INVESTIGATION

Cell Cycle-Regulated Transcription of CENP-A by the
MBF Complex Ensures Optimal Level of CENP-A for
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ABSTRACT The centromere plays an essential role in chromosome segregation. In most eukaryotes, centromeres are epigenetically
defined by the conserved histone H3 variant CENP-A. Proper centromere assembly is dependent upon the tight regulation of CENP-A
level. Cell cycle regulation of CENP-A transcription appears to be a universal feature across eukaryotes, but the molecular mechanism
underlying the temporal control of CENP-A transcription and how such regulation contributes to centromere function remains elusive.
CENP-A in fission yeast has been shown to be transcribed before S phase. Using various synchronization methods, we confirmed that
CENP-A transcription occurs at G1, leading to an almost twofold increase of the protein during S phase. Through a genetic screen, we
identified the MBF (Mlul box-binding factors) complex as a key regulator of temporal control of CENP-A transcription. The periodic
transcription of CENP-A is lost in MBF mutants, resulting in CENP-A mislocalization and chromosome segregation defects. We
identified the MCB (Mlul cell cycle box) motif in the CENP-A promoter, and further showed that the MBF complex binds to the motif to
restrict CENP-A transcription to G1. Mutations of the MCB motif cause constitutive CENP-A expression and deleterious effects on cell
survival. Using promoters driving transcription to different cell cycle stages, we found that timing of CENP-A transcription is dispensable
for its centromeric localization. Our data instead indicate that cell cycle-regulated CENP-A transcription is a key step to ensure that a
proper amount of CENP-A is generated across generations. This study provides mechanistic insights into the regulation of cell cycle-

dependent CENP-A transcription, as well as its importance on centromere function.
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HE centromere is the special chromosomal locus where

the kinetochore is assembled. The kinetochore interacts
with the spindle microtubules to mediate equal segregation of
sister chromatin to daughter cells during mitosis and meiosis
(McKinley and Cheeseman 2016). In most eukaryotes, cen-
tromeres are epigenetically defined by a conserved histone
H3 variant, CENP-A. CENP-A partially replaces the canonical
histone H3 in centromeres and promotes the assembly of
kinetochores (Black et al. 2007; Allshire and Karpen 2008).
Proper centromere assembly is dependent upon the tight
regulation of CENP-A levels. Overexpression of CENP-A in
many organisms causes misincorporation of CENP-A into
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noncentromeric regions, leading to chromosome missegre-
gation and growth defects (Heun et al. 2006; Olszak et al.
2011; Choi et al. 2012; Castillo et al. 2013; Gonzalez et al.
2014; Dong et al. 2016; Shrestha et al. 2017). CENP-A over-
expression has been observed in a number of cancers, which
might contribute to chromosome instability (Tomonaga et al.
2003; Li et al. 2007; Amato et al. 2009; Scott and Sullivan
2014; Zhang et al. 2016).

During replication, parental CENP-A appears to be parti-
tioned equally between sister chromatids to be incorporated
into two daughter centromeres (Jansen et al. 2007; Schuh
et al. 2007; Black and Cleveland 2011), But the timing of the
loading of newly synthesized CENP-A varies among different
organisms. In plants and fission yeast Schizosaccharomyces
pombe, new CENP-A is loaded into centromeres during G2
(Lermontova et al. 2006; Takayama et al. 2008; Lando et al.
2012; Gonzalez et al. 2013), whereas the loading of CENP-A
in humans, Drosophila, and budding yeast occurs in G1, mi-
tosis, and S phase, respectively (Pearson et al. 2004; Jansen
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et al. 2007; Mellone et al. 2011; Wisniewski et al. 2014).
CENP-A transcription is also cell cycle-regulated. While
CENP-A is transcribed in the G2/M window in humans, it
occurs in G1/S phase in fission yeast. It appears that CENP-A
transcription is generally uncoupled from canonical histone
transcription (Shelby et al. 1997, 2000; Takahashi et al.
2000; Whitfield et al. 2002; Bar-Joseph et al. 2008; Rattray
and Muller 2012; Grant et al. 2013). However, the molecular
basis underlying cell cycle-regulated CENP-A transcription
remain little known.

Interestingly, CENP-A expressed under the control of the
H3 promoter fails to localize to the centromere and shows
diffuse localization in the nucleus of human cells. This evi-
dence prompted some to suggest that the timing of CENP-A
expression, which is uncoupled from histone transcription
during S phase, plays an important role in centromere target-
ing (Shelby et al. 1997). However, this hypothesis has not
been formally tested. This study aims to unveil the mecha-
nism behind CENP-A transcriptional regulation during the
cell cycle, and its impact on CENP-A localization and function
in fission yeast.

Here, we confirmed that CENP-A/Cnpl in fission yeast is
transcribed at G1 phase using multiple synchronization
methods. We identified the MBF (Mlul box-binding factors)
complex as a key regulator of cell cycle-dependent CENP-A
transcription. The MBF complex binds to the MCB (Mlul cell
cycle box) motif in the CENP-A promoter to restrict its tran-
scription to G1 phase. However, using promoters driving
transcription at different stages of the cell cycle, we found
that timing of CENP-A transcription is dispensable for its
centromere localization. Instead, our data indicate that cell
cycle regulation of CENP-A transcription is a key step to ensure
the proper of CENP-A generated across generations.

Materials and Methods
Strains, media, and genetic analysis

Fission yeast strains used in this study are listed in Supple-
mental Material, Table S1. Standard media and genetic
analysis for fission yeast were used (Moreno et al. 1991).
The mutant screen will be described in detail elsewhere
(J. Yang and F. Li, unpublished data). Briefly, mutants from
the Bioneer haploid deletion library were crossed with wild-
type (WT) cells carrying Cnp1-GFP using a Rotor-HDA pin-
ning robot (Singer Instruments). The resulting mutant cells
carrying Cnp1-GFP were visually examined by fluorescence
microscopy.

Western blot analysis

Western blot assays were performed as described with a few
modifications (Huang et al. 2017). Briefly, cell extracts from
exponentially growing cells were collected. Protein extracts
were denatured in loading buffer (SDS 2%, glycerol 10%,
Tris-Cl 60 mM, and 0.002% bromophenol blue), separated
on 12% SDS-polyacrylamide gels, and transferred onto PVDF
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membranes. Membranes were blotted with primary anti-GFP
(sc-9996; Santacruz) or a-tubulin (ab6160; Abcam) anti-
bodies. Image J software was used for band quantification.

Cell synchronization

Centrifugal elutriations were conducted as previously de-
scribed (Tormos-Pérez et al. 2016). Briefly, cells grown to
the log phase at ~23°, OD ~1 at 600 nm, were collected
and loaded into a Beckman J6 centrifuge with a JE—5.0 elu-
triation rotor. The smallest cells were eluted and were incu-
bated at ~23° for 6 hr. Samples for cell fixation (to determine
septation index), RNA and protein extraction were collected
every 15 min. Septation index was determined after fixing
cells in 70% ethanol and staining with calcofluor (Sigma
[Sigma Chemical], St. Louis, MO) and DAPI. For the cdc10
block-release experiments, cdc10-129 cells were grown at 25°
to log phase and then shifted to 36° for 3.5 hr. Samples for
RNA extraction were collected before and after the shift. For
hydroxyurea (Sigma) treatment, exponentially growing cells
were incubated in 10 mM hydroxyurea for 4 hr. Samples for
RNA extraction were collected before and after hydroxyurea
treatment.

Quantitative RT- PCR

RT-PCR assays were performed as previously described (He
et al. 2017). Briefly, samples were homogenized using glass
beads and a tube beater. Total RNA was purified using TRIzol.
After treatment with RQ1 DNAse (Promega, Madison, WI),
RNA was precipitated again with ethanol and used for cDNA
synthesis with a PrimeScript RT Reagent Kit (Takara, Clon-
tech). Next, 25 ng of cDNA were used for each quantitative
PCR (qPCR) reaction using 2X SYBR Green qPCR Master Mix
(Bimake). adh1 was used as a loading control. Fold change
comparing to the corresponding experimental controls was
calculated following the standard AACt method. Primers
used for qPCR are listed in Table S2.

ChIP-qPCR

Chromatin immunoprecipitation (ChIP) assays were per-
formed as described previously (Kong et al. 2016). Briefly,
cells were grown to log phase at 30° and cross-linked by
treatment with 1% formaldehyde. Immunoprecipitation was
performed with protein A agarose (KPL) and anti-GFP
antibody (ab290; Abcam). Next, 2 pl of ChIP or whole-cell
extract samples were analyzed by qPCR using primers target-
ing hht1, cdc18, and cnpl promoter regions. actl was used as
an internal control.

In situ chromatin-binding assay

In situ chromatin-binding assays were performed as de-
scribed (Yang and Li 2018). Briefly, log-phase cells were col-
lected and incubated in ZM buffer for 30 min. Cells were then
washed twice with STOP buffer. Cells were resuspended with
EB (extraction buffer) buffer = 1% Triton X-100 at room
temperature for 7 min, followed by fixation with 3.7% form-
aldehyde and 10% methanol.



Microscopy

Live or DAPI-stained fixed cells were imaged using a Delta
Vision System (Applied Precision, Issaquah, WA) coupled to
an Olympus IX71 microscope. Images were taken as z-stacks of
0.2-pm increments with an oil immersion objective (X100),
and deconvolved using SoftWoRX2.50 software (Applied
Precision).

Thiabendazole sensitivity assay

Serial dilutions (10-fold) of log phase cells were spotted on
plates with 15 pg/ml thiabendazole (TBZ) (Sigma). Cell
growth was estimated by taking pictures after incubating
the plates for 72 and 92 hr at 30°.

Data availability

Strains and plasmids are available upon request. The authors
affirm that all data necessary for confirming the conclusions of
the article are present within the article, figures, and tables.
Supplemental material available at Figshare: https://doi.org/
10.25386/genetics.7268501.

Results

Expression level of CENP-A is cell cycle-regulated in
fission yeast

Using cells synchronized by a block-and-release approach in a
cdc25-22 temperature-sensitive (ts) background, a previous
report showed that the transcription of cnpl appeared to be
cell cycle-regulated in fission yeast. The mRNA is expressed
around G1/8S transition, peaking just before the onset of his-
tone H3 transcription (Takahashi et al. 2000). To confirm the
pattern of cnpl expression, we synchronized WT cells at G2
phase by centrifugal elutriation and followed the expression
of cnpl mRNA from its native locus for 5.5 hr of synchronous
growth using quantitative (Q)RT-PCR. In fission yeast, the
peak of septum-containing cells marks the time of the S
phase. We found that most of the cells (~80%) underwent
the S phase 150 min after elutriation, based on the septation
index. Accordingly, the peak of septation matches with the
peak of expression of the histone H3 (hht1 gene) as histones
are highly expressed during S phase (Figure 1A). Consistent
with the previous report (Takahashi et al. 2000), cnpl mRNA
peaks before the transcription of histone H3, ~120 min after
elutriation, showing an approximately twofold increase. This
pattern of expression coincides with the expression of cdc18,
a well-known cell cycle-regulated gene expressed specifically
in G1 phase (Figure 1A). We also observed the same tran-
scription pattern in cells expressing Cnp1-GFP under its na-
tive promoter integrated next to the ade6 gene (Figure S1).

To test whether the observed mRNA regulation has an
impact on the protein level, we tagged Cnp1 with GFP under
its native promoter and checked the levels of protein by
western blotting using samples from the same synchroniza-
tion method (Figure 1B). Cnpl-GFP protein increases ap-
proximately twofold at 165-min postelutriation. This result

indicates that the mRNA increase in G1 results in augmenta-
tion of the Cnp1 protein level in S phase. Since Cnpl1 in fission
yeast has been suggested to be assembled into chromatin,
mainly in G2 (Takayama et al. 2008; Lando et al. 2012),
the timing of the increase of the Cnp1 protein level seem to
be coordinated to provide the protein necessary for the next
round of assembly.

We also checked the cnpl mRNA levels in cells synchro-
nized at G1 phase using a temperature-sensitive allele of the
cdc10 gene, as well as in cells treated with hydroxyurea,
which arrests cells at the beginning of S phase. cnpl mRNA
is increased in both G1 and S phase-arrested cells, whereas
histone H3 transcripts are increased in S but not in G1-
arrested cells (Figure S2). Other known G1 phase-regulated
genes such as cdc18 and cdc22 show the same pattern as cnp1
(Figure S2). These results confirm that cnpl is cell cycle-
regulated at the mRNA and protein levels, and that its pattern
of expression is uncoupled from H3 expression.

MBF complex mutants exhibit an abnormal CENP-A
distribution pattern and chromosome missegregation

We recently initiated a visual genetic screen to identify fac-
tors involved in the regulation of CENP-A distribution using
Cnpl-GFP as a visual marker. Three centromeres are clustered
underneath the nuclear envelope near the spindle pole body
in S. pombe WT interphase cells. Therefore, a single Cnp1-
GFP focus is observed in the WT cells expressing Cnp1-GFP
(Funabiki et al. 1993; He et al. 2016). Through the visual
screen, we identified that three mutants, nrm1A, yoxIA,
and res2A, showed abnormal CENP-A distribution patterns
(Figure 2A). In these mutants, Cnp1-GFP at centromeres
tends to be brighter and also gives a high nucleoplasmic sig-
nal (Figure 2A), suggesting an increase in Cnp1-GFP levels.
Interestingly, the increased nuclear signal is only partially
washed away by Triton X-100 treatment, indicating that
the mislocalized Cnp1-GFP stably associates with chromatin
regions other than centromeres (Figure S3). Genes corre-
sponding to these mutants, res2, nrm1, and yox1, are all from
the conserved MBF transcription factor complex. The MBF
complex regulates the transcription of genes required for
DNA replication during the G1/S transition of the cell cycle
(Bahler 2005; Bertoli et al. 2013; Haase and Wittenberg
2014) (Figure 2B), which is the time when cnpI mRNA levels
peaks (Figure 1A). Res2, a DNA-binding protein, together
with Resl and Cdcl0, forms the core of the MBF complex,
and is involved in both activation and repression of the tran-
scriptional activity (Ayté et al. 1995, 2001; Baum et al. 1997;
Zhu et al. 1997; Whitehall et al. 1999; Dutta et al. 2008).
Nrm1 and Yox1 are negative regulatory components of the
MBF complex (Aligianni et al. 2009; Purtill et al. 2011).

It has been shown that increased Cnpl1 levels can result in
Cnp1 mislocalization, which affects chromosome segregation
(Gonzalez et al. 2014). Using DAPI staining, we observed that
the MBF repressor mutant cells displayed lagging chromo-
somes, chromosome bridges, and also unequal nuclei segre-
gation during mitosis (Figure 2C and Figure S4). Around

Regulation of CENP-A Transcription 863


https://doi.org/10.25386/genetics.7268501
https://doi.org/10.25386/genetics.7268501

>
1
1
1
I
1
.
1
1
1
1
1
"
1
1
1
I
1
-
1
1
1
1
1
s

25 - I i b I 250 ' ! ' '
-enpl ! ' / : —o—cdc18 | : :
2.0 ]
° 1 ' 1 | B 200 1 1 |
2 ! 1 ! 1 2 ! I ! !
8 15 4 1 I 1 19 150 1 1 | 1
(=] o
: L\ L2 L\ L
S 10 - ' 1 I !
3 ! : ! | 100 . ! !
J 1 I 1 | | ] 1 |
0.5 H i | H 5.0 I 1 | |
1 1 1 1 1 | 1
ol o =m v m. ml w .m. im n o own .Im. | 0.0 “ = .m m- W m‘ " -m- 'm. w m. v im. !
e S 3: 2 %512 8§ 8 %] :‘&‘s 1 2 2 2 R g: T L T :m 1
35.0 1 ! ! !
== hht1 | 1 1 1 I 1 1 I
30.0 - 1 1 1 1 ! 1 ! 1
1 1 1 1 1 1 1 |
[
# 25.0 : 1 : ! : ! : :
£ 200 ! ! ! !
3 1 1 1 | 1 \
2 150 - | | ] ! 1
1 ! 1 ! 1
10.0 | 1 1 1 [
| ] I ] I 1
5.0 , 1 I 1 1
0.0 ] 1 1 ] I
1 ! 1 | |
80 1 80 - ! 1 ! 1
I I I 1 1 1
70 1 70 1 1 ! 1
60 - 1 60 - : ] : !
2 e 4 I 2 1 [
§ 50 | E’ 50 1 1 ] 1
+ 40 - 1% 40 1 1 1 |
® 30 I %30 ! ! !
20 : 20 :
10 1 10 1
I I
0 N 0 1
] 1
TTTTTTTTTR
1
S O O L L L O LY R DD
é’«‘f"\‘}’:@f\""f\?‘“\?"\?é"ﬁ’@
! :
50 '@ ! 1
SR e e | RS e v | — Unspecific
- TR 1
aGFP i b i r... - —— A S - v— - CN\D1-GFP
37 - 1 1
1 1
H 1
! : i
. — 1 s
: ] SHORT EXP.
| 1
1 1
aTub , 1
' 1
| 1 1
-—:--—-——« LONG EXP.
o g S 2 ! e e
1 1
1 1
8.0 1 :
— 7.0 - i
[T
®'E 60 ! :
53 501 |
z > 407 1 !
2g 30 [ 1
= 20 1 i
1.0 - 1 —
0.0 1 1
1
I

BRI e
Time Post-Elutriation (min)

Figure 1 Cell cycle-regulated expression of Cnp1. (A) Quantitative RT-PCR analysis of cnp? expression in wild-type cells after synchronization by
elutriation. Cells were synchronized in G2 by centrifugal elutriation and grown for 5 hr. Total mRNA was prepared at the indicated times postsynch-
ronization. AS indicates a sample from the asynchronous population before elutriation. Upper panels show fold change of the indicated gene RNAs
compared to a sample at 0 min. Lower panel show the percentage of septated cells and cells undergoing mitosis/G1 phase scored by DAPI and
calcofluor staining at the indicated times for the same experiment. Dotted line indicates the S phase window determined by the septation index. (B)
Western blot analysis of Cnp1 expression in cells after release from synchronization. Cell lysates were prepared from the same experiment described
above, and processed for western blot analysis using antibodies specific for GFP and tubulin (as a loading control). Lower graph shows quantification of
the Cnp1-GFP bands normalized to tubulin at each time point. Short and long time exposures (exp.) are shown for tubulin blotting.
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yox1A, and res2A mutants obtained by imaging live cells carrying the endogenous copy of cnp7 tagged with GFP. Bar, 2 wm. (B) Scheme showing the
regulation of G1/S-expressed genes by the MBF complex. The core of the complex consists of Cdc10, Res1, and Res2, which bind to promoters
containing MBF-binding motifs (MCB boxes). Rep2 normally acts as a cofactor for transcriptional activation. At the G1/S transition, the complex
promotes the transcription of genes required for S phase, including Nrm1 and Yox1. The proteins coded by these two genes act as repressors of
the MBF complex by binding to Res2 and limiting its transcriptional activity. This mechanism sets a negative feedback loop that restricts the activation of
MBF targets during the rest of the cell cycle. (C) Overexpression of Cnp1-GFP causes chromosome segregation defects in mitotic cells. Right panel shows
DAPI-staining images of nrm7A, yox1A, and res2A fixed cells. The percentage of mitotic cells showing bridge, lagging, or unequal chromosomes is
indicated in the left panel. MBF, Mlul box-binding factors; MCB, Mlul cell cycle box; WT, wild-type.

25% of nrmIA and yox1A mutant cells displayed mitotic de-
fects, while res2A mutants showed a relatively mild defect.

Cell cycle-regulated CENP-A transcription depends on
the MBF complex

The pattern of cnp1 expression during the cell cycle and the
phenotype observed in the MBF regulator mutants suggest
that the MBF complex may be involved in the regulation of
cnpl expression. Accordingly, an increase in both cnpl mRNA
and protein levels was observed in asynchronous populations
of nrm1, yox1, and res2 mutants (Figure 3, A and B). Deletion
of nrm1 or yoxI resulted in a ~5-6-fold increase in cnpl
mRNA levels, whereas res2 deletion led to a more modest
twofold increase (Figure 3A). The magnitude of the observed

defects (Figure 2, A and C) is correlated with the increase in
cnpl levels observed in these mutants (Figure 3, A and B).

A similar increase was observed in the cdc18 mRNA, which
is a known target of the MBF complex (Kelly et al. 1993). We
noticed that H3 (hht1) and spd1 genes, which are expressed
in the S and G2 phases, respectively, and mediated by differ-
ent transcription complexes, also showed a slight increase in
MBF mutants (Figure 3A). This suggests that mutation of
these genes may disturb the cell cycle program of the cells,
which is not unexpected since the MBF complex regulates the
G1/S transition. Interestingly, mutation of rep2, which is re-
quired for the transcriptional activation of other MBF targets
(Nakashima et al. 1995), does not cause a significant change
in cnp1 levels (Figure 3A).
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Figure 3 The MBF complex is required for cell cycle-regulated CENP-A transcription. (A) Quantitative RT-PCR analysis of cnp? RNA expression in nrm1A,
yox1A, res2A, and rep2A cells. Total MRNA was prepared from asynchronous cells. Fold change for the indicated genes (different colored bars) was
calculated compared to WT cells. (B) Western blot analysis of Cnp1-GFP levels for the MBF complex repressors mutants. Tubulin was used as a loading
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To further investigate how the MBF mutants affect the
cell cycle regulation of cnpl, we examined cnpl mRNA
levels throughout the cell cycle using synchronized nrm1A,
yoxIA, and res2A mutant cells. We found that, in contrast
to WT cells, the mutants do not show a clear peak of cnpl
expression right before septation (Figure 3C). However, we
also noticed that these mutants do not synchronize as well as
WT cells, as evidenced by the percentage of cells obtained at
the peak of septation (~70% in WT vs. 35, 45, and 50% in
nrm1l, yox1, and res2, respectively) (Figure 3C). In addition,
the fold change and timing of H3 expression also seem to be
affected. Histone H3 levels are regulated by an MBF target,
ams2 (Rustici et al. 2004; Takayama and Takahashi 2007), so
deletion of MBF repressors is expected to indirectly impact
H3 levels. MBF also regulates a set of genes required for S
phase, so the overall cell cycle program is also expected to be
affected. Therefore, the observed defect on cnpl mRNA in
asynchronous cells is probably resulting from a combined
effect of the direct disruption of cnpl transcription control
by MBF and an indirect effect caused by a cell cycle distribu-
tion defect on the MBF mutants. Overall, these results show
that mutation of MBF repressor genes leads to the deregula-
tion and increase of cnp1 levels, and mitotic defects.

The MBF complex binds to an MCB motif in the
cnp1 promoter

To investigate how the MBF complex regulates cnpl tran-
scription, we tested the binding of several MBF factors to
the cnpl promoter by ChIP. The MBF complex is known to
target the promoters of genes such as cdc18 and cdc22. The
promoter motifs bound by the MBF complex are called MCB
motifs (Lowndes et al. 1992). Our in silico analysis revealed
that the cnpl promoter contains two putative MCB boxes
at —110 and —478-bp upstream of the start codon, which
we named MCB1 and MCB2, respectively (Figure 4A). ChIP
analysis showed that Nrm1, Yox1, and Res2 bind to the cnp1
promoter (Figure 4B). Nrm1 and Yox1 are known to form a
dimer that suppresses the transcriptional activity of the MBF
complex outside of G1 by interacting with Res2 (de Bruin
et al. 2006; Aligianni et al. 2009; Caetano et al. 2011). Con-
sistent with these studies, we found that the nrmIA yox1A
double mutants show roughly the same elevated level of cnp1
mRNA as the single mutants (Figure 4C). The observation
confirmed that Nrm1 and Yox1 are functionally dependent
on each other in suppressing cnpl expression. Furthermore,
the nrm1A res2A and yoxIA res2A double mutants display
the same cnpI mRNA level as the res2A single mutant (Figure
4C), suggesting that Nrm1 and Yox1 suppress cnp1 levels by
interacting with Res2.

The MBF complex restricts CENP-A transcription to
G1 phase

To probe the functionality of the two putative MCB boxes in
the cnpl promoter, we made single (AMCB1 and AMCB2)
and double deletions of the boxes (AMCB 1+2) (Figure
5A). We also mutagenized the core CG nucleotides in each

MCB box into TA (MCB ta 1 and MCB ta 2) as an alternative
way to disturb the putative binding of MBF proteins (Figure
5A). The cnpl gene containing these mutations was tagged
with GFP and introduced at the ade6 site by homologous
recombination. Our qRT-PCR analysis showed that mutation
or deletion of the MCB1 box (located —110 bp from the start
codon) results in a four-to-fivefold increase in the cnpl mRNA
level (Figure 5B). Mutation of the MCB2 box (—478 bp from
the start codon) does not have any detectable effect on the
mRNA levels of cnp1 and therefore this box was considered to
not be functional. The increase in mRNA levels in the MCB1
mutant also results in an increase in protein levels (Figure
5C). Interestingly, mutation of the MCB1 mimics the increase
in cnp1 levels observed in the MBF repressor mutants (nrml,
yox1, and res2). Even though most of the MCB1 mutant cells
show a single Cnp1-GFP focus corresponding to its normal
centromeric localization, we observed several differences
when comparing with cnp1-gfp under the control of the WT
promoter. The MCB1 mutant cells display brighter centro-
meric foci with an average increase of twofold in signal in-
tensity, suggesting an increase in the amount of Cnpl
assembled at the centromere (Figure 5D and Figure S5). Ad-
ditionally, we observed that some of these mutant cells show
either diffuse or multifoci Cnp1-GFP localization (Figure 5D).
These results suggest that mutation of the MCB1 box leads to
CENP-A overexpression and defective localization.

Based on these observations, we hypothesized that an
intact MCB1 box is required for the binding of the MBF
repressors to the cnpl promoter to restrict the expression of
cnpl. To test this idea, we checked the expression of the cnp1-
gfp reporter gene (extra copy, inserted at the ade6 site) with a
WT or MCB1 mutant promoter in the background of the MBF
repressor mutants (Figure 6A). Mutation of the MBF repres-
sors causes an increase in the expression of the cnp1-gfp re-
porter gene with the WT promoter (three-, five-, and twofold
for nrmIA, yoxIA, and res2A, respectively). A similar in-
crease was observed for the cnp1 endogenous copy. However,
in cells carrying cnpl-gfp controlled by the promoter with
MCB1 deletion, mutation of nrml and yox1 caused just a
modest increase of 1.5- and 1.7-fold change, respectively,
and no increase was observed in res2 mutants. This indicates
that the MBF repressors require the MCB1 box to fully repress
cnpl levels.

To further test the functional consequences of disrupting
the MCB1 box, we mutated this box in the cnp1 endogenous
gene. This caused disturbed expression of cnpl during the
cell cycle in a synchronized cell population (Figure 6B), with
cnpl RNA levels being induced well in advance of the G1/S
transition. This suggests that the MCB1 box is required to
restrict cnpl expression to the G1 phase. We also noticed that
cells carrying the MCBI1 deletion showed an ~30-min delay
in the cell cycle with most of the cells undergoing S phase
(hht1 RNA peak) ~165 min postelutriation, compared to
135 min in WT cells. As observed with the reporter gene,
mutation or deletion of the endogenous MCB1 box resulted
in an increase in the levels of cnp1 (Figure S6). The magnitude
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of this increase was variable among different clones contain-
ing the same MCB1 mutation. When we subjected these cells
to mitotic stress by treatment with the microtubule polymer-
ization inhibitor TBZ, we observed a slight but consistent
decrease in growth of the cells (Figure 6C). This was corre-
lated with the presence of bridged and lagging chromosomes
in these mutants (Figure 6D). The cells showing slower
growth on TBZ and more mitotic errors were the ones
expressing higher levels of cnpI mRNA (Figure S6), suggest-
ing that tight regulation of cnp1 levels is required to avoid
mitotic defects. Together, these results demonstrate that the
MBEF repressor genes bind to the cnp1 promoter via the MCB1
box to restrict its expression, and avoid cnpl overexpression
and chromosome missegregation.

The timing of CENP-A expression is dispensable for its
targeting to centromeres

We next tested the previously suggested hypothesis that the
timing of CENP-A transcription contributes to the proper
targeting of cnpI (Shelby et al. 1997). This hypothesis was
proposed based on the observation that forcing expression of
CENP-A in S phase using the histone H3 promoter leads to the
mislocalization of the protein in human cells (Shelby et al.

1997). To determine whether the timing of CENP-A expres-
sion is important for its targeting to centromeres, we
expressed a cnpl-gfp reporter gene under the control of a
variety of promoters that drive expression at different stages
of the cell cycle (Figure 7A). They include promoters from
histone H3 (hht1), spd1, plo1, spol2, cdc15, and cdc18, which
direct transcription at S, G2, late G2, mitosis, mitosis/G1, and
G1 phase, respectively. cnpl-gfp mRNA and protein levels
produced by the different promoters were analyzed (Figure
7, B and C). We also analyzed the localization of Cnp1-GFP
expressed from different promoters (Figure 7D). In agree-
ment with the previous report in human cells (Shelby et al.
1997), expression of cnp1-gfp under control of the histone H3
promoter led to multiple foci of Cnp1-GFP with strong signal
in nuclei, suggesting ectopic localization of the protein. Mul-
tiple Cnp1-GFP foci were also found in cells expressing Cnp1-
GFP under the spd1, spo12, and cdc18 promoters. However,
most cells expressing Cnpl-GFP driven from the plol and
cdcl5 promoter contain a single Cnpl-GFP focus, though
the cdc15 promoter results in a brighter Cnp1-GFP spot. Ac-
cordingly, we found that Cnp1-GFP is highly expressed in
cells carrying Cnpl-GFP under the hhtl, spdl, and spol2
promoter (Figure 7, B and C). Expression driven by these
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promoters is higher compared to the plol and cdc15 pro-
moters. These results indicate that the distribution pattern
of CENP-A correlates with the strength of the promoters,
rather than the timing of CENP-A expression for its associa-
tion with centromeres. Consistent with this, a strain with
cnpl-gfp under control of the cdc18 promoter, which gener-
ates an ~10-fold increase in cnpl mRNA (Figure 7B),
exhibited ectopic localization of Cnp1-GFP. However, a sec-
ond strain generated with the cdc18 promoter showed only a
fourfold increase in cnpl mRNA and displayed WT-like single
foci Cnp1-GFP localization (data not shown). This result is
especially interesting since the cdc18 promoter drives ex-
pression at G1, the same timing as the cnpI promoter. The
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previously reported mislocalization of CENP-A driven by the
histone H3 promoter is likely due to overexpression rather
than misregulation of the timing of CENP-A expression. This
result suggests that tight cell cycle regulation of CENP-A
transcription ensures that the proper level of CENP-A is
generated.

Discussion

Cell cycle regulation of CENP-A transcription appears to be a
universal feature across eukaryotes, but how transcription of
CENP-A is regulated remains elusive. Here, we confirmed that
CENP-A transcription in fission yeast peaks during G1 phase.
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We further identified components of the MBF complex,
including Nrm1, Yox1, and Res2, that are required for cell
cycle-dependent CENP-A transcription regulation. The MBF
complex binds to the MCB motif in the CENP-A promoter to
restrict its transcription to G1 phase (Figure 8). However,
CENP-A can still target to centromeres when forced to ex-
press at non-G1 phase, indicating that timing of CENP-A tran-
scription is not essential for its centromere localization. We
conclude that cell cycle regulation of CENP-A transcription is
a key control mechanism to ensure that the proper amount of
CENP-A is generated across generations.

Using a visual genetic screen, we identified nrm1A, yoxIA,
and res2A mutants that exhibited excessive CENP-A-GFP and
chromosome segregation defects. Nrm1, Yox1, and Res2 are
components of the MBF complex, which regulates transcrip-
tion during the G1/8S transition of the cell cycle. We showed
that CENP-A mRNA is significantly upregulated in nrmI1A
and yox1A, consistent with its role as a negative regulator
of the MBF complex. Deletion of res2 has a weaker effect on
CENP-A transcription and chromosome segregation, likely
resulting from the fact that Res2 has both negative and pos-
itive roles in MBF-mediated transcription. Cdc10, another
component of the MBF complex, also has a dual role in reg-
ulating gene expression during G1/S (Mclnerny et al. 1995).

Accordingly, we found that CENP-A transcription is abnor-
mal in cdc10 mutant cells (Figure S2). Rep2 is considered
to be the transcriptional activator of other MBF targets
(Nakashima et al. 1995), but disruption of Rep2 does not
have a strong effect on cnp1 transcription. This suggests that
Cnpl regulation by the MBF proteins does not totally fit with
the canonical regulation of the complex.

As expected, we found that the MBF complex binds to the
promoter region of CENP-A. Mutations in the putative MBF-
binding MCB motif —110-bp upstream of the start codon
abolished the cell cycle transcription pattern of CENP-A,
and resulted in its deregulated expression and a higher level
of CENP-A transcripts, demonstrating that it is a bona fide
MCB box. Disruption of the MCB box at its endogenous site
gave rise to a cell cycle delay, TBZ sensitivity, and mitotic
defects, indicative of chromosome missegregation. Our data
suggest that the MBF repressors bind to the MCB box at the
CENP-A promoter to restrict its expression to G1 phase,
which prevents cnpl overexpression. The second putative
MCB motif, localized at —475-bp upstream of the start codon
appears not to be functional.

The level of CENP-A is tightly controlled. CENP-A over-
expression leads to erroneous deposition of CENP-A to noncen-
tromeric regions. This results in chromosome missegregation
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and growth defects. Ubiquitin-dependent proteolysis has
been shown to be a conserved post-translational mechanism
to degrade excessive CENP-A (Collins et al. 2004; Moreno-
Moreno et al. 2006; Hewawasam et al. 2010; Ranjitkar et al.
2010; Au et al. 2013; Gonzalez et al. 2014; Yang et al. 2018).
This study demonstrates that transcriptional regulation of
CENP-A is another important control mechanism to ensure
that the proper amount of CENP-A is expressed. Disruption
of the CENP-A transcription machinery also generates mistar-
geted CENP-A and chromosome segregation defects. Never-
theless, these mutants also show cell cycle deregulation of
multiple genes required for S phase progression (Caetano
et al. 2014). We cannot exclude the possibility that the ob-
served mitotic phenotypes in the mutants could be, at least
partially, due to replicative stress.

Interestingly, CENP-A transcription and the loading of
CENP-A usually occur in different stages of the cell cycle. In
fission yeast, Cnp1 is transcribed at G1, resulting in the protein
pool increasing by approximately twofold during S phase. The
increase in Cnp1l probably occurs in preparation for the next
round of Cnpl assembly that occurs in G2. The timing of
CENP-A transcription is also often different from canonical
histone transcription. It has been proposed that the restriction
of histone gene transcription to S phase may prevent regular
histones from competing with histone variants for incorpora-
tion into the chromosomes of nonreplicating cells (Bahler
2005). CENP-A in fission yeast is expressed at G1/S before
histone transcription. How CENP-A is prevented from assem-
bling into noncentromeric nucleosomes during replication
is unclear. In addition to ubiquitin-dependent proteolysis,
the nucleosome assembly protein (NAP) domain-containing
Ccpl and the chromatin remodeling complexes, such as fa-
cilitates chromatin transcription (FACT) and human histone
cell cycle regulator (HIRA), also play important roles in re-
moving mistargeted CENP-A (Choi et al. 2012; Deyter and
Biggins 2014; Dong et al. 2016; Ciftci-Yilmaz et al. 2018).
Perhaps these factors maintain the integrity of chromosome
arms by excluding ectopic CENP-A during replication.
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cycle box.

It has been shown that CENP-A expressed under the pro-
moter of histone H3 in human cells is distributed throughout
the nucleus. The observation led to the hypothesis that the
timing of CENP-A expression acts as an important component
of the CENP-A-targeting mechanism (Shelby et al. 1997,
2000). Our study also showed that cells expressing Cnpl
under the histone H3 promoter display excessive Cnp1-GFP
foci with diffuse nuclear signal in fission yeast. However,
Cnpl1 driven by the plo1 and cdc15 promoters, which induce
transcription at late G2 and mitosis/G1, respectively, can
properly target to centromeres, indicating that the timing of
CENP-A transcription is not absolutely required for its cen-
tromere localization. Consistent with this, deletion of the
MCB1 box results in constitutive overexpression of CENP-A,
but the protein is still assembled mostly at centromeres.
Careful examination reveals that the distribution pattern of
CENP-A driven by different promoters correlates with its ex-
pression level. Strong promoters, such as that of histone H3,
lead to an abnormal distribution of CENP-A. On the other
hand, CENP-A expressed from weaker promoters, including
these of plo1 and cdc15, still targets to centromeres. We noted
that the expression levels expressed from the plol and cdc15
promoters are modestly higher than the level expressed by
the native CENP-A promoter. These data are consistent with
previous studies showing that when weakly overexpressed,
CENP-A in fission yeast still associates specifically with
centromeres (Choi et al. 2012; Gonzalez et al. 2014). To-
gether, our results support our model that precise control
of the timing of CENP-A transcription ensures that the proper
level of CENP-A is expressed, rather than its targeting to
centromeres.

Interestingly, we often observed significant variation in the
level of Cnp1 expression in different clones carrying the same
mutations of the MCB1 box in the endogenous cnp1 promoter.
Clones with higher Cnp1l overexpression exhibited increased
TBZ sensitivity and mitotic defects. This result suggests that
there may be a threshold of tolerance for Cnp1 overexpression,
above which cells are strongly selected against. This may lead



to clonal variation by selecting cells that activate mechanisms
preventing excessive Cnp1.

The MBF complex is functionally analogous to the E2F
complex in plants and metazoans, which has been shown to
control the G1/S and also G2/M transitions (Zhu et al. 2004;
Bertoli et al. 2013). In Arabidopsis, E2fa binds to the promoter
of CENP-A in vivo, and mutating the E2F-binding sites at
the promoter results in increased reporter gene activity
(Heckmann et al. 2011). Putative E2F-binding sites were also
found in the human CENP-A promoter by an in silico study
(Amato et al. 2009). Downregulation of E2F/RBR in human
cells leads to increased RNA and protein levels of CENP-A
(Sullivan et al. 2011). Thus, the mechanism underlying
MBF-mediated transcriptional regulation of CENP-A expres-
sion may be conserved in plants and humans.
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