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Abstract

Mislocalization of the centromeric histone H3 variant (Cse4 in budding yeast, CID in flies, CENP-A in humans) to noncentromeric regions
contributes to chromosomal instability (CIN) in yeast, fly, and human cells. Overexpression and mislocalization of CENP-A have been ob-
served in cancers, however, the mechanisms that facilitate the mislocalization of overexpressed CENP-A have not been fully explored.
Defects in proteolysis of overexpressed Cse4 (GALCSE4) lead to its mislocalization and synthetic dosage lethality (SDL) in mutants for E3
ubiquitin ligases (Psh1, SIx5, SCFMet0  and SCFCY%, Doal, Hir2, and Cdc7. In contrast, defects in sumoylation of overexpressed
cse4K215/216/A/R prevent its mislocalization and do not cause SDL in a psh1A strain. Here, we used a genome-wide screen to identify
factors that facilitate the mislocalization of overexpressed Cse4 by characterizing suppressors of the psh 1A GALCSE4 SDL. Deletions of his-
tone H4 alleles (HHF 1 or HHF2), which were among the most prominent suppressors, also suppress six5A, cdc4-1, doalA, hir2A, and cdc7-
4 GALCSE4 SDL. Reduced dosage of H4 leads to defects in sumoylation and reduced mislocalization of overexpressed Cse4, which con-
tributes to suppression of CIN when Cse4 is overexpressed. We determined that the hhf1-20, cse4-102, and cse4-111 mutants, which are
defective in the Cse4-H4 interaction, also exhibit reduced sumoylation of Cse4 and do not display psh1A GALCSE4 SDL. In summary, we
have identified genes that contribute to the mislocalization of overexpressed Cse4 and defined a role for the gene dosage of H4 in facilitat-
ing Cse4 sumoylation and mislocalization to noncentromeric regions, leading to CIN when Cse4 is overexpressed.
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The evolutionarily conserved CENP-A-specific histone chaperones
(Scm3 in S. cerevisiae and S. pombe, CAL1 in D. melanogaster, Holliday
Junction Recognition Protein HJURP in humans) mediate the centro-
meric localization of CENP-A (Camahort et al. 2007; Mizuguchi et al.
2007; Stoler et al. 2007; Foltz et al. 2009; Pidoux et al. 2009; Williams
et al. 2009; Shuaib et al. 2010; Chen et al. 2014). In budding yeast, other
chaperones such as Chromatin Assembly Factor 1 (CAF-1), an evolu-
tionarily conserved replication-coupled histone H3/H4 chaperone,
can facilitate the deposition of overexpressed Cse4 when Scm3 is de-
pleted (Hewawasam et al. 2018). The CAF-1 orthologues Mis16 in
S. pombe and RbAp46/48 in humans and D. melanogaster also contrib-

Introduction

Centromeres are specialized chromosome loci that are essential for
faithful chromosome segregation during mitosis and meiosis. The
kinetochore (centromeric DNA and associated proteins) provides an
attachment site for microtubules to promote proper segregation of
sister chromatids during cell division (Allshire and Karpen 2008;
Verdaasdonk and Bloom 2011; Burrack and Berman 2012; Choy et al.
2012; Maddox et al. 2012; McKinley and Cheeseman 2016). Despite
the wide divergence of centromeric DNA sequence, establishment
of centromeric chromatin is regulated by epigenetic mechanisms
where incorporation of the essential and evolutionarily conserved

centromeric histone H3 variant CENP-A (Cse4 in Saccharomyces cere-
visiae, Cnpl in Schizosaccharomyces pombe, CID in Drosophila mela-
nogaster, and CENP-A in mammals) serves to nucleate kinetochore
assembly (Kitagawa and Hieter 2001; Biggins 2013; McKinley and
Cheeseman 2016).

ute to centromeric localization of CENP-A (Fujita et al. 2007; Pidoux
et al. 2009; Williams et al. 2009; Boltengagen et al. 2016).

Restricting the localization of CENP-A to centromeres is essen-
tial for faithful chromosome segregation. However, overexpres-
sion of CENP-A leads to its mislocalization to noncentromeric
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chromatin and contributes to chromosomal instability (CIN) in yeast,
flies, and humans (Collins et al. 2004; Heun et al. 2006; Moreno-
Moreno et al. 2006; Au et al. 2008; Mishra et al. 2011; Lacoste et al. 2014;
Athwal et al. 2015; Shrestha et al. 2017). Overexpression and mislocali-
zation of CENP-A are observed in many cancers and are proposed to
promote tumorigenesis (Tomonaga et al. 2003; Amato et al. 2009; Li
et al. 2011; McGovern et al. 2012; Sun et al. 2016). Thus, defining the
molecular mechanisms that promote and prevent mislocalization of
CENP-A is an area of active investigation.

In budding yeast, post-translational modifications (PTMs) of
Cse4, such as ubiquitination, sumoylation, and isomerization, are
important for regulating steady-state levels of Cse4 and preventing
its mislocalization to noncentromeric regions, thereby maintaining
chromosome stability (Collins et al. 2004; Hewawasam et al. 2010;
Ranjitkar et al. 2010; Ohkuni et al. 2014, 2016; Cheng et al. 2017; Au
et al. 2020). Ubiquitin-mediated proteolysis of Cse4 by E3 ubiquitin
ligases such as Pshl (Hewawasam et al. 2010; Ranjitkar et al. 2010),
SUMO-targeted ubiquitin ligase (STUbL) SIx5 (Ohkuni et al. 2016),
SCFMet30/Cdet Ay et gl 2020), SCFRY? (Cheng et al. 2016), and Ubrl
(Cheng et al. 2017) and the proline isomerase Fpr3 (Ohkuni et al. 2014)
regulate the cellular levels of Cse4. Psh1-mediated proteolysis of
Cse4 has been well characterized and has been shown to be regu-
lated by the FACT (Facilitates Chromatin Transcription/
Transactions) complex (Deyter and Biggins 2014), CK2 (Casein
Kinase 2) (Hewawasam et al. 2014), HIR (HIstone Regulation) his-
tone chaperone complex (Ciftci-Yilmaz et al. 2018), and DDK
(Dbf4-Dependent Kinase) complex (Eisenstatt et al. 2020). In gen-
eral, mutation or deletion of factors that prevent Cse4 mislocali-
zation show synthetic dosage lethality (SDL) when Cse4 is
overexpressed from a galactose-inducible promoter (GALCSE4).

In contrast to the many studies that have characterized path-
ways that prevent mislocalization of CENP-A to noncentromeric
regions, mechanisms that facilitate the mislocalization of overex-
pressed CENP-A have not been fully explored. Studies from our
laboratory and those of others show that the transcription-
coupled histone H3/H4 chaperone DAXX/ATRX promotes misloc-
alization of CENP-A to noncentromeric regions in human cells
(Lacoste et al. 2014; Shrestha et al. 2017). In budding yeast, CAF-1
contributes to the mislocalization of overexpressed Cse4 to non-
centromeric regions (Hewawasam et al. 2018). We have recently
shown that sumoylation of Cse4K215/216 in the C-terminus of
Cse4 facilitates its interaction with CAF-1 and this promotes the
deposition of Cse4 to noncentromeric regions (Ohkuni et al. 2020).
Notably, pshlA cac2A GALCSE4 strains and pshlA GALcse4K215/
216R/A strains do not exhibit SDL due to reduced mislocalization
of Cse4 (Hewawasam et al. 2018; Ohkuni et al. 2020).

Defining the mechanisms that facilitate the mislocalization of
overexpressed Cse4 to noncentromeric regions is essential for un-
derstanding which pathways contributes to mislocalization of
CENP-A in cancers with a poor prognosis. We performed a
genome-wide screen using a synthetic genetic array (SGA) which
combined mutants of essential genes and deletions of nonessen-
tial genes with pshlA GALCSE4 to identify suppressors of the
pshlA GALCSE4 SDL. Deletion of the two alleles that encode his-
tone H4 (HHF1 or HHF2) were among the most prominent sup-
pressors of the psh1A GALCSE4 SDL and a role for the dosage of
H4 in preventing mislocalization of Cse4 has not been previously
examined. In this study, we focused on defining the molecular
mechanisms that prevent the mislocalization of overexpressed
Cse4 and suppress the psh1A GALCSE4 SDL when the gene dosage
of H4 is reduced. We showed that deletion of HHF1 or HHF2 also
suppresses the GALCSE4 SDL in sIx5A, doalA, hir2A, cdc4-1, and
cdc7-4 strains. Deletion of HHF1 or HHF2 results in reduced Cse4

sumoylation and this correlates with reduced mislocalization to
noncentromeric regions and rapid degradation of Cse4 in a psh1A
strain. Moreover, cse4-102, cse4-111, and hhf1-20, which have
mutations in their histone fold domains and are defective for the
formation of the Cse4-H4 dimer (Smith et al. 1996; Glowczewski
et al. 2000), show reduced Cse4 sumoylation and do not cause
SDL in pshlA GALCSE4 strains. In summary, our genome-wide
suppressor screen allowed us to identify genes that contribute to
Cse4 mislocalization and to define a role for reduced gene dosage
of H4 in preventing the mislocalization of Cse4 to noncentromeric
regions and suppression of the pshlA GALCSE4 SDL and CIN
when Cse4 is overexpressed.

Materials and methods

Strains and plasmids

Yeast strains used in this study are described in Supplementary
Table S2 and plasmids in Supplementary Table S3. Yeast strains
were grown in rich media (1% yeast extract, 2% bacto-peptone,
and 2% glucose) or synthetic medium with glucose or raffinose
and galactose (2% final concentration each) and supplements to
allow for selection of the indicated plasmids. Double mutant
strains were generated by mating wild-type or pshlA strains with
empty vector or a plasmid containing GALI-6His-3HA-CSE4 to
mutant strains on rich medium at room temperature for 6 h fol-
lowed by selection of diploid cells on medium selective for the
plasmid and appropriate resistance markers. Diploids were spor-
ulated for 5days at 23°C and plated on selective medium without
uracil, histidine, or arginine and with canavanine, clonNAT, and
G418 to select for MATa double mutants. The SGA was performed
as previously described (Costanzo et al. 2016).

Growth assays

Growth assays were performed as previously described
(Eisenstatt et al. 2020). Wild-type and mutant strains were grown
on medium selective for the plasmid, suspended in water to a
concentration with an optical density of 1 measured at a wave-
length of 600nm (ODgo, approximately 1.0 x 107 cells per ml),
and plated in fivefold serial dilutions starting with 1 ODgpp On
synthetic growth medium containing glucose or galactose and
raffinose (2% final concentration each) selecting for the plasmid.
Strains were grown at the indicated temperatures for 3-5 days.

Protein stability assays

Protein stability assays were performed as previously described
(Au et al. 2008). Briefly, logarithmically growing wild-type and
mutant cells were grown for 3-4 h in media selective for the plas-
mid containing galactose/raffinose (2% final concentration each)
at 30°C followed by addition of cycloheximide (CHX, 10 pug/ml)
and glucose (2% final concentration). Protein extracts were pre-
pared from cells collected 0, 30, 60, and 90 min after CHX addition
with the TCA method as described previously (Kastenmayer et al.
2006). Equal amount of protein as determined by the Bio-Rad
DC™ Protein Assay were analyzed by Western blot. Proteins were
separated by SDS-PAGE on 4-12% Bis-TRIS SDS-polyacrylamide
gels (Novex, NP0322BOX) and analysis was done against primary
antibodies a-HA (1:1000, Roche, 12CA5) or a-Tub2 (1:4500, custom
made for Basrai Laboratory) in TBS-T containing 5% (w/v) dried
skim milk. HRP-conjugated sheep o-mouse IgG (Amersham
Biosciences, NA931V) and HRP-conjugated donkey a-rabbit IgG
(Amersham Biosciences, NA934V) were used as secondary anti-
bodies. Stability of the Cse4 protein relative to the Tub2 loading
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control was measured as the percent remaining as determined
with the Image Lab Software (BioRad).

Ubiquitination pull-down assay

Levels of ubiquitinated Cse4 were determined with ubiquitin
pull-down assays as described previously (Au et al. 2013) with
modifications. Cells were grown to logarithmic phase, induced in
galactose-containing medium for 3h at 30°C and pelleted. The
cell pellet was resuspended in lysis buffer [20mM Na,HPO,,
20mM NAH,PO,4, S50mM NaF, 5mM tetra-sodium pyrophosphate,
10mM beta-glycerolphosphate, 2mM EDTA, 1mM DTT, 1%
NP-40, 5 mM N-Ethylmaleimide, 1 mM PMSF, and protease inhibi-
tor cocktail (Sigma, catalogue # P8215)] and equal volume of glass
beads (lysing matrix C, MP Biomedicals). Cell lysates were gener-
ated by homogenizing cells with a FastPrep-24 5G homogenizer
(MP Biomedicals) and a fraction of the lysate was aliquoted for in-
put. An equal concentration of lysates from wild type and mutant
strains were incubated with tandem ubiquitin-binding entities
(Agarose-TUBEL, Life Sensors, Inc., catalog # UM401) overnight at
4°C. Proteins bound to the beads were washed three times with
TBS-T at room temperature and eluted in 2 x Laemmli buffer at
100°C for 10 min. The eluted protein was resolved on a 4-12% Bis-
Tris gel (Novex, NP0322BOX) and ubiquitinated Cse4 was detected
by Western blot using anti-HA antibody (Roche Inc., 12CAS5).
Levels of ubiquitinated Cse4 relative to the nonmodified Cse4 in
the input were quantified using software provided by the
Syngene imaging system. The percentage of ubiquitinated Cse4
levels is set to 100% in the wild-type strain.

In vivo sumoylation assay

Cell lysates were prepared from 50 ml culture of strains grown to
logarithmic phase in raffinose/galactose (2% final concentration
each) medium at 30°C for 4h to induce expression of Cse4 from
the galactose-inducible promoter. Cells were pelleted, rinsed with
sterile water, and suspended in 0.5 ml of guanidine buffer (0.1M
Tris-HCl at pH 8.0, 6.0M guanidine chloride, 0.5M NacCl). Cells
were homogenized with Matrix C (MP Biomedicals) using a bead
beater (MP Biomedicals, FastPrep-24 5G). Cell lysates were clari-
fied by centrifugation at 6000 rpm for 7 min and protein concen-
tration was determined using a DC protein assay kit (Bio-Rad).
Samples containing equal amounts of protein were brought to a
total volume of 1 ml with appropriate buffer.

In vivo sumoylation was assayed in crude yeast extracts using
nickel-nitrilotriacetic acid (Ni-NTA) agarose beads to pull down
His-HA-tagged Cse4 as described previously (Ohkuni et al. 2015)
with modifications. Cell lysates were incubated with 100 pl of Ni-
NTA superflow beads (Qiagen, 30430) overnight at 4°C. After be-
ing washed with guanidine buffer one time and with breaking
buffer (0.1M Tris-HCI at pH 8.0, 20% glycerol, 1mM PMSF) five
times, beads were incubated with 2x Laemmli buffer including
imidazole at 100°C for 5min. The protein samples were analyzed
by SDS-PAGE and western blotting. Primary antibodies were anti-
HA (12CA5) mouse (Roche, 11583816001), anti-Smt3 (y-84) rabbit
(Santa Cruz Biotechnology, sc-28649), anti-c-Myc (A-14) rabbit
(Santa Cruz Biotechnology, sc-789), anti-FLAG mouse (Sigma,
F3165), and anti-Tub2 rabbit (Basrai laboratory). Secondary antibod-
ies were ECL Mouse IgG, HRP-Linked Whole Ab (GE Healthcare Life
Sciences, NA931V) or ECL Rabbit IgG, HRP-linked Whole Ab (GE
Healthcare Life Sciences, NA934V). Protein levels were quantified
using Image Lab software (version 6.0.0) from Bio-Rad Laboratories,
Inc. (Hercules).

ChIP-qPCR

Chromatin immunoprecipitations were performed with two bio-
logical replicates per strain as previously described (Cole et al.
2014; Chereji et al. 2017; Eisenstatt et al. 2020) with modifications.
Logarithmic phase cultures were grown in raffinose/galactose
(2% final concentration each) media for 4h and were treated with
formaldehyde (1% final concentration) for 20min at 30°C fol-
lowed by the addition of 2.5 M glycine for 10 min at 30°C. Cell pel-
lets were washed twice with 1 X PBS and resuspended in 2mL FA
Lysis Buffer (IlmM EDTA pHS8.0, 50mM HEPES-KOH pH?7.5,
140 mM NacCl, 0.1% sodium deoxycholate, 1% Triton X-100) with
1 x protease inhibitors (Sigma) and 1mM PMSF (final concentra-
tion). The cell suspension was split into four screw top tubes with
glass beads (0.4-0.65 mm diameter) and lysed in a FastPrep-24 5G
(MP Biosciences) for 40 seconds three times, allowed to rest on ice
for 5min, and lysed two final times for 40s each. The cell lysate
was collected, and the chromatin pellet was washed in FA Lysis
Buffer twice. Each pellet was resuspended in 600ul of FA Lysis
Buffer and combined into one 5ml tube. The chromatin suspen-
sion was sonicated with a Branson digital sonifer 24 times at 20%
amplitude with a repeated 15s on/off cycle. After 3min of centri-
fugation (13,000rpm, 4°C), the supernatant was transferred to
another tube. Input sample was removed (5%) and the average
size of the DNA was analyzed. The remaining lysate was incu-
bated with anti-HA-agarose beads (Sigma, A2095) or anti-H3
(Millipore 04-928) bound, or anti-H4 (Millipore 04-858) bound pro-
tein A magnetic beads overnight at 4-8°C. The beads were
washed in 1ml FA, FA-HS (500mM NaCl), RIPA, and TE buffers
for 5 min on a rotor two times each. The beads were suspended
in ChIP Elution Buffer (25mM Tris-HCI pH7.6, 100 mMNacl, 0.5%
SDS) and incubated at 65°C overnight. The beads were treated
with proteinase K (0.5mg/ml) and incubated at 55°C for 4 h fol-
lowed by Phenol/Chloroform extraction and ethanol precipita-
tion. The DNA pellet was resuspended in a total of 50l sterile
water. Samples were analyzed by quantitative PCR (gPCR) per-
formed with the 7500 Fast Real Time PCR System with Fast SYBR
Green Master Mix (Applied Biosystems). gPCR conditions used:
95°C for 205s; 40 cycles of 95°C for 3's, 60° for 30s. For Figure 3 and
Supplementary Figure S4, the enrichment was measured as the
percent input. For Supplementary Figure S5, relative protein oc-
cupancy was measured as the percent input where the relative
occupancy of Cse4 and H3 at the indicated genomic locus were
normalized against the relative occupancy of H4.

Primers used are listed in Supplementary Table S4.

Plasmid loss

Plasmid loss assays were performed for strains overexpressing
Cse4 as in (Metzger et al. 2017) with minor modifications. Strains
were grown in media selective for the plasmid (SC-Leu) with raffi-
nose/galactose (2% final concentration each) for 24h. Appropriate
dilutions were plated on to rich media or selective media plates (0-h
timepoint). Cultures were diluted into nonselective minimal me-
dia (SC+Leu) with raffinose/galactose (2% final concentration
each) for 24h, re-diluted into fresh nonselective media for an
additional 24 h, and appropriate dilutions were plated on to rich
media or selective media plates (48-h timepoint). Plates were in-
cubated for two to three days and colonies were counted. Plasmid
loss was determined as a percentage of colonies grown on selec-
tive media plates vs colonies grown on nonselective media plates
at each timepoint.
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Reverse transcription PCR

Cells were grown in 2% raffinose synthetic complete medium at
30°C to mid-logarithmic phase. Galactose was added to the media
to a final concentration of 2% to induce CSE4 expression from the
GAL promoter for 4h at 30°C. Total RNAs were isolated from 1.5
ODgoo equivalent cells using MasterPure™ Yeast RNA purifica-
tion kit with DNase I treatment as indicated by the manufacturer
(Epicentre). Total RNAs (100ng for SIZ1 and SIZ2, 10ng for SMT3,
and 5ng for UBI4) were analyzed by the AccessQuick™ RT-PCR
system (Promega). M-MLV Reverse Transcriptase (Promega) or
AMV Reverse Transcriptase (Promega) was used. Primer sets are
listed in Supplementary Table S4. PCR conditions used are: 45°C
for 45 min (Reverse Transcription); 95°C for 2 min (Initial denatur-
ation); 28 cycles of 95°C for 30s, 55°C for 1min, 68°C for 1min;
and 68°C for Smin (Final extension). PCR products were loaded
onto Ethidium Bromide-stained 1.5% agarose gels in TBE (KD
Medical) and band intensities were quantified with Image Lab
software (version 6.0.0) from Bio-Rad Laboratories, Inc.
Expression levels from two biological repeats were calculated
based on the standard curve run on the same gel and relative val-
ues were determined with the levels in wild-type defined as 1.

Data availability

Strains and plasmids are available upon request. Supplementary
Figures S1-S10 are available as JPG files. Supplementary Table S1
is an Excel file that describes mutations that suppress the psh1A
GALCSE4 SDL, the gene systematic name, the gene name, the
functional category, growth and colony scores, and validation in-
formation if applicable. Supplemental File S1 contains
Supplementary Tables S2-S4 which describe the yeast strains,
plasmids, and primers used in this study, respectively.
Supporting information is available at figshare: https://doi.org/
10.25386/genetics.13713937.

Results

A genome-wide screen identified suppressors of
the SDL in a psh1A GALCSE4 strain

Identifying pathways that facilitate the deposition of overex-
pressed Cse4 to noncentromeric regions will provide insight into
the mechanisms that promote CIN in CENP-A overexpressing
cancers. Deletion of PSH1, which regulates ubiquitin-mediated
proteolysis of overexpressed Cse4, results in SDL when Cse4 is
overexpressed (GALCSE4) (Hewawasam et al. 2010; Ranjitkar et al.
2010). We reasoned that strains with deletions or mutations of
factors that promote Cse4 mislocalization would rescue the SDL
of a psh1A GALCSE4 strain. Therefore, we generated a pshl1A query
strain overexpressing CSE4 from a galactose-inducible plasmid
and mated it to arrays of 3827 nonessential gene deletion strains
and 786 conditional mutant alleles, encoding 560 essential genes,
and 186 nonessential genes for internal controls (Costanzo et al.
2016). Growth of the haploid meiotic progeny plated in quadrupli-
cate was visually scored on glucose-and galactose-containing
media grown at 30°C for nonessential and 26°C for essential gene
mutant strains (Figure 1A). Highlighted in the figure are all four
replicates of deletion of histone H4 (hhf1A) showing better growth
on galactose media compared to the control strains along the pe-
rimeter and other deletion strains on the plate (Figure 1B). Strains
that suppress the psh1A GALCSE4 SDL on galactose-containing
media were given a growth score of one (low suppression) to four
(high suppression) (Supplementary Table S1). The number of

replicates within the quadruplicate that displayed the same
growth were given a colony score of one (one out of four repli-
cates) to four (all four replicates). We identified 94 deletion and
mutant alleles encoding 92 genes that suppressed the pshlA
GALCSE4 SDL and the majority (81%) of quadruplicates had all
four colonies displaying the same level of suppression, indicated
by a colony score of four (Supplementary Table S1).

Of the 94 alleles, we selected 38 candidate mutants (14 nones-
sential deletion strains and 24 conditional mutants) to confirm
the suppression of the psh1A GALCSE4 SDL (Table 1). These candi-
dates displayed a growth score of three or four where most of the
replicates displayed high suppression and represent pathways in-
volved in RNA processing and cleavage, DNA repair, chromatin
remodeling, histone modifications, and DNA replication
(Table 1). Secondary validation of the SDL suppressors was done
by independently generating double mutant strains of pshlA
GALCSE4 with candidate mutants. Growth assays were per-
formed on media selective for the GALCSE4 plasmid and contain-
ing either glucose or raffinose and galactose. We used a hir2A
pshlA strain as a negative control because hir2A psh1A GALCSE4
strains display SDL (Ciftci-Yilmaz et al. 2018). Of the 38 strains
tested, 29 showed almost complete suppression, five strains
showed a partial suppression, and four did not suppress the SDL
on galactose media (Table 1 and Supplementary Table S1 and
Supplementary Figure S1, A and B). We further tested a subset of
the 38 genes to confirm overexpression of CSE4 and found that
strains with mutations in genes involved in RNA processing and
transcription do not show galactose-induced expression of CSE4
(Supplementary Table S1 and Supplementary Figure S1C), indi-
cating that these are false positive hits. Through secondary vali-
dation, we confirmed that 89% of the candidate mutants tested
suppressed the psh1A GALCSE4 SDL.

We initiated our studies with the INO80 chromatin remodeling
complex as our screen identified deletion and mutant alleles cor-
responding to three components of the INO80 complex, Ies2,
Arp8, and Actl (Poch and Winsor 1997; Shen et al. 2000, 2003; Tosi
et al. 2013). Secondary validation assays showed that arp8A did
suppress the pshlA GALCSE4 SDL (Supplementary Figures S1A
and S2A), however, the arp8A strain displayed polyploidy when
analyzed by Fluorescent Activated Cell Sorting (FACS)
(Supplementary Figure S2B) and we consequently did not pursue
further studies with the INO80 complex.

Deletion of histone H4 alleles suppresses the SDL
of a psh1A GALCSE4 strain

Two nonallelic loci, HHT1/HHF1 and HHT2/HHF2, encode identical
H3 and H4 proteins in budding yeast. The screen identified the
deletion of either one of the histone H4 alleles, HHT1/hhf1A
(hhf1A) or HHT2/hhf2A (hhf2A), as among the most prominent sup-
pressors of the psh1A GALCSE4 SDL. A role for the dosage of his-
tone H4-encoding genes in mislocalization of Cse4 has not yet
been reported. We confirmed that the hhflIA and hhf2A strains do
not exhibit defects in ploidy or cell cycle by FACS analysis
(Supplementary Figure S3). Growth assays confirmed that psh1A
hhflA GALCSE4 and psh1A hhf2A GALCSE4 strains plated on galac-
tose media do not exhibit SDL (Figure 2A). We determined that
the phenotype was linked to deletion of the H4 alleles because
transformation of a plasmid with the respective wild type histone
H4 gene into the pshlA hhflA or psh1A hhf2A strains restored the
SDL observed in the psh1A GALCSE4 strain (Figure 2B).

We next investigated if deletion of a single allele for either his-
tone H3 or H2A genes could suppress the SDL of a psh1A GALCSE4
strain. Note that the two nonallelic loci, HTA1/HTB1 and HTA2/
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Figure 1. A genome-wide screen identified suppressors of the psh1A GALCSE4 SDL. (A) Schematic for the genome-wide screen. A pshlA strain (YMB8995)
transformed with GAL1-6His-3HA-CSE4 (pMB1458) was mated to an array of nonessential gene deletions and an array of conditional alleles of essential
genes. Growth of the haploid meiotic progeny plated in quadruplicate was visually scored on glucose- and galactose-containing media grown at 30°C
for nonessential and 26°C for essential gene mutant strains. Ninety-two genes were identified as growing better on galactose-containing media than
the psh1A GALCSE4 strain. Thirty-eight candidate genes were selected for confirmation of suppression of lethality. (B) Representative plates from the
genome-wide screen. Shown is Plate 01 of the nonessential gene deletion array. The mutant strains were spotted in quadruplicate on selective media
plates containing glucose (top) or galactose (bottom). The red box highlights psh1A hhflA which displayed improved growth on galactose-containing
plates compared to the psh1A GALCSE4 control strain (perimeter of plate) and did not show a growth defect or improved growth on the glucose plates.

HTB2, encode almost identical H2A and H2B proteins. Deletion of
HTA1 (htalA/HTB1), HTA2 (hta2A/HTB2), HHT1 (hht1A/HHF1), or
HHT?2 (hht2A/HHF2) did not suppress the SDL of a psh1A GALCSE4
strain on galactose media (Figure 2, C and D and Table 2). Based
on these results we conclude that the suppression of pshlA
GALCSE4 SDL is specific to the reduced gene dosage of H4.

Reduced gene dosage of H4 suppresses the SDL of
sIx5A, doalA, hir2A, cdc4-1, and cdc7-4 GALCSE4
strains

To determine if the SDL suppression by reduced H4 gene dosage
is limited to the psh1A GALCSE4 strain, we deleted HHF1 or HHF2
in deletion or mutant strains encoding SIx5, Doal, Hir2, Cdc4,
and Cdc7 as deletion or mutation of these factors show SDL with
GALCSE4 and mislocalization of transiently overexpressed Cse4
(Au et al. 2013, 2020; Ohkuni et al. 2016; Ciftci-Yilmaz et al. 2018;
Eisenstatt et al. 2020). Growth on galactose media revealed that
the SDL of doalA, sIx5A, cdc4-1, and cdc7-4 GALCSE4 strains is sup-
pressed when either HHF1 or HHF? is deleted (Figure 2, E and F
and Table 2), while the SDL of hir2A GALCSE4 is suppressed only
when HHF1 is deleted (Figure 2E and Table 2). These results sug-
gest that the gene dosage of H4 contributes to the SDL of mutants
that exhibit defects in Cse4 proteolysis and mislocalizes Cse4 to
noncentromeric regions.

Reduced gene dosage of H4 reduces the

mislocalization of Cse4 in psh1A strains

The SDL phenotype of psh1A GALCSE4 strains is correlated with
the mislocalization of Cse4 to noncentromeric regions
(Hewawasam et al. 2010; Ranjitkar et al. 2010). We examined if the
suppression of SDL in the psh1A hhflA GALCSE4 or pshlA hhf2A
GALCSE4 strains is due to reduced mislocalization of Cse4. We
performed ChIP-qPCR to assay the localization of Cse4 using
chromatin from wild-type, pshlA, hhflA, hhf2A, psh1A hhflA, and
pshlA hhf2A strains transiently overexpressing CSE4. In agree-
ment with previously published data (Hildebrand and Biggins
2016; Hewawasam et al. 2018; Ohkuni et al. 2020), we found that
Cse4 enrichment at noncentromeric regions such as the pro-
moters of RDS1, SLP1, GUP2, and COQ3 is higher in the pshlA
strain compared to the wild type strain (Figure 3, A and B;
Supplementary Figure S4, A and B). In contrast, deletion of HHF1
in a wild type strain or when combined with pshlA showed re-
duced levels of Cse4 enrichment at these regions (Figure 3, A and
B). Results for ChIP-gPCR with the hhf2A strain also showed re-
duced levels of Cse4 at noncentromeric loci (Supplementary
Figure S4A and S4B). Consistent with previous studies
(Hildebrand and Biggins 2016), we observed higher levels of Cse4
at peri-centromeric regions in a pshlA strain (Figure 3C and
Supplementary Figure S4C). However, we observed reduced levels
of Cse4 at peri-centromeric regions in pshlA hhfIA and pshlA
hhf2A strains when compared to the pshlA strain (Figure 3C and
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Table 1 Candidate double mutant strains with the indicated mutant allele combined with psh1A GALCSE4 were generated and used for

secondary validation using growth assays

Allele Systematic name Gene name Standard name Growth score  Colony score SDL suppression

Nonessential
hhflA YBRO0O9C HHF1 Histone H4 3 4 Y
hhf2A YNLO30W HHF2 Histone H4 3 4 Y
les2A YNL215W IES2 Ino Eighty Subunit 2 3 N
arp8A YOR141C ARP8 Actin-Related Protein 3 4 Y
SWC5A YBR231C SWC5 SWr Complex 1 4 N
eaflA YDR359C EAF1 Esalp-Associated Factor 2 3 Partial
eaplA YKL204W EAP1 EIF4E-Associated Protein 2 4 Y
cse2A YNRO10W CSE2 Chromosome SEgregation 2 3 Partial
cse2A_tsa YNRO1OW CSE2 Chromosome SEgregation 3 3 Y
mrm2A YGL136C MRM?2 Mitochondrial rRNA Methyl transferase 2 3 N
hap3A YBL0O21C HAP3 Heme Activator Protein 3 4 Partial
hap5A YOR358W HAP5 Heme Activator Protein 3 4 Y
rpl6bA YLR448W RPL6B Ribosomal Protein of the Large subunit 2 3 Y
rad4A YER162C RAD4 RADiation sensitive 2 3 Partial
rad14A YMR201C RAD14 RADiation sensitive 2 2 Y

Essential
actl-132 YFLO39C ACT1 ACTin 3 4 N
mob1-5001  YIL106W MOB1 Mps One Binder 4 4 Y
tbf1-5001  YPL128C TBF1 TTAGGG repeat-Binding Factor 3 4 Y
csl4-5001 YNL232W CSL4 Cep1 Synthetic Lethal 4 4 Y
pop4-5001  YBR2S57W POP4 Processing Of Precursor RNAs 4 4 Y
orc1-5001  YMLO65W ORC1 Origin Recognition Complex 4 4 Y
orc6-5001  YHR118C ORC6 Origin Recognition Complex 4 4 Y
cft2-1 YLR115W CFT2 Cleavage Factor Two 3 4 Partial
cft2-5001 YLR115W CFT2 Cleavage Factor Two 4 4 Y
clp1-5001  YOR250C CLP1 CLeavage/Polyadenylation factor Ia subunit 4 3 Y
ipal-5001  YJR141W IPA1 Important for cleavage and PolyAdenylation 3 4 Y
hrp1-1 YOL123W HRP1 Heterogenous nuclear RibonucleoProtein 2 4 Y
rpb5-5001  YBR154C RPB5 RNA Polymerase B 4 4 Y
rpcl7-5001  YJLO11C RPC17 RNA Polymerase C 4 4 Y
pol31-5001  YJROOEW POL31 POLymerase 4 4 Y
srp54-5001  YPRO88C SRP54 Signal Recognition Particle 54-kD subunit 4 4 Y
dbp6-5001  YNRO38W DBP6 Dead Box Protein 4 4 Y
dbp9-5001  YLR276C DBP9 Dead Box Protein 4 4 Y
yef3-f650s  YLR249W YEF3 Yeast Elongation Factor 2 4 Y
cde5-1 YMRO01C CDC5 Cell Division Cycle 2 4 Y
cde31-1 YOR257W CDC31 Cell Division Cycle 2 4 Y
hrr25-5001  YPL204W HRR25 HO and Radiation Repair 3 4 Y
ost2-5001  YOR103C 0ST2 OligoSaccharylTransferase 4 4 Y

Indicated is the allele analyzed, systematic name, gene name, standard name, visual scoring from the primary screen for growth score (from 1 to 4) and colony
score (from 1 to 4), and suppression of SDL (Y: SDL was suppressed; N: SDL was not suppressed; Partial: SDL was partially suppressed).

Supplementary Figure S4C). Localization of Cse4 to the centro-
mere was not significantly altered in hhflA, hhf2A, psh1A hhflA,
and pshlA hhf2A strains (Figure 3C and Supplementary Figure
54C). We confirmed the reduced Cse4 occupancy at noncentro-
meric regions in the pshlA hhflA strain when levels of Cse4 are
normalized to levels of H4 (Supplementary Figure S5A). We next
examined if the mislocalization of Cse4 affects the occupancy of
H3-H4 nucleosomes at noncentromeric regions. ChIP-qgPCR of H3
normalized to H4 at selected regions did not show a significant
difference  between pshlA and pshlA hhfIA strains
(Supplementary Figure SS5B, ACT1, SAP4, and RDS1). Taken to-
gether, our results show that reduced gene dosage of H4 contrib-
utes to reduced levels of Cse4 at noncentromeric and peri-
centromeric regions in pshlA strains.

Scm3 is the primary chaperone for centromeric deposition of
Cse4 and strains depleted for Scm3 are not viable (Camahort et al.
2007). However, overexpression of Cse4 can rescue the growth de-
fect of Scm3-depleted cells, suggesting that nonScm3-based mech-
anisms can promote centromeric deposition of overexpressed
Cse4 (Hewawasam et al. 2018). Our studies so far have shown that
reduced gene dosage of H4 contributes to suppression of Cse4 mis-
localization to noncentromeric regions. We next asked if the re-
duced gene dosage of H4 would affect the Scm3-independent

centromeric deposition of Cse4 by assaying the growth of Scm3-
depleted cells that overexpress CSE4. In these strains, expression
of Scm3 is regulated by a galactose-inducible promoter and is only
expressed when grown in galactose medium, but not in glucose
medium. Overexpression of Cse4 from a copper-inducible pro-
moter can suppress the growth defect caused by depletion of
Scm3 on copper-containing medium (Hewawasam et al. 2018). We
constructed hhf2A GAL-SCM3 Cu-CSE4 strains and performed
Western blot analysis to confirm the induced overexpression of
Cse4 in these strains when grown in copper-containing medium
(Supplementary Figure S4D). Growth assays showed that deletion
of HHF2 resulted in poor growth of cells when Cse4 is overex-
pressed in Scm3-depleted strains (Supplementary Figure S4E, glu-
cose + 0.5mM Cu). We conclude that physiological levels of
histone H4 are required for centromeric association of Cse4 in cells
depleted of Scm3 and for mislocalization of Cse4 to peri-
centromeric and noncentromeric regions in pshlA strains.

Deletion of HHF1 contributes to reduced stability
of Cse4 in a psh1A strain

The SDL phenotype and mislocalization of Cse4 in a pshlA
GALCSE4 strain is associated with a higher stability of Cse4
(Hewawasam et al. 2010; Ranjitkar et al. 2010). The suppression of
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Figure 2. Deletion of H4 genes suppresses GALCSE4 SDL. Three independent isolates for each strain were assayed and shown is a representative for
each. (A) The psh1A GALCSE4 SDL is suppressed by deletion of HHF1 or HHF2. Growth assays of wild type, psh1A, hhflA, hhf2A, psh1A hhflA, and psh1A
hhf2A strains with empty vector (pMB433; YMB9802, YMB10478, YMB10825, YMB11166, YMB10821, and YMB10823, respectively) or GAL1-6His-3HA-CSE4
(pMB1458; YMB9803, YMB10479, YMB10937, YMB10938, YMB10822, and YMB10824, respectively). Cells were spotted in fivefold serial dilutions on
glucose (2% final concentration) or raffinose/galactose (2% final concentration each) media selective for the plasmid and grown at 30°C for 3-5 days. (B)
The psh1A GALCSE4 SDL suppression is linked to the hhf1A and hhf2A alleles. Growth assays of psh1A hhflA (YMB10824) and psh1A hhf2A (YMB10822)
strains with GAL1-6His-3HA-CSE4 (pMB1458) transformed with empty vector (pRS425) or a plasmid containing wild type HHF1 (pMB1928) or HHF2
(pMB1929). Strains were assayed as described above in (A). (C) and (D) Deletion of genes encoding histones H2A (C) or H3 (D) does not suppress the SDL
of a psh1A GALCSE4 strain. Growth assays of wild-type, psh1A, and (C) htalA, hta2A, psh1A htalA, pshl1A hta2A, or (D) hhtlA, hht2A, psh1A hht1A, and psh1A
hht1A strains with empty vector (pMB433; YMB9802, YMB10478, YMB11258, YMB11266, YMB11260, YMB11268, YMB11274, YMB11282, YMB11276, and
YMB11284, respectively) or GAL1-6His-3HA-CSE4 (pMB1458: YMB9803, YMB10479, YMB11262, YMB11270, YMB11264, YMB11272, YMB11278, YMB11286,
YMB11280, and YMB11288, respectively). Strains were assayed as described above in (A). (E) Reduced gene dosage of H4 suppresses the SDL of sIx5A,
doalA, and hir2A GALCSE4 strains. Growth assays of wild type (YMB9803), hhf1A (YMB10937), hhf2A (YMB10938), sIx5A (YMB10963), sIx5A hhflA
(YMB11046), slx5A hhf2A (YMB11047), doalA (YMB11032), doalA hhflA (YMB11050), doalA hhf2A (YMB11053), hir2A (YMB8332), hir2A hhf1A (YMB11107),
hir2A hhf2A (YMB11105) strains expressing GAL1-6HIS-3HA-CSE4 (pMB1458). Strains were assayed as described above in (A) and grown at 30°C for 3-5
days. (F) Deletion of HHF1 or HHF2 suppresses the SDL of cdc4-1 and cdc7-4 GALCSE4 strains. Growth assays of wild-type (YMB9803), hhflA (YMB10937),
hhf2A (YMB10938), cdc4-1 (YMB9756), cdc4-1 hhflA (YMB11051), cdc4-1 hhf2A (YMB11054), cdc7-4 (YMB9760), cdc7-4 hhflA (YMB11052), and cdc7-4 hhf2A
(YMB11055) with GAL1-6His-3HA-CSE4 (pMB1458). Strains were assayed as described above in (A) and grown at 23°C for 3-5 days.

the psh1A GALCSE4 SDL and the reduced mislocalization of Cse4
by hhf1A led us to hypothesize that the stability of Cse4 would be
reduced in a psh1A hhfl1A strain. Protein stability assays showed
that, in agreement with previous studies (Hewawasam et al. 2010;
Ranjitkar et al. 2010), transiently overexpressed Cse4 is highly sta-
ble in the pshlA strain when compared to that observed in a wild
type strain. The stability of Cse4 was not significantly affected in
the hhflA strain when compared to the wild type strain.

Consistent with our hypothesis, we observed reduced stability of
Cse4 in the pshlA hhflA strain compared to the pshlA strain
(Figure 4A). These results show a correlation between suppres-
sion of SDL of a pshlA GALCSE4 strain, lower levels of mislocal-
ized Cse4 at noncentromeric regions, and reduced stability of
Cse4 due to reduced gene dosage of H4.

Because defects in the ubiquitin-proteasome mediated prote-
olysis of Cse4 contribute to its mislocalization and increased
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Figure 3. Deletion of the HHF1 allele reduces enrichment of Cse4 at peri-centromeric and noncentromeric regions. (A-C) ChIP-qPCR was performed on
chromatin lysate from wild-type (YMB9804), psh1A (YMB10479), hhflA (YMB10937), and psh1A hhflA (YMB10822) strains transiently overexpressing
GAL1-6His-3HA-CSE4 (pMB1458). Enrichment of 6His-3HA-Cse4 is shown as a fold over wild-type. Displayed are the mean of two independent
experiments. Error bars represent standard deviation of the mean. P <0.0099, *P <0.09, ns, not significant. (A and B) Levels of Cse4 enrichment are
reduced at noncentromeric regions when HHF1 is deleted. gPCR at A: ACT1, SAP4, RDS1, SLP1, and PHOS and B: FIG4, COQ3, GUP2, and UGA3. (C) Cse4
enrichment is reduced at peri-centromeric, but not the core centromere, regions in hhflA strains. Top: A diagram of the peri-centromere and
centromere of Chromosome III analyzed by ChIP-gPCR. Horizontal lines represent the regions amplified. Bottom: Enrichment of 6His-3HA-Cse4 at the
core centromere and the left and right peri-centromeric regions on Chromosome III.

stability (Hewawasam et al. 2010; Ranjitkar et al. 2010), we investi-
gated if deletion of HHF1 affects ubiquitination of Cse4 (Ub,-
Cse4) in a psh1A strain. Ubiquitin pull-down assays were done to
determine the levels of Ub,-Cse4 in wild type, pshlA, hhflA, and
pshlA hhflA strains transiently overexpressing CSE4. Wild type
strains expressing a nontagged Cse4 or a mutant form of Cse4
(cse4®R) that cannot be ubiquitinated, where the 16 lysine resi-
dues are mutated to arginine, were used as negative controls. As
previously reported (Hewawasam et al. 2010; Ranjitkar et al. 2010),
levels of Ub,-Cse4 were greatly reduced in the pshlA strain
(38.2% = 12.7) when compared to the wild type strain. The levels
of Ub,-Cse4 in the psh1A hhflA strain (31.7% * 12.3) were similar

to the pshlA strain, however, Ub,-Cse4 levels were decreased in
the hhflA strain (65.3% = 23.9) compared to the levels in the wild
type strain (Figure 4B). We propose that reduced mislocalization
of Cse4 and ubiquitin-independent proteolysis of Cse4 contribute
to reduced stability of Cse4 in a psh1A hhflA GALCSE4 strain.

Reduced dosage of H4 is associated with defects
in sumoylation of Cse4

We recently reported that Cse4 is sumoylated and that the
sumoylation status of Cse4 at residues K215/216 correlates with
the SDL of pshlA GALCSE4 strains (Ohkuni et al. 2020).
Overexpression of the sumoylation-defective cse4K215/216R/A
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Table 2 Summary of the SDL growth phenotypes of mutants that exhibit SDL with GALCSE4 and combined with hhf1A or hhf2A

Protein function

Histone H4
Histone H2A
Histone H3

E3 Ubiquitin Ligase

SUMO-Targeted Ubiquitin Ligase

Ubiquitin Binding

HIR Nucleosome Binding Complex

F-box of the SCF Complex

Dbf4-Dependent Kinase

Relevant strain genotype Growth with GALCSE4
WT ++
hhflA +++
hhf2A +++
htalA ++
hta2A ++
hht1A ++
hht2A ++
psh1A —
psh1A hhflA +++
psh1A hhf2A +++
psh1A hhflA + HHF1 —
psh1A hhf2A + HHF2 —
pshlA htalA —
psh1A hta2A —
pshlA hhtlA —
psh1A hht2A —
sIx5A —
sIX5A hhflA +++
sIx5A hhf2A 4+
doalA —
doalA hhflA +++
doalA hhf2A +++
hir2A —
hir2A hhflA ++
hir2A hhf2A —
cdc4-1 —
cdc4-1 hhflA +++
cdc4-1 hhf2A +++
cdc7-4 —
cdc7-4 hhflA ++
cdc7-4 hhf2A ++

Shown is the protein function, relevant strain genotype, and growth with GALCSE4. Wild type growth is indicated as ++; SDL as — and extent of suppression (++ or

++4).

does not cause SDL in pshlA, slx5A, or hir2A strains; the lack of an
SDL phenotype in the pshlA strain is due to reduced mislocaliza-
tion and lower protein stability of cse4K215/216R/A. The pheno-
typic consequences related to defects in Cse4 sumoylation are
similar to the ones we have observed due to reduced dosage of
H4. We examined if sumoylation of Cse4 is affected due to re-
duced dosage of H4. Wild-type, hhflA, and hhf2A GALCSE4 strains
were assayed for Cse4 sumoylation. Consistent with previous
results (Ohkuni et al. 2016, 2018, 2020), we detected sumoylated
Cse4 as a pattern of three high molecular weight bands in wild
type cells overexpressing wild type Cse4 but not in wild type cells
expressing vector alone or overexpressing cse4'®® (Figure 5A).
Deletion of either histone H4 allele resulted in reduced levels of
sumoylated Cse4 (Figure 5, A and B; P-value WT vs hhflA =
0.0006, P-value WT vs hhf2A = 0.0007). To confirm that the re-
duction of sumoylated Cse4 is linked to deletion of the histone
H4 allele, we assayed the levels of sumoylated Cse4 in hhf2A
GALCSE4 strains transformed with an empty vector or with a
plasmid borne HHF2. As expected, plasmid borne HHF2 restored
the levels of sumoylated Cse4 to that observed in wild type cells
(Figure 5, C and D). We conclude that physiological levels of his-
tone H4 are required for Cse4 sumoylation.

To eliminate the possibility that deletion of either histone H4
allele affects global sumoylation, we examined the sumoylation
status of Ndc80, a kinetochore protein which has been character-
ized as a substrate for sumoylation (Montpetit et al. 2006; Ohkuni
et al. 2015). Sumoylation levels of Ndc80 were examined in wild-
type, hhflA, and hhf2A strains expressing His-Flag-tagged Smt3
and Myc-tagged Ncd80 (Supplementary Figure S6A). His-Flag-
Smt3 conjugates were purified using Ni-NTA beads, and the level
of sumoylated proteins and sumoylated Ndc80 were determined

using anti-Flag and anti-Myc antibodies, respectively. The levels
of total sumoylated substrates were not significantly altered in
the hhflA and hhf2A strains compared to the wild-type
(Supplementary Figure S6B). Consistent with previous results
(Montpetit et al. 2006; Ohkuni et al. 2015), we observed sumoy-
lated Ndc80 as a pattern of multiple bands in the wild-type strain
(Supplementary Figure S6C). We did not observe a significant de-
crease in levels of sumoylated Ndc80 in hhfIA or hhf2A strains
(Supplementary Figure S6, C and D). Reduced gene dosage of H4
specifically affects sumoylation of Cse4, but not of other sub-
strates such as Ndc80.

We next performed reverse transcription PCR (RT-PCR) to ex-
amine the transcription level of genes associated with the SUMO
pathway. Our results show that mRNA levels of the SUMO E3
ligases SIZ1 and SIZ2, which are responsible for sumoylating the
majority of substrates, and the SUMO encoding gene SMT3 were
not significantly altered in wild-type, psh1A, hhflA, hhf2A, psh1A
hhflA, and pshl1A hhf2A strains (Supplementary Figure S7, A-C).
Given that overexpression of UBI4 partially suppresses the SDL of
pshlA GALCSE4 strains (Au et al. 2013), we also examined the
transcription of UBI4. We did not observe a significant difference
in UBI4 transcription in the histone H4 deletion strains compared
to the wild-type strain (Supplementary Figure S7D). Interestingly,
increased levels of UBI4 mRNA were observed in the psh1A hhflA
strain compared to the wild-type strain (Supplementary Figure
S7D, P < 0.01) despite the decreased Ub,-Cse4 in this strain
(Figure 4B). These data are consistent with our conclusion that re-
duced mislocalization of Cse4 and ubiquitin-independent prote-
olysis of Cse4 contribute to reduced stability of Cse4 in a pshlA
hhflA GALCSE4 strain (Figure 4A). Taken together, these results
show that defects in Cse4 sumoylation due to reduced dosage of


https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyab033#supplementary-data
https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyab033#supplementary-data
https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyab033#supplementary-data
https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyab033#supplementary-data
https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyab033#supplementary-data
https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyab033#supplementary-data
https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyab033#supplementary-data
https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyab033#supplementary-data

10 | GENETICS, 2021, Vol. 218, No. 1
A WT pshia hhf1a pshiA hhflA
CHX (min) 0 30 60 90 0 30 60 90 0 30 60 90 0 30 60 90
L
HA - h. .-- — -
TUb2 e e - - — - - - — - - ——— -
£ 100
E - WT
o
2 = pshiA
K - hhf1A
TE" 50 - pShl hhflA
3
3
5
3
<
T cI T T 1
[+] 30 60 a0
Time (minutes)
H
B 3
= & T T 3
£ 388 %
o ¥ ¢ = £ =
2 O VU 9. g 9
2 8¢ 38 83
EEkE 3 & 5
= 2 2 8 = §
c Strain %Ub, -Csed
3 <
<} &
s |3 WT 100
S o
a
>y > . _— cse41ekR 20.8+2
=}
L2 4 4 4 pshid 38.2412.7
Csed ————— hhf1A 65.3+23.9
g
S | ubz [ pshi4 hhflA 31.7+12.3

Figure 4. Deletion of HHF1 contributes to reduced stability and ubiquitin-independent proteolysis of Cse4 in a pshlA strain. (A) hhflA strains contribute
to reduced stability of Cse4 in a psh1A strain. Western blot analysis of protein extracts from wild-type (YMB9803), psh1A (YMB10479), hhf1A (YMB10938),
and psh1A hhflA (YMB10824) strains transiently overexpressing GAL1-6His-3HA-CSE4 (pMB1458). Cells were grown to logarithmic phase in media
selective for the plasmid and containing raffinose (2% final concentration) and induced with galactose (2% final concentration) for 4 h. Cultures were
treated with cycloheximide (CHX, 10 ng/mL) and glucose (2%) and analyzed at the indicated time points. Extracts were analyzed by Western blot
against HA (Cse4) and Tub2 as a loading control. Levels of 6His-3HA-Cse4 were normalized to Tub2 and the quantification of the percent remaining
6His-3HA-Cse4 after CHX treatment is shown in the graph. Error bars represent the SEM of two independent experiments. (B) Deletion of HHF1 does not
increase ubiquitination of Cse4 in a psh1A strain. Ubiquitin-pull down assays were performed using protein extracts from wild type strains (BY4741)
with no tag (pMB433) or overexpressing cse4'®* (pMB1892) and from wild-type (YMB9803), psh1A (YMB10479), hhflA (YMB10938), and psh1A hhflA
(YMB10824) strains overexpressing 6His-3HA-CSE4 (pMB1458). Lysates were incubated with Tandem Ubiquitin Binding Entity beads (LifeSensors) prior
to analysis of ubiquitin-enriched samples by Western blot against HA and input samples against HA and Tub2 as a loading control. Poly-ubiquitinated
Cse4 (Ub,-Cse4) is indicated by the bracket. HA levels in input samples were normalized to Tub2 levels and quantification of levels of Ub,-Cse4 were
normalized to the levels of Cse4 in the input. The percentage of Ub,-Cse4 from two independent experiments with standard error is shown.

H4 are not due to defects in the transcription of SUMO-pathway
genes or sumoylation of nonCse4 substrates.

A histone H4 mutant defective for interaction
with Cse4 suppresses the psh1A GALCSE4 SDL
and shows defects in Cse4 sumoylation

Our results so far have shown that reduced gene dosage of H4
contributes to the suppression of the SDL phenotype, reduced
stability of Cse4, decreased mislocalization of Cse4 in pshlA
GALCSE4 strains, and defects in Cse4 sumoylation. We hypothe-
sized that strains with defects in the interaction of H4 with Cse4
will display the same phenotypes that are observed due to re-
duced dosage of H4 in pshlA strains. To test our hypothesis, we
used HHT1/hhf1 hht2A/hhf2A strains with mutations either in the
N-terminal lysines (HHT1/hhf1-10) or in the histone fold domain

(HHT1/hhf1-20) (Figure 6A) that have been well characterized by
genetic and biochemical analysis (Smith et al. 1996; Glowczewski
et al. 2000). The temperature sensitivity of the HHT1/hhf1-20
strain, but not the HHT1/hhf1-10 strain, is suppressed by overex-
pression of Cse4 and the HHT1/hhf1-20 strain is proposed to have
defects in the formation of the Cse4-H4 dimer (Smith et al. 1996;
Glowczewski et al. 2000). We deleted PSH1 in the same genetic
background as the HHT1/HHF1, HHT1/hhf1-10, and HHT1/hhf1-20
strains, transformed these strains with CSE4 on a galactose-
inducible plasmid, and performed growth assays. Compared to
wild-type strains with a single copy of genes encoding histones
H3/H4, HHT1/HHF1 pshlA strains display SDL on galactose me-
dium when Cse4 is overexpressed, though to a less prominent de-
gree compared to strains expressing both alleles encoding H3/H4
(compare Figure 6B to Figure 2A, psh1A GALCSE4). The relative
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Figure 5. Histone H4 contributes to the sumoylation of Cse4. (A) Levels of sumoylated Cse4 are decreased in histone H4 deletion strains. Sumoylation
levels were assayed on wild-type (BY4741) strains transformed with empty vector (pYES2), pGAL-8His-HA-CSE4 (pMB1345), or pGAL-8His-HA-cse4 kR
(pMB1344) and hhflA (YMB10766) and hhf2A (YMB10767) strains transformed with pGAL-8His-HA-Cse4 (pMB1345). Sumoylated and nonmodified Cse4
were detected using cell lysates that were incubated with Ni-NTA beads followed by western blot analysis with antibodies against Smt3 and HA (Cse4),
respectively. Arrows indicate the three high molecular weight bands that represent sumoylated Cse4. Asterisk indicates nonspecific sumoylated
proteins that bind to beads. (B) Quantification of relative levels of sumoylated Cse4 in histone H4 deletion strains. Levels of sumoylated Cse4 were
normalized to nonmodified Cse4 probed against HA in the pull-down sample. Statistical significance from two independent experiments was assessed
by one-way ANOVA (P = 0.0004) followed by Tukey post-test (all pairwise comparisons of means). Error bars indicate average deviation from the mean.
(C) The Cse4 sumoylation defect in a hhf2A strain is linked to the HHF2 allele. Sumoylation levels were determined from lysates from a hhf2A
(YMB10767) strain with pGAL-8His-HA-CSE4 (pMB1345) transformed with vector (pRS425) or HHF2 (pMB1929) as described in (A). Arrows indicate the
three high molecular weight bands that represent sumoylated Cse4. Asterisk indicates nonspecific sumoylated proteins that bind to beads. (D)
Quantification of relative levels of sumoylated Cse4. Relative levels of sumoylated Cse4 were normalized to nonmodified Cse4 probed against HA in the
pull-down sample. Error bars indicate average deviation from the mean from two biological replicates.

decrease in SDL may be due to the expression of a single copy of
the genes encoding histones H3/H4 in the strain background. The
HHT1/hhf1-20 mutant suppresses the SDL of psh1A GALCSE4
strains while the HHT1/hhfl-10 mutant does not (Figure 6B).
These findings suggest that the defect in the Cse4-H4 interaction
contributes to the suppression of the psh1A GALCSE4 SDL in the
HHT1/hhf1-20 strain.

We next examined the stability of Cse4 in HHT1/HHF1, HHT1/
HHF1 psh1A, HHT1/hhf1-10, HHT1/hhf1-20, HHT1/hhf1-10 pshilA,
and HHT1/hhf1-20 pshlA strains transiently overexpressing CSE4.

In agreement with previous findings (Figure 4A), overexpressed
Cse4 is rapidly degraded in HHT1/HHF1 cells and is stabilized in
the HHT1/HHF1 pshlA strain (Hewawasam et al. 2010; Ranjitkar
et al. 2010) (Supplementary Figure S8, top panels). Interestingly,
degradation of overexpressed Cse4 in both HHT1/hhf1-10 and
HHT1/hhf1-20 strains was faster compared to the HHT1/HHF1
strain. The HHT1/hhf1-20 pshlA strain showed rapid degradation
of Cse4 when compared to the HHT1/HHF1 psh1A and HHT1/hhf1-
10 pshlA strains (Supplementary Figure S8). The rapid degrada-
tion of overexpressed Cse4 in the HHT1/hhf1-20 psh1A GALCSE4
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Figure 6. Mutation in the histone fold domain of histone H4 suppresses the SDL phenotype of a psh1A GALCSE4 strain and causes defects in Cse4
sumoylation. (A) Schematic of HHF1. Displayed is a cartoon of the HHF1 gene with mutations in hhf1-10 indicated by an “x” and hhf1-20 with a “*” in the
histone fold domain (HFD, blue). The specific residues mutated in each allele are indicated below the schematic. (B) Mutations in the histone fold
domain of histone H4 suppress the SDL phenotype of a psh1A GALCSE4 strain. Growth assays of wild-type (MSY559), psh1A (YMB11346), HHT1/hhf1-10
(MSY535), HHT1/hhf1-20 (MSY534), psh1A HHT1/hhf1-10 (YMB11347), and psh1A HHT1/hhf1-20 (YMB11348) with empty vector (pMB433) or expressing
GAL1-6His-3HA-CSE4 (pMB1458). Cells were plated in fivefold serial dilutions on selective media plates containing either glucose (2% final
concentration) or raffinose/galactose (2% final concentration each). Plates were incubated at 30°C for three to five days. Three independent
transformants were tested and a representative image is shown. (C) Mutations in the histone fold domain of histone H4 decrease levels of sumoylated
Cse4. The levels of sumoylated Cse4 were determined using lysates from HHT1/HHF1 (MSY559), HHT1/hhf1-10 (MSY535), and HHT1/hhf1-20 (MSY534)
strains in the hht2A/hhf2A background, transformed with pGAL-8His-HA-CSE4 (pMB1345), as described in Figure 5A. Arrows indicate the three high
molecular weight bands that represent sumoylated Cse4. Asterisk indicates nonspecific sumoylated proteins that bind to beads. (D) Quantification of
the relative levels of sumoylated Cse4 in hhfl strains. Levels of sumoylated Cse4 were normalized to nonmodified Cse4 probed against HA in the pull-
down samples and levels in the HHT1/HHF1 strain were set to 1. Error bars indicate average deviation from the mean from two biological replicates.

strain is consistent with our previous finding that the hhflA normalized to the levels of nonmodified Cse4 in the pull down
psh1A GALCSE4 strain shows reduced stability of Cse4 (Figure 4A) (Figure 6, C and D). Sumoylated Cse4 was observed in the HHT1/
and suggests that the histone fold domain of H4 contributes to HHF1 and the HHT1/hhf1-10 strains (Figure 6, C and D). Levels of

rapid degradation of Cse4 due to the ubiquitin-independent pro- sumoylated Cse4 were normalized to nonmodified Cse4 in the
teolysis of Cse4. pull down samples. The low expression of Cse4 in the HHT1/hhfl-

To examine the effect of the HHT1/hhf1-20 and HHT1/hhf1-10 10 strain (Figure 6C, input) contributes to the higher levels of
alleles on the levels of Cse4 sumoylation, we used HHT1/HHFI, Cse4 sumoylation due to normalization to the low levels of non-
HHT1/hhf1-10, and HHT1/hhf1-20 strains overexpressing CSE4 to modified Cse4 in this strain (Figure 6D). In contrast, the levels of
examine the sumoylation status of Cse4. Western blot analysis Cse4 sumoylation were barely detectable in the HHT1/hhf1-20
was performed after equal amounts of protein (5mg) for each strain when compared to the HHT1/HHF1 strain (Figure 6, C and

strain were pulled down with Ni-NTA agarose beads and D). The reduced sumoylation of Cse4 in the HHTI1/hhf1-20
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strain is consistent with the rescue of SDL in the HHT1/hhf1-20
psh1A GALCSE4 strain. We conclude that defects in the interac-
tion of hhf1-20 with Cse4 contributes to reduced Cse4 sumoyla-
tion and suppression of pshlA GALCSE4 SDL due to rapid
degradation of Cse4.

Cse4 mutants defective in the Cse4-H4
interaction do not cause SDL in a psh1A strain
and exhibit defects in Cse4 sumoylation

To further confirm that the Cse4-H4 interaction contributes to
SDL in a psh1A GALCSE4 strain and Cse4 sumoylation, we investi-
gated if Cse4 residues that are essential for the Cse4-H4 dimer
formation (Figure 7A) affect the SDL of a psh1A strain and sumoy-
lation of Cse4. Like the HHT1/hhf1-20 mutant, the cse4 mutants
cse4-102 (L176S M218T) and cse4-111 (L194Q) exhibit defects in
the Cse4-H4 dimer formation, while cse4-110 (L197S) likely
impairs formation of the (Cse4-H4), tetramer (Glowczewski et al.
2000). We hypothesized that overexpression of these cse4
mutants will not lead to SDL in a pshlA strain and these mutants
will show defects in Cse4 sumoylation. To test these hypotheses,
we generated galactose-inducible plasmids expressing cse4-102
(L176S M218T), cse4-107™® (L176S), cse4-108 (M218T), cse4-110
(L197S), and cse4-111 (L194Q). To test the effect of the cse4
mutants on SDL in a pshlA strain, we performed growth assays.
We first determined that overexpression of mutant cse4 from
these plasmids did not result in growth defects in a wild-type
strain (Supplementary Figure S9). In agreement with our hypoth-
esis, overexpression of all cse4 mutants did not cause SDL in a
pshlA strain (Figure 7B). We conclude that the Cse4-H4 dimeriza-
tion is essential for the SDL phenotype of a psh1A GALCSE4 strain.

Next, we generated galactose-inducible plasmids expressing
cse4Y193A/F and cse4D217A/E for growth assays in a psh1A strain.
The rationale for cse4Y193A/F is that Y193 is next to the mutated
residue in cse4-111 (L194Q), is located at the center of the a2 helix
of Cse4, and interacts with the a2 helix of H4 in the context of
Scm3 (Zhou et al. 2011). For cse4D217A/E, the D217 residue is adja-
cent to the residue mutated in cse4-108 (M218T), is part of the
K215/216 sumoylation consensus site, 214-MKKD-217 (¥-K-x-D/
E), and is essential for dimerization of Cse4 (Camahort et al. 2009).
Growth assays on galactose media showed that cse4Y193A and
cse4D217A/E do not cause SDL in a pshlA strain (Figure 7, C and
D). Note that cse4Y193F showed partial lethality in a psh1A strain
when compared to CSE4 (Figure 7C). Taken together, these results
show that overexpression of the cse4 mutants with defects in the
formation of the Cse4-H4 dimer, do not lead to a SDL phenotype
in a pshlA strain.

The lack of SDL in pshlA strains overexpressing cse4-102, cse4-
107M®, cse4-108, cse4-110, cse4-111, cse4Y193A, and cse4D217A/E is
similar to the suppression of psh1A GALCSE4 SDL when combined
with hhfIA, hhf2A, and hhf1-20 strains. Defects in Cse4 sumoyla-
tion in hhflA, hhf2A, and hhf1-20 strains led us to hypothesize
that cse4-102, cse4-107"%, cse4-108, cse4-110, csed-111, csedY193A,
and cse4D217A/E strains will also show defects in Cse4 sumoyla-
tion. Thus, we examined the sumoylation status of the cse4
mutants used in the growth assays (Figure 7E). Consistent with
our hypothesis, levels of Cse4 sumoylation were reduced in all
cse4 mutants except cse4Y193F, which showed only a partial re-
duction of Cse4 sumoylation (Figure 7, E and F). The reduced
sumoylation of cse4Y193F is consistent with the partial lethality
observed in a pshlA strain expressing cse4Y193F. Our results dem-
onstrate that overexpression of cse4 mutants defective for the
Cse4-H4 dimer formation lead to defects in Cse4 sumoylation.

We conclude that the Cse4-H4 dimer formation regulates Cse4
sumoylation and this contributes to psh1A GALCSE4 SDL.

Reduced gene dosage of H4 suppresses CIN due to
overexpression of Cse4

We next examined the physiological consequences of reduced
gene dosage of H4 on CIN. A recent study has shown that overex-
pression of Cse4 (GALCSE4) contributes to CIN in a wild-type
strain (Metzger et al. 2017). We have shown a correlation between
CIN and mislocalization of Cse4 (Au et al. 2008, 2013, 2020). CIN
was examined in wild-type, hhflA, and hhf2A strains with
GALCSE4 by quantifying the loss of a centromere (CEN)-contain-
ing plasmid after growth in nonselective medium (48h) com-
pared to growth in medium selective for the plasmid (Oh).
Consistent with previous results (Metzger et al. 2017) we observed
low CEN plasmid retention in the wild-type GALCSE4 strain after
48h of nonselective growth (Figure 8A). Reduced dosage of H4
resulted in increased CEN plasmid retention at 48h in hhflA
GALCSE4 and hhf2A GALCSE4 strains (Figure 8A, wt us hhflA P <
0.05; wt us hhf2A P < 0.01). These results show that reduced gene
dosage of H4 suppresses CIN due to overexpression of Cse4.

Discussion

Mislocalization of overexpressed CENP-A and its homologs con-
tributes to CIN in yeast, fly, and human cells (Heun et al. 2006; Au
et al. 2008; Mishra et al. 2011; Lacoste et al. 2014; Athwal et al. 2015;
Shrestha et al. 2017) and overexpression and mislocalization of
CENP-A are observed in many cancers (Tomonaga et al. 2003;
Amato et al. 2009; Li et al. 2011; McGovern et al. 2012; Sun et al.
2016; Zhang et al. 2016). In this study, we performed the first
genome-wide screen to identify deletion or temperature sensitive
(ts) mutants that suppress the SDL due to mislocalization of over-
expressed Cse4 in psh1A GALCSE4 strains. Deletion of either allele
that encodes histone H4 (HHF1 and HHF2) were among the most
prominent suppressors of pshlA GALCSE4 SDL. We determined
that reduced gene dosage of H4 contributes to defects in Cse4
sumoylation and this prevents mislocalization of overexpressed
Cse4 at peri-centromeric and noncentromeric regions, leading to
suppression of the psh1A GALCSE4 SDL. We also determined that
the Cse4-H4 interaction contributes to Cse4 sumoylation and
psh1A GALCSE4 SDL as hhf1-20, cse4-102, and cse4-111 mutants,
which are defective for the Cse4-H4 interaction, exhibit reduced
sumoylation of Cse4 and do not exhibit psh1A GALCSE4 SDL.
GALCSE4 contributes to CIN and reduced gene dosage of H4 sup-
presses the GALCSE4 CIN phenotype in a wild-type strain. Taken
together, our genome-wide screen identified genes that contrib-
ute to Cse4 mislocalization and provides mechanistic insights
into how reduced gene dosage of H4 prevents mislocalization of
Cse4 into noncentromeric regions and CIN.

The suppressor screen was performed under a condition with
high levels of Cse4 expression induced from a GALI-6His-3HA-
CSE4 plasmid, which contributes to mild growth sensitivity even
in wild-type cells and this leads to lethality in pshlA strains
(Figure 2). To reduce the number of false positive suppressors, we
performed the screen with a psh1A GALCSE4 strain grown on 2%
galactose medium to achieve maximum levels of Cse4 overex-
pression. These growth conditions limited us from identifying
partial suppressors such as deletion of NHP10, which encodes a
subunit of the INO80 chromatin remodeling complex and was
previously shown to suppress the psh1A GALCSE4 SDL on medium
with a lower concentration of galactose (0.1%) (Hildebrand and
Biggins 2016). While our screen did not identify nhpl0A, it did
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Figure 7. Cse4 mutants defective in the Cse4-H4 interaction do not cause SDL in a psh1A GALCSE4 strain and exhibit defects in Cse4 sumoylation. (A)
Schematic of CSE4. Displayed is a cartoon of the CSE4 gene highlighting mutations in the histone fold domain (HFD, red). The HFD is expanded under
the representation of CSE4. Below the gene schematic is a key describing the symbol that represents a specific mutant cse4 allele and the residues
mutated. (B) Cse4-H4 assembly mutants in Cse4 do not cause SDL in a psh1A GALCSE4 strain. Growth assays of a psh1A (YMB8995) strain transformed
with pGAL1-8His-HA-Cse4 (pMB1344), pGAL1-8His-HA-cse4-102 (pMB1984), pGAL1-8His-HA-cse4-107™® (pMB1985), pGAL1-8His-HA-cse4-108 (pMB1986),
pGAL1-8His-HA-cse4-110 (pMB1987), or pGAL1-8His-HA-cse4-111 (pMB1988). Cells were plated in fivefold serial dilutions on selective media plates
containing either glucose (2% final concentration) or raffinose/galactose (2% final concentration each). Plates were incubated at 30°C for three to five
days. Three independent transformants were tested and a representative image is shown. (C) The Y193A mutation in Cse4 does not cause SDL in a
psh1A GALCSE4 strain. Growth assays of a psh1A (YMB9034) strain transformed with empty vector (pYES2), pGAL1-8His-HA-cse4Y193A (pMB1766), or
pGAL1-8His-HA-cse4Y193F (pMB1787). Fivefold serial dilutions of the indicated strains were plated on glucose (2% final concentration)- or galactose (2%
final concentration)-containing medium selective for the plasmid. The plates were incubated at 30°C for 3days. (D) The cse4D217A/E mutants do not
cause SDLin a pshlA strain. Growth assays of a psh1A (YMB9034) strain transformed with empty vector (pYES2), pGAL1-8His-HA-cse4D217A (pMB1910),
or pGAL1-8His-HA-cse4D217E (pMB1920). Strains were assayed as described in (C). (E) Cse4 sumoylation levels are decreased in Cse4-H4 assembly
mutants. Levels of sumoylated Cse4 were assayed in a wild-type strain (BY4741) transformed with empty vector (pYES2), pGAL1-8His-HA-CSE4
(pPMB1345), pGAL1-8His-HA-cse4'° R (pMB1344), pGAL1-8His-HA-cse4-107M (pMB1985), pGAL1-8His-HA-cse4-108 (pMB1986), pGAL1-8His-HA-cse4-102
(pPMB1984), pGAL1-8His-HA-cse4-111 (pMB1988), pGAL1-8His-HA-cse4-110 (pMB1987), pGAL1-8His-HA-cse4Y193A (pMB1766), pGAL1-8His-HA-cse4Y193F
(pMB1787), pGAL1-8His-HA-cse4D217A (pMB1910), or pGAL1-8His-HA-cse4D217E (pMB1920). Arrows indicate the three high molecular weight bands that
represent sumoylated Cse4. Asterisk indicates nonspecific sumoylated proteins that bind to beads. (F) Quantification of the relative levels of
sumoylated Cse4 in cse4 mutants. Levels of sumoylated Cse4 in arbitrary density units were normalized to nonmodified Cse4 probed against HA in the
pull-down samples. Statistical significance from at least three biological repeats was assessed by one-way ANOVA (P < 0.0001) followed by Tukey post-
test (all pairwise comparisons of means). Error bars indicate standard deviation from the mean.
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Figure 8. The interaction of H4 with Cse4 promotes CIN caused by overexpressed Cse4 and Cse4 mislocalization. (A) Deletion of HHF1 or HHF2
increased CEN plasmid retention when Cse4 is overexpressed. Wild-type (SBY8904), hhf1A (YMB11603), and hhf2A (YMB11604) strains were transformed
with a plasmid containing CEN LEU2 pFZO1-FZO1HA (pMM190). Cells were grown in media selective for the plasmid and containing 2% raffinose/2%
galactose for 24 h prior (0h) to shifting to nonselective media (48 h). Plasmid retention was calculated as the number of colonies that retain the plasmid
as growth on selective plates vs colony number grown on nonselective plates. Error bars represent the SD of three replicates. **P < 0.001, ** P < 0.01, ns
= not significant. (B) Model for the interaction of Cse4 and H4 promoting incorporation into noncentromeric chromatin. The budding yeast genome
possesses HHF1 and HHF2 which encode identical H4 proteins. Gene dosage of H4 and the Cse4-H4 interaction are key upstream events for the
sumoylation of Cse4, which facilitates noncentromeric localization of overexpressed Cse4. The interaction of overexpressed Cse4 with H4 contributes
to Cse4 sumoylation and this facilitates the mislocalization of overexpressed Cse4 to noncentromeric regions and CIN.

identify two deletions and one mutant allele for genes encoding
INO80 subunits, les2, Arp8, and Actl, respectively, that are evolution-
arily conserved between yeast and human cells (Poch and Winsor
1997; Shen et al. 2000, 2003; Tosi et al. 2013). Secondary growth valida-
tion showed that arp8A suppresses the pshlA GALCSE4 SDL.
However, the polyploid nature of the arp8A strain precluded further
study with this suppressor. The stringent growth conditions of the

screen also prevented the identification of deletion of Cac2, a subunit
of the CAF-1 complex, which promotes Cse4 incorporation at non-
centromeric regions (Hewawasam et al. 2018). We determined that
cac2A cannot suppress the psh1A GALCSE4 SDL under the conditions
used in our screen (data not shown).

Previous studies have shown that mislocalization of Cse4 to
noncentromeric regions contributes to the GALCSE4 SDL in psh1A,
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SIX5A, doalA, hir2A, cdc4-1, and cdc7-4 strains (Hewawasam et al.
2010; Ranjitkar et al. 2010; Au et al. 2013, 2020; Ohkuni et al. 2016;
Ciftci-Yilmaz et al. 2018; Eisenstatt et al. 2020). We sought to de-
fine mechanisms that prevent lethality due to mislocalization of
overexpressed Cse4. The identification of both hhflIA and hhf2A as
suppressors of pshlA GALCSE4 SDL led us to examine how re-
duced gene dosage of H4 contributes to preventing mislocaliza-
tion of Cse4. A role for histone H4 in centromeric localization of
Cse4 has been examined previously (Deyter et al. 2017), however,
the effect of gene dosage of H4 in noncentromeric chromosome
localization of Cse4 has not yet been explored. We determined
that suppression of the GALCSE4 SDL phenotype by hhflA and
hhf2A is not restricted to pshlA strains and is also observed in
SIX5A, doalA, cdc4-1, and cdc7-4 strains. The SDL phenotype of the
hir2A GALCSE4 strain showed better suppression with hhflA than
with hhf2A. This may be due to the role of the HIR complex in his-
tone gene expression (Prochasson et al. 2005; Fillingham et al.
2009; Kurat et al. 2014).

We used several approaches to understand the molecular
mechanism for suppression of the psh1A GALCSE4 SDL phenotype
by hhf1A and hhf2A. These include ChIP-gPCR at regions of known
Cse4 association, protein stability assays, and determining the
status of Cse4 ubiquitination and sumoylation. Genome-wide
studies have shown that overexpressed Cse4 is significantly
enriched at promoters and peri-centromeric regions in a pshlA
strain (Hildebrand and Biggins 2016). Our ChIP-gPCR data showed
reduced levels of Cse4 at peri-centromeric and noncentromeric
regions in pshlA hhflA and psh1A hhf2A strains when compared
to the pshlA strain. The occupancy of H3 normalized to H4 was
not significantly different in a pshlA hhflA strain compared to
that in the pshlA strain. This may be because reduced dosage of
H4 may affect both H4-Cse4 and H4-H3 interactions or the high
occupancy of H3-containing nucleosomes relative to those with
Cse4 in a pshlA strain may limit our ability to discern differences
in H3 association at noncentromeric regions in the pshlA hhflA
GALCSE4 strain with our ChIP-qPCR assay.

The mislocalization of overexpressed Cse4 to noncentromeric
regions contributes to highly stable Cse4 in pshlA, sIx5A, doalA,
hir2A, cdc4-1, and cdc7-4 strains (Hewawasam et al. 2010; Ranjitkar
et al. 2010; Au et al. 2013, 2020; Ohkuni et al. 2016; Ciftci-Yilmaz
et al. 2018; Eisenstatt et al. 2020). We reasoned that reduced mis-
localization of Cse4 to noncentromeric regions in pshlA hhflA
strains may contribute to faster degradation of Cse4 in these
strains. Our results showed that the proteolysis of Cse4 was in-
deed faster in psh1A hhflA strains when compared to the pshl1A
strain. Intriguingly, this was not due to increased ubiquitination
of Cse4 (Ub,-Cse4) in pshlA hhflA strains. These results suggest a
ubiquitin-independent mechanism that may contribute to the
proteolysis of Cse4 in hhflA pshlA strains. Ubiquitin-independent
proteolysis has also been reported previously as cse4’®® in
which all lysine residues are mutated to arginine, is still degraded
(Collins et al. 2004).

Our results showing that reduced dosage of H4 contributes to
the suppression of GALCSE4 SDL in psh1A strains, reduced misloc-
alization of Cse4, and lower protein stability of Cse4 are similar to
the phenotypes of the sumoylation-defective cse4K215/216R/A
strains (Ohkuni et al. 2020). Consistent with these results, deletion
of either histone H4 allele resulted in reduced levels of sumoy-
lated Cse4. Reduced gene dosage of H4 did not affect sumoylation
of Ndc80 or transcription of genes in the SUMO pathway. We
therefore propose that physiological levels of H4 regulate the
sumoylation of Cse4 and that this in turn facilitates mislocaliza-
tion of overexpressed Cse4 to noncentromeric regions and

GALCSE4 SDL in mutant such as pshlA. Importantly, in contrast
to histone H4, reduced dosage of genes encoding other canonical
histones such as histones H2A or H3 does not suppress the pshl1A
GALCSE4 SDL.

To further examine the role of H4 in regulating the mislocali-
zation of Cse4, we pursued studies using well-characterized sepa-
ration of function alleles of H4 (hhf1-20) and CSE4 (cse4-102 and
cse4-111) with defects in the Cse4-H4 interaction (Smith et al
1996; Glowczewski et al. 2000). Consistent with a role of H4 for its
interaction with Cse4, we observed suppression of the pshlA
GALCSE4 SDL in a hhf1-20 strain and lack of SDL when cse4-102 or
cse4-111 were overexpressed in a pshlA GALCSE4 strain. The hhfl
mutant strains lack the HHT2/HHF?2 allele and express only a sin-
gle copy of H3/H4 (HHT1/HHF1). In this strain background, the
pshlA GALCSE4 SDL was less severe compared to results in our
strains with wild-type copies of both HHT1/HHF1 and HHT2/HHF?2
(Figure 2). Despite this, we were able to unambiguously establish
that HHT1/hhf1-20, but not HHT1/hhf1-10, suppresses the pshlA
GALCSE4 SDL. Interestingly, the hhf1-10 psh1A GALCSE4 strain dis-
played a more lethal phenotype than the wild-type HHT1/HHF1
psh1A GALCSE4 strain. The N-terminal lysine residues on histone
H4 (K5, 8, 12, 16) are acetylated and the HHT1/hhf1-10 mutations
mimic the hyperacetylated state of the lysine residues (K to Q).
We have previously shown that levels of acetylated H4 are low at
centromeres and that the maintenance of hypoacetylated H4 at
the centromere is essential for kinetochore function and faithful
chromosome segregation (Choy et al. 2011). We propose that the
hyperacetylated state of H4 in the HHT1/hhf1-10 strain contrib-
utes to the more severe SDL that we observed. A recent study
showed that strains with a mutation of histone H4 arginine 36 to
alanine (H4R36A) display SDL when Cse4 is overexpressed and
that this is due to defects in the interaction of H4R36A with Psh1,
thereby leading to enrichment of Cse4 and Psh1 at noncentro-
meric regions in these cells (Deyter et al. 2017).

Consistent with our previous studies (Ohkuni et al. 2020), we
observed a correlation between the suppression of GALCSE4 SDL
and reduced sumoylation of Cse4 in HHT1/hhf1-20, cse4-102, and
cse4-111 strains. Similar results were observed with cse4Y193A/F,
which is adjacent to the mutated site in cse4-111 (L194Q), and
with cse4D217D/E, which is adjacent to the residue mutated in
cse4-108 (M218T) and a part of the K215/216 sumoylation consen-
sus site (Camahort et al. 2009). Accordingly, low levels of sumoy-
lated cse4Y193F correlate with a partial lethality of a pshiA
GALcse4Y193F strain and severe defects in sumoylated cse4Y193A
correlate with a lack of SDL in a pshlA GALcse4Y193A strain.
Phenylalanine (F) is identical to tyrosine (Y) except for the hy-
droxyl group present on Y. It is possible that the structural simi-
larity between Y and F allows at least partial formation of the
Cse4-H4 dimer, resulting in partial sumoylation of cse4Y193F. In
contrast, we observed a reduction of Cse4 sumoylation of both
cse4D217A and cse4D217E mutants compared to wild-type. The
D217 residue of Cse4 is essential for growth and is important for
the Cse4 dimerization. Since the cse4D217E mutant, which is part
of the intact sumoylation consensus site, shows reduction of
Cse4 sumoylation and does not complement the null mutation
(Supplementary Figure S10), we propose that D217 has a role be-
sides regulating sumoylation of Cse4K215/216. Sumoylation of
Cse4 is not essential for centromeric localization of Cse4 because
a cse4'* R strain with all 16 lysine (K) residues mutated to arginine
(R) is viable in the context of the wild-type centromeric chaper-
one Scm3 (Au et al. 2008). Sumoylation of Cse4K215/216 or physi-
ological levels of H4 are indispensable only when Scm3 is not
expressed (Ohkuni et al. 2020). Our results show that defects in
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Cse4 sumoylation contribute to reduced levels of noncentromere
associated Cse4 with no significant effect on levels of centromere
associated Cse4 in psh1A hhflA and pshlA hhf2A strains. We pro-
pose that reduced dosage of H4 serves to protect the cells from the
detrimental effects of overexpressed Cse4 due to defects in Pshl,
SCF®4e* Cdc7, SIx5/8, HIR, and Doal-mediated proteolysis of Cse4.
We define a previously undefined role for histone H4 gene dosage
and the Cse4-H4 interaction as key upstream events for the
sumoylation of Cse4, which facilitates noncentromeric localization
of overexpressed Cse4 and SDL in a psh1A GALCSE4 strain.

We have previously shown that mislocalization of Cse4 con-
tributes to CIN (Au et al. 2008, 2013, 2020). A recent report showed
that overexpression of Cse4 contributes to CIN in a wild-type
strain and that the plasmid loss in pshlA strains is independent
of Cse4 overexpression (Metzger et al. 2017), suggesting that Psh1
has additional roles in chromosome stability. We observed that
the CIN phenotype due to GALCSE4 was suppressed in the hhflA
and hhf2A strains. We propose a model in which the interaction
of overexpressed Cse4 with histone H4 facilitates Cse4 sumoyla-
tion and this promotes the mislocalization of Cse4 to noncentro-
meric regions and CIN (Figure 8B). Reduced gene dosage of H4 or
mutants defective for the Cse4-H4 interaction exhibit reduced
Cse4 sumoylation, which contributes to the reduced mislocaliza-
tion and suppression of CIN due to overexpression of Cse4.

In summary, our genome-wide screen identified suppressors
of psh1A GALCSE4 SDL with deletions of either allele that encodes
histone H4 (HHF1 and HHF2) as among the most prominent sup-
pressors. We present several experimental evidences to support
our conclusions that reduced gene dosage of H4 contributes to
defects in Cse4 sumoylation and reduced mislocalization of over-
expressed Cse4 at peri-centromeric and noncentromeric regions,
which in turn results in faster degradation of Cse4, suppression
of the psh1A GALCSE4 SDL, and CIN due to overexpressed Cse4.
The suppression of SDL by hhflIA and hhf2A is not limited to a
psh1A GALCSE4 background but is also observed in other mutants
that exhibit GALCSE4 associated SDL. Most importantly, our
results with the hhf1-20, cse4-102, and cse4-111 mutants, which
are defective in the Cse4-H4 interaction, showed that the Cse4-
H4 interaction is essential for noncentromeric association of
Cse4. These studies are important from a clinical standpoint
given the poor prognosis of CENP-A overexpressing cancers
(Tomonaga et al. 2003; Amato et al. 2009; Li et al. 2011; McGovern
et al. 2012; Sun et al. 2016; Zhang et al. 2016). Future studies with
histone H4 and other mutants identified in our screen will pro-
vide insights into mechanisms that promote mislocalization of
overexpressed Cse4 and how defects in these mechanisms may
safeguard the cell from the lethal effect due to mislocalization of
overexpressed Cse4.
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