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A key question in eukaryotic differentiation is whether there are common regulators or biochemical events that are
required for diverse types of differentiation or whether there is a core mechanism for differentiation. The unicellular
model organism Saccharomyces cerevisiae undergoes filamentous differentiation in response to environmental cues.
Because conserved cell cycle regulators, the mitotic cyclin-dependent kinase Clb2/Cdc28, and its inhibitor Swe1 were
found to be involved in both nitrogen starvation- and short chain alcohol-induced filamentous differentiation, they were
identified as components of the core mechanism for filamentous differentiation. We report here that slowed DNA
synthesis also induces yeast filamentous differentiation through conserved checkpoint proteins Mec1 and Rad53. Swe1
and Clb2 are also involved in this form of differentiation, and the core status of Swe1/Clb2/Cdc28 in the mechanism of
filamentous differentiation has therefore been confirmed. Because the cAMP and filamentous growth mitogen-activated
protein kinase pathways that mediate nitrogen starvation-induced filamentous differentiation are not required for slowed
DNA synthesis-induced filamentous growth, they can therefore be excluded from the core mechanism. More significantly,
slowed DNA synthesis also induces differentiation in mammalian cancer cells, and such stimulus conservation may
indicate that the core mechanism for yeast filamentous differentiation is conserved in mammalian differentiation.

INTRODUCTION

Unicellular Saccharomyces cerevisiae undergoes developmen-
tal switches between two differentiation states in response to
environmental cues. For example, under nitrogen starvation,
diploid S. cerevisiae cells switch from the yeast form (growth
as single oval cells) to the filamentous or pseudohyphae
form (growth as elongated cell chains that retain physical
attachment between the mother and daughter cells) (Gim-
eno et al., 1992). Besides nitrogen starvation, other environ-
mental stimuli (such as short chain alcohols and mating
pheromones) have also been found to induce filamentous
growth (Dickinson, 1996; Lorenz et al., 2000; Erdman and
Snyder, 2001). Filamentous growth of S. cerevisiae has been
considered as a potential model system for eukaryotic dif-
ferentiation. This idea was initially supported by the find-
ings that two conserved signaling pathways (the mitogen-
activated protein kinase [MAPK] and cAMP pathways) that
mediate mammalian cell differentiation also mediate nitro-
gen starvation-induced filamentous differentiation of S. cer-
evisiae (Liu et al., 1993; Roberts and Fink, 1994; Ward et al.,
1995; Lorenz and Heitman, 1997). The idea was better sup-
ported by the fact that cell cycle regulation that is highly
conserved in eukaryotic organisms plays a key role in fila-
mentous growth (Rua et al., 2001). Conserved cell cycle
regulators, the mitotic cyclin-dependent kinase Clb2/Cdc28,
and its inhibitor Swe1 were found to be involved in both

nitrogen starvation- and short chain alcohol-induced fila-
mentous differentiation, and they were identified as compo-
nents of the core mechanism for filamentous differentiation.
We report here that slowed DNA synthesis induces filamen-
tous differentiation in yeast, and it involves the conserved
cell cycle regulators (Swe1 and Clb2) but not the MAPK or
cAMP pathway.

DNA integrity checkpoints are conserved signaling path-
ways that are activated by DNA damage or replication
blocks to delay cell cycle progression until DNA repair or
replication is finished. At the heart of the checkpoints are
highly conserved proteins that are required for cell cycle
arrest: the mammalian ATM and ATR protein kinases and
their homolog Mec1 in S. cerevisiae (Paulovich and Hartwell,
1995); the downstream mammalian CHK2/CDS1 protein
kinase is homologous to yeast Rad53 (Matsuoka et al., 1998).
In S. cerevisiae, Rad53 is activated by two distinct pathways:
DNA replication stress activates Rad53 in the DNA replica-
tion checkpoint that involves Sgs1 and Mrc1, whereas DNA
damage activates Rad53 in a distinct Rad9-dependent check-
point that causes mitotic arrest in G1 and G2 phases (Frei
and Gasser, 2000; Alcasabas et al., 2001; Myung et al., 2001).
The checkpoint proteins have more widespread roles than
originally thought with some functions such as the regula-
tion of dNTP synthesis that are independent of cell cycle per
se (Michelson and Weinert, 1999). The checkpoint mecha-
nisms play a role in cancer suppression. Mutations in the
human p53, ATM, and BRCA1 genes have been tied to cancer
as well as checkpoint defects. We report here that the check-
point proteins Mec1 and Rad53 have one additional func-
tion: to initiate filamentous differentiation in S. cerevisiae in
response to slowed DNA synthesis.
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DNA synthesis involves multiple steps, and inhibitors or
inhibitory conditions have been used to block or slow DNA
synthesis at distinct steps. Hydroxyurea (HU) can block
DNA synthesis by inhibiting ribonucleotide reductase that
catalyzes dNTP synthesis (Figure 1a). ara-CTP is an analog
of dCTP (a natural substrate of DNA polymerases), and it

can block DNA fragment synthesis by inhibiting DNA poly-
merases through competition with dCTP (Hatse et al., 1999)
(Figure 1b). DNA-alkylating agent methyl methansulfonate
(MMS) can block DNA synthesis by stalling DNA replica-
tion forks (Tercero and Diffley, 2001) (Figure 1c). DNA ligase
III ligates newly synthesized DNA fragments to complete
DNA synthesis. Shifting the temperature of cells with a
cdc9-1 allele that encodes a temperature-sensitive DNA li-
gase III blocks the completion of DNA synthesis (Game et al.,
1979) (Figure 1d). DNA synthesis can also be blocked in cells
with a temperature-sensitive DNA polymerase when they
are grown at restrictive temperatures (Figure 1e). We will
demonstrate that moderate application of these conditions
slows DNA synthesis and induces filamentous differentia-
tion in yeast.

MATERIALS AND METHODS

YEPD and SC media preparation, cloning, yeast transformation, yeast mating,
yeast sporulation, and tetrad dissection were performed as described previ-
ously (Jiang, 2002). S. cerevisiae deletion strains were purchased from Research
Genetics (Huntsville, AL).

DNA Oligomer Primers for Polymerase Chain Reaction
(PCR) Reactions
DNA oligomer primers for PCR reactions were as follows: D1083 (5�-GCT
GGA CAA CAA GAA CGA CAT ACA CCG CGT AAA GGC CCA CAA GAC
TGC tcg aat tcc tgc agc cc-3�, D1084 (5�-GTT AGA TCA AGA GGA AGT TCG
TCT GTT GCC GAA AAT GGT GGA AAG TCG tac gac tca cta tag gg-3�,
D1903 (5�-ACACTTTTTTTTCCCCGCCGATGAGAAAGTG-3�, and D1904
(5�-GTTATTGGATTATTTATACAATGCGGCCCATAAGCAC-3�.

Plasmid Construction
D1100 (dun1::kanMX4 in Bluescript) was created as follows. The genomic
DNA of S. cerevisiae deletion strain 33576 (dun1::kanMX4) was digested with
EcoRV � KpnI and ligated into Bluescript, and the DNA was used to trans-
form DH5� for ampicillin and kanamycin-resistant transformants from which
D1100 was isolated. pBS1479 contains TRP1KL, the TRP1 gene from Kluver-

Table 1. Yeast strains

Strain Genotype Background Source

Y821 MATa his3 leu2 trp1 ura3 A364a T. Formosa
Y2032 MATa cdc9-1 his3 leu2 trp1 ura3 A364a T. Formosa
DLY264 MATa mec2-1�URA3 his3 leu2 trp1 ura3 A364a T. Weinert
W303A MAT� ade2 can1 his3 leu2 trp1 ura3 W303 R. Rothstein
W303B MATa ade2 can1 his3 leu2 trp1 ura3 W303 R. Rothstein
Y33 MAT� Ty1-URA3-33 ade2 can1 his3 leu2 trp1 ura3-1 W303 Y.W. Jiang
Y256 MATa Ty1-URA3-33 ade2 can1 his3 leu2 trp1 ura3-1 W303 This study
Y71 MATa/� Ty1-URA3-33 ade2 can1 his3 leu2 trp1 ura3-1 W303 This study
Y990 MATa Ty1-URA3-33 dun1�kanMX4 ade2 can1 his3 leu2 trp1 ura3-1 W303 This study
Y958 MATa Ty1-URA3-33 sml1��kanMX4 ade2 can1 his3 leu2 trp1 ura3-1 W303 This study
Y962 MAT� Ty1-URA3-33 mec1�TRP1KL sml1��kanMX4 ade2 can1 his3 leu2 trp1 ura3-1 W303 This study
MLY61a/� MATa/� ura3-52 �1278b J. Heitman
MLY183a/� MATa/� ura3-52 tec1�kan/tec1�kan �1278b J. Heitman
XPY95a/� MATa/� ura3-52 flo8�HgyB/flo8�HgyB �1278b J. Heitman
Y1724 MATa ura3-52 �1278b This study
Y1726 MATa ura3-52 flo8�HgyB �1278b This study
Y1727 MAT� ura3-52 flo8�HgyB �1278b This study
Y1730 MATa ura3-52 tec1�kan �1278b This study
Y1745 MATa ura3-52 flo8�HgyB tec1�kan �1278b This study
ATCC 208922 MATa/� his3�hisG/� leu2�/� trp1�hisG/� ura3�/� �1278b ATCC
Y1893 MATa leu2� �1278b This study
Y2195 MATa URA3�pGAL:CLB2 �1278b This study
Y2204 MATa leu2� swe1�kanMX4 �1278b This study
YPH499 MATa ade2 gal3 his3 leu2 lys2 trp1�1 ura3-52 S288C P. Heiter
YHA300 MATa ade5-1 leu2-3,112 trp1-289 ura3-52 pol2-3�LEU2 YCp[TRP1] POL2 YHA T. Formosa
YHA302 MATa ade5-1 leu2-3,112 trp1-289 ura3-52 pol2-3�LEU2 YCp[TRP1] pol2-18 YHA T. Formosa

Figure 1. Signaling pathways involved in filamentous differentia-
tion of S. cerevisiae.
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myces lactis (Rigaut et al., 1999). D1069 (YEp[LEU2] sml1::kanMX4) was created
as follows. The genomic DNA of S. cerevisiae deletion strain 30512 was
digested with XbaI � SacII and ligated into a YEp[LEU2] plasmid D102
digested with XbaI � SacII, and the DNA was used to transform DH5� for
ampicillin and kanamycin-resistant transformants from which D1069 was
isolated.

Strain Construction
Yeast strains used in this report are listed in Table 1. A364a strains DLY264
(originally from T. Weinert, University of Arizona, Tuscon, AZ), Y2032, and
Y821 were kindly provided by Tim Formosa (University of Utah, Salt Lake
City, UT). Y256 and Y71 are MATa and MATa/� versions of Y33, respectively
(Jiang, 2002). Y256 was transformed with D1100 (containing dun1::kanMX4)
digested with EcoRV and KpnI for G418 resistance to create Y990. Y71 was
transformed with mec1::TRP1KL as a PCR product of D1083, D1084 (as the
primers) and pBS1479 (containing TRP1KL as the template) for Trp� trans-
formants to create Y933. Y933 was transformed with D1069 (containing
sml1::kanMX4) digested with XbaI and SacII for G418 resistance to create Y951.
Y951 was sporulated to create Y962 and Y958. �1278b diploid strains
MLY61a/a, MLY183a/a, XPY95a/� were kindly provided by Joe Heitman
(Duke University Medical Center, Durham, NC), and they were sporulated to
create Y1724, Y1730, Y1726, and Y1727. Y1730 was mated with Y1727 to
produce a diploid, and the diploid was sporulated to produce Y1745. The
swe1�kanMX4 gene disruptor was PCR-amplified from yeast deletion strain
1238 with primers D1903 and D1904 and introduced into Y1893 to create
Y2204.

RESULTS

Hydroxyurea-induced Filamentous Growth
An effective way to inhibit DNA synthesis is to block the
synthesis of dNTPs that are the substrates for DNA synthe-
sis. Ribonucleotide reductase is the key enzyme in dNTP
synthesis. Hydroxyurea (an inhibitor of ribonucleotide re-
ductase) is known to inhibit DNA synthesis and arrest cells
in S phase at concentrations above 300 mM. Cells exposed to

sublethal concentrations of hydroxyurea (50, 100, and 150 mM)
are slow to complete DNA synthesis and display an extended
S phase (Clarke et al., 2001). We examined the effects of hy-
droxyurea at different concentrations on yeast growth and
morphology. Yeast �1278b diploid cells grown in liquid SC
medium with sublethal concentrations (50–200 mM) of hy-
droxyurea underwent apparent filamentous growth to form
chains of elongated cells (Figure 2A). Filamentation efficiencies
were 100% in the cultures with 100 or 200 mM hydroxyurea.
We were able to observe similar filamentous growth of a
�1278b haploid strain on solid SC medium with 100 mM
hydroxyurea (Figure 2B), indicating that this type of filamen-
tous growth was not specific to diploids or the liquid culture
condition. Three observations convinced us that the elongated
cells were cells undergoing bona fide filamentous growth
rather than dead or dying cells with unusual morphology.
First, the elongated cells were alive and able to divide. In-
creases in optical density were recorded in the liquid cultures
that contained pure filamentous cells, and macrocolonies con-
taining elongated cell chains were formed on solid SC � HU
medium (our unpublished data). Second, filamentous differen-
tiation was reversed when hydroxyurea was removed. When
the elongated cells from a liquid culture or a colony were
plated onto a SC plate, they all gave rise to nonfilamentous
yeast-form progenies (our unpublished data). Third, hy-
droxyurea-induced filamentous growth showed dependence
on Swe1 that is essential for nitrogen starvation- and short
chain alcohol-induced filamentous growth (see below). These
results are consistent with the idea that slowed DNA synthesis
caused by lowered dNTP levels induces differentiation in S.
cerevisiae.

Figure 2. Concentration-dependent induc-
tion of yeast filamentous growth by hy-
droxyurea. (A) Diploid �1278b cells (ATCC
208922) were grown at 30°C to mid-log phase
in liquid SC (Jiang, 2002) containing hy-
droxyurea at indicated concentrations. The
cells were studied under a light microscope
and photographed. In this and subsequent
experiments of this report, at least six fields
were randomly chosen and examined for
each culture. In each case, cells in all fields
displayed highly similar cell morphology
and the photograph of a typical field is
shown here. (B) Haploid �1278b (Y1724),
W303B, A364a (Y821), and S228C (YPH499)
cells were grown on SC and SC � HU (100
mM) plates at 30°C overnight. The growth
patterns of microcolonies were examined un-
der a light microscope and photographed.
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Because filamentous growth cannot be induced in certain
laboratory strains such as S288C with nitrogen starvation or
short chain alcohols (Liu et al., 1996; Lorenz et al., 2000), we
wondered whether hydroxyurea could induce filamentous
growth in laboratory strains other than �1278b. Hydroxyu-
rea at 100 mM induced moderate filamentous growth in
W303 and A364a (Y821) cells but not in S228C (YPH499) cells
at all (Figure 2B). The S228C cells remained unresponsive
even when they were treated with higher sublethal concen-
trations of hydroxyurea (our unpublished data).

Slowed DNA Synthesis-induced Filamentous Growth
To confirm that slowed DNA synthesis is indeed responsible
for hydroxyurea-induced filamentous differentiation, we
tested the other conditions that slow DNA synthesis to see
whether they could also induce filamentous differentiation.
DNA fragment synthesis is catalyzed by DNA polymerases.
ara-CTP, the triphosphorylated metabolite of the deoxycyti-
dine analog ara-C, is a potent inhibitor of mammalian DNA
polymerases through competition with the natural substrate
dCTP. When incorporated into the nascent DNA chain, ara-
CMP residues strongly obstruct further elongation by DNA
polymerase, causing accumulation of short strands of DNA.
ara-CMP is a potent inhibitor of yeast DNA polymerases
(McIntosh et al., 1986), it inhibits yeast growth at 2 mg/ml.
We treated yeast cells with different concentrations of ara-
CMP and discovered that ara-CMP induced uniform fila-
mentous differentiation at a sublethal concentration of 1
mg/ml (Figure 3A).

MMS is a DNA-alkylating agent that can slow DNA rep-
lication fork progression (Tercero and Diffley, 2001). MMS
inhibits cell growth at 0.03%. We discovered that MMS
induced uniform filamentous growth at 0.01% (Figure 3A).

The last step of DNA synthesis is ligation of newly syn-
thesized DNA fragments (especially Okazaki fragments of
the lagging strand). The reaction is catalyzed by DNA ligase
III that is encoded by CDC9. Cells carrying a temperature-
sensitive cdc9-1 allele can grow at 25°C but not 37°C. The
completion of DNA synthesis is slowed in cdc9-1 cells at
semirestrictive temperatures (Game et al., 1979). We pre-
dicted that such delayed completion of DNA synthesis
would also induce filamentous growth. As shown in Figure
3B, cdc9-1 mutant cells underwent apparent filamentous
growth at semirestrictive 30°C. These results confirmed that
slowed DNA synthesis induces filamentous growth in S.
cerevisiae.

We also tested whether DNA polymerase temperature-
sensitive mutants undergo filamentous growth at a semiper-
missive temperature. As shown in Figure 3C, pol2-18 mutant
cells (with a restrictive temperature of 37°C) underwent
uniform filamentous growth at semirestrictive 34°C. Similar
results were obtained with other DNA polymerase temper-
ature-sensitive mutants (i.e., pol2-9, pol1-17, pol1/cdc17-1,
pol3/cdc2-1, and pol3/cdc2-2 mutants; our unpublished data).

Again, the filamentous cells induced by the these condi-
tions were alive and able to divide to form macrocolonies,
and all filamentous cells gave rise to nonfilamentous cells
when the conditions that slowed DNA synthesis were re-
moved (our unpublished data). These results indicate that
slowed DNA synthesis induces filamentous differentiation
in S. cerevisiae.

Because the MAPK and cAMP signaling pathways medi-
ate nitrogen starvation-induced filamentous growth, we in-
vestigated their possible involvement in slowed DNA syn-
thesis-induced filamentous growth. TEC1 encodes a DNA-
binding transcriptional regulator that serves as the effector

for the MAPK pathway, whereas FLO8 encodes a DNA-
binding transcriptional regulator that serves as the effector
for the cAMP pathway. tec1� flo8� mutant cells are defective
in both signaling pathways, and they responded to slowed
DNA synthesis with normal filamentous growth (Figure 3A,
right). These results indicate that neither the MAPK nor the
cAMP pathway is involved in slowed DNA synthesis-in-
duced filamentous growth. The MAPK and cAMP pathways
can therefore be excluded from the core mechanism of fila-
mentous differentiation.

Involvement of the Mec1/Rad53 Checkpoint Proteins in
Slowed DNA Synthesis-induced Filamentous Growth
When DNA replication is blocked or DNA is damaged, the
Mec1/Rad53 checkpoint proteins (Figure 1, f and g) are
activated to halt cell cycle progression and enhance DNA
synthesis (Weinert et al., 1994). We wondered whether
slowed DNA synthesis per se was sufficient to induce fila-
mentous growth or whether the Mec1/Rad53 checkpoint
proteins were involved. To distinguish these two possibili-
ties, we tested whether slowed DNA synthesis could induce
filamentous growth in the absence of functional Mec1 or
Rad53. MEC1 is an essential gene, and mec1� cells are not
viable. However, the requirement of Mec1 for viability can
be bypassed by overexpression of RNR1 that encodes the
rate-limiting large subunit of ribonucleotide reductase (De-
sany et al., 1998), by deletion of SML1 (Figure 1h) that
encodes a protein inhibitor of Rnr1 (Zhao et al., 1998), or by
removal of CRT1 (Figure 1i) that encodes the transcriptional
repressor of RNR1 (Huang et al., 1998). We tested the possible
Mec1 dependence by comparing responses of mec1� sml1�
and sml1� cells to slowed DNA synthesis. The response
profile of sml1� cells to hydroxyurea was indistinguishable
from that of isogenic wild-type cells: 300 mM hydroxyurea
arrested growth of both wild-type and sml1� cells, and they
responded to sublethal concentrations of hydroxyurea by
undergoing filamentous growth (Figure 4A). When mec1�
sml1� cells were treated with hydroxyurea, we observed the
following two phenotypes. First, growth of the mec1� sml1�
cells was arrested by as little as 10 mM hydroxyurea (Figure
4B). Such hypersensitivity to hydroxyurea in the mec1�
sml1� cells was expected, because the cells are defective in
transcriptional activation of RNR1 in response to a DNA
replication block. Second, we were unable to find a sublethal
concentrations of hydroxyurea that induced filamentous
growth in the mec1� sml1� cells. RAD53 is also known as
MEC2. We tested a strain with a mec2-1 mutation and ob-
served similar hypersensitivity to hydroxyurea and absence
of filamentous differentiation induced by sublethal concen-
trations of hydroxyurea (Figure 5A).

The failure to induce filamentous growth in the mec1�
sml1� and mec2-1 cells with any concentrations of hy-
droxyurea agrees well with a critical role of the Mec1/
Rad53 checkpoint proteins in slowed DNA synthesis-in-
duced differentiation. However, one might argue that the
hydroxyurea hypersensitivity in the mec1� sml1� and
mec2-1 mutants interfered with induction of the filamen-
tous differentiation. We addressed this concern by exam-
ining the cells’ responses to ara-CMP (1 mg/ml) to which
neither mec1� sml1� nor mec2-1 cells showed hypersensi-
tivity (Figure 5, B and C). ara-CMP at 1 mg/ml induced
filamentous growth in the sml1� and wild-type cells, but
not in the mec1� sml1� or mec2-1 cells. These results
clearly established an essential role of the Mec1/Rad53
checkpoint proteins in the induction of filamentous
growth by slowed DNA synthesis.
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Moreover, we discovered that hypersensitivity to hy-
droxyurea per se does not necessarily interfere with dif-
ferentiation. DUN1 (Figure 1j) encodes a downstream ki-
nase that enhances RNR1 gene expression (and the
ribonucleotide reductase activity) at both transcriptional
and posttranslational levels (by opposing Crt1 and Sml1,
respectively) in Mec1/Rad53-mediated responses to DNA
replication block or DNA damage (Zhou and Elledge,
1993; Zhao and Rothstein, 2002). It takes longer for dun1�
cells to complete DNA replication due to lowered dNTP
levels. dun1� cells also showed hypersensitivity to hy-

droxyurea. Hydroxyurea (100 mM) arrested the growth of
the dun1� cells (Figure 4A). However, 25 mM hydroxyu-
rea (that could not induce filamentous growth in wild-
type cells) induced filamentous growth in the dun1� cells,
despite the hydroxyurea hypersensitivity. These results
indicate that hydroxyurea hypersensitivity and the inabil-
ity to undergo hydroxyurea-induced filamentous growth
are distinct biological phenomena. These results also in-
dicate that the Dun1 branch of the Mec/Rad53 checkpoint
pathway is not directly involved in slowed DNA synthe-
sis-induced filamentous growth (Figure 1).

Figure 3. Induction of filamentous
growth by slowed DNA synthesis.
(A) Isogenic �1278b haploid wild-
type (Y1724) and tec1� flo8� double
mutant (Y1745) cells were grown at
30°C on SC plates with HU (100
mM), ara-CMP (1 mg/ml), and MMS
(0.01%). The growth patterns of mi-
crocolonies were examined under a
light microscope and photographed.
(B) Isogenic haploid A364a strains
Y821 (wild-type) and temperature
sensitive Y2032 (cdc9-1) were grown
on SC plates at 30 and 20°C over-
night. 30°C is semirestrictive for
Y2032. The growth patterns of micro-
colonies were examined under a light
microscope and photographed. (C)
Isogenic haploid strains YHA300
(wild-type) and temperature-sensi-
tive YHA302 (pol2-18) were grown on
SC plates at 34 and 20°C overnight;
34°C is semirestrictive for YHA302.
The growth patterns of microcolonies
were examined under a light micro-
scope and photographed.
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DNA Damage Response and Filamentous Growth
The above-mentioned results indicate that activation of
the Mec1/Rad53 checkpoint proteins is necessary for fil-
amentous growth, and one may wonder whether activa-
tion of the checkpoint proteins per se is sufficient for
filamentous growth. Because the Mec1/Rad53 DNA in-
tegrity checkpoint proteins can also be activated by DNA

damage via the Rad9/Chk1-dpendent DNA damage re-
sponse checkpoint, we decided to test whether activation
of the Mec1/Rad53 proteins by sublethal levels of DNA-
damaging agents could also induce filamentous growth.
We tested several DNA-damaging agents (bleomycin, eto-
poside, and hydrogen peroxide) and failed to find any
sublethal concentrations that induced filamentous growth

Figure 4. Haploid W303 strains Y256 (wild-
type), Y990 (dun1�) Y958 (sml1�), and Y962
(mec1� sml1�) were grown overnight at 30°C
on SC plates with indicated concentrations of
hydroxyurea. The growth patterns of micro-
colonies were examined under a light micro-
scope and photographed.

Figure 5. A key role of the Mec1/Rad53
checkpoint pathway in slowed DNA synthe-
sis-induce filamentous growth. (A) Cells of
isogenic haploid A364a strains Y821 (wild-
type) and DLY264 (mec2-1) were grown on
SC plates with indicated concentrations of
hydroxyurea overnight and photographed
under a light microscope. (B) Cells of iso-
genic haploid W303 strains Y256 (wild-type),
Y990 (dun1�), Y958 (sml1�), and Y962 (mec1�
sml1�) were grown on SC and SC � ara-CMP
(1 mg/ml) plates at 30°C overnight and then
photographed under a light microscope. (C)
Cells of isogenic haploid A364a strains Y821
(wild-type) and DLY264 (mec2-1) were grown
on SC and SC � ara-CMP (1 mg/ml) plates at
30°C overnight and photographed under a
light microscope.
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(our unpublished data). The results indicate that activa-
tion of the checkpoint proteins per se is not sufficient to
induce filamentous growth. Because these DNA-damag-
ing agents activate the Mec1/Rad53 checkpoint proteins
to delay cell cycle progression in a cell cycle stage-non-
specific manner, their inability to induce filamentous
growth may suggest that an S phase delay be key to the
Mec1/Rad53-mediated filamentous growth.

The inability of DNA-damaging agents to induce filamen-
tous differentiation also suggested an absent role of the
Rad9/Chk1-dependent DNA damage response checkpoint
in Mec1/Rad53-mediated filamentous differentiation. We
created and tested �1278b strains with rad9� and chk1�
mutations. The strains responded to sublethal levels of hy-
droxyurea with normal filamentous growth (our unpub-
lished data).

Mitotic CDK Clb2/Cdc28 and Slowed DNA Synthesis-
induced Filamentous Growth
The S phase delay requirement in the Mec1/Rad53-medi-
ated filamentous growth underscores that importance of cell
cycle regulation. The evolutionarily conserved cyclin-depen-
dent kinase Cdc28 that regulates cell cycle progression plays
a key role in yeast differentiation. Inhibition of the mitotic
cyclin-dependent kinase Clb2/Cdc28 activity is believed to
be the pivotal event leading to filamentous differentiation
(Figure 1k). Constitutive filamentous growth can be ob-
tained by slowing G2/M transition, either with a defective
Cdc28 kinase or deletion of the CLB2 gene (Ahn et al., 1999).
SWE1 encodes a kinase that phosphorylates Cdc28 to inhibit
the Clb2/Cdc28 activity (Figure 1l). Overexpression of Clb2
or deletion of the SWE1 gene inhibits nitrogen starvation-
and short chain alcohol-induced filamentous growth (La
Valle and Wittenberg, 2001). These observations led to a
proposition that there is a core mechanism of filamentous
differentiation that consists of Swe1, Clb2/Cdc28 (Rua et al.,
2001). We tested the effects of Clb2 overexpression on hy-
droxyurea-induced filamentous growth. As shown in Figure
6A, cells overexpressing Clb2 (from pGAL-CLB2) grew as
enlarged yeast-form cells and were not able to undergo
hydroxyurea-induced filamentous growth. To rule out the
possibility that the Clb2 overexpression-caused cell enlarge-
ment played a role in abolishing hydroxyurea-induced fila-
mentous growth, we tested the effect of swe1�. As shown in
Figure 6B, swe1� abolished hydroxyurea-induced filamen-
tous growth without significant cell enlargement. Because
overexpression of MIH1 (which encodes the Swe1-antago-
nizing Cdc28 phosphotase) did not inhibit HU-induced fil-
amentous growth (our unpublished data), it is unlikely that
Mih1 is involved in HU-induced filamentous growth. These
results confirmed the core status of Swe1/Clb2/Cdc28 in the
mechanism of filamentous growth. We propose that in re-
sponse to slowed DNA synthesis the Mec1/Rad53 check-
point proteins activate Swe1 to inhibit Clb2, cause an S
phase delay and effect filamentous growth (Figure 1m).
Cds1 (the Schizosaccharomyces pombe homolog of Rad53)
seems to directly phosphorylate Wee1 (the S. pombe ho-
mologs of Swe1) in response to HU treatment (Boddy et al.,
1998). It will be interesting to determine whether Rad53
directly phosphorylates Swe1 in slowed DNA synthesis-
induced filamentous growth of S. cerevisiae.

DISCUSSION

Slowed DNA Synthesis-induced Filamentous
Differentiation in S. cerevisiae
In this study, we used five conditions (HU, MMS, ara-CMP,
cdc9-1, and DNA polymerase temperature-sensitive alleles)
to slow yeast DNA synthesis and all five conditions induced
filamentous growth. This form of filamentous growth
showed dependence on the conserved Mec1, Rad53, and
Swe1 checkpoint proteins as well as the Clb2 cell cycle
regulator but not the MAPK or cAMP pathway. The require-
ment of Swe1 and Clb2 for slowed DNA synthesis-induced
filamentous growth has confirmed the core status of Swe1/

Figure 6. Involvement of Clb2 and Swe1 in HU-induced filamen-
tous differentiation. (A) Isogenic wild-type (Y1724) and pGAL-CLB2
(Y2195) cells were grown at 30°C to mid-log phase in indicated
media. The cells were examined under a light microscope and
photographed. The expression of pGAL-CLB2 was repressed by
glucose (Glu) and induced by galactose (Gal). (B) Wild-type (Y1724)
and swe1� (Y2204) cells were grown at 30°C to mid-log phase in
indicated media. The cells were examined under a light microscope
and photographed.
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Clb2/Cdc28 in the mechanism of filamentous differentia-
tion. Because the cAMP and filamentous MAPK pathways
that mediate nitrogen starvation-induced filamentous differ-
entiation are not required for slowed DNA synthesis-in-
duced filamentous growth, they can therefore be excluded
from the core mechanism. We also found that an S phase
delay seemed to be important, and the Rad9/Chk1-depen-
dent DNA damage checkpoint pathway is not required for
the Mec1/Rad53-mediated filamentous growth.

As mentioned above, we have determined that Mec1/
Rad53-mediated filamentous growth does not involve the
MAPK and cAMP pathways, and we have also determined
that the MAPK and cAMP pathways mediate filamentous
growth in a MEC1-independent manner. Butanol-induced
filamentous growth involves the MAPK pathway but not the
cAMP pathway (Lorenz et al., 2000; La Valle and Wittenberg,
2001). We have learned that haploid mec1� sml1� cells un-
dergo normal butanol-induced filamentous growth (our un-
published data). This result indicates that the Mec1/Rad53
pathway is not required for butanol-induced filamentous
growth; therefore, the MAPK pathway functions in a Mec1/
Rad53-independent manner (Figure 1n). The MAPK and
cAMP pathways function in parallel in nitrogen starvation-
induced filamentous growth. Diploid mec1� sml1� cells un-
dergo normal nitrogen starvation-induced filamentous
growth (our unpublished data). This result indicates that the
Mec1/Rad53 pathway is not involved in nitrogen starva-
tion-induced filamentous growth and therefore the MAPK
and cAMP pathways function in a Mec1/Rad53-indepen-
dent manner (Figure 1o).

The Relationship with the Replication Checkpoint
Because DNA replication stress activates Rad53 in the
DNA replication checkpoint that involves Sgs1 and Mrc1
(Frei and Gasser, 2000; Alcasabas et al., 2001), we exam-
ined possible roles of Sgs1 and Mrc1 in HU-induced fila-
mentous growth. We created and tested sgs1� and mrc1�
mutations. The strains responded to sublethal levels of
hydroxyurea with normal filamentous growth (our un-
published data). There are two possible explanations for
these results. First, the signaling pathway for slowed
DNA synthesis-induced filamentous differentiation is dis-
tinct from the replication checkpoint despite the fact that
they share Mec1 and Rad53. Second, there are signaling
components that are functionally redundant to Sgs1 and
Mrc1 in the replication checkpoint. This idea is supported
by the fact that RAD53 is essential for cell viability,
whereas neither SGS1 nor MRC1 is essential. More studies
are needed to better define and understand the similari-
ties and differences between the pathway for slowed DNA
synthesis-induced filamentous differentiation and the
DNA replication checkpoint.

Differentiation Therapies for Cancers
Defective control of cell differentiation plays an important
role in cancerous growth of mammalian cells. For example,
several forms of leukemia may arise from a disruption of the
normal program of differentiation, such that a committed
progenitor of a particular type of blood cell continues to
divide indefinitely, instead of differentiating terminally and
dying after a strictly limited number of division cycles. It has
been documented that certain leukemia and other types of
cancer cells can return to their former differentiation pro-
grams when they are treated with DNA synthesis inhibitors

(such as ara-C, deoxyadenosine analogs, and hydroxyurea)
at sublethal concentrations (Griffin et al., 1982; Kaplinsky et
al., 1987; Arbiser et al., 1993; Hatse et al., 1999; Niitsu et al.,
2001). Although the underlying mechanism for restoring
differentiation commitment in the cancer cells is not known,
certain types of cancer have been successfully treated with
DNA synthesis inhibitors at sublethal levels in “differentia-
tion therapies” (Leszczyniecka et al., 2001). The similarities
between slowed DNA induced differentiation in yeast and
mammals deserve further studies.

A Conserved Core Mechanism for Eukaryotic Cell
Differentiation?
Filamentous growth of S. cerevisiae has been viewed as a
potential model for mammalian cell differentiation. Such
hope is based on the assumption that the mechanism(s) of
cell differentiation is conserved in eukaryotic systems. Be-
cause the mechanism(s) of eukaryotic cell differentiation is
not well understood, the only programmatic way to test the
idea is to see whether there are common stimuli that use
conserved signaling pathways to induce differentiation in
both mammalian and yeast cells. We have showed here that
slowed DNA synthesis induces yeast filamentous growth in
yeast through conserved cell cycle regulators of Swe1/Clb2/
Cdc28. Induction of yeast differentiation by the mammalian
differentiation stimuli through the conserved cell cycle reg-
ulator proteins strongly suggests that the core mechanism
(Swe1/Clb2/Cdc28) for cell differentiation may be evolu-
tionarily conserved in mammals and yeast.
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