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SUMMARY

Histones play important roles not only in the structural
changes of chromatin but also in regulating gene
expression. Expression of histones is partly regulated
post-transcriptionally by the stem-loop binding protein
(SLBP)/hairpin binding protein (HBP). We report the
developmental function of CDL-1, the C. elegans
homologue of SLBP/HBP. In theC. elegans cdl-Inutants,
cell corpses resulting from programmed cell death appear
later and persist much longer than those in the wild type.
They also exhibit distinct morphological defects in body
elongation and movement of the pharyngeal cells toward
the buccal opening. The CDL-1 protein binds to the stem-

loop structures in the 3-UTR of C. eleganscore histone
mMRNAs, and the mutant forms of this protein show reduced
binding activities. A decrease in the amount of core histone
proteins phenocopied thedl-1 mutant embryos, suggesting
that CDL-1 contributes to the proper expression of core
histone proteins. We propose that loss-of-function afdl-1
causes aberrant chromatin structure, which affects the cell
cycle and cell death, as well as transcription of genes
essential for morphogenesis.

Key words:Caenorhabditis elegan€hromatin structure, Histone,
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INTRODUCTION

phase as the result of increased transcription and stabilization
of mRNA (reviewed by Osley, 1991). Transcription is induced

Chromatin changes its structure dynamically in the processéisree- to 10-fold by the NPAT-cyclin E/CDK2 pathway at the

of mitosis and apoptosis, as well as during various states @1/S boundary in mammalian cells (Ma et al., 2000; Zhao et
cell differentiation (reviewed by Kornberg and Lorch, 1999;al., 2000). Metazoan replication-dependent histone mMRNAs do
Cheung et al.,, 2000). In mitosis, chromatin undergoes not have poly(A) tails. Instead these messages have conserved
high degree of condensation, which is essential for propestem-loop structures in their-8TRs, which are essential

chromosome segregation. During apoptosis,

chromatifor

posttranscriptional regulation, including, pre-mRNA

condensation and nuclear pycnosis occur in concert with DNArocessing, nuclear export, translation, and stabilization/

degradation

to nucleosome-length units (reviewed bylestabilization of the mRNAs (Harris et al., 1991; Luscher and

Robertson et al., 2000). Chromatin structure is also aBchumperli, 1987; Mowry et al., 1989; Pandey and Marzluff,
important element for regulating gene expression. Receri987; Stauber et al., 1986; Stauber and Schumperli, 1988; Sun
studies suggest that chromatin structural changes often are tteal., 1992).

result of chemical modification of histone proteins, such as The stem-loop binding proteins (SLBPs)/hairpin-binding
phosphorylation and acetylation (reviewed by Cheung et alproteins (HBPs) were initially cloned from mammals based on

2000).

their ability to bind to the stem-loop structure of replication-

A histone octamer includes two molecules each of four typedependent histone mRNAs (Martin et al., 1997; Wang et al.,
of core histones, H2A, H2B, H3 and H4. A histone octamer i4996). Biochemical studies suggested that SLBPs play major
assembled with ~200 bp of DNA to form a nucleosome, a&oles in the post-transcriptional regulation of core histone pre-
repeating unit of the chromatin structure (reviewed bymRNA. One of the proposed functions of SLBP is to stabilize
Kornberg and Lorch, 1999). Biosynthesis of histones is tightlyhe interaction between U7 snRNP and histone pre-mRNA,
regulated during the cell cycle at both transcriptional andvhich is an essential step fdredd cleavage of the pre-mRNA
posttranscriptional levels. The abundance of histone mRNADominski et al., 1999). After the processing, SLBPs remain

increases 25- to 35-fold as the cell progresses frano &

associated with the stem-loop and accompany the mRNAs to



188 Y. Kodama and others

the cytoplasm, where they are involved in histone mRNAViakoto Koga) at 10-40 ngl. The cosmid T19E10 completely
translation and stability (Gallie et al., 1996; Muller andrescued the embryonic lethality @510ande2501 and some of the
Schumperli, 1997; Williams et al., 1994). Two SLBPs, namelyescuedcd|-1 homozygous animals grew into fertile adults. Rescue
XxSLBP1 and xSLBP2, each with distinct functions, have beeWith the cosmid T19E10 was also confirmed by introducing an

isolated fromXenopus laevimocytes (Wang et al., 1999). extrachromosomal array from the transgenic. strain wHEx731
While xSLBP1 is i?]volved in 'Sgnd p(rocesgsing of histonZe [T19E10 (I+pCes1943pl-6(sul006dny] [provided by the C.

. . . elegansTransgenic Library Project (Janke et al., 1997)]. C52A11 and
mRNAs,' xSLBP2 does not. appear to be '”VF"Ved in thi 06F6, the cosmids overlapping T19E10, did not rescue the mutants.
processing. The latter functions in storage of histone MRNA \ye performed RNA interference (RNAI) (Fire et al., 1998) for all

during oogenesis (Ingledue et al., 2000; Wang et al., 1999%he ORFs predicted on the cosmid T19E10, by injecting double-
More recently, the SLBP drosophila melanogastedSLBP,  stranded RNA corresponding to each ORF into wild-type adult
was identified and mutations in its structural gene wergvorms. Some F embryos that were fertilized 5 hours after the
isolated. Genetic analyses of the gene has shown that dSLB#ection of dsRNA corresponding to R06F6.1 phenocopieddhé

is essential for proper histone expression Drosophila  genomic mutants (Fig. 7B,C). MosRO6F6.1(RNAi) embryos
(Sullivan et al., 2001). In the nematodgaenorhabditis fertilized later than 5 hours arrested early in embryogenesis. To
elegans a gene was isolated that shares homology to Oth‘?pnflrm that RO6F6.1 isdl-1, we identified the molecular lesion in

e _hindi - the corresponding coding region for all theei-1 alleles. We found
SLBP/HBP genes only within the RNA-binding domain that e2510 carried a missense mutation whereg501 carried a

(I\_/Iartln etal.,, 1997). The product of this gene was shown tﬂonsense mutation that could result in a truncated prei8ifcarried

bind to the stem-loop of the histone mRNAGfelegansbut 5 4 7kp deletion that removed the entire RO6F6.1 ORF and part of the
not to that of humans (Michel et al., 2000). However, the itheighboring ORF (T19E10.1), with a small insertion of ~60 bp
vivo function of theC. elegansSLBP has not been examined. instead. These results indicate that RO6F6.1 corresponds ddlthe

In this report, we describe mutants of theelegansSLBP  gene.

gene, cdl-1 (cell death _kthal). The cdl-1 mutants were Although w37 deletes part of T19E10.1 in addition ¢dl-1, the
originally identified based on their zygotic embryonic lethalembryonic phenotype af37is likely to reflect the null phenotype of
(cell corpses) and show particular morphogenetic defects. Ogﬂd uncoordinated) phenotype and shows no apparent embryonic

T _ enotype (Y. K. and A. S., unpublished observation; M. Ohmachi,
.analysest. 'T?'Cate that ti@ ﬁl_e?anSSLBP en.COd.Ed .bydl 1d | E. Lambie, P. Kuwabara and T. Schedl, personal communication).
IS essential Tor proper core nistone expression in vivo, and 10SStpe sequence of the cDNA clone yk376d1 (provided by Y. Kohara)

of its function affects mitosis, programmed cell death ang 4 corresponds to thell-1 gene (=R06F6.1) was determined and

morphogenesis. deposited in GenBank (accession number AB060649). This clone
apparently contains the whole protein-coding region.
MATERIALS AND METHODS RNA interference
) ] The cDNA clones, yk376d1 and yk393d3 (provided by Y. Kohara)
Strains and genetic methods were used as the templates to prepare antisense andgeh$§aNA

Maintenance and genetic manipulatiorCofelegansvere carried out  (Fire et al., 1998). A mixture of both strands was microinjected into
as described (Brenner, 1974). Strains used were: wild@ypéegans  wild-type young adult hermaphrodites, Embryos from these
var. Bristol, strain N2; (LGl)ced-1(e1735) (LGIl) cdI-1(e2501, injected worms were examined.

2510, w37)this study),mnDf83, mnDf87, mnDf89, mnDf90, dpy- For the histone RNAIi experiments, the cDNA clones yk213a4
10(e128), unc-104(e1265), mnCl[dpy-10(e128) unc52(ed44)](histone H3), yk245d10 (histone H4), yk261a8 (histone H2B, all
(LGIII) ced-4(n1162), ced-9(n1950)LGIV) ced-3(n717), ced- provided by Y. Kohara), and H2A ORF clone were used as the

5(n1812) Strains were maintained at 20°C. templates and examined as above. As for the histone H2A clone,
] predicted ORF ZK131.10h{s-16 (Roberts et al., 1989), which
Microscopy encodes histone H2A carrying the conserved stem-loop in their 3

Microscopic images were taken using a cooled CCD camerbllTR, was amplified fronC. eleganggenome using PCR, and was
(Hamamatsu Photonics) attached to a Zeiss Axiophot or a Zeissibcloned into pBluescript vector. To weaken the RNA effect so that
Axioplan 2 microscope, and stored digitally using either NIH Imagdate embryonic phenotypes could be analyzed, RNA solutions
or Fish Imaging Software (Hamamatsu Photonics). 4D images weynthesized with either T3 or T7 RNA polymerase alone (and
taken using the 4D grabber PPC software (kindly provided by Charlekerefore containing mostly single-stranded RNA) were injected.
Thomas, http://www.loci.wisc.edu/4d/native/4d.html) on an Axiophot )

with a Microscope Focus Controller (ASI), and characterized with th&’east three-hybrid system

4D Viewer PPC software (provided by C. Thomas). Quantification off he yeast L40-coat strain and plasmid plll/MS2-1 (for RNA bait), and
the number and duration of cell corpses was described elsewhete positive controls, pllIA/IRE-MS2, and pAD-IRP (SenGupta et al.,

ugimoto et al., . , were gifts from Marvin Wickens. The strain -coat carries
Sugi l., 2001 1996 ifts fi Marvin Wick Th in L40 i

) an integrated copy of the LexA-MS2 coat protein fusion gene. The
Cloning of cdl-1 plasmids WtRNA or rvRNA were constructed by digesting plasmid

cdl-1 was genetically mapped to the rightdgfy-10on chromosome  plllI/MS2-1 with Smd and inserting a 34-nucleotide double-stranded
Il. Genomic deficienciesmnDf83 mnDf89 and mnDf90 failed to oligonucleotide containing either the wild-type or the reversed stem-
complement the lethality &2510ande2501animals, whilemnDf87  loop sequence, respectively (see Fig. 6). To construct a GAL4
could complement. Cosmids that map in this region were introducealctivation domain fusion protein, the plasmid pACT2, modified for
into eithere25100r e2501heterozygotes by germline transformation Gateway Cloning Technology (Life Technologies), was used. The
(Mello and Fire, 1995), and their ability to rescue embryonic lethalitywild-type CDL-1 sequence was introduced from the cDNA clone
was tested. For rescue of tbdl-1 mutants, cosmids were injected at yk376d1 (provided by Y. Kohara). To assay the binding ability of the
1-10 ngpl using the co-injection markers pRF®If6(su1006dni) mutant proteins, site-directed mutagenesis with PCR was used to
(Mello et al., 1991) and/or pPDE&1(EFla::gfp) (provided by incorporate the specific mutations. Each pair of these plasmids was
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transformed into the yeast strain L40-coat as described in the manyziogrammed cell death show up as cell corpses at any one time
povided by CIonteph. The transformants were selected by plating. guoint.) In cdl-1 embryos, fewer corpses were observed during
media minus leucine (—Leu), —Ade, —Ura, —Trp plates. The resultingtages | and Il (220~410 minutes) but significantly more corpses
colonies were tested fd-galactosidase activity by the colony-lift accumulated at stages IV to VI (520~810 minutes) compared to
fier assay as described In the same manual. To exaMiB®  the wild type (Fig. 2B-D). At stage V (620~710 minutes), 21
expression, these colonies were tested for growth on —His, -Leye'o 0411 cor . .
- > ~ . 2 pses on average were observed @28i€) e2501

Ade, —Ura, —Trp plates containing 5 mM aminotriazole. and w37 embryos respectively, in contrast to no or only one
Immnofluorescence corpse seen in wild-type embryos. _ _
Embryos were processed for staining as described previously (Miller CED-3, CED-4 and CED-9 constitute an evolutionarily
and Shakes, 1995). In brief, embryos permeabilized by the freezeéonserved complex ‘apoptosome’ that is part of the regulatory
crack method were fixed by placing in methanol for 5 minutes at roormachinery for the normal programmed cell killing process
temperature. Rehydrated embryos were treated with blocking solutiqineviewed by Metzstein et al., 1998). To confirm that the
[1% skim milk 5% fetal bovine serum in PBST (phosphate-bufferectell corpses incdl-1 mutants are produced by the normal
temperature and incubated with the primary antibody overnight at 4°Enutants of cdl-1(e2510) with either ced-3(n717) ced-4

and then with the secondary antibody for 1-2 hours at roorr( . "

) . n1162)or ced-9(n1950gf)which suppress programmed cell

temperature. DAPI was added to a final concentrationugf@l, and death almost completely (Ellis and Horvitz, 1986; Hengartner

the sample was mounted for epifluorescence microscopy. ) .
Antibodies used were: anti-alpha tubulin antibody DM1A €t al., 1992). The production of cell corpses was blocked in all

(SIGMA), 3NB12 [early marker for pharynx (Priess and ThomsonOf the double mutants (data not shown), indicating that the
1987)], FITC-conjugated sheep anti-mouse IgG antibodycell corpses seen iodl-1 embryos arose by the genetically
(ORGANON TEKNIKA), and Cy3-labeled goat anti-mouse IgG programmed cell death.
antibody (AP124C, CHEMICON).

The appearance and elimination of cell corpses is

delayed in cdl-1 embryos

RESULTS To characterize the cell death phenotypedifl mutants in
) more detail, we recorded embryogenesis using a 4 D (4
Excess cell corpses accumulate in  cdl-1 embryos dimensional) time-lapse apparatus and followed each cell

In a genome-wide screen for zygotic embryonic lethal (ZELxorpse. Most cell corpses aul-1(e2510)embryos appeared
mutations (J. H. Rothman, unpublished), we identified threemuch later than those in the wild type: only ~10 corpses were
allelic recessive mutationeZ501 e2510andw37) that cause observed ire2510embryos between 220 and 470 minutes after
accumulation of excess cell corpses at the terminal arrest stagjest cleavage, during which wild-type embryos generated most
as well as defects in body elongation and pharyngealell corpses (Fig. 3A,B). Furthermore, while the majority of
development (Fig. 1). We named the loaat-1 (cell death  cell corpses in wild-type embryos disappeared within ~20
lethal). minutes, most corpses persisted much longedifl(e2510)

Of the 671 cells produced during embryogenesisCin  embryos, as long as several hours (Fig. 3B). Thus, mutations
elegans 113 cells undergo programmed cell death. The deaid cdl-1lead to delayed appearance and persistent presence of
cells are engulfed by neighboring cells within ~10 minutescell corpses. This is unlikely to be caused by a general delay
Terminale251Q e2501andw37 embryos contained more than in embryogenesis, since the rate of cell division was not
8 cell corpses, compared to zero in wild-type embryos at thgignificantly affected ircdl-1(e2510embryos, at least in some
time of hatching. To characterize the temporal change in tHeeage of the AB decendant (data not shown). Theretadlie,
number of cell corpses, the developmentdifl embryos was 1 appears to be required for the timely generation and
observed over time with Nomarski microscopy and the celkélimination of cell corpses.
corpses in each embryo were scored periodi=="-

(Fig. 2).

Wild-type embryos generate their first
corpse at 220 minutes and hatch at arounc
minutes after first cleavage (Sulston et al., 1¢
We divided the intermediate period into six st
(I to VI). In wild-type embryos most (110 out
113) cell death occurs during stages | to Il
development, corresponding to the period bet
220 and 510 minutes after first cleavage (Fig.
(Note that since cell corpses are normally eng
rapidly, only a fraction of cells that have underc

pharyngeal basement membrane

Fig. 1.cdl-1gross phenotypes. A wild-type N2
embryo at the pretzel stage (A) anddk1(e2510)
embryo (B) are shown. Terminally arresteti-1
embryos show excess cell corpses, variable defects i
body elongation, and a failure in attachment of the :
pharynx to the buccal opening. Scale bapdD corpses

()
el
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30 elongation process was significantly slower than normal (Fig.
2 25 A. 4A, data not shown). For example2501embryos did not
8 20 wild type reach the 3-fold stage until 10 hours, in contrast to the 8.5 hours
g 15 for wild-type embryos.
k- Among the three allelee2510showed the severest defects
S 10 in both accumulation of excess corpses and body elongation.
5 , e2510appeared to be neither a hypomorph nor an amorph, but
0t to be a neomorph that possessed a function that was detrimental

to embryogenesis only when two copies are pre§de2510
embryos showed similar defects in cell death and elongation to
those of thev37 embryos (Fig. 2D-E; Table 1).

In wild-type embryos, the pharyngeal precursors surrounded
by the basement membrane move anteriorly toward the buccal
opening and connect to it during the comma to 1.5-fold stage
(Fig. 4A) (Portereiko and Mango, 2001). The pharynx
elongates further as the body extends longitudinally (Fig. 4A).
In all cdl-1 homozygous mutants, the pharyngeal basement
membrane was almost always visible, but the pharynx was
never connected with the buccal opening (Fig. 1). However,
other morphological features of pharynx, including the
grinder, looked normal, and muscular contraction of the
pharynx (pumping) was often observed. Immunofluorescence
microscopy with pharynx-specific antibody 3NB12 (Priess and
Thomson, 1987) confirmed that the pharynx underwent at least
early differentiation ircdl-1 embryos (Fig. 4B,C).

Pharyngeal detachment seercit-1 embryos might be the

Fig. 2. Quantitation of the number of cell corpses during . .
embryogenesis. (A) Wild-type N2. (Byl-1(e2510)(C) cdl- re_sult qf a failure in the movement of the pharyngeal
1(e2501) (D) cdI-1(w37) (E) mnDf90/cdl-1(e2510)The y axis primordium toward the buccal opening. Alternatively, the
represents the average number of cell corpses visible in embryos ofPharynx might initially connect with, and later disjoint from,
each genotype at each stage. Stages are defined as follows: 220~3flte anterior of the head. To distinguish these possibilities,
minutes (1), 320~410 minutes (Il), 420~510 minutes (lll), 520~610 we observed the development of the pharynx by 4D video
minutes (IV), 620~710 minutes (V), and 720~810 minutes (VI) after microscopy. We found that the pharynx primordium did not
first cleavage. Error bars indicate s.d. Numbers of embryos examinagiove anteriorly throughout embryogenesisit-1 embryos
were (A) 17, (B) 23, (C) 11, (D) 8 and (E) 32, respectively. Asterisks(rig 4A). This defect in pharynx extension was seecdin
g%ﬁ?ﬁéﬁféﬂ?é@? difference from the wild type at the same stage iy gmpryos that elongated to over 3-fold as well as ones
e arrested at the 1- to 1.5-fold stage. Thus, the pharyngeal
elongation defect is not a consequence of the body elongation
To determine whetherdl-1 is involved in the cell corpse defect. Rather, the function ofll-1 appears to be essential
engulfment pathways previously identified, we tested fofor the movement of pharyngeal cells toward the buccal
genetic interaction afdl-1 with known engulfment-associated opening.
genes. Known genes involved in engulfment have been divided To examine whether the lethality and the morphological
into two genetically distinct groups, representeccég-land  defects ofcdl-1 embryos are the results of abnormal cell
ced-5respectively (Ellis et al., 1991). In boted-1(e1735); deaths, we observed morphogenesiscdf1(e2510); ced-
cdl-1(e2510)and ced-5(n1812); cdl-1(e2510¢mbryos, the 3(n717) cdl-1(e2510); ced-4(n1162)nd cdl-1(e2510); ced-
number of cell corpses was significantly increased compare2(n1950gf) double mutant embryos (Ellis et al., 1991;
with each single mutant (data not shown). Thedl-1 is

unlikely to belong to either of the two known engulfment Table 1. Body elongation defect iedl-1embryos

pathways.

Terminal elongation (%)
cdl-1 embryos are defective in body elongation and Before
pharyngeal extension Genotype elongation Lima bean 1.5-fold 2-fold pretzeln
Wild-type embryos undergo dramatic elongation starting a e2510 29 30 21 13 6 150
~350 minutes after first cleavage (Sulston et al., 1983). Boc €2501 5 10 8 27 52 62
elongation proceeds as hypodermal cells change their shap ‘Ig’]?/z 2510 g g 133 13?’ ;517 35554
elongating longitudinally in concert with circumferential 62510: ced-3 28 08 16 21 7 a5

contraction (I_Driess and Hirsh’ 1986)' MH-' alleles Shov-ved- . Embryos collected froradl-1 heterozygous adults were grown at 20°C
some defect in bOdy elongatlon' thoth with some Va”abllltyovernight. Dead embryos exhibiting the typical pharyngeal defect were score
Most e2510embryos arrested between 1-fold and 1.5-fold or elongation.

while many of thee2501andw37 embryos reached the pretzel *Dfle2510embryos were generated by crosslig heterozygous

stage and some even hatched, eventually dying as L1 IarvheTfmaljhrOdites with2510/+heterozygous males.

(Table 1). Even for the nearly fully elongated embryos, the_EMPryos elongated over 3-fold.
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cdl-1 encodes a homologue of stem-loop binding

proteins

The cdl-1 gene encodes a 367 amino acid protein that shows

significant similarity to the stem-loop binding proteins

(SLBPs) in the RNA binding domain (Fig. 5A) (Wang et al.,
:E 1996). CDL-1 and mouse SLBP share 71% identity in this
= domain (Fig. 5B). We identified the molecular lesion in each

§f of the threecdl-1 alleles. Consistent with the results of genetic

WT

analysis (Fig. 2; Table 137 turned out to be a null allele
that deletes the entire ORF ofil-1 (Fig. 5C). In contrast,
j_ e2510carried a missense mutation switching an evolutionarily
-F.

conserved proline to serine at the 249th amino acideasdl

carried a nonsense mutation at the 260th amino acid causing

B [ 11 ] H truncation of the carboxyl end of the RNA binding domain
cdl-1(e2510) (Fig. 5B).

SLBPs bind specifically to the stem-loop structure in the 3
UTR of replication-dependent histone mRNAs (Martin et al.,
1997; Sullivan et al., 2001; Wang et al., 1996). Unlike other
metazoan MRNAs, mature mRNAs of the replication-
dependent histones are not polyadenylated, but instead contain
= a conserved stem-loop structure at thie@nini (Osley, 1991).
SLBPs are implicated in histone pre-mRNA processing and
i- translation of mature histone mRNA through tight association
ﬁ with the stem-loop structure (Dominski et al., 1995; Dominski

et al., 1999; Martin et al., 1997; Muller et al., 2000; Sullivan
et al., 2001; Wang et al., 1996).

It has been reported f@. eleganghat some core histone
genes share a common flanking sequence element; a conserved
sequence of 34 bases that may form a stem-loop structure is
present in the'3JTR of the genes (Roberts et al., 1989). We
searched theC. elegansgenome sequenceC( elegans
Sequencing Consortium, 1998) for this conserved 34 bp
sequence, and have found that 64 out of 71 core histone genes
contain the sequence at theif 8nd with only minor
divergence. Most of these core histone genes consist of a single
exon, characteristic of replication-dependent histone genes in
various organisms (Osley, 1991). Thus, we supposed it to be
plausible that CDL-1 regulates stem-loop-carrying core histone
MRNAs.

180 300 420 540 660
time from [st cleavage (min)

. . . . CDL-1 protein binds to the stem-loop structure in
Fig. 3. Duration of visible cell corpses. (A) Wild-type N2. (&]I- . .
1(62510) (C) ctll-L(RNAY) Each panel atee o i of the 3'-UTR of C. elegans core histone mRNA
appearance and disappearance of all corpses detected in 4D image¥/e used the yeast three-hybrid system to examine whether
of a single embryo. (A typical result is displayed here for each CDL-1 has the ability to bind to the conserved stem-loop
genotype.) Each horizontal bar represents a corpse, and its length forming sequence in the core histone mRNAs (Fig. 6A)
indicates duration of the corpse. The corpses are ordered accordingMartin et al., 1997; SenGupta et al., 1996; Wang et al., 1996).
to the time of their appearance in the embryo. Scoring of corpses inWe connected the 34-nucleotide sequence conservedl in
N2 (A) was discontinued at ~400 minutes,.b.ecause the twitching eleganshistone mRNA stem-loops to thé &nd of the bait
movement made Obje”f‘_l“t?]” of comses ?'ﬁ'c‘f't- ForB a”do_' C, Cteé' XN (WIRNA) (Fig. 6B) (Roberts et al., 1989). To confirm the
corpses were scored until the end of the time-lapse recording a - e -
minFl)Jtes (B) and 797 minutes (C) after first cleavgge, respect?vely. Indlr!g_ specificity, we also Constructed a mutant bait RNA
containing the same 34-nucleotide sequence except that the
stem-loop structure was reversed (rvRNA) (Fig. 6B) (Wang et
Hengartner et al., 1992), in which production of cell corpseal., 1996). We found that full length CDL-1 fused with the
was blocked as described above. Neither the lethality nor tt@AL4 activation domain effectively binds to wtRNA, but not
elongation defect was suppressed in these double mutarnts rvRNA (Fig. 6C,D). These results indicate that CDL-1
(Table 1, data not shown). We confirmed by 4D microscopynteracts specifically with the stem-loop sequence in the 3
and immunostaining of the pharynx that the pharyngedUTR of C. elegansore histone mRNA confirming the results
phenotype oftdl-1(e2510)is unaffected by @ed-3mutation  of Michel et al. (2000).
(data not shown). Thus, we conclude that the lethality and Since bottedl-1(e2510Rndcdl-1(e2501karried mutations
morphological defects ofdl-1 embryos are not caused by in the RNA binding domain (Wang et al., 1996), the ability of
aberrant cell death. these mutant proteins to bind to the stem-loop was also
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Fig. 4. Defects in pharynx morphogenesis
in cdl-1 mutant embryos. (A) Movement of A
the pharynx primordium toward the
anterior of the head. Each picture was
taken from a 4D recording of the same
embryo. (a-d) Wild type and (e-bdll-
1(e2501) Arrowheads indicate the anterior
tips of the pharyngeal basement membrang. o o)
The buccal capsule is indicated in d and h " ..s == .
(arrows). Time from first cleavage: (a) 390
minutes, (b) 435 minutes, (c) 480 minutes, b
(d) 610 minutes, (e) 390 minutes, (f) 480 4
minutes, (g) 600 minutes, and (h) 1140
minutes. (B, C) Merged images of
immunostaining with a pharynx-specific
antibody, 3NB12 (red), and Nomarski
microscopy. A wild-type N2 L1 larva (B)
and acdl-1(e2501embryo (C) that has
elongated over 3-fold are shown. The
buccal capsule (arrow) and the anterior tip '
of the pharynx (arrowhead) are indicated.

examined. The CDL-1(P249
protein, which corresponds to |
protein product ofcdl-1(e2510) did
not show interaction with either
the stem-loops. However, CD
1(W260stop), which corresponds
the protein product otdl-1(e2501)
showed weak interaction with bc
wtRNA and rvRNA (Fig. 6C,D
These results suggest that CD._ .
functions through its RNA binding ability, and that CDL-1 and Chromosome condensation during mitosis fails in
core histone mRNA can form a complex in vivo. Therefore cdl-1(RNAi) embryos
it is likely that cdl-1 regulates core histone expression, asWe performed RNA interference (RNAI) (Fire et al., 1998) for
suggested for SLBPs in other organisms. cdl-1. Although some £ embryos phenocopied thedl-1
genomic mutants (see Materials and Methods), the
predominant phenotype afdl-1(RNAi)was embryonic
arrest at ~50 cells (Fig. 7A). To clarify the defect in these
A RNA binding early arresting embryos, we examined the early mitotic
domain cycles (Fig. 8). In wild-type animals, chromosomes are
: highly condensed from metaphase through telophase

C. elegans CDL-1 |

human SLBP LTI L) (Fig.” 8A,B). Strikingly, cdl-1(RNAi) embryos that
mouse SLBP L e arrested early in embryogenesis failed to undergo proper
Xenopus SLBP1 [ I I 1

condensation of chromosomes during the cell cycle, as
evidenced by appearance of decondensed chromosomes
from metaphase through telophase and interconnecting
chromosome bridges (Fig. 8C,D). In addition, chromatin
fragments were often observed outside the nucleus (data
not shown). Thus, we conclude that abnormal

B con-1 203
hSLBP 126
mSLBP 126
xSLBP1 124
dSLBP 186

coL-1  Fig. 5.Thecdl-1gene. (A) Domain structures of CDL-1 and
hSLBP  related proteins. The RNA stem-loop binding domain (striped
mSLBP  gxes) are shared by all four proteins. Other domains conserved
::zgil in the vertebrate proteins are not found in CDL-1. (B) Sequence
alignment of the RNA binding domain of CDL-1 with human

C 500bp (hSLBP), mouse (mSLBPXenopugxSLBP1) andDrosophila
w37 . (dSLBP) SLBPs. The mutated residues2510(P-to-S
e2510 e2501 missense mutation) ae@501(nonsense mutation) are
P249S . W260stop indicated. (C) Structure of thell-1 ORF. The mutation sites in
Ao O Oaap e2510ande2501and the deleted region w7 are indicated.

T19E10.1 cdl-1 RO6F6.11 The neighboring predicted ORFs are also shown.
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Fig. 6. CDL-1 interacts with the stem-loop structure in the A WIRNA/ B uu
3'-UTR of core-histone mRNA. (A) The yeast three-hybrid — rvRNA hybrid e
system (SenGupta et al., 1996) was used to test the RNA hybrid protein =
binding specificity of CDL-1. The assay is schematically BlA : ' stem-loop(WiRNA) C G
shown. (B) Structure of the two stem-loop RNAs used in SE

the experiments. wtRNA: the conserved stem-loop ACCCAACCCAACG CACAAAU

sequence in the -} TR of C. elegangore histone mRNA.
rvRNA: the sequence with a reversed stem-loop. (C) RNA-
binding activity of CDL-1 protein as assayedby
galactosidase activity. IRE (Iron Response Element) and i 7 = LacZ, HIS3 b_ reverse(rvRNA)
IRP (Iron Response Protein) were used as a pair of positivena binding site
controls (SenGupta et al., 1996). (D) ActivatiorHig3

Transformants indicated in C were streaked on —His platee

ou

(=1
0

A

u
23
G ¢
G0
[l
C G

ACCCAACCCAAC
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containing 5 mM 3-aminotriazol. Protein  RNA p-gal
1 IRP IRE - - D

chromosome condensation and segregation may —~ — —

major cause for the early arrest of tbel-1(RNAI 3 CDL-1 wt -
embryos. 4 CDL- rv =

RNA. of histone genes mimics the 5 2510 wt =
phenotypes of cdl-1 mutants 6 2510 v -

To examine whether thagll-1 phenotypes are the res

of a shortage of core histone proteins, we perfo ¥ e L .

RNAI to interfere with expression of each of the « 8 e2501 rv +

histones H2A, H2B, H3 and H4. Because each c¢

histone gene family is highly conserved, RNAI of

member of a class can be expected to inhibit expression of &lD). DAPI staining revealed that embryos affected by RNAi of
members of the same class (Parrish et al., 2000). The resultitige histone genes often exhibited decondensed chromosomes
RNAI embryos for any of the four gene classes showed an earflsom metaphase through telophase, and chromosome bridges, as
arrest phenotype similar to that of ttd-1(RNAi)embryos (Fig.  seen in thedl-1(RNAi)embryos (Fig. 8E,F).

From these observations, we presume
that production of histone protein is
decreased incdl-1(RNAi) embryos,
further supporting the possibility that
cdl-1 regulates the expression of core
histones at the post-transcriptional level
in vivo.

To examine whether the zygotic
phenotypes ofdl-1 mutants are also the
result of decreased histone gene
expression, we observed the late
embryonic phenotypes of RNAi of
histone genes. Some embryos that were
subjected to RNAI of the gene class for
either of histone H2A, H2B, H3 or H4
phenocopied the zygotic chromosomal
cdl-1 mutants (Fig. 7B,C,E,F). Such
embryos contained excess cell corpses
(up to 15 corpses/embryo), had defects

Fig. 7.RNAi phenotypes o€dl-1and core
histone genes. (A,D) The predominant
RNAI phenotypes focdl-1 (A) and the
histone H4 gene (D). Embryos arrest with
around 50 cells in both cases. (B,C,E,F)
Embryos showing later embryonic RNAI
phenotypes, which are similar to those of
thecdl-1 mutants. (B,Ckdl-1, (E,F) the
histone H2B geneArrows indicate cell
corpses. Arrowheads indicate the anterior
tip of the pharynx. Scale bar, uén.




194 Y. Kodama and others

addition, unlikeXenopus laeviswhich expresses at least two
SLBPs (xSLBP1 and xSLBP2) (Wang et al., 1999)elegans
has no other SLBP-like protein. Thus, CDL-1 is likely to be
responsible for post-transcriptional regulation of the majority
of the core histone genes@ elegans

Drosophila melanogasters the only other organism in
which the function of SLBP has been genetically examined
(Sullivan et al., 2001). dSLBP, tHerosophilaSLBP, is both
zygotically and maternally required, and loss-of-function
mutant embryos exhibit similar defects in chromosome
condensation and segregation, as those we have observed in
cdl-1(RNAi)embryos.

WT

cdl-1(RNAJ)

Molecular nature of the cdl-1 mutations

The three alleles ofdl-1 turned out to be distinct types of
mutations.w37is an apparent null allele (Fig. 5C). The other
two alleles have mutations in the RNA binding domain, which
is conserved among the SLBP/HBPs (Fig. 5B). Interestingly,
the null allelew37 exhibited milder defects in both cell corpse
accumulation and body elongation than the two other alleles,
which appear to produce mutant proteins with reduced RNA-
Fig. 8. RNAI of eithercdl-1or the histone genes resuls in defects in ~ binding ability (Fig. 2; Table 1). How do the mutant forms of
chromosome condensation and segregation. Embryos co-stained wittCDL-1 cause severer phenotypes than the null allele? One
the anti-alpha tubulin antibody (red) and DAPI (green) are shown.  possibility might be that the mutant forms titrate out factors
(A,B) Wild type. (C,D)cdl-1(RNAI) (E,F) RNAI of the histone H2B involved in histone mRNA processing. A proposed function for
gene. In wild type, chromosomes are properly condensed at metaphasg BP in vertebrate is to facilitate the interaction between U7
(B right) and segregated at anaphase (B left) through telophase (A). lBhRNP and histone pre-mRNA (Dominski et al., 1999). U7
Sr%bryos('cnt‘;"g')"h %%L'l Oah'Stogeshare depleted, fhrog‘oﬁome 4 STRNP plays an essential role in the processing reaction,

rages (-, 2,"7) and decondensed chromosomes at metaphase an associating with pre-mRNAs through base-pairing. SLBP is
anaphase (D,E) can be often observed. Scale bam10 not required for cleavage of thé equence of pre-mRNAs if

U7 snRNP can stably interact with them (Streit et al., 1993).

. _ _ In vertebrates, other factors than U7 snRNP, including the heat
in body elongation, and detached pharynxes at the termingibile factor (HLF) (Gick et al., 1987) and a hypothetical
stage. A delay in appearance and elimination of cell corpsegeavage factor (CF) (Dominski and Marzluff, 1999), have
were also seen in these embryos (data not shown). Thus, Ween also suggested to participate in thepr®cessing of
conclude thatdl-1 regulates core histone gene expression nofiistone mRNAs. Although these factors have not been
only in early cell division but also in late embryogenesis. identified inC. elegansit is possible that titration of any of
these factors by the mutant CDL-1 proteins results in further
reduction of the processing activity than occurs in the absence

H2B(RNAI)

DISCUSSION of CDL-1 protein. Alternatively, an altered RNA-binding
_ ) ) specificity of the mutant proteins might interfere with
The role of cdl-1 in core histone expression expression of some other mRNAs, which results in additional

CDL-1 was previously identified by others as a homolog oflefects in development.
mammalian SLBP/HBPs and characterized biochemically )
(Michel et al., 2000). It was shown that CDL-1 possesse§he role of cdl-1 in programmed cell death
specific binding activity to the stem-loop structure @f Cells undergoing programmed cell deathCnelegansshow
eleganshistone mRNAs. Our finding that reduction afl-1 ~ morphological and biochemical changes similar to mammalian
function and that of the function of any core histone causapoptotic cells. A cell that dies by programmed cell death
indistinguishable phenotypes (Fig. 7, Fig. 8) strongly suggesia C. elegansappears as a highly refractile disk (Sulston
that CDL-1 is indeed essential for proper histone expression end Horvitz, 1977). This morphological change probably
C. eleganglevelopment. corresponds to the pycnosis of the dying cell, in which the
We found that the conserved 34 bp stem-loop sequence dhromatin aggregates and DNA is degraded (Robertson and
present in the core histone mRNAs (Roberts et al., 1989Thomson, 1982). Although genes that participate in the
There are 64 stem-loop sequences identifiable i@tldegans initiation of killing have been well characterizedGn elegans
genome, all of which reside downstream of the core histongeviewed by Metzstein et al., 1998), it remains unclear how
ORFs. We have also found seven putative core histone genég dying cells undergo the ensuing morphological changes
in the genome that do not carry the stem-loop sequence. Thassociated with apoptosis.
the majority (64/71) of core histone gene€irelegangontain The appearance of cell corpses is delayed, and the corpses
the stem-loop sequence. Considering the stringent bindingersisted much longer gdl-1 mutant embryos than in the wild
specificity of CDL-1 (Michel et al., 2000), we speculate thattype (Fig. 3). These phenotypes imply that the progression of
the core histone mRNAs are the only targets of CDL-1. Irthe cell death program is slowed downcif-1 mutants.ced-
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8 is the only other gene known to affect the kinetics ofspeculate that hypodermal and pharyngeal cells may be more
programmed cell death (Stanfield and Horvitz, 2000keld-  susceptible to disturbance in chromatin structure than others,
8 mutants, embryonic programmed cell death proceeds slowlyhiereby causing the specific morphological defects seen in
however, unlike incdl-1 mutants, the engulfment process isthese mutants.
not affected and proceeds at a normal rate. Therefdfe], N _ _
and ced-8 are likely to function in distinct processes in We thank S. Mango for critical reading of the manuscript, and M.
programmed cell death. Ohmachi, E. Lambie, P. Kuwabara and T. Schedl for sharing

Why does a defect indl-1 activity result in the cell death UnPublished results. We are grateful to the following people for
phenotypes? Chromatin condensation during apoptosis owdmg materials us_ed in thls_work. Y. Kohara for CDNA clones,

. : . Wickens for materials used in the yeast three-hybrid system, C.

mammals involves a stereotypical structural change at t

. omas for the 4D recording software, and M. Koga for pPBREF1
nucleosomal level. There are several reports demonstrating the§me of the strains used in this work were provided by the

core histone modifications occur during apoptosis and th@taenorhabditis Genetics Center, which is funded by the National
such modifications affect chromatin condensation in dyin@enter for Research Resources of the National Institutes of Health.
cell nuclei (reviewed by Robertson et al., 2000). ForThe cosmid transgenic strain was provided by @we elegans
example, deacetylation of histone H4 (Allera et al., 1997)Jransgenic Library Project, funded by a grant to A. Rose and D.
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the chromatin structure required for proper progression of CiIzorporatlon (A. S.), a Grant-in-Aid for Specially Promoted Research
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various genes caused by aberrant chromatin structure (se&lowship, a Chicago Community Trust/Searle Scholars Award, a

below) may interfere with the cell death process. Milwaukee Foundation/Shaw Scientists Award, and grants from the
) ) National Institutes of Health and the March of Dimes (J. H. R.). Y. K.
The role of cdl-1 in morphogenesis was supported by a Research Fellowship (DC) from the Japan Society
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