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unknown mechanisms.
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(Background: MDM?2 is alternatively spliced into shorter isoforms under DNA damage and in several cancers through

Results: FUBP1 inactivation decreases splicing efficiency of an MDM?2 minigene and causes exon skipping of endogenous
MDM?2 under normal conditions. Its overexpression attenuates damage-induced skipping of MDM?2 exons.

Conclusion: FUBP1 positively regulates efficient MDAM?2 splicing.

Significance: This work uncovers an important mechanism regulating splicing efficiency of the oncogene MDM?2.
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Alternative splicing of the oncogene MDM?2 is a phenomenon
that occurs in cells in response to genotoxic stress and is also a
hallmark of several cancer types with important implications in
carcinogenesis. However, the mechanisms regulating this splic-
ing event remain unclear. Previously, we uncovered the impor-
tance of intron 11 in MDAM?2 that affects the splicing of a dam-
age-responsive MDM?2 minigene. Here, we have identified
discrete cis regulatory elements within intron 11 and report the
binding of FUBP1 (Far Upstream element-Binding Protein 1) to
these elements and the role it plays in MDAM?2 splicing. Best
known for its oncogenic role as a transcription factor in the con-
text of c-MYC, FUBP1 was recently described as a splicing reg-
ulator with splicing repressive functions. In the case of MDM2,
we describe FUBP1 as a positive splicing regulatory factor. We
observed that blocking the function of FUBP1 in in vitro splicing
reactions caused a decrease in splicing efficiency of the introns
of the MDM?2 minigene. Moreover, knockdown of FUBP1 in
cells induced the formation of MDM2-ALT]I, a stress-induced
splice variant of MDM?2, even under normal conditions. These
results indicate that FUBP1 is also a strong positive splicing reg-
ulator that facilitates efficient splicing of the MDM2 pre-mRNA
by binding its introns. These findings are the first report
describing the regulation of alternative splicing of MDM?2 medi-
ated by the oncogenic factor FUBP1.

MDM2 (Murine Double Minute 2) is an oncogenic protein
that functions chiefly through the negative regulation of the
tumor suppressor p53 (1-3). The amplification and overex-
pression of full-length MDM2 have been implicated in the eti-
ology of various types of cancer (4, 5). Alternative splicing of
MDM?2 resulting in truncated isoforms incapable of regulating
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p53 has also been reported as a hallmark of several tumor types
(6-14). One such splice variant is MDM2-ALT1, a form that
lacks all internal exons and includes only the terminal coding
exons (exons 3 and 12) of MDM?2. The impact of MDM2 splice
variants on cancer is evidenced by their association with aggres-
sive, high grade tumors (8, 10, 11, 14). We recently showed, in a
panel of pediatric rhabdomyosarcoma tumors, >90% of the
metastatic tumors were positive for MDM2-ALT1 (15). Fur-
thermore, MDM2-ALT1 and MDM2-ALT2 (another MDM?2
splice variant frequently observed in tumors) have been shown
to accelerate tumorigenesis in in vitro and in vivo studies (15—
19). Indeed, a recent study showed that the expression of splice
variant MDM2-ALT1 in colorectal cancer cells considerably
increased the tumorigenic properties of these cells by causing
the accumulation of mutant p53 (gain-of-function p53
mutants) (19). It is therefore important to understand the
mechanisms regulating the alternative splicing of MDM2 in
cancer.

Another important context in which the alternative splicing
of MDM?2 is observed is in the response of cells to genotoxic
stress. Treatment with DNA-damaging agents such as UV irra-
diation and cisplatinum induces the formation of MDM2-ALT1
transcripts (20, 21). We have utilized this inducible system to
develop an in vitro splicing assay using nuclear extracts from
normal and cisplatinum-treated HeLa S3 cells and a damage-
responsive M DM?2 minigene. Using this in vitro splicing assay,
we previously reported the importance of evolutionarily con-
served regions in intron 11 of MDM?2 for the normal and dam-
age-induced splicing of the MDM?2 minigene (22). In this study,
we have narrowed down specific cis elements within intron 11
that influence the regulation of damage-inducible exon 11 skip-
ping of the MIDM2 minigene. Furthermore, we have identified
potential regulators of the alternative splicing of MDM?2 by iso-
lating the trans protein factors that exhibited differential bind-
ing at these intron 11 cis elements under normal and cisplati-
num-damaged conditions. We identified FUBP1 (Far Upstream
element-Binding Protein 1) as one such protein.

FUBPI is considered a proto-oncogene and is a biomarker
for a variety of cancer types in which it is highly expressed,
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including hepatocellular carcinoma, non-small cell lung carci-
noma, gliomas, and gastric cancer (23-28). However, in oligo-
dendrogliomas, where its expression is abolished due to muta-
tions, FUBPI is considered a tumor suppressor (28-30).
Functionally, FUBP1 isa DNA helicase V (31) and is best known
for its role in the transcriptional up-regulation of c-MYC
through its binding of single-stranded DNA at the far upstream
element (32) via the four tandem K homology motifs in its cen-
tral domain (33, 34). However, it is capable of binding single-
stranded RNA and post-transcriptional functions have been
described for FUBP1 in mRNA turnover and translation con-
trol (35—-38). Although a close family member FUBP2 (KHSRP)
is a known splicing regulator (39), FUBP1 itself had previously
not been implicated in splicing despite the fact that its presence
had been identified in the spliceosomal complex (40). It was
only recently that evidence describing a splicing regulatory role
for FUBP1 emerged in which FUBP1 has been demonstrated to
function as a suppressor of the second step of splicing through
its binding of a 30-nt> AU-rich exonic splicing silencer element
on the triadin exon 10 in a chimeric minigene context (41). In
contrast, in this study, we describe FUBP1 as a positive splicing
regulator of the oncogene MDM2. We show here the binding of
endogenous FUBP1 to intronic splicing enhancer elements in
intron 11 of MDM?2 and the role it plays in enhancing the effi-
cient splicing of full-length MDM?2, thus making this the sec-
ond report to identify a splicing regulatory role for FUBP1 and
the first report to describe an enhancer role for this splicing
regulator.

EXPERIMENTAL PROCEDURES

Cell Lines and Culture Conditions—HeLa (cervical cancer)
and MCF7 (breast cancer) cells were cultured under standard
conditions using DMEM with high glucose and supplemented
with 10% FBS (Hyclone, Logan, UT), L-glutamine (Cellgro,
25-005 CI), and penicillin/streptomycin (Cellgro, 30-001 CI).
HeLa S3 cells were maintained in RPMI 1640 medium supple-
mented with 10% FBS, L-glutamine, and penicillin/streptomy-
cin. For nuclear extract preparation, HeLa S3 cells were cul-
tured in spinner flasks (Bellco, Vineland, NJ) with slow rotation
of 90 rpm. For the phosphatase assays, 30 ug of normal or cis-
platinum-damaged HeLa nuclear extracts were incubated for
1 hat 37 °C with 12 units of CIP (Ipswich, MA) and then loaded
onto an SDS-polyacrylamide gel. For the caspase inhibitor
experiments HeLa S3, cells were incubated in pan-caspase
inhibitor Boc-Asp (OMe)-fluoromethyl ketone (BAF, catalog
no. B2682, Sigma; a kind gift from Dr. Katsumi Kitagawa,
Nationwide Children’s Hospital, Columbus, OH) at a concen-
tration of 50 uM or an equal volume of DMSO for 1 h. Cells were
then treated with 75 um cisplatinum for 12 h or left untreated.
Cells were then harvested for protein and analyzed using West-
ern blotting.

Nuclear Cytoplasmic Fractionation of HeLa S3 Cells—The
cells were cultured on plates in RPMI 1640 media under stan-
dard conditions. They were then treated with cisplatinum (75

2The abbreviations used are: nt, nucleotide; BAF, Boc-Asp (OMe)-fluoro-
methyl ketone; CIP, calf intestinal phosphatase; TCGA, The Cancer Genome
Atlas.
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M) or left untreated for 12 h after which they were trypsinized
and spun down at 1000 rpm for 10 min in a clinical centrifuge.
About 1/10th of the cells were removed and resuspended in
RIPA buffer to obtain the whole-cell extract. The remaining
cells were washed and resuspended in hypotonic buffer A (10
mM HEPES-KOH, pH 8.0, 10 mm KCl, 1.5 mm MgCl,) and incu-
bated on ice for 10 min. Following this, the cells were centri-
fuged, ruptured using a 26-gauge needle, and then centrifuged
again at 2000 rpm for 10 min to separate the nuclei and the
cytoplasmic extract. The nuclei were then washed again and
resuspended in RIPA buffer to obtain the nuclear extract. 30 ug
of protein from these fractions were subsequently used for
immunoblotting.

HeLa S3 Nuclear Extract Preparations and in Vitro Splicing
Assays—Normal and cisplatinum-damaged HeLa S3 nuclear
extracts were prepared as described previously (22). Briefly,
HeLa S3 cells were cultured under either normal or cisplati-
num-treated conditions, and cells were harvested when in log
phase of growth, and nuclear extracts were prepared using
standard protocols (42, 43). Cisplatinum (APP Pharmaceuticals
LLC, Schaumberg, IL) treatment was for 12 h ata concentration
of 75 um. Immunointerference in vitro splicing assays were per-
formed in normal nuclear extracts using either anti-FUBP1
antibody (sc-48821 clone H-42) or control rabbit IgG (0111-01,
Southern Biotech, Birmingham, AL). These in vitro splicing
reactions were carried out at 30 °C, as described previously (22),
with the difference that the nuclear extracts were incubated
with 0.5 pg/reaction of either anti-FUBP1 or the isotype control
antibody for 45 min prior to splicing. 20 fmol of cold in vitro
transcribed pre-mRNA (T7 MEGAscript, Ambion, Austin, TX)
was used as splicing substrate. Products of the splicing reac-
tions were isolated after 2 h of splicing and reverse-transcribed
using gene-specific primers. The cDNA was then used in a PCR
to amplify the linear products of splicing using 5'-end-labeled
v->’P-FLAG tag forward primer and the gene-specific reverse
primers. The reverse primers and the PCR conditions (18 or 25
cycles) used for amplification of splicing products from the
MDAM?2 and the p53 minigenes are as follows: for MDM2 exon
11, 5'-ACTTACAGCTAAGGAAATTTCAGGATCTTC-3';
for MDM2 exon 12,5 -ACTTACGGCCCAACATCTGTTGC-
AATGTGATGG-3'; for p53 exon 8, 5'-ACTTACCTCGCT-
TAGTGCTCCCTGGGGGCAGC-3', and for p53 exon 9,
5'-ACTTACGGCTGAAGGGTGAAATATTCTCCATCC-3'.
The PCR products were then resolved on 6% sequencing gel
(urea-PAGE), dried, exposed to a phosphorimager screen, and
scanned using a Typhoon imager (GE Healthcare). The bands
were quantified using ImageQuant (version 8.1). For the
MDM?2 3-exon immunointerference splicing experiments,
splicing efficiency was calculated as the ratio of either full-
length (3.11.12) or skipped (3.12) spliced product to the
unspliced pre-mRNA. For the 2-exon MDM?2 and p53 mini-
gene systems, splicing efficiency was determined as the ratio of
the spliced product to the unspliced pre-mRNA in every reac-
tion. All experiments were conducted in at least three inde-
pendent trials. Statistical analyses were performed using
GraphPad Prism 6.0c. Two-tailed, unpaired ¢ tests were used to
evaluate the significance of the splicing changes under the var-
ious conditions, and the error bars were represented as S.E.
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UVC Cross-linking Assay—To obtain transcripts pertaining
toregions RNA1L, -2, -3, -4, -A, and -B, specific primer pairs with
T7 promoter overhang at the 5'-end of the forward primer were
first used to amplify the corresponding regions of the MDM?2
minigene. The primer pairs used were as follows: RNA1 (142
bp), sense 5'-GGAATTCTAATACGACTCACTATAGGCA-
AGTTACTGTGTATCAGGC-3' and antisense 5'-GCTAGA-
TATAGTCTCCTAATC-3'; RNA2 (123 bp), sense 5'-GGAA-
TTCTAATACGACTCACTATAGGGATTAGGAGACTAT-
ATCTAGC-3" and antisense 5'-CAGCATGAGGACTATAG-
TTAG-3'; RNA3 (135 bp), sense 5'-GGAATTCTAATACGA-
CTCACTATAGGTTAGTAAATTTCCAGTATACC-3" and
antisense 5-GCAACTTTGCTATGTCTAAGG-3’; RNA4
(143 bp), sense 5'-GGAATTCTAATACGACTCACTATAG-
GTGAAACACTGAATATTGAGCC-3" and antisense 5'-
GAAGTGCATTTCCAATAGTCC-3'; RNA A (128 bp), sense
5'-GGAATTCTAATACGACTCACTATAGGGTAACCAC-
CTCACAGATTCCAGC-3' and antisense 5'-AGGCTACAA-
TTGAGGTATACG-3'; and RNA B (118 bp), sense 5'-GGAA-
TTCTAATACGACTCACTATAGGTAGGACTTATTACT-
AGGAAGCC-3' and antisense 5'-GTATCACTCTCCCCT-
GCC-3'. These PCR products were then used as templates for
in vitro transcription reactions (T7 MAXIscript kit, Ambion),
and the radioactively labeled transcripts (internally labeled with
[@-*?P]UTP) were purified. The radiolabeled RNA was then
incubated for 30 min under splicing conditions (30 °C, 20 mm
HEPES buffer, pH 7.4, 0.5 mm ATP, 20 mm creatine phosphate,
3.2 mm MgCl,, 2.6% polyvinyl alcohol, and 100 ng of yeast tRNA
to minimize nonspecific protein binding) in normal or cisplati-
num-damaged nuclear extracts. The reactions were then trans-
ferred to a 96-well round bottom dish on ice, and the cross-
linking was performed using the Stratalinker with UVC (254
nm) for 10 min. The plates were placed at 2 cm from the UVC
lamp. After cross-linking, the reactions were transferred to
Eppendorf tubes where they were treated with 50 units of
RNase A and 50 units of RNase T1 at 37 °C for 15 min. Follow-
ing this, the reactions were stopped using the SDS-sample
buffer, and the cross-linked proteins were separated using SDS-
PAGE (12% separating gel). The gel was then dried, exposed to
a phosphorimager screen, and scanned using the Typhoon
scanner. The image was analyzed using the ImageQuant soft-
ware (version 5.0, GE Healthcare).

RNA Affinity Chromatography—The templates for the tran-
scription of RNA2 (A1 and A3) and RNA A were amplified from
the MDAM?2 minigene as described in the UV cross-linking
assay. Biotin-labeled transcripts were then obtained from these
templates using the T7 MEGAshortscript (Ambion, TX) and 10
wl of biotin labeling mix (Roche Diagnostics). The biotin-la-
beled RNA was gel-purified and quantified (UVC spectrome-
try), and 2 pg of the labeled transcripts were bound to 60 ul of
50% streptavidin-agarose bead slurry (Novagen, WI) for 1 h at
4 °C. Prior to binding the biotinylated transcripts, the strepta-
vidin-conjugated beads were equilibrated by washing twice in 1
ml of buffer D (20 mm HEPES-KOH, pH 8.0, 100 mm KCl, 0.2
mM EDTA, 20% glycerol, 0.5 mm PMSF, and 1 mm DTT). After
the binding reaction, the beads were washed twice in buffer D to
remove any unbound RNA. Following this, 600 ug of nuclear
extract either normal or damaged was added to the RNA bound
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to the beads, under splicing conditions similar to the UV cross-
linking assay, and incubated for 1 h for 4 °C. The beads bearing
the biotinylated RNA and the proteins to them were then
washed three times in buffer D. Finally, resuspending the aga-
rose beads in 1.5X SDS sample buffer and boiling the samples
eluted the proteins that were bound to the beads. The eluted
proteins were separated by SDS-PAGE, and the gels were
stained with silver stain (SilverSNAP stain for mass spectrom-
etry, Thermo Scientific, Waltham, MA), and the proteins were
visualized. Protein bands appearing differentially between the
nuclear extracts from normal and damage-treated cells were
excised and sequenced via tandem mass spectrometry (at
the Mass Spectrometry and Proteomics Facility, The Ohio State
University). The binding of the proteins identified in the mass
spectrometry screen were subsequently verified by RNA affin-
ity chromatography of the respective RNA regions followed by
Western blotting using antibodies specific to these proteins.

Immunoblotting—Typically, 30 ug of protein lysates (quan-
tified using the Pierce BCA protein assay kit, Thermoscientific,
Rockford, IL) were separated using SDS-PAGE (4% stacking
and 10% separating gels) using standard techniques followed by
immunoblotting with the specified antibodies. For the detec-
tion of endogenous FUBP1 in HeLa cell lysates, for the immu-
nointerference in in vitro splicing assays, and for confirmation
of binding to RNA2 Al and RNA A in the RNA chromatogra-
phy assays, the anti-FUBP1 H-42 clone (sc-48821; Santa Cruz
Biotechnology) was used. As loading controls, 3-actin (AC-15,
A5441; Sigma) or GAPDH (14C10, catalog no. 2118; Cell Sig-
naling) was used. To confirm overexpression of FLAG-tagged
FUBP1 isoforms, anti-FLAG M2 (F3165; Sigma) was used, and
the anti-MYC tag antibody 9E10 clone (sc-40; Santa Cruz Bio-
technology) was used to detect the MYC-tagged negative con-
trol overexpression constructs (MYC-LacZ or MYC-GFP). To
detect SRSF1 in the phosphatase treatment experiments, the
anti-SRSF1 antibody (clone 103, catalog no. 32-4600; Invitro-
gen) was utilized.

Overexpression and Knockdown Assays—The splicing of the
3-11-12 MDM2 minigene and the intron 11 deletion constructs
was assessed by transiently transfecting MCF7 cells with
FuGENE 6 (Roche Diagnostics) according to the manufac-
turer’s instructions. The cells were exposed to 50 J/m* UVC
24 h post-transfection and were harvested for RNA 20 h post-
treatment. For the overexpression assays testing the functions
of FUBP1 and its isoforms, HeLa cells were cotransfected with
the corresponding expression constructs or a negative control
(MYC-LacZ or MYC-GFP) and the MDM?2 3-4-10-11-12 mini-
gene using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. In this case, the cells were trans-
fected at about 70% confluence on 10 c¢cm plates. 18 h post-
transfection, the cells were split into two groups for untreated
and cisplatinum-treated conditions. At 24 h post-transfection,
cisplatinum (APP Pharmaceuticals LLC, Schaumberg, IL, or
Teva Pharmaceuticals, Irvine, CA) was added to the cells at a
concentration of 75 um. 24 h after treatment, both floating and
adherent cells were collected and pooled, and RNA and protein
were harvested from these cells. RNA was extracted using the
RNeasy mini protocol (Qiagen, Valencia CA), and protein was
extracted by resuspending the cells in RIPA buffer. For the
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FUBP1 knockdown assays, HeLa cells were transfected with
nonspecific siRNA or siFUBP1 using Lipofectamine 2000. 48 h
post-transfection, cells were treated with cisplatinum for 24 h at
and harvested (total of 72 h siRNA treatment) in a procedure
similar to the overexpression assays. The siRNA sequences
used were nonspecific (AAGGUCCGGCUCCCCCAAAUG)
(44) and siFUBP1 (GGAGGAGUUAACGACGCUUUU) (41).

Protein Expression and Minigene Plasmid Constructs—The
construction and cloning of the 3-11-12 and the 3-4-10-11-12
MDM?2 and the p53 7-8-9 minigenes into the pCMV-Tag2B
vector (Stratagene, La Jolla, CA) have been described previously
(22). Intron 11 deletions A1, A2, and A3 were first engineered
into the 3-11-12 MDAM?2 minigene, and these constructs were
transfected into MCF7 cells to assess their splicing patterns and
were also used to obtain templates for in vitro transcription of
RNA2 A1, A2, and A3. Briefly, intron 11 with the corresponding
deletions and exon 12 were amplified using primers containing
EcoRIand Xhol restriction sites. The PCR products thus ampli-
fied were then digested with EcoRI and Xhol and used to
replace these regions in the original MDM2 3-11-12 minigene.
For the overexpression assays, FUBPI cDNA cloned into the
pCDNA3.1 V5-FLAG vector was used. This plasmid was a kind
gift from Dr. Sharon Dent (MD Anderson Cancer Center,
Houston, TX). The A74 form of FUBP1 was constructed as
described by Jang et al. (45) by amplifying the corresponding
region of the FUUBP1 cDNA downstream of the caspase cleavage
site (sense 5'-AGCACAGTGGCGGCCGCGCTAAGAAAGT-
TGCTCCTC-3' and antisense 5'-GCCCTCTAGACTCGAG-
CTACAGAGCTAGTTCTATAC-3') and cloning it into the
NotI-Xhol sites of the pPCDNA3.1-V5-FLAG vector (kind gift
from Dr. Sharon Dent). The cloning was performed using the
infusion kit (Clontech) according to manufacturer’s instruc-
tions. All clones were verified by sequencing. The AQPA form
was created by mutating the cleavage site of FUBP1 using the
primers as described by Jang et al. (45) (sense 5'-GGAGCTC-
AACCAGCTGCTAAGAAAG-3' and antisense 5 -CTTTCT-
TAGCAGCTGGTTGAGCTCC-3') using the QuikChange II
mutagenesis kit (Agilent, Santa Clara, CA). As negative control,
MYC-tagged BNN-pCall2-LacZ (described in Jacob et al. (15)
or MYC-GFP (pCS2* mt-SGP; a kind gift from Dr. Heithem
El-Hodiri, The Ohio State University) was utilized.

Reverse Transcription and PCRs—Typically, 0.5-4 ug of
total RNA was used for the reverse transcription reactions with
random hexamers. Transcriptor RT enzyme (catalog no.
03531287001) from Roche Diagnostics was used for the cDNA
synthesis reactions according to the manufacturer’s instruc-
tions. PCRs were performed under standard conditions using
Taq polymerase from Sigma (catalog no. D6677). For the ampli-
fication of the spliced products of the 3-4-10-11-12 MDM?2
minigene used in the FUBP1 overexpression assays, a combina-
tion of FLAG tag as the forward primer and a gene-specific
reverse primer was used (5'-CAATCAGGAACATCAAA-
GCC-3’). The splicing of the MDM?2 3-11-12 wild-type mini-
gene and intron 11 deletion mutants was also assayed similarly
using the reverse primer GGCCCAACATCTGTTGCAATGT-
GATGG. The PCRs were performed at a T, of 55 °C for 35
cycles. The PCR products were resolved on a 1.5% agarose gel,
and the relative quantities of the full-length spliced product
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(3.4.10.11.12) and MDM2-ALT1 (3.12) were determined using
ImageQuant (version 8.1) software. To detect endogenous
MDM? transcripts, a nested PCR approach was utilized. An
initial PCR (7, of 62 °C, 35 cycles) was performed using exter-
nal primers 5'-GAAGGAAACTGGGGAGTCT-3' (sense) and
5'-GAGTTGGTGTAAAGGATG-3'(antisense). Following
this, a second PCR (T, of 55 °C, 35 cycles) was performed using
a 1:10 dilution of the products of the first PCR as substrate for
the second reaction with nested primers 5'-CAGGCAAATGT-
GCAATACCAAC-3’ (sense) and 5 -CAATCAGGAACAT-
CAAAGC-3' (antisense). The PCR products were resolved on a
1.5% agarose gel and quantified as mentioned previously.

TCGA Data Mining—The Cancer Genome Atlas (TCGA)
data were accessed via the cBioportal for Cancer Genomics (46,
47) in April, 2014. FUBPI gene alterations were queried across
all cancer studies in the portal. Kaplan-Meier curves generated
for specific cancer types in response to the queried gene were
also downloaded in April, 2014.

RESULTS

Intron 11 of Stress-responsive MDM2 Minigene Shows Differ-
ential Binding of Factors under Stress—We have previously
shown that M DM?2 is alternatively spliced in response to geno-
toxic stress such as UV and cisplatinum treatment (20). Fur-
thermore, we have demonstrated the damage-responsive alter-
native splicing of an MDAM?2 minigene using an in vitro cell-free
splicing assay with nuclear extracts from untreated and cisplati-
num-treated (damaged) HeLa S3 cells (22). Moreover, using
this minigene we showed that intron 11 of MDM2 contains
conserved elements (in a region spanning 73 nt near the 5’
splice site and 243 nt near the 3’ splice site) that are important
for its stress-induced alternative splicing (22). We hypothesized
that the differential splicing of the MDAM2 minigene in nuclear
extracts from normal and damage-treated cells is the result of
differential binding of trans regulatory splicing factors to cis
regulatory elements within the conserved region of intron 11,
and in this study we endeavored to define these elements and
the proteins that bind them. To this end, we performed a UV
cross-linking assay in which radioactively labeled transcripts
spanning regions across the AMDM?2 minigene’s intron 11
(RNA1-4, Fig. 1A) were incubated in nuclear extracts from
normal or damage-treated cells under splicing conditions,
cross-linked with UVC irradiation (254 nm for 10 min), sub-
jected to RNase digestion targeting unbound RNA, and then
run on an SDS-polyacrylamide gel (Fig. 1B). Only proteins
cross-linked to the radiolabeled RNA are able to be visualized
on the resulting autoradiogram. The differential migration of
proteins between the nuclear extracts from normal and dam-
age-treated cells suggests differential binding of proteins to the
radioactively labeled transcripts under the two conditions. We
observed that RNA2 on intron 11 of the MDAM?2 minigene
showed clear differential banding patterns between nuclear
extracts from normal or damage-treated cells with notably
strong signals of cross-linking at ~55 and 65 kDa (Fig. 1B). For
instance, the 55-kDa cross-linking band was observed in the
nuclear extract from normal cells but not in the nuclear extract
from damage-treated cells. However, the protein factor run-
ning at ~65 kDa bound RNA2 in damage treatment but not
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under normal conditions raising the possibility that this factor
plays a negative role in MDM?2 splicing (Fig. 1B). Additionally,
we observed differential binding of a 65-kDa factor on RNA3
indicating the possibility that a single protein is associated with
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FIGURE 1. UVC cross-linking assay reveals differential binding of proteins
on intron 11 of MDM2 between normal and damaged conditions. A,
intron 11 of the MDM2 minigene was divided into four overlapping sections
for examination of differential protein binding under normal (N) and cisplati-
num-damaged (D) conditions. The regions are indicated as RNA1, -2, -3, and
-4. B, UVC cross-linking of RNA1-4 shows the differential binding of proteins
between normal and cisplatinum-damaged Hela S3 nuclear extracts. RNA2
shows the most notable patterns of differential banding at ~55 and 65 kDa
(indicated by arrowheads).

more than one binding site within the intron 11 RNA. Aside
from these factors, RNA1, -3, and -4 also showed differential
bands between the nuclear extracts from normal and damage-
treated cells that were migrating at other sizes. However, we
chose to focus on RNA2 (123 nt), the region exhibiting the most
differential binding of trans protein factors, for further analysis.
We first confirmed the specificity of the factors that bound
RNA2 differentially in nuclear extracts from normal or dam-
age-treated cells. To do this, we generated sequential deletions
A1, A2,and A3 in the RNA2 region (Fig. 24) and performed UV
cross-linking on these transcripts in the two nuclear extracts.
We observed that the differential bands observed on RNA2 at
~65and 55 kDa were retained in RNA2 Al but were completely
abolished in the largest deletion RNA2 A3 (Fig. 2B). RNA2 A2
transcripts, however, were still able to bind the 65-kDa factor,
although they lost the ability to interact with the 55-kDa pro-
tein (Fig. 2B). This indicates specificity of the binding of these
factors to elements lying in the RNA2 region. We then trans-
fected the MDM?2 3-11-12 minigenes containing the RNA2
deletions A1, A2, and A3 into MCF?7 cells and assayed them for
splicing either in the absence (—) or presence (+) of DNA dam-
age. The deletion constructs showed increased skipping of exon
11 compared with the control wild-type minigene even in
absence of damage treatment, and this difference was statisti-
cally significant (compare lanes 3, 5, and 7 with the control WT
3-11-12 minigenein lane I, Fig. 2C). This indicates that sequen-
tial deletion of regions within RNA2 of intron 11 of the MDM2
minigene resulted in the loss of splicing enhancer elements
within this region that are essential for regulating the splicing of
exon 11.
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FIGURE 2. Deletions within RNA2 result in loss of the binding of the differential protein factors and reduced exon 11 splicing. A, MDM2 minigene
highlighting RNA2 and the sequential deletions A1, A2, and A3. B, UVC cross-linking of RNA2 A1, A2, and A3 shows the progressive loss of differential binding
of factors between normal (N) and damaged (D) conditions with increasing size of deletion. The arrowheads indicate the cross-linking of bands at ~65 and 55
kDa. C, minigene constructs bearing the deletions in RNA2 region were transfected into MCF7 cells and subjected to UVC treatment (50 J/m?). RNA was
harvested, and RT-PCR was performed to assay the splicing of the wild-type and mutant MDM2 minigenes. The deletions RNA2 A1, A2, and A3 show increased
skipping of exon 11 compared with the wild-type minigene even in the absence of damage (compare lanes 3, 5, and 7 to the control lane 7). The percent
MDM_2-ALTT1 (3.12) product from three independent experiments is graphically represented with S.E. (error bars). Two-tailed Student’s t test indicates that the
increasein 3.12 spliced productinthe RNA2 A1, A2, and A3 constructs is statistically significantin comparison with the wild-type minigene. **,p < 0.01; ***,p <

0.0001.

17354 JOURNAL OF BIOLOGICAL CHEMISTRY

SASBMB

VOLUME 289+NUMBER 25+JUNE 20, 2014



FUBP1 Enhances Efficient MDM2 Splicing

A g C .
Qo RNA2 RNA2 . Nor Cis .
& a1 A3 WCE NE CE'WCE NE CE
> N D N D
FUBP1
250 —
150 — '
100 — — ——— | (3-Actin
75 —
D - + _CIP
50 — ‘N D' 'N D'
37 — FUBP1
25 — |- .'_- SRSF1
B E Nor Cis
Totalk RNA2 RNA2 "DMSO BAF''DMSO BAF'
Nu. Ext A1 A3
‘N D''N D''N D' FUBP1
(- | oo .

FIGURE 3. FUBP1 and its damage-specific cleaved form bind RNA2. A, RNA2 A1 and A3 regions were subjected to RNA affinity chromatography by

incubating in normal (N) and damaged (D) nuclear extracts and then pulling down biotin-labeled RNA2 A1 and A3 transcripts. RNA2 A3 was used as a negative
control to ensure the identification of specific protein factors. The proteins bound to these transcripts were isolated and subjected to SDS-PAGE followed by
silver staining. The differential bands between normal and damaged conditions specific to RNA2 A1 were cut and subjected to tandem mass spectrometry, and
the proteins were identified. The arrow indicates the differential band at ~65 kDa in nuclear extract from damage-treated cells. This band was identified as
FUBP1 by the mass spectrometric analysis (supplemental Table S1). B, FUBP1 and a shorter isoform were identified as binding to RNA2 differentially between
normal and damaged conditions. The binding was confirmed by RNA affinity chromatography of RNA2 A1 and A3 followed by Western blotting (anti-FUBP1,
H-42). G, fractionation of HeLa S3 cells (untreated and cisplatinum-treated; 75 um cisplatinum for 12 h) into whole-cell (WCE), nuclear (NE), and cytoplasmic (CE)
extracts showed the appearance of the shorter isoform of FUBP1 in all three fractions of cisplatinum-treated cells. D, normal (Nor) and cisplatinum (Cis)-
damaged Hela S3 nuclear extracts were treated with CIP and then assessed for the presence of FUBP1 and the damage-specific short isoform. FUBP1 and its
short form did not show differential migration between untreated (—) and CIP-treated (+) normal or cisplatinum-damaged nuclear extracts. As a positive
control for CIP treatment, SRSF1, well known as a phosphoprotein, was examined for difference in migration patterns. CIP treatment of nuclear extracts caused
SRSF1 to migrate faster on SDS-PAGE. E, HeLa S3 cells were incubated with the pan-caspase inhibitor BAF and then subjected to cisplatinum treatment for 12 h.

Caspase inhibition prevented the appearance of the shorter isoform of FUBP1 under damage.

Mass Spectrometric Identification of Differentially Bound
Proteins in Nuclear Extracts from Normal and Damage-treated
Cells—To identify the specific factors that are differentially
cross-linked to RNA2 in intron 11 of the MDM2 minigene, we
performed RNA affinity chromatography of biotin-labeled
RNA2 Al and A3 transcripts. RNA2 Al is the minimal RNA
that supports the binding of both the 55- and the 65-kDa pro-
teins, whereas the RNA2 A3 transcripts served as the negative
control because the specific binding of the proteins was abol-
ished in the UV cross-linking studies. The labeled transcripts
were incubated in nuclear extracts from normal or damage-
treated cells under conditions that support pre-mRNA splicing,
similar to the UV cross-linking experiment. Streptavidin-con-
jugated beads were then used to precipitate the biotin-labeled
RNA and the proteins binding them. Following this, the bound
proteins were dissociated from the beads and separated on an
SDS-polyacrylamide gel and silver-stained (Fig. 3A4). Bands spe-
cific to RNA2 A1 appearing differentially between the nuclear
extracts from normal and damage-treated cells were excised
from the gel, and the proteins therein were identified using
tandem mass spectrometry (Fig. 34; the gel highlights findings
consistent in three independent experiments). Importantly,
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these bands did not appear in the RNA2 A3 pulldown lanes
indicating specificity to the splicing regulatory regions within
RNA2 Al. All proteins identified in the differential bands on
RNAZ2 Al and their sizes are listed in the supplemental Table
S1. The binding of the following eight proteins identified in the
mass spectrometric analyses to RNA2 Al was confirmed by
using RNA affinity chromatography of RNA2 Al followed by
Western blotting: KSRP (K homology-type splicing regulatory
protein), FUBP1, PTBP1 (polypyrimidine tract-binding protein
1), heterogeneous nuclear ribonucleoprotein D (hnRNPD),
DHX9 (DEAH Box Helicase 9), U2AF65 (U2 Auxiliary Factor
65 kDa), vimentin, and 3-actin (data not shown). Interestingly,
we also observed the binding of damage-specific cleaved forms
of some of these proteins, including FUBP1, PTBP1, and
U2AF65 to RNA2 Al in cisplatinum-treated nuclear extracts
(Fig. 3B and data not shown) (48, 49).

FUBPI Binds Intron 11 of the MDM?2 Minigene—The differ-
entially binding factor that migrated at ~65 kDa (Fig. 34) and
bound RNA2 Al specifically in the extracts from cisplatinum-
treated cells was identified as FUBP1 in the mass spectrometric
analysis. FUBP1 is a single strand nucleic acid-binding helicase
with a well documented role as the transcriptional enhancer of
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c-MYC expression (31, 32). Its direct and specific binding to
RNA2 Al was confirmed by immunoblotting analyses follow-
ing RNA affinity chromatography of RNA2 Al and A3 in
nuclear extracts of normal and damage-treated cells (Fig. 3B).
Although the FUBP1 form that bound RNA2 Al in normal
nuclear extract migrated at the expected size of ~70 kDa, the
damage-specific short form of FUBP1 that bound RNA2 Al
only in nuclear extract from damage-treated cells migrated at
65 kDa (Fig. 3B). To confirm that the presence of the short form
of FUBPI in the nuclear extract from damage-treated cells was
not due to the fractionation technique employed, we examined
FUBP1 protein in the whole cell, nuclear, and cytoplasmic
extracts from untreated and cisplatinum-treated HeLa S3 cells
(75 um, 12 h). We observed the presence of the short form of
FUBP1 in all three fractions of the cisplatinum-treated cells but
not in the untreated cells (Fig. 3C), indicating that the appear-
ance of the short form of FUBP1 is not artifactual. In addition,
we tested the possibility that the differentially migrating form of
FUBP1 seen in nuclear extract from damage-treated cells could
be due to differential phosphorylation of FUBP1. We treated
normal and damaged HeLa S3 nuclear extracts with calf intes-
tinal phosphatase (CIP) to remove phosphate moieties from the
phosphoproteins in the extracts and then performed Western
blotting analysis for FUBP1. We observed no differences in the
migration of the two forms of FUBP1 in nuclear extract from
damage-treated cells between CIP-treated and -untreated sam-
ples. Similarly, full-length FUBP1 in normal nuclear extract did
not respond to CIP treatment (Fig. 3D). As a positive control to
gauge the efficiency of the phosphatase treatment of our
extracts, we probed for SFRS1, a known phosphoprotein.
Indeed, SFRS1 showed differential migration in nuclear
extracts from both normal and damage-treated cells that were
treated with CIP when compared with untreated extracts (Fig.
3D). These results indicate that the differential migration of the
two forms of FUBP1 in nuclear extract from damage-treated
cells is independent of phosphorylation.

A short form of FUBP1 has previously been described by Jang
et al. (45) as a caspase 3 or caspase 7 cleavage product resulting
from treatment with another DNA-damaging agent, etoposide.
This form (A74), representing the C-terminal fragment
obtained after cleavage of the full-length FUBP1 protein,
migrated at approximately the same size (~65 kDa) as the short
form of FUBP1 that we observed under cisplatinum treatment.
To test the possibility that the damage-specific form that we
observed is the result of caspase cleavage of full-length FUBP1
in cisplatinum-treated cells, we treated HeLa S3 cells with the
pan-caspase inhibitor BAF (50 um) or DMSO followed by 12 h
of treatment with 75 uM cisplatinum. We observed that the
short form of FUBP1 was generated in cisplatinum-treated
HeLa S3 cells preconditioned with DMSO. However, the pres-
ence of the caspase inhibitor BAF prevented the generation of
the short form of FUBP1, indicating that this form is indeed a
product of caspase activity (Fig. 3E).

FUBPI Enhances the Splicing Efficiency of the MDM?2 3-11-12
Minigene in Normal Nuclear Extract in Vitro—As we observed
the differential binding of FUBP1 to intron 11 of the MDM?2
minigene under normal and damaged conditions, we wanted to
test the possibility that FUBP1 regulates alternative splicing of
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the MDM?2 minigene. To this end, we used an immunointerfer-
ence in vitro splicing approach in which nuclear extracts were
incubated with an antibody (H-42 clone; epitope mapping near
the N terminus corresponding to amino acids 65-106) that rec-
ognized both the full-length and A74 forms of FUBP1 or corre-
sponding isotype control. The nuclear extracts were then used
to perform splicing reactions on the MDM?2 3-11-12 minigene
as described previously (22). The splicing efficiency was quan-
tified as the ratio of the band intensity of full-length spliced
(3.11.12) or the exon 11 skipped (3.12) products to the intensity
of unspliced transcripts in each reaction (ImageQuant version
8.1). The change in the splicing efficiency was normalized to the
isotype control within each experiment (Fig. 4B). Strikingly, we
observed that immunointerference of FUBP1 in normal nuclear
extracts resulted in a significant decrease in splicing efficiency
of the MDM?2 minigene compared with the isotype control (Fig.
4A). There was no significant change in the ratio of skipped
(3.12) to full-length (3.11.12) spliced products between the
FUBP1-immunointerfered and isotype control reactions (Fig.
4B). Additionally, we tested the efficacy of another N-terminal
FUBP1 antibody (N15 clone, recognizes only the full-length
form of FUBP1 in Western blotting) in this assay but observed
no changes in splicing (splicing efficiency or the ratio of skipped
to full-length products) of the MDAM2 minigene compared with
the corresponding isotype controls (data not shown). This
limitation raises the possibility of the inadequacy of the N-15
clone to block the FUBP1 active site or conversely nonspecific
effects of the H-42 clone. To address this, we subsequently
employed siRNA-based techniques to accurately characterize
the role of FUBP1 in MDAM?2 splicing (see below). Additionally,
to assess transcript specificity of FUBP1-mediated splicing reg-
ulation, we examined the splicing of a non-damage-responsive
p53 7-8-9 minigene (22) using immunointerference. However,
this minigene displayed very poor splicing capability in nuclear
extracts containing either IgG or FUBP1 antibodies, and its
splicing patterns could not be quantitated or evaluated. We
were therefore unable to rule out FUBP1’s role as a general
splicing enhancer in these experiments.

FUBPI Facilitates Efficient Splicing of Both the Upstream and
Downstream Introns in MDM?2 2-Exon Minigenes in Vitro—As
we observed a decrease in splicing efficiency of the MDM2
3-11-12 minigene upon interference of FUBP1 in normal
nuclear extracts (Fig. 4), we wanted to examine whether splic-
ing of the upstream and downstream introns (relative to exon
11 in the 3-exon minigene) was affected by FUBP1. To test this,
we created 2-exon minigenes 3—11 and 11-12 from the MDM2
3-11-12 minigene. We additionally created a 2-exon p53 mini-
gene (p53 8-9) to assess transcript specificity for FUBP1-medi-
ated effects on splicing. We observed that splicing of the 11-12
minigene, which contains intron 11 with the FUBP1-binding
sites, decreased in a statistically significant manner in FUBP1
immunointerference in normal nuclear extracts (Fig. 54). This
change was quantified as the ratio of band volumes of the
spliced 11.12 products to the corresponding unspliced tran-
scripts in each reaction (Fig. 5B). The change in the splicing
efficiency was normalized to the rIgG isotype control within
each experiment. Surprisingly, we observed that FUBP1 immu-
nointerference led to a statistically significant decrease in splic-
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FIGURE 4. Immunointerference of FUBP1 compromises the splicing efficiency of the MDM2 3-11-12 minigene. A, immunointerference of FUBP1 (H-42
clone) that recognizes both full-length and short form of FUBP1, in normal nuclear extracts, results in a decrease in splicing efficiency of the MDM2 3-11-12
minigene as seen in the decreased intensity of the spliced products 3.11.12 and 3.12 in comparison with the isotype control. B, splicing efficiency was quantified
(ImageQuant version 8.1) as the ratio of pixel intensity of the 3.11.12 or 3.12 spliced products to unspliced pre-mRNA. These ratios were normalized to the rigG
isotype control and are graphically presented with S.E. (error bars). Two-tailed Student’s t test indicates significant changes in splicing efficiency under FUBP1
immunointerference. However, no significant changes were observed in the ratio of skipped (3.12) to full-length (3.11.12) spliced product between the rlgG
and FUBP1 immunointerference. NS is non-significant, p > 0.5 in the statistical analyses. **, p < 0.01; ****, p < 0.0001.

ing of the 3-11 MDM?2 minigene also, raising the possibility that
FUBP1 can also bind and regulate the splicing of regions in the
intron upstream of the damage-regulated exon 11. Moreover,
we were able to show that this effect is transcript-specific
because splicing of the p53 8-9 minigene did not show a signif-
icant change upon interference with FUBP1 or rIgG treatment
in the nuclear extracts (Fig. 5, A and B). To further confirm the
transcript-specific effect of FUBP1-mediated splicing, we gen-
erated a 2-exon minigene 7-8 comprising the upstream intron
of the p53 7-8-9 minigene and examined its splicing under
FUBP1 or rIgG immunointerference conditions. As a positive
control for these experiments, we used the MDM?2 3-11 mini-
gene construct whose splicing is decreased when FUBP1 activ-
ity is inhibited (Fig. 5, A and B). As expected, the 3-11 minigene
showed a statistically significant decrease in splicing efficiency
under FUBP1 immunointerference conditions when compared
with rIgG control (Fig. 5, C and D). However, the splicing of the
p53 7-8 minigene remained unchanged between both condi-
tions (Fig. 5, C and D). This indicates that splicing of neither
intron of the p53 7-8-9 minigene is regulated by FUBP1.
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FUBPI1 Shows Differential Binding to the Upstream Intron—
As the inactivation of FUBP1 in normal nuclear extracts signif-
icantly decreased the in vitro splicing of the 3-11 MDM2 2-exon
minigene, we examined regions in the chimeric intron
upstream of exon 11 in the 3-11-12 MDM?2 minigene (intron
3/10) for FUBP1-binding sites. To this end, we used the UV
cross-linking assay as described previously and examined the
differential binding of factors between nuclear extracts from
normal and damage-treated cells on radioactively labeled tran-
scripts, RNAs A and B, which span the intron 3/10 (Fig. 6, A and
B). RNA A showed the differential binding of the 65-kDa factor
similar to RNA2 (Fig. 6B). We then used the RNA affinity chro-
matography technique to isolate the differential factors binding
RNA A in nuclear extracts from normal and cisplatinum-dam-
aged cells (Fig. 6C). Mass spectrometric analysis revealed the
65-kDa factor to be FUBP1, and furthermore, we confirmed the
binding of FUBP1 to RNA A within the upstream intron by
RNA affinity chromatography followed by western blotting
(Fig. 6D) (anti-FUBP1 H-42 clone). This indicates that FUBP1
may regulate the splicing of the MDM2 minigene through bind-
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FIGURE 5. FUBP1 immunointerference decreases splicing of both introns of the MDM2 minigene but not the p53 minigene indicating transcript
specificity. A, immunointerference with anti-FUBP1 (H-42 clone sc-48821 (lot number A1707) or rigGisotype control was performed in normal nuclear extracts,
which were then used in in vitro splicing of 2-exon minigenes derived from the MDM2 3-11-12 minigene that spans either the intron upstream of exon 11 (3-11
minigene, n = 3) or the intron downstream of exon 11 (77-12 minigene, n = 4). The splicing of a 2-exon minigene (8-9) derived from a non-damage-responsive
p53 minigene (22) was also assayed under similar conditions (n = 5). The splicing of 3-77and 17-12 MDM2 minigenes decreased significantly but not of the 8-9
p53 minigene. B, splicing of the minigenes was quantified (ImageQuant version 8.1) as the ratio of pixel intensity of the 3.11 or 11.12 or 8.9 spliced products to
unspliced pre-mRNA. These ratios were normalized to the rlgG isotype control, and results from at least three independent experiments for each construct are
graphically presented with S.E. (error bars). Two-tailed Student’s t test indicates statistically significant changes in splicing efficiency under FUBP1 immunoint-
erference for the MDM2-derived minigenes but not the p53-derived 8-9 minigene. G, splicing of 7-8 2-exon construct derived from the p53 minigene (upstream
intron in the p53 7-8-9 3-exon minigene) was also examined in comparison with the 3-17 MDM2 minigene under conditions of FUBP1 immunointerference
using the batch of H-42 FUBP1 antibody (lot number H3013). Shown here is a representative gel from three independent experiments. D, splicing of these
minigenes was quantified as described above and represented graphically with S.E. (error bars). Two-tailed Student’s t test indicates statistically significant
changes in splicing efficiency under FUBP1 immunointerference for the 3-17 MDM2-derived minigene but not the p53-derived 7-8 minigene. **, p < 0.01; ****,

p < 0.0001. NS is non-significant, p > 0.5 in the statistical analyses.

ing sites on introns upstream and also downstream of the inter-
nal exon 11.

Our immunointerference results suggest that full-length
FUBP1 is required in normal nuclear extracts for efficient splic-
ing of the MDM2 (2-exon and 3-exon) minigenes. We therefore
wanted to test whether or not the damage-specific A74 form of
FUBP1 contributes to MDM2-ALT1 splicing in nuclear
extracts from damage-treated cells (which express the A74
FUBP1 isoform at high levels) using an immunointerference
approach in which the H-42 antibody blocks activity of both
full-length and A74 FUBP1. However, the immunointerference
in vitro splicing assay proved to be limiting for this purpose.
This is because neither the 3-exon MDAM?2 nor the 2-exon
MDM?2 and p53 minigene systems showed quantifiable splicing
in these extracts in the presence of any IgG molecule due to the
diminished splicing efficiency. We were therefore unable to
accurately assess the role of the A74 FUBP1 form in the splicing
of the MDM?2 and the p53 minigenes in vitro. Hence, in subse-
quent experiments, we used overexpression assays in cultured
cells to examine the function of the A74 FUBP1 form in the
context of MDM?2 splicing.
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FUBP1 Overexpression Suppresses Damage-inducible Alter-
native Splicing of MDM2 Minigene—Because FUBP1 immuno-
interference decreased the splicing efficiency of the MDM?2
minigene in vitro, we wanted to test the effects of the overex-
pression of FUBP1 on the splicing of the MDM?2 minigene in
cells under normal and damaged conditions. To do this, we
overexpressed FUBP1 or a negative control (LacZ- or GFP-ex-
pressing plasmids) along with a stress-responsive MDM2 mini-
gene in HeLa cells. This stress-responsive MDM?2 minigene
comprises exons 3, 4, and 10-12 and importantly retains the
complete intron 11 (22), and it enabled us to assess the role of
FUBP1 in the context of the native intron 11. Additionally, we
assayed in a similar manner the function of the A74 short form
of FUBP1 and caspase cleavage site mutant FUBP1 (AQPA) in
which the caspase cleavage site (DQPD) has been mutated to
prevent formation of the A74 form (45).

We hypothesized that FUBP1 overexpression would act as a
positive regulator of minigene splicing even under damage.
However, the damage-specific A74 form would act in a domi-
nant negative manner and induce exon skipping in the mini-
gene even in absence of damage. Indeed, the overexpression of
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FIGURE 6. FUBP1 binds the intron upstream of exon 11. A, RNA A and B
were designed to span the intron upstream of exon 11 of the MDM2 3-11-12
minigene. B, RNAs A and B were subjected to the UVC cross-linking assay
similar to the experiments performed in Fig. 1. RNA A showed differential
cross-linking with the 65-kDa factor (arrowhead) between normal (N) and
damage (D) conditions in a manner similar to RNA2. C, RNA affinity chroma-
tography was performed on RNA A in nuclear extracts (Nu. Ext) from normal
and cisplatinum-treated cells, and the differential band at 65 kDa (arrowhead)
in the damage nuclear extract was isolated (silver-staining following SDS-
PAGE) and sequenced using tandem mass spectrometry. The protein factor
binding RNA A was identified as FUBP1. D, binding of FUBP1 to RNA A was
confirmed by Western blotting (H-42 antibody) following RNA affinity
chromatography.

FUBP1 and also the caspase cleavage mutant FUBP1 (AQPA)
decreased the induction of MDM?2-ALT1 (3.12) upon cisplati-
num treatment in a statistically significant manner when com-
pared with overexpression of the negative control in these cells
under both normal and damage conditions (Fig. 7A). Surpris-
ingly, we found that the stress-specific A74 form of FUBP1
acted in a manner similar to full-length FUBP1 in that its over-
expression also caused a statistically significant decrease in
MDM2-ALT1I induction under normal and damage conditions
(Fig. 7A). Immunoblotting was used to confirm the overexpres-
sion of the FUBP1 proteins and the negative control (Fig. 7B).
Knockdown of FUBPI Induces MDM?2 Alternative Splicing
Even in the Absence of Stress—As the overexpression of FUBP1
attenuated the induction of MDM2-ALT1I from the minigene
under cisplatinum stress, we reasoned that the knockdown of
FUBP1 would have the opposite effect on MDM?2 splicing. To
this end, we examined the splicing of endogenous MDAM?2 in
HeLa cells in the context of siRNA-mediated FUBP1 knock-
down. Notably, the use of siRNA targeting FUBPI resulted in
the knockdown of all forms of FUBP1 (both full-length and the
damage-specific A74 forms). This is because these forms are
derived from the same FUBPI pre-mRNA transcripts, and the
A74 form is the result of the damage-induced, post-transla-
tional caspase-mediated cleavage of full-length FUBP1. Indeed,
we observed that the knockdown of FUBP1 resulted in the
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FIGURE 7. Overexpression of FUBP1 and the A74 form suppresses the
formation of MDM2-ALT1 from an MDM2 minigene upon cisplatinum
treatment. A, full-length FUBP1, the shorter isoform A74, a noncleavable
form of FUBP1 (AQPA), or a negative control (MYC-tagged LacZ or GFP) were
overexpressed in Hela cells along with an MDM?2 3-4-10-11-12 minigene fol-
lowed by no treatment (Nor) or 24 h of cisplatinum (Cis) treatment. RT-PCR
was used to assess the splicing of the minigene. Shown here are the repre-
sentative RT-PCR results for an experiment in which MYC-tagged GFP was
used as negative control. The contrast of the panel showing the 3.72 skipped
product was increased for better visualization purposes only. The relative
quantification of the full-length and 3.72 spliced products was performed
prior to this adjustment. The full-length 3.4.70.71.12 and the skipped 3.72
product intensities were assessed using ImageQuant version 8.1. The per-
centage of skipped product was determined as the internal band-intensity
ratio of skipped to full-length products. The percent skipped (3.72) product
under normal or cisplatinum treatment for all samples was then normalized
to the corresponding negative control (NC). One-way analysis of variance
with Dunnett’s multiple comparisons test (GraphPad Prism 6.0c) was then
used to determine the significance in the changes in 3.712 splicing between
the negative control and the overexpression of the different isoforms of
FUBP1 under untreated (Nor) or cisplatinum-treated (Cis) conditions. Full-
length FUBP1 or its isoforms when overexpressed resulted in a statistically
significant decrease in the formation of the 3.72 skipped products both under
normal and damage conditions compared with the negative control (NC).
These changes in splicing of the minigene are represented graphically as the
percent 3.12 product under the various conditions. Error bars represent S.E.
from three independent experiments. B, Western blotting was used to con-
firm overexpression of FUBP1 (FLAG), its various isoforms, and the negative
control (MYC-tagged GFP is shown here). 3-Actin was used as loading control.
**, p < 0.01; *** p < 0.001; **** p < 0.0001.

induction of MDM?2-ALT]I splicing even under normal condi-
tions, although the nonspecific siRNA-treated cells showed
only full-length MDAM?2 splicing under normal conditions (Fig.
8; compare lane 3 with the control in lane I). Moreover, cis-
platinum stress in combination with the knockdown of FUBP1
resulted in a further increase in MDM2-ALT1I splicing com-
pared with cisplatinum treatment of cells transfected with the
nonspecific siRNA (Fig. 8; compare lane 2 to lane 4). The
change in the cisplatinum-treated cells was not statistically sig-
nificant, possibly due to saturation of the system. These results
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FIGURE 8. Knockdown of FUBP1 results in the formation of MDM2-ALT1
even under normal conditions. Hela cells were transfected with siRNA tar-
geting FUBP1 (siFUBPT) or a nonspecific control siRNA (siCtrl) and then grown
normally (Nor) or treated with cisplatinum (Cis) for 24 h and then harvested for
total RNA and protein. Reverse transcription was performed followed by
nested PCR to assess the splicing of endogenous MDM2. Knockdown of
FUBP1 significantly increased MDM2-ALT1 splicing in the absence of damage
(compare lane 3 to control lane 7). The knockdown of endogenous FUBP1
protein (both full-length and the cleaved A74 form) was confirmed using
Western blotting (H-42), and GAPDH was used as loading control. The inten-
sity of the MDM2 FL and MDM2-ALT1 spliced products was quantified using
ImageQuant version 8.1, and the ratio of skipped to full-length products was
calculated as percent MDM2-ALT1. The results of three independent trials are
represented graphically with S.E. (error bars). Student’s t test (two-tailed,
GraphPad Prism 6.0c) was used to assess the significance of the change in
percent MDM2-ALT1 between siCtrl and siFUBP1. **** p < 0.0001.

indicate that loss of FUBP1 causes a decrease in the full-length
MDM2 transcript and a corresponding increase in the alterna-
tively spliced form, supporting FUBP1’s role as a positive regu-
lator of MDM?2 splicing.

Alterations in the FUBPI Gene Are a Feature of Several
Malignancies—To examine whether or not FUBP1 expression
was altered in other cancer types, we queried The Cancer
Genome Atlas (TCGA) data portal maintained by the Memo-
rial Sloan-Kettering Cancer Center or the cBioPortal (46, 47).
When FUBPI expression was queried, the portal revealed alter-
ations in FUBP1 gene due to mutations, amplification, or dele-
tions in 44 of the 69 published and unpublished cancer data sets
maintained by the cBioportal. We have highlighted these alter-
ations in FUBPI for the top 15 hits in our search of the portal
(Fig. 94). Consistent with the results observed by Bettegowda et
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al. (29), in oligodendrogliomas, the TCGA Brain lower grade
glioma study (which includes oligodendrogliomas) appeared
among the cancer types showing the highest frequency of muta-
tions in FUBP1 (9% of cases presented with mutations in
FUBPI, Fig. 94, lane 2). Moreover, these mutations were pre-
dicted to result in loss of FUBP1 expression or its inactivation in
these tumors. We then examined the Kaplan-Meier survival
estimates for the cancer studies for which these data were avail-
able, including the low grade glioma group. Interestingly, the
glioma cohort did not show any changes in survival estimates
between the patients with FUBPI alterations and those with
wild-type FUBPI (Fig. 9B). Of all the other cancer types exam-
ined, only the lung adenocarcinoma (TCGA provisional study:
lane 8 in Fig. 9A) patients with alterations in FUBP1 (5 of 129
cases) showed significantly decreased survival compared with
patients with wild-type FUBP1 (log rank test p = 0.02, Fig. 9B).

DISCUSSION

The key finding in this study is the role of the oncogenic
factor FUBP1 in the regulation of MDM?2 splicing. FUBP1 is
single strand DNA and RNA-binding protein best known for its
role as a transcriptional regulator of the proto-oncogene
¢-MYC in many cancer types (31, 32, 50, 51) and also as regu-
lator of post-transcriptional events such as translation (38) and
mRNA stability (23). However, despite the fact that FUBP1 has
been isolated in association with spliceosomal complexes (40)
and includes four K homology domains (domains homologous
to heterogeneous nuclear ribonucleoprotein K, a component of
the spliceosomal H complexes (52)), its role in splicing regula-
tion has remained speculative until recently. Li et al. (41)
showed that FUBP1 suppresses triadin exon 10 splicing in the
context of a chimeric reporter minigene through its binding of
a 30-nt AU-rich exonic splicing silencer element in this exon at
a consensus sequence AUAUAUGAU. Our study, in contrast,
shows that FUBP1 functions as an enhancer of splicing in the
context of the oncogene MDM2. Using an MDM?2 3-11-12
minigene (22), we have identified the binding of FUBP1 to
intronic splicing regulatory elements, ~120 nt in length, in
intron 11 and intron 3/10 of this minigene (described in Singh
et al. (22)) that are enriched in AU sequences. Although we
could not identify a single consensus binding site described by
Li et al. (41) for FUBP1 in these elements, it is possible that it
can bind multiple, closely related AU-rich sequences to
enhance splicing of the internal exon 11 of the MDM?2
minigene.

Possible Mechanisms for FUBPI-mediated Splicing of
MDM?2—The inactivation of FUBP1 in vitro compromised the
splicing of the introns of the MDM2 minigene resulting in accu-
mulation of unspliced RNA. In cultured cells, when FUBP1 was
knocked down, this was reflected in the skipping of exons of the
endogenous MDM?2 gene yielding MDM?2-ALT1 transcripts
even under normal conditions. This event is possibly a result of
compromised splicing efficiency resulting from the knockdown
of FUBPL. In vitro, when transcription was uncoupled from
splicing, we observed that FUBP1 inactivation resulted in a
decrease in splicing efficiency of the MDM?2 minigene. In this
case, it is possible that FUBP1 aids in recruiting the spliceo-
somal machinery to the splice sites of the MDM?2 minigene by
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FIGURE 9. FUBP1 gene alterations are observed across several cancer types in The Cancer Genome Atlas. The TCGA was queried for FUBPT mutations and
copy number alterations across 69 cancer studies archived in the TCGA via the cBioPortal. A, plot represents the percentage of cases with FUBPT alterations
(gene amplification, mutations, deletions, or multiple alterations) in the top 15 hits (cancer studies). The table below the plot provides an explanation of the
study presented and the number of cases in the study with FUBPT alterations. B, Kaplan-Meier survival estimate curve for low grade gliomas (A, lane 2) shows
no change in survival between patients with altered FUBPT (red line) and those with wild-type FUBP1 (blue line). However, the Kaplan-Meier survival estimate
curve forlung adenocarcinoma (A, lane 8) shows significant change in survival between patients with altered FUBPT and those with wild-type FUBPT (p = 0.02).

binding to intronic splicing enhancer elements. Adding a layer
of support to this possibility is the fact that FUBP1 has been
shown to interact with PUF60 (poly(U)-binding factor 60), a
splicing factor that interacts with U2AF65 and facilitates
recruitment of U2 small nuclear ribonucleoproteins (53, 54).
However, the interaction of PUF60 and FUBP1 has only been
shown to occur in the context of c-MYC transcription regula-
tion where a splice variant of PUF60, referred to as the FIR
protein (EBP interacting repressor, lacking the first 17 amino
acids of PUF60), interacts with and antagonizes FUBP1 in the
transcriptional complex (55). The possibility that FUBP1 and
PUF60 interact and function together in the context of splicing
regulation has yet to be explored.

Another important finding in our study is that the inactiva-
tion of FUBP1 in vitro decreased the splicing of both the
upstream and the downstream introns relative to exon 11 in the
3-11-12 MDM?2 minigene. Subsequently, we showed the bind-
ing of FUBP1 and its damage-specific cleaved form of FUBP1 to
elements in both these introns. It is therefore possible that
FUBP1 simultaneously binds both the introns across exon 11 to
facilitate better recruitment of the spliceosome or positive reg-
ulatory factors while masking or competing with negative reg-
ulatory factors. Furthermore, we show that the effect of FUBP1
on splicing may be transcript-specific. This is because FUBP1
did not affect the splicing of either intron of the non-damage-
responsive p53 7-8-9 minigene (22) in a statistically significant
manner, although a slight decreasing trend was observed in the
splicing of the 8-9 minigene upon FUBP1 immunointerference
(Fig. 5, A and B).
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FUBP1 A74 and Its Role in MDM?2 Splicing—We used a
stress-responsive MDM2 minigene bearing an intact intron 11
to examine the roles of these forms of FUBP1 in MDM2 splic-
ing. As the full-length FUBP1 or the A74 isoform bound the
minigene under normal or damaged conditions respectively, we
had hypothesized opposing roles for these forms in the splicing
of MDM?2. Interestingly, both full-length and cleaved FUBP1
behaved in a similar fashion by suppressing the formation of
MDM2-ALTI under stress thereby acting as positive regulators
of MDM2 splicing. However, this does not exclude the possibil-
ity that A74 could still function in an antagonistic manner to
full-length FUBP1 under physiological conditions wherein the
relative levels of these isoforms and their localization could be
factors determining their functionality. Moreover, the negative
splicing regulatory factors that actually facilitate the damage-
induced skipping of MDM?2 exons have yet to be uncovered and
may more easily negatively affect the A74 isoform. Candidates
showing differential binding to the RNA2 region and/or other
unidentified factors likely compete with FUBP1 under damage
to bind the cis elements on MDM2 and mediate its stress-in-
duced alternative splicing.

In short, the regulation of efficient splicing of the MDM2
pre-mRNA by FUBP1 (as indicated by the effects of its overex-
pression and knockdown in cells, Figs. 7 and 8) sets the stage for
alterations in splicing patterns in response to specific stimuli,
wherein mechanisms antagonistic to FUBP1 may function to
alter the splicing efficiency of specific exons and create alterna-
tive splice forms of MDM?2.
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Role of FUBPI in Cancer—FUBP1 itselfis considered a proto-
oncogene due to its role in the etiology of several types of cancer
where it is overexpressed (23-28). However, a small subset of
oligodendrogliomas (a common brain malignancy) with “loss of
function” mutations in FUBPI has been identified where
FUBP1 is considered a tumor suppressor (28 —30). Regardless
of the role it plays, FUBP1 is an important modifier of crucial
tumor-suppressive and oncogenic programs within the cell. In
this respect, it has been shown to function through both
c-MYC-dependent and -independent pathways as a regulator
of transcriptional and post-transcriptional events such as
pre-mRNA translation (23, 25, 36, 38, 50, 51, 56, 57). For
instance, FUBP1 has inextricable ties with the p53 tumor-sup-
pressor pathway through its transcriptional control of far
upstream element-containing genes ¢c-MYC and USP29 and
also via its regulation of translation and stability of nucleophos-
min and p21 mRNA (23, 38, 56, 57). Additionally, the complex
interactions of the various targets of FUBP1 among themselves
or with other factors in the p53 pathway make FUBP1 an
important player in this tumor-suppressor pathway (58, 59). In
that light, an important aspect of our study is that we have
characterized the oncogene MDM?2 as a substrate of FUBP1-
mediated splicing. The role of FUBP1 as a regulator of M\DM?2
splicing can have important ramifications for the MDM2-p53
axis. Now, with our evidence pointing toward its role as a mod-
ulator of MDM?2 splicing, a direct mode of involvement of
FUBP1 in the complex p53 pathway has emerged.

When we examined The Cancer Genome Atlas via the
cBioPortal for the impact of aberrations in FUBP1 expression
on patient survival in various cancer types, we observed that
only a low frequency of alterations in FUBPI gene has been
observed across several cancer types (Fig. 94). Many of the
mutations reported are predicted to result in loss of FUBP1
expression. However, upon mining the information via this
portal, we observed no significant changes in patient survival
due to the presence of FUBPI gene alterations in most cancer
types, including low grade gliomas. Only in the TCGA provi-
sional lung adenocarcinoma study in which 3% of the cases
presented with altered FUBPI was a statistically significant sur-
vival decrease observed in patients with mutated or altered
FUBPI. Additionally, the studies queried via the cBioPortal do
not account for FUBP1 expression changes at the mRNA and
protein levels. For instance, the hepatocellular carcinoma
cohorts queried in this manner show only about 0.6% of cases
with mutations or gene amplifications. However, FUBP1 has
been shown to be overexpressed in liver carcinoma (23). Hence,
more intricate mining of the raw data for FUBP1 expression
changes will bring out the impact of FUBP1 on cancer progno-
sis or progression in a better manner. Overall, these results
indicate that FUBP1 over- or under-expression is significant
over several cancer types. However, whether altered FUBP1
expression affects its functions in pre-mRNA splicing or tran-
scription or post-transcriptional processing is open for explo-
ration. We have shown that FUBP1 enhances the splicing effi-
ciency of FL-MDM?2 and could therefore serve to additionally
enhance the expression and activity of FL-MDM?2 in those can-
cer types where its overexpression mediates the tumorigenic
phenotype. As MDM?2 is subject to multiple splicing events in
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response to a variety of stresses, the ability of FUBP1 to improve
splicing efficiency also poses FUBP1 as a target for modifica-
tions that promote negative regulation of MDM2 splicing. The
factors, which play into the negative aspects of MDM2 splicing
regulation, have yet to be characterized. Indeed, UV cross-link-
ing and RNA affinity chromatography revealed the differential
binding of several other factors and their damage-specific iso-
forms to the MDM?2 minigene in the nuclear extracts from
damage-treated cells (Figs. 1-3 and 6 and supplemental Table
S1). It is conceivable that these factors, through complex inter-
actions with the spliceosome or other regulatory factors, con-
tribute to the damage-induced MDM?2-ALT1 splicing and
therefore demand further characterization.

In summary, our study has uncovered a mechanism for the
regulation of MDM?2 gene expression via splicing control by
FUBP1, a finding that opens up an additional avenue for explor-
ing targets for cancer therapeutics that modulate the MDM2-
p53 tumor-suppressor axis.
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