 11222
mitochondrial riblosomal protein L40 Q9NQ50 64976
mitochondrial riblosomal protein 146 B2RD75 26589
mitochondrial riblosomal protein 149 B2R4G6 740
mitochondrial riblosomal protein L1 ABNGO3 65008
mitochondrial riblosomal protein L37 Q9BZE1 51253
small nuclear ribonucleoprotein-assosiated protein B and B P14678 6628
cAMP-dependent protein kinase, regulatory subunit alpha 1 P10644 5573
phosphoribosyl pyrophosphate synthetase-associated protein 1 B2R6M4 5635
peptidylprolyl isomerase-like 2 Q13356 23759
thymoprotein isoform beta, gamma p42167 7112
fructose-bisphosphate aldolase A P04075 226
brain creatine kinase P12277 1152
enolase 1 P06733 2023
Ewing sarcoma breakpoint region 1 Q5THLO 2130
fusion(involved in t(12;16) in malignant liposarcoma) Q61BQS 2521
GDP dissociation inhibitor 2 Q55X88 2665
nucleosome assembly protein 1-like 1 P55209 4673
nucleosome assembly protein 1-like 4 Q99733 4676
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Table 1 List of proteins identified to bind to incednine in our previous binding experiments (Continued)

phosphoglycerate dehydrogenase
triosephosphate isomerase 1

clathrin heavy chain 1

clathrin heavy poly peptide -like 1
glutamyl-prolyl tRNA synthetase
retinoblastorna binding protein 7
retinoblastoma binding protein 4
tripartite motif-containing 28 protein

high glucose-regulated protein 8

043175 26227
P60174 7167
Q00610 1213

P53675 8218
PO7814 2058
Q16576 5931

Q09028 5928
Q13263 10155
Q9Y5A9 51441

incednine, and 5 positive candidates DAPK1, PIK3C2B,
PIP5K3, CHD4, GTF2IRD2 did not bind to incednine.
Among negative candidate proteins, 2 negative candi-
dates BECN1 and KIF5B did not bind to incednine, and
1 negative candidate PARP1 did bind to incednine
(Figure 2). On the other hand, ITPR1, PARP14, PLCBI,
KIF1A, KIF21B, and RGPDS5, listed as positive candi-
dates in Table 2, were not well expressed and were not
detected in Bcl-xL-expressing Ms-1 cells; therefore, ac-
curacy of 40% (4/10), sensitivity of 66.7% (2/3) and pre-
cision of 28.6% (2/7) were achieved.

Discussion

For target identification using affinity chromatography, con-
ventional method requires multiple steps as follows; SDS-
PAGE, CBB staining, excision of gel, destaining, reduction,
trypsinization, and application to LC-MS/MS system (7
steps); these steps can be cumbersome, time-consuming

and require expensive installation. Furthermore, CBB stain-
ing used in conventional method can detect proteins over
nanogram order. In contrast, our proposed protocol for
predicting target protein allows us to use western blotting
to detect proteins in picogram order. Indeed, we found two
incednine-binding proteins by this prediction. Additionally,
we can enhance the precision of COPICAT by feeding back
the experimental results to the system.

In this work, PIK3CG, PARP1, and ACACA were
revealed to bind to incednine by applying our protocol
to identify potential target proteins of chemical com-
pounds. These proteins are potential targets of incednine
because it has been reported that these proteins are
related to cancer survival and drug resistance, as follows.

PI3KCG encodes p110 catalytic subunit isoform p110y
and heterodimerizes with regulatory subunit p101, com-
posing class IB PI3K in the PI3K family [21,22]. Al-
though PIK3CG and PIK3C2B are distant homologous
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Figure 1 Schematic illustration of our protocol combining in silico screening and experimental verification for identification of target
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Table 2 Representative proteins selected from each
cluster and negative candidates for experimental
verification

Cluster Representative Protein
No.
1 ITPR1 (inositol 14,5-triphosphate receptor, type 1)
2 DAPK1 (death-associated protein kinase 1)
3 PIK3CG (phosphoinositide-3-kinase, catalytic, gamma
polypeptide), PIK3C2B
(phosphoinositide-3-kinase, class 2, beta polypeptide)
4 PARP14 (poly (ADP-ribose) polymerase family, member 14)
PIP5K3 (phosphatidylinositol-3-phosphate/phosphatidylinositol
5-kinase, type Ill)
6 PLCBT (phospholipase C, beta 1)
7 CHD4 (chromodomain helicase DNA binding protein 4)
8 KIF1A (kinesin family member 1A), KIF21B (kinesin family
member 21B)
9 ACACA (acetyl-Coenzyme A carboxylase alpha)
10 GTF2IRD2 (GTF2| repeat domain containing 2)
1 RGPD5 (RANBP2-like and GRIP domain-containing protein 5)
Negative Proteins predicted not to bind to incednine
1 BECN1 (Beclin-1)
2 PARP1 (poly (ADP-ribose) polymerase family, member 1)
3 KIF5B (kinesin family member 5B)

with 20% sequence identity, incednine selectively binds
to PIK3CG but not PIK3C2B (Figure 2). In contrast to
class IA, class IB PI3K acts downstream of G-protein
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coupled receptors (GPCR). It has been reported that
p110y was upregulated and activated by the chimeric
oncogene Ber-Abl expression to contribute to cell prolif-
eration and drug resistance in chronic myelogenous
leukemia [23], and was found to be highly and specific-
ally expressed among the PI3K family in human pancre-
atic cancer [24], suggesting that class IB PI3K might
relate to cell survival and drug resistance. Product of en-
zymatic activation of class IB PI3K as class IA,
phosphatidylinositol-3,4,5-trisphosphate, makes BAD
dissociate from Bcl-xL and promotes cell survival via
Akt activation [22]. Therefore class IB PI3K might con-
tribute cell survival in Bcl-xL-overexpressing cells.
PARP1 is a member of the PARP protein superfamily
that catalyzes the polymerization of ADP-ribose moieties
onto target proteins, using NAD™ as a substrate and re-
leasing nicotine amide in the process [25]. PARP1 activ-
ity is important for the regulation of homeostasis and
the maintenance of genomic stability, participating in
DNA repair, the regulation of transcription, DNA repli-
cation, cell differentiation, proliferation and cell death
[26-28]. Many in vitro and in vivo experiments demon-
strated that inhibition of PARP1 potentiates the cytotox-
icity of anti-cancer drugs and ionizing radiation [29-32].
Therefore, incednine could bind to PARP1 and could
function as antagonist of anti-apoptotic PARP1 protein.
Alternatively, PARP1 is emerging as an important activa-
tor of caspase-independent cell death. It has been previ-
ously reported that PARP1 mediates the release of
apoptosis-inducing factor (AIF), one of the initiators of

Positive candidates
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Figure 2 Experimental verification by in vitro biotinylated incednine pull-down assay. Lysates from Ms-1 overexpressing Bcl-xL were
incubated with biotin (Biotin) or biotinylated incednine (Bl) and avidin beads for 3 h. The beads were washed, and co-precipitated proteins were
eluted with 2 mM biotin. The eluted proteins were subjected to western blotting using the indicated antibodies. “Positive candidates” means
proteins which were predicted to bind to incednine, and “Negative candidates” means proteins which were predicted not to bind to incednine.
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