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SUMMARY

The p53 tumor suppressor protein is a critical regulator of the cellular response to cancer initiating
insults such as genotoxic stress. In this report, we demonstrate that microRNAs (miRNAs) are
important components of the p53 transcriptional network. Global miRNA expression analyses
identified a cohort of mMiRNASs that exhibit p53-dependent upregulation following DNA damage.
One such miRNA, miR-34a, is commonly deleted in human cancers and, as shown here, frequently
absent in pancreatic cancer cells. Characterization of the miR-34a primary transcript and promoter
demonstrates that this miRNA is directly transactivated by p53. Expression of miR-34a causes
dramatic reprogramming of gene expression and promotes apoptosis. Much like the known set of
p53-regulated genes, miR-34a-responsive genes are highly enriched for those that regulate cell-cycle
progression, apoptosis, DNA repair, and angiogenesis. Therefore, it is likely that an important
function of miR-34a is the modulation and finetuning of the gene expression program initiated by
p53.

INTRODUCTION

Loss of function of the p53 tumor suppressor protein is a causative event in the pathogenesis
of a large fraction of human malignancies (Fridman and Lowe, 2003;Kirsch and Kastan,
1998). p53 is a transcription factor that coordinates cellular responses to stresses such as DNA
damage and oncogene activation. When induced, p53 alters the expression of a large set of
target genes leading to cell-cycle arrest, apoptosis, increased DNA repair, and/or inhibition of
angiogenesis (Giono and Manfredi, 2006;Vogelstein et al., 2000).

A recently discovered class of small RNA molecules known as microRNAs (miRNASs) play a
fundamental role in regulating gene expression in multi-cellular eukaryotes (Ambros,
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2004;Bartel, 2004;He and Hannon, 2004). These 18-24 nucleotide RNAS negatively regulate
the translation and stability of partially complementary target messenger RNAs (MRNAs).
miRNAs are initially transcribed as long primary transcripts (pri-miRNAs) which are processed
in a series of endonuclease reactions to produce the mature miRNA species (Kim, 2005). Pri-
miRNAs are transcribed by RNA polymerase Il and are capped, polyadenylated, and frequently
spliced with the miRNA located in introns or exons (Cai et al., 2004;Kim and Kim, 2007;Lee
et al., 2004;Rodriguez et al., 2004). Transcription of pri-miRNAs appears to be regulated by
the same mechanisms that control mMRNA expression. For instance, a number of well-studied
mammalian transcription factors including c-Myc, cAMP-response element binding protein
(CREB), and MyoD have been shown to control both mRNA and miRNA expression
(O’Donnell et al., 2005;Rao et al., 2006;Vo et al., 2005;Zhao et al., 2005). Therefore, in order
to fully elucidate the functions of a given transcription factor, miRNAs must be evaluated as
potential targets.

miRNA expression is frequently dysregulated in cancer cells and specific miRNAs are known
to regulate both cell-cycle progression and apoptosis (Calin and Croce, 2006;Esquela-Kerscher
and Slack, 2006;Hammond, 2006). We therefore hypothesized that miRNAs might be critical
downstream targets of p53 that participate in the cellular response to genotoxic stress. Here we
report that miR-34a is a direct transcriptional target of p53. We demonstrate that induction of
this miRNA promotes apoptosis and leads to dramatic global alterations in gene expression.
Remarkably, transcripts that control the cell-cycle, apoptosis, DNA repair, and angiogenesis
are highly enriched among the miR-34a-responsive genes. These data suggest that miR-34a is
an important component of the p53 tumor suppressor network.

RESULTS AND DISCUSSION

Identification of candidate p53-regulated miRNAs

In order to identify miRNAs potentially regulated by p53, we utilized the p53 wild-type
HCT116 colon cancer cell line (p53WT) and an isogenic cell line in which both alleles of
p53 were inactivated by homologous recombination (p537") (Bunz et al., 1998). Cells were
treated with the DNA damaging agent adriamycin, which has previously been demonstrated
to lead to induction of p53 and its downstream targets (Waldman et al., 1995), and RNA was
analyzed using a custom microarray developed in our laboratory capable of monitoring the
expression of 474 human miRNAs. miRNAs exhibiting a 3-fold or greater change in expression
upon drug treatment in the p53WT cells and less than a 2-fold change in expression in the
p537- cells were chosen for further study. Seven upregulated miRNAs satisfied these criteria
and showed the expected expression pattern by northern blotting with adriamycin-induced
accumulation specifically in p53WT cells (miR-23a, miR-26a, miR-34a, miR-30c, miR-103,
miR-107, and miR-182; Figure 1A). No miRNAs that were downregulated in a p53-dependent
manner following adriamycin treatment were observed. A previous study in which polysome-
associated miRNAs in HCT116 p53WT and p53-/- cells were analyzed by microarray also
identified miR-26a as a potential target of p53 (Xi et al., 2006).

Characterization of the miR-34a primary transcript

Among the DNA-damage induced miRNAs, miR-34a exhibited the largest magnitude of
upregulation. Although there are two additional human miR-34 homologues (miR-34b and
miR-34c), these miRNAs were not detected by microarray analyses suggesting that they are
not expressed in this cell line. In order to determine whether miR-34a is a direct transcriptional
target of p53, we first elucidated the complete structure of the miR-34a primary transcript (pri-
miR-34a). This miRNA is contained within the second exon of a spliced expressed sequence
tag (EST) (DB286351; Supplemental Figure 1). Rapid amplification of cDNA ends (RACE)
was used to define the complete 5’ and 3’ ends of this transcript. To facilitate these efforts, pri-
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miRNASs were stabilized by small interfering RNA (siRNA)-mediated inhibition of Drosha,
the endonuclease which performs the first step in miRNA processing (Lee et al., 2003b). These
experiments revealed that the 5’ end of the miR-34a pri-miRNA is heterogeneous, with all
transcripts initiating in an approximately 100 base-pair (bp) region in the vicinity of the 5’ end
of the DB286351 EST (Supplemental Figure 1). Although this region is within a large (>1.5
kb) CpG island, no sequences resembling a consensus TATA box (TATAAA) or initiator
element (YYANTY) were present near the putative transcription start sites. 3' RACE
demonstrated that all transcripts terminate at a single position 360 bp downstream of the 3" end
of DB286351. A polyadenylation consensus site is present 22 bp upstream of this nucleotide.
We also confirmed efficient splicing of the approximately 30 kb intron separating exons 1 and
2 and a lack of any intervening exons by performing reverse-transcriptase PCR (RT-PCR) with
primers near the 5’ and 3" ends of the pri-miRNA (data not shown).

p53-dependent transcriptional activity of the miR-34a promoter

We next investigated whether the miR-34a pri-miRNA is directly regulated by p53. While the
region upstream of the pri-miRNA is not highly conserved between human and mouse or
human and rat, a highly conserved perfect consensus p53 binding site is located just
downstream of the transcription start site (Figure 1B). To test for transcriptional activity, a
series of genomic fragments were cloned into a promoterless luciferase reporter plasmid
(Figure 1C). Because several potential out-of-frame translation initiation codons are present
between the transcription start site and the luciferase open reading frame in these reporter
vectors, we also cloned an internal ribosome entry site (IRES) downstream of the putative
promoter fragments. Reporter activity was then tested in HCT116 p53WT and p537 cells. The
longest construct extended from 1.4 kb upstream to 578 bp downstream of the most 5’
transcription start site and included the putative p53 binding site (Figure 1C, P1). This fragment
yielded robust p53-dependent transcriptional activity. This activity was comparable to that
observed when a similar reporter vector containing the SV40 viral promoter was transfected
into this cell line (data not shown). The activity of this promoter is not limited to HCT116 cells
as shown by transfection experiments in HEK293T cells (Supplemental Figure 2). Removal
of the p53 binding site by truncation or mutation abolished transcriptional activity (Figure 1C,
P3, P6, and P1Mt), Remarkably, a 307 bp fragment containing the p53 binding site located
downstream of the transcription start site (Figure 1C, P5) was sufficient for full promoter
activity.

To test whether genotoxic stress induces transcriptional activity of the miR-34a promoter,
reporter constructs were transfected into HCT116 p53WT and p537 cells in the presence or
absence of adriamycin. Precisely mirroring the expression of endogenous miR-34a, luciferase
activity produced from the P1 and P5 reporters was induced by DNA damage in a p53-
dependent manner (Figure 1D). As expected, mutation of the p53 binding site abolished this
response. Providing further evidence that p53 directly regulates this miRNA, a previously
published analysis of genome-wide binding sites for p53 using chromatin immunoprecipitation
revealed that this protein directly binds to the genomic region defined here as the miR-34a
promoter (Wei et al., 2006). This earlier study did not associate this binding site with regulation
of miR-34a, likely because the miRNA is located more than 30 kb away. Taken together with
the data provided here, these findings provide compelling evidence that miR-34a is a direct
transcriptional target of p53.

Expression of miR-34a promotes apoptosis

In order to investigate the phenotypic consequences of miR-34a expression, we transiently

transfected this miRNA into HCT116 p53WT and p53-/- cells and measured apoptotic cell death
by flow cytometric measurement of DNA content (Figure 2A) and Annexin V staining (Figure
2B). Cells transfected with control oligonucleotide exhibited low levels of apoptosis [p53WT,
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6.6 + 3.4% apoptotic cells; p537-, 4.1 + 1.6% apoptotic cells (means and standard deviations
from 3 independent experiments reported)]. In contrast, transfection of p53WT cells with
synthetic miR-34a potently induced apoptotic cell death (24.2 + 3.8% apoptotic cells).
Interestingly, apoptosis was substantially decreased but not completely abolished following
transfection of miR-34a into p537 cells (9.3 + 2.5% apoptotic cells), suggesting both p53-
dependent and p53-independent mechanisms of miR-34a-induced cell death. These data
suggest that miR-34a participates in the apoptotic program triggered by p53 activation.

Loss of miR-34a expression occurs frequently in pancreatic cancer cells

We next examined miR-34a expression in pancreatic cancer cells which frequently exhibit p53
loss-of-function. Two non-transformed pancreatic ductal epithelial cell lines (HPNE and
HPDE) (Lee et al., 2003a;0uyang et al., 2000) as well as 15 pancreatic cancer cell lines were
analyzed by northern blotting (Figure 3). miR-34a was highly expressed in HPNE and HPDE
cells, demonstrating that this miRNA is normally expressed in this cell type. Remarkably, all
15 pancreatic cancer cell lines showed at least a two-fold reduction in miR-34a expression as
compared to expression in HPNE and HPDE. 11/15 cell lines exhibited a ten-fold reduction or
complete absence of this miRNA.

Although p53 loss would be expected to reduce miR-34a expression, it is unlikely that this
mechanism can account for the reduced miRNA expression in all the pancreatic cancer cell
lines. There is not a direct correlation between bi-allelic loss of p53 and the magnitude of
miR-34a downregulation (Figure 3 and Supplemental Table 1, compare BxPc3, PK9,
CAPANL, and Su86.86 all of which exhibit p53 loss of function). Similarly, cell lines with
wild-type p53 status also exhibit low levels of miR-34a (Panc04.14 and E3LZ10.7). Thus,
other mechanisms in addition to p53 inactivation likely contribute to the reduction in miR-34a
abundance. In fact, deletion of the genomic interval encompassing this miRNA (1p36) is an
extremely frequent event in diverse types of cancer and miR-34a is located within a recently
mapped 5.4 megabase minimally-deleted region of 1p36 that commonly occurs in gliomas
(Bagchi et al., 2007;Bello et al., 1995;Bieche et al., 1993;Moley et al., 1992;Mori et al.,
1998;Poetsch et al., 2003). It has also very recently been reported that reduced miR-34a
expression associated with loss of 1p36 is a frequent event in neuroblastoma (Welch et al.,
2007). We therefore examined data from a previously published high-resolution copy number
analysis of the genomes of pancreatic cancer cell lines (Calhoun et al., 2006). This study
included 11/15 of the lines we studied by northern blotting experiments. Notably, hemizygous
loss of the miR-34a locus was observed in 3 lines (Supplemental Table 1; Panc 02.13, Panc
04.14, and Panc 08.13). Thus, lack of transcriptional transactivation by p53, deletion, and
additional unknown mechanisms likely contribute to loss of this miRNA in pancreatic cancer.
Our results, together with previous studies, demonstrate that loss of miR-34a s a frequent event
in diverse cancer subtypes and raise the possibility that miR-34a loss of function contributes
to cancer pathogenesis.

Induction of miR-34a leads to widespread alterations in gene expression

To determine the effects of miR-34a induction on gene expression, a retroviral construct was
used to generate HCT116 p53WT cells with enforced expression of this miRNA. These cells
exhibited 3-4-fold higher miR-34a expression levels than cells transduced with empty virus
(Figure 4A), a magnitude of induction very similar to the endogenous upregulation caused by
adriamycin treatment (Figure 1A). Affymetrix gene expression profiling was then used to
examine the transcriptomes of retrovirally-infected cell populations (empty virus versus
miR-34a virus) in the absence of genotoxic stress. Although bona fide miR-34a targets that are
not affected at the level of MRNA abundance will be missed by this approach, other groups
have employed this strategy successfully to identify miRNA targets (Krutzfeldt et al.,
2005;Lim et al., 2005;VVoorhoeve et al., 2006). Surprisingly, cells with enforced expression of
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miR-34a showed a dramatically altered gene expression profile with upregulation of 532
transcripts and downregulation of 681 transcripts (Supplemental Table 2). This is a
significantly greater number of transcripts showing altered expression than observed when
similar experiments were performed previously with other miRNAs (Krutzfeldt et al.,
2005;Lim et al., 2005). Select transcripts examined by northern blotting exhibited the expected
expression changes, validating the quality of the microarray dataset (Figure 4B). To determine
what fraction of the downregulated genes are likely to be direct targets of miR-34a, we
examined the frequency of the hexamer complementary to the miR-34a seed sequence
(ACUGCQC) in the 3" untranslated regions (UTRs) of the downregulated, unchanged, and
upregulated transcripts. This motif is statistically-significantly enriched (p value = 0.023)
among the top 100 downregulated transcripts (transcripts exhibiting a 2.364-fold or greater
downregulation). Among transcripts showing the same fold increase in expression, this motif
is statistically-significantly underrepresented (p value = 5.6 x 10-4). At this cut-off, 32/100
downregulated genes (32%), 2190/9534 unchanged genes (23%), and 18/149 upregulated
genes (12%) contained the hexamer complementary to the miR-34a seed in their 3' UTRs
(Figure 4C). These findings demonstrate that the miR-34a-downregulated genes are enriched
for direct targets of this miRNA and the upregulated genes are depleted of direct targets.
Nevertheless, the majority of gene expression changes are likely an indirect consequence of
enforced miR-34a expression. For example, only 47/185 transcripts downregulated greater
than two-fold have sites complementary to the miR-34a seed sequence in their 3' UTRs.

To better understand the global effects of expressing miR-34a on the transcriptome, we
examined the Gene Ontology classifications of the up- and downregulated genes. Strikingly,
the most highly enriched gene ontology category among the upregulated transcripts was “cell
cycle’ (p value = 1.8 x 10748). Genes classified as ‘DNA repair’ (p value = 6.6 x 10-23), ‘mitotic
checkpoint’ (p value = 1.9 x 10-8), and ‘DNA integrity checkpoint’ (p value = 3.6 x 10-%) were
also highly enriched among the upregulated transcripts. Moreover, genes assigned to the term
‘cell proliferation’ (p value = 1.9 x 10-4) and ‘angiogenesis’ (p value = 4.2 x 10-3) were
significantly enriched among the downregulated genes. Similar categories of genes are known
to be activated and repressed by p53 (Giono and Manfredi, 2006). Western blotting confirmed
that p53 levels were unchanged in the miR-34a-expressing cells (Supplemental Figure 3). We
note that while p53 and miR-34a regulate genes involved in overlapping pathways, they do not
necessarily regulate the same genes. Thus, by inducing this miRNA, p53 is able to directly and
indirectly regulate pathways that dictate the cellular response to genotoxic stress.

The role of miR-34a in p53-mediated apoptosis merits further discussion. Close inspection of
our gene expression profiling results reveals that among the transcripts downregulated by
miR-34a are several with well-documented anti-apoptotic functions including B-cell CLL/
lymphoma 2 (BCL2), baculoviral AP repeat-containing 3 (BIRC3), and decoy receptor 3
(DcR3 also known as TNFRSF6B) (Liston et al., 2003;Sheikh and Fornace, 2000;Willis et al.,
2003). Indeed, the Gene Ontology term ‘programmed cell death’ is significantly enriched
among the genes downregulated by miR-34a expression (p value = 7.8 x 107). These findings
are consistent with our results indicating that miR-34a expression is sufficient to induce
apoptosis. The set of miR-34a responsive genes described here will likely continue to provide
mechanistic insight as additional functions of this miRNA are discovered.

Concluding Remarks

The identification of target genes of the p53 tumor suppressor protein has been the focus of

intense interest. In this report, we demonstrate that miRNAs are important components of the
p53 transcriptional network. Our results show that p53 directly activates expression of miR-34a
and potentially other miRNAs. Expression of miR-34a is sufficient to induce apoptosis through
p53-dependent and independent mechanisms. Moreover, miR-34a induction leads to dramatic
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reprogramming of gene expression. Much like the known set of p53-regulated genes, miR-34a-
responsive genes are highly enriched for those that regulate cell-cycle progression, cellular
proliferation, apoptosis, DNA repair, and angiogenesis. Interestingly, loss of 1p36, the genomic
interval harboring miR-34a, is common in diverse human cancers. Consistent with this
observation, we show that reduced expression of miR-34a is a very frequent feature of
pancreatic cancer cells. Together, these findings suggest an important role for miR-34a in
mediating p53 tumor suppressor function.

EXPERIMENTAL PROCEDURES

Cell Culture

HCT116 cells were cultured as described (Waldman et al., 1995) and treated with 0.2 pg/mL
adriamycin for 24 hours to induce DNA damage.

miRNA Microarrays and Northern blotting

Custom microarrays containing oligonucleotide probes complementary to 474 human miRNAs
were synthesized by Combimatrix. Probes containing 2 mismatches were included for all
miRNAs. Arrays were pre-hybridized at 37° for 1 hour in 3X SSC, 0.1% SDS, 0.2% BSA. 10
ng of total RNA isolated using Trizol (Invitrogen) was labeled with Cy3 as described (Thomson
et al., 2004) and hybridized to arrays at 37° overnight in 400mM NayHPO4 (pH 7.0), 0.8%
BSA, 5% SDS, and 12% formamide. Arrays were washed once at room temperature in 2X
SSC, 0.25% SDS, 3 times at room temperature in 1.6X SSC, and twice in ice-cold 0.8X SSC.
Hybridized arrays were then scanned using a GenePix 4000B microarray scanner (Axon) and
signal intensities were extracted using the Combimatrix Microarray Imager software. The
background value was determined by calculating the median signal from the mismatch probes
and this value was subtracted from all perfect match probes. Signals that were less than 1.5
times background were removed and datasets were median centered prior to calculating fold-
change values. Northern blotting was performed as described (Hwang et al., 2007).

RACE Mapping of Pri-miR-34a

Drosha expression was inhibited in HeLa cells as described (Hwang et al., 2007) and RACE
was performed using the GeneRacer kit (Invitrogen). Primer sequences are provided in
Supplemental Table 3 online.

Plasmid Construction

To generate the luciferase reporter vectors, an IRES was amplified from pMSCV-PIG (Hemann
et al., 2003) and cloned into the Bglll site of pGL3-basic (Promega). miR-34a promoter
fragments were amplified from human genomic DNA and cloned into the Xhol site. Mutations
were introduced using the Quikchange Kit (Stratagene). Primer sequences are provided in
Supplemental Table 3 online.

Luciferase Assays

Twenty-four hours before transfection, 7x10% cells were plated per well in a 24-well plate. 100
ng pGL3 constructs plus 1 ng of the Renilla luciferase plasmid phRL-SV40 (Promega) were
transfected using FUGENE 6 (Roche). 24 hours after transfection, luciferase assays were
performed using the dual luciferase reporter assay system (Promega). Firefly luciferase activity
was normalized to Renilla luciferase activity for each transfected well. For each experimental
trial, wells were transfected in triplicate and each well was assayed in triplicate. For
measurement of promoter activity in cells treated with adriamycin, cells were first transfected
for 24 hours prior to adding adriamycin for another 24 hour incubation. For each condition
tested, the luciferase activity was normalized to the activity produced from empty vector.
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Apoptosis Assays

15 nM precursor miR-34a (Pre-miR-34a) or control oligo (Pre-miR-control) (Applied
Biosystems) was transfected using siPORT NeoFX (Applied Biosystems). After 60 hours,
DNA content was determined by propidium iodide staining as described (Hwang et al.,
2007) and Annexin V staining was performed with the Vybrant Apoptosis Assay kit
(Invitrogen).

Retroviral Expression of miR-34a

miR-34a and approximately 100 bp of flanking sequence was amplified from human genomic
DNA and cloned into the Xhol site of the retroviral vector pMSCV-PIG (Hemann et al.,
2003). Primer sequences are provided in Supplemental Table 3 online. Following transfection
of Phoenix packaging cells (G. Nolan, Stanford University, Stanford, CA), retroviral
supernatants were collected, filtered, and added to recipient cells for 8 hours in the presence
of 8 ug/mL polybrene. Two days after infection, puromycin was added to the media at 1 pg/
mL and cell populations were selected for two weeks.

Affymetrix Gene Expression Profiling and Analysis

Hybridization of samples to Affymetrix U133 plus 2.0 microarrays was performed by the Johns
Hopkins University School of Medicine Microarray Core Facility as described (Mendell et al.,
2004). The quality of the microarray experiment was assessed with affyPLM and Affy, two
bioconductor packages for statistical analysis of microarray data. To estimate the gene
expression signals, data analysis was conducted on the chips’ CEL file probe signal values at
the Affymetrix probe pair (perfect match (PM) probe and mismatch (MM) probe) level, using
the statistical algorithm RMA (Robust Multi-array expression measure) (Irizarry et al., 2003)
with Affy. This probe level data processing includes a normalization procedure utilizing the
quantile normalization method (Bolstad et al., 2003) to reduce the obscuring variation between
microarrays. Exploratory data analysis (EDA) was performed with the normalized data.
Between-condition and between-replicate variation was examined with pairwise MvA plots,
in which the base 2 log ratios (M) between two samples are plotted against their averaged base
2 log signals (A). After the signal intensities were averaged across technical replicates, an
empirical Bayes method implemented in the bioconductor package EBarrays, was used to
estimate the posterior probabilities of the differential expression of genes between the tested
conditions (Kendziorski et al., 2003;Newton and Kendziorski, 2003;Newton et al., 2001). The
criterion of the posterior probability > 0.5, that is to say the posterior odds favoring change,
was used to produce the differentially expressed gene list (Supplemental Table 2). All
Bioconductor packages are available at http://www.bioconductor.org and all computation was
performed under R environment (http://www.r-project.org) (Ihaka and Gentleman, 1996).

For analysis of the frequency of the miR-34a seed hexamer, genes were first filtered for those
that were called present by the Affymetrix software in both replicate control or replicate
miR-34a hybridizations. Genes with annotated 3’ UTRs from the UCSC Table Browser (http://
genome.ucsc.edu) were then selected (9783 total present genes with annotated 3’ UTRS). 3’
UTR sequences were downloaded from the March 2006 build of the human genome. P-values
for the significance of enrichment of the seed sequence were calculated using the
hypergeometric distribution. Gene ontology classification was performed using DAVID
(http://david.abcc.ncifcrf.gov/) (Dennis et al., 2003).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. miR-34a is induced by p53 following DNA damage

(A) Northern blot analysis of miRNA expression in p53WT and p537- HCT116 cells with or
without adriamycin treatment. Quantification of the miRNA signals under each condition,
normalized to U6 sSnRNA expression, is shown on the right.

(B) Phylogenetic conservation of the genomic region near the transcription start site of the
miR-34a primary transcript. VISTA (http://genome.lIbl.gov/vista/index.shtml) was used to
generate pairwise alignments between human and mouse and human and rat. The graph is a
plot of nucleotide identity for a 100 base-pair sliding window centered at a given position.
Position +1 of pri-miR-34a is the most 5’ transcription start site mapped. The magnified
sequence shows the location and evolutionary conservation of the p53 binding site (in gray
box). Mutations introduced into the promoter reporter construct (P1™tin panel C) are shown
in red.

(C) Activity of promoter constructs in p53WT and p53-cells. The arrow above construct P1
indicates the position of the transcription start site. Filled circles show the position of the p53
binding site. Error bars represent standard deviations from three independent transfections each
measured in triplicate.

(D) Genotoxic stress activates the miR-34a promoter. The indicated promoter constructs were
transfected into p53WT or p537- cells with or without subsequent exposure to adriamycin.
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Figure 2. Expression of miR-34a promotes apoptosis

(A) p53WT and p53-'- cells were transfected with synthetic miR-34a or a control oligonucleotide
and DNA content was monitored by flow cytometry. The fraction of apoptotic cells (sub-G1)
is indicated.

(B) Cell death was monitored by Annexin V staining and flow cytometry. The right lower
quandrant of each plot contains early apoptotic cells whereas the right upper quadrant contains
late apoptotic cells. This experiment was repeated three independent times and similar results
were obtained each time. Panels (A) and (B) come from two separate experiments.
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Figure 3. Expression of miR-34a is frequently lost in pancreatic cancer cells
Northern blot analysis of miR-34a expression in non-transformed pancreatic ductal epithelial
cell lines (HPNE and HPDE, in bold) and in pancreatic cancer cell lines. Relative expression
of miR-34a in each cell line, normalized to U6 snRNA expression, is shown below the blots.

Dashes indicate undetectable miR-34a expression.
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Figure 4. Expression of miR-34a leads to widespread alterations in gene expression

(A) Northern blot showing miR-34a expression in retrovirally-infected cell populations.

(B) Northern blot validation of selected expression changes observed by microarray analysis.
(C) Sites complementary to the miR-34a seed are enriched in the 3" UTRs of downregulated
transcripts. The graph shows the frequency of a site complementary to the miR-34a seed in the
3" UTRs of the top 100 downregulated genes (2.364-fold or greater downregulation), the
unchanged genes, and the genes upregulated by 2.364-fold or greater.
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