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Genetic analysis has revealed that G1-phase cgringvolved in the relationship
in terms of cell size and commitment to cell daisiWhenCLNswere expressed at mo-
re than normal physiological level they dramatjcediduce the critical cell size and ad-
vance the progression past Start point. In conbedditiction or delay of the expression of
CLNs will produce abnormally large cells and delay 8tert. To identify the genetic
pathways that may link G1-phase cyclins to ceé#,size conducted a systematic geno-
mic-wide genetic screen in yeast. In this screeidestified several genes affecting cell
size. Some of those gene products interact phlysicahighly conserved Ccr4-Not
complex. Loss of function of these genes drambticadreases cell size at which cells
are being divided. To investigate the role of sz mutants in the coordination of cell
growth with proliferation we choose Ccr4, one @& tlore components of the Ccr4-Not
complex, for further study. We found that the straith deleted”CR4gene has delayed
CLN21andCLN2transcription which results to formation of lacgdl phenotype.

G1l-phase cyclin — Ccr4-Not complex — cell sizeartSt

Qhubinhluljut kpinsnipimup gnyg k nyky, np G1 thnih ghlphubkpp ubp-
qprunjyud &b pooh swihtiph Yupquunpdwh gnpsmud: Gpp ghljhtibph publn-
pimbp pogmuul glipuiquiignud £ tnmiwy $hqhninghwlwt dwhwpnulp, pegh pu-
dutilmb dudwbwl] wnknh £ nukimd ,Unwupnt vwhdwbughtt jEnh qunudud
wbgnud b pooh Yphnhljuljub swthubkph thnppugmu b punhwluwnwlp: G1 thnih
ghyihuitiph b pooh swthubph thnpjuwyusnipjui hhdpmd puljws ghubnhljuljui
dbjwthquh  pugwhuyywt  hwdwp  hpuljubgpl) Bup gqbubph  hwenpnuiljut
htnwgqnunmpmit  hadnpwublbpnud: Uju  hhunwgnumpjut  plhpugpnid
puguhwpnby b puquuphy ghubp, npnighg Ynjuudnpnn uyhunwlngubpp niy-
nuyhnpkt thnpuwgnnud Eu CCR4-Not hwuduwhwnp htw: Uju ghubph $mulghuygh
puguljumpiniip wpwg k phpnid pooh pudwtiduit upwdwt hunlwp whpwdbown
swthubph w&: Zknwqu hbnwgnuunipinibiph hwdwp punptp B CCR4 glup, npp
hwinhuwtnd k Cer4-Not hwdwihph hhdtwuljutt pununphsubphg dklp: Ukup
huypntwptpty Gup, np Cer4 qhuh phjkghw wwpnitwlnng Uninwbnh dnn CLNI
CLN2 ghubiph wpwbuyphyghwt htnwdqqus t, npt kp hwinhuwimd b pooh
swthubph wdh hhdtwlwb wungwnp:

G1 thnyp ghlypllikp - Cer4-Not hunluypp - pooh sunthulip -, Unnupink

Il'enetnyeckuii aHaIN3 IOKa3al, YTO B MPOLECC PETYIHMPOBAHUS Pa3MEPOB
KJIETKH BOBJedYeHb! UKIHHBI (assl G1. Ho B3auMoOTHONIEHNS MEXTY IUKIMHAMBI
(CLN1 u CLN2), pa3mepoM KIETKH M TOTOBHOCTBIO KJIETKH K JCJICHHIO BEChMa
cioxHbl. Dkenpeccuss CLN-0B Bblllle HOPMBI, PE3KO CHIKAET KPUTHUYECKHUIT pazmep
KJIETKH, HEOOXOIMMBIH 11 cTapTa Hauaja KJIETOYHOrO LHKIAa M Haoobopor. C
LENbI0 BBIABICHUS TCHETHYCCKHX ITyTeH CBs3bIBaroluX OUKIMHE (a3l Gl u
pasMep KICTKH, MBI IIPOBENHM CHCTEMAaTHYCCKHH BCETCHOMHBIN CKPHHHHT Yy
JIPOACKEH.
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B xo0/ie aHanu3a Mbl BBISIBHJIM HECKOJIBKO '€HOB, TEHETHYECKUE MPOAYKTHI KOTOPBIX
(usnyeckn B3aMMOJEHCTBOBAIM B BHICOKO KOHCepBaTUBHOM Komiuiekce Ccrd-Not.
IMoTepst pyHKIMH ITUX TEHOB KPUTHYECKH YBEJIMYHBAJIa pasMep KIETKH, KOTOPbIN
HeoOXOAUM Ul Hauaja mpouecca jaeneHus. [ NajabHEHIIero H3ydeHusl poju
pa3mepa KJIETKH B KOOpIHMHAIMH Mpoliecca jaeneHus, Mbl BoiOpanu CCR4 onun u3
OCHOBHBIX cocTaBisionux komiuiekca Ccr4-Not.Mel 0OHapy Wiy, 4TO y MITAMMa
¢ peneuuii €Cr4 rena, tpanckpumnius CLN1 u CLN2 nukianHOB 3a7epxaHa KOTopoe
MPUBOJHT K 00pa30BaHUIO (DEHOTHIIA KIIETOK, OTIMYAIOIIUXCS OOJIBIIUM Pa3MepoM.

Luxnunwr pazei-G1l — Ccrd-Nokomnaexe — pazmep kiemrku — <«Cmapm»

In most eukaryotes, cells become committed to raafnzkll division at an event
in G1 phase. This event is called Start in the tyaad restriction point in mammalian
cells [1, 2, 6, 8].

In Saccharomyces Cerevisiaé,is well known that Start is dependent upon the
G1l-phase cyclins CInl, CIn2, CIn3 and its assodiatgcline dependent kinase (Cdk)
Cdc28 [1, 2, 6, 10, 11 and 14]. Just prior to Ststcells approach the required critical
size, CIn3-Cdc28 kinase phosphorylates Whi5, pramotits dissociation from
transcription factors SBF and MBF, whose basaliygtis kept low by Whi5. SBF and
MBF induce the transcription of about 200 genesi1f], which are involved in DNA
synthesis and repair, but the key transcripts leee@1 cyclindCLN1 andCLN2 and the
B-type cyclinsCLB5andCLB6[7, 13]. When no CIn3 is present, other cyclinglsas
Bck2, may substitute for it, although quiteefficiently; therefore, the entrance into S
phase takes place after a longer G1-phase thaitdttype cells [9].

As G1-phase cells grow in size toward Start, thendance of the CInl and CIn2
mRNAs and proteins increases [4, 15]. In both yaast mammalian cells it is widely
believed that a critical amount of G1-phase cyciimsst accumulate to induce cell cycle
progression [1, 2, 6, 10, 11, and 14]. However, ithiationship between Gl-phase
cyclins cell size and commitment to cell division has beén well understood.

To identify the genetic pathways that may link Giage cyclins to cell size, we
conducted a systematic genomic-wide genetic sdregaast. Several hundred genes were
identified that dramatically altered cell size ame involved in cell size homeostasis. Most of
the currently known cell size control genes disectt indirectly affect the expression or
activity of G1-phase cyclins, demonstrating thegnal role of cell cycle regulation and G1-
phase cyclins in cell size control. Interestinghg gene products of five large mutants, Ccr4,
Hprl, Pafl, Pop2, and RIr1, physically interachvait are components of Ccr4-Not complex.
This complex plays an essential role in the cordgfajene expression. Characterization of
several cell size mutants revealed that these gemetion by regulating the timing of
expression of G1-phase cyclins. By elucidatingrtie of CCR4in the coordination of cell
growth with proliferation we found th&LN1andCLN2transcription were delayed @erdA
strain which lead large cell phenotype.

Materials and MethodsStrains and media

The strains used in this work were derived from&28. Cerevisiae. Yeast cultures were
grown in YEP-based medium (20.0 g of Difco Bact@t®erse and 10.0 g of Difco Bacto Yeast
Extract dissolved in 900 ml of water, 100 ml of 2@¥cose, sucrose, or raffinose).

Quantification of cell size, persentage of buddeltscand cell cycle distribution

Cell cycle synchronizations were performedcentrifugal elutriation as previously described

(3). The percentage of budded cells was deternbigezbding samples and then counting the cells
with visible buds in a minimum of 200 cells. Andlysf the cell size distribution of yeast strains
was done with a Coulter Counter Channelyzer ZMaxr Z
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Recombinant DNA technique

Escherichia coli transformations, plasmid extrattiaestriction digestions, and molecular
cloning techniques were conducted using standaotbgols as previously described (Ausubel
1987). To make &AL-CCR4construct, oligonucleotides were designed forahmlification of
the complete open reading frame. A typical 100-@RPreaction contained 10 ng of DNA tem-
plate, 2-5 units of Pfu polymerase, 100 pmol ofheaigmer, 1 ml of 25 mm dNTPs, and 10 ml
10X Pfu buffer. Typical reactions had 30 cycles sisting of denaturation for 1 min at 95°C,
annealing at 50°C —-58°C for 1 min, and a 1- to &-mitension at 72°C (1 min for a 1-kb frag-
ment) performed with an Eppendorf Mastercycler.

Preparation of RNA and Northern analysis

RNA preparation and Northern analysis were comduasing standard protocols as previously
described (12). Quantification of Northern data e@ucted with the FluorChem 2.0 spot densitometry
analysis program (Alpha Innotech). Images captaredilm were digitized and analyzed. To ensure
linearity of the signal from film exposures, threa¢ven exposures were analyzed in each casenffol co
for loading,CLN mRNA signals were normalized to (R€ TLmRNA.

Results and Discussion.

G1-phase cyclin CLN1 and CLN2 expression linkecktbsize threshold

G1-phase cyclin€€LN1 and CLN2 are cell cycle regulators that promote tran-
sition from G1 to S phase. Deletion of these gexmss abnormally large cell phenotype
and delay G1/S transition (Start). (Fig. 1A).
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Fig. 1. Loss of CIn1 and CIn2 functions results in abnofynalrge cells. Average mean cell sizes
were 92+1 fl (WT), 14845 fl fl (cln1cIn® (P=0.0005) (A) Ectopic overexpression@fN1
reduces the size of wild-type cells. The meansie#s of diploid wild-type cells transformed with
control plasmid (e.g., an empty GAL-promoter comsty, GAL-CLN], grown in YEPRG as
described were 8445 fl, 5314 fl, respectively (P88))(B) Similar data (563 fl) were obtained
with overexpression dELN2 (not shown).

In log phase the average size of wild-type dipl@ells from the S288c
background is 92+1 fl, when they grow in rich mediader the same condition the size
of cInlcln2A double deletion strain significantly increased @28l; P=0.0005). This
data suggests that cell size requirements mayrirrg@iect the need for a critical amount
of the CInl and CIn2 proteins. Since the absend8lsphase cyclin€LN1 and CLN2
expression produce large cells, next we examineglthveln overexperssion &LN1 or
CLN2reduce cell size of wiled-type cells. Wild typeashs containing integrate@dAL-
CLN constructs give high, nonphysiological levels @fN expression when induced
with 1% galactose. We found that overexpressiorCbN1 (or CLN2) significantly
decrease the size of wild type cells (Fig. 1B). @ilethis data suggest that there is a
threshold requirement for G1-phaS&Ns which is a major determinant of critical cell
size required for G1-S transition.

Cell cycle control and Ccr4-Not complex genes amolved in cell size
homeostasis
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To identify the genetic pathways that link G1-phagelin expression and
proliferation to cell size, we conducted a systéengenomic-wide genetic screen in
yeast. In this light, mutations were ideedifi that either dramatically increased or
decreased average cell size. Interestingly a gafumutants that dramatically altered
cell size are member of cell cycle control genes.
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Fig. 2 Loss of CIn3, Bck2 and Ccr4 function result in atmally large cells. In contrast loss of
Whi5 function results abnormally small cells. Thean cell sizes of diploid wild-type|n3A (A),
bck2s (B), whisA (C) andccr4A (D) cells grown in YPD as described were plottecdunction of

cell number. Average mean cell sizes were 92+1 W)W28+10 fl €In3A), 11045 fl pckr),

76415 fl (whi%A) and 10644 fl¢crdA) (P=0.0005-0.02).

In our screen we found that deletion of eitbek2A or cIn3A increases cell size
(Fig. 2A and 2B; P=0.02-0.05). Since it has beamwshthat CIn3 and Bck2 activate the
transcription of the downstream G1-phase cycltidN1 and CLN2 we suggest that
large cell phenotype dfck2A or cIn3A is reason of down-regulation 6LN1andCLN2
expression. In contrast we found that in whifleletion strain average cell size was
decreased (Fig. 2C). Whi5 protein, functionally ieglent with pRB tumor suppressor
gene in mammalian cells, suppresses Gl-phase s)ClifNN1 and CLN2 expression.
Therefore loss of Whi5 function results in premat0tN1andCLN2expression.

We also found a group of cell size mutants that members of the highly
conserved Ccr4-Not complex or associated with¢biaplex. We elucidated the role of
Ccr4 in the coordination of cell growth with praiftion. We found that deletion of
ccrdA produce abnormally large cells (Fig. 2D). Since #train with CCR4 gene
deletion €crdA strain) has similar phenotype widtk2A andcIn3A strain we suggest
that Ccr4 may also regula@®_N1andCLN2expression.

Overexpression of CCR4 dramatically decreasesitteecs wild-type strain

Since deletion oftcrdA increased the average cell size we examined whethe
overexpression d€CR4could reduce cell size. We creat8dL-CCR4construct, which
gave high, nonphysiological levels @&CR4 expression when induced with 1%
galactose. By overexpressing this construct i wipe strains we found that average
cell size was decreased (Fig. 3).

During our study we also examined the role of Gnr&1/S transition point Start.
For that reason we synchronized wild type asut4A strains using centrifugal
elutriation. Similar —sized unbedded early G1 cellsre collected %35 to 45 fl),
resuspended in fresh YEPD media and incubated°&. 3amples were taken at regular
intervals, and cell size and percent budding weeasuared. When the budding data are
plotted as a function of time (Fig. 4A) and thensesbudding data are plotted as a function
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of cell size (Fig. 4B) we found that budding wasaged around 30 min iocrdA cells
compare with wild type strain. Moreover, data iradéd thatcrdA cells were budded 8-
10 fl larger size than wild type strain.
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Fig. 3. Ectopic overexpression @CR4reduces cell size. The mean cell sizes of diphid-type

cells transformed with control plasmid (e.g., arpenGAL-promoter constructGAL-CCR4
grown in YEPRG as described were 8415 fl, 58+4ef§pectively.

During our study we also examined the role of Gor&1/S transition point Start.
For that reason we synchronized wild type asut4A strains using centrifugal
elutriation. Similar —sized unbedded early G1 cellsre collected %35 to 45 fl),
resuspended in fresh YEPD media and incubated°&. 3amples were taken at regular
intervals, and cell size and percent budding weeasared. When the budding data are
plotted as a function of time (Fig. 4A) and the sabudding data are plotted as a
function of cell size (Fig. 4B) we found that budgliwas delayed around 30 min in
ccrdA cells compare with wild type strain. Moreover, alédicated thatcrdA cells
were budded 8-10 fl larger size than wild typeistra

Overexpression of CLN1 and CLN2 dramatically desectghe size of cci
strain

It has been shown th@.N3andBCK?2 are major regulators @LN1andCLN2

expression. So deletions of oth@tN3 or BCK2 will down-regulateCLN1 and CLN2
expression and produces abnormally large cells.
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Fig. 4. Progression past Start is delayed in cells lackiGgr4 Centrifugal elutriation was used to
isolate small, unbudded G1-phase cells. Followintriation, cells were resuspended in fresh
medium at 25°C and time points were taken eversnitb The percentage of budded cells is

plotted as a function of time (A) and as a functdrell size (B).

Since overexpression @LN1 or CLN2 will reduce the cell size (Fig. 1B) we
examined whether overexpessionQifN1 or CLN2 will rescue large cell phenotype of
ccrdA strain. By overexpressinfgLN1gene under the control of GAL promotercicr4A
cells we found that the average siza4A strain was decreased (Fig. 5). This data
indicated that the large phenotypecof4A is the reason dfinl andCiIn2 deficiency.

CLN transcription is delayed in cctddeletion strain

To address the question whetler4A cells are abnormally large due @.N1
and CLN2 deficiency we compared the abundanceCaN1 and CLN2 mRNA during
mid-log phase in mutant and wild type strain. Nerthanalysis revealed that the levels
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of CLN1 and CLN2 mRNAs were only modestly changed in mutants (FEg.),
suggesting thaCLN1andCLN2 mRNA expression levels were unlikely to be thesoena
that cells are unusually large.

ER

Fig. 5. Ectopic overexpression @LN1reduces cell size. The mean cell sizes of diplordx
cells transformed with control plasmid (e.g., arpenGAL-promoter constructFAL-CLNZ,
grown in YEPRG as described were 9416 fl, 85+6efpectively.

The large critical cell size and the delayed StércrdA cells strongly suggested
that CLN expression might also be delayed. To examine gbissibility, RNA was
isolated from the same time points from for buddargl cell size. The expression of
CLN1andCLN2 mRNA were then measured by Northern. Consistettt thie timing of
Start, in the wild type cells, the expressiorCafN1 andCLN2 mRNA was undetectable
until the 60 min time point and peaked between @5¥8n. In contrast, in the cells
CLN1 and CLN2 mRNA was undetectable until the 90 min time pcamd peaked
between 110~125min (Fig. 6B).

Time (min) 0 30 60 90 120 150y
Cell size(fL) 46 53 60 63 65 68

CLN1L - e -
CLN2 - —
ACTL o o o e - v — —
% budded 2 4 6 17 35 51

Time (minD 30 60 90 120 150 180 220 ;¢ gA./
Ceisze(l)50 56 61 68 71 74 77 78
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Fig. 6 CLN1andCLN2 mRNA expression is advanced or delayed in cellsize mutants. Total RNA
isolated from mid-log-phase wild-type and cell simatants YPD cultures were analyzed by Northern
analysis. Blots were hybridized witiLN1 and CLN2 probes.ACT1 probes were used as loading
controls. Quantitation revealed that CLN1 and CLMNfels were reduced only 10 and 15%,
respectively, inccrdA mutant (A). Total RNA was isolated from the ehiion fractions. Blots from
wild-type cells and cc cells were hybridized wit€LN1 andCLN2 probes. ACT1 probes were used
as loading controls. Analysis of data reveals thatcrdA cells,=<50% of cells have progressed past G1-
phase when cells are 75-79 fl, while in wild-typksdbis happens at73 fl.
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The result indicated th&LNsexpression also delayeddardA strain. From the
above data, we concluded that Ccr4 positively rgal CLN1 and CLN2 mRNA
expression and determines the timing of their esgion.

Finally, the present study is the first investigatconcerning the role of Ccr4 in

the cell cycle control, such as regulation of tlkpression of G1l-phase cyclif@. N1
andCLN2
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