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ABSTRACT The CENP-A-specific chaperone HJURP mediates CENP-A deposition at centro-
meres. The N-terminal region of HJURP is responsible for binding to soluble CENP-A. How-
ever, it is unclear whether other regions of HJURP have additional functions for centromere
formation and maintenance. In this study, we generated chicken DT40 knockout cell lines and
gene replacement constructs for HJURP to assess the additional functions of HJURP in vivo.
Our analysis revealed that the middle region of HJURP associates with the Mis18 complex
protein M18BP1/KNL2 and that the HJURP-M18BP1 association is required for HJURP func-
tion. In addition, on the basis of the analysis of artificial centromeres induced by ectopic
HJURP localization, we demonstrate that HJURP exhibits a centromere expansion activity
that is separable from its CENP-A-binding activity. We also observed centromere expansion
surrounding natural centromeres after HJURP overexpression. We propose that this centro-
mere expansion activity reflects the functional properties of HJURP, which uses this activity to
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contribute to the plastic establishment of a centromeric chromatin structure.

INTRODUCTION

The kinetochore is an essential structure required for chromosome
segregation and is assembled at the centromeric region of each
chromosome. In most organisms, the centromere is specified by
sequence-independent epigenetic mechanisms that involve the
centromere-specific histone H3 variant centromere protein-A
(CENP-A; Fukagawa and Earnshaw, 2014). To understand the basis
for centromere specification, many studies have analyzed the mole-
cular mechanisms by which CENP-A is incorporated specifically into
centromeric chromatin (Black and Cleveland, 2011; Westhorpe and
Straight, 2013).
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Although CENP-A is a histone H3 variant, unlike canonical his-
tone H3, its chromatin incorporation is not coupled with DNA repli-
cation in vertebrate cells (Shelby et al., 1997; Jansen et al., 2007).
Newly synthesized CENP-A is incorporated into centromeres spe-
cifically during early G1 in human cells (Jansen et al., 2007). The
deposition of CENP-A at centromeres requires the action of several
proteins. The Mis18 protein was originally identified from fission
yeast mutants that displayed defects in CENP-A incorporation
(Hayashi et al., 2004). There are two vertebrate homologues of
Mis18, Mis18a. and Mis18p, which function in CENP-A deposition.
In addition, the Mis180/B-binding protein M18BP1 (Fujita et al.,
2007), a homologue of the Caenorhabditis elegans centromere pro-
tein KNL2 (Maddox et al., 2007), forms a complex with Mis18a/
that functions in CENP-A incorporation. Human Mis18a/B begin to
localize to centromeres during anaphase/telophase, just before
CENP-A incorporation, but are restricted from centromeres from
late G1 until the next anaphase (Fujita et al., 2007). This temporal
centromere localization of Mis180/p is regulated by two major ki-
nases, CDK and Plk1 (Silva et al., 2012; McKinley and Cheeseman,
2014). CDK activity is high during mitosis and drops upon anaphase
onset. As Mis18 proteins are phosphorylated by CDK during mitosis,
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the kinase negatively regulates the centromere localization (Silva
et al., 2012) and assembly (McKinley and Cheeseman, 2014) of the
Mis18 complex. In contrast, Plk1 phosphorylation positively regu-
lates the centromere localization of the Mis18 complex to promote
CENP-A deposition (McKinley and Cheeseman, 2014). Based on its
localization profile, the Mis18 complex appears to be responsible
for licensing centromere chromatin for CENP-A incorporation.

Although the Mis18 complex is functionally required for CENP-A
incorporation, it does not bind directly to CENP-A. Biochemical pu-
rifications identified the CENP-A specific chaperone Holliday junc-
tion recognition protein (HJURP; Dunleavy et al., 2009; Foltz et al.,
2009), which binds to CENP-A and mediates its deposition at cen-
tromeres in human cells (Barnhart et al., 2011). HJURP also displays
structural and functional conservation with the fungal protein Scm3
(Mizuguchi et al., 2007; Pidoux et al., 2009; Sanchez-Pulido et al.,
2009; Williams et al., 2009). Both HJURP and Scm3 act as CENP-A
chaperones, and the N-terminal region of HJURP binds directly to
the CENP-A-H4 complex (Shuaib et al., 2010; Hu et al., 2011). In
addition, ectopic targeting of HJURP to noncentromeric regions re-
sults in CENP-A deposition at those sites (Barnhart et al., 2011; Hori
etal., 2013). A recent study suggested that dimer formation through
a C-terminal region of human HJURP is crucial for CENP-A targeting
(Zasadzinska et al., 2013). In addition, phosphorylation of HJURP
may control its centromeric recruitment (Muller et al., 2014).

Although it is clear that HJURP functions as a CENP-A-specific
chaperone and that its N-terminal domain is responsible for CENP-
A binding, it is unknown how other regions of HJURP contribute to
centromere specification, formation, and maintenance. In this study,
we generated a conditional knockout chicken DT40 cell line for
HJURP and selected HJURP mutant proteins to assess the functions
for each region of HJURP. In addition, we generated artificial kineto-
chores at a noncentromeric LacO site (Hori et al., 2013) using Lacl
fusion proteins with different HJURP mutant proteins. By analyzing
these ectopic kinetochores, we found that HJURP possesses a
unique activity for controlling CENP-A distribution and expansion
into neighboring DNA.

RESULTS

HJURP is essential for mitotic progression

To analyze the functional domains of HJURP in vivo, we first created
HJURP-deficient chicken DT40 cell lines (Figure 1, A-C). Human
HJURP localizes to centromeres during G1 for CENP-A deposition
and dissociates from centromeres after CENP-A deposition
(Dunleavy et al., 2009; Foltz et al., 2009). Similar to human HJURP,
the centromere localization of chicken HJURP was only detected in
G1 phase (Supplemental Figure STA). Because we predicted that
HJURP would be essential for cell viability, we generated a condi-
tional knockout cell line by expression of the HJURP cDNA under
the control of a tetracycline-responsive promoter after disruption of
two HJURP alleles (Figure 1A). We confirmed the disruption of the
two HJURP alleles by Southern hybridization (Figure 1, B and C).
Next we analyzed the growth of the conditional cell line in the pres-
ence (HJURPOFF) or absence of tetracycline (HJURPON). HJURP ex-
pression was undetectable within 9 h after tetracycline addition
(Figure 1E). As expected, growth of these cells stopped by 48 h after
addition of tetracycline and displayed cell death (Figure 1D and
Supplemental Figure S1B), indicating that HJURP is essential for cell
viability.

Because HJURP is a CENP-A-specific chaperone, we next as-
sessed CENP-A localization and abundance in the HJURP-deficient
cells (Figure 1, E and F). Immunofluorescence analysis at 48 h after
tetracycline addition revealed that CENP-A levels were reduced in
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HJURP-deficient cells, consistent with the dilution of CENP-A during
DNA replication after four to five cell cycles (Figure 1F). In addition,
Western blot analysis revealed that CENP-A abundance gradually
decreased after tetracycline addition, indicating that CENP-A deg-
radation correlates with HJURP disruption (Figure 1E). This suggests
that CENP-A is unstable when it is not associated with HJURP, con-
sistent with previous observation in human cells (Dunleavy et al.,
2009). The reduction in CENP-A localization and levels would be
predicted to prevent the formation of functional kinetochore struc-
tures in HJURP-deficient cells. Indeed, we frequently observed ab-
normal mitotic cells in the presence tetracycline (HJURP®FF) based
on live-cell imaging. In addition, although it takes ~21 min to com-
plete mitosis in wild-type DT40 cells, HJURP-deficient cells re-
mained in mitosis for ~140 min (Figure 1, G and H, and Supplemen-
tal Movies S1-S3). During the prolonged mitosis, cells exhibited
abnormal behavior. We observed cells with disorganized chromo-
somes, as well as cells with a metaphase plate but a subset of un-
aligned chromosomes (Figure 1, F and H). Some cells were able to
segregate their chromosomes and progress to telophase/G1 de-
spite the presence of lagging chromosomes or unequal chromo-
some segregation (Figure TH, HJURPO top). Other cells struggled
to progress into anaphase and chromosome segregation, and cyto-
kinesis failed to occur (Figure 1H, HJURPOFF bottom). However, after
the prolonged mitotic arrest of these cells, the chromosomes de-
condensed and the cells entered G1 and subsequently died in inter-
phase (Figure TH and Supplemental Movies S2 and S3). Consistent
with these observations, we detected an accumulation of sub-G1
DNA content cells after the addition of tetracycline, which indicates
an accumulation of dead cells (Supplemental Figure S1). This sug-
gests that, due to incomplete kinetochore assembly, the spindle as-
sembly checkpoint signal is weakened and cells progress into G1
after an abnormal mitosis. In summary, on the basis of the observa-
tion of HJURP-knockout cells, we confirmed that HJURP is essential
for CENP-A deposition at centromeres and is crucial for mitotic pro-
gression in chicken DT40 cells.

The centromere localization of HJURP occurs upstream

of most centromere proteins

Because live-cell imaging suggested the presence of impaired ki-
netochore structures in HJURP-deficient cells (Figure 1, G and H),
we quantitatively examined the immunofluorescence signals for
representative centromere proteins in these cells (Figure 2A). The
centromeric localization of CENP-A was dramatically decreased in
the HJURP-deficient cells, with an average intensity of ~7.3% rela-
tive to those observed in wild-type cells. Because the doubling time
of DT40 cells is 10-11 h, at the time point of our analysis (48 h),
preexisting centromeric CENP-A would have been diluted at each
cell division. Although we could detect centromere signals for other
kinetochore proteins, the localization of most of these proteins
(CENP-C, CENP-H, CENP-T, Ndc80, Mad2) was significantly de-
creased (Figure 2, A and B). Of importance, although HJURP-defi-
cient cells exhibit a dramatic reduction of the centromeric CENP-A
and an abnormal mitotic phenotype (Figure 1H and Supplemental
Movies S1 and S2), these cells retain some localization of down-
stream centromere proteins, including CENP-C and CENP-T, consis-
tent with previous observations of CENP-A—knockout chicken and
human cells (Regnier et al., 2005; Fachinetti et al., 2013).

The middle region of HJURP is essential for cell viability

Although HJURP is a CENP-A-specific chaperone (Dunleavy et al.,
2009; Foltz et al., 2009), it may also have additional functional
domains. To investigate the functional contribution of each HJURP
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domain in vivo, we generated replacement constructs in the HJURP-
conditional knockout cell line. We introduced selected green
fluorescent protein (GFP)-tagged mutant proteins of chicken HJURP
(Figure 3A and Supplemental Figure S2) into the conditional knock-
out cell line and assessed their ability to complement the function of
HJURP in the presence of tetracycline (Figure 3, B and C, and Sup-
plemental Figure S2).

On its own, the conserved N-terminal region of HJURP (chicken
HJURP'2%, Figure 3, A and D, and Supplemental Figure S2) was
unable to localize to the nucleus and did not rescue cell viability
(Figure 3, B and C, and Supplemental Figure S2). In contrast, HJURP
constructs that contained the remaining regions of the protein
(HJURP25S-end - H JURP401-end  and HJURPS01-end) |ocalized to centro-
meres (Figure 3, A, C, and D), consistent with previous observations
(Zasadzinska et al., 2013). However, even though centromere local-
ization was observed in these mutant proteins, they failed to rescue
cell viability due to the lack of the CENP-A-binding region (Figure
3D and Supplemental Figure S2). We tested further truncation mu-
tants and found that HJURP%7'-e"d does not localize to centromeres
(Figure 3, B and C), indicating that the 500~ to 570-amino acid (aa)
region is crucial for centromere targeting of HJURP.

Because both the CENP-A-binding and centromere-targeting
domains are essential for HJURP function, we next sought to identify
a minimal HJURP domain that was sufficient to rescue cell viability.
A C-terminal deletion mutant (HJURP'°%) showed centromere lo-
calization, despite the absence of the 500- to 570-aa region, and
rescued cell viability (Figure 3, B-D, and Supplemental Figure S2). In
contrast to HJURP'-°®, 3 further C-terminal deletion (HJURP'-4%) did
not rescue cell viability or localize to centromeres (Figure 3, A-D,
and Supplemental Figure S2). We also prepared mutant proteins
lacking this middle region (HJURPA?5-400  HJURPA255-500,  and
HJURPA401-500) and introduced these mutant proteins into HJURP-
deficient cells. HJURP1-5%, HJURPS01-end  and HJURPA255-50 gach |o-
calized to centromeres (Figure 3C). However, we found that
HJURPA255-400 and  HJURPA4015%0 rescued the HJURP deficiency,
whereas HJURPA255-5% did not (Figure 3B and Supplemental Figure
S2; unpublished data). Because HJURP*?5>500 does not rescue the
HJURP deficiency, we concluded that the 255- to 500-aa region is
essential for HJURP function. However, HJURPA25-50 |ocalized to

centromeres due to the presence of the C-terminal centromere-tar-
geting domain (aa 500-570). This suggests that there are multiple
regions within HJURP that contribute to its centromere targeting
and function.

The middle region of HJURP associates with M18BP1/KNL2
To test the functional significance of each HIURP domain, we sought
to identify interacting molecules. On the basis of immunoprecipita-
tion (IP)/mass spectrometry analyses with cells expressing Mis180.-
FLAG, we found potential interactions between HJURP and the
Mis18 complex (Supplemental Figure S3), although we did not de-
tect HJURP by Western blot analysis from IPs with endogenous
Mis18a antibodies (Supplemental Figure S3B). It is possible that the
endogenous antibody might interfere with this interaction. Consis-
tent with our data, Wang et al. (2014) reported that Mis18f binds to
HJURP in human cells. On the basis of IP/mass spectrometry analy-
ses, we also detected an interaction between CENP-C and HJURP
in the soluble fraction from cells expressing GFP-CENP-C644-8¢4
(Supplemental Figure S3A).

Several recent studies indicated that CENP-C binds directly to the
Mis18 complex in human cells (Moree et al., 2011; Dambacher et al.,
2012) and that the Mis18 localization occurs downstream of CENP-C
(McKinley and Cheeseman, 2014). However, we observed Mis18a.
localization in CENP-C—deficient DT40 cells (Figure 4B and Supple-
mental Figure S3), although its intensity was slightly reduced (73%
compared with intensities of control cells). This suggests that the lo-
calization of Mis180. depends only in part upon CENP-C. Consistent
with this, we also detected GFP-HJURPM! length U |ocalization in
CENP-C—deficient cells, again with a slight reduction in signal inten-
sity (Figure 4B). We speculate that the Mis18 complex might recog-
nize not only CENP-C, but also an unknown structure in centromeric
chromatin in chicken cells. In contrast, centromere GFP-HJURP™ sig-
nals were strongly reduced in both Mis18c.- and M18BP1/KNL2-de-
ficient cells (Figure 4, C and D). These results suggest that the cen-
tromere localization of HJURP depends on the Mis18 complex in
chicken cells. We also analyzed the localization of GFP-HJURP#01-end
(Supplemental Figure S3, F-H) and GFP-HJURP*"e"d (unpublished
data) and observed a similar dependence on the Mis18 complex for
their localization.

FIGURE 1: HJURP is essential for mitotic progression in chicken DT40 cells. (A) Genome map around the chicken
HJURP locus and targeting constructs. Restriction sites for Xbal are shown. The left arm of the knockout construct
contains the genomic region 19090-23829 of chromosome 1 and the right arm, 30513-34990. There is a polymorphism
for Xbal sites. Solid and dashed lines show the respective alleles. After the first targeting, the 13.1-kb fragment was
reduced to 10.5 kb (solid line). After the second targeting, the 18.7-kb fragment was reduced to 15.0 kb (dashed line).
(B) Southern blot analysis for confirmation of gene disruption. The probe is shown in A. (C) Additional confirmation of
gene disruption based on Southern blot analysis using a probe for exon 8 of the HJURP gene. Exon 8 hybridized with
the HJURP gene locus before the second allele knockout, but it hybridized with a rescue construct (HJURP cDNA)
integrated at a different locus after the second allele knockout. (D) Growth curve of HJURP conditional knockout cells in
the presence (HJURP©FF) or absence (HJURPON) of tetracycline. Numbers indicate hours (h) after addition of tetracycline.
(E) Western blot analysis of HJURP conditional knockout cell lines with anti-HJURP or anti-CENP-A antibodies. Numbers
indicate hours (h) after addition of tetracycline. Lysate from CI18 (clone 18: wild-type DT40 cells) and conditional
knockout cells (HJURP~~, HJIURP<PNA) were prepared. CBB, protein samples stained by Coomassie brilliant blue.

(F) Typical images of HJURP-deficient cells (HJURPOF). Cells were stained with anti-CENP-A antibody (red).
Chromosomes and nuclei were counterstained with DAPI (blue). Arrows shows micronuclei (HJURPCFF bottom) and
misaligned chromosomes (HJURPOFF top). Scale bar, 10 ym. (G) Average time span necessary for HJURP®N (green
diamonds) or HJURPFF (red diamonds) cells to complete mitosis, starting from nuclear envelope breakdown (NEBD) to
anaphase onset. Each diamond represents one cell. This measurement was performed by live-cell imaging observation.
n, number of analyzed cells. (H) Typical images from live-cell imaging of HJURP conditional knockout cells stably
expressing H2B-RFP in the presence (HJURPOF) or absence (HJURPON) of tetracycline. Time O indicates entry of mitosis,
recognized as nuclear envelope breakdown and start of nuclear condensation. The live-cell observation was started at
48 h after tetracycline addition, and time-lapse images were taken every 5 min for the next 16 h. Scale bar, 10 pm.
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Because HJURP associates with the Mis18 complex, it is possible
that CENP-C may coimmunoprecipitate with HJURP through its as-
sociation with the Mis18 complex. However, we found that although
HJURP#0T-end strongly associated with M18BP1/KNL2, this mutant
protein did not copurify with CENP-C from DT40 cells (Figure 4A),
suggesting that HJURP may associate with CENP-C independently
of the Mis18 complex. Although we cannot rule out the possibility
of indirect interaction between CENP-C and HJURP, they may inter-
act directly before centromere deposition, as this interaction was
detected in the nuclear soluble fraction (Supplemental Figure S3, A
and C). Recently, Tachiwana et al. (2015) demonstrated that human
CENP-C directly binds to HJURP. Whereas the HJURP N-terminal
domains (HJURP'% and HJURP'°%) associated with CENP-C
based on IP/immunoblotting experiments, the C-terminal domain
(HJURP#01-end) did not (Figure 4A). This indicates that the N-terminal
domain of HJURP, which is distinct from its centromere-targeting
region, is responsible for its coprecipitation with CENP-C.

Whereas the N-terminal domain of HJURP is specific for its as-
sociation with CENP-A and CENP-C, we hypothesized that the
middle region of HJURP (aa 255-500) might be responsible for its
coprecipitation with M18BP1/KNL2. Indeed, as shown in Figure 4A,
HJURPA255-500 did not efficiently associate with M18BP1/KNL2, but
the HJURP™5% domain strongly associated with M18BP1/KNL2.
Because the HJURPA255400 deletion mutant protein, but not
HJURPA255500 associated with M18BP1/KNL2 (Figure 4A), the 401-
to 500-aa region contributes to the association with M18BP1/
KNL2. However, HJURPA401-50 rescued the HJURP deficiency
(Figure 3B) and associated with M18BP1/KNL2 (Figure 4A), sug-
gesting that HJURP associates with M18BP1/KNL2 at multiple sites
in the middle region and the entire 255- to 500-aa region is crucial
for this association. Of interest, the CENP-C-HJURP association
was reduced in cells expressing HJURPA255-5%, This suggests that,
whereas the N-terminal portion of HJURP is crucial for its associa-
tion with CENP-C, the middle region might facilitate the stable as-
sociation of HJURP with CENP-C and CENP-A. Therefore we con-
clude that the 255- to 500-aa region is essential for HJURP function,
acting as a mediator between HJURP-CENP-A, the Mis18 complex,
and CENP-C.

The middle region of HJURP is involved

in centromere expansion

We next analyzed the role of HJURP in the process of de novo es-
tablishment of centromeric chromatin. Using the combination of
the LacO-Lacl system coupled with the excision of an endogenous
centromere, we previously generated artificial kinetochores at the
LacO site by tethering full-length HJURP, CENP-C, or CENP-I
(Hori et al., 2013). Here we induced artificial kinetochores by tether-
ing different HJURP mutant proteins to the noncentromeric LacO
locus (Figure 5A) after excision of the endogenous centromere of
chromosome Z. Full-length HJURP-derived artificial kinetochores
exhibited brighter immunofluorescence signals for all kinetochore
proteins analyzed than did native kinetochores (Figure 5, B and C).
To understand this larger appearance of the artificial kinetochores,

we performed chromatin immunoprecipitation sequencing (ChIP-
seq) analysis using anti-CENP-A antibodies (Figure 5D). The experi-
mental scheme for this analysis is described in Supplemental Figure
S4. Although the LacO site is ~10 kb in length (256 copies of single
LacO sequence; see Figure 5D), after HJURP-Lacl expression,
CENP-A incorporation expanded to reside over an ~150-kb region
surrounding the LacO site (Figure 5D). Given that we performed the
ChIP experiments with anti-CENP-A under non—cross-linked condi-
tion, we conclude that precipitated DNA was from CENP-A nucleo-
somes. This suggests that when HJURP is targeted continuously to
a particular site, the size of the assembled CENP-A chromatin ex-
pands. We also detected an extended distribution for H4K20me1
(Hori et al., 2014), suggesting that functional centromere chromatin
also expanded (Figure 5E). This expansion was maintained even
after cells were treated with isopropyl-p-p-thiogalactoside (IPTG;
Supplemental Figure S4), which disrupts the interaction of Lacl with
LacO, for >1 mo (unpublished data). Because Lacl-GFP signals were
not detected after IPTG addition (Supplemental Figure S4B), we
conclude that once expanded centromeres are established, a seed-
ing protein is no longer needed and the chromatin information is
preserved.

Next we created artificial kinetochores using the tested domains
of HJURP (Figure 5, A and B). The C-terminal region of HJURP (aa
254-end) was unable to induce formation of an ectopic kinetochore
(unpublished data). Although HJURP'-?54 did not rescue the HJURP
deficiency due to its lack of centromere localization (Figure 3), this
domain was sufficient to induce artificial kinetochores upon tether-
ing at the LacO site as a Lacl fusion. This suggests that CENP-A in-
corporation is sufficient for the creation of an artificial kinetochore.
However, when we examined the distribution of CENP-A using
ChlP-seq, we found that the size of the CENP-A domain in cells ex-
pressing HJURP'2%%-Lacl was ~40 kb surrounding the LacO site,
one-third of the size of the domain formed by expression of
full-length HJURP-Lacl (Figure 5D). This suggests that the middle or
C-terminal regions of HJURP are responsible for the observed cen-
tromere expansion activity.

Finally, we tested HJURP'-5%0 and HJURPA401-500 which associate
with M18BP1/KNL2, for their ability to induce artificial kinetochore
formation (Figure 5A). HJURP'-500 and HJURPA401-5% induced artifi-
cial kinetochores, and the size of CENP-A domain was ~120 and
~105 kb, respectively, reflecting a centromere expansion similar to
full-length HJURP-derived kinetochores. We confirmed that the ex-
pansion was maintained in the presence of IPTG. Although the re-
gions of CENP-A occupancy in HJURP'™S%- and HJURPA401-500.
derived kinetochores are slightly shorter than those induced by
full-length HJURP, they are still longer than that of HJURP'-?54-de-
rived kinetochores. This expansion ratio between full-length and
mutant HJURPs also correlated with the CENP-A intensity observed
by immunofluorescence (Figure 5, B and C).

Because the M18BP1/KNL2-HJURP association appears to be
important for centromere expansion, we directly tethered M18BP1/
KNL2 at the LacO site and examined centromere expansion. As
shown in Figure 5D, the centromere expansion was not observed

cells (+TET). CENP-C was expressed in the absence of tetracycline (-TET). GFP-HJURP-FL was stably expressed in these
cells. Mis18c. and CENP-C are visible in CENP-C-deficient cells (+TET). (C) Immunofluorescence with anti-CENP-T and
—CENP-C antibodies in Mis18a-deficient cells (+TET). Mis180. was expressed in the absence of tetracycline (-TET).
GFP-HJURP-FL was stably expressed in these cells. HJURP signals were not detected in Mis18a-deficient cells (+TET).
(D) Immunofluorescence with anti-CENP-T and —CENP-C antibodies in M18BP1/KNL2-deficient cells (+TET). M18BP1/
KNL2 was expressed in the absence of tetracycline (-TET). GFP-HJURP-FL was stably expressed in these cells. HJURP

signals were not detected in M18BP1/KNL2-deficient cells (+TET).
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Middle region of HJURP contributes to centromere expansion. (A) Schematic representation of different
HJURP fusion constructs with GFP and Lacl used for induction of artificial kinetochores at the LacO site on chromosome
Z. (B) Immunofluorescence images with anti-CENP-T, -Ndc80, and -CENP-A antibodies on artificial kinetochores induced
by HJURPF, HJURP'-2%4, HJURP'5%, and -HJURP401-5% tethering. Mitotic spreads were used for immunofluorescence
experiments. Arrows shows artificial kinetochores. (C) Quantification of signal intensity of CENP-A from B for each type
of HJURP-induced artificial kinetochore. The intensity at induced kinetochores was calculated relative to that of
centromeres of chromosome 1 or 2. Error bars are SDs. Cell numbers (n) are shown. (D) ChIP-seq profiles with anti—
CENP-A antibody around LacO sites in indicated artificial centromeres induced by HJURP (#6-14), HJURP'-2% (#19-22),
HJURP-5% (#12-1), HJURPA401-5%0 (#2-1), and M18BP1 (#2). DNA purified from wild-type DT40 cells (Cl18) before ChIP
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around the M18BP1/KNL2-induced centromere, suggesting that,
although the M18BP1-binding middle region of HJURP is crucial for
centromere expansion, M18BP1 is not sufficient for the centromere
expansion.

Finally, we examined whether expression levels of truncated pro-
teins were related to the expansion activity. Although expression lev-
els varied (Figure 5G), expression of HJURP'25 was similar to that of
HJURPFL. However, HJURP™, but not HIURP'2%4, displays the centro-
mere expansion activity, suggesting that total expression levels are
not responsible for the observed differences. In addition, we con-
firmed that centromere expansion occurred similarly in independent
two clones of each construct (unpublished data). Thus we propose
that HJURP contributes to centromere expansion, and the middle
region is important for this activity.

CENP-A expansion occurs at endogenous centromeres
without heterochromatin after HJURP overexpression

To understand the centromere expansion activity of HJURP, we also
investigated CENP-A distribution at native centromeres in wild-type
DT40 cells and in HJURP conditional knockout cells expressing
full-length HJURP, HJURP™-5%, HJURPA255-400 o HJURPA401-500 (Figure
6A). In HJURP conditional knockout cells, full-length or truncated
HJURPs were expressed under the control of the cytomegalovirus
promoter at high levels compared with endogenous HJURP expres-
sion in wild-type DT40 cells. ChIP-seq analysis using anti-CENP-A
antibodies revealed that the CENP-A domain at the nonrepetitive
centromeres on chromosomes 5 and 27 is ~30-40 kb in wild-type
DT40 cells. However, overexpression of the full-length and mutant
HJURPs that rescue the HJURP deficiency resulted in expansion of
the CENP-A domain to 50-70 kb at centromere 5. In contrast, we
did not observe centromere expansion at centromere 27. Although
there are no heterochromatin markers such as H3K9me3 surround-
ing centromere 5 based on ChIP-seq analysis, H3K9me3 exists near
centromere 27 (Figure 6A,; Shang et al., 2013). Note that this centro-
mere is located near the telomere on chicken chromosome 27 and
that the genome sequence information at the telomere region was
omitted from the galGal4 chicken genome database. Owing to this,
we detected H3K9me3 enrichment at only the right flank of centro-
mere 27. In addition, we confirmed that H3K9me3 does not accu-
mulate around the LacO region (Figure 5F) where we observed cen-
tromere expansion after HJURP tethering. On the basis of these
data, we propose that high amounts of HJURP result in centromere
expansion even at native centromeres but that the presence of sur-
rounding heterochromatin might suppress this expansion.

DISCUSSION

The middle region of HJURP is essential for its function
HJURP is the CENP-A-specific chaperone required for CENP-A de-
position at centromeres (Dunleavy et al., 2009; Foltz et al., 2009).
Previous studies highlighted the importance of the N-terminal (for
CENP-A binding: corresponding to aa 1-254 for chicken HJURP)
and C-terminal (for centromere targeting: corresponding to 500 aa—
end for chicken HJURP) domains (Shuaib et al., 2010; Hu et al.,

2011; Zasadzinska et al., 2013). In this study, on the basis of the
combination of our genetic and biochemical analyses, we conclude
that the middle region of chicken HJURP (aa 255-500) is also crucial
for its function, possibly through its association with the Mis18 com-
plex protein M18BP1/KNL2. The Mis18 complex appears to func-
tion as the HJURP receptor to target it to centromeres. In addition,
we propose that the HJURP-M18BP1 association plays an additional
important role in the process of establishment of centromere-
specific chromatin because CENP-A and CENP-C levels were weak
in cells expressing HJURPA255500 bhased on immunofluorescence
analysis (unpublished data).

HJURP is involved in centromere expansion

We hypothesized that the middle region (255-500 aa) of HJURP has
an additional role in HJURP function, and it is possible that this re-
gion may be involved in establishment of centromere-specific chro-
matin. We obtained insights into this potential role based on our
analysis of CENP-A distribution at artificial kinetochores induced by
HJURP mutant proteins. Tethering of full-length HJURP, or the A401-
500 and 1-500 mutants that associate with M18BP1/KNL2, induced
the expansion of kinetochores along the chromosome. Thus we
propose that the HJURP-M18BP1 association facilitates this expan-
sion activity. However, we could not directly test whether this expan-
sion depends on the Mis18 complex because an artificial kineto-
chore could not be established after depletion of the Mis18 complex
due to cell death. In addition, because CENP-C binds to HJURP, it is
possible that the HJURP-CENP-C interaction may contribute to this
expansion activity. However, given that CENP-C preferentially binds
to N-terminal region of HJURP at cytoplasm (Supplemental Figure
S3), CENP-C-HJURP interaction may not be related to the centro-
mere expansion.

Human HJURP contains a dimerization domain in its C-terminal
region (human HJURP®54¢'4) and dimer formation appears to be
crucial for HJURP function in human cells (Zasadzinska et al., 2013).
It is difficult to detect a homologous dimerization domain in chicken
HJURP by sequence comparison due to high sequence divergence.
Given that we created the artificial kinetochore in the presence of
endogenous HJURP, it is possible that dimer formation of HJURP
may facilitate centromere expansion or the association of HJURP
with M18BP1/KNL2.

Although we believe that the expansion activity of HJURP is es-
sential for its function, we note that the size of natural kinetochores
is 30-40 kb in chicken cells (Shang et al., 2013), and we observed a
threefold to fivefold expansion of CENP-A under the tested artificial
conditions. Although this expansion appears abnormal compared
with natural kinetochores, we propose that this reflects the func-
tional properties of HJURP. In fact, we observed centromere expan-
sion at natural centromeres when HJURP was overexpressed. Be-
cause we found that CENP-A overexpression did not simply induce
centromere expansion (Shang et al., 2013), our finding is specific for
HJURP. Taking the results together, we propose that HJURP contrib-
utes to the establishment of a centromere-specific chromatin struc-
ture through this chromatin expansion activity.

was used as input DNA sample. Raw reads of sequence were mapped, as CENP-A peaks around centromere regions
were highly enriched and normalization was not necessary. The 256 copies of LacO sequences were inserted into the
chicken galGAL4 genome database (UCSC Genome Browser), which was further used as a reference for mapping. Note
that CENP-A incorporation at the LacO site is not high and is expanded in adjacent regions, but some clones shows still
high incorporation of CENP-A at the LacO site. (E) ChIP-seq profile with anti-H4K20me1 antibody around LacO sites in
the artificial centromeres induced by HJURPF: (#6-14). Cells in which Lacl-GFP was tethered at the LacO site were used
as control. (F) ChIP-seq profile with anti-H3K9me3 antibody around LacO sites in DT40 cells (CI18). (G) Western blot
analysis showing expression level of each Lacl-fused HJURP protein. Anti-HJURP and anti-GFP antibodies were used.
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Because the size of normal centromeres in chicken cells is
maintained at 30-40 kb (Shang et al., 2013), there must be mecha-
nisms to suppress centromere expansion. We found that centro-
mere 27, which contains heterochromatin adjacent to its CENP-A
domain, did not expand after HJIURP overexpression. Therefore it
is possible that heterochromatin acts as a barrier for the centro-
mere expansion to maintain centromere size. Indeed, heterochro-
matin is detected surrounding most native centromeres (Shang

et al., 2013). Alternatively or coordinately, there may be a mecha-
nism by which the amount of HJURP is tightly regulated. The
mechanism responsible for centromere chromatin expansion
through HJURP is an important question for future work. Chroma-
tin remodeling factors such RSF1 or FACT, which localize to kinet-
ochores (Okada et al., 2009; Perpelescu et al., 2009), may be also
involved in this process. Identifying these factors is an important
next challenge.

In summary, on the basis of the combina-
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Indirect immunofluorescence and live-cell imaging

Cells probed for anti—-CENP-A, -Mis18, and -M18BP/1 were fixed in
methanol at —20°C for 20 min and blocked for 30 min in 0.5% bovine
serum albumin (BSA)/phosphate-buffered saline (PBS) before the pri-
mary antibody exposure. For the rest of the antibodies, cells were fixed
in 3% PFA/PBS for 10 min at room temperature, permeabilized with
0.5% NP-40/PBS, and blocked in 0.5% BSA/PBS. DNA was stained
with 4’,6-diamidino-2-phenylindole (DAPI), and mounting was per-
formed in VectaShield antifading agent (Vector Lab, Burlingame, CA)

Quantification of centromere signals was performed exclusively
on mitotic cells for 10 kinetochores on different chromosomes per
cell as described previously (Johnston et al., 2010). Images were ac-
quired with a 100x objective lens on an Olympus IX71 inverted mi-
croscope (Olympus, Tokyo, Japan) equipped with a CoolSNAP HQ
camera (Roper Scientific, Tokyo, Japan). Z-stacks of 14 slices at
0.2-pum steps were collected at exposures of 100 ms for DAPI, 2000
2500 ms for fluorescein isothiocyanate, and 200-500 ms for Cy3. The
image analysis was performed using MetaMorph (Molecular Devices,
Sunnyvale, CA). The maximum Z-stacked images were adjusted at
the same intensity for controls and tetracycline-treated cells.

Living cell analysis was performed as described (Hori et al.,
2013). Cells were cultured in the absence or for 48 h in the presence
of tetracycline and then transferred to Iwaki dishes and for live-cell
imaging with Cell-Voyager CV1000 (Yokogawa, Tokyo, Japan).

Immunoprecipitation

Immunoprecipitation experiments in Figures 3 and 4 and Supple-
mental Figure S3A were performed in phosphate buffer as previously
described (Hori et al., 2008). Anti-GFP antibody (MBL) preincubated
with Protein G-Dyna Beads (Novex, Life Technology, Tokyo, Japan)
was used. Immunoprecipitations were performed at 4°C overnight.
Beads were washed in IP buffer and eluted through incubation for
20 min at 37°C in sample buffer. The anti-FLAG immunoprecipitation
in Supplemental Figure S3C was performed as previously described
(Dignam et al., 1983) with slight modifications.

ChIP-seq

The chromatin immunoprecipitations and subsequent deep se-
quencing in Figures 5 and 6 were also performed according to previ-
ous reports (Shang et al., 2010, 2013). The MNase (Takara, Kyoto,
Japan)-digested chromatin of 1.5 x 107 cells was extracted with 0.5 M
NaCl-containing buffer, and the extract was exposed for 4 h at 4°C to
Sepharose-Protein G beads preincubated with rabbit anti-CENP-A
or -H3K9me3 antibodies (MBL, Nagoya, Japan). Beads were washed,
and the bound DNA was purified and applied to deep sequencing.

ChlP-seq libraries were constructed as described in the lllumina
TruSeq DNA LT Sample Prep Kit protocols. Briefly, ~50 ng of puri-
fied DNAs were end repaired, followed by the 3’ addition of a single
adenosine nucleotide and ligation to universal library adapters.
DNA libraries were prepared by eight cycles of PCR amplification.
ChIP DNA libraries were sequenced using the lllumina HiSeq 2500.
Sequencing of libraries was performed up to 2 x 151 cycles. Image
analysis and base calling were performed with the standard lllumina
pipeline version RTA1.17.21.3.

Sequencing data were mapped to chicken genome database gal-
GAL4 (UCSC Genome Browser) with a BWA 0.6.2 mapping tool (Li and
Durbin, 2009). A 4% mismatch was allowed for the mapping. Figures 5
and 6 represent raw sequence reads. Input data are also shown.
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