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Abstract

To ensure proper chromosome segregation during cell division, the centromere in many organisms is transcribed to produce
a low level of long non-coding RNA to regulate the activity of the kinetochore. In the budding yeast point centromere, our
recent work has shown that the level of centromeric RNAs (cenRNAs) is tightly regulated and repressed by the kinetochore
protein Cbf1 and histone H2A variant H2A.ZH*! and de-repressed during S phase of the cell cycle. Too little or too much
cenRNAs will disrupt centromere activity. Here, we discuss the current advance in the understanding of the action and regu-
lation of cenRNAs at the point centromere of Saccharomyces cerevisiae. We further show that budding yeast cenRNAs are
cryptic unstable transcripts (CUTs) that can be degraded by the nuclear RNA decay pathway. CenRNA provides an example
that even CUTs, when present at the right time with the right level, can serve important cellular functions.

Keywords Centromeric transcription - Long non-coding RNA - Centromere-binding factor Cbf1 - Histone H2A variant
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Introduction

The centromere is a specialized domain on the chromosome
responsible for kinetochore assembly and equal chromo-
some segregation (Dhatchinamoorthy et al. 2018). Almost
all active centromeric nucleosomes contain centromeric-
specific histone H3 variant, CENP-A, which acts as a base
for kinetochore formation. Chromosomes of humans, mice,
flies, fission yeast and other higher eukaryotes have regional
centromeres, which are made up of tandemly repeated DNA,
and can be up to megabase long (Pluta et al. 1995). The
regional centromeric domain contains CENP-A nucleosomes
interspersing with histone H3-containing nucleosomes.
In contrast, chromosomes in budding yeast Saccharomy-
ces cerevisiae contain a short, point centromeres, which
are~ 125 bp, consisting of three well-defined DNA elements,
CDEIL II and III, built on a single CENP-A®** nucleosome
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(Furuyama and Biggins 2007). The formation and function
of regional centromeres is regulated by epigenetics (Buehl
and Kuo 2018; Westhorpe and Straight 2014), whereas point
centromeres are thought to be genetically encoded and con-
trolled by the CDE elements, especially the CDEIII element,
which recruits CDEIII sequence-dependent CBF3 com-
plex (Lechner and Carbon 1991). In the last decade, there
have been tremendous advancements in understanding the
non-coding transcription in the regional centromeric chro-
matin and studies have proposed the roles of centromeric
non-coding RNA in regulating the activity of kinetochore
proteins, including CENP-A (Quenet and Dalal 2014; Topp
et al. 2004), CENP-C (Du et al. 2010; Wong et al. 2007),
and components of the chromosomal passenger complex
(CPC): Aurora-B, Survivin and INCENP (Ferri et al. 2009;
Ideue et al. 2014; Wong et al. 2007). Recently, we showed
that budding yeast point centromeres, similar to the regional
centromeres, are also transcribed into non-coding RNAs to
control point centromeres’ activity epigenetically (Ling
and Yuen 2019). Therefore, centromeric transcription is a
conserved epigenetic mechanism regulating both regional
and point centromeres, and yet, the detailed molecular role
of cenRNA is still unclear. Here, we highlight our recent
discoveries on the regulation and action of budding yeast
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cenRNA at point centromeres, and further investigate the
post-transcriptional regulation of cenRNA.

Cbf1 and H2A.Z"*?" maintain centromeric
transcription at a low level

Strong transcription activity is not compatible to both
regional and point centromere function, and the kinetochore
is inactivated in such condition (Bergmann et al. 2012; Hill
and Bloom 1987). However, a low level of centromeric tran-
scription, produced by RNA polymerase II (RNAPII), is
required for proper centromere activity (Catania et al. 2015;
Chan et al. 2012; Ohkuni and Kitagawa 2011). How centro-
meric transcription is kept at an optimal level is not clear. In
budding yeast point centromeres, we found that centromeric
transcription is repressed to a low level by kinetochore pro-
tein Cbf1 and histone H2A variant H2A.ZH%!,

Cbf1 (centromere-binding protein 1) forms a homodimer
that binds to the E-box element (CACGTG) present at gene
promoters and the CDEI element of the centromere (Cai and
Davis 1990; Mellor et al. 1990). Cbf1 is known as an activa-
tor for methionine gene transcription (Bram and Kornberg
1987; Thomas et al. 1992), and a repressor for LACI gene
transcription in the ceramide biosynthetic pathway (Kolac-
zkowski et al. 2004). Yet, the role of Cbfl at centromere is
less clear. Cbf1 is not essential, but deletion of it leads to
chromosome missegregation (Cai and Davis 1990). Cbf1 is
only found in organisms with point centromeres, as no Cbf1
homolog is found in organisms with regional centromeres.
A previous study showed that deletion of CBFI down-
regulated cenRNAs (Ohkuni and Kitagawa 2011). On the
other hand, we found that Cbf1 is a repressor of centromeric
transcription as deletion of CBF1 caused up-regulation of
cenRNAs (Ling and Yuen 2019). To further examine the
effect of Cbf1 through its binding to the CDEI element, we
monitored cenRNA expression on a minichromosome with
centromere 8 sequence (CENS), containing a CDEI mutation
(CAT mutation) which impairs the binding of Cbfl (Baker
et al. 1989). The level of cenRNAS is comparable between
cbf1 deletion and in CDEI CAT mutation, and is signifi-
cantly higher than that in wild type (Fig. 1) (Ling and Yuen
2019). This result matches with our conclusion that Cbf1 is
a repressor of centromeric transcription.

Histone H2A variant H2A.Z can be found in organisms
containing regional or point centromeres. H2A.Z is enriched
in the nucleosomes of promoters controlling transcriptional
activation and repression (Kamakaka and Biggins 2005,
Zhang, et al. 2005). In the regional centromeric domain,
nucleosomes containing H2A.Z and H3 are interspersed
nucleosomes containing H2A and CENP-A, and also local-
ized to pericentric heterochromatin non-uniformly (Greaves
et al. 2007, Nakagawa and Okita 2019). In budding yeast
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Fig.1 Cbfl repressed centromeric transcription. a CENS minichro-
mosome (minichr.) with wild-type (WT) or CAT-mutated CDEI was
transformed into yeast strain CENS::CEN3. b Quantitative reverse
transcription PCR (RT-qPCR) analysis of the expression of cenRNA1
from the endogenous chromosome (chr.), cenRNAS from the mini-
chromosome, and TRP! from the minichromosome (as an internal
control gene). The relative expression of the RNAs was normalized
to UBC6 expression. Statistical significances of the expression level
(mean + SD, n=3) were analyzed with paired 7 test (*P <0.05)

point centromeres, although there is no defined pericen-
tric heterochromatin, H2A.ZH*! nucleosomal domains are
found in the flanking pericentric region, starting from 100
to 200 bp away from the CDE elements and spans ~ 600 bp
(Albert, et al. 2007). H2A.ZH%! is also well documented as
a boundary element to hinder the spread of heterochromatin
in budding yeast. In Azl deletion mutant, heterochromatin
proteins Sir2 and Sir3 spread to the neighboring euchro-
matic domain, creating ectopic heterochromatin and repress-
ing gene transcription nearby (Meneghini, et al. 2003). Here
instead, we found that deletion of HTZI up-regulated cen-
RNA expression (Ling and Yuen 2019). For fission yeast
regional centromeres, which are flanked by heterochromatin,
deletion of H2A.Z""" also up-regulated cenRNA expression
(Hou et al. 2010). These results suggest that H2A.Z may
function other than as a heterochromatic boundary element
at both regional and point centromeres.

The exact mechanism for repressing centromeric tran-
scription is not clear. We postulated that Cbfl and H2A.
ZH%! create a repressive chromatin to hinder the elongation
of RNAPIL. In fact, RNAPII is accumulated around the point
centromeric region in budding yeast (Candelli et al. 2018;
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Ling and Yuen 2019) and regional centromeric region in
fission yeast (Catania et al. 2015). In addition to regulation
by centromeric and pericentric protein repressors, we found
that point centromeric transcription is also controlled tightly
during the cell cycle. In particular, centromeric transcrip-
tion is de-repressed in S phase (Ling and Yuen 2019). In
S phase, kinetochore and nucleosome is transiently disas-
sembled (Kitamura et al. 2007), which may also lead to a
transient loss of Cbf1l and H2A.Z"! from the centromere,
causing de-repression and inducing transcription across the
centromeric region. In humans, centromeric transcription
and CENP-A loading are coupled and occur in late mitosis
to early G1 phase (Quenet and Dalal 2014). Importantly,
in regional centromeres, CENP-A is loaded independent of
replication. How centromeric transcription is regulated to
couple with and facilitate CENP-A loading is an important
question that remains unclear. Interestingly, we found that
centromeric transcription and CENP-A®** loading also
occur coincidently in budding yeast, but in S phase, in a
replication-dependent manner. We postulate that budding
yeast cenRNA facilitates de novo CENP-A ©**# loading to the
newly synthesized chromatin, by a yet unknown mechanism.

A balanced level of cenRNA is required
for optimal centromere activity

To manipulate the total pool of cenRNA, we have developed
a yeast strain with the same centromeric sequence across
all 16 chromosomes, and knocked down all the cenRNAs
by introducing the RNA interference (RNAi) pathway and
hairpin RNA against the same cenRNA into the budding
yeast. It resulted in an increase of minichromosome loss.
Not only is down-regulating cenRNA level detrimental, cen-
RNA over-expression in cbfI and htzl deletion also increase
minichromosome loss. Importantly, cenRNA knockdown
alleviates minichromosome loss in cbf1 and htzl deletion in
a dose-dependent manner, reflecting that a tightly balanced
level of cenRNA is required for optimal point centromere
function (Ling and Yuen 2019).

Regional and point centromeres are usually transcribed
by RNAPII to produce a low level of poly(A)tail-containing
non-coding cenRNA (Choi et al. 2011; Ling and Yuen 2019;
Pezer and Ugarkovic 2008; Rosic et al. 2014). In budding
yeast, we found that cenRNA from centromere 8 has a copy
number of only 0.002 transcripts per cell. We hypothesized
that such a low level is due to a short centromeric transcrip-
tion window, in which RNAPII can only elongate across the
centromere when the kinetochore is transiently disassembled
in S phase, and it only lasts for 1-2 min (Kitamura et al.
2007). Another reason we postulated is that cenRNA may be
unstable. Cryptic unstable transcripts (CUTs) are a class of
unstable, RNAPII-dependent IncRNAs that originated from

intergenic regions, representing more than 10% of intergenic
transcripts in the budding yeast (Wyers et al. 2005). CUTs
are rapidly degraded by the nuclear exosome, and the deg-
radation is enhanced with the Trf4/Air2/Mtr4 polyadenyla-
tion (TRAMP) complex (LaCava et al. 2005; Vanacova et al.
2005; Wyers et al. 2005). Low level CUTs could be hard
to be detected, unless there is a defect in the nuclear RNA
decay pathway (Neil et al. 2009; Xu et al. 2009). In fission
yeast, the cenRNA has a high turnover rate and can only be
detected in exosome mutants (Choi et al. 2011). An increase
of a~1.2 kb transcript derived from CEN3 is also reported in
budding yeast lacking Trf4 (Houseley et al. 2007). We tested
if budding yeast cenRNAs are CUTs by deletion of the exo-
some component RRP6, or TRF4 in the TRAMP complex.
Our result showed that there is an accumulation of cenR-
NAs in rrp6 or trf4 deletion mutants (Fig. 2), suggesting
that budding yeast cenRNAs are CUTSs that are degraded
by the nuclear RNA decay pathway. Cryptic transcription
is often described as transcription noise, and CUTs, being
quickly degraded, have been proposed to have little function.
However, the direct epigenetic role of CUTs, such as gene
trans-silencing (Berretta et al. 2008) and histone modifica-
tion (Camblong et al. 2007), have been reported. Identify-
ing cenRNAs as CUTs suggested that CUTs are not simply
junk RNA produced from transcription noise and it would
be exciting to see more functions of CUTs being uncovered
in the future.

Although cenRNA is in low abundance, cenRNA is pro-
posed to regulate the formation of kinetochore. In regional
centromeres, cenRNA interacts with kinetochore pro-
teins CENP-A (Quenet and Dalal 2014; Topp et al. 2004),
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Fig.2 Budding yeast cenRNAs are cryptic unstable transcripts
(CUTs). Expression of cenRNA1, 3 and 8 was analyzed by RT-qPCR
in the rrp6 and trf4 deletion mutants. The relative expression of the
RNAs was normalized to UBC6 expression. Statistical significances
of the expression level (mean+SD, n=3) were analyzed with paired ¢
test (*P <0.05 and **P<0.01)
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CENP-C (Du et al. 2010; Wong et al. 2007), and components
of the chromosomal passenger complex (CPC): Aurora-B,
Survivin and INCENP (Ferri et al. 2009; Ideue et al. 2014;
Wong et al. 2007). Knockdown of cenRNA in regional
centromeres resulted in mitotic defects (Ideue et al. 2014,
McNulty et al. 2017; Quenet and Dalal 2014; Rosic et al.
2014). It is proposed that cenRNA acts as a scaffold to regu-
late kinetochore protein assembly, and a stable kinetochore
complex may require a precise amount of cenRNA (Fig. 3).
In cbfl htzl double deletion mutant in which cenRNA is
highly expressed, we found a decrease of chromatin locali-
zation of CENP-A®***, CENP-CMi2 and Aurora-B™'!, sug-
gesting a disruption of the kinetochore complex (Ling and
Yuen 2019).

Fig.3 A model of the regula-
tion of budding yeast cenRNA,
to maintain a balanced low level

CenRNA in point centromere acts in trans

Fluorescence in situ hybridization (FISH) experiments
showed that cenRNAs in human (McNulty et al. 2017) and
Drosophila (Bobkov et al. 2018) regional centromere are
localized in cis. On the other hand, cenRNAs from Xeno-
pus regional centromeres are trans-acting (Blower 2016).
In point centromeres, we do not know yet if cenRNAs are
localized to the cis centromeres, but functionally, cenRNAs
work in trans, as knockdown all cenRNAs from the endog-
enous chromosomes, but not the cenRNA from the mini-
chromosome, still increased minichromosome loss (Ling
and Yuen 2019). In budding yeast, centromeres are tethered
by microtubules to a confined region near the spindle pole
body during most of the cell cycle, resulting in centromere
clustering (Jin et al. 2000; Kitamura et al. 2007). Further-
more, pericentromeric regions of multiple chromosomes
are physically linked by condensin and cohesin (Stephens
et al. 2013). When point centromeres are transcribed, there
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may be a local “cenRNA cloud” at the centromere cluster,
allowing cenRNAs to interact with all centromeres and kine-
tochores. Across the 16 centromeres of the budding yeast,
we found that some of the centromeres seem to produce
more cenRNA than the others (Ling and Yuen 2019). It is
tempting to hypothesize that the one with higher expression
is the “dominant” cenRNA which supports the majority of
the action.

Role of centromeric transcription per se

RNAPII transcription causes transient displacement of his-
tones from the nucleosome (Kulaeva et al. 2007). The cou-
pling of centromeric transcription to CENP-A loading may
indicate a direct role of centromeric transcription on CENP-
A dynamics in the chromatin. In regional centromeres, it is
shown that centromeric transcription could facilitate histone
exchange at the centromere to promote CENP-A incorpora-
tion (Bobkov et al. 2018; Chen et al. 2015). The low level
of centromeric transcription may indicate that a single pas-
sage of RNAPII is sufficient to disrupt the chromatin for
new CENP-A loading and a low level of transcription may
favor the loading of CENP-A over histone H3 (Talbert
and Henikoff 2018). To address the importance of centro-
meric transcription in point centromeres, we engineered a
minichromosome with a centromere flanked by lac operon
(lacO), and blocked centromeric transcription by expressing
lac repressor (lacl). The result indicated that the stability
of the minichromosome required centromeric transcrip-
tion (Ling and Yuen 2019). One should note that blocking
centromeric transcription in this experiment concomitantly
inhibited cenRNA production. On the other hand, our RNAi
knockdown experiment showed that even when the cis cen-
RNA is knocked down from a centromere, the trans cenR-
NAs from other centromeres could still support the function
of that centromere. Therefore, the centromeric transcription
activity per se, independent of the cenRNA, appeared to be
required for proper centromere function. Further investiga-
tion is needed to determine if the centromeric transcription
machinery or transcriptionally induced chromatin changes
co-operate with cenRNA, CENP-A chaperone or other kine-
tochore protein to facilitate CENP-A loading.

Conclusion

Centromeric transcription is a conserved epigenetic mecha-
nism crucial for proper function of regional centromeres in
higher eukaryotes and point centromere in budding yeast S.
cerevisiae. In point centromeres, centromeric transcription is
repressed to a low level by the kinetochore protein Cbf1 and
histone H2A variant H2A.ZH?! and is de-repressed during

S phase, coupled with CENP-A®*** loading. Centromeric
transcription may promote histone exchange to facilitate
CENP-A®** incorporation. At the same time, cenRNA could
interact with kinetochore proteins to facilitate kinetochore
complex assembly. CenRNAs can be degraded by nuclear
exosome, resulting in a balanced low level of cenRNA that
is required for maintaining optimal function of the point
centromere.
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