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The AAA* ATPase and bromodomain factor ATAD2/ANCCA is
overexpressed in many types of cancer, but how it contributes
to tumorigenesis is not understood. Here, we report that the
Saccharomyces cerevisiae homolog Yta72™AP2 js a deposition factor
for the centromeric histone H3 variant Cse4“®"FA at the centromere
in yeast. Yta72TAP2 regulates the levels of centromeric Cse4“ENPA in
that yta7A causes reduced Csed“®NPA deposition, whereas YTA7
overexpression causes increased Cse4“ENPA deposition. Yta74TAP2
coimmunoprecipitates with Cse4“ENPA and is associated with the
centromere, arguing for a direct role of Yta72™P2 in Cse4“ENPA de-
position. Furthermore, increasing centromeric Cse4“ENFA |evels by
YTA7 overexpression requires the activity of Scm3"/Y*®, the centro-
meric nucleosome assembly factor. Importantly, Yta7*™P? interacts
in vivo with Scm3™'UR?, indicating that Yta7*™P? is a cochaperone
for Scm3"URP_ The absence of Yta7 causes defects in growth and
chromosome segregation with mutations in components of the in-
ner kinetochore (CTF19/CCAN, Mif2<ENP-, Cbf1). Since Yta7*™P? is
an AAA* ATPase and potential hexameric unfoldase, our results
suggest that it may unfold the Cse4“ENPA histone and hand it over
to Scm3™YR? for subsequent deposition in the centromeric nucleo-
some. Furthermore, our findings suggest that ATAD2 overexpres-
sion may enhance malignant transformation in humans by
misregulating centromeric CENP-A levels, thus leading to defects
in kinetochore assembly and chromosome segregation.
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Centromeres are specialized chromatin structures that are the
assembly site for kinetochores, the macromolecular machin-
eries that connect centromeric chromatin to the microtubules.
They are essential for the segregation of chromosomes to the
daughter cell during mitosis (1). Proper kinetochore assembly is
necessary to prevent errors in chromosome segregation, which can
cause aneuploidy, a hallmark of cancer and infertility. The tar-
geting of the kinetochore assembly to specific chromosomal re-
gions is mediated by centromeric nucleosomes that contain the
histone H3 variant CENP-A instead of canonical histone H3 (2,
3). The budding yeast Saccharomyces cerevisiae consists of a single
nucleosome that contains the CENP-A homolog Cse4 (4, 5),
which mediates the link to the inner kinetochore (1, 6).

Since centromeres are specified by the presence of CENP-A/
Cse4 nucleosomes, the process of nucleosome assembly at the
centromere is a key event that is essential for proper centromere
function (7). Nucleosome assembly is performed by histone
chaperones that associate with specific histones or histone vari-
ants and escort them to the site of nucleosome assembly (8). At
the centromeres, Scm3 in yeast and its homolog HIJURP in hu-
man cells deposit CENP-A/Cse4 in centromeric chromatin (9-
13). They are chaperones that are dedicated to the centromeric
histone H3 variant and ensure the correct spatiotemporal as-
sembly of the centromeric nucleosome humans (14, 15).

Chromatin assembly of canonical H3/H4 during DNA repli-
cation is performed by chromatin assembly factor I (CAF-I) and
the histone chaperone Asfl (8). In this process, the histones are
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delivered to CAF-I by Asfl, and CAF-I deposits H3/H4 on na-
scent DNA (16). Asfl in turn also has CAF-I-independent his-
tone deposition functions both during and outside of replication.
It helps to disassemble nucleosomes as the replicative helicase
navigates through chromatin (17), and it performs transcription-
coupled histone exchange (18). An open question is whether
Scm3/HJURP has a partner chaperone that delivers histones to
it, much like Asfl hands over H3/H4 to CAF-I for deposition
after DNA replication.

In this work, we describe a role for the histone chaperone
Yta7/ATAD?2 in depositing Cse4 at yeast centromeres. Yta7
(yeast Tat-binding analog) is an evolutionarily conserved protein
that contains two AAA* ATPase domains, which have similarity
to unfoldases, and a bromodomain (19). It is a homolog of hu-
man ATAD2 (ATPase family AAA™ domain-containing protein
2) (20) that is frequently overexpressed in many cancer types and
is associated with poor prognosis (21). Depending on the con-
text, Yta7 has variously been described as an activator and a
repressor of gene expression, suggesting that it may have both
nucleosome assembly and disassembly activity (20). It localizes to
the 5’ end of ~600 genes in the yeast genome and helps evict
histone H3 from genes upon their induction, thus indicating that
it is an ATP-dependent nucleosome disassembly factor (22, 23).
In the absence of Yta7, nucleosomes within the open reading
frame (ORF) of genes are more densely packed, and the in-
duction of gene expression is attenuated. In agreement with a
role in transcription, cellular Yta7 is associated with Spt16 (24),
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a component of the histone chaperone complex FACT, which
remodels H2A/H2B during transcription elongation (25).

Conversely, Yta7 has a more complex role in regulating the S-
phase-specific induction of the histone gene locus HTAI-HTBI.
It is localized to the promoter outside of S phase and restricts the
association of the repressing histone chaperone Rtt106 to the
promoter, thus acting as a “counterrepressor” (26, 27). During S
phase, Yta7 is phosphorylated by Cdk1, which leads to its evic-
tion from the histone gene promoter and to subsequent gene
induction (26, 28). One interpretation of this observation is that
Yta7, like other histone chaperones, also has nucleosome as-
sembly activity and that this helps to maintain nucleosomes at
the histone gene promoter and thus to repress transcription. A
role for Yta7/ATAD?2 proteins as histone deposition factors is
reflected in the homolog in Schizosaccharomyces pombe, Abol.
The deletion of abol™ results in a perturbed nucleosome orga-
nization on genes, and the gene expression signature of abolA
cells overlaps with that of histone deacetylases, indicating that
Abol is a general repressor in S. pombe (29).

Yta7 furthermore has been described as a boundary factor that
prevents the spreading of SIR heterochromatin across the tRNA
boundary that lies next to the silent HMR locus (24, 30). Ac-
cordingly, Yta7 binds in vitro to reconstituted yeast heterochro-
matin, and it interacts in vivo with SIR heterochromatin (31). Yta7
purified from yeast is associated with all four core histones as well
as with the histone variant H2A.Z (24, 28). Interestingly, the
histone binding is not solely mediated by the bromodomain of
Yta7 but also by its N-terminal region. Furthermore, unlike other
bromodomains, the Yta7 bromodomain binds histones irrespective
of their lysine acetylation status (32, 33).

There are striking parallels between Yta7 function in yeast and
that of ATAD2 in higher eukaryotes, which is also termed
ANCCA (AAA™ nuclear coregulator cancer-associated protein)
(34). Originally described as a coactivator for various cancer-
related transcription factors [e.g., estrogen and androgen re-
ceptor, MYC and E2F (35-37)], ATAD2 binds to the gene body
of many genes throughout the genome, and reduction of ATAD2
levels results both in the up- and down-regulation of ATAD2-
bound genes (38). The fact that ATAD2 has a bromodomain
that binds acetylated lysines in histone tails (39, 40), combined
with its characterization as an oncogenic factor, has sparked in-
terest in ATAD?2 as a pharmacological target for the treatment of
cancer (41).

Here, we performed a genetic screen to identify regulators of
centromere function in S. cerevisiae and identified Yta7 as a
factor that cooperates with Scm3 to deposit Cse4 at centromeres
in yeast. The deletion of YTA7 causes growth and chromosome
segregation defects when combined with mutations in inner ki-
netochore components. Yta7 is enriched at centromeres, inter-
acts with Cse4, and is required for the maintenance of normal
Cse4 levels at centromeres. Yta7 furthermore interacts with the
Cse4 chaperone Scm3, and Yta7-mediated Cse4 deposition re-
quires functional Scm3. Altogether, our results suggest that Yta7
hands Cse4 to Scm3 to assemble CENP-A/Cse4-containing nu-
cleosomes at the centromere.

Results

Identification of Yta7 as a Regulator of Centromere Function in Yeast.
To uncover regulators of centromere function, we made use of
the observation that a mutation of arginine 37 of Cse4 (cse4-R37A4),
which is a methylation site, causes a synthetic growth defect when
combined with a mutation in the gene encoding the kinetochore
component Okpl1“FNPQ [okp]-5 (42); the superscript indicates the
mammalian ortholog] (6, 43) (Fig. 14). We isolated mutations that
suppressed the growth defect and identified the causative mutation
by whole-genome sequencing. Of nine isolated independent can-
didates, eight carried an inactivating mutation in YZA7 [the ninth
candidate carried a mutation in UBR2 (44)]. The subsequent
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analysis showed that the deletion of YTA7 (yta7A) causes the
phenotype. Also, yfa7A partially suppressed the okpI-5 tempera-
ture sensitivity in a CSE4 background, indicating that it acts in-
dependently of Cse4-R37 methylation. The centromeric function
of Yta7 required the AAA* ATPase domain of Yta7, and the
phenotype was specific for Yta7 and not shared by other histone
chaperones (see SI Appendix, Fig. S1 for characterization of cse4-
R37A okpl-5 yta7A). Since the human Yta7 homolog ATAD?2 is
an oncogene and since cancer cells frequently arise from chro-
mosome segregation defects (41), we surmised that investigation of
a centromeric function of Yta7 in yeast will inform its role in
carcinogenesis in humans.

To further explore the role of Yta7 in the regulation of cen-
tromeric function, we investigated genetic interactions of yta7A
with mutations or deletions in genes encoding kinetochore com-
ponents (Fig. 14). Importantly, we observed a distinct pattern of
genetic interactions of Yta7. yfa7A showed strong genetic inter-
actions with mutations or deletions in components of the inner
kinetochore that act closer to the centromeric chromatin, for in-
stance, yta7A combined with the absence of the CTF19 compo-
nents Ctf19“ENPF Mem21“ENP-C | or ChI4“ENPN (1, 45) (Fig. 14
and B, SI Appendix, Fig. S24, and Table 1). In contrast, it showed
only slight or no defects in combination with mutations in com-
ponents of the outer kinetochore [e.g., NDC80 (46) or MIND
components (47)]. Furthermore, in the majority of combinations,
yta7A caused an increased growth defect (Fig. 14, red colors). The
exceptions to this were okpl-5 (which we had used to identify
yta7A as a suppressor) and amel-4, whose temperature sensitivity
was suppressed by yta7A (Fig. 14, green colors). This finding was
interesting in light of the fact that Ame1“®™*Y and Okp1“ENF-Q
form a heterodimer within the CTF19 complex (45, 48) and di-
rectly interact with the Cse4 N terminus (6). Furthermore, yta7A
weakly suppressed mutations in components of the DNA-binding
CBF3 complex as well as in Spc25, an NDC80 component. While
these genetic interactions are difficult to interpret, they may re-
flect physical interactions among proteins and protein complexes
across the fully assembled kinetochore.

Altogether, these data showed that the function of Yta7 at the
kinetochore was not restricted to Okp1 but that its absence caused
defects in a broad range of kinetochore mutants, indicating an
important function for Yta7 in maintaining centromere and
kinetochore function.

The Absence of Yta7 Caused Defects in Kinetochore Recruitment and
Centromere Function. We next asked whether the synthetic growth
defects of yta7A were caused by defects in cell-cycle progression
and chromosome segregation. The CTF19 component Chl4“ENPN
and Cbfl, which binds the CDEI element of yeast centromeres
(49), were among the components that showed the strongest
synthetic growth defects with yfra7A when absent, suggesting an
enhanced defect in kinetochore assembly and chromosome seg-
regation (Fig. 1B and Table 1). To monitor chromosome segre-
gation defects, we examined the stability of centromere-based
plasmids (CEN) with or without the CDEI sequence of the cen-
tromere [CDEIA (50)] in chl4A, yta7A, and chi4A yta7A mutants.
The double mutants displayed an increased rate of plasmid loss
with the CDEIA plasmid (Fig. 1C), showing that the function of
this centromere was severely compromised in chl4A yta7A.
Moreover, chl4A yta7A accumulated with a 2N DNA content at
the nonpermissive temperature, thus indicating a defect in the G2/
M phase transition, which is consistent with a defect in kineto-
chore function (S Appendix, Fig. S2B).

To test whether Yta7 is required for kinetochore assembly, we
examined the recruitment of CTF19 component Okpl to the
centromere in cbf1A yta7A cells using chromatin immunoprecipi-
tation (ChIP). At the restrictive temperatures, we observed a
significant decrease in recruitment of Okp1“*™? to the centro-
mere relative to cbfIA strain, which showed that Yta7 is required
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Fig. 1.

The deletion of YTA7 causes synthetic defects in centromere function and kinetochore assembly. (A) Schematic representation of the yeast kinet-

ochore. Colors reflect the synthetic phenotype of yta7A with mutations in genes encoding kinetochore components (Table 1). For red or light red, yta7A
causes a strong or moderate growth defect, respectively, when combined with mutation of the respective gene. For green or light green, yta7A causes strong
or mild suppression, respectively. For gray, yta7A does not affect the growth phenotype. White indicates not tested. (B) Synthetic growth defects of yta7A
with deletions of the genes encoding Cbf1 or the Ctf19 complex components Chl4 and Mcm21. Cells were spotted in serial dilutions on full medium and
incubated for 3 d at 30 °C or 37 °C. (C) yta7A chl4A mutants showed a maintenance defect for a CEN6 plasmid lacking the CDEI element (CENACDEI) at 30 °C.
WT, wild-type. Error bars indicate means + SD of three independent experiments. *P < 0.05. (D) Recruitment of CTF19 complex component Okp1 to the
centromere was reduced by yta7A as measured by ChIP analysis. ChIP of 9xmyc-tagged Okp1 was performed in the indicated strains grown at the permissive
temperature (23 °C) or shifted to the restrictive temperature (37 °C) for 4 h before ChIP. Enrichment of CEN4 and POL1 (as a control) relative to input is given.

Values are the mean of at least three independent experiments + SD (P value by Student’s t test).

for proper localization of kinetochore proteins to the centro-
mere in the absence of Cbfl (Fig. 1D). Altogether, the chro-
mosome segregation defects and impaired kinetochore assembly
in yta7A cells suggest a role for Yta7 in the assembly of a func-
tional kinetochore at the centromere.

yta7A causes an increased level of chromatin-incorporated
histone H3 and increased nucleosomal density (22, 23). Several
defects of yra7A are likely to be caused by excessive histone levels
since they are suppressed by deleting one of two gene pairs
encoding histone H3 and H4 (22, 51, 52). However, decreasing
the dosage of histones H3 and H4 by deletion of one of the two
H3-H4 histone gene pairs (hhtI-hhflA or hht2-hhf2A) did not
restore the defects of chl4A yta7A (SI Appendix, Fig. S2C), sug-
gesting that Yta7 has a specific role in centromere function that
is distinct from its effect on histone H3 dosage.

Also, yta7A causes misregulation of gene expression (22). One
possibility, therefore, was that yta7A affected chromosome seg-
regation by changing the expression of a gene(s) encoding ki-
netochore components. However, no kinetochore-related genes
were up- or down-regulated in yfa7A (22), suggesting that it did not
act indirectly by affecting the levels of a centromere component.

Yta7 Regulates Cse4 Levels at the Centromere. We next sought to
investigate by which mechanism Yta7 regulates centromere func-
tion. As an AAA* domain protein, Yta7 has been shown to be
involved in histone removal upon gene induction (22), suggesting
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that it has histone chaperone and chromatin remodeling activity.
Our observation of a role for Yta7 at the kinetochore raised the
question of whether it acted there by acting as a histone chaperone
for Cse4 or histone H3.

To test this, we examined the amounts of Cse4 at the cen-
tromere in cbfIA or chl4A cells in the presence or absence of
Yta7 by ChIP. cbflA and chl4A were used because they cause
synthetic growth defects with yta7A (Fig. 1B). Importantly, in the
absence of Yta7, the level of Cse4 at the centromere was sig-
nificantly reduced both at the permissive and the restrictive
temperature in chl4A and cbfIA cells (Fig. 24 and SI Appendir,
Fig. S3 4 and B). Of note, this was not due to decreased levels of
bulk Cse4 in yta7A (SI Appendix, Fig. S3C). This result indicated
that Yta7 is required for the deposition of Cse4 at the centromere,
arguing for a possible role of Yta7 as a Cse4 histone chaperone.

Since chromatin-associated levels of histone H3 are known to
increase in yta7A (22, 23), our above observation of a decrease in
centromeric Cse4 levels raised the question of whether this was a
direct effect of Yta7 in depositing Cse4 or whether it was the
indirect consequence of higher H3 levels at the centromere in
yta7A. To test this, we measured the levels of a myc-tagged
version of histone H3 (myc-HHT2) in cells carrying myc-H3 as
the only H3 source (in order to circumvent potential unspecific
ChIP with a-H3 antibodies). In cbfIA cells, we found the levels of
H3 at the nucleosomes flanking CEN4 to be high compared to
CEN4 itself and to be reduced when cells were grown at 34 °C
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Table 1.

Synthetic genetic interactions of yta7A with mutations in genes encoding kinetochore components

Kinetochore component/complex Human homolog* Allele Synthetic phenotype with yta7a®
CENP-A CENP-A cse4-103 Slight enhancement of growth defect
CENP-C CENP-C mif2-3 Enhanced growth defect
Cbf1 — cbflA Growth defect
COMA complex CENP-Q okp1-5 Suppression of growth defect
CENP-U amel-4 Suppression of growth defect
CENP-P ctf19A Growth defect
CENP-O mcm214A Growth defect
Ctf19 complex CENP-L iml3A Growth defect
CENP-N chl4A Growth defect
CENP-I ctf3A Slight growth defect
CENP-H mcm16A Slight growth defect
CENP-K mcm224A Slight growth defect
CENP-T cnnl1A Slight growth defect
CENP-W wip1A Slight growth defect
— nkp1A —
— nkp2A —
Mtw1/MIND complex Mis12 mtwi1-11 —
PMF1 nnf1-77 —
Dsn1 dsni-7, dsn1-8 —
NSL1 nsl1-5, nsl1-6 —
Ndc80 complex NDC80 ndc80-1 Slight enhancement of growth defect
NUF2 nuf2-61 Slight enhancement of growth defect
SPC24 spc24-1 Slight enhancement of growth defect
SPC25 spc25-1 Partial suppression of growth defect
Knl1 complex KNL1 spc105-4 Slight enhancement of growth defect
CBF3 complex — ctf13-3 Partial suppression of growth defect
— cep3-1, cep3-2 Partial suppression of growth defect
— ndc10-1 —
— ndc10-2 Partial suppression of growth defect

*A dash (—) indicates no known homolog.

"The combined defect of yta7A with the indicated mutations is given. A dash (—) indicates that yta7A does not affect the growth

phenotype of the respective other mutation.

compared to 23 °C (Fig. 2B). The absence of Yta7 reversed this
reduction of H3 levels, which was in agreement with the previously
described role of Yta7 in histone H3 removal (22). Furthermore,
as previously reported (22), yta7A led to increased levels of H3 at a
region unrelated to the centromere, the POL1 gene (SI Appendix,
Fig. S3D). At CEN4 itself, H3 levels, as expected (53), were very
low compared to the flanking regions but were slightly increased in
cbfIA yta7A cells at the restrictive temperature. However, this was
to a degree that seems insufficient to explain the strong loss of
Cse4 that we observed at the centromere in cbfIA yta7A (Fig. 2A4).
Indeed, H3 levels were not increased at five other centromeres
examined (SI Appendix, Fig. S3E), indicating that yta7A does not
increase H3 levels at many centromeres. Taken together, these
results argue that Yta7 is directly required for Cse4 deposition at
the centromere, rather than indirectly increasing Cse4 levels by
removing H3.

We also investigated whether yta7A reduces centromeric Cse4
levels at kinetochores that were not weakened by the deletion of
CBFI and CHLA4. Importantly, although yta7A cells did not show
a growth defect, Cse4 levels were reduced both at 30 °C and
37 °C at several centromeres (Fig. 2C). Furthermore, this re-
duction in Cse4 was only accompanied by a mild increase of
centromeric H3 at CEN4 but not at other centromeres (Fig. 2D
and SI Appendix, Fig. S3F). Altogether, this showed that Yta7
deposits Cse4 at wild-type centromeres but that Yta7-dependent
changes in centromeric Cse4 levels only have phenotypic con-
sequences when the centromere is compromised by mutations in
genes encoding other kinetochore components.

If Yta7 is a Cse4 deposition factor, one prediction is that higher
levels of Yta7 cause higher levels of Cse4 at the centromere, which
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is expected to cause a growth defect in kinetochore mutants. In
agreement with this, we found that the overexpression of Y747
caused a pronounced growth defect in several kinetochore mu-
tants (e.g., cbflA, ctfl9A, Fig. 2E and SI Appendix, Fig. S4). Im-
portantly, YZA7 overexpression in cbflA cells resulted in higher
Cse4 levels at the centromere at the nonpermissive temperature
but not a control region, the POLI gene (Fig. 2F). It also did not
increase Cse4 levels at other regions that show Cse4 mis-
incorporation upon overexpression (54, 55). As above, the in-
crease in centromeric Cse4 was not reflected in a reciprocal
decrease of H3 levels at the centromere or at the flanking nu-
cleosomes (Fig. 2G), and YTA7 overexpression did not increase
H3 levels at the unrelated POLI gene (SI Appendix, Fig. S3G).
Altogether, these data showed that Yta7 is responsible for the
deposition of Cse4 at the centromere and that it does so inde-
pendently of its effect on H3 removal.

yta7A Does Not Affect Transcription of cenRNA. Centromere activ-
ity, which ensures accurate chromosome segregation, requires an
optimal level of centromeric long noncoding RNAs (cenRNAs)
(56, 57). Since yta7A has been implicated in transcription of the
histone genes (27, 28, 32), we asked whether the centromeric
defect arising in the absence of Yta7 could be the result of altered
cell-cycle-specific transcription through the centromere, which
may interfere with Cse4 loading. Importantly, ¢bfIA increases
cenRNA level, consistent with the disruption of centromere ac-
tivity in these cells (57). However, the level of centromeric tran-
scription was not further elevated in cbf1A yta7A, showing that the
modulation of centromeric activity by Yta7 was not mediated
through misregulation of cenRNA (SI Appendix, Fig. S3H).
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Fig. 2. Yta7 regulates Cse4 levels at the centromere. (A) yta7A caused a reduction of centromere-bound Cse4 at CEN4 in cbf1A cells at both the permissive (23 °C) and
restrictive (37 °C) temperatures as measured by ChIP analysis. ChIP was performed with a-HA (for Cse4) and, as a control, with an a-H4 antibody. (B) The levels of histone
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H3 at CEN4 and regions located 200 bp to the left or right of CEN4. Cells were grown at 23 °C or shifted to 34 °C for 4 h prior to ChIP. Representation as in Fig. 1D. (C)
yta7A caused reduced Cse4 levels in otherwise wild-type cells at several centromeres at 30 °C and 37 °C. Representation as in A. *P < 0.05. (D) yta7A caused a slight
increase of H3 levels at CEN4, whereas H3 levels were strongly increased in regions surrounding the centromere. ChIP of H3 (myc-HHT2) was conducted as in B. (E)
Overexpression of YTA7 caused a growth defect in the cbf14 strain. Serial dilution of cbf14 with an empty vector or a 2uYTA7 plasmid was spotted on selective medium
and grown at indicated temperatures for 3 d. (F) Overexpression of YTA7 increased the levels of centromere-associated Cse4 in cbf1A. Representation as in A. (G) Histone
H3 levels at the centromere were unaffected by YTA7 overexpression. ChIP of H3 (myc-HHT2) to the centromeric region on chromosome IV in cbf1A was conducted as in
B. Values for ChIP in A, D, F, and G are the mean of at least three independent experiments, with error bars indicating the SD (P values by Student’s t test).

Yta7 Interacts In Vivo with Cse4 and Localizes to the Centromere. All
data so far pointed toward a direct role for Yta7 in depositing
Cse4 at the centromere. If so, Yta7 can be hypothesized to interact
with Cse4 within the cell. We therefore tested for possible pro-
tein—protein interactions between Yta7 and Cse4 using coimmu-
noprecipitation (co-IP). In agreement with the above notion, we
found that Yta7 associates with Cse4 in vivo in that Cse4 coim-
munoprecipitated with Yta7 (Fig. 34) and vice versa (Fig. 3B).

We furthermore tested whether Yta7 is associated with centro-
meric sequences in the cell. Indeed, we found a mild enrichment of
Yta7 at centromeric sequences (Fig. 3C; compare to no-tag control
and an unrelated region, CSFI), although the levels were lower than
those of Yta7 detected at the known binding sites of Yta7 at the
histone genes HTAI and HTBI (23, 28). Altogether, we conclude
that Yta7 associates with Cse4 and is present at the point centro-
mere of budding yeast centromeres, which is consistent with a direct
role for Yta7 in Cse4 deposition at the centromere.
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Yta7 Cooperates with Scm3 to Deposit Cse4 at the Centromere. Cse4
has previously been shown to be deposited at the centromere by
the chaperone Scm3 (9, 58). Our observation that YZA7 over-
expression increases centromeric Cse4 levels raised the question
of whether or not this depended on Scm3 activity. We tested this
by measuring the association of Cse4 at the centromere by ChIP
in cells in which Scm3 was inactivated. This was achieved by
placing SCM3 under control of the glucose-repressible GALS
promoter (GALSpr-SCM3). Importantly, while Cse4 levels at the
centromere were increased by YTA7 overexpression under
SCM3-expressing conditions (galactose), this increase was not
seen when SCM3 was inactivated by growing the cells in glucose
(Fig. 44 and SI Appendix, Fig. S54). This result showed that the
deposition of Cse4 at the centromeres by Yta7 depended on
functional Scma3.

To further validate this conclusion, Scm3 was inactivated by
using the temperature-sensitive allele scrn3-1 (SCM3 is an essential
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Fig. 3. Yta7 interacts in vivo with Cse4 and is associated with centromeric
chromatin. (A and B) In vivo interaction of Yta7 with Cse4 was determined
by coimmunoprecipitation. Yta7-myc (A) or Cse4-HA (B) was precipitated
from whole-cell extracts (WCEs) from cells with both proteins tagged (Left)
or only Cse4 (Middle) or Yta7 (Right) tagged using a-myc (A) or a-HA agarose
(B), and WCE and precipitates (IP) were subjected to Western blotting with
a-myc antibody and o-HA antibody. (C) Yta7 bound to centromeres as
measured by ChIP. ChIP analysis was performed in wild-type (untagged) and
Yta7-9xmyc cells. Enrichment at CEN4 relative to input is given (means + SD,
n = 3, P values by Student’s t test).

gene) (59). At the permissive temperature of scm3-1, YTA7 over-
expression resulted in increased centromeric Cse4 levels. However,
this increase was not seen when Scm3 was inactivated at the re-
strictive temperature (SI Appendix, Fig. S5B), confirming the notion
that Yta7-mediated Cse4 deposition requires Scm3.

If Yta7 and Scm3 cooperate in depositing Cse4 at centro-
meres, this indicates that they may interact with each other. We
tested this by investigating coimmunoprecipitation of Yta7 with
Scm3. Indeed, we found that Yta7 could be coprecipitated with
Scm3 (Fig. 4B), which thus showed that the two chaperones in-
teract with each other within the cell.

The requirement of Scm3 for Yta7-mediated Cse4 deposition
reveals an epistatic relationship between YTA7 and SCM3. We
therefore investigated genetic interactions between Y7A47 and
SCM3. yta7A did not enhance the growth defect of scrm3-1, which
is in agreement with epistasis of YTA7 and SCM3 (Fig. 4C).
However, YTA7 overexpression enhanced the growth defect of
scm3-1 (Fig. 4D). Since centromeric Cse4 levels are unaffected
under this condition (SI Appendix, Fig. S5B), this suggests that
YTA7 overexpression affects scm3-1 temperature sensitivity for
reasons other than affecting centromeric Cse4 levels.

Discussion

The faithful incorporation of the H3 variant CENP-A/Cse4 into
the centromeric nucleosome is crucial for establishing centromere
identity and recruiting the inner kinetochore complexes to cen-
tromeric DNA in order to build a functional kinetochore. Here,
we report that the AAA' ATPase protein Yta7 deposits the
centromeric H3 variant Cse4 at the centromeres in the yeast

Shahnejat-Bushehri and Ehrenhofer-Murray

Saccharomyces cerevisiae. Importantly, Yta7-mediated Cse4 de-
position requires a functional Scm3 chaperone. We therefore
propose that Yta7 functions as a Cse4 cochaperone that hands Cse4
over to Scm3 for incorporation into centromeric chromatin (Fig.
4F). Interestingly, Yta7 has two AAA* ATPase domains, suggesting
that it might be a complex with two hexameric rings that unfolds
histones in its central pore in an ATP-dependent fashion, as is the
case for AAA™ ATPases of the proteasome (60). Of note, the Yta7
homolog Abol from S. pombe was recently shown to consist of a
stack of two hexameric AAA™ rings and to deposit H3/H4 onto
DNA (61). We hypothesize that Yta7 unfolds the Cse4/H4 tetramer
in order for it to bind to Scm3 as a heterodimer and that Scm3 then
incorporates Cse4/H4 into the centromeric nucleosome. Yta7 thus
functions analogously to Asfl, which hands newly synthesized H3/
H4 to CAF-I for chromatin assembly after DNA replication and
thus ensures sufficient H3/H4 supply in this process (8). Perhaps
Yta7 likewise serves to orchestrate the supply of Cse4/H4
during the assembly of the centromeric nucleosome.

Several lines of evidence indicate that Yta7 directly acts to
deposit Cse4 at the centromere, rather than by removing histone
H3 and thus indirectly affecting Cse4 levels. First, we observed
an interaction between Yta7 and Cse4 by co-IP, suggesting direct
involvement of Yta7 in delivering Cse4 to chromatin. Second,
Yta7 is associated with centromeric DNA sequences, albeit at
lower levels than at the HTAI-HTBI promoter, a known Yta7
binding region. Yta7/ATAD2 most likely is not a stoichiometric
subunit of the kinetochore in yeast or higher eukaryotes (47, 48,
62-64). Interestingly, however, a recent study using BioID (prox-
imity-dependent biotin identification) to map CENP-A-associated
factors identified ATAD2 as 1 out of more than 300 proteins (65).
One possibility therefore is that the association of Yta7/ATAD2
with the centromere is transient or that it is temporally restricted.
Third, our investigation of H3 levels at the centromere and at
noncentromeric sites shows that the changes in Cse4 levels are not
accompanied by a compensative increase or decrease in H3 levels,
thus demonstrating that changes in Cse4 levels are not an indirect
consequence of Yta7-mediated changes in H3.

Our phenotypic analysis of yfa7A shows multiple genetic in-
teractions with mutations or deletions in genes encoding com-
ponents of the CTF19 complex (47) and with Mif2/CENP-C (66).
It is interesting to note that we observe, among the CTF19 com-
ponents, the most pronounced defects of yta7A with chl4A and
iml3A. Both respective proteins are located at the inner surface of
the Y-shaped CTF19 complex, which is the yeast equivalent of the
constitutive centromere-associated network (CCAN) in higher
eukaryotes and clamps onto the Cse4-containing nucleosome (45,
67). We hypothesize that the absence of Chl4“ "N or Im[3“ENPT
reduces the affinity of the CTF19 complex for the nucleosome,
such that the reduced incorporation of Cse4 in yta7A cells leads to
a further destabilization, which compromises kinetochore function
and leads to aberrant chromosome segregation. Notably, Y7A7
overexpression and the accompanying increase in centromeric
Cse4 levels also cause a growth defect, indicating that the “right
level” of centromeric Cse4 is required for optimal kinetochore
assembly and that both too high and too low levels are detrimental.

Interestingly, YTA7 also shows pronounced defects when com-
bined with c¢bfIA. Cbfl is a DNA-binding factor that binds as a
dimer and induces DNA bending (68). We hypothesize that its
absence changes the path of entry and exit of the CEN DNA into
the Cse4 nucleosome, thus altering the geometry the nucleosome
and possibly its interaction with CTF19/CCAN. This defect is then
compounded when centromeric Cse4 levels are altered by yta7A or
YTA7 overexpression.

Our discovery of the involvement of Yta7 in centromere func-
tion in S. cerevisiae raises the question of whether its homolog
ATAD2/ANCCA in humans has similar functions. ATAD?2 is
frequently amplified in cancer cells and has been classified as a
candidate oncogene and a therapeutic target for several types of
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Fig. 4. Genetic and physical interaction of Yta7 and Scm3. (4) Scm3 is required for Cse4 deposition at the centromere upon YTA7 overexpression. ChIP of HA-
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Student’s t test) are shown. (B) Yta7 interacts with Scm3 in vivo. Whole-cell extracts (WCEs) from indicated strains were used to carry out immunoprecipitation
of Scm3-HA with a-HA agarose. a-HA and a-myc antibodies were used to detect Scm3 and Yta7 on the Western blot, respectively. We did not observe the
reciprocal IP or Scm3 with Yta7 because the Scm3 levels were substantially lower than those of Yta7. (C) yta7A did not affect the temperature sensitivity of
scm3-1. The strains were spotted on full medium and incubated for 3 d at the indicated temperatures. (D) YTA7 overexpression enhanced the temperature
sensitivity of scm3-1. scm3-1 containing either an empty vector (EV) or 2uYTA7 was spotted on selective medium and incubated for 3 d at the indicated
temperatures. (E) Model of the function of Yta7 at the centromere. Since Yta7 has two AAA* domains (AAA), we postulate that it constitutes a double
hexameric ring. In this model, Yta7 unfolds Cse4/H4 tetramers and hands them to Scm3™URP for incorporation into the centromeric nucleosome. Cse4/H4

binds to Scm3 as a dimer.

malignancies (20, 41). Its characterization as a general facili-
tator of chromatin function in transcription (38) and replica-
tion (69) has revealed striking similarities to Yta7 function in
yeast, but it has been unclear whether its coregulator function
is the predominant mechanism of malignant transformation.
We speculate that its centromeric function is also conserved
and that ATAD?2 drives carcinogenesis not only via its function
as a transcriptional regulator but also by misincorporation of
CENP-A into chromatin and subsequent chromosome mis-
segregation, thus contributing to the genetic instability of
cancer cells. The involvement of ATAD2 in centromere
function in higher eukaryotes seems likely, given that ATAD2
has been identified in a proteomics screen for CENP-A-
associated proteins (65). Our work, therefore, points toward
possible pathways of ATAD2 function in tumor cell proliferation
and survival that merit further investigation. It furthermore in-
forms efforts in the development of ATAD?2 inhibitors, which so
far have focused on the inhibition of its bromodomain and their
use for tumor therapy (41).

Materials and Methods

Yeast Strains, Plasmids, and Methods. The Saccharomyces cerevisiae strains
and plasmids used in this study are listed in S/ Appendix, Tables S1 and S2,
respectively. Yeast cells were grown and manipulated using standard ge-
netic techniques (70). Gene deletions and epitope-tagged alleles were con-
structed at the endogenous loci using standard PCR-based integration and
confirmed by PCR and sequence analysis (71). All epitope tagging was con-
firmed by immunoblotting. GALSpr-SCM3 was generated by PCR-based in-
tegration (72). Strains with the integration showed a strong growth defect
on the glucose medium.

The plasmid loss rate was measured in strains carrying a CEN6 plasmid
containing either a wild-type centromere or a centromere lacking the CDEI
element (CENACDEI, pAE1771) as previously described (73).
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Ultraviolet Mutagenesis and Isolation of Suppressor Mutations. To screen for
suppressor mutants of cbflA okpl-5 (AEY6115), cells were plated on full
medium (yeast peptone dextrose [YPD]), exposed to 4,500 pJ ultraviolet
light cm=2 and incubated in the dark at 34 °C until colonies became visible. The
isolated suppressor mutants that survived the restrictive temperature (34 °C)
were backcrossed to an unmutagenized mating partner (cse4-R37A) to elimi-
nate any bystander mutations. Genomic DNA was isolated from pooled
temperature-resistant or temperature-sensitive cbflA okp1-5 segregants
obtained from the backcross (five from each set). Identification of the causa-
tive mutations was carried out using whole-genome sequencing from these
pools. Samples were sequenced with an Illlumina NextSEq 500 instrument as
150 base pairs (bp) paired read runs. Reads were mapped to the S. cerevisiae
reference genome, and single-nucleotide polymorphisms that were only pre-
sented in the temperature-resistant isolates were analyzed.

Chromatin Immunoprecipitation. ChIP was carried out essentially as described
(6). In brief, cells were grown to exponential phase, cross-linked with formalde-
hyde. Chromatin was extracted from spheroplasts and digested to mono-
nucleosomes with micrococcal nuclease, and proteins were precipitated with
a-myc antibody or a-HA agarose beads. After extensive washing and sub-
sequent reverse cross-linking, DNA was recovered using Chelex 100 resin. Samples
were subsequently analyzed by quantitative real-time PCR. Primer sequences are
available upon request. More details on ChIP are provided in S/ Appendix.

More methods are available in S/ Appendix, Supplementary Materials and
Methods.

Data Availability Statement. All data discussed in the paper can be found
within the main text and S/ Appendix.
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