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Abstract

The Tristetraprolin (TTP)protein familyincludesfour mammalian member@ TP, TIS11b,
T1S11d, and ZFP36),®ut only one inDrosophila melanogagi2fiS1). These proteinind
target mMRNAs withAU-rich elemens (ARES) viatwo C3H zincfinger domaingnddestabilize
the mRNAs.We found that overexpressn of mouse TIS11b or DTIS1ih the Drosophila
retina dramatically reduced eye size, similathe phenotype okyes abselfeyg mutants.
The eyatranscript is one of manAREcontaining mRNAsn Drosoptal We showed that
TIS11lbreduced levels oeyamRNA in vivoln addition overexpression of Eyaescued the
TIS11b overexpression phenotype RNA pulldown and luciferase reporter anabss
demonstrated thathe DTIS11RNA-binding domain is required f@TISL1 to bind theeya3;
UTR andreduce levels ofyamRNA. Moreover, ectopic expression of DTIS11Dnosophila
S2 cells decreasédelvels okyamRNA andreducedcell viability. Consistent with #seresults,
TTP proteinsoverexpressedn MCF7human breast cancerellswere associatd with eya
homologu2 (EYA2 MRNA, and caused decreasdén EYAZNRNA stability and cell viability.
Our results suggest thaayamRNA is a target of TTP proteins, andhat downregulation of
EYAby TTPmaylead to reducedcell viability irDrosophiland human cedl

Key words: eyes absentristetraprolin , Drosophila AU -rich element, RNA stability .

Introduction

Gene expression in eukaryotic cells is ahighly
dynamic process, involving transcription, splicing,

recognized by a subset of RNA -binding proteins that
modulate RNA stability [2]. Tristetraprolin (TTP)

mMRNA export, MRNA localization, mRNA stabili za-
tion, and translation. In mammal s, a genomewide
study estimated that 40-50% of changes in gene g-
pression in response to cellular signals occur at the
level of mRNA stability [1]. The AU-rich elements
(AREs) in mRNA 3 untranslated regions (UTRs) are

proteins bind AREs and destabilize mRNA [3]. This
family is comprised of three protein s in man and four
in rodents [4], including TTP (also called TIS11,
ZFP36, NUP475,0r G0S24), TIS11b (ZFP36L1, ERF1,
BRF1,or CMG1), TIS11d (ZFP36L2, ERF2por BRF2),
and the rodent-specific ZFP36L3[5]. All TTP proteins
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have a highly conserved C3H tandem zinc finger
(TZF) domain, which bind sto AREs and promotesthe
deadenylation and destruction of ARE-containing
target sequencesg[6,7].

In macrophages, TTP affects inflammation by
negatively regulating the expression of
pro-inflammatory factors such as tumor necrosis fac-
tor (TNF) and granulocyte-macrophage colo-
ny-stimulating factor [8,9]. In Drosophilamelanogaster
there is only one protein in the TTP family, DTIS11.
Expression levels of antimicrobial peptides are regu-
lated by the effects of DTIS11 on mRNA stability
[10,11] Biological function analyses have shown that
overexpression of TTP family members induces
apoptosis in a variety of cell lines, including Hela,
U20S, SAOS13T3, and B cell lymphoma cells[12014].
Both TTP and TIS11b targetclAP2 mRNA to regulate
apoptosis [15,16]

Using systematic genomic approaches, ®veral
MRNA targets of TTP proteins have been identified
[17619]. The DrosophilaARE database (DARED) in-
dicates that ~16% of Drosophila genes contain the
mammalian ARE signature, an AUUUA pentamer
with in an AU -rich context [20]. In Drosophila DTIS11
temporally regulates gene expression through
ARE-mediated mRNA decay [20]. To better under-
stand TTP function in vivo, we overexpressed TTP
proteins in the fly retina . Strikingly , this resulted in a
phenotype that was similar to eyes absent (eykss of
function . We further demonstrated that eyamRNA is
a TTP binding target, and that eyamRNA is down-
regulated in response to TTP in vivo. We performed
similar analyses in MCF7 cells, a humanbreast cancer
cell line, and found that TTP overexpression destabi-
lized EYA2 mMRNA . These resultssuggest that the in-
teraction between TTP proteins and eyamRNA is a
conserved regulatory mechanism that functions in a
number of species and cell types

Materi als and methods

Plasmid constructs

Drosophila Gateway technology was used to
generate plasmids for expressing tagged proteins.
Mouse TIS11bwas PCR amplified from cDNA d e-
rived from mouse RAWZ264.7 cells (forward primer
5;-CACCATGACCACCACCCTCGTGTC -3j, reverse
primer 5j-TTAGTCATCTGAGATGGAGAG -3)).
DTIS11was PCRamplified from DrosophilaEST clone
LD36337 (NHRI, Taiwan) (forward primer
5i-CACCATGTCTGCTGATATTCTGCAG -3j, reverse
primer 5j-TTAGAGTCCCAAATTGGACTG -3j). PCR
fragments were cloned into pENTR/D -TOPO vector
(Invitrogen), confirmed by sequercing, and then

transferred into Drosophila Gateway vectors pTFW
and pTGW (gift s from Dr. M. -T. Su)via the Clonase Il
reaction (Invitrogen) to generate H.AG-tagged and
GFP-tagged protein expression plasmids, respective-
ly. The 3j UTR of eyawas PCR amplified from cDNA

derived from fly heads (forward  primer
5j-GAAAGGCCAAACTGTAAGGG -3 [hereafter, F
primer], reverse primer 5]-ATAGAGTGCGTT

GCTGTTGG-3; [R primer]). The resulting PCR frag-
ment was ligated into pCRII-TOPO vector (Invitr o-
gen), sequenced, and transferred into the 3j end of
pCMV -FLAG-Luciferase (Stratagene) for use in re-
porter assays. The 3 UTR was separated into three
fragments via PCR using the following primers:
fragment 1, F primer and 5j-CGGGTACCGATCG
TTGATTAGGTGTTTA -3j; fragment 2, 5j-GTAACA
ATTCTCGCACGAAG -3j and 5i-CAGCCAGGATG
CGTATC-3j; fragment 3, 5i-GAGAAGCGGA
GCAAACAC -3jand R primer. These fragments were
ligated into the 3j end of pCMV -FLAG-Luciferase.
Coding sequences for mouse TIS11band TIS11dwere
PCR amplified from cDNA derived from R AW 264.7
cells that had been treated for 2 h with lipopolysa c-
charide. For TIS11h forward and reverse primers
were 5§ ATGACCACCACCCTCGTGTC -3j and
5;-TTAGTCATCTGAGATGGAGAG -3j, respectively.
For TIS11ld forward and reverse primers were
5;-ATGTCGACCACACTTCTGTCAC -3; and
5;-TCAGTCGTCGGAGATGGAGAGGCG -3j, respec-
tively . After sequencing, PCR fragments were sub-
cloned into pCMV -Tag2B (Stratagene) and pEGFRC2
(Clontech) for expression in mammalian cells. The
cloning of mouse TTP has beendescribed [21].

Site-directed mutagenesis

DTIS11F158N and mTTPF18N mutants w ere gener-
ated using the QuikChange site-directed mutagenesis
kit (Stratagene). For these reactions, FGW-DTIS11,
pCMV -FLAG-DTIS11, and pCMV-FLAG-TTP were
used as templates. Primers containing the desired
mutation (underlined) were designed as follows:

DTIS11, forward 5i-GAA GTGCCAGAACG
CCCATGGA-3j and reverse 5-TCCATGGGCG
TTCTGGCACTTC-3j; TTP, forward

5i-CAAGTGCCAG AA TGCTCACGGC-3j and reverse
5i-GCCGTGAGCATTCTGGCACTTG-3;. All mut a-
tions were verified by sequencing.

Fly stocks

eyd&, UAS-eyg UAS-GFP, tub-Gal80s, and egGal4
flies were from Y. Henry Sun (Institution of Molecular
Biology [IMB], Academia Sinica, Taiwan); UAS-Bcl,
UAS-p53DN, UAS-p35 UAS-DIAP, UAS-mCD8GFR,
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Lz-Gal4, and GMR-Gal4 flies were from the Bloom-
ington Stock Center, and UAS-dTIS1RNA flies were
obtained from the Vienna DrosophilaRNA i Center. All
fly stocks were maintained in 23° or 26°C environ-

mental insect culture chambers. The
pPUAS-FLAG-DTIS11, PUAS-FLAG-mTIS11b,
PUAS-GFP-mTIS11b, PpUAS-GFP-DTIS11, and

PUAS-FLAG-DTIS11F1%8N  expression vectors were
introduced into flies by traditional germ -line trans-
formation at the IMB.

Cell culture

Drosophila Schneider (S2 cells were grown at
25UC i n S Brosophilathediurd §invitrogen)
containing 10% heatinactivated fetal bovine serum
(FBS; GibceBRL). Human embryonic kidney (HEK)
293T cells were grown at 37°C and5% CO, in DMEM
supplemented with 3.7 g/ L sodium bicarbonate and
10% FBS. Human breast cancer cedl (MCF7) were
cultured in MEM supplemented with 2 mM
L-glutamine, 0.1 mM non-essential amino acids, 1 mM
sodium pyruvate, 0.01 mg/m L bovine insulin, and
10% FBS.All three cell lines were purchased from
Bioresource Collection and Research Center (BCRC,
Taiwan)

Immunoblotting analysis

Fly heads or cultured cells were harvested and
extracted in whole -cell extract buffer (25 mM HEPES,
pH 7.5, 300 mM NaCl, 1.5 mM MgCl;, 0.2 mM EDTA,
0.1% {/v) Triton X -100, 0.5 mM DTT). Whole-cell
extracts (20 ng) were separated by SDSPAGE and
detected using anti-FLAG (Sigma-Aldrich), anti -GFP
(GeneTex), anti-Eya (DrosophilaHybridoma Bank ), or
anti-gH2AX (Cell Signaling). The peroxidase labeled
goat anti-rabbit or goat anti-mouse secondary ant-
body (KPL) in combination with Western Lightning -
enhanced chemiluminescence substrate (PerkinElmer)
were used for detection on X-ray film from FUJIFILM
Corporation.

RNA immunopr ecipitation (RNA -IP)

Whole-cell extracts (300 ng) from control fly
heads or fly heads expressing FLAG-mTIS11b were
adjusted to 25 mM HEPES, pH 7.5, 150 mM NaCl, 1.5
mM MgCl ,, 0.2 mM EDTA, 0.1% (v/v) Triton X-100,
0.5 mM DTT, and 1 U/ L RNasin. Samples were
pre-cleaned with protein A- Sepharose (Amershan
Pharmacia) for 1 h. After centrifugation, an-
ti-FLAG -Sepharose (SigmaAldrich) was added to the
supernatants and rotated at 4°C for 2 h. Beads were
washed three times using NT2 buffer (50 mM
Tris-HCI, pH 7.4, 150 mM NaCl, 1 mM MgCl ,, 0.05%
NP-40) and then incubated with 100 nL NT2 buffer

containing 5 U RNase-free DNase | (Ambion) for 15
min at 30°C. Beads werewashed once with NT2 buffer
and then incubated in 100 niL NT2 buffer containing
0.1% SDS and 0.5 mg/nL proteinase K at 55°C for 15
min. For RT-PCR, RNA was extracted with TRIzol
(Invitrogen). cDNAs of interest were amplified using
4% of the RT reaction in a 20-uL PCR reaction can-
taining 10 pmol forward and reverse primers, respec-
tively : eya 5-CCTGGCTACAGATACGCTCG -3j and
5;-TGGAGGTTACCAGCACGTTG -3j; rp49, 5-GCG
CACCAAGCACTTCATC -3;j and 5i-GTAAACGC
GGTTCTGCATGAG-3j. PCR products were separat-
ed wusing 2% agarose gel electrophoresis.
FLAG-tagged TTP and TTPF118N were expressed in
MCF7 cells, and whole-cell extracts were isolated to
perform RNA -IP. After RNA isolation and reverse
transcription, human EYA2 and b-actin mRNA were
detected by PCRusing the following primers: EYA2,
5i-GGACAATGAGATTGAGCGTGT -3j and 5;-ATGT
GGGGTTGAGTAAGGAGT -3j;  b-actin, 5-GCAC
CAGGGCGTGATGG-3j and 5;-GCCTCGGTCAGCA
GCA-3;.

RNA pull-down analysis

To overexpress mouse TTP family proteins and
DTIS11,1 x 10 HEK293T cells were transfected with
GFP-TTP, GFRTIS11b, GFPRTIS11d, GFRDTIS11,
FLAG-DTIS11, or FLAG-DTIS11F158N expression
plasmid (10 T g ) usi ng cal cprecipiha-
tion. Cytoplasmic extracts were prepared using hy-
potonic buffer (10 mM HEPES, pH 7.5, 10 mM potas-
sium acetate, 1.5 mM MgChk, 2.5 mM dithiothreitol,
0.05% NR40, protease inhibitor cocktail (Sig-
ma-Aldrich) , and phosphatase inhibitors containing
0.01 M b-glycerol phosphate, 0.1 mM Na;MoO4, 0.1
mM Na3VO4, pH 10.0, and 0.01 M NaF).The potas-
sium acetate concentration of the extracts was ad-
justed to 90 mM, and then 0.2 U/ uL RNase inhibitor
(Promega) and 0.1 pg/ pL yeast tRNA (Ambion) were
added. Extracts were incubated with 15 niL hepa-
rin-agarose (SigmaAldrich) at 4°C for 15 min, and
subsequently cleaned with 10 nL streptavi-
din-Sepharose (Invitrogen) for 1 h at 4°C with rot a-
tion. In vitro- transcribed biotinylated ARE (4 pg) from
the 3j UTR of eyg TTP, TNF, or control 18S RNA
(T7-MEGAshortscript, Ambion) was added to the
supernatant, and the mixture was incubated for 1 h at
4°C. The protein and biotinylated RNA complexes
were recovered by addition of 10 niL streptavi-
din-Sepharose at 4°C for 2 h with rotation. After
washing four times with binding buffer (10 mM
HEPES pH 7.5, 90mM potassium acetate, 1.5 mM
MgCl,, 2.5mM dithiothreitol, 0.05% NP -40, and pro-
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tease and phosphatase inhibitor  cocktails),
pulled -down complexes were analyzed by im-
muno blotting using ant i-FLAG.

Transfection and luciferase reporter analysis

HEK293T cells were seeded iro six-well plates
at a density of 2 x 10 cells/well. The next day, cells
were transfected using calcium phosphate precipit a-
tion (0.5 Mg pCMV -FLAG -luciferase or
pPCMV -FLAG -luciferase-eya3j UTR constructs, 0.01 ug
pCMV -b-galactosidase, and indicated dosages of
DTIS11 and DTIS1E!%8N expression vectors). After 36
h, RNA was isolated for quantitative PCR analysis
(described in next section), and cell lysates were cd-
lected for luciferase and b-galactosidase activity as-
says [22] and immuno blotting. To correct for varia-
tions in the transfection efficiency and expression
level of each construct, luciferase assayvalues were
divided by the b-galactosidase value and then nor-
malized to the control group. Each treatment condi-
tion was performed in duplicate, and each experiment
was repeated three timesindependently.

RNA isolation a nd quantitative PCR

To examine endogenous eyamRNA expression,
S2 cells were seeded ito six-well plates at a density of
5 x 1 cells/well and transfected with 3 T g of
pAC5.1-GFP, pPAC5.1-GFP-DTIS11, or
pAC5.1-GFP-DTIS11F158N ysing Lipofectamine 2000
(Invitrogen ). After 24 h, total RNA was collected us-
ing TRIzol. Total RNA (20 pg) was subsequently
treated with TURBO DNase (Ambion) at 37°C for 1 h,
and then extracted using TRIzol. Total RNA (5 ug)
was reverse-transcribed to cDNA in the presence of
0.517 goligo-dT primer using M -MLV reverse tran-
scriptase (Promega). Quantitative real-time PCR was
performed in a total volume of 20 pL with FastStart
Universal PCR Master Mix (Roche) on an Applied
Biosystems 7300 Reallime PCR System. Reactions
contained cDNA template plus forward and reverse
primers for eyaand rp49 (0.4 puM each). Smilar ex-
periments were performed in MCF7 cells overex-
pressing TTP family proteins. In these experiments,
PCR was carried out using human EYA2 and b-actin
primers. RNA from HEK293T cells (described above)
was analyzed by PCR using luciferase primers
(5i-ACAACACCCCAACATC TTCGA-3j and
5;-CGTCTTTCCGTGCTCCAAAA -3j) and
b-galactosidase primers (5i-GGATGTCGCTCCA
CAAGGTAA -3j and 5j-CGGTTGCACTACG
CGTACTGT-3j). Amplification conditions were 40
cycles of 95°C for 15s and 60°C for 1min. Results were
analyzed using a mathematical DDCt method.

MTS cell viability assay

S2 cells or MCF7 cells were seeded ito 96-well
plates at a density of 1 x 10* cells/well with 100 T L
culture medium. They were transfected with 0.2 T g
DNA using Lipofectamine 2000. After 2 days, 20T L
CellTiter 96 AQueous One Solution (Promega) was
added to eachwell, and cells were incubated at 25°(S2
cells) or 37°C (MCF7 cells) for 2 h. Absorbance at 490
nm was recorded using a SpectraMax M2e Microplate
Reader (Molecular Devices). Each treatment condition
was performed in triplicate , and each experiment was
repeated at least three times independently.

Determination of ¢ ell number in MCF7 cells

MCF7 cells were seededinto six-well plates at a
density of 1 3 10 cells/well and tra nsfected with ex-
pression vectors for GFP-tagged TTP family protein s
using Lipofectamine 2000. The medium was changed
after 20 h transfection and cells were harvested after
further 20 h. Cells were stained with trypan blue and
counted in a CountessAutomated Cell Counter (Inv i-
trogen) following t h e ma n u §iastructiomse r 6

Statistic al analysis

Luciferase reporter activity and RNA, endog e-
nous eyamRNA, and MTS cell survival assays were
quantified using one-tailed Studenté t-test. Drosophila
eye size was analyzed using ImageJ and two -tailed
Studentd t-test.

Results

Overexpression of TIS11 proteins resultin a
small eye phenotype

To investigate the biological function of TTP, we
used the Drosophilagenetic system to express both
mouse and fly TIS11. Fig 1A shows the amino acid
sequences of DTIS11 andthree mouse TTP family
members. The proteins have highly conserved TZF
domains, but variable N- and C-terminal sequences.
GFP-tagged TTP, TIS11b, TIS1ldand DTIS11 were
expressed in HEK293T cells and shown to bind the
ARE from TNF using a pull -down assay (Fig. 1B). This
indicates that DTIS11 and mouse TTP proteins have
similar RNA -binding activity. Moreover, DTIS11 or
mouse TIS11lbexpressedin the fly retina by specific
GMR-Gal4 caused an eyes absent or small eye phe-
notype, respectively (Figs. 2A8C). When DTIS11 was
expressedin the fly retina by a pigment cell driver,
Lz-Gal4, the number of pigment cells was dramati-
cally reduced and rhabdomere structure was dis-
rupted (Fig. 2E).
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Figure 1. Compa rison between Drosophila and mouse TTP family members. (A) Amino acid sequensaf Drosophil®TIS11
and mousd TPfamilymembers(B)HEK293T cells were transientlyansfected withGFP vectoior GFRtagged TTP, TIS11b, TIS1ad
DTIS1lexpression vectorsAfter 24 h, cytosolic extracts were isolated and incubated with biotinyl@t88ARE or control18SrRNA.

The pulled down proteinsvere subjected to immunobloanalysisisingantiGFP.
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Figure 2. Overexpression of DTIS11 proteins in the Drosophila eye. (A-D) Bright field images of fly retinas expressing TIS11
variants byGMRGal4. (A, control; B,DrosophildalIS11 [DTIS11]; C, murine TIS11b [mTIS11b]; D, RbAding domain mutant
DTIS1E158N. (E) Use of the pigment cell driver-Gal4to express DTIS11 in retina. Pupal eyes (48 h APF) were dissected and labeled by
immunohistochemistry (left, control; right, DTIS11 overexpression). Retinal pigment cells were revealed-agmauniillo staining
(green), and rhabdomere structure of phoreptors was counterstained with phalloidin (red). Scale bamddF) Immundlot analysis

of total protein from fly heads for expression of DTIS11 and DTF3®Y wili8 was used as a nemansgenic control. Numbers below

bands indicate amount of protein loaded.

The number of interommatidial cells is known to
be precisely regulated by programmed cell death
[23,24]. The severe redution in the number of inter-
ommatidial cells in this experiment implied that
overexpression of DTIS11 induced apoptosis. To nar-
row down this apoptotic time window and to deter-
mine which developmental stage was most affected
by DTIS11, we useda temperature-sensitive Gal4 re-
pressor (Gal80s) [25] to temporally regulate DTIS11
expression in the eye. When DTIS11 overexpression
was initiated during pupal development, the eye
phenotype was much milder than with the conven-
tional GMR-Gal4, which driv es constitutive expres-
sion from embryonic stages (Supplementary Material:
Fig. S1). Notably, when DTIS11 overexpression com-
menced at alate pupal stage (~85% after puparium
formation [APF]), numerous black spotsfi typically
indicative of apoptosisii were present in the adult

retina. Consistent with this observation, the
DTIS11-induced small eye phenotype was partially
rescued by two apoptosis inhibitors, Drosophilainhib-
itor of apoptosis (DIAP) and p35 (Supplementary
Material: Fig. S2).

Due to TTP family members belonging to
RNA -binding proteins, we next tested whether the
mRNA -binding capability of DTIS11 was required to
cause eye deficits. To this end, we generated a trars-
genic fly, UAS-DTIS11F158N, expressing a protein in
which the TZF RNA -binding domain , which is critical
for TTP function [26], was mutated. Interestingly, eyes
expressing DTIS1F158N did not exhibit an eyes absent
phenotype and were morphologically indistinguish a-
ble from wild type (Fig. 2D). Immuno blot analysis
confirmed that DTIS11F18N was indeed expressed
(Fig. 2F). Although DTIS11F158N was more abundantly
expressed than wild-type DTIS11, it did not elicit an
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aberrant eye appearance without a functional
RNA -binding domain. Taken together, our results
show that overexpression of DTIS11 in the fly retina
leads to eye defecs, and that the RNA -binding acti v-
ity of DTIS11 is required for this phenotype.

eya mRNA is a target of TTP proteins

To determine the mechanism by which DTIS11
affects eye development, we attempted to identify its
mRNA binding targets by performin g RNA-IP. We
took a candidate gene approach, concentrating on
ARE-containing genes that play a role in apoptosis
based on a search oD-ARED data [20]. However, the
level of DTIS11 protein in the eye was too low for
RNA-IP (Fig. 2F), likely because of the reduced
amount of eye tissue. Thus, RNA-IP was performed
using eyes expressing FLAG-tagged mTIS11b, which
elicited a milder phenotype (Fig. 2C).Using FLAG-IP,
RNA was isolated for reverse transcription followed
by semi-quantitative PCR analysis (Supplementary
Material: Fig. S3).The candidate gene eyaexhibited a
reduction in mMRNA and protein level in response to
mTIS11lb expresson (Fig. 3A). Furthermore, eya
mRNA and mTIS11b were present in the same can-
plex (Fig. 3A). To confirm that endogenous Eya was
downregulated spatially in the fly retina by overex-
pression of TIS11 proteins we performed Eya anti-
body staining in eye imaginal discs. As previously
reported [27,28], we found endogenous Eya expressed
primarily behind the morphogenetic furrow ( Sup-
plementary Material: Fig. S4), where the GMR-Gal4
was specifically expressed. Subsequently, when we
knocked down DTIS11 by egGAL4-driven RNAI , it
resulted in Eya accumulation and expansion in the
area before the morphogenetic furrow (Supplemen-
tary Material: Fig. S5).Interestingly, the eyanull phe-
notype is quite similar to that seen with DTIS11
overexpression [27] (Fig. 3B). In addition, eyaoverex-
pression was able to partially rescue the small eye
phenotype caused by TIS11b(Figs. 3C and D). To rule
out the possibility of unexpected effects on cell
growth from GMR-Gal4 driving UAS-Eya, Eya was
overexpressed alone in the fly retina. It did not result
in an overgrown eye phenotype (Supplementary M a-
terial: Fig. S6), clarifying that Eya overexpression in-
deed could rescue TIS11b mediated small eye phen-
type. These results suggest thateyamRNA is a target
of TIS11 proteins in vivo, and that downregulation of
eya mRNA by DTIS11 or mTIS11b overexpression
may result in the small eye phenotype.

Physical and functional interactions between
DTIS11 and the 3 j UTR of eya

To characterize the interaction between eyaand

DTIS11, the AREcontaining 3j UTR of eyamRNA was
evaluated. The 3 UTR was isolated and separated into
three fragments for binding analyses (Fig. 4A). RNA
pull -down experiments indicated that DTIS11 bound
to the full -length eya3j UTR and to fragment 1 (the
most proximal fragment to the coding sequence, but
not to fragment 2 or 3 (Fig. 4B). As a positive control,
we used the TTP ARE, a well-characterized ARE in
the 3j UTR of mouse TTP mRNA [22]. In addition, t he
DTIS11F158N mutant did not bind the 3j UTR of eya
(Fig. 4B).

To carry out reporter assays, we cloned the
full -length 3j UTR and eachfragment into the 3j end of
the luciferase gene. HEK293T cells were cotransfected
with the luciferase-eya3j UTR reporter plasmid plus a
FLAG -tagged DTIS11 expression plasmid and lucif-
erase activity was measured 24 h after transfection.
DTIS11 protein levels are shown in the lower panel of
Fig. 4C. Consistent with our RNA -protein interaction
data, DTIS11 significantly reduced luciferase activity
when the full -length 3; UTR or fragment 1 was tested.
Similar results were seen with TTP ARE. Downregu-
lation of luciferase activity by DTIS11 was also re-
flected in decreaseal levels of luciferase mRNA (Fig.
4D). In contrast, DTIS1IF1%8Ndid not affect luciferase
activity or RNA expression (Figs. 4C and D). Alt-
hough fragment 2 did not pull down DTIS11 protein
(Fig. 4B), luciferase activity was attenuated by DTIS11
overexpression using this fragment (Fig. 4C). These
results demonstrate that DTIS11 bindsto the 3j UTR of
eyamRNA (specifically, fragment 1), thereby reducing
eyaexpression.

DTIS11 downregulates eya expression and a f-
fects viability of S2 cells

To further demonstrate the downregulation of
eya mMRNA expression by DTIS11, we transfected
DTIS11 and DTIS11F158N into Drosophilaembryonic S2
cells. Total RNA was isolated and eyamRNA was
detected by quantitative PCR. Compared to the empty
vector and the RNA-binding mutant DTIS11 F158N as
negative controls, DTIS11 overexpressionsignificant-
ly decreased eyamRNA levels (Fig. 5A, left panel).
Immunoblotting revealed the levels of overexpressed
GFP-tagged proteins (Fig. 5A, right panel). Moreover,
data from MTS cell viability assays revealed that the
viability of cells overexpressing DTIS11was signifi-
cantly reduced compared with vector or DTIS11F158N
controls (Fig. 5B). Given the low transfection effi-
ciency of S2 cells wth Lipofectamine (<40%), dra-
matic decreases ofeyaexpression and cell viability is
unlikely. This indicates that DTIS11 may impair cell
viability by destabilizing eyamRNA in S2 cells.
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Figure 3. Identification of eya mRNA as a target of TIS11 proteins in  Drosophila. (A) Analysis ofeyaexpression.
Semiquantitative RTPCR determines the mRNA expression eya(top) and rp49 (middle), and the level acfyamRNA bound to
FLAGtagged TIS11b (bottom) in control and mouse TIS11b overexpressidddinbers indicateamount of RNAIP reactionanalyzed
by quantitative PCR. Right panel is immunoblotting analysis witkgati(BEye phenotypeesulting fromDTIS1L overexpressiorwas
similar tothe eyamutant. (C) Coexpressin of eyawith mTIS11hbpartially rescuedhe smalleye phenotype caesl by overexpressiomf
mTIS11lkalone (D) Statistial analysis showthat eyasignificantlyescued the reduced eye sizesulting frommTIS11b overexpression.
n=3; *P =0.0048by two-tailed Sudents t-test.
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