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SUMMARY

We have investigated the regulation of cell-cycle entry i6.  lin-35 Rb is an important negative regulator of G1/S
elegans taking advantage of its largely invariant and progression and probably a downstream target forcyd-1
completely described pattern of somatic cell divisions. In a and cdk-4 However, as the suppression byn-35 Rb is not
genetic screen, we identified mutations icyd-1cyclin D complete,cyd-1land cdk-4probably have additional targets.
and cdk-4 Cdk4/6. Recent results indicated that during An additional level of control over G1 progression is
Drosophila development, cyclin D-dependent kinases provided by Cip/Kip kinase inhibitors. We demonstrate
regulate cell growth rather than cell division. However, our that lin-35 Rb and cki-1 Cip/Kip contribute non-
data indicate that C. elegans cyd-brimarily controls G1 overlapping levels of G1/S inhibition in C. elegans
progression. To investigate whethecyd-1and cdk-4solely  Surprisingly, loss of cki-1, but not lin-35, results in
act to overcome G1 inhibition by retinoblastoma family  precocious entry into S phase. We suggest that a rate
members, we constructed double mutants that completely limiting role for cki-1 Cip/Kip rather than 1in-35 Rb
eliminate the function of the retinoblastoma family and  explains the lack of cell-cycle phenotype din-35 mutant
cyclin D-Cdk4/6 kinases. Inactivation oflin-35 Rb, the  animals.

single Rb-related gene irC. eleganssubstantially reduced

the DNA replication and cell-division defects incyd-1and

cdk-4 mutant animals. These results demonstrate that Key words:C. elegansCyclin, CDK, pRb, Cip/Kip, Cell cycle

INTRODUCTION genes required for DNA synthesis and removing active
transcriptional repression by pRb (Dyson, 1998). One of the
The development of a multicellular organism requires theritical targets of the E2F transcription factor is cyclin E
careful coordination of cell division with growth and (Dyson, 1998), which together with its partner CDK2 is
differentiation. In part, this coordination is achieved throughrequired for the initiation of DNA replication (Duronio and
integration of extracellular signals during the G1 phase, t@’'Farrell, 1995; Knoblich et al., 1994; Ohtsubo et al., 1995;
which cells respond by either advancing into or withdrawingl'sai et al., 1993; van den Heuvel and Harlow, 1993).
from another division cycle (Pardee, 1989). Ultimately, CDKs appear to act at multiple levels of this G1 control
mitogenic and antiproliferative signals affect the cell-intrinsicpathway. The first CDKs to become active in the cell cycle
cell-cycle machinery, of which the cyclin-dependent kinasesonsist of a CDK4 or CDK6 catalytic subunit and a D-type
(CDKs) are key components. The importance of the G1 contralyclin regulatory subunit (Sherr, 1993). It is generally thought
mechanisms is underscored by the finding that most, if not athat cyclin D-dependent kinases initiate pRb phosphorylation
tumor cells have defects in one or more genes involved in Gh mid G1, while the subsequent activation of cyclin E-CDK2
progression (Sherr, 1996). Despite extensive research, the kinases leads to completion of this process (Mittnacht, 1998).
vivo functions of such genes have been poorly characterizeddowever, the presence of multiple D-type cyclins, CDK4/6
Significant insights have been gained from studyingkinases and pRb-related proteins has hampered a direct
mammalian cells in tissue culture and gene alterations idemonstration of their functions in vivo. For example, it is not
human cancer. Members of the retinoblastoma (Rb) tumoclear to what extent Cyclin D-CDK4/6 kinases are essential for
suppressor family (pRb, p107 and p130 in mammals) haveRb inactivation and cell-cycle progression in vivo. Moreover,
been found to inhibit progression through the G1 phase (Sheitrremains unknown whether Cyclin D has critical targets other
1996). This negative-regulatory function of the pRb proteirthan proteins of the pRb family. Potential targets include
is constrained by phosphorylation at multiple CDK cyclin-dependent kinase inhibitors (CKls) of the Cip/Kip
phosphorylation sites. Sequential phosphorylations disrupt tifamily (Sherr and Roberts, 1999). ! and p2¥iP1
binding between pRb and transcription factors such as E2&ssociate with cyclin E-CDK2 complexes and prevent their
thereby allowing these transcription factors to activat&kinase activity. The same inhibitors also bind cyclin D and
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CDKA4/6, but apparently mediate their assembly rather than LGX: lon-2(e678) unc-9(e101,) cdk-4(he109hel11Q hellland

inhibiting kinase activity (Cheng et al., 1999; LaBaer et al.gv3)(this study) (Park and Krause, 1999).

1997). This association may result in sequestering the Cip/Kip Deficiency:heDf1

inhibitors from cyclin E-CDK2 complexes, which further :TE:;Z{E?rgﬁgbsangé(llgg(,\[/x?ﬁ% ':13832]-(: 361X (Hong et a

promotes progression through the G1/S transition. y> e ; ) "
Studies in genetic model systems should contribute furth 98), rtis14felt-2::GFP; osm-10:HT150Q]IV(a gift from P. W.

L : T . aber and A. Hart).

insights in the in vivo functions of G1 regulatory genes. Such

analyses have already provided surprising results. F@creen for positive regulators of G1/S progression

example, recent studies Drosophilarevealed a requirement Animals of genotypeunc-36(e251);mals103[rnr::GFP unc-36(+)]

for CDK4 in cell growth, rather than cell division (Datar et (Hong et al., 1998)expressing GFP controlled bjbonucleotide

al., 2000; Meyer et al., 2000). The nematdde elegans reductasgrnr) promoter sequences, were mutagenized with 25 mM

provides an attractive animal model for cell-cycle studies. Thethylmethanesulfonate as described (Brenner, 1974). Individual

somatic cell-lineage of. eleganss largely invariant and has mutagenized F1 animals were picked to plates and their progeny

been completely described; thus, the timing of division ixamined for the presence of 1/4 sterile uncoordinated animals. Such

known for every cell (Sulston and Horvitz, 1977; Sulston efnutants were further examined for absence of postembryonic cell

al., 1983). In addition, most of the cell-cycle regulatorsd|V|S|ons and GFP expression. Candidate mutations identified from

. d ab ted b inal € i ~10,000 haploid genomes were recovered from heterozygous siblings
mentioned above are represente y sSingle genes.in ,nq mapped to chromosomes by PCR, making use of primers based

elegans which simplifies their functional analysis. For on polymorphic Sequence-Tagged Sites in the RW7000 Bergerac
example, a single D-type cyclincyd-1), CDK4/6-related  strain (Williams et al., 1992). Two mutatioriee@12andhe11§ were
kinase ¢dk-4, cyclin E gye-1) and pRb family membetig- placed on chromosome Il and three mutatidms109 hel10and
35 Rb) are present (Th€. elegansSequencing Consortium, hell), as well as the deletioheDfl, were placed on the X
1998; Fay and Han, 2000; Lu and Horvitz, 1998; Park andhromosome. Standard two- and three-factor mapping dp
Krause, 1999). In addition, two geneki-1 andcki-2, encode 10(e128) and rol-1(e91) or lon-2(e678) and unc-9(e101) was
cyclin-dependent kinase inhibitors of the Cip/Kip family (ThePerformed for further mappingdNA sequence analysis revealed
C. elegansSequencing Consortium, 1998; Feng et al., lgggino-lecular Ies;ggs lnyd-l(.hellz,Q 92h>stop) anccdk-4(he110 EB5
Hong et al., 1998). Inhibition of gene function by RNA blK’ helll WZP=> STOP,thalggﬁ?;llz SL?]PE)'HPCR g”ld Southern
interference has revealed roles fiyd-1/cdk-4and cki-1 as otting experiments revealed t andheDtLare deletions.
positive and negative regulators of the G1/S transitionQuantitation of DNA and cell division

respectively (Hong et al., 1998; Park and Krause, 1999pyantitative determination of DNA content was performed essentially
However, the network of gene activities that regulates Gis described before (Boxem et al., 1999), by measuring the pixel
progression irC. elegangemains entirely unknown. In fact, intensity of serialz-sections taken on a confocal microscope (Zeiss)
lin-35 Rb was identified as a member of the ‘syntheticof animals stained with propidium iodide.
multivulva’ (synMuv) genes that inhibit the expression of ) The num_ber of cell divisions was determined by counting nuclei in
vulval cell fates (Ferguson and Horvitz, 1989), and a functiofixéd specimens. The daughter cells of P2 to P10 as well as the
in cel-cycle regulaton has not been reportediibg Rb,  Mestnal nucketcoudbe recoonized nambiguously and v teretore
sc;rgeAdﬁ)?t%yugitéiﬂglta;?rrgs'zféII(-e(lj?\?izﬂ)an\i/r? gir;%rangzd Ir? thc@ctik-_élmutants_were recognizable and formed 1/4 of the total of'fspring.
screen we isolated mutations @yd-1 cyclin D and Cdk.-4 Strains carrying theelt-2::GEP reporter were .used to recognize

- . intestinal nuclei in the experiments shown in Figs 6 and 7.
CDK4/6. We used these alleles to address the interaction
between cyclin D-dependent kinases and pRb family member&wo-hybrid assays
by creating double mutant animals that lack activitcyd- A full-length cki-1 cDNA was obtained fronC. eleganscDNA by
1/cdk-4andlin-35. Our results demonstrate tHat-35 Rb is  PCR using primers '&gggaccactttgtacaagaaagctgggtgtatggagag-
an important negative regulator of cell division and probably gatgaagatcg and '-§gggacaagtttgtacaaaaaagcaggcttgtettctgctegteg-
major downstream target of/d-Jcdk-4 However,lin-35 Rb ~ ttgc. Sequence analysis confirmed the obtained PCR product
did not appear to be the only targetgél-Ycdk-4 In addition, ~ corresponded to the wild-typski-1 sequence. Theki-1 cCDNA was
we provide evidence that the Cip/Kip family membeks1 cloned into pPC97 and used as bait in a two-hybrid experiment as

d cki-2 ¢ itHin-35 Rb i trolli I | described (Vidal, 1997). CYE-1 and CYD-1 were each isolated
ana cki-2 cooperate withlin- In controlling cell-cycle independently five times as a CKI-1 interacting protein, out of a total

entry, and that these two pathways provide non-overlapping 2«16 yeast colonies transformed with tbi-1 bait construct.
levels of cell-cycle control.

Timing of DNA replication

N2 animals were injected witln-35 dsRNA orcki-1 dsRNA, and
allowed to produce progeny for 24 hours. Eggs produced in the next
24 hours at 15°C were hatched in the absence of food, which results
- ) in a developmental arrest immediately after hatching. Subsequently,
Culture conditions and strains synchronous development was induced by transferring the arrested
We used the wild-type strains N2 and RW7000 and the followindarvae to fresh agar plates containigg coli bacteria. Developing
mutations, descriptions of which can be found elsewhere (Riddle éarvae were fixed in Carnoys fixative at 1 hour intervals and stained
al., 1997). with the DNA stain propidium iodide. DNA contents of 10 In cells
LGI: dpy-5(e61)lin-35(n745andn2239)(Lu and Horvitz, 1998), were determined as described above.
unc-29(e403)
LGIl: dpy-10(e128) rol-1(e91) cyd-1(hell2and hel16) (this  Growth rate of cyd-1 mutants
study). Embryos were collected by hypochlorite treatment of grayid-

MATERIALS AND METHODS
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1(hel12)/mnCladults and allowed to hatch in S-medium without placed both mutations in the proximity of the cell-cycle

food (Wood, 1988). Synchronous L1 development was initiated 24egulatory geneyd-1, which encodes the sole D-type cyclin

hours later by transferring the starved L1 animals to agar platgp C. elegangPark and Krause, 1999). Molecular lesions that

containingE. coli bacteria. We determined the total body size of fiveaffect the cyd-1 gene were identified by DNA sequence

E:ﬁ/d-llmutants and fIV? fhetet.rozygfotl;]s %bllng?sbat Vf?\:\l/ous tlmeks, USIT nalysis ke1l3 and by PCR and Southern blotting

e size measurement function of the Openlab software package. : ;

software was calibrated using a size stapndard slide. P ’ gper!ments Kell@. cyd-1(hel12) contams a nonsense
mutation predicted to truncate the C-terminal 114 amino acids
(Fig. 2). Thecyd-1(hell6nutation deletes theyd-1promoter
region as well as the first two exons (Fig. 2).

RESULTS The predicted partner for CYD-1 is CDK-4, a CDK4- and
o ) CDKe6-related kinase encoded by tiuk-4gene located on the
Identification of a D-type cyclin and Cdk4/6 related X-chromosome (Park and Krause, 1999). Introduction of a
kinase in a screen for positive regulators of G1 wild-type cdk-4 transgene in germline transformation
progression experiments completely suppressed the defects caused by three

To identify positive regulators of G1 progression, we used X-linked mutations, he1l09 hell0 and helll Sequence
reporter construct with S phase-specific
transcription; the green fluoresc
protein (GFP) expressed under the cot
of ribonucleotide reductase promote
sequencesriir::GFP, Hong et al., 1998
The F2 progeny from mutagenized anin
carrying the rnr::GFP transgene wel
examined for the presence of mut:
that lack postembryonic cell division a
expression of thenr::GFP marker (Fig
1A,B). We identified six independe
mutations that fulfill these criteria. Initi
mapping placed two mutationsgl12and
hell§ on chromosome Il and fo
mutations Kel09 hellQ helll and
heDf]) on the X chromosome.
hell2and hell6failed to complemer
each other, indicating they may affect
same locus. Standard three-factor map
UL S N dbw o o #0770 =0
Fig. 1.Identification and characterization of | h"‘—'J—J
cyd-landcdk-4mutant animals. (A) Positions
of cells in the ventral cord precursor (P, green)
and intestinal (I, gray) lineages in late L1 wild-
type (top) and cell-cycle mutant (bottom)
larvae. The lineages of an individual P and |
cell are indicated for each genotype (right). "
(B) Postembryonic blast cells remain undivided
in cyd-landcdk-4mutants, as indicated for
intestinal and P precursor cells in the enlarged
sections (right). The panels show a late L1 C D
wild-type larva (top) and similar staggd-
1(hell2)mutant (bottom) after fixation and

DNA staining with propidium iodide. ; Ilawm L
(C) Expression of thenr::GFP S-phase marker 32m 2 i

in wild-type animal (left) andyd-1(hel112) E

mutant (right). Nomarski images (top) and o

corresponding epifluorescent images (bottom) 8 16al

show several cells of the P and intestinal o

lineages. In theyd-lanimal, only é 8n

autofluorescence of the intestinal cells is :)ln_

detectable. (D) Quantitative measurements of <o | oc o o |
DNA content in the intestinal nuclei (gray bars) \q) N 9
of wild-type animals and mutant strains of & \\\\‘E‘
indicated genotype. Body wall muscle cells L@y t&y

(black bars) serve as 2n DNA standards. Scale
bars: 10Qum. Values indicated are meanzts.e.m.
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hel® Table 1. Characterization ofcyd-1and cdk-4alleles

cyd-1 .\/-F\/Q;ﬂp Postembryonic blast cells

that initiate division during

hel®b deletiin % larval arrest the L1 stage
f progeny
helD helll held9 °
cdk-4 E~K W->STOPQ> STOP Parental genotype n(* P2-P10 I
m e wmmm wild type 0.0 (>1000) 9/9 14/20
cyd-1(hel12))mnC1l 25.5 (697) 0/9 0/16
heDf1 cyd-1(he116)/+ 24.14 (994) 0/9 0/16
Fig. 2. Molecular lesions irtyd-1andcdk-4mutant alleles, ggtigﬂgﬂg;ﬁ gi%g 83(1)21) 8?3 8//33
illustrated with respect to the genomic structure. Exons are shown 8cdk-4(hel11)/+ 2365 (985) 0/9 0/20

boxes, introns as lines.
*The percentage larval arrest was determined by counting the total progeny
from three to five heterozygous animals of the indicated genotype.
Divisions of P and | cells were scored in L3 stage mutants fixed and stained
analysis identified point mutations within th;dk-zl,coding with the DNA stain PI. Divisions of P1, P11 and P12 could not be
sequences in each of the three mutant strains. Altel&69 unambiguously determined and, therefore, are excluded.

; . . Cell divisi ted ber of cells divided/number of cell
and helllcontain nonsense mutations that should termmatpreseent e apreocrtiea as UMBEr of cefls dvidedintmber ot ¢ets
translation after 207 and 291 amino aCidS, reSpeCtively (F|( More than 10 animals of each genotype were examined.

2). Thehell0allele contains a missense mutation that convert

a glutamate at position 85, which is conserved in proteil

kinases, to lysine (Fig. 2). gene functioncyd-1 and cdk-4 appear to be predominantly
The mutant phenotype associated vidDfl, the fourth X-  required for postembryonic somatic cell cycles.
linked mutation, was not rescued by a wild-typdk-4 Two observations indicate thayd-1landcdk-4mutant larvae

transgene. However, this mutation did map in the proximity oérrest cell divisions prior to S phase. As first observed in the
cdk-4 and failed to complement thek-4(gv3pllele. PCR and screen, eacbyd-1or cdk-4mutant lacked detectable expression
Southern blotting experiments revealed theDflis a deletion  of thernr::GFP S-phase reporter in the postembryonic lineages
that removes the enti@k-4gene (Fig. 2). In addition to the (Fig. 1C; Z1 and Z4, the somatic gonad precursor cells, were the
cell-cycle arrestheDfl mutant animals displayed defects in only exception). In addition, we found no evidence of DNA
growth and morphology that were not observed in animalseplication in postembryonic cell lineages. Specifically, we
homozygous for any of the othedk-4 alleles, including determined the DNA content of cells in two postembryonic
animals homozygous for theslk-4(gv3)deletion. Because of lineages: precursor cells of the ventral nerve cord (P), which
the lack of rescue and pleiotropic defects, we conclude thandergo four rounds of cell division during the first larval stage,
heDf1 deletescdk-4 and probably another gene required forand intestinal nuclei, 14 of which divide once after hatching
larval developmentieDflwas not analyzed further. (Sulston and Horvitz, 1977). After this division, all intestinal
All mutations isolated were recessive and conferred fullynuclei go through a round of endoreduplication during each
penetrant cell-cycle defects (Table 1). Moreover, the defectarval stage, resulting in a 32n DNA content (Hedgecock and
observed in botledk-4 and cyd-1 mutants were at least as White, 1985). The P and intestinal cells arrested with a 2n DNA
severe as those caused by RNA-mediated interference (RNAipntent in bothcyd-1 and cdk-4 mutants (Fig. 1D and not
of these genes (Park and Krause, 1999). Based on these gensiiown). By contrast, 4n and 32n DNA contents were found in
and molecular characterizations, ttyd-1 and cdk-4 alleles the P and intestinal lineages, respectively, not-1/cdk-1

confer strong loss-of-function or null phenotypes. mutants whose cells arrest after DNA synthesis in the G2 phase
) o (Boxem et al., 1999; Fig. 1D). Expression rdfonucleotide

cyd-1 and cdk-4 are required for G1/S progression in reductasenormally coincides with DNA replication, but does not

postembryonic cell divisions depend on it (Duronio and O’Farrell, 1994). The fact that cells

Following a reverse genetics approach, Park and Krause ( Paxikest with 2n DNA amounts and lackr::GFP expression
and Krause, 1999) previously identified essential rolesyfdr ~ shows that the cell-cycle arrest occurs before S phase.

1 andcdk-4in cell division We compared theyd-1andcdk- Although our results largely correspond to those described
4 mutant phenotype to the reported defects causechtiyi by Park and Krause (Park and Krause, 1999)¢yddel mutant
RNAi and thecdk-4(gv3)deletion allele. Animals homozygous phenotype was slightly more severe than the repayed

for thecyd-1alleleshel12andhel16or cdk-4alleleshe109, 1(RNAi)phenotype. Theyd-1(RNAi)animals hatched with 20
hell0, and helll completed embryogenesis. The only intestinal cells that arrested with a 4n DNA content (Park and
embryonic defect we observed was a failureyaf-1mutants, Krause, 1999), whileyd-1(hell2)and cyd-1(hell6)mutant

but notcdk-4 mutants, to complete the final few embryoniclarvae have 16 intestinal cells that arrest with a 2n DNA content.
intestinal divisions. Consequentlgyd-1(hell2)and cyd-  The simplest explanation for the difference is that RNAI did not
1(hell6)larvae hatched with 16 intestinal cells (16810), completely inactivateyd-1function. Our data further support
rather than the 20 cells present in wild-type animals. Althougthe conclusion thatyd-1 and cdk-4 are essential for G1/S
wild-type maternal product could mask an embryonic role oprogression in all postembryonic cell divisions.

cyd-1 and cdk-4in homozygous mutants, RNAi alyd-1 or o )

cdk-4also did not cause embryonic lethality and prevented ceffyd-1 and cdk-4 are primarily required for cell

division only during larval development (Park and Krausedivision and not cell growth

1999). As RNAI usually impedes both maternal and zygotidn essential role forcyd-1 and cdk-4 in G1 progression
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cyd-1/+ divisions take place in the absence of growth, yet the final
intestinal divisions failed to occur during embryogenesis in
cyd-1 mutants. Together, our results indicate tbdk-4 and
cyd-1 primarily promote cell-cycle entry ifC. elegans in
agreement with the view derived from mammalian tissue
cyd-1 culture experiments.

1.0 1
0.8

0.6
lin-35 Rb is an important negative regulator of G1/S

0.4 progression and a major downstream target of cyd-1
and cdk-4

0.2 Mammalian D-type cyclins in association with the CDK4 and
CDK6 kinases phosphorylate members of the pRb protein
0.0 L e i A B — T family in vitro (Kato et al., 1993; Meyerson and Harlow, 1994).
20 40 60 80 100 120 However, it has been difficult to test whether this
time of larval development (hours) phosphorylation is crucial in vivo for inactivation of the G1/S
inhibitory function of the pRb protein, as multiple genes of
each type (D-type cyclins, CDK4/6 kinases and Rb-family
cok-4/+ members) are present in mammals. By contrast, these different
1.0 regulators are encoded by single gene€.ielegangThe C.
elegansSequencing Consortium, 1998), making this organism
0.8 an ideal system in which to address whether cyclin D and
CDKA4/6 are solely required to overcome G1/S inhibition by
0.6 pRb family members.
cdk-4 The single Rbrelated gene inC. elegans lin-35, was
0.4 previously identified as a regulator of vulval cell-fate
specification (Lu and Horvitz, 1998). Surprisingly, animals
0.2 4 homozygous folin-35 presumed null mutations are viable and
show no cell-division defects. Hyd-1andcdk-4only act to
0.0 —— T inhibit lin-35 Rb, then the cell-cycle arrest ofd-1andcdk-4
20 40 60 80 100 120 mutants should be fully overcome bg-35 Rb inactivation.
time of larval development (hours) To test this hypothesis, we used several assays. First, we
examined whether inactivation ¢ifh-35 in a cyd-1 mutant
Fig. 3.cyd-1andcdk-4cell division defects precede growth defects. background restores expression of thre::GFP S-phase
Size ofcyd-1(hel12pndcdk-4(gv3homozygous mutants and wild-  marker. Mutations inlin-35 had previously been shown to
type siblings (genotypesyd-1(hel12)/mnCandcdk-4/+or +/+) is  yragyt in general suppression of transgene expression (Hsieh et
plotted as afunctlon of time of postembryonic developmen_t at 15 Cal., 1999). However, thenr::GFP transgene was not silenced
The growth retardation alyd-1andcdk-4mutants becomes first . ; . .
apparent in the L2 stage, subsequent to failure of some late in the F1 progeny of a”'”.‘a's injected W'mh'S.’S dS.RN.A
embryonic and all postembryonic L1 divisions. Points indicate mean(_M- B.and S. V:d'H_"_unpUb“ShEd)' Importantly, Inactl_vatlc_)n of
of five measured animals+s.d. lin-35 by RNAI efficiently restorednr::GFP expression in
cyd-1andcdk-4homozygous mutants (Fig. 4A).

Next we tested whether inactivation lof-35 could restore
contrasts with results obtained in the fruit Byosophila cdk4  DNA replication in the intestinal nuclei. We constructed
is not essential for most divisions; rather the Cdk4/Cyclin Oin-35;cyd-1 and lin-35;cdk-4 double mutant strains, using
complex has been implicated in regulation of cell growthwo different alleles ofin-35, n745andn2239 which contain
(Datar et al.,, 2000; Meyer et al., 2000). To examine thearly nonsense mutations that probably completely eliminate
possibility that the cell-division defects observedyd-1and 1in-35 function (Lu and Horvitz, 1998). Quantitative DNA
cdk-4 mutants are a secondary consequence of a cell-growtheasurements of intestinal nuclei showed thaB5(n745
defect, we compared the growth ratesyaf-1(hel12andcdk-  or n2239);cyd-1(hell2and lin-35(n745);cdk-4(gv3)double
4(gv3)mutants with wild-type larvae. Until approximately 20 mutant larvae were able to undergo multiple rounds of DNA
hours of larval growth at &, cyd-1(hell2jpndcdk-4(gv3) replication, giving rise to a level of polyploidy in the double
mutants and wild-type siblings were indistinguishable in sizenutants that is similar to wild-type animals (Fig. 4B). In
(Fig. 3). After 20 hours, the growth rate of the wild-typeaddition to DNA replication/in-35;cyd-1 and lin-35;cdk-4
siblings increased, whereasyd-1(hell2)and cdk-4(gv3) double mutants reached near wild-type body and gonad size
mutants continued to grow at a slow rate. The first larval (L1jnot shown) andlin-35(n745);cdk-4(gv3)double mutants
stage ends with a molt at approximately 16 hours obccasionally produced viable progeny. Thus, loss of function
postembryonic development at°Ts Cells in a variety of cell of lin-35 Rb overcomes the G1 arrest of celleya-1landcdk-
lineages divide during this stage in the wild-type, starting witlt mutants. These results demonstrate tmB85 Rb is an
the Q neuroblasts at approximately 5 hours of postembryonimportant inhibitor of the G1/S transition and, by analogy with
development at &. As none of these divisions occurciyd-  other systems, probably a major targetdi-4andcyd-1
1 and cdk-4 mutants, the cell-division defects precede the TheC. eleganggenome contains single members of the D
growth-retardation phenotype. Moreover, the embryoniand E subfamilies of G1 cyclins. Inactivationayfe-1cyclin

size (mm)

o

size (mm)

o
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E by RNAI causes embryonic arrest at approximately the 100rhe Cip/Kip family members cki-1 and cki-2

cell stage (Fay and Han, 2000). Homozygouys-1mutant  cooperate with /in-35 in G1 regulation

larvae derived from heterozygous mothers display late larvaiwo observations suggest thiat35 Rb cooperates with other
defects and complete sterility (Fay and Han, 2000). RNAI fofegulatory pathways in controlling progression through G1
lin-35 did not affect thecye-1(ehl0)mutant phenotype. phase. First, loss din-35 did not fully overcome the cell
Similarly, the embryonic arrest caused &ye-1RNAi was  division defects ofyd-1andcdk-4mutants. Second, the timing
equally severe in a wild-type ofin-35(n745) mutant  of S-phase entry and cell division remained intact in mutants
background (data not shown). Thukn-35 inactivation  |ackinglin-35 function.

specifically suppresseyd-1and notcye-1loss of function. Several levels of control may converge at the level of Cyclin
Although other interpretations are possible, tt~=-

results are consistent with a model in whigh35 A

Rb acts downstream afyd-Jcdk-4and upstream

cye-1 .

lin-35 is probably not the only target of  cyd-1
and cdk-4

Although we observed substantial rescue of [
replication, the number of cell divisions in -
postembryonic lineages was not restored to \
type levels inlin-35;cyd-1 or lin-35;cdk-4 double
mutants (Fig. 4C). The double mutant animals  # e )
remained largely sterile. It appears unlikely that ' - P7

lack of complete rescue resulted from incomg — - ™
inactivation oflin-35 Rb, as probable null mutatio Im-35,cyd-1

were introduced (allelea745 and n2239 Lu anc
Horvitz, 1998), and identical effects were obsel
following lin-35 RNAI. Incomplete rescue is al
unlikely to be caused by inactivation of a posi
cell-cycle function oflin-35 Rb, aslin-35 single
mutants do not display apparent cell division defi
These results strongly suggest tbhdk-4andcyd-1
do not act exclusively upstream 6h-35 Rb but
most probably activate or inactivate additic
targets.

: - s B H| bwm c é

lin-35 Rb is not rate limiting for S-phase entry 3904 o In T g 40- _ mP2-PI0
Because our results demonstrate fa35 Rb acte "~ I 5 D 1n

as a negative regulator of cell division, we exam 3 : 2 30
homozygouslin-35 mutants in more detail for tl 5” §‘2(J

presence of any defects in cell division. Using | = o £ i
Nomarski microscopy of livéin-35 mutant larva  Z 8n- 5 10 7

and fluorescence microscopy of fixed animals ste  — jn_-_ é ‘
with propidium iodide (PI), we did not obse L N ! B i L
premature or additional cell divisions (data N\ g\\"“\ o;"’\ t\\m\ 5‘@;‘% C*D")\ < Qbf’\ ‘\\"'\ R\
shown). Alternatively, loss ofin-35 might caus N\ \\}\ \,\\\‘ RPN RN\ \‘\\\\"
premature entry into S phase, which could P > R Wy &
compensated for by expanding later cell-c > ,\b,‘a\' Q,?' ‘“",\bfz\'
phases. We compared the timing of DNA replica N\ j;"-‘\ 4 &

in wild-type and lin-35(n745) mutant animals t \.\‘\7’ W \.\\\?’

examine this possibility. Using quantitative DI

measurements at different times of L1 developn Fig. 4.1in-35 acts as a negative regulator of cell-cycle progression.

we determined that the first round of DNA synth  (A) Expression of thenr::GFP S-phase marker ieyd-1(hel12fleft) andlin-

in the intestinal cells occurs between 6 and 8 I 35(RNAI); cyd-1(he112yight). Nomarski images (top) and corresponding

of postembryonic development in wild-type anim Qplfluorescent images _(bottom) show several cells of the P and_ mtestlna_l

This timing was identical ifin-35(n745) mutants lineages. In theyd-;anlmal, o_nIy autoflgorescencg of the |ntest!nal cellsis

(Fig. 5). Thus, in contrast to mouse emt detectable, Whereaﬂ-SS RNAI resuIFed. in expression ofir::GFP in the P .

fibro-blas.ts that |;iCk Rb familv members. inactiva cells and other lineages. (B) Quantitative measurements of DNA content in the
. . ym L intestinal nuclei (gray bars) of wild-type (WT) and mutant animals of indicated

of lin-35 Rb is not rate limiting in the norm  gengtype. Body wall muscles (black bars) serve as 2n DNA standard.

regulation of S-phase initiation in vivo, & (C)Rescue of postembryonic cell divisionsliny35. The cell number in the

additional regulatory pathways probably control  P2-P10 and intestinal lineages were counted in animals of indicated genetic

timing of DNA replication in the absence laf-35.  backgrounds. Scale bars: @f. Values indicated are meanzs.e.m.
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Fig. 5.1in-35is not rate limiting for S-phase entry. DNA content of ((\b‘ Q_%‘%
intestinal cells of wild-typeljn-35(n745)andcki-1(RNAi)animals fb"5‘ ,\/’]/\
was determined at 1 hour intervals from the start of postembryonic ) N
development. Bars indicate mean of 10 intestinal nucleizs.d. B
£ 70-
E/CDK2, as Cyclin E-CDK2 kinase activity is necessary anc @ go{ WP2-P10
sufficient to induce S-phase in a variety of systems (Duroni = 50 gin
and O’Farrell, 1995; Knoblich et al., 1994; Ohtsubo et al. 2
1995; Tsai et al., 1993; van den Heuvel and Harlow, 1993). | 5 40
addition to transcriptional suppression by pRb, cyclin E/CDKZ £ 30
kinases are also regulated by CDK inhibitors of the Cip/Kig é 20+
family (Ekholm and Reed, 2000; Sherr and Roberts, 1999 £ 107
TheC. elegangienome contains two Cip/Kip family members, . L
cki-1 andcki-2 (Feng et al., 1999; Hong et al., 1998). Severa N e@ é{}\ e@ e@
observations suggested theiti-1 and possiblycki-2 have NSNS\
conserved functions as CDK inhibitors. Ectopic expression ¢ 6\6' @b' 0@' 0@'
cki-1has been shown to arrest the cell cycle in G1 phase (Hor N NN
et al., 1998). Moreover, inactivation dfi-1, but notcki-2, by 6«5\ N W
RNAI resulted in supernumerary divisions in various cell .be 5
lineages (Feng et al., 1999; Hong et al., 1998). We confirme N &
the cki-1 RNAi phenotype and observed low penetrant C
postembryonic cell divisions icyd-1mutant animals afteaki- "
2 RNAI (see below and data not shown). Finally, CKI-1 was 55 W P2-P10
found to interact with CYD-1 and CYE-1 in two-hybrid assays 2550 Bin
(Materials and Methods). Together, these observation 'E % 40
suggested thatki-1 and cki-2 (collectively referred to aski- 3 g 30
1,2) areC. eleganCip/Kip family members with conserved Efj 20
functions in the regulation of G1/S progression. 22 1o
We examined ifcki-1,2 Cip/Kip activity is sufficient to g c
control cell-cycle progression in the absenceliof35 Rb @ S& N SN
function. In contrast ttin-35 inactivation,cki-1 RNAi caused Qé\ c\;y\’ &
premature entry into S phase (Fig. 5). A significant number ¢ ‘be P
intestinal nuclei obtained 4n DNA amounts even withoul N «

stimulation of L1 development (Fig. 5, O hour). Interestingly,rig. 6. cki-1andcki-2 cooperate within-35 Rb in regulating G1
RNAi for cki-1 alone orcki-1 and cki-2 together resulted in  progression. (A) Quantitative measurements of DNA content in the
only a single round of DNA replication ayd-1(hell2nutant intestinal nuclei (gray bars) of wild-type and mutant animals of
animals (Fig. 6A). Thus, inactivation of tle&i-1,2 inhibitors  indicated genotype. Body wall muscles (black bars) serve as 2n DNA
appears rate limiting for S-phase entry and allows one rourgfandard. (B) Rescue of postembryonic cell divisions. The cell
of DNA duplication even in the absence ofd-lcdk-4  numbers in the P2-P10 and intestinal lineages were counted in strains
function. However, subsequent rounds of DNA synthesiéf indicated genotype. Genes that do not carry allele designations
e the actviy oéyc-Landccldor naciivation ofn-35. 1 nbted by KA () addonal cel dvsins n a wid e,
Sg c-ror;?ﬁgurt‘zsggz_gsg%%sg{r?;elgjgfsl’gfcggr/]?gl ?)CglrlTHiSG 1/ ype i_s d_efined as zero supernumerary divisions. In all three panels,
- ars indicate meants.e.m.

transition.

Next we determined whethkn-35 andcki-1,2cooperate in
negatively regulating cell division. As shown above,mutants, resulting in an approximately normal number of P-
inactivation of lin-35 partly restored postembryonic cell cell divisions and a limited number of intestinal divisions (Figs
division in cyd-1 and cdk-4 mutant animals (Figs 4C, 7B). 6B, 7C). Importantly, we observed dramatically increased
Similarly, cki-1,2RNAI caused rescue of cell divisiondégd-1  numbers of cell divisions when inactivationlimf-35 and cki-



4356 M. Boxem and S. van den Heuvel

1,2 were combined. Even in @d-1mutant background, this for cell division inC. elegangCeol and Horvitz, 2001; Page
resulted in a total number of intestinal nuclei that far exceedeet al., 2001).
the number in wild-type animals (Figs 6B, 7D). Double ) . ) ) )
inactivation oflin-35 Rb andcki-1,2 Cip/Kip also caused a The cyclin D kinase is essential for G1 progression
synergistic increase in the number of supernumerary divisions large number of observations have implicated cyclin D-
in a wild-type background (Fig. 6C). Although the absoluteCDK4/6 kinases in G1 control (Sherr, 1996; Sherr and Roberts,
effects vary between different cell lineageki-1,2 Cip/Kip 1999). Most studies have documented the effects of ‘gain of
andlin-35 Rb cooperate in regulating G1/S phase progressiotiunction’ of kinase activity. For example, increased activity of
D-type kinases is found in tumor cells, can shorten G1 phase
of cells in tissue culture and can overcome the G1 arrest
DISCUSSION induced by ectopic pRb expression. Such observations do not
establish whether or not these kinases are essential for cell-
Control of G1 progression is crucial to the development of altycle progression. Indirect evidence in support of an essential
eukaryotes. We followed a genetic approach in the nematodele has been provided by overexpressing the CDK4/6 inhibitor
C. elegando learn more about the pathways that regulate Gh18NK4A (Bruce et al., 2000; Koh et al., 1995; Lukas et al.,
progression in vivo. A screen for positive regulators of G11995; Medema et al., 1995). This has been shown to arrest G1
progression identified a D-type cyclin and a CDK4/6 relategrogression of pRb-positive cells, but not of cells lacking either
kinase. Characterization of the mutant phenotypes confirmgaRb or p107 and p130. Mice nullizygous for cyclin-blor
the previous conclusion by Park and Krause (Park and KrauseDK4~~ develop to adults with growth defects (Fantl et al.,
1999) thattyd-1andcdk-4are essential for entry into S-phase 1995; Rane et al., 1999; Sicinski et al., 1995; Tsutsui et al.,
during postembryonic development. We used the mutant alleld999); however, the effects have yet to be described of gene
of cyd-landcdk-4to directly address whether cyclin D and/or knockout of all three D-type cyclins, or of CDK4 and CDKG6.
CDK4/6 act in a linear pathway with Rb family members inThe most complete inactivation of cyclin D kinase activity may
vivo. We found that althougm-35Rb is an important negative have been achieved in mice double null for p21 and p27
regulator of G1 progression and probably acts downstream @fip/Kip, which act as assembly factors for CDK4/6-cyclin D
cyd-1 and cdk-4 1in-35 does not provide the only level of kinases (Cheng et al.,, 1999; LaBaer et al., 1997). Double
regulation of S-phase entry. An additional level of control isnactivation of p21 and p27 has been found to reduce CDK4/6
contributed by the CDK inhibitorski-1 andcki-2, which were  kinase activity below the level of detection, yet these double
found to act in parallel tn-35, and to cooperate witin-35  mutant animals do not show cell-division defects (Cheng et al.,
in controlling the G1/S transition. Below we discuss our result4999). Such results have challenged the prevalent view about
in light of the existing knowledge about G1 control in otherthe requirement for cyclin D kinase activity.
animal systems. C. elegansaand Drosophilaare thus far the only organisms
Considering the nature of the screen, it is somewhah which the effects of complete loss of cyclin D-dependent
surprising that we identified only a D-type cyclin and CDK4/6kinase activity has been studied. Inactivation of the sole
related kinase as essential positive regulators. Although fe®@DK4/6-related kinase irDrosophila did not affect cell
genes may be essential for both::GFP expression and cell division in a general way (Datar et al., 2000; Meyer et al.,
division, there are several reasons why some regulators ma@00). HomozygousCdk4 mutant flies develop into small
have been missed. First, although multiple allelesydfland  adults with reduced fertility (Meyer et al., 2000). The small
cdk-4 were identified, it is unlikely that the screen wassize did not appear to be caused by a decrease in cell numbers.
saturating. Moreover, mutation of some positive regulatorRather, based upon the analysisCalk4 mutants and ectopic
may not have resulted in a prominent phenotype, owing texpression of CycD-Cdk4, the primary role of CycD-Cdk4
functional redundancy with other genes. In addition, a mutatioappears to be stimulation of cell growthDnosophila(Datar
may not result in a cell-cycle specific phenotype if the genet al., 2000; Meyer et al., 2000). By contrast, the cell-division
affected has additional essential functions. Finally, mutationdefects in theC. elegans cyd-and cdk-4 mutants precede a
will have been missed that cause a cell-cycle arrest before detectable growth defect and first appear in late embryogenesis
after the L1 stage. In the presence of wild-type materndlefore growth takes place. Thus, the rate limiting function of
product, the stage at which a mutant phenotype first becomegclin  D-CDK4/6 kinases may vary between species,
apparent is determined by the requirement for zygotic gendemonstrating the value of using multiple model organisms in
function. Although manyC. eleganscell-cycle regulators studying gene function.
display their mutant phenotype in the first larval stage ife . ]
1, lin-5, cul-1; Boxem et al., 1999; Kipreos et al., 1996; Lorson/in-35 Rb probably acts downstream of  cdk-4/cyd-1
et al., 2000), zygotic expression of other genes is requiref cell-cycle control
during embryonic development or after the first larval stageJpon inactivation of the retinoblastoma family memliei35
For example, mutations inye-1 the C. eleganscyclin E  Rb, cells were able to complete multiple rounds of S phase in
homolog, result in late larval defects, although RNAithe apparent absence of CYD-1/CDK-4 activity. This clearly
experiments revealed an essential function duringstablishedin-35 Rb as a negative regulator of S phase which
embryogenesis (Fay and Han, 2000; M. B. and S. v.d.Hacts downstream of or in parallel ¢gd-1/cdk-4 Previously,
unpublished). We did not identify mutations in candidatdin-35 was identified as a member of a set of genes that
positive regulators of the E2F/DP transcription factor familiesnegatively regulate vulval cell fate (Ferguson and Horvitz,
Accordingly, the recent analysis efl-1 E2F anddpl-1 DP ~ 1989; Lu and Horvitz, 1998). These genes are known as
mutations revealed that these genes are not generally needbd ‘synthetic multivulva’ (synMuv) genes that form two
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A cyd-1(hell2) B lin-35 ; cyd-1(hell2)
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Fig. 7. Cip/Kip and Rb family members
cooperate in regulating G1 progression. C cki-1,2 ; cyd-1(hell2)
Epifluorescent images demonstrating thqg
number of intestinal divisions in (A)
cyd-1(hell2); elt-2::GFRnutant larvae
and animals of the same genotype after
(B) lin-35 RNAI, (C) cki-1,2RNAi and

(D) lin-35; cki-1,2double RNA..
Intestinal nuclei express the GFP under
the control of theelt-2 promoter region.
Scale bars: 2pm.

functionally redundant classes. Inactivation of both a class Aurther indicated by their distinct loss-of-function phenotypes.
and a class B synMuv gene causes inappropriate induction béss oflin-35 does not lead to precocious S phase but does
vulval fates, resulting in a Multivulva phenotype (Ferguson anéllow multiple rounds of DNA replication inyd-1 or cdk-4
Horvitz, 1985; Ferguson and Horvitz, 1989). Genetic epistasisiutant animals. By contrast, inactivation ai-1 by RNAI
experiments have shown that the synMuv genes act tesults in premature S phase, yet permits only a single round
antagonize a receptor tyrosine kinase/Ras-mediated signalinf DNA synthesis incyd-1and cdk-4 mutants. These results
pathway (Lu and Horvitz, 1998). A role in cell-division has notagree well with those obtained fdacapo,a Cip/Kip inhibitor
been described previously for the class B synMuv djer@s  in Drosophila(de Nooij et al., 1996; Lane et al., 1996). The
Rb. lin-35 null mutants are viable and appear to developlacapomutant phenotype has been proposed to result from
normally (Lu and Horvitz, 1998). In addition, the absence ofailure to inactivate residual cyclin E kinase (de Nooij et al.,
lin-35 function did not affect the timing of S-phase entry. Thesel996). For further rounds of cell division, cyclin E needs to be
findings are surprising dm-35 is the only member of the Rb transcribed, which requires inactivation of RBF/E2F-mediated
family in C. elegansand loss of Rb is lethal in mice (Jacks ettranscriptional repression. We expect that similar mechanisms
al., 1992) as well as iDrosophila (Du and Dyson, 1999). explain the cooperative effects oki-1 andlin-35 Rb in C.
Moreover, mouse embryonic fibroblasts that lack all three Rbelegans

family members show severe cell-cycle defects in tissue culture Several observations in mammalian systems also suggest
(Dannenberg et al., 2000; Sage et al., 200@¢restingly, in  cooperation. In tissue culture, p21pRb’~ mouse cells are
chimeric mouse experiments, adult mice with largely normamore defective in G1 control than cells lacking either single
tissues were found to contain high percentages of Rblls  gene (Brugarolas et al., 1998). Moreover, double inactivation
(Maandag et al., 1994; Williams et al., 1994). Thus, thef genes in both pathways increases tumor formation in mouse
developmental requirement for a functiof gene may be models (Brugarolas et al., 1998; Franklin et al., 1998; Park et

limited to specific tissues or cell types. al., 1999). As p21 is an important downstream target of the p53
] ] o . tumor suppressor, cooperation between p21 and pRb in cell-
lin-35 Rb and cki-1 Cip/Kip cooperate in G1/S control cycle control may contribute to the strong selective pressure

Our results demonstrate that in the absencdine85 Rb  for dual inactivation of p53 and pRb in human cancer. Thus,
function additional levels of control are sufficient to maintainalthough control by Cip/Kip inhibitors may be more rate
the correct timing of S phase @ elegansBased on results limiting in C. eleganscooperation between Cip/Kip and pRb
in other systems, we reasoned that such controls are likely tamily members in G1/S control is probably shared among
involve inhibitors of the Cip/Kip family. Indeed, several resultsmetazoans.

indicate thatcki-1,2 Cip/Kip and lin-35 Rb cooperate in N _ ) )

controlling the G1/S transition i. elegans The strongest Additional functions of Cyclin D-CDK4/6 kinases

argument for cooperation betweeski-1,2 and lin-35 is  The absence of pRb family proteins lin-35 putative null

the observed synergistic effect of double inactivation ommutants was not sufficient to fully overcome the requirement
supernumerary cell divisions. Most strikingly, animalsfor a cyclin D-dependent kinase @ elegansThis indicates
contained on average 84 intestinal nuclei following inactivatiorthat cyd-1 and cdk-4 do not act solely to inactivaten-35. A

of cki-1,2as well adin-35, while adult wild-type animaldin- second activity described for cyclin D-CDK4/6 complexes is
35 mutants, anaki-1,2(RNAi)animals averaged 34, 34 and 47 sequestration of Cip/Kip inhibitors, which allows activation of
nuclei, respectively. Such increased numbers of intestinalyclin E/CDK2 complexes (Sherr and Roberts, 1999). It is
divisions have not been reported previousiZirelegansThat  possible that sequestering CKI-1 and CKI-2 is the detected
cki-1 and lin-35 act at least in part in parallel pathways isadditional function of the CYD-1/CDK-4 kinase. Consistent
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with this idea, we found that CYD-1, as well as CYE-1, of 22 genes that affect the vulval cell lineages of the nematode
interacts with CKI-1 in the two hybrid system. Interestingly, Caenorhabditis elegan&eneticsl10, 17-72.

the singleDrosophilaCip/Kip family member Dacapo does not Férguson, E. L. and Horvitz, H. R.(1989). The multivulva phenotype of
bind to CveD-Cdka (M t al. 2000). P ibl It ti certain Caenorhabditis elegansnutants results from defects in two
ind to CycD- (Meyer et al., ). Possibly, alternative functionally redundant pathwayGenetics123 109-121.

ways to control Cip/Kip activity have been developed infrankiin, D. S., Godfrey, V. L., Lee, H., Kovalev, G. I., Schoonhoven, R.,
Drosophila which may explain the reduced role of the cyclin Chen-Kiang, S., Su, L. and Xiong, Y(1998). CDK inhibitors p18(INK4c)

D-CDKA4/6 kinase in cell-cycle progression. and p27(Kipl) mediate two separate pathways to collaboratively suppress
pituitary tumorigenesisGenes Devl2, 2899-2911.
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