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ABSTRACT

Restricting the localization of CENP-A (Cse4 in Sac-
charomyces cerevisiae) to centromeres prevents
chromosomal instability (CIN). Mislocalization of
overexpressed CENP-A to non-centromeric chro-
matin contributes to CIN in budding and fission
yeasts, flies, and humans. Overexpression and mis-
localization of CENP-A is observed in cancers and
is associated with increased invasiveness. Mecha-
nisms that remove mislocalized CENP-A and target
it for degradation have not been defined. Here, we
report that Cdc48 and its cofactors Ufd1 and Npl4
facilitate the removal of mislocalized Cse4 from non-
centromeric chromatin. Defects in removal of mislo-
calized Cse4 contribute to lethality of overexpressed
Cse4 in cdc48, ufd1 and npl4 mutants. High levels of
polyubiquitinated Cse4 and mislocalization of Cse4
are observed in cdc48-3, ufd1-2 and npl4-1 mutants
even under normal physiological conditions, thereby
defining polyubiquitinated Cse4 as the substrate of
the ubiquitin directed segregase Cdc48Vfd1/Nel4 Ac.
cordingly, Npl4, the ubiquitin binding receptor, asso-
ciates with mislocalized Cse4, and this interaction is
dependent on Psh1-mediated polyubiquitination of
Cse4. In summary, we provide the first evidence for a
mechanism that facilitates the removal of polyubiqui-
tinated and mislocalized Cse4 from non-centromeric
chromatin. Given the conservation of Cdc4gUfd1/Nei4
in humans, it is likely that defects in such pathways
may contribute to CIN in human cancers.
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INTRODUCTION

Centromeres are specialized chromatin structures that are
essential for faithful chromosome segregation. The kineto-
chore (centromeric DNA and associated proteins) provides
an attachment site for microtubules for segregation of sis-
ter chromatids during mitosis. Centromeric localization of
the evolutionarily conserved histone H3 variant CENP-A
(Csed in Saccharomyces cerevisiae, Cnpl in Schizosaccha-
romyces pombe, CID in Drosophila melanogaste and CENP-
A in humans) serves as a platform for kinetochore assem-
bly (1-3). Recruitment of Cse4/Cnpl/CID/CENP-A at the
centromeres is regulated by the evolutionarily conserved
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CENP-A specific histone chaperone Scm3/CAL1/HJURP
(Holliday Junction Recognition Protein) in budding and fis-
sion yeasts, flies, and humans, respectively (4—11).

Overexpression of CENP-A and its homologs lead to
mislocalization to non-centromeric chromatin and con-
tributes to chromosomal instability (CIN) in budding and
fission yeasts, flies, and humans (12-18). Overexpression
and mislocalization of CENP-A is observed in many can-
cers, which correlates with poor patient survival and in-
creased risk of disease progression (19-26). Hence, char-
acterization of pathways that prevent mislocalization of
CENP-A will provide better diagnosis and treatment of
CENP-A overexpressing cancers.

Studies with S. cerevisiae have identified pathways that
prevent or promote mislocalization of Cse4. For exam-
ple, post-translational modifications (PTMs) of Cse4 such
as ubiquitination, sumoylation, and isomerization regulate
steady-state levels of Cse4 and prevent its mislocalization to
non-centromeric regions, thereby maintaining chromoso-
mal stability (12,27-33). Ubiquitin-mediated proteolysis of
Cse4 initiated by E3 ubiquitin ligases such as Pshl (27,28),
SIx5 (30,32,34), Ubrl (32), SCF-Rcyl (31) and SCF-
Met30/Cdc4 (33) and by proline isomerase Fpr3 (29) reg-
ulate the cellular levels of Cse4. Psh1l-mediated proteolysis
of overexpressed Cse4 is regulated by several factors such as
FACT (Facilitates Chromatin Transcription/Transactions)
complex (35), CK2 (casein kinase 2) (36), HIR histone
chaperone complex (37), and DDK (Dbfl-dependent ki-
nase) complex (38). Mutants for genes that prevent mislo-
calization of Cse4 exhibit synthetic dosage lethality (SDL)
when Cse4 is overexpressed from a GAL promoter (GAL-
CSE4).

In addition to factors that prevent mislocalization of
Cse4, defining pathways that promote mislocalization of
Cse4 is also an area of active research. For example,
evolutionarily conserved replication dependent Chromatin
Assembly Factor 1 (CAF-1) promotes mislocalization of
Cse4 to non-centromeric chromatin (39). We have re-
cently shown that the interaction of overexpressed Cse4
with histone H4 facilitates the C-terminal sumoylation
of Cse4, which promotes its interaction with CAF-1 and
the deposition of Cse4 into non-centromeric chromatin
(40,41). Mutants for genes that promote mislocalization of
Cse4 suppress the SDL phenotype of pshiA GAL-CSE4
strain.

Despite advances in the characterization of factors that
prevent or promote mislocalization of Cse4, the mecha-
nism by which mislocalized Cse4 is removed from non-
centromeric chromatin and targeted for degradation has
not been clearly defined. We reasoned that mutants defec-
tive in removal of mislocalized Cse4 from non-centromeric
chromatin may exhibit SDL with GAL-CSE4. Our pre-
vious genome-wide screen identified mutants that exhibit
SDL with GAL-CSE4; among these, Pshl, HIR complex,
DDK, SCF-Met30 and SCF-Cdc4 were top hits, which
we have pursued in previous studies (33,37,38). In this
study, we characterized the role of Cdc48, also identi-
fied from the screen. Cdc48 is referred to as p97/VCP
(valosin-containing protein) in metazoans and is a highly
conserved chaperone of the AAA (ATPase associated with
diverse cellular activities)-ATPase family (42,43). Cdc48

Nucleic Acids Research, 2022, Vol. 50, No. 6 3277

plays an essential role in cellular processes such as endo-
plasmic reticulum-associated degradation (ERAD), spindle
disassembly, membrane fusion, autophagy, and transcrip-
tional control (42-46). Mechanistically, Cdc48/p97 acts as
a ubiquitin-dependent segregase that extracts polyubiqui-
tinated clients from macromolecular complexes and deliv-
ers them to the 26S proteasome for degradation (47,48).
The cellular function and localization of the Cdc48/p97
ATPase is controlled by many cofactors (44,49,50); the
best-characterized of which is the Ufd1-Npl4 heterodimer.
Polyubiquitinated proteins can be directly targeted to the
proteasome, whereas polyubiquitinated proteins that are
embedded into cell membranes, chromatin-associated, or
protein multi-subunit complexes often need to be segre-
gated by the Cdc48VdI/NP complex (43,45,46). Npl4 is re-
sponsible for the recognition of the substrate-attached ubig-
uitin chain in the initial step (51,52).

Here, we show that Cdc48VII/NP4 georegase is nec-
essary for the removal of mislocalized Cse4 from non-
centromeric regions. Loss-of-function mutants of CDC4S,
UFDI and NPL4 show mislocalization of Cse4 to non-
centromeric regions, accumulation of polyubiquitinated
Cse4 in chromatin, and an enrichment of chromatin-bound
Cse4, expressed from its endogenous promoter. Further-
more, Npl4, which is also enriched in chromatin, inter-
acts with chromatin-bound Cse4 facilitated by the attached
polyubiquitin chain. Taken together, we define a role for
Cdc48VMdI/Npl4 seoregase in removing mislocalized Cse4
from non-centromeric regions and targeting Cse4 for degra-
dation under normal physiological conditions.

MATERIALS AND METHODS
Yeast strains, plasmids and methods

Supplementary Table S1 and S2 describe the genotype of
yeast strains and plasmids used for this study, respectively.
Gene deletions and epitope-tagged alleles were constructed
at the endogenous loci using standard PCR-based integra-
tion (53). All epitope tagging was confirmed by Western blot
analysis.

Yeast cells were grown in rich media (YPD: 1% yeast
extract, 2% bacto-peptone, 2% glucose) or synthetic com-
plete (SC) media containing 2% glucose, 2% galactose or
2% sucrose + 2% galactose. For cell cycle assays, logarith-
mically growing cells in YPD at 25°C were treated with
a-factor (3 pM) for G1 phase, hydroxyurea (0.2 M) for
S phase, and nocodazole (20 wg/ml) for M phase arrests.
Cell cycle arrest was confirmed by fluorescence-activated
cell sorting (FACS) and microscopic analyses as described
previously (54,55). To induce degradation of Cdc48 fused
to the auxin-inducible degron, we added 3-indoleacetic acid
(Sigma-Aldrich, 13750) to the medium at a final concentra-
tion of 5 mM. Chromosome spreads, protein stability assay,
and plasmid retention assay were performed as described
previously (33).

Ubiquitin (Ub) pull-down assay using whole cell extracts

Levels of ubiquitinated endogenous Cse4 were determined
with ubiquitin pull-down assay as described previously (56)
with some modifications. Cell lysates were prepared from
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50 ml culture of logarithmically growing cells in YPD at
25°C. Cells were pelleted, rinsed with sterile water, and sus-
pended in 0.5 ml of Ub lysis buffer (20 mM Na,HPOy, 20
mM NaH;PO,, 50 mM NaF, 5 mM tetra-sodium pyrophos-
phate, 10 mM beta-glycerophosphate, 2 mM EDTA, 1 mM
DTT, 1% NP-40, 5 mM N-ethylmaleimide, ] mM PMSF,
and protease inhibitor cocktail (Sigma-Aldrich, P8215)).
Cells were homogenized with Matrix C (MP Biomedicals)
using a bead beater (MP Biomedicals, FastPrep-24 5G).
Cell lysates were clarified by centrifugation at 6000 rpm
for 5 min and protein concentration was determined us-
ing a DC protein assay kit (Bio-Rad). Samples containing
equal amounts of protein were brought to a total volume
of 1 ml with lysis buffer (50 wl of aliquot was saved as in-
put). The equal concentration of lysates was incubated with
tandem ubiquitin binding entities (Agarose-TUBEI, Life
Sensors, Inc., UM401) overnight at 4°C. Proteins bound
to the beads were washed three times with TBS-T at room
temperature and eluted in 2x 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 (12CAS) anti-
body (Roche, 11583816001). Input samples were analyzed
using anti-HA (12CAS5) and anti-Tub2 (Basrai laboratory)
antibodies.

Co-immunoprecipitation (Co-IP) and Ub pull-down assay us-
ing solubilized chromatin lysates

Cells were grown to logarithmic phase of growth in YPD
at 25°C. Subcellular fractionation was performed using 50
ODyg cells as described previously (15) with minor modi-
fications. Whole cell extracts (WCEs) were prepared from
lysates before the sucrose gradient centrifugation. Chro-
matin pellets were resuspended in IP lysis buffer (50 mM
Tris—HCI at pH 8.0, 5 mM EDTA, 1% Triton X-100, 150
mM NaCl, 50 mM NaF, 10 mM beta-glycerophosphate,
1 mM PMSF, 1x protease inhibitor cocktail) for Co-1P
or in Ub lysis buffer for Ub pull-down assay, and bead
beat with Matrix C (MP Biomedicals) using a bead beater
(MP Biomedicals, FastPrep-24 5G) for 40 s. Chromatin
lysates were clarified by centrifugation at 6000 rpm for 5
min. For Co-IP, equal amounts of chromatin lysates were
incubated with anti-HA agarose (Sigma-Aldrich, A2095)
overnight at 4°C. After washing with IP lysis buffer three
times, beads were incubated with 2x Laemmli buffer at
100°C for 5 min. For Ub pull-down assay, equal amounts
of chromatin lysates were incubated with tandem ubiqui-
tin binding entities (Agarose-TUBEI, Life Sensors, Inc.,
UM401) overnight at 4°C. After washing with TBS-T
three times, beads were incubated with 2x Laemmli buffer
at 100°C for 10 min. Protein samples were analyzed by
western blot. Primary antibodies were as follows: anti-
HA (12CA5) mouse (Roche, 11583816001), anti-HA rab-
bit (Sigma-Aldrich, H6908), anti-Pgkl mouse (Invitrogen,
459250), anti-H2B rabbit (Abcam, ab1790), anti-c-Myc
(9E10) mouse (Sigma-Aldrich, M4439; Covance, MMS-
150P), anti-Cdc48 rabbit (AS ONE International, Inc., 62-
303) and anti-Cse4 rabbit (Strahl laboratory). Protein levels
were quantified using Image Lab software (version 6.0.0)
from Bio-Rad Laboratories, Inc (Hercules, CA).

CHIP-QPCR

Chromatin immunoprecipitations were performed as pre-
viously described (41) with modifications. Briefly, loga-
rithmic phase cultures (120-150 ODgg) were grown in
sucrose/galactose (2% final concentration each) media for
3-3.5 h and were treated with formaldehyde (1%) for 20
min at 30°C followed by the addition of 2.5 M glycine for
5 min. Cell pellets were washed twice in 1x PBS then re-
suspended in 1.5 ml FA Lysis Buffer (1 mM EDTA pHS.0,
50 mM HEPES-KOH pH?7.5, 140 mM NaCl, 0.1% sodium
deoxycholate, 1% Triton X-100) with protease inhibitor
cocktail (Sigma) and PMSF (1 mM). The cell suspension
was split into three Lysing Matrix C tubes (MP Biomedi-
cals) and lysed in a FastPrep-24 5G (MP Biomedicals) for
40 s ten times with rest on ice between every three consecu-
tive beads-beating. The crude chromatin pellet was washed
in FA Lysis Buffer twice. Each pellet was resuspended in
700 pl of FA Lysis Buffer and combined into one 5 ml
tube. The chromatin suspension was sonicated on ice with
a Branson digital sonifer 24 times at 20% amplitude with
a repeated 15 s on/off cycle. After 10 min of centrifuga-
tion (12 000 rpm, 4°C), the supernatant was transferred to
a new tube. 50 w1 of the resulting solubilized chromatin was
taken as input. The remaining solubilized chromatin (600 .1
each) was incubated with anti-HA-agarose beads (Sigma,
A2095), anti-Myc (Sigma M4439) bound or anti-GST (In-
vitrogen MA4-004) bound protein G magnetic beads (Invit-
rogen 10004D) overnight at 4-8°C. The beads were washed
in 1 ml FA, FA-HS (500 mM NaCl), RIPA, and TE buffers
for 5 min on a rotor two times each. The beads were sus-
pended in ChIP Elution Buffer (25 mM Tris—HCI pH7.6,
100 mM Nacl, 0.5% SDS) and incubated at 65°C overnight.
The beads were treated with proteinase K (0.5 mg/ml) and
incubated at 50°C for 2 h followed by phenol/chloroform
extraction and ethanol precipitation. The DNA pellet was
resuspended in a total of 100 pl sterile water. Samples were
analyzed by quantitative PCR (qPCR) performed with the
7500 Fast Real Time PCR System with Fast SYBR Green
Master Mix (Applied Biosystems). The occupancy of the
respective protein was calculated as % input. As indicated,
two to three biological replicates were performed for each
strain tested. Primers used for this study are listed in Sup-
plementary Table S3.

RESULTS

Cdc48V11/NPH georegase complex mutants exhibit synthetic
dosage lethality (SDL) with GAL-CSE4 and show mislocal-
ization of endogenously expressed Cse4

Mutations or deletions of genes that prevent mislocaliza-
tion of Cse4 manifest synthetic dosage lethality (SDL)
(27,28,30,33,35-38). We have previously used synthetic ge-
netic arrays (SGA) in a genome-wide effort to identify path-
ways that prevent mislocalization of Cse4 (33,37). The SGA
screen for SDL with GAL-CSE4 with essential gene mu-
tants identified cdc48-3 mutant, which has two missense
substitutions (P257L and R387K) in the D1 ATPase do-
main (Supplementary Figure S1A, (47)), as a strong ge-
netic interactor (33). To confirm the SDL phenotype, we
examined the growth of c¢dc48-3 strain with vector or GAL-



CSE4 plasmid on plates containing glucose or galactose.
The cdc48-3 strain exhibits SDL with GAL-CSE4 on galac-
tose plates at the permissive temperature of 25°C (Sup-
plementary Figure S1B). To test the allele specificity of
the SDL phenotype, we examined growth of other cdc48
mutants (cdc48-1 and cdc48-4601). Sequence analysis of
cdc48 alleles identified the mutations for each allele (Supple-
mentary Figure S1A). Surprisingly, the two cdc48-1 strains
from independent sources showed additional six mutations
in YMB8734 when compared to YMB8735. Growth as-
says showed that all cdc48 mutants we examined exhibit
SDL with GAL-CSE4 (Supplementary Figure S1B), sug-
gesting that the GAL-CSE4 SDL phenotype is not specific
to a particular allele of cdc48. Previous studies have shown
that defects of Cse4 proteolysis contribute to GAL-CSE4-
mediated SDL (27,28,30-33,38,56). To define a physiolog-
ical role for Cdc48 in preventing mislocalization of Cse4,
we examined the stability of endogenously expressed HA-
Cse4 from its own promoter at the permissive temperature
of 25°C. Protein stability assays showed that endogenous
HA-Cse4 was rapidly degraded in the wild-type strain (¢1,»
= 78 min) and was stabilized in the cdc48-3 strain (¢, =127
min) (Supplementary Figures S1C and D). Thus, we con-
clude that defects in Cdc48 leads to GAL-CSE4 SDL and
Cdc48 regulates proteolysis of Cse4 under normal physio-
logical conditions in vivo.

Cdc48 cofactors Ufd1-Npl4 were previously shown to be
required for degradation of Cdc48 substrates in the endo-
plasmic reticulum and for CMG helicase disassembly dur-
ing DNA replication termination (42,57,58). We sought to
examine whether UFD/ and NPL4 mutants exhibit SDL
with Cse4 overexpression. Since npl4-1 mutant was not
present on the array of temperature sensitive mutants used
for the SGA screen, we decided to use an isogenic set
of strains with wild-type, cdc48-3, ufdl-2 and npl4-1 for
our analysis. Growth assays showed that ufdl-2 and npl4-
1 strains also exhibit SDL with GAL-CSE4 on galactose
plates at 25°C similar to that observed for the cdc48-3 strain
(Figure 1A); albeit the growth defect was moderate in ufdi-
2 strain, likely due to the weaker defect associated with the
ufdl-2 allele at the permissive temperature. The SDL phe-
notypes are specific to GA L-CSE4, since we did not observe
growth defects with overexpressed histone H3 or H4 (GAL-
H3 or GAL-H4) in cdc48-3, ufdl-2, or npl4-1 strain (Sup-
plementary Figure S2). The GAL-CSE4 dosage lethality is
linked to mutations in the cdc48-3, ufdl-2 or npl4-1 strain
as lethality and temperature sensitivity were suppressed by
expressing the cognate wild-type gene in these mutants (Fig-
ure 1B).

Previous studies have shown that the dosage lethality
with GAL-CSE4 correlates with mislocalization of Cse4
to non-centromeric regions (39—41). In order to define the
physiological role of Cdc48VMI/Nel4 seoregase, we pursued
all further studies with endogenous HA-Csed4 expressed
from its own promoter grown at the permissive temperature
of 25°C. Chromosome spreads were used to examine the lo-
calization of Cse4 as this technique removes soluble mate-
rial and allows visualization of chromatin bound HA-Cse4.
Wild-type, cdc48-3, ufdl-2 or npl4-1 cells were arrested in
M phase with nocodazole to compare Cse4 localization in
all strains in the same cell cycle stage (Figure 1C). Cell cy-
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cle arrest was confirmed by flow cytometry (Supplementary
Figure S3). Consistent with clustering of kinetochores, im-
munofluorescence staining of HA-Cse4 showed one or two
Cse4 foci coincident with DAPI (DNA) signal in the ma-
jority of wild-type cells (Figure 1C). Mislocalization of Cse4
was defined as cells showing more than two Cse4 foci or dif-
fused Cse4 signals within DAPI stained region (Figure 1C).
The percentage of cdc48-3, ufdl-2 or npl4-1 cells exhibit-
ing Cse4 mislocalization was significantly higher than that
observed in wild-type cells, confirming that Cdc48Yd!/Npl4
activity is required to prevent Cse4 mislocalization (Figure
1D). Taken together, we conclude that Cdc48Vid1/NPi4 com-
plex mutants are hypersensitive to overexpression of Cse4
and show mislocalization of Cse4 under normal physiolog-
ical conditions.

Chromatin-associated Cse4 contributes to SDL in the cdc48-
3 strain

The ubiquitin ligase Psh1 constitutes one of the several Cse4
degradation pathways. Previous studies have shown that
GAL-CSE4 dosage lethality in pshl A mutants is linked to
enrichment of Cse4 in chromatin (27,28). If a similar mech-
anism applies to cdc48 mutants, we expected that prevent-
ing Cse4 mislocalization would suppress dosage lethality.
To address this, we took advantage of our recent studies in
which either reduced gene dosage of histone H4 or expres-
sion of cse4 K215/216R mutant (defective in C-terminal
sumoylation) prevent mislocalization of overexpressed Cse4
and suppress dosage lethality of a pshl A GAL-CSE4 strain
(40,41). We examined dosage lethality phenotypes of cdc4S-
3 mutants with and without deletion of one copy of H4 alle-
les (hhf1 A or hhf2 A) and observed suppression of synthetic
dosage lethality (Figure 2A and Supplementary Figure S4).
Moreover, overexpression of the sumoylation deficient Cse4
K215/216R also partially suppressed dosage lethality in the
cdc48-3 mutants (Figure 2B and Supplementary Figure S5),
similar to that observed in the pshi A GAL-cse4 K215/216R
strain (40).

Next, we examined if the severity of GAL-CSE4 SDL
correlates with enrichment of Cse4 in chromatin. Subcellu-
lar fractionation was done using wild-type, cdc48-3, ufdi-2,
and npl4-1 strains expressing endogenous HA-Cse4 grown
at 25°C. Pgkl and histone H2B served as controls for the
soluble and the chromatin fractions, respectively. Levels of
Cse4 in the soluble fraction were similar in all strains (Fig-
ure 2C and Supplementary Figure S6). In contrast, levels of
chromatin-associated Cse4 in cdc48-3 and npl4-1 are signif-
icantly higher when compared to the wild-type strain. The
level of chromatin-associated Cse4 is less pronounced in the
ufdl-2 strain (Figure 2C and Supplementary Figure S6),
consistent with the milder dosage lethality phenotype of
the ufdl-2 GAL-CSE4 strain (Figure 1A). Taken together,
these data suggest that increased chromatin-associated Cse4
causes dosage lethality in the cdc48-3 GAL-CSE4 strain.

Accumulation of polyubiquitinated Cse4 in cdc48-3, ufdl-
2 and npl4-1 mutants

Previous studies have shown that defects in ubiquitin-
mediated Cse4 proteolysis contribute to GAL-CSE4 dosage
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Figure 1. Cdc48Ufdl/NPH seoreoase complex mutants exhibit SDL with GAL-CSE4 and show mislocalization of endogenous Cse4. (A) Overexpression
of Cse4 results in SDL in cdc48-3, ufdl-2, and npl4-1 mutants. Wild-type, cdc48-3, ufdl-2 and npl4-1 cells containing either vector or GAL-CSE4 were
spotted in five-fold serial dilutions on glucose (2%)- or galactose (2%)-containing synthetic medium selective for the plasmid. The plates were incubated at
the permissive temperature of 25°C for 4 days. Three independent transformants for each strain are shown. (B) Plasmid (2p)-borne CDC48, UFD1, and
NPL4 can complement the GAL-CSE4 SDL phenotypes of cdc48-3, ufdl-2, and npl4-1 strains, respectively. Serial dilutions were conducted as described
in A. The plates were incubated at 25°C and 37°C for 4-7 days. (C) Endogenous Cse4 is mislocalized in c¢dc48-3, ufdl-2 and npl4-1 strains. Localization of
Cse4 was examined by chromosome spreads prepared from nocodazole (M) arrested wild-type, cdc48-3, ufdl-2 and npl4-1 cells. The cell cycle arrest was
verified by FACS analysis (Supplementary Figure S3). DAPI (blue) and a-HA (red) staining were used to visualize DNA and Cse4 localization, respectively.
Representative images of cells showing normal localization (counted as nuclei with one or two Cse4 foci) and mislocalization (counted as nuclei with more
than two foci or a diffuse signal in the nucleus). (D) Quantification of Cse4 mislocalization as a percentage over total cell count. Error bars represent
the standard deviation of multiple experiments. The increased mislocalization observed in the cdc48-3, ufdi-2 and npl4-1 strains was highly significant
(one-way ANOVA, numbers of cells scored (1) = 627, 409, 418, 507, n = 503, 429, 340, 406, n = 349, 326, 555 and n = 330, 347, 448 for wild-type, cdc48-3,
ufdI-2 and npl4-1, respectively in three or four independent experiments).
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Figure 2. Chromatin-bound Cse4 contributes to SDL. (A) Reduced dosage of histone H4 (hhf1A or hif2 A) suppresses the cdc48-3 GAL-CSE4 SDL. The
indicated strains containing either vector or GAL-CSE4 were spotted in five-fold serial dilutions on glucose (2%)- or galactose (2%)-containing synthetic
medium selective for the plasmid. The plates were incubated at 25°C for 4 days. (B) Overexpression of cse4 K215/216 R mutant exhibits reduced SDL
compared to GAL-CSE4 in cdc48-3 strain. Growth assay was conducted as described in A. The plates were incubated at 25°C for 5 days. (C) Chromatin-
bound endogenous Cse4 is enriched in cdc48-3 and npl4-1 strains. Whole cell extracts (WCEs) prepared from equal numbers of logarithmically growing
cells in YPD were fractionated into soluble and chromatin fractions. Cse4 levels in each fraction were monitored by Western blot analysis with anti-HA
antibody. Pgk1 and histone H2B were used as markers for soluble and chromatin fractions, respectively.

lethality in pshlI A, doal A and cdc7-7 strains and this phe-
notype can be suppressed by overexpression of UBI4 (en-
codes ubiquitin) presumably by driving Cse4 ubiquitination
(38,56). To determine if defects in ubiquitination of Cse4
contribute to SDL in the cdc48-3 GAL-CSE4 strain, we
examined the effect of UBI4 overexpression in the cdc4§-
3 GAL-CSE4 strain. In contrast to mutations that reduce
Cse4 ubiquitination, the dosage lethality of cdc48-3 GAL-
CSE4 was not suppressed by UBI4 overexpression (Supple-
mentary Figure S7). This result suggests that Cdc48UTd!/Npl4
is required for steps after the ubiquitination of Cse4.

The Cdc48VIdI/NP complex is an important factor in
recognizing lysine 48-linked polyubiquitinated substrates
for processing and delivery to the proteasomal degradation
pathway (51). Tetraubiquitin is the minimum signal for ef-
ficient proteasomal targeting of the ubiquitinated substrate
for degradation (59,60). Accordingly, a post-ubiquitination
role for Cdc48VMI/Nel4 predicts an accumulation of polyu-
biquitinated Cse4 with more than four ubiquitin moieties in
cdc48-3, ufdl-2 and npl4-1 mutants. To determine the sta-
tus of Cse4 ubiquitination in vivo, we performed an affin-
ity pull-down assay using agarose with tandem ubiquitin-
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binding entities (Ub*) from wild-type, cdc48-3, ufdI-2 and
npl4-1 strains expressing endogenous HA-Cse4. Polyubig-
uitinated Cse4 corresponding to higher molecular weight
species (>53 kDa) accumulated in cdc48-3 and npl4-1 mu-
tants, and to a lesser extent in the ufd/-2 mutant, confirm-
ing that Cdc48VMI/Npi4 s dispensable for Cse4 polyubig-
uitination, but required for the processing of polyubiqui-
tinated Cse4 (Figure 3A and Supplementary Figure S8A).
The more modest effect observed in the ufd/-2 mutant is
consistent with the lower phenotypic penetrance of this mu-
tant at 25°C, as compared to cdc48-3 and npl4-1 (Figure
1A). A faster migrating species was also observed in all
strains expressing HA-Cse4 (Figure 3A and Supplementary
Figure S8A, asterisk), as reported previously (30,34,56).
Since these faster migrating Cse4 species were similar in
size to that in the input lanes, these represent unmodified
HA-Cse4, which likely interacts with ubiquitinated proteins
such as canonical histones. These results support a role of
Cdc48UMd1/Npl4 jp the processing of polyubiquitinated Cse4;
thus polyubiquitination of endogenous Cse4 is barely de-
tectable in wild-type cells.

All our studies so far were done at the permissive tem-
perature of 25°C to avoid cell cycle position effects, because
complete inactivation of cdc48-3 at the non-permissive tem-
perature of 37°C shows cell cycle arrest in metaphase due
to defects in bipolar attachment of kinetochores to micro-
tubules (61). Nevertheless, to rule out a possible indirect
effect of cell cycle arrest on polyubiquitination of Cse4,
we performed ubiquitin pull-down assays in wild-type and
cdc48-3 strains that were arrested in G1 («a-factor treat-
ment), S (hydroxyurea treatment), or M phase (nocoda-
zole treatment). Flow cytometry and nuclear morphology
confirmed the cell cycle arrest of the strain (Supplemen-
tary Figure S9). The levels of polyubiquitinated Cse4 in
wild-type strain (>53 kDa) are barely detectable in any
stage of cell cycle (Figure 3A and Supplementary Fig-
ure S8B). In contrast, levels of polyubiquitinated Cse4
(>53 kDa) were much higher in the ¢dc48-3 strain in G1,
S and M phases. Hence, accumulation of polyubiquiti-
nated Cse4 in cdc48-3 strain is not due to defects in cell
cycle.

We next examined if the accumulation of polyubiqui-
tinated Cse4 in cdc48-3 mutant is allele specific using an
auxin-inducible degron for Cdc48, as described previously
(57). Treatment with auxin for 2 h led to efficient depletion
of Cdc48 in the cdc48-aid strain (Supplementary Figures
S10A and B). Ubiquitin pull-down assays were done with
logarithmically grown and M phase arrested cells with and
without auxin treatment. Flow cytometry confirmed the cell
cycle arrest of the cells (Supplementary Figure S11). The
cdc48-aid cells show higher levels of Cse4 when compared
to the control wild type CDC48 cells, suggesting a defect in
Cse4 degradation (Supplementary Figures S10A, C andD).
More importantly, we observed higher levels of polyubiq-
uitinated Cse4 (>53 kDa) in logarithmically grown (—Noc)
and M phase arrested (+Noc) cdc48-aid cells when com-
pared to the control CDC48 cells and non-auxin treated
cdc48-aid cells (Figure 3B and Supplementary Figure S12).
Taken together, we conclude that accumulation of polyu-
biquitinated Cse4 in cdc48-3 strain is cell cycle independent

and due to the defect in Cdc48 activity rather than an allele
specific effect.

Chromatin-associated Cse4 accumulates in a polyubiquiti-
nated form in cdc48-3 strain

Our results so far have shown that defects in the
Cdc48VIdI/NPl4 qeoresase cause dosage lethality with GAL-
CSE4 and leads to enrichment of Cse4 in chromatin as
well as accumulation of polyubiquitinated Cse4. Based on
these results, we hypothesized that chromatin-associated
Cse4 is polyubiquitinated in a cdc48-3 strain. We used Csed
mutants where Cse4 Y193 was changed to alanine (Cse4
Y193A) or phenylalanine (Cse4 Y193F) to examine a cor-
relation between dosage lethality, chromatin enrichment,
and accumulation of polyubiquitinated Cse4 in the cdc4§-
3 strain. Cse4 Y193 is located at the center of alpha helix
2 and interacts with the alpha helix 2 of H4 (62). Pheny-
lalanine (F) is identical to tyrosine (Y) except for the hy-
droxyl group present on Y. Interestingly, human CENP-
A has a phenylalanine (F101), instead of tyrosine (Y 193)
(Figure 4A). We previously showed that the cse4 Y1934
mutant exhibits a severe defect in Cse4 sumoylation and
suppresses the Cse4 synthetic dosage lethality with pshi A
mutants (41). Similarly, the structural mimic mutant cse4
Y193 F, which shows low levels of Cse4 sumoylation, par-
tially suppresses dosage lethality of pshl A (41). These re-
sults show that sumoylation of Cse4 promotes mislocaliza-
tion to non-centromeric regions and mislocalized Cse4 con-
tributes to the dosage lethality. Analogous to the effects of
Cse4 Y193A/F in the pshi A strain (41), GAL-cse4 Y1934
does not exhibit dosage lethality, whereas GAL-cse4 Y193 F
shows moderate lethality in the cdc48-3 strain (Figure 4B
and Supplementary Figure S5).

We next examined the levels of chromatin-associated en-
dogenous Cse4 Y193A/F expressed from its own promoter
in cdc48-3 mutants. Consistent with previous experiment
(Figure 2C), wild-type Cse4 was enriched in chromatin in
cdc48-3 mutant. Lower levels of Cse4 Y193A were present
in chromatin (Figure 4C and D). On the other hand, no sig-
nificant difference in chromatin enrichment was observed
for the Cse4 Y193F mutant. Both cse4 Y193A4/F alleles
complement cse4A mutants and do not show tempera-
ture sensitivity (Supplementary Figure S13), suggesting that
Csed4 Y193A/F is not defective for centromere function.
These results show that dosage lethality correlates with en-
richment in chromatin; lack of dosage lethality of GAL-
Cse4 Y1934 correlates with lower levels of this protein in
the chromatin in cdc48-3 strain.

We next asked if the cdc48-3 GAL-cse4 Y193 A/F dosage
lethality phenotype and enrichment in chromatin correlate
with levels of polyubiquitinated Cse4 in these strains. As
described earlier (Figure 3A), we observed an accumula-
tion of polyubiquitinated Cse4 in the cdc48-3 mutant; this
was greatly reduced in cse4 Y1934 but not affected in the
cse4d Y193F strain (Figure 4E and Supplementary Figure
S14). Taken together, our results suggest that Cse4 associ-
ated with non-centromeric chromatin is polyubiquitinated
and Cdc48 activity is necessary to remove mislocalized,
chromatin-associated, polyubiquitinated Cse4.
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Figure 3. Polyubiquitinated Cse4 is enriched in cdc48-3, ufdl-2, and npl/4-1 mutants under normal physiological conditions. (A) Levels of Cse4 polyubiqui-
tination, which are not specific to any cell cycle stage, are enhanced in cdc48-3, ufdl-2 and npl4-1 strains. Ub pull-down assay was performed using protein
extracts from logarithmically growing cells, G1 phase cells synchronized with a-factor, S phase cells synchronized with hydroxyurea (HU), and M phase
cells synchronized with nocodazole (Noc), in YPD at 25°C. The cell cycle arrest was verified by FACS analysis and cell morphology using propidium
iodide-stained cells (Supplementary Figure S9). Input and ubiquitin pull down samples were analyzed using anti-HA (Cse4) and anti-Tub2 antibodies.
Untagged Cse4 was used as a negative control. Asterisk shows nonmodified Cse4. (B) Levels of Cse4 polyubiquitination are enhanced by inactivation of
Cdc48. Control (CDC48) and cdc48-aid strains were grown in YPD to logarithmic phase at 25°C, then treated with auxin at the indicated time point. For
M phase arrested cells, nocodazole (Noc) was added to the media after 2 h auxin treatment. Ub pull-down assay was conducted as described in (A).
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Figure 4. Chromatin-bound Cse4 is polyubiquitinated under normal physiological condition. (A) Sequence comparison of a2-helix domain of Cse4 and
CENP-A. Human CENP-A has F101, instead of Y. (B) The Y193A mutation in Cse4 does not cause SDL in a c¢dc48-3 GAL-CSE4 strain. Growth assay
was conducted using a cdc48-3 strain containing vector, GAL-CSE4, or GAL-cse4 Y193 A/F. Five-fold serial dilutions of the indicated strain were plated
on glucose (2%)- or galactose (2%)-containing synthetic medium selective for the plasmid. The plates were incubated at 25°C for 4 days. (C) Endogenous
Cse4 Y193A exhibits reduced enrichment in chromatin. Whole cell extracts (WCEs) prepared from equal numbers of logarithmically growing cells in YPD
were fractionated into soluble and chromatin fractions. Cse4 levels in chromatin fraction were monitored by Western blot analysis with anti-HA antibody.
Histone H2B was used as marker for chromatin fraction. (D) Levels of chromatin-bound Cse4 from C were quantified in arbitrary density units after
normalization to H2B. Error bars represent average deviation of two biological repeats. Statistical significance was assessed by one-way ANOVA (P =
0.0036) followed by Tukey’s multiple comparisons test. (E) Endogenous Cse4 Y193A exhibits reduced Cse4 polyubiquitination. Ub pull-down assay was
performed using protein extracts from logarithmically growing cells in YPD at 25°C. Input and ubiquitin pull down samples were analyzed using anti-HA
(Cse4) and anti-Tub2 antibodies. Untagged Cse4 was used as a negative control. Asterisk shows nonmodified Cse4.

Npl4 interacts with chromatin-associated Cse4 in a cdc48-3

strain

Our model predicts that the Cdc48Vid1/NPH seoregase recog-
nizes polyubiquitinated Cse4 to facilitate its removal from
non-centromeric regions. Npl4 binds specifically to lysine
48-linked polyubiquitinated substrate and functions as a co-
factor for the Cdc48 ATPase (51,52). We therefore used co-
immunoprecipitation (Co-IP) experiments to test whether
Npl4 binds chromatin-associated Cse4 in vivo. We reasoned

that Npl4-Cse4 interaction may be transient in a wild-type
strain due to removal of chromatin-associated Cse4. Hence,
in addition to wild-type, we performed Co-IP experiments
in cdc48-3 mutant, which we expected to enrich the recog-
nition state because removal of mislocalized Cse4 is pre-
vented by defects in segregase activity. Cse4 was immunop-
urified from chromatin fractions of cells expressing Npl4-
Myc and HA-Cse4 and lysates were analyzed by anti-myc
immunoblotting. An enrichment of not only Cse4, but also
Npl4 and Cdc48 was observed in the chromatin when Cdc48



activity was reduced in cdc48-3 strains (Figure 5A and
B). Importantly, Npl4 co-purified with Cse4 specifically in
cdc48-3 mutant where the substrate recognition state is en-
riched (Figure 5C and Supplementary Figure S15).

Psh1 contributes to polyubiquitination of endogenous Cse4

E3 ubiquitin ligases such as Pshl and SIx5 regulate
ubiquitin-mediated proteolysis of overexpressed Csed
(27,28,30-33). Our results for accumulation of polyubiq-
uitinated endogenous Cse4 in cdc48-3 strain prompted us
to examine the role of Pshl and SIx5 in the polyubiqui-
tination of endogenous Cse4, which is then targeted by
Cdc48UMd1I/NPl4 " Our results showed that deletion of PSHI
almost completely eliminated accumulation of polyubiqui-
tinated endogenous Cse4 in cdc48-3 strain (Figure 6 and
Supplementary Figure S16). In contrast, deletion of SLX5
did not show an obvious reduction of polyubiquitinated
endogenous Cse4 in cdc48-3 strain (Supplementary Figure
S17). We conclude that Psh1-mediated polyubiquitination
of Cse4 is subsequently recognized by Cdc48Ufd1/Npk4
segregase for removal from chromatin and targeted for
degradation.

Pshl facilitates the association of Npl4 with mislocalized
Csed

Based on our results thus far, we hypothesize that Pshl
recognizes mislocalized Cse4, ubiquitinates these species
at non-centromeric regions, and thereby generates a sub-
strate for Cdc48UMI/NP4 seoregase for further processing.
To test this hypothesis, we asked if Npl4 localizes to sites
of mislocalized Cse4 in a Pshl-dependent manner. Previ-
ous studies have identified that promoters of SAP4 and
RDS1 and pericentromeric R1 region of CEN3 are enriched
for mislocalized Cse4 when it is overexpressed in a pshiA
mutants (41,63). We examined the ubiquitination status of
chromatin-associated Cse4 and the association of Cse4 and
Npl4 at the non-centromeric regions in c¢dc48-3 and cdc48-3
pshlA strains overexpressing Cse4. We showed that polyu-
biquitinated chromatin-associated Cse4 is detected in a
cdc48-3 strain and that the polyubiquitinated Cse4 is greatly
reduced although not completely abolished in a cdc48-3
pshilA strain (Figure 7A and B).

We performed chromatin immunoprecipitation (ChIP)-
qPCR experiments to examine if Cse4 is mislocalized to
the non-centromeric regions in cdc48-3 strain. An enrich-
ment of Cse4 was observed at the non-centromeric regions
SAP4, RSDI and RI in a cdc48-3 mutant (Figure 7C). We
next examined if association of Npl4 with Cse4 is depen-
dent on Psh1 by comparing the non-centromeric occupancy
of Npl4 in cdc48-3 and cdc48-3 pshl A strains. Steady state
levels of Npl4 were not affected in a cdc48-3 pshl A strain
(Supplementary Figure S18). Since chromatin-bound Cse4
was increased in a cdc48-3 pshlA strain, compared to a
cdc48-3 strain (Supplementary Figure S19), we normalized
the enrichment of Npl4 to Cse4 occupancy at each region.
The ChIP-qPCR results showed that enrichment of Npl4 in
the cdc48-3 pshl A strain was significantly reduced at SA P4
and RDSI, but not CEN3 and R1 region of CEN3 (Fig-
ure 7D). These results support our hypothesis that associa-
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tion of Npl4 to sites of Cse4 mislocalization is facilitated by
Psh1-mediated polyubiquitination of Cse4.

We have previously shown that mislocalization of
Cse4/CENP-A contributes to CIN in budding yeast and
human cells (15,17,18). Hence, we examined if cdc48-3
strain exhibits CIN by measuring the ability of cells to re-
tain a centromere-containing plasmid (pRS416 URA3) af-
ter growth in nonselective medium at 25°C (33,41). Plas-
mid retention was measured as the ratio of the number
of colonies grown on SD-Ura versus SD+Ura medium.
In wild-type strain, plasmid retention after 10 generations
(10G) was about 80% (Supplementary Figure S20). In con-
trast, we observed reduced plasmid retention after 10 gener-
ations in nonselective medium (10G) in c¢dc48-3 strain. We
conclude that Cdc48 contributes to the chromosomal sta-
bility. Taken together, our results show that Pshl facilitates
the association of Npl4 with mislocalized Cse4.

DISCUSSION

The incorporation of CENP-A into centromeric chro-
matin is essential for establishing centromere identity. Over-
expressed CENP-A leads to its mislocalization to non-
centromeric chromatin and contributes to aneuploidy in
budding and fission yeasts, flies, and humans. Mecha-
nisms that remove mislocalized CENP-A and target it for
degradation have not been defined. Here, we report that
Cdc48VIdI/NPl4 georegase removes mislocalized Cse4 for
degradation under normal physiological conditions in S.
cerevisiae. We propose a model (Figure 8) in which Pshl-
mediated polyubiquitination of mislocalized Cse4 facili-
tates the interaction with Cdc48VfdI/Npi segregase via Npl4
thereby promoting the removal of mislocalized Cse4 and
targeting it for proteasomal degradation.

Cdc48 is an abundant protein and is a member of the
ATPase associated with diverse cellular activities (AAA)
family that functions to maintain protein homeostasis. The
cdc48-3 mutant shows synthetic dosage lethality with over-
expressed Cse4. There are many substrates regulated by
Cdc48 and hence we examined if the phenotypes of cdc48-
3 strain are linked to mislocalization of Cse4. We recently
reported that reduced mislocalization of Cse4 contributes
to the suppression of lethality of pshiA GAL-CSE4 strain
with either reduced gene dosage of histone H4 or cse4
K215/216 R mutant (40,41). Consistent with these results,
we observed that reduced gene dosage of histone H4 or
expression of GAL-cse4 K215/216R suppresses the dosage
lethality in the cdc48-3 strain. Hence, the dosage lethality of
overexpressed Cse4 is due to mislocalization of Cse4 in the
cdc48-3 strain. More importantly, our studies with endoge-
nous Cse4 showed an enrichment in chromatin and mislo-
calization in c¢dc48-3, ufdI-2, and npl4-1 mutants at the per-
missive temperature of 25°C. Cdc48 associates with a large
number of cofactors in diverse cellular processes, among
which Ufd1 and Npl4 together with Cdc48 functions as a
segregase. The enrichment in chromatin and mislocalization
of endogenous Cse4 in all cdc48-3, ufdl-2 and npl4-1 mu-
tants suggest that the Cse4-related phenotypes are specifi-
cally linked to defective segregase activity of Cdc48Ufd1/Np4
We determined that cdc48-3 strain exhibits a CIN pheno-
type, however, this may not be solely due to mislocalization
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Figure 5. Npl4 interacts with chromatin-bound Cse4 in a cdc48-3 mutant. (A) Endogenous Cse4, Npl4, and Cdc48 are enriched in chromatin of cdc48-
3 strain. Chromatin was prepared from equal numbers of logarithmically growing cells. Levels of Cdc48, Npl4, and Cse4 in chromatin were monitored
by Western blot analysis with anti-Cdc48, anti-Myc, and anti-HA antibodies, respectively. Histone H2B was used as marker for chromatin fraction. (B)
Levels of chromatin-bound Cdc48, Npl4, and Cse4 from A were quantified in arbitrary density units after normalization to H2B. Error bars represent the
standard deviation of three biological repeats. Statistical significance was assessed by unpaired #-test. (C) Npl4 interacts with chromatin-bound Cse4. In
vivo interaction of Cse4 with Npl4 in chromatin was determined by Co-IP using chromatin lysates. a-Myc and a-HA antibodies were used to detect Npl4

and Cse4 on the Western blot, respectively.

of Cse4 as Cdc48 has many other cell cycle regulated sub-
strates (64,65).

Cdc48/p97 along with its cofactors acts as a ubiquitin-
dependent segregase that extracts polyubiquitinated sub-
strates from macromolecular complexes and targets them
for degradation (44,49,50). Polyubiquitinated endogenous
Cse4 is barely detectable in wild-type cells, probably due
to its rapid removal by Cdc48UdI/NpP seoregase and sub-
sequent degradation. Studies with S. cerevisiae have identi-
fied multiple E3 ubiquitin ligases such as Psh1, SIx5, Ubrl,
SCF-Rcyl and SCF-Met30/Cdc4 (27,28,30-33). Each sin-
gle mutant shows partial reduction of polyubiquitinated
Cse4 when Cse4 is overexpressed. Our results are consistent
with these reports as we observed reduced levels of polyu-
biquitinated chromatin-associated Cse4 in a cdc48-3 pshi A
GAL-CSE4 strain. We propose that Pshl is a major E3
ligase that contributes to polyubiquitination of chromatin-
associated Cse4 and/or other E3 ligases may be function-
ally dependent on priming by Pshl in a c¢dc48-3 strain. Al-
ternatively, other E3 ligases may contribute to proteolysis
of soluble Cse4 when Cse4 is overexpressed. Future stud-

ies will provide insights into how multiple E3 ligases and
other factors target soluble versus chromatin bound Cse4
to prevent its mislocalization under normal physiological
conditions.

Using cse4 Y193A/F mutants as a tool for Cse4 mis-
localization, we uncovered a strong correlation between
dosage lethality, chromatin enrichment, and accumulation
of polyubiquitinated Cse4 in cdc48-3 strain. Both cse4
Y1934 and cse4 Y193F alleles complement the cse4A
strain, suggesting that sumoylation status of Cse4 does not
affect haploid growth. These results also provide evidence
that the role of Cdc48 segregase is specifically towards
chromatin-bound mislocalized Cse4, but not centromeric
Cse4. Consistent with the correlation between chromatin
enrichment and accumulation of polyubiquitinated Cse4
in cdc48-3 cse4 Y193A4/F mutants, we also showed that
polyubiquitinated chromatin-associated Cse4 is detected
in a cdc48-3 strain. We observed the enrichment of Cse4,
Cdc48, and Npl4 in chromatin, the interaction of Npl4
with chromatin-associated Cse4, and the enrichment of
Npl4 as well as overexpressed Cse4 at non-centromeric
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Figure 6. Pshl contributes to polyubiquitination of endogenous Cse4 in cdc48-3 strain. Ub pull-down assay was performed using protein extracts from
logarithmically growing cells in YPD at 25°C. Input and ubiquitin pull down samples were analyzed using anti-HA (Cse4) and anti-Tub2 antibodies.
Untagged Cse4 was used as a negative control. Asterisk shows nonmodified Cse4.

regions in the cdc48-3 mutant. Furthermore, the reduced
enrichment of Npl4 at non-centromeric regions in cdc48-3
strain with deletion of PSHI, suggests that Cse4 that is
polyubiquitinated by Pshl is a substrate for Cdc48Ufd!/Npl4
segregase. These data support our model that mislocalized
Cse4 is polyubiquitinated in a cdc48-3 strain and define
a role for Cdc48VMI/NPM georegase in the removal of
polyubiquitinated mislocalized Cse4 at non-centromeric
regions even under normal physiological conditions
(Figure 8).

The Cdc48 ATPase often acts upstream of the 26S protea-
some. A recent study shows that cofactors Ufd1-Npl4 bind
one unfolded ubiquitin and three to four folded ubiquitin
molecules for stable binding (66). Cdc48 ultimately releases
the unfolded, oligo-ubiquitinated polypeptides. In fact, a
minimum of four ubiquitin moieties are required for recog-
nition by the 26S proteasome for degradation (59,60). Our
results are consistent with this conclusion as mono- or di-
ubiquitination of Cse4 (around 53 kDa) were more abun-
dant in wild-type cells due to rapid removal of polyubiquiti-
nated Cse4 and higher molecular weight polyubiquitinated
Cse4 signals (> 53 kDa) are enhanced in c¢dc48-3 and cdc48-
aid strains.

The cdc48-3 mutant protein has two missense substitu-
tions (P257L and R387K) in the D1 ATPase domain (47).
It is of interest to examine if the ATPase activity of Cdc48
is important for the removal of mislocalized Cse4. The
complementation of ¢se4A by cse4 Y193 A/ F suggests that
polyubiquitination of Cse4 is not essential for centromeric
roles of Cse4, and Cdc48 does not target centromeric Cse4
at the point centromeres of S. cerevisiae, which lacks het-

erochromatin. It is also possible that centromeric Cse4 is
protected from Cdc48 activity due to its association with
Scm3, similar to the protection of Scm3 associated Cse4 at
centromeres from Psh1-mediated ubiquitination (55). It has
been proposed that mislocalized Cse4 at non-centromeric
regions is not associated with Scm3 and hence better tar-
geted by E3 ligases for Ub proteasome-mediated degrada-
tion (67).

Non-proteolytic functions for the Cdc48 segregase have
been demonstrated in various systems such as membrane
extraction of transcription factors and dissociation of the
SCF complex (68-72). Our data suggest that Cdc48Vfd1/Npl4
regulates the removal of Cse4 from non-centromeric chro-
matin with subsequent delivery to the proteasome for degra-
dation. However, we do not have direct evidence for the in-
volvement of Cdc48 in escorting Cse4 to the proteasome.
It is possible that other proteasome shuttling factors such
as Rad23, Ddil, and Dsk2 (42) bind chromatin extracted
ubiquitinated Cse4 for delivery.

In summary, we have defined a molecular role for
Cdc48UMdI/Npl4 georegase in the removal of mislocalized
Cse4 from non-centromeric chromatin (Figure 8). Our stud-
ies expand the role of VCP/p97/CDC48 in the recognition
of ubiquitinated substrates and extraction of misfolded pro-
teins from multisubunit complexes or membranes such as
ERAD to the regulation of spatial nucleosome composi-
tion. VCP/p97/CDCA48 is a key regulator and provides the
main quality control for soluble, as well as membrane- as-
sociated and chromatin-associated proteins. Mutations in
p97 have been linked to a number of neurodegenerative dis-
eases such as Alzheimer’s and Parkinson’s diseases. Overex-
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Figure 7. Pshl facilitates the association of Npl4 with mislocalized Cse4. (A) Ubiquitinated chromatin-bound Cse4 is reduced in a cdc48-3 pshl A strain.
Solubilized chromatin lysate was prepared from cdc48-3 GAL-CSE4 or cdc48-3 pshl A GAL-CSE4 strains. Cultures were grown in sucrose/galactose (2%)
for 4hrs at 25°C to induce expression of Cse4 and Ub pull-down assay was performed using chromatin lysates. Ub pull down samples and chromatin-
bound Cse4 were analyzed using anti-HA (Cse4) antibody. Untagged Cse4 was used as a negative control. Asterisk shows nonmodified Cse4. (B) Levels of
chromatin-bound Cse4 ubiquitination from A were quantified in arbitrary density units after normalization to chromatin-bound Cse4. Error bars represent
the standard deviation of three biological repeats. Statistical significance was assessed by unpaired 7-test. (C) Cse4 is mislocalized upon overexpression of
Cse4 in a cdc48-3 mutant. ChIP-qPCR was performed on chromatin lysate from cdc48-3 strain transformed with vector (endogenous Cse4) or GAL-CSE4
(overexpressed Csed). Equal volume of solubilized, crosslinked chromatin from each strain was used for ChIP with anti-HA (Cse4), anti-Myc (Npl4) and
anti-GST. qPCR was performed for association with CEN3, pericentromeric R1 region of CEN3, and SAP4 and RDSI promoter regions. Enrichment of
Cse4 is shown as a fold change over endogenous Cse4. Error bars represent standard deviation of the mean of two independent experiments. (D) Chromatin-
bound Npl4 was significantly reduced at the promoters of SAP4 and RDS! in a cdc48-3 pshl A strain. ChIP-qPCR was performed on chromatin lysate
from cdc48-3 or cdc48-3 pshl A strain transformed with GAL-CSE4. Equal volume of solubilized, crosslinked chromatin from each strain was used for
ChIP with anti-HA (Cse4) and anti-Myc (Npl4). Occupancy of Npl4 normalized to that of Cse4 was measured. Error bars represent standard deviation
of the mean of three independent experiments.

pression of wild-type p97 is observed in numerous cancers ity in human cells and xenograft mouse model (18). Our

including human melanomas and breast carcinoma, most studies are important from a clinical standpoint given the
likely due to the activation of protein degradation pathways poor prognosis of CENP-A overexpressing cancers. It is of
in cancer cells (73,74). Inhibitors of p97 have been explored interest to examine the molecular role of p97 as well as co-
for treatment of various cancers (73,75), however the precise factors Ufd1l and Npl4 in preventing stable association of
mechanism for their action has not been fully elucidated. mislocalized CENP-A to non-centromeric regions and how

We recently reported that mislocalization of overexpressed defects in this pathway may contribute to aneuploidy in hu-
CENP-A leads to aneuploidy with karyotypic heterogene- man cancers.
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