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Abstract. In a screen for RNA-binding proteins expressed duringthe dsRBM to be a compact structure consisting of two alpha-
murine spermatogenesis, we have identified a cDNA that encodéselices lying across the surface of a three-stranded anti-parallel
a protein of 911 amino acids that contains two copies of thebeta-sheet (Bycroft et al. 1995).
double-stranded RNA-binding motif and has 80% identity with RNA-binding proteins play important roles in RNA metabo-
human Interleukin Enhancer Binding Factor 3 (ILF3). Linkage andlism during germ cell development in several organisms (Beck et
cytogenetic analyses localized 8 cDNA to a portion of mouse al. 1998; Eberhart et al. 1996; Ellis and Kimble 1994; Ruggiu et al.
Chr 9, which shows conserved synteny with a region of human Chid997; St Johnston et al. 1991). During murine spermatogenesis,
19 where the human ILF3 gene had been previously localizedpost-transcriptional control is required owing to the silencing of
supporting that we had cloned the murine homolog of ILF3. North-global transcription several days before the completion of sper-
ern analysis indicated thif3 gene is ubiquitously expressed in matogenesis. Several RNAs encoding sperm structural proteins
mouse adult tissues with high levels of expression in the brainand chromosome-associated transition and protamine proteins are
thymus, testis, and ovary. Polyclonal antibodies detected multiplsynthesized in meiotic or early haploid cells, translationally re-
protein species in a subset of the tissues expredfidigRNA. pressed for several days, and then translated in late-stage sperma-
Immunoreactive species are present at high levels in the thymusids. Translational repression of protamine Rrril) mRNA is
testis, ovary, and the spleen to a lesser extent. The high degree mfquired for normal spermatogenesis with premature translation
sequence similarity between the mouse ILF3 protein and otheleading to a dominant male sterile phenotype (Lee et al. 1995).
dsRNA binding motif-containing proteins suggests a role in RNA Sequences residing in thélBIR of the Prm1 mRNA mediate
metabolism, while the differential expression indicates the mouseroper translational repression and activation (Braun et al. 1989;
ILF3 protein predominantly functions in tissues containing devel-Fajardo et al. 1997).
oping lymphocyte and germ cells. To identify potential translational regulators Bfm1 mRNA,
an expression cloning screen was employed to idertéyns
acting factors that bind to its'BTR. Here we report the primary

. characterization of a dsRNA-binding motif-containing protein

Introduction identified in this screen.

Several classes of RNA-binding motifs have been described (Burd .

and Dreyfuss 1994). One class, the double-stranded (ds)RNAMaterials and methods

binding motif (dsRBM), is found in a number of proteins that

function in embryonic development, growth control, cellular dif- ¢cDNA cloning.Two overlapping partial cDNAs were isolated from a
ferentiation, and viral defense (St Johnston et al. 1992). The momouse male germ cell cDNA expression (Mitch Eddy Niehs) library
lecular functions of these proteins are presumably quite diversegrobed with a radiolabeled RNA containing tRem13’'UTR (Schumacher
since they are localized to different subcellular compartments anét al. 1995b). DNA sequencing and database searches led to the identifi-
different cells types. Furthermore, a number of dsRBM-containingcation of mouse expressed sequence tags (ESTs) representing more 5
proteins contain other functional motifs, such as deaminase ofe9ions of the cDNA. Oligonucleotides based on the mouse EST were used
kinase domains that enable specific macromolecular reactions screen a plasmid cDNA library made from total mouse testes (Clontech,

. . - . S alo Alto, Calif.). To generate the final cDNA sequence contig, PCR
be carried out in addition to their RNA-binding role (Clemens and primers were designed to amplify a small region from the plasmid cDNA

Elia 1997; Maas et al. 1997). To date, no dsRBM-containing proqiprary that was not represented by the cDNA clones. Plasmid cDNA
tein has shown sequence-specific binding in vitro. However, inclones and purified PCR fragments were sequenced with Dye-terminator
vivo experiments with th®rosophilaprotein Staufen, which con- cycle sequencing (Perkin Elmer, Norwalk, Conn.). Database analyses and
tains five copies of the dsRBM, indicates it can interact with searches were performed with the BLAST and CLUSTALW internet serv-
selected RNAs (Broadus et al. 1998; Ferrandon et al. 1994; Kimers (Altschul et al. 1990; Thompson et al. 1994).

Ha et al. 1991; Li et al. 1997). Most proteins with the dsRNA

binding motif have more than one copy, although some copies ar@NA analysis A multiple-tissue Northern blot containing 15 of total
non-functional or not required for RNA binding (Bycroft et al. RNA from various mouse tissues was generated and probed with previ-
1995; St Johnston et al. 1992). NMR structural analysis has showausly described methods (Lee et al. 1996). The blot was hybridized with an

a *?P-radiolabeled probe generated from a random hexamer labeling reac-
—_— tion with a[2-kb cDNA insert representing nucleotides 1546-3426 of the
The nucleotide sequence data reported in this paper have been submittednmusellf3 sequence. A skeletal-actin cDNA probe was used to assess
GenBank and have been assigned the accession number AF098967. the integrity of the RNA.
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expression vector. The maltose-binding-protein (MBP)-ILF3 fusion pro- 1
tein was produced and purified as previously described (Lee et al. 1996) 121
Rabbit antiserum was raised with the MBP-ILF3 fusion protein using R & 18t

F.W. Buaas et al.:

cgctttacctetttgttcagggacttgtacagccatgeaggaaggggtetctagtcagty
1 ttctcagaggtactgcaggatgcctgaccacagetgtaccacttagatagttgaagtatt
ggtaacaccaaggaactgtcacaatttgaaaagataagccaagactgatttccagacact
acaagaaaaaaggaggggaaaatggcattgtatcatcatcacttcatcacaagaagaaga

Murine ILF3, a dsRBM-containing protein

B . M A L Y HHHV F I TR R R 13
R Rabbltry (Stanwood, Wash.) services. 241 aggcgt;cccatgagaatt:tttgtgaatgatgatcgccacgtgatggcaaagcattcttca
I F V N D R H V A K H S s 33
301 gtgtacccaacacaagaggagctggaggctqtacagaacangtgtcccatactgagcgg
. . v Y Q M S H 53
Western blot analysisTotal protein was prepared from several mouse 361 gccccgaaggctgutctgactqgattgatgagcaggagaaaggcaacagcgagcttccg
. g . . . s Q L 73
tissues, quantified, and an_alyzed via Western blot as previously d_es<_:r|bec121 aggcagaaaatatggacacacccccagacgatgagagcaaaggaaggggctggggaacag
(Lee et al. 1996). The anti-ILF3 antiserum was used at a 1:250 dilution. T H Q 93
481 aaggcqgaacacatgactaggaccctgaggggcgtgatgcgggtcggcctggtagccaag
113
. . . 541 ggcvttctgctcaagggggacttggatctggagctggttctgctctgtaaggagaagccc
Chromosomal mappingd-inkage analysis was performed with a restric- . ¢ & * b L EL VL L P13
. “ . 601 acaaccgccct»ctggacaaggtggctgacaacctggccacccagctcactactgtaaca
tion fragment length polymorphism on DNA prepared from 94 offspring T T L N I L T TV T 153
from (C57BL/6Ei x SPRET/Ei) x SPRET/Ei mice (BSS panel, Jackson 661 ggagaca;gtgtggaa‘actccggt‘:tgtggatgatgctgcgagtgflgataaaaagcaia 173
Laboratory Backcross DNA Panel Mapping Resource). The oligonucleo- 721 aaagagccccccttgcccctgaccatccatctgacctcccctgttgtcagaqaagaaaég
1 1 K I H L T E E M 193
tides, 5-GCCAGGCACTCCAGCACTCTCCGC-3a‘nd B'GTCTGT" 781 gagaaagtattagctggagaaacgctatcagtcaacgatcccecggacgttetggacagg
GGATGATGCTGCGATTGTG-3, were used to amplify a 2.3-kb portion K v kA S TS e D V L D R 213
of the mouself3 locus.Stu restriction digests of the PCR product allowed B U S A e vt Ao S Sl
the detection of theMus musculug0.4 kb, 1.0 kb, and 1.3 kb) avlus 901 agtggactgaagtgatgtgtcattgtcatccgtgtcctaagggacttgtgtacccgagtg 253
spretus(l.O kb and 1.7 kb) allele. Thistd RFLP was used to analyze the 961 cccacct;gggtcccctcagaggatggcctctggagctgctgtgtgagaagtccatcggc
1 P T W G P L 273
B_SS panel DNA samples, and t_he segregation pattern was used to detgf,, actgccaataggccaatgggtgctggtgaagccctgcggagagtgctggagtgcctggca
mine the frequency of recombination events betwdé and known T A N R 293
mouse Chromosom&ﬂ markers 1081 ..ccggcatcgtaatgcgagatggttgtggcaﬁtt\a{tggccgttgtgaaaaagaagzca;t 113
Fluorescence in situ hybridization localization of the mouse gene was 141 gatgctattggqcacc:agacagacagcaacéggaagacatcacacagagcgcgcagcat .
. . . D a2 I G L D Q Q R D S A Q
performed as preV|0ust dESCI’Ibed WItHlfB 2 kb cDNA prObe (SChU- 1201 gct:ctgcggcCCQCtgccttcggtcaactccataaagtactgggaatggaccccctgcct
macher et al. 1995b). G QL HXV P 353
1261 tccaaaatgcccaagaaaccaaagaacgagaaCCFggtggaccacactgttcaaattcct
S K P K P N E N Y T Q I P 373
1321 cccagcaccacctatgctatcaCacccatgaaacgccctatggaagaggatggggaggag
Results P S T Y A P M KR PM 393
1381 aagtcccccagcaagaagaaaaagaagatccaqaagaaagaggagaaggctgatcctcct
K s P K K K I Q K K E E P P 413
. . 1441 caagctatgaatgccctgatgaggttaaatcagctgaagccagggctqcagtacaagctg
Cloning of the mouse 1If3 cDNATwo partial cDNA clones en- 150 Q M N LM P LK 433
. . . . .. . . t t
coding a dsRNA binding motif-containing protein were cloned in *>** 1°*§°937°2298°2 gttcatgm?micfﬁca?a gtccgtggagg agacggc 453
an expression cloning screen intended to idenBfynl 3'UTR 1561 ag“;”tcgagg,ic‘cggggcca“‘aaa“‘-’actg;“;“;““gf,agﬁtgf,ga;g 73
RNA-binding proteins. Database searches revealed several mouse: gtgttacaggacatgggetigecaacaggegergaaggeagagacteeageaagggagan
o VL Q0D M
expressed sequence tags (ESTs) that represented additional ses: gaccccgcr_gaggagccagatgggaagccagcaatagtggccccaccccccgtggtggaa
H . S S P I P P 513
quence nOt present n the tWO Clone_d CDNAS_ (Genbank'l'ml gctgtﬁtccaaccccagttctgtcttcccctcagatgccactactgagcagggaccgatt
AA168925, AA087712 and X84692). An oligonucleotide based on N P S SV DATTE Q 533
. . . 1 ttgactaagcatggcaagaaccccgttatggagcttaatgagaagagacgtggcctcaaa
the mouse ESTs was used to screen a testis plasmid cDNA I|brar}/ L N L_K 553
to identify more 5 clones. A complete cDNA sequence was gen- *°¢* t3“92g°°°a§“§tgag"‘cggggggcagccffgac“aaggtttgttatggaggttggg 7
erated by PCR. The 3.4-kb cDNA contig contains a predicted opert®2! gtosacagacagaagttteaaggtoetogticaadcadanadgrggeasadoirearate
reading frame (ORF) that would encode a 911-amino acid pI’OteiRBSl gcacttgccgcattagaaaaactttteoctgataccectettgctettgaagccaacaaa
H H H . A _L A A L E K L D P L A L K 613
Wlth a predICted m0|eCUIar Welght Of 98 kDa (Flg l) 2041 aagaaaaggaccccagtacctgtccgaggtggacccaaatttgctgccaagccacacaac 633
i i K K R T v P R F A A K P HN
A non-redundant Genbank database search with the Basic loca cSeageEeogcatassaggecceat gcataatgaagtgccgccacctcctaacamga
alignment sequence tool (BLAST) revealed that the predicted ORF P G IR 2N I R e
tt t cgcc
is most similar to the Interleukin Enhancer Binding. Factor 3 * ggtcggggccgaggagg agca;ccgagggcgaggacgggggcgagga A
(ILF3, NF90, MPP4) protein with an 80% amino acid identity *2* 2iecgtagaagasgecyeefongrateograltogaeirogegeriag® et s oo
(Altschul et al. 1990). This high degree of identity between the 2281 a;ttngcCdcagiaggcticagtcagttctacagcaatggagggc;‘tgtgggagtgcc 3
human and mouse sequence, as well as their chromosomal locaz4: 9gtagtagaggeagegyusgaggagtagercatecagtacagercetactaccasgga
. . . .o . Y S Q G
tions (discussed below), suggests that the cDNA identified in ourz4e1 sacagetacaactoaccagtaccoocgaageatgetyggagaagecgetacatogage
H S Y N S P V P H K K P H G 75
S_Cl’een repl’esents the mouse h0m0|Og of hl‘_jman lLF3 gene. Add|2_461 cagcagaaagcc(:cctacagctcgggccaccagtcccaccagggccagcagcaaccttac
tional similarities with the mouse spermatid perinuclear RNA- 21 el et canca Ctacggca‘égccacagggcaggcggagaggctgtggcczt 773
. . . . . . aacca g g
binding protein, SPNR, and th€enopusRNA-binding proteins Yo s S S Y G Q G Y G H 793
4F-1 and 4F-2 are very striking over a majority of the coding **** gg"ca"’g"’“gct;‘}“é“é“?‘:t‘;“i‘f“é“t?“?f“é“ia‘gtgg“ggtgggg“ 813
regions as ShOWn by the multlple Sequence alignment (Flg 2) A264l tctgactacagccacgacagcaaattcaactacagtgggagtggaggccggagtggaggc 833
! . \ s e S D Y
common feature to all these proteins are the two copies of thex701 aaCagCtatggctCCagcgggtcatggcgct;ca;ca;aggctcacatggaggctatggc 053
. . . Y G
dsRNA blndlng motif (St Johnston et al. 1992 ) The mouse ILF3 2761 acaggctccggagacagetcttcataccaaggcaaacaaggaggetactcatcacagtca .
H H H . B H B Y G G Y S Q S
prOIem contains two copies of the dsRBM: amino acid reS|dU932821 aactacagctcacctgggtccagccagagctacagcggtcctgccagctcctaccagtcc 893
— N Y S P S G P A S Y Q S
417-478 and 540-601. tcacagggtggctacagtcggaacacagagcacagcatgaactaccagtacagataaagg
Database searches also revealed the presence of blpartlte s 0 ¥ H S M N Y Q - o11

nuclear localization sequence just upstream of the first dsRBM3o01
(Dingwall and Laskey 1991). The human ILF3 protein is predomi- 325
nantly localized to the nucleus in HelLa and Jurkat T-cells, sug-318
gesting this sequence motif functions in vivo (Kao et al. 1994; 330
Matsumoto Taniura et al. 1996). Significant sequence similarity, At
up to 65%, between the N-terminal third of mouse ILF3 and a
motif found in several zinc finger-containing RNA binding pro-
teins was also found (Meagher et al. 1998).

cccaggccgcccgcccctctcaaccttctgcacctctgcccccaacttgtctcgggagat
tgagtctgcacatcaccagttgccatgttcactgggeccagtgeccaccegtecacgttge
tgacattgccacgctttgaggtgtggtggtegetgggaccecgtgecgtgaccectattta
gctgtgttttggactcegrgtettecagtggtttgttagttaccattacgtaaaccttgte
tgagtagtgttccgaggtettgecgttecggatcectetgtetgtttatgectggtgtga
gttccatcgggtgtctttaaatagttgcagaagggatacgtcatctgttaatgettttty
tgaagtgagttaatgagcctteattattttaatgcttagtgtttcagttttataagtgaa
1 aattttattttaaaaaacagtggtttttttrtttgggtatgtctggatcattcagacagt
acattt

Fig. 1. Sequence of the moudk3 cDNA. The nucleic acid sequence of

the mousdlf3 cDNA is listed above the predicted protein translation. The
Differential levels of mouse 1If3 mRNA and protein in adult mousewo copies of the dsRNA- binding motif are underlined, and the bipartite
tissues.The expression level of the muritié3 mMRNA was evalu-  nuclear localization signal is in bold.
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hILF3 1 meemmmmme e MRPMRIF NDDRHVMAKHSfVYPTQEELEAVQNMVSHTERALKAVSDWIL{E QE KG[Js . XFYE B3 18R

mILF3 1 MALYHHHFITRRRRLEJIESIV PR RIS S IS VRS R RR R R N S SR NN BT ) AR INEJE LLRQKIWTH

4F-2 1 -m- - e s s e mmmmmmmmmmemmmmemmmmmmmmmmmommm—m === === === == == === —=========%=%-=

4F-1 1 meeemmmm e e MRPMRIFMNDDRHVMAKHS fVYPTQEELEAVQNMVSHTERALKAV SDWID[JQE KisJoJs [ch.1o} PMAEE

S PNR R e MREFIREJF INANDDRH VM@K H S8y PEFJEELEAVQNMV S FARERIA L KV S D W D E (K G plBRlelE o3 -3'83:9:]

hILF3 68 PPEDDSKEGA[MEQRTHMEERICERZARIAP GGQSASYSRGTWIWSWCCVRRSEQ P A b <

mILF3 81 PQTMRAKGGA[JEQKARIHMBEFRENSEIV FRFCIFRANTE-FRTASATINIK E X

4F-2 R e e KGLLLKGDLDLELVLLCY R

4F-1 68 TETTEEGKDSEMKTGIINP BEEENTAZELY EERZS X2 2B Y3253 22 A58 Fx R

SPNR 68 EAVENYSKDQ[EG~-~-~-~~-~~ RTLEGVMRI4GLVAKGL LHKFIDT K T

hILF3 148 L[]svDDE P

mILF3 160 L{JsvDDE DPPDVLDRQKCLAALASLRHAKWFQARANGLKSC

4F-2 49 vih A ElDP PDVLDRIKCLAALASLRHAKWFQARANGLKSC

4F-1 147 1} M1 vEKEITKEPPLTL A EIoP PDVLDRUJKCLAALASLRHAKWFQARANGLKSC

SPNR 140 Effc HxICINTKE PJL T L LAB4L T SP L f4R 5JE JE K L. &85 F2:37340P PDFALDR Q K CL JJA

hILF3 228

mILF3 240

4F-2 129 IGTANRPMGAGEALRRVLECLEISGILMPDGEGLYDPCEKD

4r-1 227 IGTANRPMGAGEALRRVLECLE|]SGILMPDGSGLYDPCEKDA

S PNR 219 R

hILF3 308

mILF3 320

4F-2 209

4F-1 307

SPNR 299

hILF3 386

mILF3 398

4F-2 288

4F-1 386

SPNR 371

hILF3 466 FIAVIAGAPVVEAVSTP

mILF3 478 GLSIAT ' JPPVVEAVSNP

4F -2 368 LISBENIIDEK - -~ - - E)SIVLQTIISQTADSEQADEISEYG6DQSFJS G K- - - FRIRR S AR |:¥cB: P PR 883 55'9:8:TcB 4

4F-1 466 K----- QIJVVQTIFJAQPDDSAEVD A N NE PP SO OGP IL TKHGKNPVMELNEKRRGLK

SPNR 451 Y| REFDADIECISSEEKSDNS INDT{JS SNSSNNTGNSTTETSSTLIJVRT- - - - [ BB SRIA SRS NATEBR P2 S B XFBI
dsRBM

hILF3 LYY ELI SETGGSHDKRFVMEVEVDGQKFQGAGSNKKVAKAYAALAALEKLF P DR BACRBANP pfK 151 1P (RS H-B.JG 1) S R B PA-JH 3

mILF3 EERMYELISETGGSHDKRFVMEVEVDGQKFQGAGSNKKVAKAYAALAALEKLF PD 3 BB SAEATJK K KR P

4F-2 P MY ELISETGGSHDKRFIIMEVEVDGJKFOGRJGSNKKVAKAYAAL

4F-1 LN Bl EJTI SETGGSHDKRFVMEVEVDGYKFQGEIGSNKKVAKAYAAL

S PNR 527 SNV SR PR AS GPNAANNKK ST I O

hILF3 626 TLASAWEAPCTTKCEHPFPTFE[E--------FEEAJ----------------ceccemmmm e m e m o —o—=— ==

mILF3 633 NPGFGMGP I NERRERIP N I CXTAFATEN I FUFIFARNIF GFJANH G G G cY[s s--- sNEFESEXEEIRGY SNGGH

4F-2 519 ----QGF NIR G RG R G R G[cBG G [c) 'geXe] S(3GY G (JG }4eIG N - NY Q T RGP NcR'E]0 SNGGA

4F-1 617 ----QGF A (8IR G RGR G R G[-34G G (<RI sideyc(dcifde Ny NY Q T EESXSNREID |dr T DCY G

S PNR 592 ----AKGVVNTAVSAAVJAV P YT L T JAF VA TAAP|[]-- - - - == - - = - - = = - m - - - s e e e m e e m e o o= o o

hILF3 654 EFAE-------------------- EDLVAGTMEAT -~ - - - - - - - - = = — = - = - e e e e e e e e e e - = - ------—-——

mILF3 710 AGEGSGGGGGSSSYSSYYQGDSYNSPVPIAKHAGKKPLHEGGQQ--~-~-~-~-------KASYSSGYQSHQGQQQPYNQSQ

4F-2 594 AlJGElcAGSGG----YSSYYQGEGYNAPTPRPFVKKPPPPQQQQQPPPQHASNPPKPSYNQGYQGHQGGQQQQQPQQ

4F-1 689 YHDFASA---- == - c-- - - - oo o e e e e e e e e e e e e e ee - e e em e - - ee - - o e oo - o eeeo---o oo

SPNR 629 YIAPEY@E-----------cccenaan-- TPYGYSTAA----PAYG-- === - - - - mm e e e e e mm s mmmm o - mm -

b 2 B i s

mILF3 778 YSSYGTPQGKQKGYGHGQGSYSSYSNSYNSPCGGGGSDYSYDSKFNYSGSGGRSGGNSYGSSGSSSYNTGSHGGYGTGSG

4F -2 670 QQQQTYNQNQYSNYGPPQ----KQKGGYNQGTQGAASAGSYNYSNSYTGGTACRVRQWRGCRRARRPALTQRQALVTTQG

4F-1 --

SPNR = === e - e e e e m e o e ee e e oo o oo e o m oo oo me - e - - - mC---mssssos—--—e -

b 2 T e i et

mILF3 858 GSSSYQGKQGGYSSQSNYSSPGSSQSYSGPASSYQSSQGGYSRNTEHSMNYQYR-

4F-2 746 RTPAMVQPAVPHRTKVTHSRTTIKVPPDRTTAALQIITSPLREEQEVMAGIQITT

B S T

SPNR = === e e e e e e ee e ccmecmeee oo mcco o m-mos o — -

Fig. 2. Multiple sequence alignment of mouse ILF3 and related proteins.identical to the consensus (three or more proteins with an identical amino

The multiple sequence alignment was generated with the CLUSTALWacid at that position) are shaded in black. Conservative changes with re-

program: human ILF3 (B54857), mouse ILF3 (AF09896%¢nopusiF-1 spect to the consensus are shaded in gray. The two copies of the double-
(151652), and 4F-2 (151653), and SPNR (A57284). Amino acids that arestranded RNA binding motif are boxed.

ated by Northern blot analysis of total RNA extracted from mul- binding-protein (MBP)-ILF3 fusion protein. The antiserum was
tiple adult mouse tissues. A predominant 3.4-kb mRNA was deused to probe a multi-tissue Western blot containing the same
tected in all tissues examined, with the brain, thymus, testis, andhouse tissues used in the RNA expression analysis. The antiserum
ovary showing the highest levels and the liver showing the lowestdetected two protein species migrating closely with each other at a
Lower abundance mRNA species of different sizes were detectetholecular weight off ®5 kDa; they were highly abundant in the
in the thymus, testis, and ovary. Three smaller mRNA specieshymus, testis, and ovary and to a much lesser extent in the brain
ranging from 1.5 kb to 2.4 kb and a large 6-kb mRNA were and spleen (Fig. 4). TH&#3 cDNA ORF predicts a 98-kDa protein,
expressed at significantly lower levels in several adult tissuesvhich is extremely close to the observed size of these immunore-
(Fig. 3). active bands. The human ILF3 protein has been shown to be phos-
In order to examine the mouse ILF3 protein distribution, we phorylated in HeLa cell extracts (Matsumoto Taniura et al. 1996).
generated a rabbit polyclonal anti-ILF3 antiserum using a maltoseSuch post-translational modifications that lead to a slightly re-
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3 = = Jackson BSS Chromosome 9
S E T 58 2L R SE
S 25222 % 3 Mmp7 BONBOOEO 106 1.06
s s s s kb Ppib-rs1 BOOEOOMO 106 106
Gir . .DDDDD=D 1.06 1.06
—9.4 DOMit160, IIf3 BO00ORORO .5 14
—6.6 DoBir7 BOCCOEEEL] 63 o5
e Pasd [ (m[m{m[  {m] |
40431 11233
hd A -'. Fig. 5. Haplotype figure from The Jackson Laboratory’s BSS interspecific
2 -(3] backcross showing part of mouse Chr 9 with loci linkedlf The loci are
' listed in a proximal to most distal order at the left of the figure. Black and
white boxes indicate the C57BL/6Ei and SPRET/Ei alleles respectively,
while the number of animals with a given haplotype is listed at the bottom
) ) of the column. The percentage recombination (R) between adjacent loci
_0.s¢ 9 3. Northern analysis of the  with the associated standard error (SE) is given to the right of the figure.
' mousellf3 mMRNA expression. A Raw data from The Jackson Laboratory were obtained from “http:/
mousellf3 cDNA was used to www.jax.org/resources/documents/cmdata”.
probe a Northern blot containing
—2.0 total RNA from mouse tissues
." (upper panel). The blot was
- subsequently probed with an a b
a-actin cDNA probe as a
control (lower panel).
3 = ™
EEnsggezsl
o o @ - = = =
iE2z2%2282 0, _
: —215 Fig. 4. Western analysis of adult
mouse tissues with mouse ILF3
e antisera. Total protein was extracted
— =105  from various mouse tissues and
) L 20 guantified. 300ug of total protein
from each tissue was resolved with
" I SDS-PAGE and subsequently
43 blotted to nitrocellulose. Antiserum
raised against a MBP-ILF3 fusion C Chr 9

protein was used as the probe.

tarded species have been shown for a variety of proteins and cou

explain the detection of the two immunoreactive bands migrating

at [B5kDa (Peeper et al. 1995). Alternatively, a different start A 2
codon could have been selected to generate a slight size variant 4
the ILF3 protein. A methionine codon in a good Kozak consensus
can be found 81 nucleotides downstream of the predicted stal _—
codon (Kozak 1981). Selection of this alternative methionine B

codon would generate a predicted protein of 95 kDa as opposed 1 o —
98 kDa. Two prominent immunoreactive bands not predicted were
the [M25-kDa species found in the brain, thymus, spleen, anc
testis, and théB5 kDa protein found only in the ovary. - L1

sesosessee |7

! ‘

IIf3 maps to mouse Chr 9Two approaches were taken to map the 1
murine llf3 gene. First, a RFLP in a PCR product representing a F 2
portion of thellf3 locus was used to analyze an interspecific back- 4
cross panel from The Jackson Laboratory. The analysis indicates

the mousellf3 gene is on Chr 9 between ti@&ir gene and the Fig. 6. Mapping the mous#f3 gene by fluorescence in situ hybridization.
chromosomal markeD9Bir7 (Fig. 5 and available at http:// Localization of mousdIf3 on mouse Chr 9 A4-A5 with the arrowhead

www.jax.org/resources/documents/cmdata). Consistent with th&°inting to the hybridization signa) and DAPI staining of the same

above data, fluorescent in situ hybridization (FISH) analysisc"omosome depicted in A to identify banding patté@ih An ideogram of

showed signals present on Chr 9 in the region of A4—A5 with nc)mou_se (_3hr9 depicting the banding regions on the left and the hybridization
Lo S . distribution from 17 samples on the rigfd).

significant hybridization to other chromosomes (Fig. 6). Together,

these experimental results indicate the mutif@2gene is present

m
.
(LT T

as a single copy in the mouse genome. non-physiological. Immunocytohistochemical experiments on
adult mouse male testes with the ILF3 antiserum detect expression
Discussion of the protein in spermatocytes and early haploid spermatids, cells

that do not express therm1 gene (unpublished data). Addition-
We have identified a dsRNA-binding motif-containing protein ally, four of the five cDNAs identified in this expression cloning
from a mouse male germ cell library in an expression cloningscreen encode proteins that contain the dsRBM, a motif that binds
screen designed to identify proteins that bind Brenl 3'UTR. double-stranded RNA or single-stranded RNA with structure (Lee
Although the mousdlf3 cDNA was identified by its ability to et al. 1996; Schumacher et al. 1995a, 1995b). While Rhal
preferentially bind thé>rm1 3'UTR, the interaction is most likely 3'UTR does not contain any extensive regions that could form
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dsRNA, there are two alternate stem loops that could theoretically mutation in mice confers hypersensitivity to ionizing radiation and a

form (Lee et al. 1996). These small regions may have led to the deficiency in DNA double-strand break repair. Proc Natl Acad Sci USA

fortuitous isolation of dsRBM-containing proteins in our expres- 88, 1394-1397

sion cloning screen. Nucleic acid-binding experiments have show®lunt T, Finnie NJ, Taccioli GE, Smith GC, Demengeot J et al. (1995)

that the human ILF3 protein can bind dsRNA and ssRNA mol- Defectl\(e DNA—dependent protein kinase activity is linked to _V(D)J_

ecules that are predicted to have a significant amount of secondary rec?r?bmagolrl] ggdgl:il;lAg;%palr defects associated with the murine scid

Struf(t)légié;i?gnegf&:kelﬁggéaﬂg ene by use of an interspecific Br:uunalR:(l)Er,].Peeschor; JJ, Behringer RR, Brinster RL, Palmiter RD (1989)

backcross and FISH are in agreegment V\)lith each other anc? indicatespmtamine Suntranslated sequences regulate temporal translational
; . control and subcellular localization of growth hormone in spermatids of

the 1If3 gene is a single-copy gene located on Chr 9 near gansgenic mice. Genes Dev 3, 793-802

D9Mit160, a region that shows conserved synteny with a smallgyoadus J, Fuerstenberg S, Doe CQ (1998) Staufen-dependent localization

region of human Chr 19p13.2 (DeBry and Seldin 1996). Low- of prospero mRNA contributes to neuroblast daughter-cell fate. Nature

resolution mapping of the human ILF3 gene has localized it to a 391, 792-795

broad region of human Chr 19 (19q11-qgter and 19p11-p13.1) wittBurd CG, Dreyfuss G (1994) Conserved structures and diversity of func-

human-rodent somatic cell hybrids (Marcoulatos et al. 1998). The tions of RNA-binding proteins. Science 265, 615-621

high degree of sequence similarity and chromosomal localization8ycroft M, Grunert S, Murzin AG, Proctor M, St Johnston D (1995) NMR

strongly suggest the mouse gene we have identified is the homolog solution structure of a dsRNA binding domain from Drosophila staufen

of the human ILF3 gene. protein reveals homology to the N-terminal domain of ribosomal protein
Recently, human ILF3 was found to copurify with the DNA- S5 [published erratum appears in EMBO J 1995 Sep 1;14:4385]. Embo

dependent protein kinase (DNA-PK), a protein complex composed J14, 3563_3571 )

of a catalytic serine-threonine kinase and the heterodimeric DNA!€mens MJ, Elia A (1997) The double-stranded RNA-dependent protein

binding cofactor Ku, which is activated upon binding double- kinase PKR: structure and function. J Interferon Cytokine Res 17, 503—

e ; 524
stranded DNA ends. Purified recombinant human ILF3 was show

. "beBry RW, Seldin MF (1996) Human/mouse homology relationships. Ge-
to promote complex formation between DNA-PK and double- no%ics 33 33'7_351( ) Hu us i ! P

stranded DNA ends, implicating ILF3 in the process of DNA piyqwail ¢, Laskey RA (1991) Nuclear targeting sequences—a consensus?
double-strand break repair. Mice with a mutation in the gene en- tyends Biochem Sci 16, 478-481

coding the DNA-PK catalytic subunit (DNA-PKcdjrkde,exhibit  eperhart cG, Maines Jz, Wasserman SA (1996) Meiotic cell cycle re-
the severe combined immunodeficiency (scid) phenotype (Blunt et quirement for a fly homologue of human Deleted in Azoospermia. Na-
al. 1995).Prkdc““mice are unable to complete the rearrangement ture 381, 783-785

of the variable (V), diversity (D), and joining (J) genetic elements, Ellis RE, Kimble J (1994) Control of germ cell differentiation Dae-
which prevents the production of mature B and T cells. Addition- norhabditis elegansCiba Found Symp 182, 179-188

ally, cells derived fromPrkdc®®® mutants have been shown to be Fajardo MA, Haugen HS, Clegg CH, Braun RE (1997) Separate elements
highly sensitive to ionizing radiation, suggesting fkdc gene in the 3 untranslated region of the mouse protamine 1 mRNA regulate
product plays a critical role in V(D)J recombination and DNA  translational repression and activation during murine spermatogenesis.
double-strand break repair (Biedermann et al. 1991; Fulop and Dev Biol 191, 42-52

Phillips 1990; Hendrickson et al. 1991). From these observationg;errandon D, Elphick L, Nusslein Volhard C, St Johnston D (1994) Staufen
one might expect to find abundant levels of ILF3 protein in cells Protein associates with thél3TR of bicoidmRNA to form particles that
that are carrying out V(D)J recombination and the process of DNA_ MV€ in a microtubule-dependent manner. Cell 79, 1221-1232

~ : Fulop GM, Phillips RA (1990) The scid mutation in mice causes a general
double-strand break repair. We have detected mouse ILF3 protein defect in DNA repair. Nature 347, 479-482

Icnartrh ?nSpéi?r{/?S)% trg%rgrl:]sbi\rl:l:t?gﬁ E-I::tuzj ; ;(;F”fgz;e; pggttl)veelyagé%endrickson EA, Qin XQ, Bump EA, Schatz DG, Oettinger M et al. (1991)

ying : PR ’ y A link between double-strand break-related repair and V(D)J recombi-
Fowlkes 1994). The high levels of protein in the testis and ovary pasion: the scid mutation. Proc Natl Acad Sci USA 88, 40614065
5“99‘?5_t it (_:OL”d b_e playing a_mle In meiotic rec_omblnatlon. TheHertz M, Kouskoff V, Nakamura T, Nemazee D (1998) V(D)J recombinase
remaining tissues in the organism might not require abundant ILF3  jnqyction in splenic B lymphocytes is inhibited by antigen-receptor sig-
protein levels, as observed in our Western analysis, unless they arenalling. Nature 394, 292-295

subjected to conditions that induce DNA double-strand breakkao PN, Chen L, Brock G, Ng J, Kenny J et al. (1994) Cloning and

such as ionizing radiation. The continuous presendémMRNASs expression of cyclosporin A- and FK506-sensitive nuclear factor of ac-

in these other tissues, as suggested by the ubiquitous MRNA ex- tivated T-cells: NF45 and NF90. J Biol Chem 269, 20691-20699

pression observed in our Northern analysis, would permit the rapidim-Ha J, Smith JL, Macdonald PM (1990skarmRNA is localized to

production of ILF3 protein, allowing the process of DNA double-  the posterior pole of th®rosophilaoocyte. Cell 66, 23-35

strand break repair to initiate rapidly. Kozak M (1981) Possible role of flanking nucleotides in recognition of the
AUG initiator codon by eukaryotic ribosomes. Nucleic Acids Res 9,
5233-5262

Lee K, Haugen HS, Clegg CH, Braun RE (1995) Premature translation of

protamine 1 mMRNA causes precocious nuclear condensation and arrests
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