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entromeres are specialized chro-

mosomal loci that are essential for
proper chromosome segregation. Recent
data show that a certain level of active
transcription, regulated by transcription
factors Cbfl and Stel2, makes a direct
contribution to centromere function in
Saccharomyces cerevisiae. Here, we dis-
cuss the requirement and function of
transcription at centromeres.

Introduction

Accurate chromosome segregation dur-
ing mitosis and meiosis is a critical event
in the transfer of genetic information to
daughter cells. The centromere, the DNA
element where kinetochores assemble
on sister chromatids, is a key compo-
nent required for faithful segregation.
The centromere serves as a base for the
kinetochore-microtubule attachment sites
when sister chromatids are separated prop-
erly during anaphase. Loss of centromere
function leads to misregulation of kineto-
chore architecture, which is implicated in
chromosome instability and in the devel-
opment of cancer and genetic disease.
DNA sequences at the centromeres are
highly variable with respect not only to the
sequence itself but also to the length of the
region. The centromeres found in eukary-
otic cells are typically categorized into
two groups: point centromeres found in
the budding yeast Saccharomyces cerevisiae
(S. cerevisiae) and  regional centro-
meres found in the yeast
Schizosaccharomyces  pombe (S.  pombe),
plants and metazoans.! The length of

fission

point centromeres is approximately a hun-
dred base pairs, which are packed into a
mononucleosome. Regional centromeres
are large repetitive chromatin structures.
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In some cases, they span more than a few
mega base pairs (Fig. 1A). Despite differ-
ences in centromere structure, architecture
of centromeres—consisting of kinetochore,
microtubules and microtubule-organizing
centers (MTOCs)—and centromere func-
tion are well conserved in eukaryotes.

Since the centromere DNA sequence
itself is not the determinate of centromeric
function, several epigenetic mechanismsare
thought to regulate the centromere func-
tion. The incorporation of the centromeric
histone variant, CenH3, into the centro-
meric nucleosome provides one important
epigenetic mechanism.>® CenH3 is highly
conserved from budding yeast to human
(Csed in S. cerevisiae, Cnpl in S. pombe or
CENP-A in mammals).* The presence of
CenH3 dictates the characteristic single
site on each sister chromatid and serves as
the foundation of the kinetochore. A sec-
ond epigenetic mechanism of centromere
regulation involves transcriptional control
through RNA interference (RNAi) and
exosome pathways.*> In higher eukaryotes,
repetitive sequences of the pericentromeric
region are formed as heterochromatin by
the RNAi system. We have found that a
transcriptional activity is important for
centromere function in S. cerevisiae.’
Although the precise role of transcription
at the centromere is uncertain, it appears
that transcription, per se, plays a role in
generating proper centromere topology.
Here, we review recent progress toward
understanding transcriptional regulation
and function at centromeres.

Transcription at Centromeres
in S. cerevisiae

The point centromeres of all 16 chromo-
somes in S. cerevisiae are approximately
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A Eukaryotic monocentromeres
Organism Category CEN sequence Size of CEN DNA
S. cerevisiae Point CDEL I, 11l around 125 bp
S. pombe Regional Central core and 35-110 kb
outer repeat domain
D. melanogaster ~ Regional 5 bp simple repeats 200-450 kb
M. musculus Regional minor satellite 0.1-1 Mb
H. sapiens Regional alpha satellite 0.1-5 Mb
B ow Proper level high
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Figure 1. (A) Organization of centromere DNA in different eukaryotes. (B) Effects of CBF1, STE12 or
DIG1 deletion and overexpression from the MET25 promoter on centromere transcription. High or
low levels of centromere transcription, such as MET25 promoter and cbf1A or ste12A cells, impair
centromere function. The proper, intermediate, level of transcription is indicated by the green bar.
(C) Schematic representation of the organization of putative PREs in the pericentromeric region of
CEN3. Numbers indicate the spacing in nucleotides between adjacent PREs.

125 bp long regions having three con-
served DNA elements CDEI, CDEII
and CDEIIL’” CDEI is an 8 bp sequence
containing a 6 bp palindromic structure,
CACRTG (R = A or G). This sequence is
bound by a Cbf1l homodimer (a transcrip-
tion factor and helix-loop-helix family
member).® The central element, CDEII, is
78-86 bp long, and is a highly A:T rich
region. This element folds around a single
nucleosome containing CenH3 (Cse4).
The third element, CDEIII, is 25 bp in
length and is an essential region for cen-
tromere function; it contains a conserved
CCG motif that the CBF3 kinetochore
complex binds to."

We have used an in vitro kinetochore
assembly system to search for novel pro-
teins that associate with the centromere
DNA of chromosome 3 (CEN3), and
we identified the Cbfl and Stel2 tran-
scription factors as well as the Hstl and
Cdcl4 silencing factors.® Cbfl binds
to a CACATG motif in CDEL" Stel2
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presumably binds a pheromone-response
element [PRE; TGAAAC(A/G)] outside
the CEN3 CDEIII region.®

Both Cbfl and Stel2 contribute to
CEN transcripts in an RNA Polymerase
II-dependent manner. Deletion of CBFI
or STEI2 influenced chromosome stabil-
ity and these mutant strains were sensitive
to benomyl (a microtubule-depolymer-
izing drug). Chromosome instability of
cbfIA or stel2A cells was suppressed by
transcription driven from artificial pro-
moters, although in wild type cells strong
transcription from the same artificial
promoters impairs centromere function.
Thus, some level of transcriptional activ-
ity at CEN DNA is required for centro-
mere function.

Transcription Factor Cbf1
The Cbf1 transcription factor is a basic

helix-loop-helix leucine zipper protein
that specifically binds to the palindrome
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structure CACGTG in promoters of
numerous genes, including genes encod-
ing proteins of the sulfate assimilation
pathway (MET genes).”? Cbfl is likely
to bind the CACGTG motif wherever it
occurs in promoter-proximal regions.”
The role of Cbfl at MET gene promot-
ers appears to involve two separate func-
tions. First, Cbfl recruits the MET gene
transcriptional  activators MET4 and
MET28 Second, Cbfl plays a role in
configuring the correct chromatin struc-
ture of the promoter-proximal nucleo-
some."” Evidence suggests that the latter
function may involve chromatin remodel-
ing ATPase Iswl.!

Cbf1 also specifically binds to the
CDEI region of centromere DNA/
CDEI includes the consensus binding
motif of Cbfl (CACATG or CACGTG).
Both consensus motifs are known to be
functional in Cbfl binding," although
CACATG is not functional in binding
of Cbfl to promoter-proximal regions."
We have shown that Cbfl has a role in
transcriptional control at centromeres in
S. cerevisiae.® Moreover, the chromosome
missegregation phenotype of cbf1A, which
exhibits decreased levels of CEN tran-
scripts, is suppressed by an artificial pro-
moter for CEN transcription.

CDbf1 is conserved among point centro-
mere species, but not in higher eukaryotic
species, which have regional centromeres.
It appears that Cbf1 is not a core kineto-
chore protein, but is a regulatory factor
in CEN transcription in S. cerevisiae. It is
possible that Cbf1 influences nucleosome
structure at the centromere in concert
with other factors, such as a transcrip-
tional activator and a chromatin remod-
eling factor as in the case of MET gene
regulation. We still do not know what
factors mediate centromeric transcription
via Cbf1, but the answer to this question
is likely to shed light on the regulation of
centromeric chromatin structure.

Transcription Factor Ste12

S. cerevisiae Stel2 is a transcription factor
that controls two different developmental
programs, mating and invasive/pseudohy-
phal growth.” Stel2 is regulated by the
Fus3 and Kssl mitogen-activated protein
kinase (MAPK) pathways. In response
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to mating pheromones, Stel2 activates
mating-specific gene expression via the
Fus3 MAPK cascade. In response to pseu-
dohyphal signals, Stel2 activates genes
required for pseudohyphal growth via the
Kss1 MAPK pathway. In both pathways,
Stel2 activity is inhibited by two func-
tionally redundant inhibitors, Digl and
Dig2."®

Digl was shown to repress Stel2-
dependent transcription at centromeres.®
Interestingly, the fidelity of chromosome
segregation in digIA cells is higher than
in wild-type cells. This is important
because expression levels at centromeres
correlate closely with the fidelity of chro-
mosome segregation. There is less segre-
gation fidelity when transcription levels
are low, as in cbfIA and stel2A cells, but
higher fidelity at medium transcription
levels, as in wild-type cells, and high
fidelity at high transcription levels as in
digIA cells, although strong expression
disrupts centromere function (Fig. 1B).
Therefore, we conclude that some level
of transcription, per se, is important for
centromere function. The digiAdig2A
double mutant showed increased fidel-
ity compared with digIA single mutant
cells (unpublished data). Thus, Digl and
Dig2 appear to be functionally redun-
dant for centromere activity as well as for
MAPK pathways.

The consensus sequence of the Stel2
PRE binding site is present in the peri-
centromeric region of CEN3. A recent
study has shown that many pheromone-
responsive genes appear to possess mul-
tiple PREs in their promoter regions."” In
vitro data indicate that Stel2 likely binds
to a single PRE as a monomer, therefore a
minimum of two PREs would be neces-
sary for Stel2 multimerization required to
activate the pheromone response in vivo.
There are multiple PREs located within a
500 nucleotide sequence to the right side
of CEN3 (Fig. 1C). Multiple PREs are
found in the pericentromeric regions of
other CENS; thus, regulation by Stel2 in
pericentromeric regions is likely similar to
that in promoter regions of pheromone-
responsive genes, which are regulated
by MAPK pathways. It is not known if
MAPK pathways are involved in kineto-
chore regulation or transcriptional con-
trol at centromeres. But it is possible that
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Figure 2. Model illustrating transcription at point and regional centromeres. In S. cerevisiae, the
length of the CEN3 sequence is only 117 bp and contains three DNA elements, CDEI, CDEll and
CDEIII. The transcription factor Cbf1 binds the CEN3 CDEl site, and Ste12 binds a site pericentro-
meric of CEN3. RNA Polymerase Il (RNAP l1) is required for centromeric transcription regulated by
Cbf1 and Ste12. Antagonists such as silencing factors might contribute to transcriptional regula-
tion. In S. pombe, the length of the cenl sequence is 35 kb, and includes a central core (cnt) of
non-repetitive sequence and inner (imr) and outer (comprising dg and dh repeats) repeats. RNA
Pol Il is required for pericentromeric transcription regulated by opposing activities of Clr3 (histone
deacetylase, HDAC) and Epe1 (transcriptional activator). The balance of the antagonists deter-
mines the functional status at the pericentromeric heterochromatin. Centromeric transcripts are
degraded by RNAi machinery and exosomes. The red bar represents the proposed transcriptional

levels at repetitive and non-repetitive sequences of the centromere.

there exist cell signaling cascades, which
are regulated by activators and inhibi-
tors, to convey the information of envi-
ronmental signals to the centromeres.
Further investigation will be required to
determine if the signaling cascades such
as Fus3 and Kss1 MAPK pathways play
a role in kinetochore regulation or CEN
transcription.

Transcription at Regional
Centromeres

Our findings suggest that there are simi-
larities between point and regional centro-
meres regarding the role of transcription
at centromeres (Fig. 2). First, centro-
meric regions are transcribed, and the

Transcription

transcription at centromeres and pericen-
tromeres plays an important role in cen-
tromere function. In S. cerevisiae, which
is known to have point centromeres, some
level, albeit poorly defined, of transcrip-
tional activity is required for centromere
function.® In S. pombe, which has regional
centromeres, centromeres are transcribed,
and the transcription is required for the
assembly and maintenance of centro-
meric heterochromatin.”® The transcrip-
tion level at pericentromeres appears to be
much higher than the level at the central
domain of CenH3/CENP-A chromatin in
S. pombe?' Transfer RNA (tRNA) genes
are thought to mediate a boundary func-
tion separating central and outer repeat
domains.
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Second, RNA Polymerase II is respon-
sible for transcription of both point and
regional centromeres. This implies that
centromere transcription is evolutionary
conserved. Third, the balance of antago-
nists (e.g., transcriptional activators vs.
silencers or RNAIi) determines the tran-
scription level and/or status at centro-
meres. We have identified Cbf1 and Stel2
as transcription factors, and Hstl and
Cdcl4 as silencing factors.® Sirl (bud-
ding yeast silencing protein) and Cdcl4
are functional components of centromeric
chromatin in S. cerevisiae’** On the
other hand, the anti-silencing factor Epel
and silencing factor Clr3 together regulate
the transition between heterochromatin
and euchromatin at the outer repeats of
centromeres in S. pombe.*t

The RNAi pathway has been lost in
S. cerevisiae, although some budding
yeast species such as Saccharomyces castel-
lii, Kluyveromyces polysporus and Candida
albicans (C. albicans) have retained the
RNAI system.” RNAI of S. pombe corre-
sponds to the outer repeats of the centro-
meres and contributes to heterochromatin
formation and maintenance.?* The point
centromeres of S. cerevisiae are only around
125 bp, and no repetitive sequences exist
in the core and pericentromeric regions. In
C. albicans, each centromere is a 3—4.5 kb
sequence, which represents an intermedi-
ate size between point and regional cen-
tromeres.”® Repetitive sequences such as
inverted repeats and long-terminal repeats
are present in pericentromeric regions of
some C. albicans centromeres.”® Therefore,
itis possible that there are two mechanisms
involved in transcription at centromeres.
The first may be to direct heterochroma-
tin formation at repetitive regions of cen-
tromeres using the RNAi pathway. The
second may be to incorporate CenH3 into
the non-repetitive core region sequences
of centromeres. In S. pombe, transcripts
at the centromere core region might
occur as a result of remodeling events
that promote CenH3/CENP-A deposi-
tion and the transcripts are degraded by
the exosome pathway. An increased level
of RNA, apparently derived from CEN3,
was detected in an exosome mutant of
S. cerevisine”” The exosome pathway in
S. cerevisiae might also regulate the cen-
tromeric transcription. Thus, there might

196

be a link between CenH3 incorporation,
which is an initial step in the architecture
of kinetochore, and transcriptional regula-
tion at the centromere non-repetitive core
region.

CenH3

nucleosomes induce positive supercoils

Interestingly, ~ functional

in eukaryotic cells, although H3 nucleo-

somes 28,29

induce negative supercoils.
Dynamic topological changes of DNA
occur during the transcription process.*’
Perhaps transcription at CenH3 nucleo-
somes is responsible for regulating not
only CenH3 incorporation but also proper

topology formation.
Conclusions

Some level of transcriptional activity at
point centromeres is required for cen-
tromere function in S. cerevisize. This
is a reminiscent of the requirement for
transcription at regional centromeres in
higher eukaryotes. Our phenotypic and
biochemical analyses revealed that tran-
scripts at centromeres are regulated by the
transcription factors Cbfl and Stel2 in an
RNA Polymerase II-dependent manner.
Opposing factors, including silencing fac-
tors, might contribute to transcriptional
regulation. This regulation seems to be
similar to that occurring in promoter
regions. We propose that the balance of
antagonists is important for maintaining
the appropriate transcriptional status at
centromeres, and that transcription gener-
ates proper topology formation at CenH3
nucleosomes.
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