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ABSTRACT Centromeric localization of the evolutionarily conserved centromere-specific histone H3 variant CENP-A (Cse4 in yeast) is
essential for faithful chromosome segregation. Overexpression and mislocalization of CENP-A lead to chromosome segregation defects
in yeast, flies, and human cells. Overexpression of CENP-A has been observed in human cancers; however, the molecular mechanisms
preventing CENP-A mislocalization are not fully understood. Here, we used a genome-wide synthetic genetic array (SGA) to identify
gene deletions that exhibit synthetic dosage lethality (SDL) when Cse4 is overexpressed. Deletion for genes encoding the replication-
independent histone chaperone HIR complex (HIR1, HIR2, HIR3, HPC2) and a Cse4-specific E3 ubiquitin ligase, PSH1, showed highest
SDL. We defined a role for Hir2 in proteolysis of Cse4 that prevents mislocalization of Cse4 to noncentromeric regions for genome
stability. Hir2 interacts with Cse4 in vivo, and hir2A strains exhibit defects in Cse4 proteolysis and stabilization of chromatin-bound
Cse4. Mislocalization of Cse4 to noncentromeric regions with a preferential enrichment at promoter regions was observed in hir2A
strains. We determined that Hir2 facilitates the interaction of Cse4 with Psh1, and that defects in Psh1-mediated proteolysis contribute
to increased Cse4 stability and mislocalization of Cse4 in the hir2A strain. In summary, our genome-wide screen provides insights into
pathways that regulate proteolysis of Cse4 and defines a novel role for the HIR complex in preventing mislocalization of Cse4 by
facilitating proteolysis of Cse4, thereby promoting genome stability.
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promote faithful chromosome segregation during mitosis
(Allshire and Karpen 2008; Verdaasdonk and Bloom 2011;
Burrack and Berman 2012; Choy et al. 2012; Maddox et al.
2012; McKinley and Cheeseman 2016). The “point centro-

KINETOCHORES (centromeric DNA and associated pro-
teins) serve as an attachment site for microtubules to
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meres” of budding yeast contain ~125 bp of unique DNA
sequences as opposed to “regional centromeres” in other eu-
karyotes, which are comprised of up to several mega-base
pairs of repeated DNA sequences, species-specific satellite
DNA arrays, or retrotransposon-derived sequences (Clarke
and Carbon 1980; Allshire and Karpen 2008; Verdaasdonk
and Bloom 2011; Burrack and Berman 2012; Maddox et al.
2012; McKinley and Cheeseman 2016). Despite the divergence
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of centromeric DNA sequences, the centromere-specific his-
tone H3 variant (Cse4 in Saccharomyces cerevisiae, Cnpl in
Schizosaccharomyces pombe, CID in Drosophila, and CENP-A in
mammals) is evolutionarily conserved from yeast to humans
(Przewloka and Glover 2009; Choy et al. 2012; Henikoff
2012). Cse4 and its homologs are essential for high-fidelity
chromosome segregation (Allshire and Karpen 2008;
Verdaasdonk and Bloom 2011; Burrack and Berman 2012;
Maddox et al. 2012; McKinley and Cheeseman 2016), and
Cse4 can functionally replace CENP-A in mammalian cells
(Wieland et al. 2004).

Overexpression and mislocalization of CENP-A have been
observed in many cancers (Tomonaga et al. 2003; Amato et al.
2009; Huetal. 2010; Y. Lietal. 2011; Wu et al. 2012; Lacoste
et al. 2014; Athwal et al. 2015); however, the molecular
mechanisms associated with this observation are not fully
understood. We have recently shown that overexpression of
CENP-A leads to its mislocalization to noncentromeric re-
gions and contributes to chromosome instability (CIN) in
human cells (Shrestha et al. 2017). Mislocalization of CID
causes the formation of ectopic kinetochores and leads to mi-
totic delay, anaphase bridges, chromosome fragmentation,
aneuploidy, and lethality in flies (Heun et al. 2006). Overex-
pression of Cnpl leads to noncentromeric mislocalization,
growth and chromosome segregation defects during mitosis
and meiosis in fission yeast (Choi et al. 2012; Castillo et al.
2013; Gonzalez et al. 2014). We have previously shown that
mislocalization of overexpressed cse416¥R_ in which all lysines
(K) are mutated to arginine (R) (Collins et al. 2004), results in
chromosome segregation defects in budding yeast (Au et al.
2008). The extent of mislocalization of cse416KR and CENP-A
correlate with the level of chromosome loss in yeast and hu-
man cells, respectively (Au et al. 2008; Shrestha et al. 2017).

Post-translational modifications (PTMs), such as ubiquiti-
nation, regulate the cellular levels of Cse4 and its homologs,
and prevent its mislocalization to euchromatic regions
(Deyter et al. 2017). In flies, proteolysis of CID prevents mis-
localization to noncentromeric regions (Heun et al. 2006;
Moreno-Moreno et al. 2011). Similar results are observed
in fission yeast, where ubiquitin-mediated proteolysis of
Cnpl prevents mislocalization to noncentromeric regions
(Gonzalez et al. 2014). Additionally, Psh1 (an E3 ubiquitin
ligase) (Hewawasam et al. 2010; Ranjitkar et al. 2010;
Herrero and Thorpe 2016; Hildebrand and Biggins 2016),
Doal (WD-repeat protein) (Au et al. 2013), Fpr3 (proline
isomerase) (Ohkuni et al. 2014), Ubp8 (ubiquitin protease)
(Canzonetta et al. 2015), Rcyl (F-box protein) (Cheng et al.
2016), and Ubr1 (Cheng et al. 2017) regulate cellular levels
of overexpressed Cse4 and prevent its mislocalization to non-
centromeric regions (Collins et al. 2005; Cheng et al. 2016).
The role of Psh1 in proteolysis of Cse4 has been characterized
in detail, and these studies have shown that the interactions
of Psh1l with Sptl6, a component of the FACT (facilitates
chromatin transcription/transactions) complex, and casein
kinase 2 (CKA2) regulate Cse4 proteolysis (Hewawasam
et al. 2010, 2014; Ranjitkar et al. 2010; Au et al. 2013;
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Deyter and Biggins 2014). Recent studies have shown that
chromatin assembly factor-1 (CAF-1) promotes the deposi-
tion of Cse4 at noncentromeric regions in psh 14 mutants, and
deletion of Cac2, a component of CAF-1, rescues the lethality
of psh1A or cka2A strains overexpressing Cse4 (Hewawasam
et al. 2018). While the centromere-targeting domain (CATD)
in the C-terminus of Cse4 interacts with Psh1, the N-terminus
of Cse4 is also required for Cse4 proteolysis (Hewawasam
et al. 2010; Ranjitkar et al. 2010; Au et al. 2013). In addition
to ubiquitination, sumolylation of Cse4 also regulates its pro-
teolysis. We have shown that Cse4 is sumoylated by the small
ubiquitin-related modifier (SUMO) E3 ligases Siz1 and Siz2,
and the SUMO-targeted ubiquitin ligase (STUbL) SIx5 plays a
critical role in ubiquitin-mediated proteolysis of endoge-
nously expressed Cse4 and prevents its mislocalization inde-
pendently of Psh1 (Ohkuni et al. 2016). Notably, overexpressed
Cse4 is not completely stabilized in pshI1A, doalA, fpr3A,
rcylA, and slx5A strains (Hewawasam et al. 2010; Ranjitkar
et al. 2010; Au et al. 2013; Ohkuni et al. 2014, 2016; Cheng
et al. 2016; Hildebrand and Biggins 2016) suggesting the exis-
tence of additional genes/pathways to regulate Cse4
proteolysis.

Identification of pathways that regulate cellular levels of
Cse4 is critical for understanding mechanisms that prevent
mislocalization of CENP-A and aneuploidy in human cancers.
Hence, we performed a genome-wide screen using a syn-
thetic genetic array (SGA) to identify nonessential genes that
show synthetic dosage lethality (SDL) upon Cse4 overexpres-
sion. We hypothesized that overexpression of Cse4 would
cause SDL in mutants that are defective in Cse4 proteolysis,
similar to that observed previously for pshlA strains
(Ranjitkar et al. 2010; Au et al. 2013). We identified deletions
of all four components of the replication-independent histone
chaperone (HIR) complex (HIR1, HIR2, HIR3, HPC2) in the
screen, and growth assays confirmed the SDL of overex-
pressed Cse4 in deletion strains for each component of the
HIR complex. We investigated the molecular role of Hir2 in
Cse4 proteolysis and how this affects the localization of Cse4.
Hir2 interacts with Cse4 in vivo, and deletion of HIR2 leads to
defects in Cse4 proteolysis and mislocalization of Cse4 to
noncentromeric regions. We determined that defects in
Psh1l-mediated proteolysis of Cse4 contribute to the in-
creased stability of Cse4 in the hir2A strain. In summary,
the genome-wide screen provides insights into pathways that
prevent mislocalization of Cse4 and defines a role for the HIR
complex in preventing mislocalization of Cse4 by facilitating
proteolysis of Cse4.

Materials and Methods
Yeast strains, plasmids, and SGA analysis

The yeast strains and plasmids used in this study are described
in Supplemental Material, Tables S1 and S2. All yeast non-
essential gene deletion strains are isogenic to BY4741 unless
otherwise indicated. An SGA query strain (YMB6969)
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overexpressing CSE4 in galactose-containing medium was
created in Y7092 by homologous recombination using a
method described previously (Longtine et al. 1998;
Baryshnikova et al. 2010a). Briefly, PCR products containing
HA-tagged CSE4 driven by the GALI and, separately, MX4-
NATR were amplified using DNA from pMB1458 and p4339,
respectively. Each PCR product carries a sequence common
to the other along with sequences homologous to regions
either 5’ or 3’ of the CSE4 genomic locus. The two puri-
fied PCR products were cotransformed into Y7092
(Baryshnikova et al. 2010a). Integration of GALCSE4-HA in-
to the endogenous locus was verified by PCR, DNA sequenc-
ing, Western blot analysis, and the inability of cells to grow
on glucose-containing medium. Yeast strain YMB6969 was
used to interrogate synthetic fitness defects of Cse4 over-
expression with deletions of nonessential genes. SGA screens
were performed on galactose-containing medium follow-
ing the procedures and scoring described previously (Tong
et al. 2004; Costanzo et al. 2010; Z. Li et al. 2011). cacliA
hir2A and cac2A hir2A strains were derived from meiotic
products of diploids of crosses between caclA::KAN and
hir2A::NAT (YMB8785), and cac2A::KAN and hir2A::NAT,
respectively, in the BY4741 background. Strain YMB8886
(A16 H2A-H2B A16 H3-H4) was created by integrating
pAB157 and pAB95 sequentially into a wild-type (WT) strain
carrying HA-tagged Cse4 expressed from the GALI promoter
(YMB6714).

Protein stability assays

Protein stability assays were performed as described pre-
viously with minor modifications (Au et al. 2008). Briefly,
yeast cultures grown in media containing 2% raffinose were
supplemented with galactose to a final concentration of 2%
to induce the expression of proteins regulated by the GALI
promoter at 30° for 2 hr or as described. Subsequently, 2%
glucose was added to inhibit transcription and cyclohexi-
mide (CHX, 10 png/ml) to block protein translation. An
equal number of cells as measured by ODgqo were collected
at different time points, and whole cell extracts were pre-
pared by the TCA method described previously (Kastenmayer
et al. 2006). Protein concentrations were determined using a
Bio-Rad DC Protein Assay (Cat# 500-0113; Bio-Rad), and
equal amounts of protein were separated on a 4-12% Bis-Tris
gel (Invitrogen) for western blot analysis. Primary antibodies
were anti-HA (clone 12CA5; Roche) and anti-Tub2 (custom
made by the Basrai laboratory). Secondary antibodies from
Amersham Biosciences were HRP-conjugated sheep a-mouse
IgG (NA931V) and HRP-conjugated donkey a-rabbit IgG
(NA934V). Western blots were quantified using the SynGene
program (SynGene, Cambridge, UK) or ImageJ (Schneider
et al. 2012) software. Protein half-life was calculated as pre-
viously described (Au et al. 2013) where least squares regr-
ession of percentage remaining (log scale) vs. time was
used. Values for half-life were derived from three biological
replicates unless otherwise noted and were reported as the
average * SE.

Chromosome spreads for localization of Cse4
and Mtw1-GFP

Chromosome spreads were performed as described previ-
ously (Collins et al. 2004). Strains were grown in SC-Ura
containing 2% raffinose until mid-log phase prior to the in-
duction of Cse4 expression by 2% galactose for 1 hr. Anti-HA
(1:2500 dilutions) was used as primary antibody (MMS-
101P; Covance, Babco) and Cy3 conjugated Goat a-mouse
(1:5000 dilutions) as secondary antibody (115165003; Jackson
ImmunoResearch Laboratories). Nuclear mass was visualized
by 4',6-diamidino-2-phenylindole (DAPI) staining (1 pg/mlin
phosphate-buffered saline (PBS)). For Mtw1-GFP visualization,
cells were grown as described above, treated or untreated with
0.5% formaldehyde on ice, stained with DAPI (1 pg/ml in
PBS), and examined by fluorescent microscopy. Cells were ob-
served under an Axioskop 2 (Zeiss) fluorescence microscope
equipped with a Plan-APOCHROMAT 100X or 63X (Zeiss) oil
immersion lens. Image acquisition and processing were per-
formed with the IP Lab version 3.9.9 r3 software (Scanalytics).

ChIP and ChIP-seq experiments

Chromatin immunoprecipitation (ChIP) was performed as
described previously (Mishra et al. 2007, 2011, 2018)
with minor modifications. WT and hir2A strains carrying
GALCSE4-HA (pMB1458) were grown logarithmically in
500 ml of 1X SC-URA with galactose and raffinose (2%
each) for 6 hr at 30°. Cells were cross-linked in 1% formal-
dehyde at room temperature for 15 min, quenched in
125 mM glycine for 5 min, and collected by centrifugation.
Cells were washed in TBS (20 mM Tris-HCl pH 7.6,
150 mM NaCl), resuspended in spheroplasting buffer
(1.2 M sorbitol, 20 mM Na-Hepes, pH 7.4) with Zymolase
100T, and incubated at 30°. Spheroplasts were washed in
postspheroplasting buffer (1.2 M sorbitol, 1 mM MgCl,,
20 mM Na-Pipes, pH 6.8), followed by three washes with
FA buffer (50 mM Na-Hepes pH 7.6, 1 mM EDTA, 1% Tri-
ton X-100, 150 mM NacCl, 0.1% Na-deoxycholate) contain-
ing protease inhibitors (P8215; Sigma). Spheroplasts were
then suspended in FA buffer with protease inhibitors and
sonicated on ice for eight 12-sec bursts applied at an interval
of 2 min with an output cycle setting fixed at 30% to obtain
an average DNA fragment size of 300-400 bp. One-tenth of
the resulting soluble, sheared chromatin fraction was col-
lected as input, and the remaining was incubated with
a-HA conjugated agarose beads (A2220; Sigma) at 4° for
~16 hr. Beads were collected by centrifugation and washed
at room temperature with FA buffer for 5 min (three times),
FA-HS buffer (50 mM Na-Hepes pH 7.6, 1 mM EDTA, 1%
Triton X-100, 500 mM NaCl, 0.1% Na-deoxycholate) for
5 min (twice) and RIPA buffer (10 mM Tris-HCl pH 8.0,
250 mM LiCl, 0.5% NP-40, 1 mM EDTA, 0.5%
Na-deoxycholate) for 5 min (twice) followed by 1X TE
pH 8.0 for 5 min (twice). Immunoprecipitated DNA was
eluted in elution buffer (25 mM Tris-HCI pH 7.6, 10 mM
EDTA, 0.5% SDS). Input and immunoprecipitated samples
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were recovered after cross-link reversal at 65° for ~16 hr,
RNase A and proteinase K treatments, and final purification
using Qiagen DNA purification columns (Qiagen). ChIP-
qPCR was performed with the 7500 Fast Real Time PCR Sys-
tem using Fast SYBR Green Master Mix (Applied Biosystems)
and primers listed in Table S3 with the following conditions:
95° for 20 sec followed by 40 cycles of 95° for 3 sec, 60° for
30 sec. The enrichment values are shown as % input, deter-
mined using the 3qCr method (Livak and Schmittgen 2001).
ChIP DNA was used to construct sequencing libraries as
described previously (Grgntved et al. 2015). Downstream
analysis was performed as follows: unfiltered sequencing
reads were aligned to the S. cerevisiae reference genome
(SacCer3) using bwa (Seoighe and Wolfe 1999), allowing
up to one mismatch for each aligned read. Reads mapping
to multiple sites were retained to allow evaluation of associ-
ations with nonunique sequences (Seoighe and Wolfe 1999)
and duplicate reads were retained. Binding sites were iden-
tified using SICER (Zang et al. 2009) with the following pa-
rameters: effective genome size 0.97 (97% of the yeast
genome is mappable), window size 50 bp, and gap size
50 bp. Calculation of coverage, comparisons between differ-
ent data sets and identification of overlapping binding re-
gions were preceded by library size normalization and were
performed with the “chipseq” and “Genomic Ranges” pack-
ages in Bioconductor (Gentleman et al. 2004). Control sub-
traction was carried out in the following way: coverage
(exp)/N1—coverage (control)/N2, in which “exp” is the data
set (in .bam format) to be examined, N1 is the library size of
the experimental data (“exp”), and N2 is the library size of
the control. In this study, input sequences (DNA sequences
after sonication prior to immunoprecipitation) were used as
the control. Occupancy profiles showing reads per million
(RPM) normalized to total library size were generated using
the Integrative Genomics Viewer (Robinson et al. 2011).

Immunoprecipitation experiments

Immunoprecipitation experiments were performed as de-
scribed previously (Mishra et al. 2016, 2018). Briefly, cell
pellets collected from yeast strains (40-50 ODgqq of cells)
grown using media and growth conditions described above
were dissolved in 500 pl lysis buffer (50 mM Tris pH 7.5,
10% glycerol, 150 mM NaCl, 1 mM DTT, 0.4% NP-40,
1 mM PMSF, and protease inhibitor cocktails Sigma
P8215) and bead-beaten (four times) with lysing matrix C
glass beads (MP Biomedicals) using the manufacturer’s rec-
ommended program in a FastPrep-24 5G homogenizer (MP
Biomedicals). After centrifugation, protein concentration of
the resulting whole cell extracts was measured, and equal
amounts of protein from each sample was incubated with
rabbit IgG agarose (A2909; Sigma) overnight, followed by
washing in TBST (20 mM Tris-HCl, 0.8% NaCl, 0.1%
Tween-20) and elution in 2X Laemmli buffer (Invitrogen).
Immunoprecipitates were assayed by Western blot analysis
using «-TAP (CAB1001; Thermo Scientific) and «-HA
(11583816001; Sigma) antibodies.
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Subcellular fractionation

Whole cell extract (WCE), soluble and chromatin fractions
of WT and hir2A strains were prepared as described previ-
ously (Au et al. 2008). Cells grown logarithmically in raffinose-
containing medium were induced with 2% galactose for 30 min,
followed by addition of cycloheximide at 10 wg/ml for
15 min. Protein samples were normalized based on equal
ODgqp of cells, separated by gel electrophoresis, transferred
to nitrocellulose membrane and probed using a-HA antibody.
Tub2 and histone H3 (ab1791; Abcam) were used as loading
controls for soluble and chromatin fractions, respectively.

Loss of centromere-containing plasmid

Yeast strains containing plasmid pRS416 (CEN URA3) were
grown at 30° in SC-URA glucose medium for ~16 hr and an
equal ODgq of cells from each strain were plated on SC-URA
glucose (2%) and YPD plates (Go). To measure the frequency
of plasmid loss, 0.05 ODggq of cells from each strain were
inoculated into 50 ml of YPD and grown nonselectively at
30° for ~10 generations (G1¢). Equal ODgq of cells from G
cultures were then plated as for Go. The frequency of plasmid
segregation was determined as a ratio of total number of
colonies on selective SC-URA over nonselective YPD plates,
where the values from G for each strain were normalized to
100%. Three biological replicates were performed for each
strain and at least 1200 cells at Gy and G were plated.

Data availability

Deep sequencing data generated for this study has been de-
posited in the Gene Expression Omnibus (https://www.ncbi.
nlm.nih.gov/geo/) under accession number SRP153412.
Supplemental material available at Figshare: https://doi.
org/10.25386/genetics.6709553.

Results

A genome-wide SGA screen for gene deletions that
show SDL with GALCSE4

Deletions of PSHI, SLX5, and RCY1, which are defective
in proteolysis of Cse4, exhibit SDL with overexpressed Cse4
(GALCSE4) (Ranjitkar et al. 2010; Au et al. 2013; Cheng et al.
2016; Ohkuni et al. 2016). We performed a genetic screen
using a SGA to identify gene deletions that display SDL with
GALCSE4. A query strain with GALCSE4 integrated in the
genome was mated to an array of 4293 individual nonessen-
tial gene deletion strains (3620 of which passed quality
control filters), and growth of haploid meiotic progeny of
each gene deletion with GALCSE4 was scored on galactose-
containing medium. The SGA score for growth was deter-
mined as previously described (Baryshnikova et al. 2010b)
and filtered using the intermediate confidence threshold
(P-value <0.05 and |Score| >0.08) (Costanzo et al. 2010,
2016). We identified 301 gene deletions that showed a sig-
nificant growth defect, or SDL, with GALCSE4, and refer to
them as significant negative genetic interactors (Table S4).
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Gene ontology (GO) analysis for biological processes or
cellular components for the 301 significant negative genetic
interactors was performed using the FunSpec bioinformatics
tool (http://funspec.med.utoronto.ca/, April 2017). The
analysis was performed using a P-value cutoff score of 0.01,
and results with a P-value <2.0 X 107%4 are displayed. The
GO analysis for biological processes showed an enrichment of
genes required for DNA replication-independent nucleosome
assembly, mitotic sister chromatid cohesion, meiosis, mitosis,
and chromosome segregation (Figure 1A). These results are
consistent with an enrichment of cellular component GO an-
notations corresponding to the chromosome, HIR complex,
kinetochore, and centromeric region (Figure 1B). Consistent
with previous results, rcyIA (Cheng et al. 2016), but not
cac2A were identified as negative genetic interactors with
GALCSE4. The top 15 negative genetic interactors are listed
in Figure 1C, the majority of which are evolutionarily con-
served with homologs in human (H), mouse (M), Drosophila
melanogaster (D) and/or Caenorhabditis elegans (C). The
identification of psh1A as the most significant negative ge-
netic interactor when Cse4 is overexpressed serves as proof of
principle for the screen (Ranjitkar et al. 2010; Au et al. 2013).
Among the top 15 negative genetic interactors are all four
genes that encode the DNA replication-independent histone
chaperone (HIR) complex, namely HIR1, HIR2, HIR3, and
HPC2.

The genetic interaction profile of GALCSE4 correlates
with that of kinetochore mutants

To identify cellular functions impacted by overexpressed
Cse4, we performed a genetic correlation analysis looking
for similarity between the profile of GALCSE4 and the com-
plete set of query mutant profiles from the SGA dataset
(Costanzo et al. 2016). A positive correlation between two
mutants’ genetic interaction profiles suggests functional sim-
ilarity between the effects of the genetic perturbations. A list
of the top 11 query genes ranked according to their Pearson
correlation similarity to the profile of GALCSE4 is shown in
Figure 2A. GO analysis of these 11 genes revealed that there
is an enrichment for components of the chromosome, centro-
mere region, and kinetochore (DSN1, AMEI, NNF1, DAM]I,
and OKP1) (Figure 2B). As expected, the kinetochore mu-
tants that show genetic interaction profiles similar to
GALCSE4 (dam1-1, dsnl1-7, amel-4, and okp1-5) also exhibit
negative genetic interactions with other kinetochore mu-
tants, namely iml3, mecm21, ctf19, chl4, mecm22, ctf3, and
mcm16 (Figure 2C, red area). Furthermore, okp1-5, amel-4,
and dsnl-7 exhibit negative genetic interactions with hir24A,
hir3A, and hpc2A strains. Consistent with the role of Cse4 in
kinetochore structure and function, these genetic analyses sug-
gest that overexpression of Cse4 contributes to defects in ki-
netochore function.

HIR complex mutants exhibit SDL with GALCSE4

The HIR proteins function in a complex with Asf1 and Rtt106
for transcriptional repression of histone genes, and the HIR

complex serves as the replication-independent chaperone for
histones H3 and H4 (Green et al. 2005; Fillingham et al.
2009; Ferreira et al. 2011; Silva et al. 2012; Amin et al
2013). In addition to hirlA, hir2A, hir3A, and hpc2A, we
identified asf1A as a negative genetic interactor with
GALCSE4 (Table S4, SGA score of —0.329 and P-value of
1.51e—11). Notably, rtt106A was not present on the array
of yeast deletion strains. To validate the results of the SGA
screen, WT, hirlA, hir2A, hir3A, hpc2A, asf1A, and rtt106A
strains were transformed with GALCSE4 or empty vector
and examined for growth on glucose or galactose plates.
Consistent with the results of the screen, hirlA, hir2A,
hir3A, hpc2A, asfl1A, and rtt106A strains exhibit SDL with
GALCSE4 on galactose plates (Figure 3A). No growth de-
fects were observed for strains transformed with vector alone
on galactose plates. Our previous studies showed that the
N-terminus of Cse4 is required for its Ub-mediated proteoly-
sis, so we asked if the N-terminus of Cse4 is required for the
SDL of GALCSE4. Growth assays showed that hirlA, hir2A,
hir3A, hpc2A, asflA, and rtt106A strains transformed with
GALcse4A129 (deletion of the N-terminal 129 amino acids)
show slightly reduced growth when compared to vector
alone but do not exhibit a SDL phenotype (Figure 3A).

Previous studies have shown that caclA hirlA strains, but
not caclA nor hirlA single mutants, show mislocalization of
endogenous Cse4 and chromosome loss (Lopes da Rosa
et al. 2011). Our results with hir mutants prompted us to
examine the growth of caclA, cac2A, caclA hir2A, and
cac2A hir2A strains overexpressing CSE4. We determined
that caclA hir2A and cac2A hir2A exhibit SDL with
GALCSE4, but deletion of CACI or CAC2 does not exhibit
SDL with GALCSE4 (Figure 3B). To investigate the possible
role of the HIR complex in proteolysis of Cse4, we focused on
Hir2, as the genetic interaction profiles of HIR2, HIR3, and
HPC2 have higher positive correlations than that of HIRI
(Usaj et al. 2017). We determined that the SDL of GALCSE4
was linked to hir24, as the growth defect of the hir2A GALCSE4
strain on galactose medium was suppressed by expressing HIR2
on a plasmid (Figure 3C).

Hir2 regulates proteolysis of Cse4

To investigate the cause(s) of the SDL observed when Cse4 is
overexpressed in a hir2A strain, we examined the protein
stability of GALCSE4 in a hir2A strain after 2.5 hr of induc-
tion in galactose medium followed by addition of glucose and
the protein synthesis inhibitor cycloheximide (CHX). West-
ern blot analysis of whole cell extracts prepared at different
time points after CHX treatment showed that Cse4 was rap-
idly degraded in the WT strain (t;,» = 16 = 3 min), but
the stability of Cse4 was significantly higher in the hir2A
strain (t;,» = 136 *= 22 min, P-value = 0.0055) (Figure
4, A and B). As expected, deletion of another HIR com-
plex component, Hirl, also resulted in stabilization of Cse4
(ti2 = 96 = 19 min) (Figure S1). Stabilization and mis-
localization of overexpressed Cse4 have been observed in
psh1A strains that exhibit SDL with GALCSE4 (Ranjitkar
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Figure 1 Gene ontology (GO) analysis of negative genetic interactors identified in the SGA screen with GALCSE4. (A and B) GO analysis for biological
processes (A) or cellular components (B) for the 301 significant negative genetic interactors using the FunSpec bioinformatics tool (http:/funspec.med.
utoronto.ca/, April 2017). Analysis was performed using a P-value cutoff score of 0.01 and results with a P-value <2.0e=°* are displayed. The P-value
represents the likelihood of candidate genes from the screen intersecting with the specified category. The percentage denotes the number of genes
found in a given category over the number of input genes. The fraction denotes the number of candidate genes over the number of genes annotated
within the category. The GO annotation representing genes associated with a particular cellular component or biological process are described. (C) List
of the top 15 negative genetic interactors identified in the SGA screen with GALCSE4. Listed are the gene name, SGA score and homologs denoted as
H, human; M, mouse; D, Drosophila melanogaster; C, Caenorhabditis elegans. The SGA score is the epsilon value calculated as previously described

(Costanzo et al. 2010, 2016).

etal. 2010; Au et al. 2013). We therefore examined the role of
Pshl in Hir2-mediated Cse4 proteolysis by measuring the
stability of Cse4 in a hir2A psh1A strain. Consistent with pre-
vious reports (Hewawasam et al. 2010; Ranjitkar et al. 2010;
Au et al. 2013), Cse4 levels were relatively stable in psh1A
(ti2 = 63 = 9 min); however, no significant difference in
Cse4 stability was observed between hir2A (t;,, =
136 *= 22 min) and hir2A pshlA (ti» = 121 = 9 min;
P-value = 0.56) strains (Figure 4B). Taken together, these
results indicate that Psh1 contributes to the Cse4 proteolysis
defects in hir2A strains.
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Defects in Cse4 proteolysis in hir2A strains are not due
to constitutive expression of core histones

Transcription of histone genes is tightly regulated in a cell
cycle-dependent manner (Osley 1991; Gunjan et al. 2005). In
addition to its histone chaperone function, the HIR complex
acts as a transcriptional corepressor by suppressing the ex-
pression of core histones outside of the S phase of the cell
cycle (Osley and Lycan 1987; Spector et al. 1997; Green et al.
2005). To investigate the contribution of mis-regulated his-
tone expression to the defects of Cse4 proteolysis in hir2A
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Figure 2 The genetic interaction profile of GALCSE4 is similar to that of kinetochore mutants. (A) GALCSE4 exhibits a genetic interaction profile similar
to profiles displayed by kinetochore mutants. Shown is a list of 11 mutants showing the most similar genetic interaction profiles (highest Pearson
correlation score) to that of GALCSE4. (B) GO analysis for cellular component of genes in (A). (C) Representative heat map showing genetic interactions
of the 11 genes listed in (A). Negative and positive genetic interactions are shown in red and green, respectively. The intensity of the color reflects the
strength of the genetic interaction. Kinetochore mutants that exhibit high positive correlation with GALCSE4 from (A) above also exhibit genetic
interactions with deletions of genes encoding for the HIR complex, namely hir2A, hir3A, and hpc2A.

cells, we created a strain expressing histones H2A-H2B and
H3-H4 (A16 H2A H2B, A16 H3 H4) from a mutant htal-htb1
promoter lacking a 16-bp negative regulatory element (A16)
functionally targeted by HIR (Osley et al. 1986; Lycan et al.
1987; Bortvin and Winston 1996), thus mimicking the tran-
scription of core histones outside of S phase as observed in
hir2A cells. As expected, the WT strain showed reduced lev-
els of H2B and H3 upon HU treatment (Xu et al. 1992;
DeSilva et al. 1998). In contrast, the levels of H3 and H2B
were not repressed in HU treated A16 H2A H2B, A16 H3 H4
cells (Xu et al. 1992; DeSilva et al. 1998) (Figure 4C). Protein
stability assays showed that proteolysis of transiently overex-
pressed Cse4 in the A16 H2A H2B, A16 H3 H4 strain (t;,, =
49 *= 3 min) was similar to the WT strain (t;,»
46 *= 12 min) (Figure 4D). We conclude that constitutive
expression of histones in the hir24 strain does not contrib-
ute to defects in Cse4 proteolysis.

Hir2 prevents mislocalization of Cse4 to
noncentromeric regions

Previous studies have shown that increased stability of Cse4 in
psh1A and slx5A strains correlate with its mislocalization to
noncentromeric regions (Hewawasam et al. 2010; Ranjitkar
et al. 2010; Au et al. 2013; Hildebrand and Biggins 2016;
Ohkuni et al. 2016). We performed chromosome spreads, a
technique that removes soluble material, to examine the lo-
calization of chromatin-bound Cse4 in hir2A strains. Immu-
nofluorescence staining of HA-Cse4 showed one to two

discrete Cse4 foci (red) coincident with DAPI signal (blue)
in a wild type strain (Figure 5A). In contrast, HA-Cse4 signals
were largely diffused across the nuclear mass in the hir24
strain (Figure 5A). The percentage of hir2A cells showing
mislocalization of Cse4 signals was about fourfold higher
(~87%) compared to that observed in the WT strain
(~22%) (Figure 5B). We also examined if the localization of
another kinetochore protein, Mtw1 (tagged with GFP), was
affected in the hir2A strain. In contrast to Cse4, Mtw1-GFP
localized to one to two discrete foci within the DAPI-stained
DNA in 97 and 98% of WT and hir2A strains, respectively
(Figure S2). We next performed subcellular fractionation and
assayed the stability of Cse4 in WCE, soluble, and chromatin
fractions after treatment with CHX (Figure 5, C and D). Cse4
levels were significantly decreased in all fractions in a WT
strain after treatment with CHX. In contrast, steady-state
levels (Tq) of Cse4 were high in all fractions in the hir24
strain, but the levels in WCE and chromatin fractions
remained high in the hir2A strain after treatment with
CHX. Taken together, these results show that overex-
pressed Cse4 is preferentially enriched and more stable
in chromatin and is mislocalized to noncentromeric re-
gions in the hir2A strain.

Mislocalized Cse4 is enriched at promoter regions in
hir2A strains

Genome-wide ChIP-seq experiments were performed to iden-
tify the chromosomal sites of Cse4 mislocalization in hir2A
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(2% each). Plates were photographed after 2-5 days of growth at 30°.

strains. Genomic regions were enriched from formaldehyde-
crosslinked, sheared chromatin by immunoprecipitation of
HA-Cse4. Sequencing of input and ChIP samples resulted in
~2 million reads/sample, with an average fragment length of
~300 bp. The Cse4-associated genomic regions (peaks) had
a median width of 500-800 bp. Representative results for
Cse4 peaks at the CEN and peri-CEN (20 kb flanking CEN)
from two different chromosomes (1 and 13) are shown in
Figure 6. As expected, enrichment of Cse4 was detected at
centromeres in WT and hir2A strains. Cse4 was found mis-
localized at some noncentromeric regions in WT cells; how-
ever, substantially more noncentromeric peaks were
observed in the hir2A strain (Figure 6, A and B). Enrichment
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of Cse4 was found at 197 and 1470 genomic regions in WT
and hir2A strains, respectively, with an overlap of ~160
peaks between the two strains (Table S5). Of the 1470 peaks
identified in the hir2A strain, 1047 were at promoter regions
(~71%), 153 within gene bodies or terminal regions, and
270 in noncoding intergenic regions; no enrichment of
Cse4 was detected at telomeres or transposable elements.
The enrichment of Cse4 at promoters was substantially
higher in the hir2A strain compared to that in the WT strain
(Figure 6C). Of the 1470 Cse4 peaks in the hir2A strain,
1411 peaks (96%) overlapped with the Cse4 peaks identified
previously in a psh1A strain overexpressing Cse4 (Figure 6D)
(Hildebrand and Biggins 2016).
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for 90 min. Protein blots of whole cell extracts were probed with a-H2B (ab1790; Abcam), a-H3 (ab1791; Abcam), and «-Tub2 (loading control). (D)
Constitutive expression of core histones does not contribute to defects in Cse4 proteolysis. Western blot analysis of protein extracts prepared from WT
(YMB6714) and A16 H2A H2B A16 H3 H4 (YMB8886) strains with GALCSE4HA (pMB1458) after growth in galactose-containing medium for 2 hr and
shifted to glucose medium (2%) and treated with CHX (10 wg/ml) for the indicated time points. Blots were probed with a-HA and a-Tub2 (loading
control) antibodies. Half-life with average deviation from the mean was calculated based on two independent experiments.

t,= 46£12 min t,,= 4943 min

We selected a subset of the genomic regions of Cse4
enrichment and performed ChIP-qPCR with WT and hir24
strains. These included genomic regions representing the
CEN (CEN1 and CEN3), the peri-CEN (R3 and R4), a coding
region (R9), ARS (R8), noncoding intergenic regions (R5,
R7, and R11), promoters (R6, R10, R12, R13, and R14),
and negative controls (R15 and R16). No significant enrich-
ment of Cse4 was detected in WT and hir2A strains at neg-
ative control (R15 and R16) DNA regions, as expected
(Figure S3). In agreement with ChIP-seq results, we con-
firmed significant enrichment of Cse4 at nine out of the
10 noncentromeric regions in hir2A strains (Figure S3).
The higher levels of Cse4 at CEN (CEN1 and CEN3) and
peri-CEN (R4) regions and at the R10 promoter in hir2A
strains were not statistically different from the WT strain

(Figure S3). These results validated the ChIP-seq findings
and show that Cse4 is mislocalized to noncentromeric re-
gions in hir2A strains, with a preference for gene promoter
regions.

Deletion of CAC2 has been shown to reduce the deposition
of overexpressed Cse4 at promoters of medium to highly
expressed genes and to suppress the SDL of a psh14 GALCSE4
strain (Hewawasam et al. 2018). Our results showed that
deletion of CAC2 does not suppress the SDL of hir24
GALCSE4 (Figure 3B); therefore, we hypothesized that
deletion of CAC2 would not affect enrichment of Cse4 at pro-
moter regions in the hir2A strain. Consistent with this, ChIP-
gPCR showed that levels of Cse4 at promoter regions in a
hir2A strain were not significantly different than that in
hir2A cac2A strains (Figure S4).
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Hir2 interacts with Cse4 and facilitates the interaction of
Cse4 with Psh1 to promote Cse4 proteolysis

The overlapping mislocalization pattern of Cse4 in hir2A and
psh1A strains and the similar degree of Cse4 protein stability
between the hir2A psh1A and the hir2A strain prompted us to
examine if Hir2 interacts with Cse4 and facilitates the inter-
action between Cse4 and Psh1. First, coimmunoprecipitation
(IP) assays detected a significant interaction (P-value =
0.00036) between HA-Cse4 and Hir2-TAP as compared to
the nontagged control (Figure 7, A and B). Next, we exam-
ined the interaction of Psh1 and Cse4 in WT and hir2A strains
and determined that the interaction between Psh1-TAP and
HA-Cse4 was reduced by at least threefold in the hir2A
strains compared to the WT strain (Figure 7, C and D). These
results prompted us to examine if overexpression of PSH1
suppresses the SDL of GALCSE4 and defects in Cse4 proteol-
ysis in hir2A strains. Overexpression of PSH1 suppressed the
lethality of GALCSE4 on galactose medium (Figure 7E,
P-value = 0.00054) and increased the rate of proteolysis of
Cse4 in hir2A strains by approximately threefold (Figure 7F).
We conclude that Hir2 facilitates the interaction between
Cse4 and Psh1 and promotes proteolysis of Cse4.

Given the negative genetic interactions of the kinetochore
mutant okp1-5 with hir3A, hir2A, and hpc2A (Figure 2C),
and our results showing mislocalization of Cse4 in hir24
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strains, we examined a possible role of the HIR complex in
chromosome segregation. The ability of cells to retain a cen-
tromere-containing plasmid (pRS416 URA3) after nonselec-
tive growth for 10 generations was assayed. Our results
showed that plasmid retention for hir2A and psh1A is 65 and
72%, respectively, compared to 99% for the WT strain. We did
not observe a significant difference in plasmid retention for
hir2A (65%) when compared to the psh1A hir2A (58%) strain
(Figure 7G). Previous studies have also reported plasmid re-
tention defects in a psh1A strain (Herrero and Thorpe 2016;
Metzger et al. 2017). Taken together, our results show that
Hir2 facilitates the interaction of Cse4 with Pshl, and this
may contribute to the increased plasmid loss in hir2A strains.

Discussion

To gain a comprehensive understanding of pathways that
prevent mislocalization of Cse4, we performed the first ge-
nome-wide screen to identify gene deletions that display SDL
with GALCSE4. The screen identified components of the rep-
lication-independent histone chaperone complex HIR (HIR1,
HIR2, HIR3, HPC2) and a Cse4-specific E3 ubiquitin ligase,
PSHI, as displaying the highest level of growth sensitivity
to GALCSE4. Identifying multiple components of the HIR
complex emphasizes the biological importance of the HIR
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Figure 6 Cse4 is mislocalized to noncentromeric regions in hir2A strains. ChIP was performed using chromatin prepared from WT and hir2A strains
carrying GALCSE4HA (pMB1458) after growth for 6 hrin SC-Ura with galactose and raffinose (2% each). Immunoprecipitation was with a-HA agarose
as described in Materials and Methods. Input and immunoprecipitated samples were used for ChIP-sequencing as described (Grgntved et al. 2015). (A
and B) Cse4 is mislocalized to noncentromeric regions in a hir2A strain. A representative region of the Cse4 ChiP-seq enrichment from WT and hir2A
strains is shown from the chromosome 1 region flanking CEN (between 130,000 and 170,000 bp). Peaks of Cse4 after normalization and input
subtraction are shown. (B) A representative region of the Cse4 ChIP-seq enrichment from WT and hir2A strains is shown from the chromosome
13 region flanking CEN (between 250,000 and 290,000 bp). Peaks of Cse4 after normalization input subtraction are shown. (C) Mislocalization of
overexpressed Cse4 is higher in promoter regions. Average Cse4 ChlIP-seq coverage from WT and hir24 strains calculated from 1000 bp upstream and
downstream of transcription start sites (TSS) for all genes or for regions where Cse4 was found to be enriched at promoters. (D) Comparative analysis of
genomic regions for Cse4 mislocalization between hir2A and psh1A strains. Pie chart denotes the genomic regions associated with mislocalized Cse4
common between hir2A strain from our study and psh7A strain identified previously (Hildebrand and Biggins 2016).

complex when Cse4 is overexpressed. We investigated Hir2
to establish the role of the HIR complex in proteolysis and
localization of Cse4. Hir2 interacts with Cse4 in vivo, and a
hir2A strain shows defects in Cse4 proteolysis, mislocaliza-
tion of Cse4 to noncentromeric regions, and increased loss of
centromere-containing plasmids. In addition to providing in-
sight into evolutionarily conserved pathways that regulate
proteolysis of Cse4, the genome-wide screen allowed us to
define a novel role for the HIR complex in preventing misloc-
alization of Cse4 by facilitating proteolysis of Cse4, thereby
promoting genome stability.

GO analysis of the negative genetic interactors with
GALCSE4 reveals an enrichment of proteins required for
DNA replication-independent nucleosome assembly, sister
chromatid cohesion, meiosis and mitosis, and the centromere/

kinetochore. Remarkably, 175 of the 301 genes identified
(58%) have human homologs, suggesting that pathways
regulating cellular levels of Cse4 are evolutionarily conserved.
The enrichment of kinetochore proteins and a strong positive
correlation of the genetic interaction profile of GALCSE4 with
kinetochore mutants suggests that kinetochore function is im-
paired when Cse4 is overexpressed. This conclusion is sup-
ported by previous results showing higher chromosome loss in
GALCSE4 strains (Au et al. 2008; Mishra et al. 2011). We ob-
served that GALCSE4 but not GALcse4A 129 results in SDL in the
hir mutants. The N-terminus of Cse4 has been shown to be
essential for its interactions with a subset of kinetochore pro-
teins (Ortiz et al. 1999; Chen et al. 2000; Morey et al. 2004; Au
et al. 2013; Hornung et al. 2014). We propose that the SDL
phenotype of GALCSE4 in hir mutants is partly due to titration
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Figure 7 Hir2 interacts with Cse4 and facilitates Psh1-mediated proteolysis of Cse4. (A) Hir2 interacts with Cse4 in vivo. Immuno-precipitation (IP)
experiments were performed using a HIR2-TAP strain (OpenBiosystem) transformed with either GALCSE4HA (pMB1597) or vector control. Equal
amounts of WCE prepared from strains grown in galactose medium for 2 hr were immunoprecipitated with rabbit IgG agarose to pull down Hir2-
TAP. The presence of Cse4HA in the IP was detected by Western blot analysis using a-HA antibody. (B) Quantification of interaction of Cse4 and Hir2 in
WT strain. Western blots from (A) were used for quantification, where interaction between Hir2-TAP and Cse4HA was quantitated as fold increase in
Cse4HA ratio (IP/Input) of Hir2-TAP strain vs. non-TAP strain. Error bar represents SD from three independent experiments. P-value was calculated by
Student'’s t-test. (C) Reduced interaction of Cse4 and Psh1 in a hir2A strain. WT, Psh1-TAP (Open Biosystems) or isogenic hir2A strains transformed with
either empty vector (pMB433) or GALCSE4HA (pMB1458) were grown logarithmically and Cse4 expression induced by growth in galactose-containing
medium for 2 hr. IP experiments were performed as described in (A), and blots were probed with a-HA and a-TAP (CAB1001; Thermo Scientific)
antibodies. (D) Quantitation of reduced interaction of Cse4 and Psh1 in hir24 strain. Western blots from (B) were quantified to determine the interaction
between Psh1-TAP and Cse4HA. The ratios showing levels of Cse4HA over Psh1-TAP from co-IP samples were calculated and normalized to a value of
100 for the WT strain. Error bars represent SD from three independent experiments. (E) Overexpression of Psh1 suppresses the lethality caused by
GALCSE4 in hir2A strains. Viability assays were performed with a hir2A strain containing GALCSE4HA (pMB1458) and PSHT (From MoBY 2. ORF library)
or GALCSE4HA (pMB1458) and vector alone. A WT strain containing GALCSE4HA (pMB1458) was used as a control. About 1200 cells from each strain
were plated on glucose- and galactose-containing medium. Viability is calculated as the ratio of colonies on galactose plates over glucose plates.
Average * SD from three independent experiments is shown. ns, not significant (P-value = 0.07); ** P-value <0.001, Students’ t-test. (F) Over-
expression of Psh1 facilitates proteolysis of Cse4 in hir2A strains. Western blot analysis was performed using whole cell extracts from hir2A strains with
GALCSE4HA (pMB1458) and 2u-PSH1 or vector control. Expression of Cse4 was induced in galactose (2 %)-containing medium for 2 hr at 30° and cells
shifted to glucose medium and treated with CHX (10 pg/ml). Stability of Cse4 at various time points post-CHX treatment was determined by Western
blot analysis probing with a-HA and a-Tub2 (loading control) antibodies. Two biological repeats were performed, with experimental variation within
10% from the mean. (G) Defects in chromosome segregation in hir2A strain. Loss of CEN containing plasmid (pRS416 CEN URA3) was measured in WT,
psh1A, hir2A, and psh1A hir2A strains. Strains were grown in SC-URA media selecting for the plasmid pRS416 (denoted as generation Gg) followed by dilution
and growth in nonselective YPD medium for 10 generations (denoted G1). The frequency of plasmid retention was calculated as the ratio of number of colonies
on SC-URA over YPD, where Gg values for each strain were normalized to 100%. At least 1200 cells for each strain at Gy and G were plated and average
frequency of plasmid loss = SD is shown for three biological replicates. ns, not significant (P-value = 0.18); * P-value = 0.02; Students’ t-test.

of kinetochore proteins to ectopic sites by interactions with the
N-terminal tail of mislocalized full length Cse4. The lack of an
obvious SDL of GALcse4A 129 in hir mutants suggests that even
though overexpressed cse4A129 is stable (Chen et al. 2000;
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Morey et al. 2004; Au et al. 2013; Hornung et al. 2014) and
may be mislocalized, it cannot titrate the kinetochore proteins to
ectopic sites to the same extent as full length Cse4. Hence, the
N-terminus of Cse4 contributes to the SDL of GALCSE4, and
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increased stability alone is insufficient for an SDL phenotype.
Our studies with human cells have likewise shown that misloc-
alization of overexpressed CENP-A results in chromosomal in-
stability due to titration of a subset of kinetochore proteins to
ectopic noncentromeric regions (Shrestha et al. 2017).

Mislocalization of Cse4 and its homologs leads to in-
creased chromosome loss in yeast, flies, and human cells
(Heun et al. 2006; Au et al. 2008; Mishra et al. 2011;
Shrestha et al. 2017), and the extent of Cse4 or CENP-A mis-
localization correlates with the level of chromosome loss in
yeast and human cells, respectively (Au et al. 2008; Shrestha
etal. 2017). Given the increased stability and mislocalization
of Cse4 in hir2A strains, we investigated the importance of
the HIR complex in genome stability. Several observations
support a role for the HIR complex in chromosome segrega-
tion under normal physiological conditions, i.e., when Cse4 is
expressed from its own promoter: (a) an increase in the loss
of a centromere-containing plasmid in hir2A strains; (b) the
negative genetic interaction of kinetochore mutants okp1-5
and amel-4 with hir3A, hir2A and hpc2A; (c) the synthetic
lethality between hir2A and spt4A (Basrai Laboratory, unpub-
lished data), the latter strain exhibiting chromosome segre-
gation defects and mislocalization of Cse4 expressed from its
own promoter (Crotti and Basrai 2004); and (d) increased
chromosome loss in hir1A caclA strains showing mislocaliza-
tion of Cse4 (Lopes da Rosa et al. 2011).

Our results show that defects in Cse4 proteolysis observed
in WCE of hir2A strains correlates with the enrichment of Cse4
in the chromatin fraction. Stability of Cse4 in the soluble frac-
tions are not significantly different between WT and hir24
strains. Consistent with these results, genome-wide ChIP ex-
periments showed mislocalization of Cse4 to noncentromeric
regions, with a preferential enrichment at promoter regions in
the hir2A strain. Given the role of the HIR complex in the
regulation of replication-dependent expression of histones
(Osley 1991; Green et al. 2005; Gunjan et al. 2005), we asked
if the increased stabilization of Cse4 in hir2A strains was due to
misregulation of core histone gene expression. Protein stability
assays showed that aberrant regulation of core histone proteins
does not contribute to the increased stability of Cse4.

Previously, Lopes da Rosa et al. (2011) studied Cse4 mis-
localization and stability in hirlA, caclA, and hirlA caclA
double mutants. They found Cse4 half-life to be marginally
increased in all three strains compared to WT, but Cse4 mis-
localized only in the hirlA cac1A double mutant. They also
measured H3 turnover in chromatin and found that both
hir1A caclA and hirlA mutants exhibited slower turnover
rates. Since the sites of extracentromeric Cse4 accumulation
in the hirlA caclA double mutant correlated with sites of
rapidly exchanging nucleosomes in WT cells, they concluded
that Cse4 mislocalization was primarily due to decreased
eviction of Cse4 at extrachromosomal sites, mediated by both
HIR and CAF-1, and not Cse4 stability per se. That these
authors failed to detect Cse4 mislocalization in the hirlA
single mutant could be explained by the fact that they
assayed a tagged Cse4 allele expressed at endogenous levels,

while in our experiments Cse4 was overexpressed. Notably,
a recent study under conditions of Cse4 overexpression
showed that cacIA reduces Cse4 chromatin deposition ge-
nome-wide and suppresses the SDL of psh14 (Hewawasam
et al. 2018), effects opposite to that observed under the ex-
perimental conditions of Lopes da Rosa et al. (2011). We do
not rule out a role for the HIR complex in mediating removal
of Cse4 at extrachromosomal sites; however, our results in-
dicate additional functions of HIR in regulating proteolysis of
Cse4 independently of the CAF-1 complex.

Stringent regulation of histone H3 (Singh et al. 2012) and
p53 (Love and Grossman 2012) is achieved by multiple E3
ligases; therefore, it is not surprising that budding yeast has
evolved multiple mechanisms to counteract the detrimental
consequences of overexpressed Cse4 on genome stability. For
example, multiple E3 ligases and proteins encoded by PSH1,
SLX5, RCY1, and SPT16 prevent mislocalization of overex-
pressed Cse4 with only marginal effects when Cse4 is ex-
pressed from its own promoter (Ranjitkar et al. 2010; Au
et al. 2013; Deyter and Biggins 2014; Ohkuni et al. 2014,
2016; Cheng et al. 2016; Hildebrand and Biggins 2016).
Here, we define a novel role for the HIR complex in prevent-
ing mislocalization of overexpressed Cse4 by facilitating the
interaction of Cse4 with Psh1: reduced interaction of Psh1l
with Cse4 in hir2A strains; overlapping peaks of mislocalized
Cse4 in hir2A and pshIlA strains; and, suppression of
GALCSE4 SDL and Cse4 proteolysis defects in hir2A strains
by overexpression of PSHI. A recent study has shown that
Spt16, a component of the FACT complex, facilitates the ac-
tivity of Psh1 toward Cse4 (Deyter and Biggins 2014). Inter-
estingly, both SPT16 and POB3 exhibit negative genetic
interaction with HIR (Formosa et al. 2002) suggesting that
FACT and HIR likely function in separate pathways.

While compromised Pshl-mediated proteolysis contrib-
utes in part to the increased stability of Cse4 in hir2A strains,
several lines of evidence support additional, Psh1-independent
roles for Hir2 in Cse4 proteolysis. As mentioned above, dele-
tion of Cac2, a component of CAF-1, reduces the deposition of
Cse4 into chromatin in a psh1A mutant and suppresses the SDL
phenotype of a psh1A GALCSE4 strain (Hewawasam et al.
2018); however, deletion of Cac2 does not suppress the SDL
of hir2A GALCSE4 or mislocalization of Cse4 in a hir2A strain.
Second, overexpression of UBI4 can suppress the SDL of psh14
GALCSE4 as we previously reported (Au et al. 2013; Figure S5),
but overexpression of UBI4 does not suppress the SDL of hir2A
GALCSE4 and hir2A psh1A GALCSE4 strains (Figure S5). Third,
protein stability assays show that Cse4 is more stable in the
hir2A strain as compared to the psh1A strain.

In summary, our genome-wide screen has identified evo-
lutionarily conserved pathways that regulate cellular levels of
Cse4 and prevent its mislocalization. We have defined a novel
role for the HIR complex in facilitating proteolysis of Cse4,
preventing Cse4 mislocalization to noncentromeric regions,
and promoting genome stability. The role of the HIR complex
in preventing Cse4 mislocalization may be evolutionarily
conserved, as knockdown of HIRA shows mislocalization of
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CENP-A in human cells (Lacoste et al. 2014). Identification of
pathways that regulate the proteolysis of overexpressed Cse4
is important from a clinical standpoint because CENP-A is
overexpressed and mislocalized in many types of cancers
exhibiting aneuploidy (Tomonaga et al. 2003; Amato et al.
2009; Huetal. 2010; Y. Lietal. 2011; Wuet al. 2012; Lacoste
et al. 2014; Athwal et al. 2015). Furthermore, overexpression
and mislocalization of Cse4, Cnp1, Cid and CENP-A contrib-
ute to chromosomal instability in budding yeast, fission yeast,
flies, and human cells, respectively (Heun et al. 2006; Au
et al. 2008; Mishra et al. 2011; Gonzalez et al. 2014;
Shrestha et al. 2017). Mechanistic insights from regulators
of Cse4 in budding yeast and their human homologs will help
us better understand how overexpression and mislocalization
of CENP-A contribute to tumorigenesis.
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