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splicing defects in cancer
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ABSTRACT

Many mammalian genes contain overlapping antisense RNAs, but the functions and mechanisms of action of these transcripts
are mostly unknown. WTT is a well-characterized developmental gene that is mutated in Wilms’ tumor (WT) and acute myeloid
leukaemia (AML) and has an antisense transcript (WT71-AS), which we have previously found to regulate WT1 protein levels. In
this study, we show that WT1-AS is present in multiple spliceoforms that are usually expressed in parallel with WT71 RNA in
human and mouse tissues. We demonstrate that the expression of WT71-AS correlates with methylation of the antisense
regulatory region (ARR) in WTT intron 1, displaying imprinted monoallelic expression in normal kidney and loss of imprinting in
WT. However, we find no evidence for imprinting of mouse Wt7-as. WT1-AS transcripts are exported into the cytoplasm
and form heteroduplexes with WTT mRNA in the overlapping region in WT7 exon 1. In AML, there is often abnormal splicing
of WT1-AS, which may play a role in the development of this malignancy. These results show that WT7 encodes conserved
antisense RNAs that may have an important regulatory role in WT1 expression via RNA:RNA interactions, and which can

become deregulated by a variety of mechanisms in cancer.
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INTRODUCTION

Antisense RNAs were first identified in prokaryotes, but
are now recognized as being of great importance in the
regulation of mammalian gene expression, with perhaps
over 70% of mammalian transcription units containing
overlapping transcripts (Lehner et al. 2002; Yelin et al.
2003; Chen et al. 2004; Katayama et al. 2005; Timmons
and Good 2006). These antisense transcripts, the majority
of which are noncoding, can be either concordantly or
discordantly expressed temporally and spatially relative to
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their sense counterparts, implying possible roles as positive
or negative regulators of gene expression (Chen et al. 2005;
Katayama et al. 2005). In a few imprinted genes, the role of
noncoding antisense RNAs is especially well established in
controlling gene expression (O’Neill 2005). For example,
the noncoding RNA Air, which is antisense to part of the
mouse Igf2r gene, has been shown to be essential for regu-
lating the allelic expression of the cluster of imprinted genes
on proximal mouse chromosome 17 (Sleutels et al. 2002).

The WTI gene, an important developmental locus and
tumor suppressor, has been previously shown to contain
noncoding antisense transcripts (WTI-AS) spanning WT1
exon 1 and continuing upstream (Campbell et al. 1994;
Eccles et al. 1994). These antisense RNAs originate within
WTI intron 1 from an antisense promoter (Malik et al.
1995), which together with an adjacent differentially
methylated regulatory region, are defined as the antisense
regulatory region (ARR) (Malik et al. 2000). Although WT1
is not imprinted in kidney (Little et al. 1992), we have
demonstrated that WTI-AS and an alternative WT'1 coding
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RNA (AWT1I) that also originates from intron 1, are both
imprinted in normal kidney (Malik et al. 2000; Dallosso
et al. 2004). WT'1-AS and AWT1 are thought to be coregu-
lated by the ARR, which acts as a methylation-dependent
bidirectional silencer (Hancock et al. 2007). Differential
allelic methylation of the ARR correlates with monoallelic
expression of WT1-AS and AWT1I in normal kidney, and
loss of methylation of the ARR leads to loss of imprinting
of these transcripts in Wilms’ tumor (WT) (Malik et al.
2000; Dallosso et al. 2004). We have demonstrated that
WT1I-AS transcripts colocalize with WT1 protein and RNA
in kidney development, consistent with a role for them in
positively regulating WT1 expression. Furthermore, our in
vitro modeling experiments in cultured renal cells have
shown that expression of antisense-orientation WT'1 exon 1
sequences can up-regulate WT1 protein levels (Moorwood
et al. 1998).

WT1 proteins act as transcriptional and post-transcrip-
tional regulators and have essential roles in nephrogenesis,
hematopoiesis, and sex determination (Scharnhorst et al.
2001; Roberts 2005). WTI is somatically mutated in a
subset of WTs (Brown et al. 1993) and acute myeloid
leukaemias (AMLs) (King-Underwood et al. 1996), as
well as being overexpressed in several other malignancies
(Hohenstein and Hastie 2006). Thus, it is clear that tight
control of WT1 levels is essential during normal develop-
ment, and that deregulated expression may contribute to
malignancy.

Given the potential role for WT'1-AS in the modulation
of WT1 gene expression at this important disease locus, the
aims of this study were to further characterize the structure
of WTI-AS and its possible mechanisms of action. Our
results show that there are multiple alternate spliceoforms
of WTI-AS that are generally coexpressed with sense
transcripts in both human and mouse. We demonstrate
that DNA methylation modulates the expression of kidney
WT1-AS spliceoforms, and that a previously unreported
spliceoform also displays monoallelic expression in normal
kidney and biallelic expression in WT, consistent with loss
of imprinting. However, unlike human WTI-AS, we found
no evidence for imprinting of mouse Wtl-as. The WT1-AS
and WTI RNAs colocalize intracellularly and form
RNA:RNA duplexes, indicating a possible RNA stabiliza-
tion role for WTI1-AS transcripts. Finally, we show that
AMLs often have defective splicing of WT1-AS, indicating
that this RNA may be deregulated in cancer by both
epigenetic and splicing defects.

RESULTS

Multiple alternate splicing of WT1-AS

A combination of cDNA library screening and EST data
mining was used to characterize WT1-AS spliceoforms in
human tissues (Fig. 1A). In total, 10 different transcripts
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were identified and expression of nine of them was
confirmed by RT-PCR in the WTI-expressing cell line
7.92 (data not shown). Internal sequencing and compari-
son with genomic sequences (NCBI build 36) showed that
in each expressed transcript, exons were flanked by canon-
ical splice donor and acceptor sites (GT—AG rule), indicat-
ing that these mRNAs represented bona fide spliced RNAs.
Of the clones that we isolated from a fetal kidney cDNA
library, AS1 and AS8 contained the major splice identified
by Gessler and Bruns (1993), whereas clone AS9 had a
novel splicing pattern that has not been described pre-
viously. Analysis of the complete cDNA sequences showed
multiple small ORFs within these clones, the largest being
92 amino acids for AS1 (as described by Campbell et al.
1994). However, this small ORF is disrupted by several of
the WTI-AS splicing events that we have characterized,
strongly suggesting that it is nonfunctional. None of the
predicted ORFs showed homology with any known protein
sequences or are conserved in the mouse sequence. There-
fore, it is probable that the WTI-AS clones detailed here
represent noncoding RNAs.

Clones AS8 and AS9 terminated several hundred base
pairs upstream of WTI exon 1 at a common Xbal site,
which is probably due to incomplete methylation of the
c¢DNA during the fetal kidney library construction, lead-
ing to cleavage of internal Xbal sites, as described by
Keirsebilck et al. (1998). Of the other clones, none spanned
WT1 exon 1, most likely because of premature termination
of cDNA synthesis during reverse transcription, caused by
the high degree of secondary structure within the WTI
exon 1 region (Brown et al. 1992). However, it is important
to note that AW194904, AI648530, the three related EST
clones BI837715/BM906117/BM545678, and CR604547 all
extended into exon 1 of WT1 (maximum region of overlap
was 192 nucleotides from the WTI upstream transcrip-
tional start site identified by Fraizer et al. [1994] for
BI837715) (Fig. 1A). Therefore, some of the cDNAs
described here do represent antisense RNAs that overlap
with the WTI sense mRNA.

BLASTN analysis of sequences upstream of mouse Wt
identified three mouse newborn ovary-derived ESTs (Gen-
Bank AW552314, AK165089, and AK161318) that showed
different 3’ terminal exons, but shared three common 5’
exons, the first of which originated within W¢I exon 1
(Fig. 1B). Like human cDNAs, these Wti-as clones do not
encode extensive or phylogenetically conserved ORFs.

Expression of WTT1-AS

Ribonuclease protection assay (RPA) experiments demon-
strated that WTI1-AS RNAs spanned from the 5’ upstream
region of WT1 into exon 1 (Fig. 2A). Strand-specific RT—
PCR was then used to confirm and expand this result. WT1-
AS RNA was transcribed exclusively in the antisense direction
upstream of WTI (Fig. 2B, I), across the exonl-intron
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FIGURE 1. Antisense transcripts at the human and mouse WTI loci. (A) Human WTI antisense RNAs. The top scale is numbered in kilobase
pairs relative to the major WT1 transcriptional start site (Hofmann et al. 1993), which is indicated by the right-angled black arrow, along with the
furthest upstream start site identified by Fraizer et al. (1994) (right-angled dashed arrow) and the WTI-AS transcriptional start site (Malik et al.
1995) (right-angled arrow below line). Below are shown the structures of previously published WT1-AS RNAs (double lines), WT'1-AS transcripts
identified by cDNA library screening (AS1, AS8, AS9; this study; gray lines) and human ESTs representing WT1-AS RNAs (black lines). (B) Mouse
Wt1 antisense RNAs. The top scale is numbered in kilobase pairs relative to the major WtI transcriptional start site. Below are shown the
structures of three mouse ESTs representing WtI-as RNAs. Transcripts are annotated with GenBank accession number and tissue source. Vertical
dotted lines indicate shared donor and acceptor splice sites and alignment with WT1/Wt1 transcriptional start sites.

1 boundary (Fig. 2B, III) and into exon 1, where WT1-AS
overlapped WTI sense RNA transcription (Fig. 2B, II).
These results are consistent with WTI antisense RNAs
originating from the antisense promoter in intron 1 (Malik
et al. 1995) and extending across exon 1 into the upstream
region, where we have shown multiple alternate splicing
(Fig. 1A).

The expression of WTI-AS was investigated in human
normal and tumor tissues by real-time RT-PCR. We used
primer pairs that could selectively amplify three represen-
tative spliceoforms (AS1/8, AS9, and Al648530) out of the
complex range of differentially spliced WTI-AS RNAs.
WT1-AS spliceoforms were expressed in all normal tissues
that expressed detectable WT1 (fetal spleen, fetal kidney,
and normal kidney), except term placenta, where WT'1 was
expressed at the lowest detectable level (Fig. 2C). In fetal
liver and fetal brain, which did not express WTI, no
antisense transcription was detectable (Fig. 2C). Of the
three WTI-AS spliceoforms, AI648530 showed the highest
levels of expression, comprising 52%-100% of detectable
WT1-AS RNA (Fig. 2C). These results reflect the previously
reported expression pattern of WT1 during development

(Huang et al. 1990; Pritchard Jones et al. 1990; Pelletier
et al. 1991). In most Wilms’ tumors, all WTI-AS spliceo-
forms were overexpressed relative to normal kidney and at
comparable levels to fetal kidney. The exception was tumor
T53, which was a stromal-rich tumor that, as expected,
expressed low levels of WT1 and correspondingly low levels
of WT1-AS (Fig. 2C).

Expression of mouse Wtl-as RNA was shown to be
exclusively in the antisense orientation in mouse fetal
kidney, relative to Wtl (Fig. 3A, I). Further RT-PCR
analysis across the exonl—intron 1 boundary and within
intron 1 (Fig. 3A, II and III), demonstrated antisense-
specific transcription in those regions too. It therefore
appears that as in human (Malik et al. 1995), mouse W¢I-as
RNAs originate within intron 1 and probably span exon 1.

The three known murine-spliced W¢1-as RNAs could be
amplified simultaneously using a single pair of primers in a
real-time RT-PCR assay, because they all shared a common
first splice (Fig. 1B). Using this assay it was found that in
mouse fetal tissues, Wti-as expression paralleled that of
Wt1, with highest expression in the developing kidney,
similar to the results in human tissues (Fig. 3B).

www.rnajournal.org 2289



A Sense

Antisense
RPA probe PP+1 2 PP+1 2
I 300 bp
127 +83
................... - ' I 200 bp
- ! 100 b
0 +1 - P
L
e wT1
p -3 2 - "2
< (g
| S B | 1]
AS S AS S AS S
+ - + - + -+ - + - 4+ -
I 1T 1
C
10 AIB48530
N wrt1 Eﬁgﬁ! WT1-AS

Fold

Fetal

FIGURE 2. Expression of human WTI-AS in normal and malignant
tissues. (A) Ribonuclease protection assay. Total RNA was hybridized
to a probe corresponding to sequence —127 to +83 of WT1 (shaded
box, left), synthesized to detect sense or antisense transcripts (shown
above autoradiograph of gel of protected fragments, right). (P) Probe;
(P+) probe plus RNase; (1) WTI-expressing cell line 7.92; (2) WT1I
nonexpressing line 17.94. Positions of molecular weight markers are
shown on the right. Full-length protected probe in antisense lane 1
indicates expression of WT1-AS from exon 1. (B) Strand—specific RT—
PCR for human WTI-AS. Fetal kidney cDNA was synthesized using
primers specific for WT1 antisense RNA (WT1AScsyn) or WT1 sense
RNA (WTlcsyn) and then amplified using the following primer pairs:
(I) Primers across the AS1/8 splice (WITKBF1 and WITKBR1), (II)
Primers within WT1 exon 1 (WT15 and WT8), (III) Primers spanning
WTI exon 1 and intron 1 (WT15 and WTEXI1AS). (+, —) Reactions
with and without reverse transcriptase, respectively. Specific signal
was seen for cDNA made in the antisense (AS) direction in all cases,
but only in exon 1 for sense cDNA (S). (C) Expression of WT1-AS in
human tissues and Wilms’ tumor. Real-time RT-PCR of cDNA from
human term placenta (P), fetal spleen (S), fetal liver (L), fetal brain
(B), and fetal kidney (K), kidney adjacent to Wilms’ tumors 28 and 53
(K28 and K53) and Wilms’ tumors (T28, T53, T43, T57, and T62),
with primers specific for WT'1 (WTRQF and WTRQR) and WTI-AS
spliceoforms AS1/AS8 (WTI1-ASRQF and WTI1-ASRQR), AS9
(AS9x2rnaF and AS9x3rnaR), AI648530 (AI648530rnaF and
Al648530rnaR). Results were normalized relative to the housekeeping
gene TBP (TBPRQF and TBPRQR). Error bars show the range of
duplicate measurements; results are representative of two separate
experiments. WT1-AS expression paralleled WTI in all tissues except
term placenta, where WT1 was expressed at the lowest detectable level.
Primer sequences are shown in Table 1.
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These results show that there are multiple spliceoforms
of WT1-AS, which are coexpressed with WT1 sense mRNA
in human and mouse tissues (Pearson correlation coeffi-
cient, r = 0.99 for mouse fetal tissues and r = 0.88 for
human fetal tissues).

Epigenetic regulation of WTT-AS

We have previously shown that WTI1-AS spliceoform AS1/8
is imprinted in normal kidney and that expression corre-
lates with allelic methylation of the antisense regulatory
region (ARR) (Malik et al. 2000). To determine whether
imprinting included other WT1-AS spliceoforms, we were
able to assess the allelic expression of AS9, which contained
a previously described Ddel polymorphism located in
its first exon (Hancock et al. 2007). RT-PCR using
AS9-specific primers showed monoallelic expression in
normal kidney, but expression from both alleles in the
corresponding Wilms’ tumor (Fig. 4A, left). Analysis of
ARR methylation showed differential methylation in normal
kidney, with complete hypomethylation in the correspond-
ing Wilms’ tumor (Fig. 4A, right), demonstrating that DNA
methylation of the ARR correlates with AS9 allelic expres-
sion, exactly as described previously for AS1/8 spliceoforms
(Malik et al. 2000). Furthermore, 5-azacytidine treatment
of the Wilms’ tumor cell line (17.94), which normally has
undetectable levels of WTI-AS expression, was able to
induce expression of AS1/8 and AS9 (Fig. 4B, left), with
simultaneous reduction in methylation of the ARR (Fig. 4B,
right). Taken together, these findings provide compelling
evidence that methylation of the ARR plays a critical role in
the epigenetic regulation of WT'1-AS transcription.

To investigate whether antisense imprinting is conserved
in mouse, we examined Wtl-as RNA expression by real-
time RT-PCR in kidney tissue from small eye (Pax6>"™)
mice, which have a deletion that includes WtI (Kent et al.
1997). Human WT1-AS is only expressed from the paternal
allele in normal kidney (Malik et al. 2000; Dallosso et al.
2004); thus, if Wtl-as was imprinted similarly to human
WTI-AS, then it would be predicted that heterozygote mice
inheriting the Pax6*¥™ deletion from father (Pat KO)
would show absent or vastly reduced Wtl-as expression
compared with wild-type mice. In fact, neither set of het-
erozygotes (Pat KO or Mat KO) showed significantly
reduced expression of Wtl or Wtl-as relative to wild-type
mice, excluding both paternal and maternal imprinting
(Fig. 4C).

WTT1-AS transcripts are transported into the
cytoplasm and form RNA:RNA duplexes

Our previous studies have shown colocalization of sense
and antisense WT1 transcripts in kidney tissue (Moorwood
et al. 1998). However, that study did not determine the
subcellular location of WTI-AS, which is important,
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FIGURE 3. Expression of mouse WtI-as. (A) Mapping expression of
mouse Wtl-as. Strand-specific RT-PCR for mouse WtI-as using fetal
kidney cDNA synthesized using: (I) Primers in the first 2 exons of
mouse Wtl-as (552314S and 552314AS); (II) Primers spanning WtI
exon 1 and intron 1 (WT1 and MWT1); (III) Primers within WtI
intron 1 (MWT3A and MWT4A). In each case, specific signal was
only seen for cONA made in the antisense (AS) direction and not the
sense (S). (+, —) Reactions with and without reverse transcriptase,
respectively. (B) Expression of Wtl-as in mouse tissues. Real-time
RT-PCR expression analysis using cDNA from mouse fetal tissues
(E17.5 d); placenta (P), spleen (S), brain (B), liver (L), and kidney
(K), and postnatal (P3, 7, 22, and 65 d) kidney (K), with primers
specific for Wt1-as (MASPLICE1RQF and MASPLICE1RQR) and Wt1
(MWTRQF2 and MWTRQR?2), normalized relative to the housekeep-
ing gene Tbp (MTBPRQF and MTBPRQR). Error bars show the range
of duplicate measurements; results are representative of two separate
experiments. Wtl-as was coexpressed with Wil in fetal placenta,
spleen, and kidney. Primer sequences are shown in Table 1.

because while protein-coding mRNAs are exported into
the cytoplasm for protein synthesis, noncoding RNAs may
be retained in the nucleus, where they can have transcrip-
tional regulatory functions, e.g., Xist (Kelley and Kuroda
2000) and Air (Seidl et al. 2006), or associate with splicing
factors, e.g., TncRNA and MALAT-1 (Hutchinson et al.
2007).

To determine the subcellular localization of the non-
coding WTI-AS RNAs, the WT1/WTI-AS-expressing cell
line 7.92 (Brightwell et al. 1997) was fractionated into
nuclear and cytoplasmic compartments and RNA expres-
sion assayed in each fraction by real-time RT-PCR.
Successful separation of nucleus and cytoplasm was dem-
onstrated by the presence of higher molecular weight,
unprocessed ribosomal RNA in only the nuclear fraction,
and by the localization of unspliced WTI pre-mRNA
predominantly in the nuclear fraction (Fig. 5A). Addition-
ally, noncoding RNAs previously shown to be localized in
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FIGURE 4. Epigenetic regulation of WTI-AS. (A) Allelic expression
and methylation of WT1-AS in Wilms’ tumor. (Left) Allelic expression
of the WTI1-AS AS9 transcript (AS9-FOR and AS9-REV) in paired
normal kidney (NK) and Wilms’ tumor (WT), using RT-PCR across
a Ddel restriction site polymorphism. Ddel digestion gives two allelic
bands (Al and A2) and one constant band (arrowed). (+, —) Reactions
with and without reverse transcriptase, respectively. DNA lane shows
the alleles amplified from corresponding genomic DNA. WTI-AS AS9
was monoallelically expressed in NK and biallelically expressed in WT.
(Right) Methylation of the ARR in the NK and WT assayed by
methylation-sensitive Southern blotting of corresponding genomic
DNAs, showing differential allelic methylation in NK (731 and 542 bp
bands) and complete hypomethylation in WT (542 bp band only). (B)
Azacytidine—mediated modulation of transcription at the human
WTTI locus. (Left) Agarose gel (HPRT; HPRT5' and HPRT3') or
autoradiograph (WTI-AS spliceoforms AS1/8; WITKBF1 and
WITKBR1 and AS9; AS9-FOR and AS9-REV) of RT-PCR reactions
using total RNA extracted from the Wilms’ tumor cell line 17.94,
treated with (+AZA) or without (—AZA) 5- azacytidine for 4 d. (+, -)
Reactions with and without reverse transcriptase, respectively. AZA
treatment induced expression of both WT1-AS spliceoforms. (Right)
Methylation-sensitive Southern blot of corresponding 17.94 cell
genomic DNAs showed partial demethylation at the Antisense
Regulatory Region (ARR) in WT1 intron 1 after 4 d of AZA treatment,
as demonstrated by the appearance of unmethyated bands at 731
and 542 bp. (C) WtI (MWTRQF2 and MWTRQR2) and Wtl-as
(MASPLICEIRQF and MASPLICEIRQR) expression in Pax6>H
mice. RNA expression was assayed by real-time PCR of normal
kidney cDNA from wild-type mice (WT) and mice heterozygous for
the Pax6> ™ deletion (which includes WtI), inherited from father
(Pat KO) or mother (Mat KO). Expression levels are shown as fold
differences compared with wild-type controls, normalized relative to
the housekeeping gene Tbp (MTBPRQF and MTBPRQR). Each
mouse kidney ¢cDNA was assayed twice and the results show the
mean expression values +/— SEM for five WT, five Pat KO, and two
Mat KO mice. Wt1-as expression was maintained in both Pat and Mat
KO mice, indicating no imprinting of Wtl-as in mice. Primer
sequences are shown in Table 1.
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FIGURE 5. Subcellular localization of WT1-AS transcripts and RNA
duplex analysis. (A) Subcellular localization. The 7.92 cells were
fractionated into cytoplasmic (C) and nuclear (N) extracts as
described in Materials and Methods. (Left) Agarose gel of total
RNA, demonstrating unprocessed pre-rRNA in the nuclear fraction.
(Right) Table showing distribution of WT1 antisense RNAs, protein-
coding RNAs, and other noncoding RNAs in the cytoplasmic fraction,
as assessed by real-time RT-PCR. Results show that WTI-AS is
transported into the cytoplasm. (B) RNA duplex analysis. Total
RNA was made from 7.92 cells using nondenaturing conditions, to
extract intact RNA:RNA duplexes. Panels I to V show agarose gel
electrophoresis of RT-PCR products from the WT1I locus made from
RNA incubated in the presence (lanes 2,3) or absence (lane I) of
RNase A, followed by first-strand ¢cDNA synthesis in the presence
(lanes 1,3) or absence (lane 2) of reverse transcriptase. I: Upstream
(WITKBR1 + WITKBF2), II: Exon 1 (WT14 + WT16), III: Exon 1a
(CPG-USTR + CPG-AS), IV: Exons 6-10 (WT2 + WT4), V: Exon 10
UTR (WT6 +WT7). Above is a schematic of WT1, WTI-AS, and
AWTI transcripts with the positions of the primers shown as arrow-
heads. Amplification products are only visible in lane 3 if duplex
formation spanning the primer pair has “protected” the amplicon
from RNase A digestion. The only protected product is in panel II,
suggesting RNA:RNA duplex formation within the WTI exon 1
region. Primer sequences are shown in Table 1.

the nucleus (TncRNA and MALAT-1) (Hutchinson et al.
2007) were almost completely absent from the cytoplasmic
fraction (<2%) (Fig. 5A). As expected, for four protein-
coding mRNAs (TBP, HPRT, PCDHGA3, and WT1I) (Fig.
5A), the cytoplasmic fraction contained the vast majority
(91%-98%) of RT-PCR product. The noncoding RNA
H19, which is predominantly cytoplasmic (Brannan et al.
1990), had a similar distribution to these mRNAs (89%
cytoplasmic) (Fig. 5A). Three spliceoforms of WTI-AS
RNA were also found predominantly in the cytoplasm
(87%-97%) (Fig. 5A), indicating that they too are exported
from the nucleus.
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To test for direct interaction between sense and antisense
RNAs in the cytoplasm, RNase protection RT-PCR experi-
ments were performed using cytoplasmic RNA extracted
from 7.92 cells (Fig. 5B). In these analyses, RNA was RNase
A treated prior to RT-PCR, so that only RNA:RNA
duplexed regions would give rise to RT-PCR products,
because they would be refractory to RNase A digestion,
whereas single-stranded RNA sequences would be digested.
Specific protection from RNase A digestion occurred only
within WTI exon 1 (Fig. 5B, II) and not in regions where
sense and antisense transcription do not overlap (Fig. 5B, I
and III-V). This suggests duplexing of sense and antisense
RNAs across WT1 exon 1. Therefore, WTI sense and
antisense RNAs may interact directly in vivo as part of a
physiological regulatory role for WTI-AS.

Aberrant WTT1-AS splicing in acute
myeloid leukaemia

Our analyses of WTI1-AS function suggest that qualitative
aberrations of WTI-AS could contribute to the develop-
ment of malignancies, as well as the quantitative changes
caused by epigenetic defects that we have previously
characterized (Malik et al. 2000; Hancock et al. 2007). We
therefore examined WTI-AS expression in the two main
cancers previously associated with WTI defects, namely
Wilms’ tumor and acute myeloid leukaemia (AML), using
RT-PCR primers flanking the AS1/8 intron. WTI-AS
expression was not detectable in normal bone marrow,
but was in nine of 19 (47%) AMLs and four of 16 (25%)
acute lymphocytic leukaemia (ALL) samples (Fig. 6A).
Interestingly, we observed aberrantly spliced WTI-AS prod-
ucts in six of nine (67%) AML samples that expressed WT1-
AS and in one of four (25%) WTI1-AS-expressing ALLs (Fig.
6A). In several cases there was more than one spliceoform
identified in the leukemia patient samples (e.g., Fig. 6A,
lanes 3,9). In contrast, examination of normal human
kidney and Wilms’ tumors revealed no abnormal WTI1-AS
RT-PCR products (Fig. 6A; data not shown). Cloning and
sequencing of the aberrant AML RT-PCR products dem-
onstrated that they arose by abnormal splicing events at
different positions compared with the AS1/8 splice sites
(Fig. 6B), with almost all of the splice junctions lacking
the normal 5'GT and 3’'AG intron splice motifs (data not
shown). Similar aberrant splicing was also observed in the
hematopoietic cell lines CCRE-CEM (ALL), HuT78 (T-cell
lymphoma), and HL-60 (promyelocytic leukemia) (data not
shown). Sequencing of genomic DNA PCR products across
this region did not reveal any alterations in the samples that
exhibited aberrant splicing (data not shown).

All of the leukemias studied here had previously been
screened for WT'1 mutations (King-Underwood et al. 1996,
1998). Of the WT1-AS- expressing leukemias, three of the
seven (43%) with abnormal splicing had WT1 mutations,
whereas zero of six with the expected splicing had WTI
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FIGURE 6. Expression of aberrant WT1-AS spliceoforms in human
leukaemia. (A) Agarose gel of RT-PCR for WTI-AS expression in
samples from acute myeloid leukaemia (AML; 1-19), acute lympho-
blastic leukaemia (ALL; 20-35), normal bone marrow (BM; 36-38),
normal kidney (NK; 4 and 21), and Wilms’ tumor (WT; 4, 7, 8, 43, 73).
Nested RT-PCR was performed with primers WITKBR1 and
WITKBE3A, followed by WT18 and WITKBF3B, which produced the
expected 793-bp product in most tissues for AS1/8 (arrowed), but
demonstrated abnormal smaller products in AMLs 3, 6, 8, 9, 10, and
ALL 34. No abnormal-sized products were detected in Wilms’ tumors.
The larger sized PCR product from genomic DNA (g; first lane, bottorn)
shows that all cDNA products derived from spliced WTI-AS RNAs.
Primer sequences are shown in Table 1. (B) The structure of the normal
AS1/8 transcripts are shown relative to the WTI transcriptional start
site, and underneath the structures of the new spliceoforms isolated
from AMLs 3, 6, 8, 9, and 10, with the product sizes and positions of
their splices indicated. None of the splice junctions coincided with
those of the major WT1-AS RNAs found in normal tissues.

mutations (P = 0.12, Fisher’s exact test). Of the leukemias
that demonstrated aberrant WTI-AS splicing, the ALL
sample was biphenotypic and the AML samples were
predominantly of the M3 subtype (one M2, four M3, and
one M5). This suggests that aberrant WTI-AS splicing
could be associated with specific subtypes of leukemia and
possibly with WT1 mutation, although this needs to be
tested in a larger series.

These results demonstrate that WTI-AS is affected by
abnormal splicing in malignancy in addition to the epige-
netic deregulation that we have previously identified in
Wilms’ tumor.

DISCUSSION

WTI mutations have been identified in <20% of Wilms’
tumors (Brown et al. 1993; Little and Wells 1997), which
has led to the search for alternative mechanisms that could
deregulate WT1 expression in WT and other malignancies.
One such possible mechanism involves regulatory RNAs;
thus, our detection of a coordinately expressed antisense
WTTI transcript with a putative regulatory function (Malik
et al. 1995, 2000; Moorwood et al. 1998) prompted this
investigation into WTI-AS structure, conservation, and
properties.

Structure of the WTT antisense transcript in human
and mouse

In this study we have described a range of divergently
transcribed, spliced antisense transcripts, extending into
WTI exon 1 (Fig. 1). Screening of a human fetal kidney
cDNA library identified two different classes of spliced
cDNA, the first class of which (AS1/AS8-type) has been
previously described (Gessler and Bruns 1993; Malik et al.
2000), but the cDNAs described here extend the known 5’
and 3’ termini of this spliceoform substantially. The second
class of cDNA (AS9) isolated from fetal kidney represents
an entirely new spliceoform lacking the 1-kb intron that is
present in AS1 and AS8, being spliced further 3’ across a
small (110 bp) and larger intron (7381 bp) before termi-
nating in a 376-bp exon located 10 kbp upstream of the
WTT1 transcriptional start.

Previous studies have identified exon 1 and intron 1
overlapping RNAs (Campbell et al. 1994; Eccles et al. 1994;
Malik et al. 1995), and in this study we present definitive
evidence for WTI antisense transcripts in the form of: (1)
our identification of six novel spliced EST clones that
showed overlap with the 5" UTR of WT1 (Fig. 1A), (2) RPA
and strand-specific RT-PCR showing antisense transcrip-
tion in WTT1 exon 1 (Fig. 2A,B), and (3) RNase protection
RT-PCR experiments demonstrating RNA heteroduplexes
within WTT1 exon 1 (Fig. 4B). Together, these data provide
the first evidence of spliced, WT1-AS RNAs expressed from
the opposite strand of WTT exon 1, and indicates that these
spliceoforms could be involved in sense:antisense interac-
tions, like those shown in Figure 4.

The potential physiological importance of WTI-AS is
supported by our characterization of three mouse EST
clones, which represents the first examples of a spliced
mouse Wtl-as RNAs. Strand-specific RT-PCR and 5’
overlap with Wt exon 1 demonstrated that these ESTs
are examples of true antisense mRNAs and that antisense
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transcription probably originates from within W intron 1
(Fig. 3). Comparison of the cDNAs in mouse and humans
identified some synteny between their exon—intron archi-
tectures, but the mouse WtI antisense RNAs did not show
sequence conservation in humans, except at their 5’ ends,
which extend into WtI exon 1. Others have reported several
regions of antisense expression located upstream and
within exon 1 and intron 1 of WtI in mouse tissues
(Campbell et al. 1994; Gong et al. 2001), which is in
agreement with our results (Fig. 3), indicating the existence
of multiple mouse antisense transcripts, similar to the
human antisense RNAs.

The complex splicing pattern observed in WT1-AS may
indicate different functional characteristics for each spliceo-
form. The inclusion or exclusion, by alternate splicing, of
specific transcribed regions could potentially alter inter-
actions with RNA-binding proteins or affect RNA second-
ary structure. These factors are thought to be important in
the function of noncoding RNAs such as H19, SRA, and
the RNA component of telomerase (Lanz et al. 1999; Chen
et al. 2000; Juan et al. 2000). Complex alternate splicing
of antisense transcripts has been observed in several
other genes including IGF2-AS (Vu et al. 2003), Nespas
(Williamson et al. 2002), Sphkl (Imamura et al. 2004), and
FoxI2 (Cocquet et al. 2005), along with evidence for tissue-
specific expression of certain spliceoforms.

Tissue-specific expression of WTT1-AS

The expression of WT1-AS antisense spliceoforms paral-
leled that of WT1 mRNA levels in both human and mouse
tissues (Figs. 2, 3). Previous experiments within our
laboratory have identified parallel expression and colocal-
ization of WT1I sense and antisense RNAs in human kidney
(Moorwood et al. 1998). Experiments have shown an
increase in WT1 mRNA and protein levels in cells over-
expressing exogenous antisense sequences, suggesting a
regulatory role for WTI-AS (Moorwood et al. 1998).
Results from other groups have also demonstrated the
existence of coordinately expressed and colocalized WT1
sense and antisense transcripts (Huang et al. 1990; Yeger
et al. 1992). WTI-AS is therefore similar to the majority of
sense/antisense pairs of mammalian transcripts, which
show coordinate regulation, inconsistent with a simplistic
negative regulatory role (Katayama et al. 2005).

Epigenetic regulation of WTT-AS expression

WTI-AS expression is thought to be epigenetically regu-
lated by the methylation of negative regulatory elements
in intron 1 of WT1I (the antisense regulatory region [ARR])
(Malik et al. 1995, 2000). Previously, we showed that WT1-
AS spliceoform AS1/8 was imprinted in normal kidney
(Malik et al. 2000) and we have extended this result to AS9
in this study (Fig. 4A, left). We have also shown that the
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monoallelic expression of AS9 correlates with differential
methylation of the ARR and that loss of methylation at the
ARR leads to biallelic expression (loss of imprinting) in
Wilms’ tumor (Fig. 4A), as for AS1/8 (Malik et al. 2000).
Thus, WT1-AS appears to belong to a class of epigenetically
regulated noncoding RNAs found in imprinted genes like
Air and Kenglotl (O’Neill 2005). We therefore sought direct
evidence for epigenetic regulation of WTI-AS expression
by modulating DNA methylation levels in cultured cells.
5-azacytidine (AZA) treatment of the WT cell line 17.94,
which normally expresses undetectable levels of WTI1-AS
RNAs and shows hypermethylation of the ARR, resulted in
the induction of WTI-AS expression and the transition
from highly methylated to hypomethylated alleles at the
ARR (Fig. 4B).

These results demonstrate an association between the
methylation state of the ARR and WTI-AS expression,
consistent with the pattern of epigenetic deregulation of
WT1-AS previously found in tumors (Malik et al. 2000).
Interestingly, inactivation of WT1 and WTI-AS expression,
coupled with promoter hypermethylation, has recently
been reported in ovarian clear-cell adenocarcinomas, fur-
ther strengthening this link (Kaneuchi et al. 2005). In
addition, we have demonstrated that the ARR acts as
methylation-dependent silencer on the WT1-AS promoter
(Hancock et al. 2007), providing a mechanistic explanation
for these observations.

Interestingly, we found no evidence for imprinting of
Wti-as in mouse, implying that the epigenetic regulation
of the WtI locus is different in mice and humans. There
are quite a large number of genes that show discordant
imprinting between human and mouse (Morison et al.
2005), although in most cases this involves lack of imprint-
ing of the human gene compared with the mouse homolog,
with only DLX5 reported to be imprinted in human but
not in mouse (Kimura et al. 2004). Using a genome-wide
statistical model, it was recently predicted that mouse WtI
and a few nearby genes such as Ren might be imprinted
(Luedi et al. 2005). Our results did not demonstrate any
conclusive evidence for imprinting of either Wt1 or Wtl-as
in mice, although it should be stressed that this was limited
to known spliceoforms in kidney tissue. However, our data
are consistent with the phenotype of mice carrying Pax6> ™"
deletions, where no parent-of-origin effects have been
observed in heterozygous mice, suggesting an absence of
imprinting at Wtl and surrounding genes contained within
the deletion (J. Peters, unpubl.).

Subcellular distribution and RNA:RNA
interactions of WTT-AS

WT1-AS transcripts appear to be untranslated RNAs,
suggesting that these RNA species might not be subject to
the processing followed by protein-encoding mRNAs. We
therefore studied the subcellular localization of these RNAs
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in WT1-expressing 7.92 cells to determine any variation
between their localization compared with that of WTI
mRNA and other protein-coding mRNAs, which might
give clues to their cellular functions (Fig. 5A). Predictably,
protein-coding genes showed an extreme bias of amplified
product in the cytoplasmic fraction, the location of the
eukaryotic translational machinery. Real-time RT-PCR
carried out using primers specific to WTI1-AS showed a
similar predominantly cytoplasmic distribution, which
argues against a solely nuclear function such as that
performed by Xist (Kelley and Kuroda 2000) and Air (Seidl
et al. 2006) and proposed for the noncoding RNAs TncRNA
and MALAT-1 (Hutchinson et al. 2007) that we showed to
be almost entirely nuclear in localization (Fig. 5A).

Given the cellular and subcellular colocalization of WT1
sense and antisense transcripts, we used RNase protection
RT-PCR experiments (Fig. 5B) to investigate possible
interactions between WTI sense and antisense RNAs. We
demonstrated RNA duplex formation in the overlapping
exon 1 region (Fig. 5B), suggesting a WT1 sense:antisense
direct interaction that could potentially have a role in RNA
stability (Podlowski et al. 2002), modulating WTI tran-
script half-life in the cell and ultimately WT1 protein levels.
This interaction is consistent with our previous demon-
stration of spatial colocalization of WTT1 mRNA and WT1
protein with WTI-AS RNA in fetal kidney tissue and
provides a mechanistic explanation for the up-regulation
of WT1 protein levels by exogenous WTI-AS that we
observed in an in vitro system (Moorwood et al. 1998).

Function of WT1-AS

The conservation of WTI-AS expression between mouse
and man gives support for an important physiological
function. The exact structure of the WTI antisense tran-
scripts is not conserved, similar to other noncoding tran-
scripts like NESPAS and H19 (Juan et al. 2000; Williamson
et al. 2002), presumably because unlike protein-coding
genes, no ORFs need to be conserved. The coexpression of
WT1 and WTI-AS in most tissues and parallel expression
during kidney development (Figs. 2, 3), similar subcellular
localization (Fig. 5A) and the potential to form RNA:RNA
duplexes (Fig. 5B) suggests that direct interaction between
WTI antisense and sense transcripts may be necessary for
WT1I-AS function. This may regulate WT1 protein expres-
sion, as we have previously hypothesized (Moorwood et al.
1998). Additionally, it has been reported that WT1 protein
can bind to WTI-AS RNA (Ye et al. 1996), suggesting that
WTT1 antisense transcripts may have multiple regulatory roles
involving both RNA:RNA and RNA:protein interactions.
Recently we have described a coding WTI transcript,
AWT]1, which originates from a novel first exon in intron 1
and appears to be under common epigenetic regulation
with WTI-AS, with both transcripts being imprinted in
normal kidney (Malik et al. 2000; Dallosso et al. 2004). In

other imprinted genes, noncoding RNAs like Air and
Kcnqlotl have been shown to be essential for maintaining
allele-specific expression (Sleutels et al. 2002; Thakur et al.
2004). However, in the case of Air and Kcnglotl, the
antisense RNA represses expression of the coding transcript
from the same allele, which is clearly not the case in WT1,
where WT1-AS and AWTI are both expressed from the
paternal allele. Possibly, WT'I-AS could act by maintaining
an open chromatin configuration on the expressed allele, as
has been suggested to occur with the antisense RNA from
the nonimprinted Sphkl gene (Imamura et al. 2004).
Definitive evidence for or against a role for WT1-AS in
the control of WTI expression awaits the results of mouse
knockout experiments that are in progress.

Aberrant splicing in AML

Epigenetic deregulation of WTI1-AS expression appears to
be a common event in Wilms’ tumor (Fig. 4A) (Malik et al.
2000; K.W. Brown, F. Power, B. Moore, and K.T.A. Malik,
in prep.) and methylation changes in WTI intron 1 have
also been reported in other cancers (Huang et al. 1997;
Kleymenova et al. 1998; Plass et al. 1999; Costello et al.
2000; Kaneuchi et al. 2005). However, we have now found
evidence for a possible nonepigenetic deregulation of WT1-
AS in malignancy by our discovery of a number of
leukemia-specific alternative antisense transcripts, almost
exclusively in AML patients (Fig. 6). Few of these new
splices followed canonical splicing rules, with most exhib-
iting a minimal trimer repeat at either end of the intron.
Thus, it is assumed that they represent abnormal cancer-
associated spliceoforms, possibly caused by defects in the
splicing machinery, although, in this case, there was no
aberrant WT1 mRNA splicing (data not shown), arguing
for a specific WT1-AS defect. Aberrations in alternative
splicing have been suggested as contributing factors in the
development of various diseases including cancer (Caceres
and Kornblihtt 2002; Roy et al. 2005). Such disease-
associated alternatively spliced transcripts may be extremely
useful as cancer markers, because often there is a greater
difference in the usage of alternatively spliced variants
between normal and tumor tissue than there is in the
overall level of expression of a gene (Caballero et al. 2001).
This could be the case for the alternative antisense WT'1-AS
transcripts in AML patients, which show some evidence of
an association with specific leukemia subtypes.

Summary

The experiments described in this study demonstrate a
complex range of RNA transcripts at the 5" end of the WT1
gene in both mice and humans. These RNAs appear to
share common regulatory machinery, because antisense
RNA levels and their allelic expression are coregulated
between spliceoforms in both normal and tumor tissues,
and their expression correlates with the methylation status
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of the ARR. Our results argue for a primarily cytoplasmic
function of WTI-AS, possibly via direct interaction with
sense transcripts, indicating how a putative regulatory role
could be mediated. The functional importance of WT1-AS
is further suggested by deregulation in cancer by both
epigenetic defects (in Wilms’ tumor) and by abnormal
splicing (in AML). Despite the large number of mammalian
noncoding RNAs recently identified, few have been
ascribed biological functions. This work defines a novel
interaction of a noncoding RNA with its sense counterpart,
which may have a physiologically important regulatory
function in a developmental gene, and demonstrates both
qualitative and quantitative defects of antisense RNA
expression in cancer.

MATERIALS AND METHODS

Bioinformatics

BLASTN searching of public databases (http://www.ncbinlm.
nih.gov) was used to detect expressed sequence tags (ESTs)

TABLE 1. PCR primers

representing ¢cDNAs of interest at the WTI locus. The source
clones for these ESTs were obtained from the IMAGE Con-
sortium via MRC Geneservices (http://www.geneservice.co.uk/
home/).

Cell lines and tissues

The 7.92 (Brightwell et al. 1997) and 17.94 human cell lines
(K.-W. Brown, unpubl.) were derived from a rhabdoid tumor of
the kidney and an anaplastic Wilms’ tumor, respectively, using
standard methods. Frozen human fetal tissue (15-31 wk gesta-
tion), human placenta (term), kidney taken adjacent to Wilms’
tumor, Wilms’ tumor, normal bone marrow, and leukemic
marrow were obtained from local hospitals with appropriate
ethical approval. Mouse fetal tissue samples were pooled from
several E17.5 d fetuses, whereas postnatal kidney samples (P3, 7,
22, and 65 d) came from individual mice. Mouse kidney tissue
for the imprinting experiments (Fig. 4C) was taken from 7-d-old
heterozygote Pax6>"/+ or +/Pax6>™ mice and wild-type sibs.
All mouse studies were done under the guidance issued by the
Medical Research Council in “Responsibility in the Use of
Animals for Medical Research” (July 1993) and under the
authority of Home Office Project Licence Number 30/1517.

Gene Forward primer

Reverse primer

End-point PCR
Human WTT
WT15; CGGTGCTGGACTTTGCGCCC
WT15; CGGTGCTGGACTTTGCGCCCC
WT2; GAGAGCGATAACCACACAAC
WT6; AATGAGACTTACTGGGTGAGG
WT14; TCCGGGTCTGAGCCTCAGCA
Human AWTT CPG-USTR; TGTACAAGGAGCCTTTGAA

Human WTT-AS

WITKBF2; TTGCTCAGTGATTGACCAGG
AS9-FOR; CATGTGGCGTTGATACACTG

WTT sense cDNA synthesis: WT1csyn; GATCAACACCCAGTGATGCATC

WT8; TCCGGCTGTGCCAGTGAACT
WTEX1TAS; TAGGGGCGCTCCCCGGCCTA
WT4; ACTTGAAAGCAGTTCACACA

WT7; TTACACAGTAATTTCAAGCAACGG
WT16; CAACGACCCGTAAGCCGAAG
CPG-AS; TCCGTGCCCGGCGAGGGC

WTT antisense cDNA synthesis: WT1AScsyn; CGCTGGCTTAGTGTCGCCTG
WITKBF1; CCCTAGGCAAGGAGAAGAAC

WITKBRT1; CATGTGGATCCGTTGGGGTC
WITKBRT1; CATGTGGATCCGTTGGGGTC
AS9-REV; AACATGTCAACATGGTGACGAG

Human HPRT
Mouse WtT-as

Real-time PCR
Human WTT
Human pre-WTT
Human WTT-AS

Human TBP
Human HPRT
Human PCDHGA3
Human H19
Human MALAT-1
Human ThcRNA

WITKBF3A; GTTGCACCAGTTATAAGCCG
WITKBF3B; GGCGTATTTCGATCGGCTAG
HPRT5’; CTTGCTGGTGAAAAGGACCCC
552314S; AAGTGTGTCGTCGGGATCGGATCGAG
MWT1; GGTTGCGCTCAGTAATGTGTAAG
MWT4A; GGATGTCCTTAAACCACAGC

WTRQF; CCAGCCCGCTATTCGCAATCA
WTEX10S; GCAAGTGTCTCTGACTGGCAATTGT
WT1-ASRQF; CTTAGCACTTTCTTCTTGGCCC
AS9x2rnaF; AAAACCATGTGGCGTTGATACACT
Al648530rnaF; AGCCTCGTCTCACTGGAGAGT
TBPRQF; GCCCGAAACGCCGAATAT
HPRT1RQR; TGACACTGGCAAAACAATGCA
PCDHGA3rnaF; CAACTATGCGGACACGCTCATC
H19RQF; ACGTGACAAGCAGGACATGACA
MALATT QF; TTAGAGAAGGAGTGTACCGCTGTG
TncRNA QF; CTGTGGGTGATTCAGTGGCATCTT

WITKBRT; CATGTGGATCCGTTGGGGTC
WT18; CTTAGCACTTTCTTCTTGGC

HPRT3’; GTCAAGGGCATATCCTACAAC
552314AS; AGGCTGATAGCCCACTAGAGAC
WT1; AGCAGTGCCTGAGCGCCTTC
MWT3A; CCAGAGTCCGATAGTTCGTAGA

WTRQR; CTCATGCTTGAATGAGTGGTTGGG
WTEX10AS; TGCCTGGGACACTGAACGGTCCCCGI

WT1-ASRQR2; AGCGGAGCGTGTTTCAGAGAATCCTT

AS9x3rnaR; TCACAAAGCATTCCATGAGTCA
Al648530rnaR; GAAGTGCGCCCTTCGAGTAAG
TBPRQR; CCGTGGTTCGTGGCTCTCT
HPRTTRQR; GGTCCTTTTCACCAGCAAGCT
PCDHGA3rnaR; GAGAAACGCCAGTCCGTGTTG
H19RQR; AAAGAAACAGACCCGCTTCTTGCC
MALATT QR; CCAAAGCTGCACTGTGCTGTACTT
TncRNA QR; TGGAAAGAAACTGCAGCAACTGGC

Mouse Wt1 MWTRQF2; AATGCGCCCTACCTGCCCA MWTRQR?2; CCGTCGAAAGTGACCGTGCTGTAT
Mouse WtT-as MASPLICETRQF; TAGCTGGCCTTCCCGAGTGTA MASPLICETRQR; TAATCCTGCTGCTCAGGAAGTGGA
Mouse Tbp MTBPRQF; GGCCTCTCAGAAGCATCACTA MTBPRQR; GCCAAGCCCTGAGCATAA
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Library screening

A human fetal kidney N ¢cDNA library (Clontech) was screened
using a radiolabeled probe corresponding to the WIT-1 ¢cDNA
(Gessler and Bruns 1993), according to the manufacturers’
protocols. Positive clones were identified on duplicate plates
and the complete DNA sequence was obtained by automated
sequencing (University of Durham). The accession numbers of the
sequences of AS1, AS8, and AS9 are DQ289490, DQ289489, and
DQ289488, respectively.

Ribonuclease protection assay

RPA was carried out exactly as described in Dallosso et al. (2004).

PCR

Total RNA was purified using TRI-reagent (Sigma) and between
0.5 and 1 pg total RNA was used to synthesize cDNA with MMLV
RT (RNase H-) Reverse Transcriptase (Promega) or Thermoscript
RT (Invitrogen) in the presence of RNasin Ribonuclease Inhibitor
(Promega). First-strand ¢cDNA was first synthesized using the
reverse or forward primer for each transcript to confirm the
orientation, then subsequent experiments used cDNA synthesized
with oligo d(T);5 primer (Promega). One-twentieth of this cDNA
was used per PCR reaction. PCR primer sequences are listed in
Table 1.

Subcellular fractionation

The 7.92 tissue culture cells were lysed in ice-cold cell lysis buffer
(14 mM NaCl, 1.5 mM MgCl,, 10 mM Tris-HCI at pH8.6, 0.5%
Nonidet P40) and centrifuged through a 24% (w/v) sucrose
cushion (in cell lysis buffer) to separate nuclear and cytoplasmic
compartments. Total RNA was purified from each fraction by
phenol-chloroform extraction and ethanol precipitation before
DNase I treatment and synthesis of cDNA for RT-PCR amplifi-
cation. Approximately 10 times more total RNA was isolated from
the cytoplasmic compared with the nuclear fraction, but cDNA
synthesis was carried out using equivalent amounts of total RNA so
as not to vary the efficiency of cDNA synthesis in either reaction.

RNase protection RT-PCR

These experiments were adapted from a previously described
method (Krystal et al. 1990; Podlowski et al. 2002). Briefly,
cytoplasmic RNA was isolated from the 7.92 rhabdoid tumor cell
line under nondenaturing conditions, subjected to RNase A
digestion (to digest single-stranded RNA), and then cDNA was
synthesized using random hexamers for subsequent PCR.

Demethylation of cultured cells

Cells were grown in DMEM complete medium supplemented with
10% fetal bovine serum, with the addition of 1 uM 5-azacytidine
(AZA) for 4 d. Stock AZA was made in PBS and mock-treated
cells were treated with an equivalent volume of PBS.

Methylation-sensitive Southern blotting

Southern analysis of genomic DNAs was carried out as previously
described (Malik et al. 2000).

Real-time RT-PCR

Comparative quantitation of RNA levels real-time PCR was
performed using SYBR green technology on an Mx3000P detec-
tion system (Stratagene), using primers listed in Table 1. The 20
WL reactions were performed using Platinum SYBR Green qPCR
supermix-UDG (InVitrogen), each containing cDNA from 25 ng
RNA, 200 nM forward and reverse primers and 50 nM ROX
reference dye. The cycle program consisted of an initial 50°C step
for 2 min, followed by 95°C for 2 min, then 45 cycles of 95°C for
15 sec, 60°C for 30 sec, and 72°C for 30 sec.
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