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The ubiquitously expressed splicing factor YT521 (YTHDC1) is characterized by alternatively spliced isoforms with
regulatory impact on cancer-associated gene expression. Our recent findings account for the prognostic significance of
YT521 in endometrial cancer. In this study, we investigated the hypoxia-dependency of YT521 expression as well as its
differential isoform activities on oncological important target genes. YT521's potential requlatory influence on splicing was
investigated by a minigene assay for the specific target gene CD44. Functional splicing analysis was performed by YT521
knock-down or overexpression, respectively. In addition, YT521 expression was determined under hypoxia. The two
protein-generating YT521 mRNA isoforms 1 and 2 caused a comparable, specific induction of CD44v alternative splicing
(P < 0.01). In a number of oncological target genes, YT521 upregulation significantly altered BRCA2 expression pattern,
while YT521 knock-down created a significant regulatory impact on PGR expression, respectively. Hypoxia induced a
specific switch towards the processing of two non-protein-coding mRNA variants, of which one is described for the first
time in this study. The presented study underlines the comparable regulatory potential of both YT521 isoforms 1 and 2, on
the investigated target genes in vivo and in vitro. Hypoxia induces a specific switch in YT521 expression pattern towards the
two non-protein coding mRNA variants, the already characterized isoform 3 and the newly discovered exon 8-skipping
isoform. The altered YT521 alternative splicing is functionally coupled with nonsense-mediated decay and can be
interpreted as regulated unproductive splicing and transcription with consecutive impact on the processing of specific
cancer-associated genes, such as BRCA2 and PGR. © 2013 Wiley Periodicals, Inc.
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INTRODUCTION

The ubiquitously expressed nuclear splicing factor
YT521 (YTH domain containing 1, YTHDC1) was
discovered through an interaction of its glutamic-
acid/arginine-rich domain with splicing factor htra2-
betal [1,2]. YT521 expression itself is regulated by
alternative splicing processes [3]. The variable inclu-
sion of YT521 exon 6 in mRNA isoforms 1 and 2 results
in two corresponding protein products (NCBI Refer-
ence Sequences: YTHDC1 transcript variant 1:
NM_001031732.2 and YTHDCI1 transcript variant 2:
NM_133370.2 respectively, Ensemble; Swiss-Prot;
Fig. 1A and B). Functional differences of the two

introduced termination codon is followed by an
exon-exon junction more than 55 nucleotides down-
stream, it might be recognized as a premature
termination codon (PTC) [4]. Therefore, the cassette
8-9-skipping YT521 mRNA variant is most likely
subjected to nonsense-mediated decay (NMD).
YT521 is involved in splice site selection in a
concentration dependent manner [5,6] either by
sequestering splicing factors via protein—protein
interaction or by binding to nucleic acids via its
YTH domain (Fig. 1A) [1,7,8]. The YTH domain

YT521 isoforms 1 and 2 have not been reported so far.
In addition, four other potential protein coding
YT521 mRNA isoforms and one non-coding variant
have been characterized [3] (Fig. 1A). One mRNA
variant is characterized by simultaneous skipping of
the exon cassette 8-9. This skipping creates a
frameshift within the downstream nucleotide se-
quence, resulting in the introduction of a termination
codon at the beginning of exon 10 [3]. Since the
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Figure 1. YT521 expression variants due to alternative splicing. (A)
YT521 mRNA transcript isoforms (YTHDC1; source: ensemble.org:
Gene ID: ENSG00000083896); Isoforms 1 and 2 (YTHDC1-001; -002)
code for functional proteins (source: uniprot.org: protein ID's:
Q96MU7-1; -2). Isoform 6 (YTHDC1-006) is non-protein coding. The
further isoforms YTHDC 1-003; -004; -005; -007 are putative protein-
coding variants (functional implications unknown; predicted protein;
source: uniprot.org: protein ID's: J3KS01; J3KRWO; J3KRG5; J3QR07).
5'- and 3' untranslated regions (UTRs) shaded. (B) YT521 functional

represents a novel RNA binding region, which
interacts with short, degenerated, single-stranded
RNA sequence motifs. The presence of the binding
motif in alternative exons is necessary for YT521 to
directly influence splice site selection in vivo [6].
Furthermore, YTS521 function is regulated by phos-
phorylation via specific receptor tyrosine kinases [8].

So far, biological functions of YT521 are poorly
investigated. However, our group could recently
demonstrate a significant tumorbiological impact of
this nuclear protein. A clear association of low YT521
expression with poor clinical outcome in patients
diagnosed with type I endometrial cancer was identi-
fied, demonstrating a potential tumor suppressor
activity [9]. These findings support the biological
importance of splicing regulatory genes in cancer.
Recently, a specific sensitivity of YT521 mRNA
expression towards hypoxia was reported [2], which
represents a key regulatory epiphenomenon in tumor
growth inducing a transcriptional cascade that
promotes an aggressive cancer phenotype. Experi-
mental studies support its functional implications in
cancer progression with regard to angiogenesis,
growth factor signaling, immortalization, genetic
instability, tissue invasion and apoptosis, respectively
[10]. Alterations of YT521 expression might have
eminent impact on splicing decision of cancer-
associated genes. Recently, we were able to detect
the major influence of hypoxia on splicing decisions
in another cancer-related factor [11,12]. These find-
ings lead to our hypothesis that hypoxia might also
influence development of tumor growth through
aberrations in YT521 splicing pattern.

Therefore, we designed the present study to analyze
and distinguish the potential functional impact of the
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protein domain structure of isoforms 1 and 2. The YTH domain is a novel
RNA binding domain and necessary for YT521 to directly influence
splice site selection in vivo; Glu, glutamic acid rich region of unknown
function; Arg, glutamic acid/arginine-rich regions involved in protein-
protein interaction; Pro, proline rich region containing putative SHs
domains. The skipping of exon 6 due to alternative mRNA splicing
results in loss of amino acid (aa) residues 325-342, distinguishing
isoform 2 (709 aa) from isoform 1 (727 aa; source: uniprot.org: protein
ID's: Q96MU7-1; -2).

different YT521 isoform expression pattern on the
splicing regulation of cancer-relevant genes bearing
the YTH domain binding motifs (BRCA2, ESR1, PGR,
MDM2, and VEGF). Furthermore, we investigated the
influence of hypoxia on YT521 mRNA processing in
vitro.

We refer in our functional experiments for the
YT521 exon 6-inclusion mRNA variant as isoform 1,
exon 6-skipping variant as isoform 2 and exons 8 and
9-skipping isoform as isoform 3, respectively.

MATERIALS AND METHODS

Cell Lines and Culture Conditions

The established human tumor cell lines Hela,
Ishikawa, SK-OV-3, MCF7, and T47D were cultured
in a humidified incubator (37°C, 5%CQO,, 95% air).
SK-OV-3, Ishikawa and HelLa cells were maintained in
Dulbecco’s Modified Eagle Medium (DMEM; Life
Technologies, Invitrogen, Darmstadt, Germany),
MCF7 cells in Iscove’s Modified Dulbecco’s Medium
(IMDM; Life Technologies, Invitrogen), and T47D
cells in Quantum 263 medium (PAA Laboratories
GmbH, Pasching, Austria), each supplemented with
10% fetal bovine serum “Gold” (PAA Laboratories
GmbH), 1% of 1 mol/L HEPES buffer (Life Technolo-
gies), and 100 units/mL penicillin/streptomycin
(Sigma-Aldrich ~ Chemie GmbH, Schnelldorf,
Germany). For hypoxia experiments, cultures were
transferred to hypoxic culture conditions (<1% Oy;
mentioned as hypoxia, 18 h) in a hypoxic chamber
placed in the same incubator. Cells were cultured in
parallel experiments under normal oxygen conditions
(95% air, mentioned as normoxia) used as control.
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Experiments concluded with the immediate harvest-
ing of treated cultures for RNA extraction or fixation
with formaldehyde fixation reagent for immunocyto-
chemistry, respectively.

RNA Extraction and RT-PCR

The GeneMATRIX DNA + RNA + PROTEIN Purifi-
cation Kit (EURx Ltd., Gdansk, Poland) was used to
isolate total RNA from cells according to the manu-
facturer’s protocol. In total, 4 pg RNA, as determined
by optical densitometry, were used for complementa-
ry DNA (cDNA) synthesis using Moloney murine
leukemia virus reverse transcriptase (MMLV-RT;
Promega, Mannheim, Germany), RiboLock RNase
inhibitor (Fermentas GmbH, St. Leon-Roth,
Germany), and random hexamer primers (New
England Biolabs GmbH, Frankfurt, Germany) fol-
lowed by PCR using Taq polymerase (GENAXXON
Bioscience GmbH, Ulm, Germany) and specific
primers. The sequence of primers and expected
amplicon sizes were as follows: RPS18 (305 bp) S: 5'-
AACTCACTGAGGATGAGGTG-3’, AS: 5'-CAGA-
CAAGGCCTACAGACTT-3’; YT521 ex8 and ex9
(407, 180, 298 bp) S: S5-ATCAAACCAGTAAACT-
CAAATATGTGCT-3’, AS: 5’-CTGTCCATCACGTCC-
GATCTTTA-3’; YTS521 ex6 (178, 124bp) S: S'-
GAAGTGGAAGCTCTGCATCA-3’, AS: 5-GAATGTG-
TCTCTTGCCAAAGC-3’; VEGF ex3/ex7 (381, 297 bp)
S: 5-ACATCTTCAAGCCATCCTGTGTGC-3’, AS: 5'-
TTAACTCAAGCTGCCTCGCCTTG-3’; ESTGLv2 Glo-
bin (418, 305, 300, 187 bp) S: 5’-AGACACCATG-
CATGGTGCACCT-3’, AS: 5-CCATAACAGCATCAG-
GAGTG-3’; BRCA2 ex2/ex4 (419, 170bp) S: 5'-
CAAGCATTGGAGGAATATCG-3’, AS: 5'-AACATCA-
TCTGCTTGATCC-3’; MDM2 ex4/ex10 (659, 543 bp)
S: 5’-CGATTATATGATGAGAAGCAACAAC-3’, AS: 5'-
CCTGCCTGATACACAGTAAC-3’; PGR ex2/ex5 (612,
495 bp) S: 5'-GTTTAATCTGTGGGGATGAA-3’, AS: 5'-
CGTGTTTGTAGGATCTCCAT-3’; PGR ex5/ex8 (474,
343 bp) S: S’-ATGGTGTTTGGTCTAGGATG-3’, AS: 5’-
TTGTGCAGCAATAACTTCAG-3’; ESR1 ex6/ex8 (320,
136 bp) S: S’-TGCTGCTGGCTACATCATCT-3’, AS: 5'-
CGTTCTTGCACTTCATGCTG-3'. The PCR products
were separated by electrophoresis in agarose gel.

Protein Extraction and Western Blot

Total protein of cultured cells was isolated by the
GeneMATRIX DNA + RNA + PROTEIN Purification
Kit according to the manufacturer’s protocol. Protein
concentration was determined by BCA Protein Assay
Kit (PIERCE, Thermo Scientific, Rockford, IL).

The protein samples were separated by 10% SDS—
PAGE and transferred onto polyvinylidene difluoride
(PVDF) membranes (ROTH, Karlsruhe, Germany) by
using a Bio-Rad Trans Blot Cell (Bio-Rad Laboratories
GmbH, Munich, Germany). Membranes were soaked
in a blocking solution (phosphate buffered saline
(PBS) with 3% dry nonfat milk, 0.1% Tween 20) for
1 h at room temperature and incubated with the
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primary polyclonal rabbit antibody anti-YT521 (pro-
vided by Stefan Stamm; dilution 1:2000) in blocking
buffer overnight at 4°C. After washing, membranes
were further incubated with horseradish peroxidase-
conjugated goat anti-rabbit IgG secondary antibody
(Jackson Immuno Research Europe Ltd., Suffolk, UK;
dilution 1:5000) in blocking buffer for 2 h at room
temperature. Finally, the immunocomplexes were
made visible by an enhanced chemiluminescence
Western blot detection kit (PIERCE) and exposed to X-
Ray film (FUJIFILM Europe GmbH, Disseldorf,
Germany).

Immunocytochemistry

Following experimental treatment, cell lines Ishi-
kawa, SK-OV-3, and T47D were fixed using ROTI®
Histofix formaldehyde fixation reagent (4% formal-
dehyde in PBS, pH 7, Carl Roth). YT521 protein
expression were determined using polyclonal rabbit
YT521 antibody (provided by S. Stamm [Stamm’s
Lab., Department of Molecular and Cellular Biochem-
istry, University of Kentucky, Lexington, KY] [13]).

For visualization of YT521 expression, antigen
retrieval and indirect immunoperoxidase technique
were applied. Antigen retrieval was performed by
heating the fixed cells on slides for 5 min in a
10 mmol/L sodium citrate buffer (pH 6.0). Inhibition
of endogenous peroxidase was performed by 30 min
incubation with 3% H,0,. Endogenous avidin-biotin
was blocked by the use of a commercial biotin
blocking system (DAKO, Dako GmbH) for 10 min.
After two washes in trissaline buffer, slides were
incubated with 1% goat serum for 30 min to block
unspecific staining. The sections were exposed to
YT521 antibody (1:6000) overnight at room tempera-
ture. Slides were incubated with biotinylated anti-
rabbit immunoglobulins for 60 min at room temper-
ature and treated with streptavidin—peroxidase
(DAKO). Staining was achieved by 3,3-diaminobenzi-
dine (DAB; Vectastain, Vector Laboratories, Inc.,
Linaris GmbH) and the slides were counterstained
with hemalaun.

Cloning, Transfection, and Sequencing

The YT521 isoform 1 expression plasmid was
constructed by inserting the whole length of its
complementary DNA (cDNA) fragment, which was
amplified from HeLa cell cDNA library by PCR into
pCMV-Script Vector (Stratagene, Agilent Technolo-
gies, Inc., Santa Clara, CA). The YT521 isoform 2
expression plasmid was constructed using a method
called PCR-directed motif deletion of plasmid, with
isoform 1 expression plasmid as template and a pair of
primers flanking exon 6, as recently described [14].

The transfection of minigene ESTGLv2 [15], YT521
expression plasmid or shRNA plasmid of YT521 (Santa
Cruz Biotechnology, Inc., Heidelberg, Germany) was
carried out with Satisfection reagent (Stratagene)
according to the manufacturer’s protocol. 48 h after
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transfection, cells were harvested followed by RNA
extraction and RT-PCR. Experiments were performed
in triplicate. Sequences of newly created clones or
identified PCR products of interest were analyzed and
validated by GATC Biotech Company (GATC Biotech
AG, Konstanz, Germany).

Nonsense-Mediated Decay (NMD) Assay

It is well established that NMD requires translation
for PTC recognition. Drugs or RNA structures inhibit-
ing any step of the pioneer round of translation will
inhibit NMD [16]. Puromycin is widely used for NMD
target identification since it acts as a protein synthesis
inhibitor and has been proven to block the NMD
pathway [17]. Cells cultured under hypoxia for 18 h
were further treated with puromycin (AppliChem
GmbH, Darmstadt, Germany; 300 pg/mL, 8 h) as
recently described [18] under normal oxygen con-
ditions (95% air, 5% CO;). As control cells were
cultured in parallel under hypoxia for 18 h and then
under normal oxygen conditions for 8 h without
puromycin treatment used. Afterwards, total RNA was
isolated and semi-quantative RT-PCR was performed
to evaluate the YT521 mRNA expression profile.

Equipment for Documentation and Evaluation

Documentation of electrophoresis gels was per-
formed using DIANA I (CCD Camera System, Raytest
Isotopenmessgerdte GmbH, Straubenhardt, Germany)
and data were evaluated by Image]J software (http://rsb.
info.nih.gov/ij/).

Statistical Analyses

The Statistical Package for the Social Sciences software
version 15.0.1 (SSPS 15.0.1.) was used for statistical
analysis. The data of PCR were analyzed by student'’s t-
test and one-way ANOVA. Significance of differences
was assumed as P < 0.05 at the two-sided test.

RESULTS

YT521 Isoforms 1 and 2 Exhibit Comparable Alternative
Splicing Properties

CD44 is an established target gene of YI'521 in vivo
and was selected to evaluate the splicing properties of
the distinct YT521 isoforms [8]. ESTGLv2, a reporter
gene containing human CD44 variable exons v4 and
v5 (Fig. 2A) [15], was co-transfected with pCMV-
YTS521-isoform 1 and pCMV-YTS521-isoform 2 in
MCEF7 cells, respectively. Following confirmation of
transfection efficacy of YT521 plasmids (Fig. 2B),
alternative splicing pattern of the reporter gene were
analyzed by RT-PCR. The basic phenotype of ESTGLv2
splicing displayed majorly a single exon inclusion,
but no v4 + v5 en bloc skipping. In addition, a small
fraction of en bloc inclusion of both exons was visible
in YT521 untransfected cells (average v4 + v5 en bloc
inclusion proportion: 25.4%, v4 + v5 en bloc inclu-
sion proportion =v4 + v5 en bloc inclusion/all
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Figure 2. YT521 isoforms 1 and 2 exert comparable impacts on
alternative splicing of CD44 exon v4 + V5. (A) Schematic structure of
ESTGLV2 minigene [15], with a genomic fragment of human CD44
gene containing variable exons v4 and v5 (patterned boxes) into the first
intron of a B-Globin (shaded boxes). (B) Expression level of YT521
isoforms 1 and 2 after transfection. Expression plasmids of YT521
isoforms 1 and 2 were transfected in an increasing amount (0, 1, 2 pg).
Analysis of YT521 mRNA expression with exon 6 inclusion/skipping by
RT-PCR. (C) YT521-regulated splicing pattern of ESTGLv2. Increase of
YT521 isoforms 1 and 2 lead to increased proportion of CD44 v4 + v5
en bloc inclusion (upper band). Analysis of MRNA expression by RT-PCR.
(D) Quantitative YT521 protein expression analysis in T47D cells;
comparable results in Ishikawa and SK-OV-3 cells, data not shown.
T47D cells were transfected with increasing amounts of expression
vectors pPCMV-YT521 or pPCMV-YT521Aexon6 (0, 1, 2 wg), or “empty”
pCMV vector ([—]) used as control; RPS18 protein expression as
comparative value and loading control, Western blot. Dashed line
indicates origin from different gels. (E) Both of YT521 isoforms (1 and 2)
cause a significant increase in CD44 v4 + v5 en bloc inclusion
proportion (v4 + v5 en bloc inclusion/all splicing isoforms) (P < 0.01,
one-way ANOVA: pCMV-YT521-isoform-12 pgvs. 1 wgand 1 pgvs.
0 pg; pPCMV-YT521-isoform-2 2 wg vs. 1 pg and 1 ug vs. 0 pg).

splicing isoforms; Fig. 2C and D). The following co-
transfection experiments revealed a specific and
significant induction of CD44 v4 + v5 en bloc
inclusion in a concentration-dependent manner for
both tested YT521 isoforms (pCMV-YT521-isoform 1:
from 26.5% to 54.9%, P < 0.01; pCMV-YT521-iso-
form 2: from 24.2% to 53.2%, P < 0.01; Fig. 2D).
Comparable effects were also detected for genuine
CD44 mRNA processing (data not shown).

Impact of YT521 on Potential Target Genes In Vivo

Since YT521 expression was found to correlate with
survival of endometrial cancer patients [9], we wanted


http://rsb.info.nih.gov/ij/
http://rsb.info.nih.gov/ij/

IMPACT OF HYPOXIA-DEPENDENT YT521 SPLICING

to elucidate the role of YT521 in alternative splicing of
cancer-related genes bearing YTH domain binding
motifs. Therefore splicing pattern of the potential
YTS521 target genes BRCA2, ESR1, MDM2, VEGF, and
PGR were analyzed. To investigate functional impli-
cations on target genes, YT521 was either knocked-
down by YT521 shRNA or overexpressed by pCMV-
YT521-isoform 1 expression plasmid in a set of
distinct tumor cell lines (Ishikawa: endometrial
cancer; SK-OV-3: ovarian cancer; T47D: breast can-
cer). Consecutively the endogenous alternative splic-
ing pattern of the potential target genes (BRCA2 exon
3, ESR1 exon 7, MDM2 exons 5 and 6, VEGF exon 4,
PGR exons 3 and 6, respectively) were investigated
under these different conditions (Fig. 3). Our assays
revealed specific alternative splicing changes of
BRCA2 (exon 3 inclusion/skipping) by YT521 upre-
gulation (Fig. 3A) and PGR (exon 3 inclusion/
skipping) by YT521 knock-down in T47D cells
(Fig. 3E), respectively. In detail, YT521 upregulation
created a significant induction of BRCA2 exon 3
inclusion (P = 0.012; Fig. 3A), while YT521 knock-
down lead to a significant decrease of PGR exon 3
inclusion (P = 0.007; Fig. 3E), respectively. However,
for the other investigated potential target genes or
PGR and BRCAZ2 in other distinct cell lines, only mild
and non-significant effects of YT521 were observed
(Fig. 3B-D). Efficacy of forced YT521 overexpression
or knock-down on protein level was approved by
quantitative analysis (Western blot, Fig. 3F).

Hypoxia-Induced Coupling of Alternative Splicing and
NMD in YT521 Expression

In the second part of our analyses, we focused on
the influence of hypoxia on YT521 expression in
human cancer cells. Therefore, five human gyneco-
logical tumor cell lines were cultured under hypoxic
conditions and the expression levels and pattern of
YT521 were examined.

Hypoxia did only cause slight changes in mRNA
expression pattern of the YT521 isoforms 1 and 2 in
the investigated tumor cell lines on the mRNA level
(Fig. 4A). However, different mRNA variants aside
from isoforms 1 and 2 were detected as YT521 isoform
3 specific PCR primers were applied. These two
hypoxia-induced mRNA isoforms could be identified
as the already known YT521 isoform 3, characterized
by skipping of the exon cassette 8-9 (amplicon
180 bp), as well as a novel, so far undescribed
YT521 mRNA variant solely skipping exon 8 (ampli-
con 298 bp), respectively (Fig. 4B). Verification of
isoform 3 and the novel exon 8-skipping YTS521
mRNA isoform was conducted by cloning and
sequencing.

In the next experimental step, Ishikawa and SK-OV-
3 cells were cultured under hypoxic conditions for
18 h followed by 8 h rescue (under normoxia). The
following expression analyses showed a specific
disappearance of the YT521 isoform 3 as well as the
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newly discovered exon 8-skipping mRNA. Even more
interestingly, both isoforms were retained in puro-
mycin assay suggesting that these two mRNA variants
are definitive targets of NMD (Fig. 4C).

The exclusion of YT521 exon cassettes 8 and 9 in
isoform 3 creates a downstream sequence frameshift
resulting in the introduction of several PTCs. The
frameshift caused by exclusive skipping of exon 8 also
leads to the introduction of several PTCs within the
downstream sequence of the novel mRNA variant,
with the first termination codon located in exon 9
approximately 70 nucleotides downstream of the
exons 7-9 junction.

Quantitative analysis (Western blot) identifies
oxygen deprivation as inductor of a detectable,
though marginal reduction of YT521 protein levels.
This effect is reversible, at which comparable levels of
YT521 protein to control cells are restored following
instauration of normoxia (Fig. 4D). Immunocyto-
chemical detection of YT521 demonstrates the
nuclear localization of the splicing factor and con-
firms the reversible hypoxia-dependent alterations in
protein expression levels (Fig. 5).

DISCUSSION

The expression of splicing factor YT521 is regulated
by alternative splicing, a phenomenon also described
for other nuclear proteins involved in the complex
nuclear mRNA processing. Out of seven known
alternatively spliced mRNA isoforms of YT521,
biologically active YT521 protein isoforms solely
originate from the wild type (exon 6 inclusion,
isoform 1) and exon 6 skipping isoform (isoform 2)
according to the Ensembl (http://www.ensembl.org/
index.html) and Swiss-Prot (http://expasy.org/sprot/)
databases. Our recent study identified YT521 isoform
1 as a potential prognostic factor for endometrial
cancer [9]. The functional in vivo experiments of the
current study revealed that both YT521 isoforms 1
and 2, irrespectively of their exon 6 inclusion status,
exhibited the same functional properties regarding
splicing regulation. An explanation for this phenom-
enon is given by the fact, that exon 6 is not coding for
any of the known functional YT521 domains and
skipping of this 54 nucleotide exon does not create a
downstream sequence frameshift, thereby potentially
not altering the splice regulatory function of the
truncated protein sequence. The development- and
tissue-specific character of alternative splicing events
[19-21] may account for the existence of the exon 6
skipping isoform as an evolutionary conserved
physiological phenomenon [22,23].

Our previous investigations identified high YT521
expression as a protective factor in endometrial
cancer with a potential function as a tumor suppressor
by influencing the alternative splicing pattern of
specific cancer-associated target genes [9]. YT521
expression-dependent splicing patterns of all known
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Figure 4. Hypoxia-induced coupling of alternative splicing and NMD
in YT521 mRNA expression pattern. (A) Hypoxia exerted no significant
impact on the alternative splicing of YT521 exon 6 (P > 0.05, hypoxia
vs. normoxia), N: normoxia,; H: hypoxia; RPS18: comparative value as
loading control. Dashed line indicates origin from different gels. (B)
Hypoxia lead to YT521 exon 8-skipping and exons 8 and 9-skipping
(isoform 3) in Hela, Ishikawa, SK-OV-3, MCF-7, and T47D cell lines, N,
normoxia; H, hypoxia. (C) Hypoxia-dependent isoform 3 and exon
8-skipping isoform expression and identification as NMD targets.
Puromycin treatment alone did not lead to isoform 3 and exon
8-skipping MRNA expression, indicating that these isoforms are not
expressed in cells cultured under normoxia; comparison of cells cultured
under hypoxia (18 h) versus combined hypoxia (18 h) followed by

human genes were determined in a recent genome-
wide Affymetrix® splice array analysis [6]. Exons of
Anubl1, Cxc110, Rhot2, Sec24c, and Zfp687 were
identified as endogenous targets of YT521. However,
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rescue (normoxia, 8 h) revealed the hypoxia-dependent expression of
isoform 3 and exon 8-skipping isoform. In comparison to control group,
isoform 3 and exon 8-skipping isoforms were retained after puromycin
treatment (300 pg/mL, 8 h), indicating they are definite NMD targets.
N = normoxia, 26 h; H = hypoxia, 18 h; HR = hypoxia, 18 h and
rescue under normoxia, 8 h; P = normoxia, 18 h and puromycin
treatment, 8 h; HP = hypoxia, 18 h and puromycin treatment under
normoxia, 8 h. (D) YT521 protein expression in T47D cells under
hypoxia (H, 18 h); hypoxia and rescue (HR = hypoxia, 18 h and rescue
under normoxia, 8 h); control cells (N) cultured under normoxia,
RPS18 protein expression as comparative value and loading control,
Western blot.

the knowledge about the potential role of these genes
in tumorigenesis remains limited. Additional data
about further targets of YT521 are not described so far.
To explore the potential impact of YT521 on cancer,

Figure 3. The influence of YT521 expression on endogenous
alternative splicing pattern of potential target genes. YT521 was
knocked-down or overexpressed in Ishikawa, SK-OV-3 and T47D cell
lines, respectively. The alternative splicing pattern of endogenous
potential target genes were quantified and compared with controls. (A)
BRCA2 exon 3 inclusion (upper band, 419 bp) and skipping (lower
band, 170 bp). (B) ESR1 exon 7 inclusion (upper band, 320 bp) and
skipping (lower band, 136 bp). (C) MDM2 exons 5 and 6 inclusion
(upper band, 659 bp) and skipping (lower band, 543 bp). (D) VEGF
exon 4 inclusion (upper band, 381 bp) and skipping (lower band,

Molecular Carcinogenesis

297 bp). (E) PGR exon 3 inclusion (upper band, 612 bp) and skipping
(lower band, 495 bp); PGR exon 6 inclusion (upper band, 474 bp) and
skipping (lower band, 343 bp). C, control; , YT521 knock-down; T,
YT521 overexpression; “P < 0.05. (F) Quantitative YT521 protein
expression analysis in T47D cells; similar results in Ishikawa and SK-OV-3
cells, data not shown. Knock-down, YT521 knocked down by shRNA
of YT521; Toverexpression, YT521 overexpressed by pCMV-YT521-
isoform 1 expression plasmid; control cells (C) cultured under regular
conditions, COX4: Cyclooxygenase 4 protein expression as comparative
value and loading control, Western blot.
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Figure 5. YT521 protein expression in T47D cells. YT521 protein is predominately expressed in nuclear
compartments. Hypoxia induces a decrease in YT521 protein expression, which is restored under normal oxygen
conditions. N = normoxia, 26 h; H = hypoxia, 18 h; HR = hypoxia, 18 h; and rescue under normoxia, 8 h;
Immunocytochemistry, YT521 antibody provided by S. Stamm [13]; counterstained with haemalaun, Magnification

x400.

we investigated several potential alternatively spliced
target exons of cancer-related genes such as BRCA2
[24], ESR1 [25], MDM2 [26], VEGF [27], and PGR [28],
respectively. All of these candidate genes exhibit an
YT521 binding motif. Interestingly, we were able to
identify specific, significant YT521 dependent alter-
native splicing alterations in BRCA2 (exon 3 inclu-
sion/skipping) in breast ductal carcinoma cell line
T47D due to YT521 upregulation and in PGR (exon 3
inclusion/skipping) by a specific YT521 knock-down.
For the other genes we could not detect further
significant splicing regulatory influence of YTS521.
However, our data suggest a more specific than an
overall impact of YT521 on pertinent tumorbiological
genes which might cause vast alterations in cellular
behavior. Employing the in vitro systematic evolu-
tion of ligands by exponential enrichment (SELEX)
technique, we were able to identify the sequence GAR
as the RNA motif binding to YT521. It is a known as a
common cis-acting element for SR protein RNA
interactions [6,15].

Hypoxia is a well-known micro-environmental
epiphenomenon in solid tumors [29]. Hypoxia-driven
changes in alternative splicing pattern were demon-
strated in several studies [11,30,31]. Our functional
data clearly demonstrate the hypoxia-dependent
alterations in YTS521 splicing pattern characterized
by exon cassette 8-9 or exclusive exon 8 exclusion,
respectively, resulting in PTC-exhibiting YT521
mRNA isoforms that are subjected to NMD. This
gene expression regulatory process of coupling
alternative splicing with NMD is known as regulated
unproductive splicing and translation (RUST) [32]. In
this study, we could identify hypoxia as a down-
regulator of YT521 gene expression, which is in
accordance with current knowledge and related to a
variety of transcriptional and post-translational
mechanisms causing global changes in protein
synthesis [33,34]. Data obtained on hypoxia-depen-
dency at mRNA level were confirmed by quantitative
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YTS521 protein expression analysis, at which a revers-
ible hypoxia-triggered decrease of YT521 protein
could be demonstrated (Fig. 4D, Fig. 5). We postulate
that hypoxia-induced YT521 protein downregulation
via this RUST pathway exerts decisive biological
consequences in tumor progression by alterations in
expression profiles of cancer-related genes. RUST is a
widespread pathway of gene regulation. One third of
the reliably inferred alternatively spliced mRNA
isoforms are expected to be targets of degradation
through RUST rather than being translated into
truncated, but biologically active proteins [35].
Besides transcriptional regulation, RUST provides an
additional level of gene expression regulation. Splic-
ing regulation occurs after the decision to transcribe a
gene region and RUST is able to provide a rapid way of
changing the levels of productive mRNA. This extra
regulatory feature accounts for a “fine tuning” in
transcriptional regulation.

Although YT521 belongs neither to the SR protein
nor hnRNP family, our findings suggest that this gene
might also auto-regulate its own expression levels via
RUST. Furthermore, the recently described reverse
correlation between YT521 protein and mRNA levels
in endometrial cancer supports strongly this sug-
gested auto-regulation of YT521 expression [9].

Here, we describe for the first time a hypoxia-
induced regulation of gene expression via RUST, by
which a striking number of splicing factors and
elements of the splicing machinery are auto-regulat-
ed, such as PTB [36], SC35 [37], htra2-betal [38], and
CDC-like kinases (Clks) [39], respectively. Intriguing-
ly, similar unproductive splicing is found in all
human SR genes and some hnRNPs [32,40].

In a previously published study, YT521 function of
splice site selection was found to be regulated by
tyrosine phosphorylation activated by receptor tyro-
sine kinases [8]. Hypoxia is a known important factor
in the activation of receptor tyrosine kinases [41,42].
It is reasonable to postulate that hypoxia activates
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signaling pathways, which subsequently activate
tyrosine phosphorylation and further exert influences
on YT521 mRNA expression pattern, consequently
regulating the downstream alternative splicing events
that play important roles in tumorigenesis or other
pathological processes.

In summary, the two protein isoforms of YT521
exhibit comparable alternative splicing properties in
in vivo assay. YT521 expression pattern influence the
alternative splicing of cancer-related genes, such as
BRCA2 and PGR that play different roles in tumor
progression. We identified hypoxia as a key regulator
of YT521 mRNA expression pattern and correspond-
ing protein expression profiles via RUST. Further
functional investigations on YT521 regulation and its
tumorbiological impact in regard to alternative
splicing of target genes may focus on hypoxia as
well as other micro-environmental alterations in-
volved in signaling pathways in cancer.
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