A p53-dependent promoter associated with polymorphic
tandem repeats controls the expression of a viral
transcript encoding clustered microRNAs
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ABSTRACT

The tumor suppressor protein p53 plays a role in cellular responses to cancer-initiating events by regulating progress through
the cell cycle. Several recent studies have shown that p53 transactivates expression of the members of the proapoptotic
microRNA-34 family, which are underexpressed in several cancers. We demonstrate here that the latency-associated cluster of
microRNAs (miRNA) encoded by an oncogenic herpesvirus, gallid herpesvirus 2 (GaHV-2), is a direct target of p53. Robust
transcriptional activity was induced in three avian cell lines by a sequence mapping 600 base pairs (bp) upstream of the cluster
of miRNAs. We found transcription start sites for the pri-miRNA transcript at the 3’ end of this transcription-inducing sequence.
The promoter has no consensus core promoter element, but is organized into a variable number of tandem repeats of 60-bp
harboring p53-responsive elements (RE). The minimal functional construct consists of two tandem repeats. Mutagenesis to
change the sequence of the p53 RE abolished transcriptional activity, whereas p53 induction enhanced mature miRNA
expression. The identification of a viral miRNA promoter regulated by p53 is biologically significant, because all avirulent
GaHV-2 strains described to date lack the corresponding regulatory sequence, whereas all virulent, very virulent, and
hypervirulent strains possess at least two tandem repeats harboring the p53 RE.
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INTRODUCTION promoter element (Lee et al. 2005), the TFIIB recognition
element (Deng and Roberts 2005) and the initiator element
(INR). Mutagenesis of the INR sequence led to identification
of the YYANWYY motif as a consensus sequence (Javahery
et al. 1994; Smale and Kadonaga 2003). However, although
the core promoter structure was initially thought to be invari-
ant, it is now clear that there is extensive diversity. Thousands
of different transcriptional start sites (TSSs) for mammalian
class I promoters have been described, revealing the vari-
ability of potential TSSs (Frith et al. 2008). Transcription
initiation may occur at various nucleotide positions within
a core promoter region, but there is a preference for both
a purine in position +1 and a pyrimidine in position —1
(Carninci et al. 2006; Frith et al. 2008). Otherwise, the
proportion of promoters with clearly identifiable TATA boxes
has tended to decrease as the number of promoters discov-

The transcription of eukaryotic genes results from a set of
combinatorial events, from chromatin recognition to the po-
sitioning of the RNA polymerase at the appropriate initiation
site. This process, which includes chromatin modification and
the recruitment of cofactors and basal transcription compo-
nents, leads to the assembly of an elongation-competent
transcription complex. Some of the mechanisms underlying
the activation of transcription have been elucidated, including
those involving core promoter elements, such as the TATA
box and initiator element (Sandelin et al. 2007). Several core
elements of the TATA box containing human promoters have
been identified; these elements include the downstream core
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ered increases (Suzuki et al. 2001; Sandelin et al. 2007; Yang
et al. 2007). Thus, promoters lacking standard core promoter
elements constitute a significant fraction of the eukaryotic
genome. However, little is known about their mechanisms of
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transcriptional activation or the cis-activating DNA motifs
involved.

MicroRNAs (miRNA) are a newly discovered class of
small RNAs of ~23 nucleotides (nt) in length that have
been shown to be key mediators of RNA silencing pathways
(Ambros 2004; Bartel 2004; Ason et al. 2006). By fine-
tuning gene expression through the repression of target
mRNA translation, miRNAs control cellular pathways
governing several biological functions and the fate of the
cell: cell differentiation, cell proliferation, or apoptosis
(Brennecke et al. 2003; Xu et al. 2003). Both the expression
and function of miRNAs are tissue-specific and temporally
regulated (Pasquinelli et al. 2005; Landgraf et al. 2007).
Tumorigenesis is frequently associated with disruption of the
differential and dynamic expression patterns of miRNAs
(Tagawa et al. 2007; Chang et al. 2008). The spatiotemporal
control of miRNA expression is thought to be principally
transcriptional. However, the transcriptional regulation of
miRNAs is still poorly understood, because few miRNA
promoters have been characterized. Some transcription
factors have been identified as positive (tumor suppressor
protein 53, p53, NF-kB) (Taganov et al. 2006; Chang et al.
2007) or negative (c-myc) (Chang et al. 2008) regulators of
the expression of particular miRNAs. In one anti-tumoral
pathway, p53 transactivates the pro-apoptotic miR-34a 30
kb downstream from the p53-responsive element (RE)
(Chang et al. 2007; Raver-Shapira et al. 2007). Other roles
of p53 in miRNA-dependent regulatory networks were
discovered more recently, with the demonstration of p53-
mediated transcriptional induction of miR-145 and miR-192
through the interaction of p53 with a potential p53 RE in
their respective promoters (Song et al. 2008; Sachdeva et al.
2009). Otherwise, in a collection of 175 miRNAs for which
transcription initiation regions have been described, 25
(19%) of the miRNA promoters contain a TATA element,
21% have a TFIIB recognition element, and 47% have a
consensus initiator (Ozsolak et al. 2008). Thus, a significant
proportion of miRNA genes lack standard core promoter
elements and the transcriptional regulation of primary tran-
scripts generating miRNAs (primiRNAs) is far from clear.
Further and detailed investigation of the mechanisms gov-
erning miRNA expression is therefore required.

In this study, we investigated the transcriptional regula-
tion of a viral microRNA cluster encoded within the latency-
associated transcript (LAT) of gallid herpesvirus 2 (GaHV-2),
an alphaherpesvirus model of virus-induced lymphoma-
genesis (Burgess et al. 2004; Osterrieder et al. 2006). Thirteen
viral miRNAs are expressed by oncogenic strains of GaHV-2,
which cause T-cell lymphomas in chicken (Burnside et al.
2006; Burnside and Morgan 2007; Morgan et al. 2008; Xu
et al. 2008). The viral miRNA coding sequences are clustered
into two separate genomic loci: cluster 1 (mdvl-miR-M1, 2,
3,4,5,9, 11, 12, 31) maps upstream of and downstream
from the Meq gene; cluster 2 (mdvl-miR-M6, 7, 8, 10) maps
near the 5’ end of the LAT (Fig. 1). The LAT cluster encodes
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four pre-miRNAs that are processed to give seven mature
miRNAs (miR-M6-5p and 3p; miR-M7-5p and 3p; mdvl-
miR-M8-5p and 3p; and miR-M10-5p) (Fig. 1). These
miRNAs have been reported to be strongly expressed in
MSB-1 cells derived from a GaHV-2 lymphoma and in
primary MD lymphomas (Morgan et al. 2008; Yao et al.
2008). The LAT-miRNA coding sequences are located near
the 5" end of a previously characterized large intron in LAT
(Cantello et al. 1994, 1997). However, neither the promoter
nor the TSS of LAT has been identified. Here, we identify
and characterize a robust promoter controlling the expres-
sion of the LAT-miRNAs. This promoter was found em-
bedded within a variable number of tandem repeats of the
viral genome. No standard core promoter elements were
found in this promoter, which was transactivated by p53
through a specific consensus RE.

RESULTS

Robust transcriptional activity is induced

by the tandem repeat sequences upstream

of the latency-associated transcript of GaHV-2
encoding viral miRNAs

We investigated the regulation of miRNA expression from
the LAT, by studying putative promoter DNA sequences
between the telomeric repeats and the locus encoding LAT-
derived miRNAs (Fig. 1A,B). Genomatix software (www.
genomatix.de/cgi) was used for in silico predictions of the cis
response elements (RE) in this DNA sequence (Fig. 1C). The
5" region of this sequence amplified from RB-1B Bacmide
DNA consists of three repeats of 60 base pairs (bp) con-
taining only two types of RE (p53 and SpiB), with a number
of potential REs predicted downstream (Oct-1, E2F, CAAT,
and TATA boxes) (Fig. 1C). We defined the largest poten-
tial promoter, P1, between the first nucleotide downstream
from the telomeric repeats of the IRS of GaHV-2 and the
mdvl-miR-M8-5p sequence (extending from nucleotides
142486 to 143448 in the GaHV-2 reference genome, RB-
1B). The promoter sequence was amplified by PCR from
RB-1B Bacmide, and inserted into a promoter-less luciferase
reporter plasmid (pGL3basic), to generate the P1 construct.
The transcriptional activity associated with P1 was tested in
three avian cell lines (LMH, DF-1, and 54-O) (Fig. 1D): P1
yielded robust reporter activity in all three cell lines (Fig.
1D), similar to that of the CMV promoter in the positive
control (pcDNA luciferase; data not shown). We identified
the sequence involved in the transcriptional activity of P1, by
amplifying nested-set genomic fragments resulting from
three deletions each at the 5" and 3’ends of P1 and testing
them in luciferase reporter assays, as described above for P1
(Fig. 1C,D). Constructs A1P1, A2P1, and A3P1 correspond
to nested deletions from the 5’ end of P1 deleting the 60-bp
repeats. They had much lower levels of transcriptional ac-
tivity than P1 (by factors of 20, 10 and 50 in LMH, DF1, and
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FIGURE 1. Localization of the latency-associated transcript promoter. (A) The organization
of the GaHV-2 genome is similar to that of an E alpha herpes virus. UL and US indicate unique
long and unique short sequences; TRL/TRS indicate terminal repeats, long and short,
respectively; and IRL/IRS indicate internal repeats, long and short, respectively. (B)
Localization of miRNA cluster 2 in the TRS and IRS. The gray arrow indicates a noncoding
transcript and black arrows indicate cluster 2 miRNAs. (C) Schematic diagram of the various
cis elements identified in the promoter by in silico analysis (Genomatix). Coordinates of the
pre-mdvl-miRNAs are as follows: pre-mdvl-miR-M8 (143403-143482), pre-mdv1-miR-M6
(143524-143594), pre-mdvl-miR-M7 (143695-143772), and pre-mdv-miR-M10 (143815-
143895). Potential promoter sequences are segmented and each potential promoter is
represented in black under the schematic DNA sequence. (D) Relative luciferase activity for
each promoter-luciferase construct, normalized with respect to the luciferase activity obtained
with the P1 pGL3 vector is shown. These values reflect the transcriptional strength of the
various promoters in LMH, DF1, and 54-O cells. Each value corresponds to the mean of
three independent assays performed simultaneously. Error bars indicate the SEM for three
replicates.

54-O cells, respectively). The P1A1l’, P1A2’, and P1A3’
constructs, corresponding to nested deletions from the 3’
end of P1 and retaining all the 60-bp repeats had promoter
activities similar to that of unmodified P1. Thus, the 60-bp
repeats at the 5 end of Pl appear to be required for
promoter activity, whereas the RE located downstream do
not appear to be essential.

To confirm that the DNA promoter
sequence was functional, we used rapid
amplification of cDNA ends (RACE) to
determine the 5" end of the LAT-miRNA
transcript from the 54-0 cell line, a
GaHV-2 lymphoma cell line expressing
high levels of LAT-encoded miRNAs
(B. Muylkens, pers. comm.). All of the
TSSs mapped to the last block of the 60-
bp repeats or the proximal downstream
region (Fig. 2A). We found that 16 of the
17 identified TSSs were spread over a
13-nt sequence that most of these
TSSs mapped to the proximal down-
stream sequence (nucleotide +6, genomic
coordinate 142734 in the RB-1B genome).
Similarly, all of the TSSs corresponding
to the RNA isolated from the LMH cell
line transfected with the luciferase re-
porter vector P1A3’ (chimeric LAT-Luc)
mapped to this region (Fig. 2B). Thus,
all the transcripts analyzed in two inde-
pendent RACE experiments were found
to have been initiated in the vicinity of
the last block of 60-bp repeats, suggest-
ing that the promoter of the LAT-
encoded miRNAs is essentially located
in the sequence corresponding to P1A3’,
from the telomeric sequences to the
downstream proximal region of the last
60-bp repeat.

The promoter consisting of 60-bp
repeats is responsible for the
production of mature miRNAs
from the LAT-miRNA-cluster2

The miRNA cluster is located within the
LAT gene. We therefore investigated
whether the promoter of this gene medi-
ated the production of mature miRNAs.
Two constructs, pB691 and pB695, en-
compassing the 5" end of the LAT mRNA
defined above and the 4 miRNAs, with
and without, respectively, the 60-bp re-
peats, were generated (Fig. 3A). The se-
quences corresponding to pB691 and
pB695 were amplified from the bacmide

p-RB-1B, with primers binding 18 nt upstream of the first
60-bp repeat (M691) or in the terminal part of the last 60-bp
repeat (M695), respectively, and 1719 nt downstream from
miR10 (M656). These sequences were then inserted into the
pBS-SK vector (Fig. 3A). The resulting constructs were then
used to transfect LMH cells and the expression of MDV-miR-
7-5p was estimated from by Northern blots of extracted total
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FIGURE 2. Identification of transcription start sites by 5° RACE-PCR. (A) Localization and
frequencies of various TSSs identified by 5" RACE-PCR in 54-O cells, a cell line isolated from
a lymphoma induced by GaHV-2. (B) Localization and frequencies of various TSSs identified
by 5" RACE-PCR in LMH cells transfected with the P1A3’ pGL3 vector (luciferase gene under
the control of the P1A3’ promoter). Transcription start sites are shown in bold for RNA from
54-0 cells and are underlined for LMH cells transfected with the P1A3’" pGL3 vector. Each TSS
is labeled with the number of initiations found. The DNA sequence represents GaHV-2
genome, with the last 60-bp repeat highlighted in gray.

activity  (construct PI1A3'Tr5") (Fig.
4B,C). By contrast, removal of the short
3’ sequence flanking the tandem repeats
(construct P1A3'Tr3’) reduced reporter
activity to ~50% that of the P1A3’
construct (Fig. 4B,C). This is consistent
with the removal of one of the major
TSSs identified within this sequence (Fig.
2). Deletion of both the 5’ and 3’ se-
quences surrounding the tandem repeats
(construct [60 bp]s) had no further effect

RNA with a radiolabeled probe specific for MDV-miR-7-5p,
which is classically considered to be representative of miRNA
cluster transcription (Yao et al. 2008). RNA from peripheral
blood leukocytes (PBL) of GaHV-2-infected chickens over-
expressing mdvl-miR-M7-5p during natural infection (B.
Muylkens, pers. comm.) was used as a positive control, and
RNA from nontransfected LMH cells was used as a negative
control. A specific signal of the expected size for MDV-miR-
7-5p was detected in LMH cells transfected with pB691, but
not in LMH cells transfected with pB695 (Fig. 3B). Mature
miRNA production therefore is strongly associated with the
presence of the three 60-bp tandem repeats.

The core promoter of the
LAT-encoded miRNAs consists
of at least two 60-bp repeats

We found that the DNA sequence from
the telomeres to the last 60-bp repeat up-
stream of the LAT locus displayed robust
promoter activity, despite the absence of
TATA and CAAT sequences. This region
of tandem repeats in GaHV-2 isolates is
hypervariable (Spatz and Silva 2007a):
there are between 0 and 13 copies of the
60-bp direct repeat, depending on the
viral strain. The P1A3’ construct ob-
tained from RB-1B Bacmide DNA con-
tains three copies, with 63 nt of upstream
and 10 nt of downstream sequences. We
investigated the effects of both the se-
quences flanking the tandem repeats and
the copy number of tandem repeats on
promoter activity in the LMH and 54-O
cell lines, by studying eight additional
reporter constructs (Fig. 4). The reporter
activities generated by these constructs
were compared with that for the pro-
moter construct P1A3’ (arbitrarily set at
100%) (Fig. 4B,C). Removal of the se-
quence upstream of the tandem repeats
did not significantly affect promoter

2266 RNA, Vol. 16, No. 11

on the activity of the promoter (Fig.

4B,C). Therefore, these surrounding se-
quences, although involved in positive regulation of the
promoter, are not essential for core promoter function,
because three direct repeats devoid of the surrounding
sequences displayed >50% of the reporter activity of the
highly active control construct.

We next investigated whether the number of copies of
the repeats affected promoter activity (Fig. 4B,C). We used
the MSB-1 cell line currently used as a reference, derived
from a lymphoma induced by the virulent GaHV-2 strain
BC-1, to obtain a construct with nine copies. The tran-
scriptional activity of this construct was not markedly
different from that of the reference construct P1A3’, which
has three copies of the tandem repeat. Constructs with two
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FIGURE 3. Northern blot analysis of the role of the core promoter in mature miRNA
expression. (A) Schematic diagram of the LAT-miRNA promoter and the miRNA cluster. Each
black line under the representation corresponds to a DNA fragment amplified from the
bacmide p-RB-1B genome and inserted into the pBS-SK vector. (B) Northern blot analysis.
Each lane was loaded with 15 pg of total RNA extracted with Trizol. Peripheral blood
leukocytes were recovered 21 d after infection, from highly susceptible B13 chickens infected
intramuscularly with RB-1B (1000 PFU of RB-1B). RNA was extracted from infected PBL,
untransfected LMH cells and LMH cells transfected with pB691 or pB695. A *?P-5' end-labeled
DNA oligonucleotide probe complementary to the miRNA was used to detect the miR-
7-specific signal. Ribosomal 5s RNA (ethidium bromide staining, EB) levels were used to check
for equal loading.
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FIGURE 4. Determination of the core promoter of the LAT-miRNA coding sequence. (A)
DNA sequence of the P1A3’ promoter. White boxes correspond to the 60-bp repeats and
sequences shaded in black correspond to nonrepeated sequences. Sequences shaded in gray
correspond to the first eight nucleotides of a 60-bp block; p53 responsive elements are
indicated in bold. (B,C) Relative luciferase activity obtained with various promoter constructs:
[60 bp]s, [60 bp],, or [60 bp], carrying of three, two, or one 60-bp repeats, respectively, and
[60 bp] + 8 bp and [60 bp] + 8 bp mut, contain one block of 60 bp with the first eight bases of
a second repeat or eight mutated bases (polyG), respectively. The luciferase activities obtained
with these constructs were normalized with respect to that of the P1A3'luciferase construct.
Tests were performed with LMH (B) and 54-O (C) cells. Each value corresponds to the mean
of three independent assays performed simultaneously. Error bars indicate the SEM of three
replicates. Schematic diagrams of the various promoters are shown to the left of each
histogram: sequences shaded in black correspond to nonrepeated sequences; white boxes
correspond to the 60-bp repeats; gray boxes correspond to the first eight base pairs of the
60-bp repeat; dashed boxes correspond to the mutation of the first eight base pairs to eight
guanines.

and three copies of the 60-bp repeat had 50% of the activity
of the reference P1A3’ construct in the LMH cell line, and
no significant differences were observed between these two
constructs (Fig. 4B). By contrast, the construct harboring
a single copy of the 60-bp repeat displayed significantly
lower levels of activity in LMH cells (3% that of P1A3’; p <

0.0001) (Fig. 4B). The effect of the
number of copies of the 60-bp repeat
on reporter activity was even more
pronounced in the 54-O cell line (Fig.
4C): The construct with two copies
displayed only 18% of the activity of
P1A3’. The transcriptional activity of
the construct with one copy did not
exceed the background activity of a
promoter-less, negative control plasmid
(Fig. 4C). The addition of 8 bp at the
3" end of a single 60-bp repeat (con-
struct [60 bp] + 8 bp) restored activity
to 80% that for two full-length 60-bp
repeats, in both LMH and 54-O cells
(Fig. 4B,C). Invalidation of the 8-bp
sequence at the end of construct ([60
bp] + 8 bp) by mutation severely im-
paired its activity (by 90% and 95% in
LMH and 54-O cells, respectively) (Fig.
4B,C).

These findings indicate that the tan-
dem repeat region upstream of the TSS
of LAT requires a minimum of two
copies of the 60-bp repeat for strong
promoter activity. Nevertheless, a single
60-bp sequence with an 8-bp sequence
from a second copy of the 60-bp repeat
at the 3’end constituted a minimal func-
tional construct.

The transcriptional activity of the
LAT-miRNA promoter is dependent
on the p53 responsive element

The sequence of the region of tandem
repeats contains DNA stretches with
similarities to transcription factor re-
sponse elements (RE) and to potential
transcription initiator signals (Fig. 5):
the 60-bp sequence contains one poten-
tial M22 transcription initiator site
(TGCGCANK-TGCGCAGT), one pos-
sible RE specific for SpiB (TTCC in
reverse orientation), one canonical INR
transcription initiator site (YYANWYY-
CTATTTT), and one highly conserved
consensus p53-binding site (GCGCAT
GCGCGGTCATGTAG). The consensus

p53-binding sequence is a 20-bp DNA sequence consist-
ing of two repeats of the RRRCWWGYYY motif separated
by 0-13 nt. We investigated the possible involvement of
these REs in the transcriptional activity of the 60-bp re-
peats, by evaluating their function with the shortest func-
tional construct. This construct included a single copy of
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FIGURE 5. Identification of transcription factors involved in activation of the promoter. (A)
Sequence of the core promoter [60 bp],, with various REs probably involved in transcriptional
activity shown in bold. The various mutations of the [60 bp] repeats are shaded in gray. (B)
Identification, by mutagenesis, of transcription factors involved in the function of the
promoter. The [60 bp] + 8 bp promoter was used for mutagenesis. Each reported luciferase
activity value is normalized with respect to that of the [60 bp] + 8 bp promoter construct. (C)
Identification, by mutagenesis, of transcription factors involved in the function of the
promoter. The [60 bp], promoter was used for mutagenesis. Each reported luciferase activity
value is normalized with respect to that of the [60 bp], promoter construct. White boxes
indicate 60-bp repeats containing the various RE sites and gray boxes correspond to the first
eight base pairs of the 60-bp repeat. Black boxes correspond to the p53 RE, and light gray
boxes correspond to the SpiB RE. Dashed boxes indicate mutated sites.

the 60-bp fragment followed by the first eight base pairs
of a second copy ([60 bp] + 8 bp). We used site-directed
mutagenesis to modify the two candidate REs and studied
reporter activity in cells (Fig. 5B). The mutation of the p53
RE abolished 82% and 92% of the transcriptional activity in
54-O and LMH cells, respectively (Fig. 5B). By contrast,
mutation of the SpiB RE did not significantly impair
transcriptional activity in either cell line (Fig. 5B). We
confirmed the effect of the p53 RE mutation in a construct
containing two full-length copies of the 60-bp repeats, in
which both p53 REs were invalidated (construct [60 bp
p53mut],) (Fig. 5C). The transcriptional activity of con-
struct [60 bp], p53 mut was 7% that of the control in 54-O
cells and 20% that for the control in LMH cells. These
findings show that the p53 RE is directly involved in the
transcriptional activity of the promoter.

2268 RNA, Vol. 16, No. 11

MSB-1 cells. Immunoprecipitated DNA
was analyzed by PCR using specific
primers, surrounding the p53 RE. We
found that p53 was recruited to the LAT-
miRNA promoter (Fig. 6). As expected,
ladders resulting from primers hybridiza-
tion to different consecutive repeats were
observed after PCR amplification from
immunoprecipitated DNA (Fig. 6).

For the second approach, two re-
lated sets of complementation experi-
ments were carried out. SAOS-2 cells
were cotransfected with the minimal construct [60 bp], and
an expression plasmid for chicken p53 (pcCHP53) or with
the empty expression vector, pcDNA3.1(+), as control (Fig.
7A). The pcCHP53 construct was generated by inserting the
chicken p53 cDNA downstream from the CMV promoter of
the expression vector, pcDNA3.1(+). The ectopic expression
of chicken p53 led to promoter activity of the minimal
construct [60 bp], twice as strong as that of the empty
pcDNA3.1(+) vector control (Fig. 7A). The other comple-
mentation experiment used an expression plasmid for wild-
type human p53 (pHP53SN) or for human p53 with a
mutation in codon 143 (pHP53CX3) (Fig. 7B). Similar
results were obtained: The promoter activity of the minimal
construct [60 bp], was 1.35 times higher when SAOS-2 cells
were cotransfected with the expression plasmid for wild-type
human p53 (pHP53SN) than when transfected with the
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FIGURE 6. Direct association of p53 with the LAT-miRNA promoter
The PCR amplification is carried out using primers pair M645 and
M735 (Table 1). Electrophoretic analyses of the PCR amplification
products, using immunoprecipitated DNA (IP) or total input DNA
(Input), are shown. Mouse IgG1 antibodies (leff column) were used in
ChIP assays as a negative control. The right column shows the PCR
amplification products from DNA immunoprecipitated with p53
antibodies HP64. LAT-miRNA-promoter specific primers amplified
products of various sizes from 154 bp to more with an increment of
60 bp corresponding to one 60-bp repeat.

construct encoding the mutated protein HP53CX3 (Fig. 7B).
Residual promoter activity was observed in SAOS-2 cells
transfected with the [60 bp], construct alone. Other proteins
of the p53 family have similar activities and the residual
activity in SAOS-2 cells may be due to the effects of p73 or
p63, which are not knocked out (Irwin and Kaelin 2001).

We evaluated the expression of three mature miRNAs of
the LAT-miRNA-cluster2 (mdvl-miR-M6, mdvl-miR-
M7, and mdvl-miR-M8) in MSB-1 cells treated with the
genotoxic drug adriamycin, by quantitative RT-PCR, to
confirm the p53-dependent activity of the promoter in
natural conditions. The level of expression of mdv1-miR-
M4, which belongs to the second cluster of MDV miRNAs,
was determined as a negative control. Conversely, p21
mRNA levels were determined as a positive control of the
transactivation effect dependent on the stabilization of p53
after adriamycin treatment. Western blot analysis of MSB-1
P53 expression after adriamycin treatment was carried out
to prove the involvement of adriamycin in p53 stabiliza-
tion. After 8, 12, and 24 h adriamycin treatment, the p53
expression level increases by a factor equal to 1.5, 2, and 3.8
respectively (Fig. 8B).

As expected, p21 mRNA transcription levels were 1.8
times higher in GaHV-2-infected MSB-1 cells treated with
adriamycin for 8 h than in untreated MSB-1 cells. By
contrast, the expression of mdvl-miR-M4, which does not
belong to the LAT-miR-cluster2, was not affected by
adriamycin treatment. Adriamycin increased the level of
expression of the three miRNAs (mdvl-miR-M6, mdvl-
miR-M7, and mdvl-miR-M8) of LAT-miRNA-cluster2 by
factors of 1.8, 2.4, and 2, respectively (Fig. 8A). Same
experiments performed in homolog cell line 54-O have
shown similar results (data not shown). Collectively, these
data provided strong evidence for the involvement of p53
in the production of mature LAT-miRNAs.

DISCUSSION

Herpesviruses have a large double-stranded DNA genome
and have several conserved mechanisms for regulating gene
expression, including complex alternative transcription and
post-transcriptional regulation mechanisms triggered by
miRNAs. They also produce noncoding RNAs (ncRNAs),
which are involved in the establishment and maintenance
of latency (Jones 2003). These latency-associated ncRNAs
may be variants of long intranuclear noncoding RNAs
antisense to various mRNAs described in mammals (Birney
et al. 2007; Carninci 2008). In the avian oncogenic herpes-
virus GaHV-2, LAT belongs to a family of RNAs spliced
from a 10-kb ncRNA antisense to the mRNA for the major
Iytic transactivator protein ICP4 (Cantello et al. 1994, 1997).
Recent studies have shown that LAT contains a cluster of
miRNAs (Burnside et al. 2006; Burnside and Morgan 2007;
Morgan et al. 2008; Xu et al. 2008). GaHV-2 lymphoma-
genesis occurs during the latency phase. The miRNA-LAT
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FIGURE 7. Tumor protein p53 transactivates the [60 bp], minimal
promoter SAOS-2 cells were cotransfected with the minimal promoter
[60 bp], and an empty pcDNA3.1(+) expression plasmid and an
expression plasmid for chicken p53 (pcCHP53) (A) or plasmids
encoding wild-type human p53 (pHP53SN) and mutated human p53
(pHP53CX3) (B). Luciferase activities following cotransfection with
pcCHP53 and pHP53SN were standardized with respect to those of
pcDNA3.1 (A) and pHP53CX3 (B), respectively. PRL-TK (A) and
pRL-CMV (B) vectors were used to normalize the transfection rate.
Each value corresponds to the mean of at least three independent
assays performed simultaneously. Error bars indicate the SEM for
three replicates.
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FIGURE 8. Induction of mature LAT-miRNA by adriamycin. (A)
Adriamycin treatment induces mature LAT-miRNA expression. MSB-
1 cells derived from a Gallid herpes virus-2 (GaHV-2)-induced
lymphoma were treated with adriamycin for 8 h. RNA was extracted
with Trizol and analyzed by quantitative primer-extension PCR assay,
with the Biorad analysis kit. Expression profiles for cluster 2 miRNAs
(mdvl-miR-M7, -M8 and -M6) were recorded. The expressions of
non-p53-specific mdvl-miR-M4 and p53-specific p21 were evaluated
as negative and positive controls, respectively. Fold induction after
adriamycin treatment is shown for each RNA. Each value corresponds
to the mean of three independent assays performed simultaneously.
Errors bars indicate the SEM of three replicates. (B) Western blot
analysis of p53 and the GAPDH level after adriamycin treatment.
MSB-1 cells were treated with adriamycin (0.2 pg/mL) for 8, 12, and
24 h. Each blot was probed with mouse anti-p53 (HP64) and mouse
anti-GaPDH primary antibodies, followed by rabbit anti-mouse
horseradish-conjugated secondary antibody. GaPDH was used to
check for equal protein loading. Relative signal intensities for p53
were calculated with respect to the GaPDH loading control, with
Adobe Photoshop element 6 software. The values reported under the
blots correspond to the respective level of p53 detected after
adriamycin treatment, relative to the signal for p53 without adriamy-
cin treatment.

gene is overexpressed in GaHV-2-transformed and latently
infected cells, and it has therefore been suggested that the
miRNA cluster is involved in latency and/or lymphoma-
genesis.

In this study, we successfully mapped the core promoter of
this LAT-miRNA transcript 600 nt upstream of miRNA
cluster 2 and showed that this promoter led to the transcrip-
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tion of mature miRNAs (Fig. 3). The LAT-miRNA minimal
promoter consists of at least two identical blocks of 60 bp.
Each block contains one potential RE for p53 and one for
SpiB. Only the p53 RE was found to be functional in the
avian cell lines tested (Fig. 5). Its sequence (GCGCATGCG
CGGTCATGTAG) is very similar to the consensus p53 RE
sequence reported for humans and several other species. It is
consistent with the 10-nt consensus RRRCWWGYYY (half-
site) tandem repeat sequences separated by 0-13 nt (el-Deiry
et al. 1992). Systematic analysis of p53 REs and a recent in
vivo study have shown that the most efficient promoters of
the murine Mdm2 gene have no spacer between the two half-
sites of the p53 RE (Jordan et al. 2008). In light of these
reports, the perfect palindrome for the 5’ half-site and the
lack of spacer bases between the two half-sites in the GaHV-2
miRNA-LAT promoter may explain its considerable tran-
scriptional strength, almost as great as that of the strong
CMV promoter.

A common feature identified in several p53 target genes is
the presence of multiple p53-binding sites (el-Deiry et al.
1992; Resnick-Silverman et al. 1998; Hwang et al. 1999;
Thornborrow and Manfredi 1999; Espinosa and Emerson
2001; Nakano and Vousden 2001). The distances between
these p53 REs are variable. Synergies have been described
between these multiple p53 REs (Thornborrow and Manfredi
1999; Jordan et al. 2008). However, the space between the
p53 REs of the murine mdm2 promoter cannot be signifi-
cantly modified without a loss of function (Jordan et al.
2008). In the miRNA-LAT promoter described here, the p53
REs are 60 bp apart. The relative rates of transcription from
the [60 bp] + 8 bp, [60 bp], and [60 bp], constructs highlight
the essential role of a transcription initiator sequence
downstream from the p53 RE (Fig. 4), but we cannot exclude
the possibility of synergy potentiating the p53 RE in
neighboring 60-bp blocks. In lymphoid cells (54-O), derived
from GaHV-2 lymphomas, the constructs harboring three
full p53-binding sites displayed transcriptional activities twice
as high as that of the construct possessing only two p53-
binding sites. Furthermore, the promoter structure found to
be functional in transcriptional analysis (Fig. 4) is biologi-
cally relevant, because genotyping data for a large panel of
GaHV-2 strains showed that oncogenic strains possess at
least two blocks of 60-bp harboring p53 REs (Spatz and Silva
2007b). However, the presence of more than three tandem
repeats did not result in significantly greater transcriptional
activity (Fig. 4).

The use of a reporter gene to analyze promoter activity
showed that, in addition to the p53-binding site, one
downstream functional INR played a significant role in
the promoter activity of the LAT gene. The tandem repeats
sequence contains a consensus initiator element (INR;
CTATTTT) starting at nucleotide +19 of the 60-bp repeats.
However, this INR appears to be a minor TSS, because only
one (of 16) and three (of 17) transcripts started within this
sequence in 5 RACE assays. By contrast, both 5'-end
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analyses identified a major TSS of LAT in a sequence very
similar to the INR consensus sequence YYANWYY, imme-
diately downstream from the last 60-bp repeat (CTGATTT;
position 142734 in the RB-1B genome). Several observa-
tions have implicated this INR-like sequence in promoter
function. A construct based on three 60-bp repeats, but
with the deletion of this downstream INR, displayed two-
thirds the activity of an equivalent construct containing the
INR motif in LMH cells and about one-third that of the
same construct in 54-O cells. These findings were consis-
tent with the numbers of TSSs found in these cell lines, as
one-third of the TSSs in LMH cells and two-thirds of those
in 54-O cells corresponded to this INR-like site. All the
experiments indicated that a p53 RE was required upstream
of any potential start site signal, for optimal transcription.
Activity was retained if the INR-like sequence was replaced
by the first eight nucleotides of the 5’ end of the 60-bp
repeat. These eight nucleotides correspond to the M22 site
(TGCGCANK), which has been predicted to have a high
prevalence in TATA-less core promoters (Birney et al.
2007).

Several examples of TATA-less promoters with various
transcription start sites have been described (Carninci et al.
2006; Birney et al. 2007). Furthermore, studies on class II
mammalian promoters have revealed that TSSs are closely
clustered within the core promoter region (Carninci et al.
2006; Frith et al. 2008). We identified several TSSs in the last
58 bp of the promoter (Fig. 2). The TSSs of the chimeric LAT-
Luc transcript are distributed throughout this 60-bp DNA
motif, although most (94%) were found immediately down-
stream from the last 60-bp block near the INR-like CTGATTT
in analyses of the LAT transcripts from the homologous
system (Fig. 2); 64% of the TSSs were found at the classical
position (third base) in this INR-like sequence (coordinate
142734 in the RB-1B genome). The LAT RNA is processed
into spliced small RNAs by complex alternative splicing
(Cantello et al. 1997), so the differences in the TSS distribu-
tions between the two systems may arise from this cotranscrip-
tional event. Interestingly, detailed analysis of the LAT TSSs
revealed that transcription started preferentially at sites with
a purine in position +1 and a pyrimidine at position —1, as
previously reported for the human and murine transcriptomes
(Carninci et al. 2006). Indeed, 79% of TSSs (76% and 82% of
the LAT-Luc and LAT transcripts, respectively) display a YR
configuration at positions —1, +1 (Fig. 2). In addition, the
composition of the surrounding sequence of most of the TSSs
was consistent with recent observations based on exhaustive
CAGE analyses (Frith et al. 2008)

Tumor suppressor protein p53 is a major transcription
factor specifically activated in response to numerous stress
signals, including those associated with cancers (Oren 2003;
Harris and Levine 2005; Vousden and Prives 2005; Toledo
and Wahl 2006). Alterations to this protein are among the
most frequent causes of cancer. To date, three miRNA genes
have been described as direct transcriptional targets of p53.

One, miR-34a, an miRNA from the miR-34 family involved
in senescence, cell-cycle arrest, and apoptosis, maps 30 kb
downstream from a p53-binding site. This miRNA displays
p53-dependent up-regulation (Chang et al. 2007; Raver-
Shapira et al. 2007). Several groups have reported that the
miR-34 family, including miR-34a, miR-34b, and miR-34c,
which target the Bcl-2, Notch, and HMGA2 mRNAs, re-
spectively, are induced by DNA damage and oncogenic
stress, in a p53-dependent manner (Tazawa et al. 2007; Ji
et al. 2008). In 2008, miR-192 was also identified as a direct
target of p53, suggesting that this miRNA is involved in cell-
cycle regulation through the p53-miRNA pathways (Song
et al. 2008). The recent identification of miR-145 as a direct
p53 target has expanded the repertoire of p53-regulated
genes. The induction of miR-145 by p53 leads to the down-
regulation of c-Myc through miR-145-mediated silencing
(Sachdeva et al. 2009). In our study, p53 seemed to trans-
activate the miRNA-LAT promoter directly, through a spe-
cific p53 RE (Figs. 5-8). Previous studies revealed that LAT
and miRNA cluster 2 in GaHV-2 are abundantly expressed
during the latency and lymphomagenesis stages of viral
infection (Burnside et al. 2006, 2008; Xu et al. 2008).
Although p53 is considered to be a major tumor repressor,
it has been shown that nonmutated p53 is present in GaHV-
2-induced lymphomas (Gimeno et al. 2005). Further exper-
iments are required to investigate the apparent contradiction
between the production of native p53 and the development
of lymphomas. The p53 cellular response to GaHV-2 in-
fection may lead to overtranscription of the viral LAT-
miRNA gene, potentially interfering with the pro-apoptotic
pathways induced by p53.

Epidemiological observations support an association
between the p53 target sequences driving the expression
of the LAT locus and the oncogenic properties of GaHV-2.
Several strains of GaHV-2 with different oncogenic capac-
ities, correlated with their level of pathogenicity, have been
isolated and partially sequenced. Recent published align-
ments of the sequences from a panel of 14 strains, including
the promoter and part of the LAT gene, have shown that
all the virulent, very virulent, and hypervirulent oncogenic
GaHV-2 strains harbor two or more 60-bp tandem repeats
(Spatz and Silva 2007a). By contrast, avirulent, mildly
virulent, and vaccine strains have no copies of the tandem
repeat. In addition, the minor effect on promoter activity of
the short upstream sequence separating the telomeres from
the 60-bp tandem repeats (Fig. 4) is reflected in vivo: this
sequence has been lost from the genome of one of the very
virulent strains (vv GaHV-2 strain 595).

In conclusion, we found sequences robustly initiating
and inducing transcription of the pri-miRNA LAT tran-
script embedded within variable number tandem repeats
harboring functional p53 binding sites in the GaHV-2
genome. The minimal functional construct consisted of
two tandem repeats, consistent with the pathobiological
characteristic of oncogenic and nononcogenic GaHV-2

www.rnajournal.org 2271



Stik et al.

strains. Transcriptional analysis indicated that a transcription
initiator sequence downstream from a p53 binding site is
required for the function of this TATA-less promoter. This
p53-dependent promoter controlling viral miRNAs expres-
sion during viral latency and lymphomagenesis, allows the
viruses to exploit the cellular p53 regulatory network.

MATERIALS AND METHODS

Bioinformatic analysis

Genomatix software (www.genomatix.de/cgi) was used for the in
silico prediction of promoter sequences. This program identifies
potential transcription factor response elements within a DNA
sequence.

Cell culture, virus, and treatments

Five cell lines were used. The LMH line (ATCC no. CRL-217),
established from chicken hepatic carcinoma epithelial cells, was
cultured in DMEM:F12 medium (Cambrex) supplemented with
10% fetal bovine serum and 5% chicken serum. The avian
fibroblast cell line DF1 (ATCC no. CRL-12203) was cultured in
a DMEM medium similarly supplemented with sera. The MSB-1
cell line is derived from a spleen lymphoma induced by a virulent
strain of MDV-1 (Akiyama et al. 1973). It was previously shown to
be coinfected with both MDV-1 (BC-1) and MDV-2 (HPRS24)
(Hirai et al. 1990). The 54-O cell line was isolated in the TLVI
laboratory (INRA, Nouzilly) from an ovary lymphoma induced by
recombinant RB1-B virus reconstituted from an infectious ge-
nome cloned as a bacterial artificial chromosome (kindly provided
by Venugopal Nair). These cell lines were cultured in RPMI-1640
medium (Cambrex) supplemented with 1 mM sodium pyruvate,
10% fetal bovine serum, and 5% chicken serum. Both latently
infected MDV cell lines display comparable characteristics and
express high levels of MDV microRNAs and the MSB-1 cell line is
currently used as a reference. The p53-deficient osteosarcoma
SAOS-2 cells (ATCC n°HTB-85) were cultured in a DMEM
medium supplemented with 10% fetal bovine serum.

We treated cells with 0.2 pg/mL adriamycin for 8 h to induce
p53 before the recovery of total RNA.

Plasmid constructs

The entire sequence of the putative promoter of the GaHV-2 LAT
transcript was amplified from Bacmide DNA of the RB-1B strain
(Petherbridge et al. 2003). The initial construct extended from
nucleotide 142486 to nucleotide 143448 of the reference RB-1B
genome (GenBank accession number EF523390), covering the
region between the telomeric repeat and the LAT-miRNA cluster.
Various primers were used to obtain different fragments of potential
promoters (Fig 1; Table 1). PCR was performed as follows: 94°C for
4 min, followed by 25 cycles of denaturation (94°C 30 sec),
annealing (55°C 30 sec), and extension (72°C 1 min), in a final
volume of 50 wL containing 2.5 units of Tag DNA polymerase
(NEB, New England Biolabs), 0.1 uM of each primer (Eurogentec),
0.2 mM of each deoxyribonucleotide, 10 mM Tris-HCI pH 9, 50
mM KCl, 0.5 mM MgCl,, 0.1% TritonX-100, and 50 ng DNA.

2272 RNA, Vol. 16, No. 11

A wild-type monomer of the 60-bp repeat was generated by
PCR amplification of a 60-nt single-stranded oligonucleotide
(Eurogentec). Multimers ([60 bp], and [60 bp];) were con-
structed by annealing two partially complementary oligonucleo-
tides of 60 nt. The resulting double-stranded fragments harbored
overlapping ends that were used for concatemerization and
ligation. The mutated promoters were generated in the same
way, from 60-nt single-stranded oligonucleotides carrying mu-
tations at the target sites. These sequences then amplified
by PCR, with specific primers, in the conditions described
above.

All the putative promoter sequences were amplified with primer
pairs (Table 1) including Kpnl and HindIII sites in their tails. The
Kpnl/HindIII-digested PCR products were inserted in the correct
orientation between the Kpnl and HindIII sites of the pGL3 basic
vector (Promega).

The p53 expression vectors were provided by Thierry Soussi
(UPMC/Karolinska Institutet). pHP53SN and pHP53CX3 encode
the wild-type human p53 and a mutated form of human p53,
respectively, under control of the CMV promoter. The chicken
p53 cDNA was also provided by T. Soussi, flanked by EcoRI
restriction sites in the pBS-SK plasmid. The p53 fragment was
digested and inserted into the vector pcDNA3.1(+) linearized by
digestion with EcoRI.

The two constructs, pB691 and pB695, encompassing the 5’ end
of the LAT mRNA and the four miRNAs, with and without,
respectively, the 60-bp repeats, were amplified from the bacmide
p-RB-1B, with primers binding 18 nt upstream of the first 60-bp
repeat (M691) or in the terminal part of the last 60-bp repeat
(M695), respectively, and 1719 nt downstream from miR10
(M656) (Table 1). Each primer used contains a BamHI restriction
site in their tail. The BamHI-digested PCR products were inserted
into the pBS-SK vector (Stratagene).

Plasmid DNA was purified with the Nucleobond Xtra midi kit
(Macherey Nagel), and the inserts of all constructs were com-
pletely sequenced.

Luciferase assays

The pGL3basic (Promega) expression vector was used to test the
strength of promoters inserted upstream of the firefly lucifer-
ase (F-Luc) gene. The pRL-TK (Promega) vector includes an
expression cassette for the Renilla luciferase (R-Luc) under the
control of the thymidine kinase promoter of human herpes vi-
rus 1 (HHV-1). Cotransfection with these two vectors (pGL3
carrying the test promoter and pRL-TK) made it possible to
normalize measurements as a function of the rate of transfection.
The pRL-CMV vector contains an expression cassette for the
Renilla luciferase (R-Luc) under the control of the CMV pro-
moter. The use of this vector also makes it possible to normalize
the transfection rate.

Lipofectamine reagent (Invitrogen) was used for the trans-
fection of adherent cells. Transfection assays were performed with
2 X 10* cells per well, in 96-well plates, with a mixture of 300 ng
of firefly luciferase reporter construct and 5 ng of Renilla luciferase
control vector.

We transfected 54-O lymphoblastoid cells with plasmids by
electroporation. We washed 54-O cells twice with RPMI
medium and adjusted the cell density to 8 X 10° cells/ 800 wL
of serum-free medium. For each electroporation, 40 pg of the
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TABLE 1. Primers used to construct different sequences of promoters and to perform RACE-PCR

Orientation-number-name

Sequence (5'-3’)

F-M645-P1

F-M647-A1P1

F-M648-A2P1

F-M649-A3P1

R-M651

R-M735-PTA3’
R-M736-PT1A2’
R-M737-P1A1"

F-M762-[60 bp]

R-M763-[60 bp] + 8 bp
F-M787-[60 bp] SpiBmut + 8 bp
R-M778-[60 bp]

R-M779-[60 bp] + 8 bp mut
R-M780-[60 bpl, p53 mut
F-M760-[60 bp]

R-M761-[60 bp] + 8 bp
F-M764-[60 bp] p53 mut
R-M765-[60 bplp53mut + 8 bp
F-M781-[60 bp] SpiB mut
R-M782-[60 bp] SpiBmut + 8 bp
GeneRacer—RNA oligo
F-GeneRacer 5’oligo
F-GeneRacer 5" nested oligo
R-M803-GeneRacer LUC
R-M804-geneRacerLUCnested
R-M714-GeneRacer LAT
R-M810-GeneRacerLATnested
F-M695-MinigeneP—
F-M691-MinigeneP+
R-M656-Minigene
gmiR-M6-5P

gmiR-M7-5p

gmiR-M8-5p

gmiR-M4-5p
UP-gqPCRmiR-Universal primer
LNA-miR-M6-5p
LNA-miR-M7-5p
LNA-miR-M8-5p
LNA-miR-M4-5p

p21Sense

P21AntiSense
UP-ASmiR-M6-5P
UP-ASmiR-M7-5p
UP-ASmiR-M8-5p
UP-ASmiR-M4-5p
AS-MIR-M7-5P

TCAGGGTACCGCTAGGGGTTCGACGAAATTT
TCAGGGTACCGTAGAGGGCGCGTTCCTGATTT
CGACGGTACCTGGTGTTGGCGCCAAAAAATGC
CGGAGGTACCCGATTCCCGATCCACATATCC
TAGCAAGCTTACGAGAACGATAGATCGAAACC
GCATAAGCTTAAATCAGGAACGCGCCCTCTAC
GCATAAGCTTGCATTTTTTGGCGCCAACACCA
GCATAAGCTTGGATATGTGGATCGGGAATCG
GCCGGGTACCTGCGCAGTCGGAGTTTTCCTATTTT
GCGGAAGCTTACTGCGCACGCGCCCTCTACATGAC
GCCGGGTACCTGCGCAGTCGGGGGGGGGCTATTTT
GCGGAAGCTTCGCGCCCTCTACATGACCGCGC
GCGGAAGCTTTTTTTTTTCGCGCCCTCTACATGACC
GCGGAAGCTTCGCCCTCTACATGACCAAAAAA
TGCGCAGTCGGAGTTTTCCTATTTTCGGCCCCGCGCATGCGCGGTCATGTAGAGGGCGCG
ACTGCGCACGCGCCCTCTACATGACCGCGCATGCGCGGGGCCGAAAATAGGAAAACTCCG
TGCGCAGTCGGAGTTTTCCTATTTTCGGCCCCTTTTTTTITTGGTCATGTAGAGGGCGCG
ACTGCGCACGCGCCCTCTACATGACCAAAAAAAAAAGGGGCCGAAAATAGGAAAACTCCG
TGCGCAGTCGGGGGGGGGCTATTTTCGGCCCCGCGCATGCGCGGTCATGTAGAGGGCGCG
ACTGCGCACGCGCCCTCTACATGACCGCGCATGCGCGGGGCCGAAAATAGCCCCCCCCCG
CGACUGGAGCACGAGGACACUGACAUGGACUGAAGGAGUAGAAA
CGACTGGAGCACGAGGACACTGA

GGACACTGACATGGACTGAAGGAGTA

CCAGGAACCAGGGCGTATCTCTT

CCAGCGGTTCCATCTTCCAGCGGATA

CGGATGCTGGAGCTGCCGCCAAACTTG

CTGCGGTAATCGGAATCGAGTTC
GTCCGACGGATCCCCGCGCATGCGCGGTCATGTAGAGGGCGCG
GGTACCGGATCCATACAGTGTGTGGCCGCGAGAGGGTT
ATAACCGGATCCCGGGATGTTGTCGGCCCATTAACTCTCA
CATGATCAGCTGGGCCAAGAACGAGAACACT
CATGATCAGCTGGGCCAAGATCGGGATCTCC
CATGATCAGCTGGGCCAAGATCGAAACCAAC
CATGATCAGCTGGGCCAAGAACGAAGGGTTC

CATGATCAGCTGGGCCAAGA

CZGTTPTTCCGTAGT

TPTTAZCTCGGGGA

TETTPTTCTGTGGT

TZAATPCTGTATCG

CGAGCAGATCCAGAACGACTT

CGATGAGCCCCACCGACACCA
CATGATCAGCTGGGCCAAGAACGAGAACACTACGGAACAACA
CATGATCAGCTGGGCCAAGATCGGGATCTCCCCGAGATAACA
CATGATCAGCTGGGCCAAGATCGAAACCAACCACAGAACAATA
CATGATCAGCTGGGCCAAGAACGAAGGGTTCCGATACAGCATTAA
TCGGGATCTCCCCGAGATAACA

Restriction endonuclease sites used for insertion into the vector are underlined. Mutated sites are shown in bold. LNA-modifications:
E = A-LNA, L = C-LNA, P = G-LNA, and Z = T-LNA.

firefly luciferase reporter construct and 600 ng of Renilla
luciferase control vector were mixed with cells. The cells were
then electroporated in a 4 mm cuvette subjected to 100 V/mm
for 5 ms. The contents were then dispensed into 2.5 mL of com-
plete medium.

Luciferase assays were performed 24 h after transfection, with
the dual luciferase reporter assay system (Promega) and a Centro
LB960 luminometer (Berthold Technologies). Student’s t-test was
used for statistical analysis.

We transfected SAOS-2 cells in 24-well plates seeded with 1 X 10°
cells per well, using Lipofectamine reagent (Invitrogen). Each well was
transfected with a mixture of 1 pl Lipofectamine, 400 ng pro-
moter construct, 100 ng inductive expression plasmid (p53chicken
pcCHP53, human wild-type HP53SN or human mutated
HP53CX3), and 10 ng of pRL-TK or pRL-CMV (for cotransfec-
tion with chicken and human p53 constructs, respectively). For
SAOS-2 cells, we carried out the dual luciferase reporter assay 12 h
after transfection.
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5’ RACE analysis

5’ Rapid amplification of cDNA ends (5" RACE) was carried out
on total RNA isolated from two cell cultures. The first RNA
sample was isolated from 54-O cells and the second was isolated
from LMH cells transfected with pGL3-P1A3’ (containing the
P1A3’ promoter). Total RNA was extracted with the Trizol
extraction kit. cDNAs were obtained with the GeneRacer kit
(Invitrogen). This technique is based on RNA ligase-mediated and
oligo-capping RACE methods, and results in the selective ligation
of an RNA oligonucleotide to the 5" ends of decapped RNA. The
resulting cDNA was amplified by PCR, using forward primers
annealing to the ligated RNA oligonucleotide and reverse primers
annealing to the target gene (Table 1).

The 5’ end of the ligated cDNA obtained from 54-O cells was
determined with reverse primers binding to a published exon of
LAT. The 5" end of the ligated cDNA obtained from transfected
LMH cells was determined with reverse primers binding to the
firefly luciferase ORF. PCR products of various sizes were ob-
tained and inserted into the cloning vector PCR4-TOPO TA. We
sequenced 20 and 42 positive clones for LMH and 54-O cells,
respectively, to determine the 5" end in each case.

Northern blot analysis

RNA was extracted in Trizol and 15 pg of total RNA per lane was
resolved by electrophoresis in a 15% acrylamide/bisacrylamide
(19:1) gel containing 7 M urea, in Tris-borate-EDTA (TBE)
buffer. Gels were briefly stained with ethidium bromide, and
RNA was transferred, by electroblotting, onto a Nylon Plus
membrane (Amersham) for 1.5 h at 350 mA in 0.50X TBE. The
membrane was cross-linked by exposure to UV (Stratalinker,
Stratagene). The membrane was subjected to prehybridization for
1 h and was then hybridized overnight in Perfect Hyb TM Plus
hybridization buffer (Sigma) at 50°C, with a 20 nM **P-5' end-
labeled DNA oligonucleotide probe complementary to the
miRNA. It was then washed in low-stringency wash buffer. Blots
were analyzed by phosphorimaging with a FLA7000 scanner from
Fuji.

ChIP assays

ChIP assays were carried out as previously described (Shkreli et al.
2007). Briefly, chromatin from 10’ MSB-1 cells was cross-linked,
washed, resuspended in lysis buffer and sonicated 12 times 6 sec
with an 18]-pulse (VibraCell Bioblock Scientific). A fraction of the
total chromatin was taken as the total input DNA control. After
preclearing with protein G agarose/salmon sperm DNA beads,
protein/DNA complexes were immunoprecipitated overnight at
4°C with anti-p53 (70 pL of hybridomas supernatant of HP64
antibody kindly provided by T. Soussi) or with mouse immuno-
globulin Glk (6 pg of IgGlk, Sigma Aldrich) as a negative
control. Immunoprecipitated complexes were collected with Pro-
tein G beads. Immunoprecipitation products were washed with
low salinity buffer, high-salinity buffer, lithium chloride washing
buffer, and finally with TE (Tris-EDTA) buffer. Immunocom-
plexes were extracted and cross-linking was reversed by incuba-
tion at 65°C overnight. DNA fragments were then purified using
Nucleospin Extract IT (Macherey-Nagel) and eluted in 30 wL of
ultrapure water. PCR were performed in 50 pL volume with
Promega Taq DNA polymerase and with primers pair M645/
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M?735 (Table 1). PCR was initiated with 3 min at 94°C followed by
35 cycles of 94°C for 30 sec, 55°C for 30 sec, 72°C for 1 min, and
finally 7 min at 72°C.

Western blot analysis

MSB-1 cell lines were treated with 0.2 wg/mL of adriamycin during
8, 12, and 24 h, respectively. Five hundred thousand cells were
treated with lysis buffer (15 mM Tris, 15 mM NaCl, 20 mM EDTA,
1% SDS, 5% beta-mercaptoethanol, 20% glycerol, bromophenol
blue, [pH 6.8]). Proteins were separated by electrophoresis in 10%
polyacrylamide gels containing SDS and passively blotted onto
nitrocellulose membranes. The membranes were blocked by in-
cubation with 3% skim milk powder in PBST (PBS, 0.5% Tween
20) and probed with monoclonal mouse anti-p53 (HP64 antibody
kindly provided by T. Soussi) and monoclonal mouse anti-GaPDH
(Millipore) primary antibodies, followed by polyclonal rabbit anti-
mouse horseradish peroxidase-conjugated secondary antibodies.
The immunoreactions of interest were detected with the Femto
Super Signal Western detection kit (Pierce Chemical Co.). GaPDH
was used as a control to demonstrate equal protein loading. Adobe
Photoshop element 6 software was used to calculate the signal
intensities for p53 level after different timing induction relative to
the GaPDH loading control.

miRNA quantification by q-RT-PCR

Mdvl-miR-M4-5p, -M6-5p, -M7-5p, and -M8-5p RNA levels
were quantified as described by Raymond et al. (2005). Briefly,
total RNA was isolated by guanidinium thiocyanate-phenol-
chloroform extraction (TRIzol, Invitrogen). After total RNA
quantification by Nanodrop methods, the cDNAs were synthe-
sized in primer extension assays containing 1 pg of total RNA
(Table 1). Following reverse transcription, triplicate measure-
ments were made on 2 pL of cDNA in a final reaction volume of
20 pL, by qPCR, in a 96-well optical PCR plate, with an iCycler
qPCR device (Biorad). SYBR green PCR mixture, containing 10
pL iQ SYBR green PCR master mix (Biorad), 5 nL water, 1 pL of
10 mM universal primer, 1 wL of 10 mM LNA-R primer, and 3 pL
of sample. The primer sequences are reported in Table 1. gPCR
was carried out in the conditions recommended by the manufac-
turer, and dissociation curves were generated post-run for the
analysis of amplicon species. The temperature at the dissociation
peak is reported in Table 1. For the detection and quantification of
chicken p21 mRNA, we used the SYBR green method with p21
sense and antisense oligomers as primers (Table 1), as described
elsewhere (Sato et al. 2006).
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