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Background: miR-17/20a are oncogenic microRNAs in human cancers.

Results: A p53 kinase DAPK3 was identified as a key target for miR-17/20a to promote tumorigenesis.
Conclusion: miR-17/20a and DAPKS3 form a positive feed-forward loop to amplify tumorigenic signals.
Significance: Data suggest a key microRNA-mediated tumorigenic pathway.

MicroRNAs (miRs) are a class of small regulatory RNAs that
have been implicated in diverse biological pathways, including
cancer. miR-17/20a encoded by the c130rf25 locus is among the
first miRs discovered to have oncogenic functions. The E2F fam-
ily members have been established as the targets for these
oncomiRs, which form a negative feedback loop to control cell
cycle progression. However, this pathway does not seem to be
sufficient to account for elevated expression of these oncomiRs
in cancer cells to promote tumorigenesis. Here we report that
miR-17/20a targets a p53 activating kinase DAPKS3, leading to
p53-dependent transcriptional de-repression of the oncomiRs.
We demonstrate that DAPK3 plays a central role in preventing
miR-17/20a depletion-induced genome instability and in miR-
17/20a overexpression-triggered tumor formation. This newly
identified tumorigenic pathway may thus contribute to miR-17/
20a amplification and tumor growth in diverse human cancers.

miRs? are a class of small RNAs involved in the regulation of
gene expression at a post-transcription level in diverse biolog-
ical pathways (1). However, in most cases their full biological
functions are only partially understood based on characteriza-
tion of limited targets. For example, the miR-17-92a cluster is
frequently overexpressed in multiple human cancers (2—4).
Among six miRs expressed from this cluster, miR-17 and 20a
are particularly oncogenic (5, 6). These two oncomiRs differ by
only the 1st and the 12th bases. Because neither is involved in
miR targeting according to the Ago2-miR-20a crystal structure
(7), the two miRs are thought to essentially share similar bio-
logical functions.

c-Myc and E2F1 are long known to stimulate one another at
the transcription level, thus forming a positive feed-forward
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loop (8). However, as uncontrolled expression of E2F1 is known
to trigger apoptosis, this transcription activator has to be tightly
regulated, which is accomplished at least in part by a negative
feedback loop between miR-17/20a and E2F family members
(6). As a transcription activator of the miR-17-92a locus, such
an E2F dampening mechanism would also prevent elevated
miR-17/20a expression, a hallmark of lymphomas and other
cancer types in humans (2—4). Overexpressed miR-17/20a has
been shown to promote tumorigenesis by reducing the cyclin-
dependent inhibitor p21 to stimulate cell proliferation and by
limiting the pro-apoptotic factor BCL2L11 to inhibit apoptosis
of tumor cells (3, 9).

The tumor suppressor p53 has also been implicated in medi-
ating transcriptional repression of the miR-17-92a cluster
through binding the TATA box of the miR gene promoter, sug-
gesting a key contribution of p53 to elevated miR-17/20a
expression in human cancers (10). However, it has been unclear
how this pathway might be integrated into the tumorigenic
program elicited by these oncomiRs.

Our current study elucidates death-associated protein kinase
3 (DAPK3), a p53 activating kinase, as a key target for miR-17/
20a and establishes a positive feed-forward loop in which miR-
17/20a inhibits DAPK3 and reduced DAPKS3 in turn restricts
the p53 function in repressing the miR gene expression, thus
leading to transcriptional de-repression of these oncomiRs.
This newly elucidated pathway is likely coupled with the E2F
pathway and other induced tumorigenic events to orchestrate
elevated expression of these oncomiRs in human cancers. We
also provide a series of functional evidence for a central func-
tion of DAPK3 in miR-17/20a-dependent regulation of genome
stability and tumorigenesis on both cellular and animal models.
By limiting p53 activation, this pathway may also contribute to
tumorigenic events in wild type p53 cells.

Experimental Procedures

Cell Culture, RNA Oligonucleotide, and Antibodies—HeLa
cells, HEK293T cells, and mouse breast cancer 4T1 cells were
maintained in DMEM medium (Gibco) supplemented with
10% FBS (Hyclone).

The RNA oligonucleotides used in this study were purchased
from Genepharma (Shanghai, China), including siRNA, miR
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mimics, and antagomirs (miR-17 mimic, 5'-caaagugcuuaca-
gugcagguag-3’; miR-17 mimic mutant, 5'-CAAACUGUUU-
UCAAUGGAGAUAA-3'; miR-20a mimic, 5'-uaaagugcuuau-
agugcagguag-3'; miR-20a mimic mutant, 5'-UAAACUGUUU-
UUAAUGGAGAUAA-3’; miR-17 antagomir, 5'-CUACCUG-
CACUGUAAGCACUUUG-3’; miR-20a antagomir, 5'-
CUACCUGCACUAUAAGCACUUUA-3’; siDAPK1-1, 5'-
CAAGAAACGUUAGCAAAUGTT-3'; siDAPK1-2, 5'-GGU-
CAAGGAUCCAAAGAAGTT-3'; siDAPK2-1: 5'-GGGACG-
CCGGAATTTGTTGCTTT-3'; siDAPK2-2; 5'-GAGCCCCT-
GGGTCTGGAGGCTTT-3'; siDAPK2-3, 5'-TCTGGAGG-
CTGACATGTGGAGTT-3';siDAPK3-1,5'-GCACTCTAAG-
CGCATCGCACACTTT-3'; siDAPK3-2, 5'-GGGAACGAG-
TTCAAGAACATCTTCG-3'; siDAPK3-3, 5'-CCAGAGCCT-
GGAACATTCCTGGATT-3'; siE2F1-1, 5'-CCGTGGACTCT-
TCGGAGAACTTTCATT-3'; siE2F1-2, 5'-CGGAGAACTT-
TCAGATCTCCCTTAATT-3'; siE2F1-3, 5'-GAGAACTTT-
CAGATCTCCCTTAAGATT-3'; negative control (NC) small
RNAs si-NC (5'-UUCUCCGAACGUGUCACGUTT-3'), miR-
NC, (5'-UUCUCCGAACGUGUCACGUTT-3’), and inhibi-
tor-NC (5'-CAGUACUUUUGUGUAGUACAA-3')).

The antibodies used in this study were from different ven-
dors, including anti-DAPK1 (Abcam), anti-DAPK2 (Abgent),
anti-DAPK3 (Thermal scientific), anti-ACTIN (PTGlab), anti-
E2F1 (Abcam), anti-ATM (Millipore), anti-ATM(Ser-1981)
(Millipore), anti-p53BP1 (BD Transduction Laboratories™),
anti-p53BP1(Ser-25/29) (Bioss), anti-H2AX (PTGlab), anti-y-
H2AX (BioLegend), anti-p53 (Cell Signaling Technology), anti-
p53(Ser-20) (Thermal scientific), anti-FLAG (PTGlab), and
anti-Ago2 (Abnova).

Biotin Pulldown Assays—HeLa cells were seeded at 50% con-
fluency in 10-cm dishes and transfected with 50 nm biotin-la-
beled miR-17/20a with RNAIMAX (Life Technologies) accord-
ing to the manufacturer’s instructions. After transfection for
48 h, cells were harvested, treated with RNase-free radioim-
mune precipitation lysis buffer, and incubated on ice for 30 min
with shaking 6 times at the 5-min interval. Cell lysates were
clarified by centrifugation at 12,000 rpm for 20 min at4 °C. The
supernatants were transferred into a fresh RNase-free tube, 300
wl of New England BioLabs streptavidin beads were added (pre-
washed and resuspended in RNase-free radioimmune precipi-
tation lysis buffer), and the supernatants were incubated on a
roller for 1 h at 4 °C. The beads were washed three times with
RNase-free radioimmune precipitation lysis buffer. RNA was
extracted with TRIzol (Life Technologies) according to the
manufacturer’s instruction.

All biotinylated oligonucleotides carry C6-biotin at the
3’ terminus including the following: Bio-miR-17 (sense),
5'-CAAAGUGCUUAUAGUGCAGGUAG-3’; Bio-miR-17
(antisense), 5'-CUACCUGCACUGUAAGCACUUUG-3';
Bio-miR-20a (sense), 5'-UAAAGUGCUUAUAGUGCAGG-
UAG-3’; Bio-miR-20a (antisense), 5'-CUACCUGCACUAUA-
AGCACUUUA-3’; Bio-siGFP (sense), 5'-UGAAUUAGAUG-
GCGAUGUUATAT-3'; Bio-siGFP (antisense), 5'-AACAUCG-
CCAUCUAAUUCAJTAT-3'".

RT-PCR and RT-qPCR—Total RNA was extracted by TRIzol
(Life Technologies) and treated with RQl DNase I and
ImpromlI (Promega). For RT reactions, 1 ug of total RNA was
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used in a 30-ul RT reaction containing 10 pmol of the RT
primer. After the RT reaction, 1 ul of cDNA was used for the
PCR reaction along with the Tiangen SYBR mix according to
manufacturer’s instruction. Levels of GAPDH and GFP
mRNAs were measured for normalization. The primers used
are as follows: DAPK1 forward (F), 5'-AATCCTAGACGTGG-
TCCGGTAT-3'; DAPKI reverse (R), 5'-GAGTCCTCGGTG-
CGTATCCTT-3'; DAPK2 F, 5'-GTGAGGGACCAATCCTG-
TGAC-3'; DAPK2 R, 5'-AGAAGCCAAGCATCAGGTAAA-
3’; DAPK3 F, 5'-GTGCCCAACCCACGAATCAA-3’; DAPK3
R,5-AGCGGCTCATAGTTCACAATCTC-3’; GAPDHEF, 5'-
CTCACTGCTGGGGAGTCCCT-3'; GAPDH R, 5'-GGTCT-
ACATGGCAACTGTG-3'; primary miR-17-92 F, 5'-CAGTA-
AAGGTAAGGAGAGCTCAATCTG-3'; primary miR-17-92
R, 5'-CATACAACCACTAAGCTAAAGAATAATCTGA-3';
miR-17 RT, 5'-GTCGTATCCAGTGCAGGGTCCGAGGTA-
TTCGCACTGGATACGACCTACCTGCACTG-3'; miR-18a
RT,5'-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGC-
ACTGGATACGACCTATCTGCACTA-3'; miR-19a RT, 5'-
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTG-
GATACGACTCAGTTTTGCATA-3'; miR-20a RT, 5'-GTC-
GTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGAT-
ACGACCTACCTGCACTA-3'; miR-19b RT, 5'-GTCGTAT-
CCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGA-
CTCAGTTTTGCATG-3'; miR-92a RT, 5-GTCGTAT-
CCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGA-
CACAGGC-3’; miR-17-92 universal R, 5'-CAGTGCAGGGT-
CCGAGG-3'; miR-17 F, 5'-CGGCGGCAAAGTGCTTAC-3;
miR-18a F, 5'-CGGCGGTAAGGTGCATCT-3'; miR-19a F,
5-CGGCGGTGTGCAAATCT-3’; miR-20a F, 5'-CGGCGG-
TAAAGTGCTTAT-3'; miR-19b F, 5'-CGGCGGTGTGCAA-
ATCC-3'; miR-92a F, 5'-CGGCGGTATTGCACTTGT-3';
qIRES-FLAG-DAPK3F, 5'-AACCGTCAGATCCGCTAGCG-
CTA-3'; qIRES-FLAG-DAPK3R, 5'-CAGCTCCTCCCCCAT-
CTCAT-3; IRESFLAG eGFP F, 5'-AGCAGAAGAACGGCA-
TCAAGGT-3'; IRES FLAG eGFP F, 5'-GGACTGGGTGCTCA-
GGTAGTGG-3'; let-7b primer set was purchased from
RiboBio.

Immunostaining—Cells were seeded in 24-well plates to
reach ~30% confluency and then transfected with Lipo-
fectamine RNAiMAX (Life Technologies) with 50 nM miR-17/
20a mimics or antagomirs with or without 50 nm siRNA against
DAPK1, DAPK?2, DAPKS3, or E2F1. After incubation for 24 h,
cells were further transfected with 0.8 ug of expression plas-
mids, and 48 h after transfection cells were fixed with 4% para-
formaldehyde, permeabilized with 1% Triton X-100, and incu-
bated overnight with specific antibodies against various
double-strand DNA (dsDNA) damage markers. Cells were
washed with PBS, incubated with fluorescence-labeled second-
ary antibody for 1 h, and mounted in DAPI solution for confocal
microscopy.

Target Site Validation and Western Blotting—The DAPK3
coding region along with a FLAG tag was cloned in the IRES-
eGFP vector, and a synonymous mutation was introduced in
the miR-17/20a target site. The following primers were used for
validating the target site: IRES-GFP-FLAG-DAPK3 forward
(F), 5'-CCGGAATTCGACTACAAGGACGATGATGAC-
AAGTCCACGTTCAGGCAGGAGGA-3'; IRES-GFP-FLAG-
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DAPKS3 reverse (R), 5'-CGCGGATCCATGCTAGCGCAGC-
CCGCACTCCA-3'; IRES-GFP-FLAG-DAPK3 mutant F, 5'-
CCTGGACGGCGTTCATTATCTCCATTCAAAACGGAT-
CGCACACTTTGACCTGAAGC-3'; IRES-GFP-FLAG-DAPK3
Mut R, 5'-GCTTCAGGTCAAAGTGTGCGATCCGTTTT-
GAATGGAGATAATGAACGCCGTCCAGG-3'.

For Western blotting, 48 h after transfection, cells were
washed twice with PBS and lysed with 1X SDS loading buffer.
The cell lysates were resolved in 10% SDS-PAGE followed by
transfer to PVDF membrane. The membrane was washed and
blocked by TBS-Tween with 5% skim milk and incubated with
specific primary antibody overnight. The membrane was then
washed and incubated with secondary antibody, and signals
were detected by chemiluminescence.

Stable Cell Lines and the Assay for Tumor Formation—miR-
17/20a with or without DAPK3 and DAPK3 mutant were
cloned in the pLenti-CMV-GFP-puro vector. The primers used
for contrasting the lentiviral expression system are as follows:
pLenti-miR-17/20a forward (F), 5'-CGCGGATCCATA-
CGTGTCTAAATGGACCTCATAT-3'; pLenti-miR-17/20a
reverse (R), 5'-ACGCGTCGACATATCCTGGAATAACAC-
TAACTCCA-3'; miR-17/20a of pLenti-miR-17/20 plus
DAPK3 F, 5'-CCCAAGCTTATACGTGTCTAAATGGACC-
TCATAT-3'; miR17-20a of pLenti-miR-17/20a plus DAPK3
R, 5'-ACGCGTCGACATATCCTGGAATAACACTAACTC-
CA-3": DAPK3 of pLenti miR-17/20a plus DAPK3 F, 5'-CGC-
GGATCCATGTCCACGTTCAGGCAGGAGG-3'; DAPK3 of
pLenti-miR-17/20a plus DAPK3 R, 5'-CCCAAGCTTCTA-
GCGCAGCCCGCACTCCACGC-3'.

4T1 cells were infected and selected according to the lentivi-
ral expression and packaging protocol from the Addgene web-
site. Briefly, HEK293T cells were seeded at 40% confluency in
10-cm dishes, and 4 ug of pLenti plus 3 ug of pxPAX2 and 1 nug
of pMD2.G were co-transfected when cells reached 90% con-
fluency with Lipofectamine 2000 (Life Technologies) according
to the manufacturer’s instructions. After 48 h the lentiviral par-
ticle-containing medium was clarified by centrifugation at 1000
rpm for 5 min at 4 °C. The supernatant was transferred to a
clean tube followed by the addition of Polybrene to 8 ug/ml.
The packaged virus was used to infect 4T1 cells at 80% conflu-
ency for 24 h, and infected cells were selected with puromycin
at 1 ug/ml

Female Balb/C nude mice at 5 weeks of age were subcutane-
ously injected with 5 X 10° 4T1 cells infected with various miRs
and/or expression plasmids as indicated in the text. Tumor size
and weight were quantified 2 weeks after injection.

Results

Identification of the p53 Activating Kinase DAPK3 as a Key
Target for miR-17/20a—To fully comprehend the regulatory
network of miR-17/20a in cancer, it has been suggested that
identification and characterization of additional targets for
these oncomiRs will be necessary (11). Toward this goal, we
applied an experimental strategy to identify miR targets by
primer extension from specific miRs in immunoprecipitated
Ago2-containing RNA-induced silencing complex (12). We
identified a p53-Ser-20 kinase characterized earlier as DAPK3
to be a target for miR-17/20a (Fig. 1A4) (13-16). Interestingly,
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the newly identified target site resides within the second exon of
the DAPK3 gene, which is evolutionarily conserved among
mammals (Fig. 14). We also noted multiple Ago2 binding
events on the site from several independent genome-wide
Ago2-RNA interaction datasets (17-19), together suggesting
that this target site is a bona fide site for miR-17/20a in the
human genome.

The miR-17/20a target site is unique to DAPKS3, as the cor-
responding sequences in related DAPK1 and DAPK2 are highly
diversified (Fig. 1A). To establish the targeting specificity, we
used biotinylated miR-17/20a transfected in HeLa cells to cap-
ture DAPK3, but not DAPK1 or DAPK2 under the same exper-
imental conditions (Fig. 1B). These data suggest specific bind-
ing of miR-17/20a with the DAPK3 mRNA.

Although miRs typically target 3'-UTRs, there are several
reports that document the capacity of miRs to target protein-
coding sequences (CDS) (17, 18, 20, 21). We have also taken
this opportunity to further determine the mechanism for
CDS-targeted miRs, such as the effect of transfected miR-17/
20a on endogenous DAPKS3 (see below in Fig. 5A4). To deter-
mine the requirement for deduced base-pairing between
miR-17/20a and the identified target site in DAPK3 mRNA,
we cloned the DAPK3 cDNA as a fusion protein with a FLAG
tag in the N terminus (Fig. 1C). For comparison, we intro-
duced synonymous mutations in the DAPK3 target site to
disrupt miR-17/20a binding (Fig. 1D). In response to miR-
17/20a overexpression in transfected HeLa cells, the level of
FLAG-DAPK3 was greatly reduced, whereas the GFP signal
expressed from the IRES-eGFP unit in the same expression
plasmid was unaffected (Fig. 1C, lower panel). The mutations
in the miR-17/20a targeting site prevented the effect of
transfected miR-17/20a and, instead, responded to a mutant
miR mimic designed to restore the base-pairing potential
with the mutant reporter (Fig. 1D, lower panel). We detected
no change in the mRNA level with either wild type or mutant
reporters under these experimental conditions (Fig. 1E).
These data suggest that miR-17/20a targets DAPK3 in the
CDS region to suppress its translation.

A Key Role of DAPK3 in miR-17/20a-dependent Regulation of
Genome Stability—miR-17/20a is known to provide a critical
function in protecting the genome against DNA damage, as
blockage of these oncomiRs has been shown to induce dsDNA
breaks and cell cycle arrest (22). We first confirmed the induc-
tion of dsDNA breaks in HeLa cells transfected with antagomirs
against miR-17/20a, as indicated by immunostaining anal-
ysis for dsDNA breaks markers, such as ATM(Ser-1981),
p53BP1(Ser-25/29), and y-H2AX (Fig. 24, first column).
These effects could also be validated by Western blotting
with specific antibodies to detect elevated ATM(Ser-1981),
and p53BP1(Ser-25/29), and y-H2AX relative to the consis-
tent total protein level in each case in response to transfected
antagomirs against miR-17, miR-20a, or both (Fig. 2C). The
elevation of DAPK3 expression was also confirmed under
the same conditions.

Similarly, DAPK3 overexpression (Fig. 2B) exhibited the
same effect at both immunostaining and Western blotting lev-
els (Fig. 2, A and D). We next determined whether miR-17/20a
depletion-induced genome instability is DAPK3-dependent. By

JOURNAL OF BIOLOGICAL CHEMISTRY 19969



miR-17/20a Targets a p53 Kinase to Promote Tumorigenesis

Scale hg18:+ 15 kb
chr19: 13,922,000 13,921,000 13,920,000 13,919,000 13,918,000 13,917,000 13,916,000 13,915,000 13,914,000 13,913,000 13,912,000 13,911,000 |
RefSeq Genes
DAPK1 CTACCTC:CAC'C AT
DAPK2 CTACCTTCACAC AT
(el AAAU miR-20a
Mammal Cons GAUGGACGUGA AUUCGUG
trrrrerrrrr el
Human CCAGTTCCTCAAGCAGATCCTGGACGGCGTTCACTACCTGCACTCTAAGCGCATCGCACACTTTGACCTGAAGGTGAGCCCTGTAGGGC
Rhesus TCAGTTCCTCAAGCAGATCCTGGACGGCGT CACTACCTGCACTCCAAGCGCAT T GCGCACTTTGACCTGAAGGTGAGCCC GT =====
Mouse GCAGTTCCTCAAACAAATCCTAGACGGTGTCCACTACCTGCACTCCAAGCGCATCGCACACTTTGACCTGAAGGTG CACGT =====
Horse CCAGTTCCTCAAGCAGATCCTGGACGGCGTCACTACCTGCACTCCAAGCGCATCGC CACTT GACCT AAGGTGAGCCC!G======
Cat CCAGTTCTCAAGCAGATCCTGGACGGCGT  CACTACCTGCACTC AAGCGCATCGC  CACTTC GACCT AAGGTGAGCC=========
Platypus 7CAGTTCTCAAGCAGATCCTGGAT GG GT CACTACCTGCACTCCAAGC/CATTGC CACTTTGACCT AAGGTGAG  CTTG======
Chicken CCAGTTCCTCAAGCAGATCCTGGACGG:GT CATTACCTGCATTC AAGCGCATCGCACACTTTGACT TGAAGGTG G AGGG
B N QJ\« S C D
s XL & DAPK3 DAPK3 mutant
K O O 0 @’b P cmv P cmv
N © © Q Flag-DAPK3 CDS —— Flag-DAPK3 CDS
oark |
P c AUCG c A A__GAUCG
300bp DAPK3 CUACCUGCACU ~UAAGCGC DAPK3 mutant UUAUCU CAUU ~~ AA" CG
DAPK2 _200bp PERRRRRRRET BRRRESH ey SIISTLAISLHE T
miR-17 CGUG miR-17 GAUGGA _GUGA__ UU _GU
100bp C C_G_C CcU CAUCG
_200bp DAPK3 “UA “CU CA U~ ~AAGCG DAPK3 mutant U UAUCUCCAUU S A aaacaCAYCC
GAPDH [ N L B TSI O R EAY PRRRRRRRNRT HRRNNS
miR-17 mutant AU GA _GU, A _ UUUGU iR-
AAU LGA GU A CAAAC  MIR-17 mutant AAUAGAGGUAA LUUUUGU., ,
© E=
AT o1,
X 15 s a15
1 £
EB 1 e 2 Gl + - - N . _
= ag miR-17/20a + __MiR-17/20a
35 S miR-17/20a mutant ~ — - + miR-17/20a mutant  — N '
3 % 05 3 o 05 Flag-DAPK3 + + + Flag-DAPK3 mutant
23 g a-Flag [Smm—— — a-Flag [—= — ]
§_ g s - GFP i ———— 0-GFP [~ ~— ]
g
[T
O
&E K P
S &

FIGURE 1. miR-17/20a targets DAPK3 in the coding region. A, an experimentally identified miR-20a target site resides in a conserved region in the second
exon of the DAPK3 gene. B, biotinylated miR-17/20a specifically captured DAPK3 mRNA in a biotin pulldown assay. DAPK1 and -2 served as negative controls.
C, base-pairing interactions between miR-17/20a and DAPK3 (upper panel) and Western blotting analysis of FLAG-tagged wild type and mutant DAPK3 in
response to transfected miR-17/20a in Hela cells (lower panel). P cmv, CMV promoter. D, base-pairing potential between a mutant miR-17/20a mimic and
DAPK3 and restored base-pairing with a mutant DAPK3 (upper panel) and Western blotting analysis of FLAG-tagged wild type and mutant DAPK3 in HeLa cells
transfected with the wild type and mutant miR-17/20a (lower panel). E, unaltered mRNA levels of FLAG-tagged wild type and mutant DAPK3 in response to

transfected miR-17/20a mimics.

treating the cell with siRNA against DAPKS3 (Fig. 2B), we found
that the treatment effectively prevented miR-17/20a antago-
mir-induced genome instability (Fig. 24, third column). In con-
trast, we detected little effect after siRNA-mediated depletion
of either DAPK1 or DAPK2 (Fig. 24, fourth and fifth column),
whose efficient knockdown was confirmed by Western blotting
(Fig. 2B).

A previous study assigned a role of E2F1 in mediating miR-
17/20a depletion-induced genome instability (22). However,
in our hands we still detected significant signals for induced
dsDNA breaks in HeLa cells co-transfected with miR-17/20a
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antagomirs in combination with siRNA against E2F1 (Fig.
2A, last column). Taken together, these data suggest that
DAPK3 is a major mediator in miR-17/20a depletion-
induced genome instability. Defects in this pathway may
thus increase the mutation rate to propel tumorigenesis
(23).

A Positive Feed-forward Loop to Amplify miR-17/20a—To
further understand the potential functional interplay between
DAPK3 and miR-17/20a expression, we found that DAPK3
overexpression repressed both the primary and mature miRs from
the miR-17-92 cluster in HeLa cells (Fig. 34). Given p53 has been
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FIGURE 2. DAPKS3 is critical for miR-17/20a depletion-induced dsDNA breaks. A, confocal microscopic analysis of dsDNA breaks by staining for ATM(Ser-
1981), p53BP1(Ser-25/29), and yH2AX in HeLa cells transfected with miR-17/20a antagomirs or the pcDNA3-based plasmid to overexpress FLAG-DAPK3 or in
combination with siDAPK1, siDAPK2, siDAPK3, or siE2F1 as individually marked on the top. B, Western blotting analysis to verify DAPK3 overexpression and the
effects of multiple siRNAs against DAPK1, DAPK2, DAPK3, and E2F1. NC, negative control. C, Western blotting analysis of dsDNA breaks by detecting levels of
ATM(Ser-1981), p53BP1(Ser-25/29), and yH2AX as well as DAPK3 in HeLa cells transfected with miR-17, miR-20a, and miR-17/20a. D, Western blotting analysis
of dsDNA breaks by ATM(Ser-1981), p53BP1(Ser-25/29), and yH2AX in HeLa cells in response to DAPK3 overexpression.

implicated as a transcriptional repressor for the miR-17-92a clus-
ter (10), we extended the analysis on a pair of isogenic HCT116 and
HCT116 p53~ /" cell lines. We observed with let-7 as an internal
negative control that the steady state levels of miRs from the miR-
17-92a cluster were all lower in wild type HCT116 cells relative to
HCT116 p53 /" cells (Fig. 3B).

DAPKS3 has been established as a key enzyme for catalyz-
ing Ser-20 phosphorylation in the transactivation domain of
p53, which is critical for the function of p53 in suppressing
B-cell tumors (24). By overexpressing DAPK3 in wild type
HCT116 cells, we confirmed elevated p53 phosphorylation
at Ser-20 (Fig. 3C). This was again correlated with the repres-
sive effect of DAPK3 overexpression on the expression of
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both primary and mature miRs from the miR-17-92a locus in
wild type HCT116 cells (Fig. 3D). We next repeated the
experiment on HCT116 p53 /" cells, finding that inactiva-
tion of p53 abolished the effect of overexpressed DAPK3 on
miR-17-92a expression (Fig. 3E).

Taken together, these data suggest that DAPK3 is a key
kinase for p53-Ser-20 and represses miR-17/20a transcription
in a p53-dependent manner. These findings imply that elevated
miR-17/20a would diminish DPAK3, which would in turn
attenuate p53 activation, thus leading to transcriptional de-re-
pression of the miR-17/20a locus. This positive feed-forward
loop may thus contribute to miR-17/20a amplification in
human cancers (see “Discussion”).
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FIGURE 3. DAPK3 mediates a feed forward loop between miR-17/20a and p53. A, RT-gPCR analysis of primary and mature miR-17/20a in Hela cells
transfected with a DAPK3 overexpression plasmid. B, RT-qPCR analysis of primary and mature miR-17/20a in HCT116 cellsand HCT116 p53 ™/ cells. C, Western
blotting analysis of p53 Ser-20 in HCT116 cells in response to DAPK3 overexpression. D, RT-gPCR analysis of primary and mature miR-17/20a in HCT116 cells in
response to DAPK3 overexpression. E, RT-qPCR analysis of primary and mature miR-17/20ain HCT116 p53 ™/~ cells in response to DAPK3 overexpression. *, p <

0.05; **, p < 0.01; ***, p < 0.001 based on triplicate experiments.

Contribution of DAPK3 to Genome Instability in a p53-inde-
pendent Manner—Given p53 is involved in regulated expres-
sion of miR-17/20a, which in turn controls the level of DAPK3,
and the well known involvement of p53 in dsDNA breaks, we
wondered whether DAPK3 overexpression-induced genome
instability might also be influenced by the p53 status. We trans-
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fected miR-17/20a antagomirs in HCT116 or HCT116 p53 ™/~
cells, finding elevated yH2AX in both cell types (Fig. 4, A and B).
Similarly, DAPK3 overexpression in both cell types also
induced dsDNA breaks, as indicated by elevated yH2AX (Fig. 4,
Cand D). These observations suggest that another pathway(s),
rather than p53, is responsible for induced dsDNA breaks in
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FIGURE 4. Genome instability in response to depletion of miR-17/20a or DAPK3 overexpression is independent of p53. A, analysis of dsDNA breaks by
Western blotting for yH2AXin HCT116 cells transfected with miR-17 antagomir, miR-20a antagomir, or both (left panel) or in response to DAPK3 overexpression
plasmid (right panel). B, analysis of dsDNA breaks by Western blotting for yH2AX in HCT116 p53 ™/~ cells under the same conditions as A.
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FIGURE 5. DAPK3 contributes to miR-17/20a-enhanced tumorigenesis. A, Western blotting analysis to p21, c-Myc, and DAPK3 levels in mouse breast cancer
4T1 cells stably expressing miR-17/20a or in combination with the expression plasmids for wild type DAPK3 or a miR-17/20a-resistent DAPK3. B, tumor size of
mice subcutaneously injected with 4T1 cells from A. C, quantification of tumor weight from B. *, p < 0.05; ***, p < 0.001. D, DAPK3 mRNA levels in c-Myc
transgenic tissues and control tissues (from Ref. 6). E, an extended gene network regulated by miR-17/20a in tumorigenesis. miR-17/20a inhibits E2F1 and E2F1
promotes transcription from the miR-17-92 gene cluster. E2F1 and c-Myc enhance each other at the level of transcription, and c-myc also positively regulates
miR-17/20a transcription. Blue shading highlights the new branch in this network, illustrating that miR-17/20a translationally inhibits DAPK3, which is respon-
sible for phosphorylating p53 at Ser-20 (and perhaps other sites), and that activated p53 transcriptionally represses miR-17/20a, thus forming a positive
feed-forward loop to elevate miR-17/20a in tumor cells. miR-17/20a is also known to inhibit BCL2L11 (BIM) to impair the apoptotic program and to inhibit p21
to promote cell cycle. Together, these events promote tumorigenesis with a central role of miR-17/20a in the regulation of this gene network.

response to antagomir-mediated depletion of miR-17/20a and model. For this purpose, we utilized a breast cancer 4T1 cell line
DAPK3 overexpression. in which we stably augmented the miR-17/20a level by lentivi-

A Key Role of DAPK3 in miR-17/20a-dependent Tumorigenic  rus infection. Western blotting showed that this led to dimin-
Pathway—W e next wished to establish a direct contribution of  ished expression of the endogenous DAPK3 (Fig. 54). For com-
DAPK3 to miR-17/20a oncogenic functions in an animal parison, we also engineered co-expression of wild type DAPK3

AUGUST 7,2015-VOLUME 290-NUMBER32  SASBMB JOURNAL OF BIOLOGICAL CHEMISTRY 19973



miR-17/20a Targets a p53 Kinase to Promote Tumorigenesis

or a variant DAPK3 that carries synonymous mutations in the
miR-17/20a target site, and as expected, we detected elevated
DAPK3 when the miR-17/20a target was mutated (Fig. 54). To
connect DAPK3 to other key components in the oncogenic
miR-17/20a pathway, we examined the levels of p21 and c-Myc,
showing dramatic elevation of both in response to DAPK3
overexpression. These data suggest that DAPK3 plays a central
role in controlling the miR-17/20a-regulated oncogenic
pathway.

We subcutaneously injected these cells in Balb/C nude mice
and examined the tumor size 2 weeks later. We found that aug-
mented expression of miR-17/20a indeed enhanced tumor
growth, as evidenced by the larger tumor mass (Fig. 5B). In
contrast, restored expression of wild type DAPK3 attenuated
the effect, and the expression of a miR-17/20a-resistant DAPK3
was more effective in attenuating the tumorigenic potential
(Fig. 5B). The data were quantified based on tumor weight,
which is consistent with the observed tumor size (Fig. 5C).
Taken together, these data suggest that DAPK3 down-regula-
tion contributes to the oncogenic functions of miR-17/20a in
tumor development.

Discussion

By applying an experimental strategy for identifying miR tar-
gets, we unveiled DAPK3 as a new target for oncogenic miR-17/
20a. The target site resides in the highly conserved second exon
of the DAPK3 mRNA. We demonstrate that miR-17/20a was
highly effective in regulating the expression of both endoge-
nous and exogenous DAPK3. These findings provide a further
example for the functionality of CDS-targeted miRs.

Importantly, we provide evidence that regulated DAPK3
expression is critical for miR-17/20a-dependent protection of
genome stability, which was previously attributed to E2F1 (22).
However, our data suggest that the major role in this pathway is
provided by DAPK3. Interestingly, overexpression of DAPK3 in
both HeLa and HCT116 cells induced dsDNA breaks regardless
of the p53 status. These results indicate that elevated DAPK3
induces genome instability via a p53-independent mechanism,
which warrants future investigation.

As miR-17/20a overexpression has been observed in diverse
human cancers, it remains unclear how overexpression of these
oncomiRs is maintained and/or regulated in cancers. Although
E2F family members have been well characterized as the targets
of these oncomiRs, the negative feedback loop formed between
E2Fs and miR-17/20a seems to be sufficient to account for
homeostatic expression of these oncomiRs but insufficient to
explain their overexpression in human cancers. We now eluci-
date a new pathway that involves the p53 activating kinase
DAPKS3. By integrating the existing information, we are able to
construct a highly intertwined regulatory network as follows.

c-Myc has been well established to transcriptionally activate
the miR-17-92a locus (6), which is predicted to diminish
DAPK3 expression according to the newly identify pathway in
the current study. We examined the existing data from several
c-Myc overexpression cell lines (6). Compared to isogenic con-
trol lines, we indeed noted lower DAPK3 mRNA levels in mul-
tiple c-Myc overexpressing lines (Fig. 5D). More importantly,
our data also suggest a positive feed-forward loop, as high-
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lighted in blue shade (Fig. 5E). In this loop, initially elevated
miR-17/20a, which may be induced by increased c-Myc fol-
lowed by the homeostatic regulation via E2Fs, may diminish
DAPK3. This would limit the p53 activation potential, thus sup-
pressing its tumor suppressor function. Such attenuated p53
function would also cause transcriptional de-repression of
miR-17/20a, allowing the maintenance of these elevated
oncomiRs in tumor cells.

Moreover, such reduced p53 would also be less effective in
activating p21. In this regard a previous study suggests that
DAPK3 may also function as a key kinase for phosphorylating
p21 to increase its half-life (25). Consistently, we detected a
dramatic increase in p21 expression in DAPK3 overexpression
cells (Fig. 5A). Via these combined mechanisms, diminished
DAPK3 may thus promote tumorigenesis by reducing p21
expression and its protein stability, thereby enhancing tumor
cell proliferation.

The regulatory network elucidated in the present study pro-
vides critical insights into the function of DAPK3 in both
healthy and disease states. In healthy cells and tissues, a bal-
anced DAPK3 level may be critical to ensure genome stability,
which likely functions in conjunction with E2F family members
to keep miR-17/20a at a hemostatic level. When cells undergo
oncogenic transformation, such as those induced by miR-17/
20a overexpression in response to c-Myc amplification or other
oncogenic events, the cellular defense system mediated by
DAPK3 is diminished. The data presented in this report dem-
onstrate that this pathway plays a central role in miR-17/20a-
induced tumorigenesis.
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