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Artificial tethering of constitutive centromere-associated network
proteins induces CENP-A deposition without Knl2 in DT40 cells

JingHui Cao, Tetsuya Hori, Mariko Ariyoshi and Tatsuo Fukagawa*

ABSTRACT

The kinetochore is an essential structure for chromosome
segregation. Although the kinetochore is usually formed on a
centromere locus, it can be artificially formed at a non-centromere
locus by protein tethering. An artificial kinetochore can be formed by
tethering of CENP-C or CENP-I, members of the constitutive
centromere-associated network (CCAN). However, how CENP-C or
CENP-I recruit the centromere-specific histone CENP-A to form an
artificial kinetochore remains unclear. In this study, we analyzed this
issue using the tethering assay combined with an auxin-inducible
degron (AID)-based knockout method in chicken DT40 cells. We
found that tethering of CENP-C or CENP-lI induced CENP-A
incorporation at the non-centromeric locus in the absence of Knl2
(or MIS18BP1), a component of the Mis18 complex, and that KnI2
tethering recruited CENP-A in the absence of CENP-C. We also
showed that CENP-C coimmunoprecipitated with HJURP,
independently of Knl2. Considering these results, we propose that
CENP-C recruits CENP-A by HJURP binding to form an artificial
kinetochore. Our results suggest that CENP-C or CENP-I exert
CENP-A recruitment activity, independently of Knl2, for artificial
kinetochore formation in chicken DT40 cells. This gives us a new
insight into mechanisms for CENP-A incorporation.

KEY WORDS: Centromere, Kinetochore, CENP-A, CENP-C, HJURP,
Kni2

INTRODUCTION

The kinetochore is a large protein complex that bridges centromeric
chromatin and spindle microtubules for accurate chromosome
segregation during mitosis (Fukagawa and Earnshaw, 2014). The
centromere, on which the kinetochore is formed, is specified at a
particular locus on the chromosome via sequence-independent
epigenetic mechanisms (Black and Cleveland, 2011; Fukagawa and
Earnshaw, 2014). In this process, the centromere-specific histone
H3 variant CENP-A plays a key epigenetic role because the
formation of active centromeres in most species is triggered by
CENP-A deposition into chromatin (Allshire and Karpen, 2008;
Barnhart et al., 2011; Black and Cleveland, 2011; Fukagawa and
Earnshaw, 2014; Guse et al., 2011; Mellone and Fachinetti, 2021;
Mendiburo et al., 2011; Westhorpe and Straight, 2013). Therefore,
addressing how CENP-A is specifically incorporated into
centromeric chromatin is critical. In the current model, the Mis18
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complex (Fujita et al., 2007; Hayashi et al., 2004; Maddox et al.,
2007), containing Misl8a (or MIS18A), Mis18B (or OIP5) and
Knl2 (MIS18BP1), associates with centromeric chromatin and then
the CENP-A chaperone HIURP recognizes the Misl8 complex,
which ensures correct CENP-A deposition from the HJURP—
CENP-A-histone H4 complex onto centromeric chromatin (Nardi
etal.,2016; Panetal., 2017,2019; Spiller et al., 2017; Subramanian
et al., 2016). Using this cycle, the position of the centromere is
maintained across generations. Therefore, many findings indicate
that the Mis18 complex—HJURP pathway plays a major role in new
CENP-A deposition (Pan et al., 2017, 2019; Spiller et al., 2017).
In parallel with these studies, we previously generated an
artificial kinetochore by tethering kinetochore components to a
non-centromeric locus in chicken DT40 cells using a LacO—Lacl
system (Hori et al., 2013). Similar tethering approaches have been
used in various cells, including human and Drosophila cells
(Barnhart et al., 2011; Gascoigne et al., 2011; Lacefield et al., 2009;
Mendiburo et al., 2011; Palladino et al., 2020; Shono et al., 2015).
In DT40 cells, we removed the original centromeric region to
determine whether an artificial kinetochore could functionally
replace the original kinetochore (Hori et al., 2013). Based on the
functional assay, we generated two types of artificial kinetochores:
one that did not contain CENP-A and one that did. In CENP-A-less
artificial kinetochores, tethering proteins directly recruit the
microtubule-binding Knl1-Mis12-Ndc80 (KMN) complex to a
non-centromeric locus without constitutive centromere-associated
network (CCAN) proteins (Hori et al., 2013). This type of artificial
kinetochore is formed by tethering of the N-terminal domains of
CENP-T and CENP-C into a non-centromeric locus. In another type
of artificial kinetochore, CENP-A is incorporated near a non-
centromeric LacO locus, and upon CENP-A incorporation into
chromatin, most kinetochore components are recruited there to form
a functional kinetochore. This type of kinetochore is formed by
tethering of HJURP, Knl2, CENP-I or the CENP-C C-terminal
fragment (Hori et al., 2013; Perpelescu et al., 2015). Similarly,
tethering of CENP-C, CENP-I, HIURP and Knl2, as well as some
chromatin-remodeling factors, recruits CENP-A to a non-
centromeric locus in human cells (Shono et al., 2015). As HJURP
and Knl2 are involved in the CENP-A deposition pathway in native
centromeres, tethering of these proteins to the LacO locus should
recruit CENP-A, which induces artificial kinetochore formation.
However, how CENP-I or the C-terminal fragment of CENP-C
recruits CENP-A to induce an artificial kinetochore at the non-
centromeric LacO locus in chicken DT40 cells remains unclear. As
CENP-C appears to associate with the Mis18 complex in human and
mouse cells (Dambacher et al., 2012; McKinley and Cheeseman,
2014), CENP-C might recruit CENP-A via the Mis18 complex in
these cells. However, Knl2 localization in G1 cells did not change
in CENP-C-knockout chicken DT40 cells (Hori et al., 2017,
Perpelescu etal., 2015), suggesting that the Mis18 complex does not
associate with CENP-C during the G1 phase, when new CENP-A
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deposition occurs. Therefore, how CENP-C and CENP-I recruit
CENP-A to a non-centromeric locus in chicken DT40 cells remains
unclear.

Therefore, we aimed to address this question by combining a
tethering assay with the auxin-inducible degron (AID)-based
protein knockout method in chicken DT40 cells. We
demonstrated that CENP-C or CENP-I recruits CENP-A in the
absence of Knl2. We also demonstrated that CENP-C co-
immunoprecipitated HJURP, independently of Knl2. Based on
these results, we propose that CENP-C and CENP-I (via CENP-C)
directly recruit HJURP for new CENP-A deposition.

RESULTS

Ectopic localization of inner kinetochore proteins causes
efficient kinetochore formation at a non-centromeric locus
We summarize the kinetochore components used in this study and
their possible roles in Fig. 1A. We confirmed whether the HJURP
N-terminus [amino acids (aa) 1-400], Knl2 full-length (FL) (Knl2),
CENP-C FL (CENP-C), CENP-C C-terminus (aa 601-864) and
CENP-I FL (CENP-I) proteins induced artificial kinetochore
formation at a non-centromeric locus in chicken DT40 cells
(Fig. 1B,C). First, we inserted 256 copies of the LacO sequence at
the end of the g-arm on chromosome Z in chicken DT40 cells, in
which two loxP sequences are located across a native centromere on
chromosome Z, and then expressed Lacl-fused proteins in the
presence of isopropylthiogalactoside (IPTG). Because Lacl did not
interact with the LacO array in the presence of IPTG, the Lacl fusion
proteins did not localize to the LacO locus. To localize the fusion
proteins to the LacO locus, we washed off the IPTG and activated
Cre recombinase by adding 4-hydroxytamoxifen (OHT) to remove
the native centromere (Fig. 1B,C). We then isolated the surviving
colonies after 10—14 days of incubation. When we used Lacl-fused
EGFP (control), we only isolated approximately three colonies per
10° cells, values that are similar to those of our previous studies
(Hori et al., 2013; Shang et al., 2013). A previous analysis of
surviving clones demonstrated that chromosome Z lacking the
centromere fused to another chromosome or acquired a
neocentromere at a low frequency to prevent chromosome loss
(Shang et al., 2013). Importantly, the survival rate was ten to
50 times higher in cells expressing Lacl fusions with the HIURP
N-terminus (aa 1-400), Knl2, CENP-C, CENP-C C-terminus (aa
601-864) or CENP-I (Fig. 1D). Because the native centromere of
chromosome Z was removed from these cells, a new centromere was
expected to form at the LacO locus. CENP-A was only detected
near a native centromeric position in control cells expressing Lacl-
fused EGFP (Figs S1A and S2A,B), whereas in cells expressing
either the HHURP N-terminus (aa 1-400), Knl2, CENP-C, CENP-C
C-terminus (aa 601-864) or CENP-I, CENP-A was detected at the
LacO locus after removal of a native centromere (Fig. 1E).
Furthermore, a CCAN protein (CENP-T) and a KMN protein
(Dsnl1) were detected at the LacO locus tethered by the Lacl-fused
HJURP N-terminus (aa 1-400), Knl2, CENP-C, CENP-C
C-terminus (aa 601-864) or CENP-I, indicating that a full
kinetochore was formed at the LacO locus by tethering of the
HJURP N-terminus (aa 1-400), Knl2, CENP-C, CENP-C
C-terminus (aa 601-864) or CENP-I. Cells containing these
artificial kinetochores at the LacO locus proliferated normally in
the presence of IPTG (Fig. IF). This suggests that the artificial
kinetochore functions similar to the native kinetochore and recruits
CENP-A. In contrast, cells containing an artificial kinetochore
tethered by the CENP-T N-terminus (aa 1-530) died after IPTG
addition (Fig. 1G), likely because this artificial kinetochore does

not have CENP-A (Hori et al., 2013). Once CENP-A was
incorporated at the locus, further tethering of target proteins was
not needed, because each artificial kinetochore functions even in the
presence of IPTG.

CENP-A incorporation occurs at the LacO locus tethered by
the HJURP N-terminus, Knl2, CENP-C, CENP-C C-terminus or
CENP-I

Stable incorporation of CENP-A into the LacO locus resulted
in artificial kinetochore formation. Thus, to understand the
mechanisms of artificial kinetochore formation, analyzing how
CENP-A is incorporated into the LacO locus is critical. To directly
observe CENP-A incorporation at the LacO locus by tethering of the
HJURP N-terminus, Knl2, CENP-C, the CENP-C C-terminus and
CENP-I, we introduced mScarlet-fused CENP-A cDNA into the 3-
actin (ACTB) locus (Fig. S1A). We note that CENP-A under control
of the B-actin promoter was expressed approximately three times
more than endogenous CENP-A (Fig. S1G,H). Next, mScarlet—
CENP-A was stably expressed in each cell line and mScarlet
intensities at the LacO locus were evaluated 1, 2 and 3 days after
IPTG washout (Fig. 2A—C). We also measured the EGFP signals of
the Lacl-fused proteins at the LacO locus (Fig. 2B,D). Lacl-fused
centromeric proteins, except HHURP, were clearly visible from day
1 after IPTG washout, similar to EGFP—Lacl (control). In addition
to the LacO locus, the EGFP signals of centromeric proteins were
detected at the native centromere on chromosome Z (Fig. 2B).
CENP-A signals were not clear at the LacO locus on day 1 following
tethering of Knl2, CENP-C, CENP-C C-terminus and CENP-L
However, CENP-A signals were visible by day 3 following
tethering of Knl2, CENP-C, CENP-C C-terminus and CENP-I to
the LacO locus (Fig. 2B,C,E), whereas CENP-A signals were not
observed at the LacO locus by tethering of EGFP—Lacl (control).
We note that although CENP-A signals at the LacO locus observed
at 3 days after tethering of these proteins were similar to those at
endogenous centromeres, the efficiency of functional kinetochore
formation at the LacO locus was still 2-15x10~* (Fig. 1D),
suggesting that additional mechanisms for CENP-A incorporation
are required for the establishment of functional kinetochores.
Nevertheless, we would like to emphasize that tethering of Knl2,
CENP-C, CENP-C C-terminus and CENP-I to the LacO locus
significantly increased efficiencies of kinetochore formation (10-50
times). For HIURP tethering, CENP-A was visible from day 1, and
its levels were more than ten times higher than those for tethering of
Knl2, CENP-C, CENP-C C-terminus or CENP-I (Fig. 2B,C). This
could be attributed to the direct binding of HIURP to CENP-A.
Furthermore, as CENP-A levels might have been saturated at the
LacO locus and excess CENP-A is toxic, HJURP might have been
maintained at lower levels, indicating why it was difficult to
visualize EGFP-HJURP (aa 1-400)-Lacl at the LacO locus
(Fig. 2B,D). In addition, HJURP localizes to centromeres at G1
phase (Perpelescu et al., 2015), and it is not easy to detect its
localization at mitotic chromosomes. However, we note that EGFP—
HJURP (aa 1-400) was approximately 1.8 times overexpressed
compared with endogenous HJURP levels, based on an immunoblot
analysis (Fig. S3A). Furthermore, EGFP-HJURP (aa 1-400)
localized at endogenous centromeres in addition to the LacO
locus (Fig. S3B). This explains why CENP-A incorporation was
also increased at endogenous centromeres (Fig. 2B). Although
CENP-A levels were high by HIURP tethering, tethering of Knl2,
CENP-C, CENP-C C-terminus and CENP-I induced CENP-A
incorporation at the LacO locus by day 3 (Fig. 2C), leading to
artificial kinetochore formation at the LacO locus.
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Fig. 1. Ectopic localization of inner kinetochore proteins induces
efficient formation of artificial new kinetochores at a non-centromeric
locus. (A) Centromere components used in this study. Knl2 and Mis180/p
form a complex (Mis18 complex) and associate with centromeric chromatin.
HJURP associated with CENP-A (CA) recognizes the Mis18 complex and
new CENP-A is incorporated into centromeres during the G1 phase.
Constitutive centromere-associated network (CCAN) components including
CENP-C or CENP-| associate with centromeric chromatin. The microtubule-
bunding KMN network is recruited onto CCAN to form a functional
kinetochore in mitosis. (B) An experimental design to generate a new
kinetochore at a non-centromeric locus using an inserted LacO array on
chicken chromosome Z following removal of the native centromere. Cells
were maintained in the presence of IPTG to inhibit the interaction between
LacO and the Lacl fusion protein (X). Upon IPTG removal, the Lacl-fused
protein X was allowed to bind to the LacO array and initiated the
incorporation of CENP-A. Finally, Cre recombinase was activated to delete
the native centromere of chromosome Z, and the artificial kinetochore was
confirmed to be functional. Once CENP-A was incorporated, the artificial
kinetochore became functional, even in the presence of IPTG. (C) The
experimental time course for B. The chicken DT40 cell line expressing the
EGFP/Lacl-fused protein X was cultured in the presence of IPTG, and the
assay was performed after IPTG removal (day 0). Following a 3-day
incubation, 4-hydroxytamoxifen (OHT) was added to activate Cre
recombinase. After an additional 1-day incubation, the cells were plated and
grown for 10—14 days to isolate surviving cells. (D) The number of surviving
colonies per 10° cells, when EGFP/Lacl double-fused HJURP (aa 1-400),
Knl2, CENP-I, CENP-C or CENP-C (aa 601-864) were localized to the
LacO locus after removing the native centromere on chromosome Z. Each
assay was conducted twice, and the results depict the meanzs.d.

(E) Visualization of chromosome Z in cells expressing EGFP/Lacl double-
fused HJURP (aa 1-400), Knl2, CENP-I, CENP-C or CENP-C (aa 601-864)
before and after the new kinetochore formation assay. mScarlet-tagged
CENP-A, CENP-T and Dsn1 were visualized. A Halo-tagged dCas protein
along with sgRNA was used to label the specific satellite sequence at the
end of the g-arm on chromosome Z. New kinetochores were formed at the
LacO locus, and the inner (CENP-T) and outer (Dsn1) kinetochore proteins
were localized at the new kinetochore. Merged images of mScarlet-tagged
proteins, EGFP/Lacl double-fused proteins and Halo-tagged dCas, with the
outline of chromosome Z are shown at the bottom. Centromeres are
indicated by red arrows. Scale bar: 2.5 pm. (F) The proliferation of cells with
an artificial new centromere formed on chromosome Z is shown in the
absence or presence of IPTG. Data for cell lines with tethering of EGFP/Lacl
double-fused HJURP (aa 1-400), Knl2, CENP-I, CENP-C or CENP-C (aa
601-864) to the LacO locus are shown. Each kind of tethered cell line
expressed mScarlet-fused CENP-A (CA-KI), CENP-T (CT-KI) or Dsn1
(Dsn1-Kl) separately. (G) The proliferation of cells with an artificial new
kinetochore tethered by the CENP-T N-terminus (aa 1-530) is shown in the
absence or presence of IPTG.

Tethering of the CENP-C C-terminus or CENP-I induces
CENP-A incorporation in the absence of Knl2

HJURP is a CENP-A-specific chaperone and Knl2 is a member of
the Misl8 complex, which recognizes HIURP for new CENP-A
incorporation. Therefore, we can explain how the tethering of
HJURP or Knl2 induces CENP-A incorporation. However, the
mechanism by which tethering of the CENP-C C-terminus
or CENP-I induces CENP-A incorporation remains unclear. To
examine how the CENP-C C-terminus or CENP-I induces CENP-A
incorporation, we combined an AID-based protein knockout system
with a tethering assay (Fig. 3A, Figs SIA and S4A). Upon HJURP
depletion in cells (Fig. SIB), no tethering-induced CENP-A
incorporation was observed at the LacO locus (Fig. 3B,C),
indicating that HJURP is the most critical component for CENP-
A incorporation. We note that HJTURP was overexpressed in our
AID-HJURP cells before knockout (Fig. S1B), although this
overexpressed HIURP was rapidly degraded after auxin addition.
In addition to the LacO locus, CENP-A levels at endogenous
centromeres were also reduced in HJURP-knockout cells

(approximately 25% reduction after 1 day, Fig. S3C). As it takes
approximately 8—10 h to complete one cell cycle in DT40 cells, two
to three cell cycles are completed in 1 day. If CENP-A incorporation
was stopped, the existence of CENP-A would be reduced to half in
each cell cycle. Therefore, we interpret that the reduction of CENP-
A at endogenous centromeres is due to dilution of CENP-A after
each cell-cycle progression. We further investigated the effects of
Knl2 depletion (Fig. S1C). Because HIURP recognizes the Mis18
complex, including Knl2, we expected that CENP-C or CENP-I
tethering would not induce CENP-A incorporation in the absence of
Knl2. However, tethering of the CENP-C C-terminus or CENP-I to
the LacO locus induced CENP-A incorporation even in the absence
of Knl2 (Fig. 3D,E; Fig. S4B,C). We also found that tethering of the
CENP-C C-terminus to the LacO locus induced CENP-A
incorporation in Mis18o-knockout cells (Fig. 3F,G; Figs S1D,
S4D and S4E). These results suggest that the CENP-C C-terminus
induced CENP-A incorporation in the absence of the Misl8
complex and we further examined a mechanism for how CENP-A is
incorporated at the LacO locus by tethering of CENP-I or CENP-C
C-terminus in the absence of Knl2.

To further investigate CENP-A incorporation mechanisms by
protein tethering to the LacO locus, we tested CENP-C-depleted
cells (Fig. S1E). We examined the tethering of Knl2 or CENP-I into
the LacO locus in CENP-C-depleted cells. Knl2 tethering induced
CENP-A incorporation in the absence of CENP-C (Fig. 3H.I,
Fig. S4F,G), suggesting that once Knl2 was tethered to the LacO
locus, CENP-A was incorporated via Mis18 complex formation in
the absence of CENP-C. In contrast, CENP-I tethering did not
induce CENP-A incorporation into the LacO locus in CENP-C-
depleted cells (Fig. 3H,1; Fig. S4F,G). We also note that endogenous
CENP-A levels were not dramatically changed in Knl2- or CENP-
C-knockout cells unlike in HITURP-knockout cells (Fig. 3B,D,H),
and we discuss this point in the Discussion section.

Because CENP-I is known to interact with CENP-C, we examined
whether tethering of the CENP-C C-terminus induces CENP-A
incorporation into the LacO locus in the absence of CENP-1. CENP-I
depletion is known to cause a strong mitotic arrest (Nishihashi et al.,
2002) and observing CENP-A incorporation is difficult because
CENP-A deposition occurs in the G1 phase. To solve this problem,
we added reversine, an inhibitor of the spindle checkpoint
(Santaguida et al., 2010), to CENP-I-knockout cells treated with
nocodazole with expression of HJURP (Fig. 3J). We note that
HJURP expression supported steady CENP-A incorporation in
Knl2-, Mis18a- or CENP-C-knockout cells (Fig. S4); therefore, we
evaluated CENP-A incorporation in CENP-I-knockout -cells
expressing HJURP and detected CENP-A incorporation by
tethering of the CENP-C C-terminus in CENP-I-knockout cells
(Fig. 3K,L). We also confirmed CENP-A incorporation by CENP-C
C-terminus tethering in Knl2-, Mis18 a- and CENP-C-knockout
cells using the reversine method (Fig. S5A,B).

The results of these analyses are summarized in Fig. 3M. In the
absence of HJURP, tethering of any proteins did not induce CENP-
A incorporation into the LacO locus. Interestingly, tethering of the
CENP-C C-terminus and CENP-I induced CENP-A incorporation
at the LacO locus in the absence of Knl2 (Fig. 3D,E; Fig. S4B,C),
and CENP-C C-terminus tethering induced CENP-A incorporation
in the Mis18a-knockout cells (Fig. 3F,G; Fig. S4D,E), suggesting
that the CENP-C C-terminus or CENP-I induce CENP-A
incorporation at the LacO locus independently of the Misl8
complex. Although both the CENP-C C-terminus and CENP-I
induced CENP-A incorporation, the CENP-C C-terminus induced
CENP-A incorporation in the absence of CENP-I (Fig. 3K,L), but
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Fig. 2. CENP-A incorporation occurs at the LacO locus after the tethering of HHURP, Knl2, CENP-I, CENP-C or CENP-C C-terminus.

(A) Experimental scheme for visualizing centromeric proteins at the LacO locus. The chicken DT40 cells expressing the EGFP/Lacl double-fused protein X
were cultured in the presence of IPTG, and the assay was initiated after IPTG removal (day 0). Chromosome spreads were prepared for 3 days to observe
CENP-A and other centromeric proteins at the LacO locus each day. (B) Visualization of mScarlet-tagged CENP-A and EGFP/Lacl double-fused HJURP (aa
1-400), KNL2, CENP-I, CENP-C or CENP-C C-terminus or empty target protein at the LacO locus on chromosome Z on days 1, 2 and 3 as shown in

A. Merged images of mScarlet-tagged CENP-A, EGFP/Lacl double-fused proteins and DAPI-stained chromosome Z are shown on the bottom. The LacO
locus is indicated by orange arrows. Scale bar: 2.5 um. (C,D) The intensities (arbitrary units) of the mScarlet-tagged CENP-A (C) and the EGFP/Lacl double-
fused proteins (D) at the LacO locus in each cell line (B) are shown. Bars show the meanzs.d. of the intensity values. n=25. The CENP-A dataset for cells
with Lacl-CENP-C (aa 601-864)-EGFP (C) is identical to that shown for CC (aa 601-864) in Fig. 6E. (E) Significance of CENP-A incorporation by protein
tethering shown in B,C. n=25. In C-E, bars show the meanzs.d. ns, not significant, P>0.05; *P<0.05; ***P<0.001; ****P<0.0001; unpaired two-tailed t-test.
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Fig. 3. Tethering of CENP-I or the CENP-C C-terminus induces CENP-A
incorporation in the absence of Knl2. (A) Experimental scheme for
visualizing CENP-A and other centromeric proteins at the LacO locus in
auxin-inducible degron (AID)-based knockout cells. Cells were cultured in the
presence of IPTG, and the assay commenced after IPTG removal (day 0) in
the absence or presence of indole-3-acetic acid (IAA). Chromosome spreads
were prepared for 3 days (2 days for Knl2- and Mis18a-knockout cells due to
cell death) to observe CENP-A and other centromeric proteins at the LacO
locus each day. (B) Visualization of mScarlet-tagged CENP-A and Lacl/
EGFP double-fused Knl2, CENP-I and CENP-C (aa 601-864) at the LacO
locus on chromosome Z on days 1, 2 and 3 (as shown in A) in AID-HJURP
cells in the absence (HJURP on) or presence (HJURP off) of IAA. (C) The
intensities (arbitrary units) of mScarlet-tagged CENP-A at the LacO locus in
AID-HJURRP cells in the absence (HJURP on) or presence (HJURP off) of
IAA are shown. (D) Visualization of mScarlet-tagged CENP-A and Lacl/
EGFP double-fused CENP-I and CENP-C (aa 601-864) at the LacO locus
on chromosome Z on days 1 and 2 in Knl2—AID cells in the absence (Knl2
on) or presence (Knl2 off) of IAA. (E) The intensities (arbitrary units) of
mScarlet-tagged CENP-A at the LacO locus in Knl2—AID cells in the absence
(Knl2 on) or presence (Knl2 off) of IAA are shown. (F) Visualization of
mScarlet-tagged CENP-A and Lacl/EGFP double-fused CENP-C (aa 601—
864) at the LacO locus on chromosome Z at days 1 and 2 in AID-Mis18a.
cells in the absence (Mis18c. on) or presence (Mis18a. off) of IAA. (G) The
intensities (arbitrary units) of mScarlet-tagged CENP-A at the LacO locus is
shown in AID—-Mis18a. cells in the absence (Mis18c. on) or presence (Mis18c
off) of IAA. (H) Visualization of mScarlet-tagged CENP-A and Lacl/EGFP
double-fused Knl2 and CENP-I at the LacO locus on chromosome Z at days
1, 2 and 3 in CENP-C—-AID cells in the absence (CENP-C on) or presence
(CENP-C off) of IAA. (I) The intensities (arbitrary units) of mScarlet-tagged
CENP-A at the LacO locus is shown in CENP-C—-AID cells in the absence
(CENP-C on) or presence (CENP-C off) of IAA. The data set for CENP-C—
AID cells with Lacl-CENP-I-EGFP (right-hand graph) is identical to that
shown for no Halo-CENP-C expression (None) in Fig. 5C. (J) Experimental
scheme to visualize CENP-A and other centromeric proteins at the LacO
locus in AID-CENP-I cells expressing Lacl/EGFP double-fused CENP-C (aa
601-864). These cells were cultured in the presence of IPTG, and the assay
commenced with the addition of nocodazole in either the absence or
presence of IAA. After 5 h of incubation, IPTG was washed out. Following an
additional 3 h of incubation, chromosome spreads were prepared using some
of the described cells (—reversine). The remaining cells were treated with
reversine for 3 h, followed by a washout of reversine. After a subsequent 10 h
incubation, chromosome spreads were prepared (+reversine). (K)
Visualization of mScarlet-tagged CENP-A and Lacl/EGFP double-fused
CENP-C (aa 601-864) at the LacO locus in AID-based CENP-I-knockout
cells. Visualization was performed before and after adding reversine, in the
absence or presence of IAA according to H. (L) The intensities (arbitrary
units) of mScarlet-tagged CENP-A at the LacO locus in AID-CENP-I cells in
the absence (CENP-I on) or presence (CENP-| off) of IAA is shown. In B,D,
F,H,K, merged images of mScarlet-tagged CENP-A, Lacl/EGFP double-
fused proteins and DAPI-stained chromosome Z are shown on the bottom.
The LacO locus is indicated by orange arrows. All scale bars: 2.5 um. In C,E,
G,I,L, bars show the meants.d. of the intensity values (ns, not significant,
P>0.05; *P<0.05; ****P<0.0001; unpaired two-tailed t-test). (M) Summary of
requirements for CENP-A incorporation at the LacO locus induced by Kni2,
CENP-I or CENP-C C-terminus tethering.

CENP-I did not do so in the absence of CENP-C (Fig. 3H.I;
Fig. S4F,G), suggesting that CENP-I-based CENP-A incorporation
occurs via CENP-C.

CENP-A recruitment by CENP-I tethering requires proper
CCAN formation

Whereas CENP-I tethering induced CENP-A incorporation, it is
unclear whether CENP-I needs to form a complex with other CCAN
proteins for the induction of CENP-A incorporation. Recent
structural analyses on the CCAN complex using cryo-electron
microscopy have revealed a structural model of the human CCAN
complex (Pesenti et al., 2022; Tian et al., 2022; Yatskevich et al.,
2022). Based on these structural models, we predicted a homology

model of the chicken CENP-H-CENP-I-CENP-K-CENP-M
(hereafter CENP-H/I/K/M) complex (Fig. 4A). In this homology
model, V136, V139, L175 and 1178 of chicken CENP-I appeared to
bind W212 of chicken CENP-H (Fig. 4A,B). To evaluate these four
residues in CENP-I, we generated the cDNA of mutant CENP-I
(CENP-I**), in which V136, V139, L175 and 1178 were replaced
with alanine, and expressed this mutant CENP-I** in tetracycline
(Tet)-responsive CENP-I conditional knockout (cKO) cells
(Nishihashi et al., 2002). In the cKO line, CENP-I expression was
turned off upon Tet addition, and the cells died ~96 h after Tet
addition (Fig. 4C). When wild-type CENP-1 (CENP-IYT-EGFP)
was expressed in CENP-I cKO cells, cell death was suppressed,
even after Tet addition (Fig. 4C; Fig. S6A). However, expression of
CENP-I*A (CENP-I*A-EGFP) did not suppress cell death in CENP-
I cKO cells after Tet addition (Fig. 4C; Fig. S6A), suggesting that
CENP-I** is not functional. To support this result, we examined
CENP-H/UK/M complex formation by co-immunoprecipitation.
We prepared cell lines expressing EGFP-fused CENP-IT or
CENP-I*A, and immunoprecipitated the cell-lysate using an anti-
GFP antibody. CENP-I was recovered from both cell lines and
CENP-C, CENP-H, CENP-K and CENP-M were detected in cells
expressing CENP-IWT-EGFP. However, these CENP proteins were
not detected in cells expressing CENP-I*A-EGFP (Fig. 4D). These
results suggest that CENP-I*A does not form the CENP-H/I/K/M
complex and is therefore not functional in this context. Consistent
with these immunoprecipitation results, CENP-I*A—EGFP did not
localize to kinetochores (Fig. 4E).

We then tested whether CENP-I** could induce CENP-A
incorporation at the LacO locus without the CENP-H/I/K/M
complex formation. Whereas CENP-IVT tethering induced
CENP-A incorporation at the LacO locus, CENP-I** did not
(Fig. 4F,G). Although we confirmed localization of Lac-CENP-
I*A—EGFP at the LacO locus (Fig. 4F,H), CENP-C was not detected
at the LacO locus following CENP-I** tethering (Fig. 4F,I). These
results suggest that CENP-I alone may not have the ability to induce
CENP-A incorporation because CENP-H/I/K/M  complex
formation is required for CENP-C recruitment, which might be
essential for inducing CENP-A incorporation at the LacO locus. We
should also note that whereas CENP-I*A localized at the LacO
locus, the levels were low compared with those of CENP-IWT
(Fig. 4H). Therefore, weak tethering of CENP-I** might be a reason
why CENP-A induction did not occur.

The CENP-C-CENP-I interaction is essential for CENP-A
incorporation by CENP-I tethering at the LacO locus

As described above, CENP-I tethering did not induce CENP-A
incorporation at the LacO locus in the absence of CENP-C (Fig. 3H,[;
Fig. S4F,G). Furthermore, the CENP-I** mutant, which did not form
the CENP-H/I/K/M complex, did not recruit CENP-C and not induce
CENP-A incorporation at the LacO locus (Fig. 4F-I). These results
suggest that CENP-I tethering requires CENP-C for CENP-A
incorporation at the LacO locus, and that the CENP-C—CENP-I
interaction is essential for this process. Previous studies have clearly
demonstrated that the middle conserved region of CENP-C [aa 166—
324 region of chicken CENP-C, CCAN-binding domain (CBD)]
interacts with the CENP-H/I/K/M complex (Basilico et al., 2014; Hara
et al., 2023; Klare et al., 2015; McKinley et al., 2015; Nagpal et al.,
2015). We then prepared CENP-C cKO cell lines expressing a CENP-
C mutant lacking aa 166-324 (CENP-CA“BP), which is a critical
region for binding to the CENP-H//K/M complex (Fig. 5A; Fig.
S6B), and used this line for the CENP-I tethering assay. As expected,
CENP-C#“BP did not localize to the LacO locus by CENP-I tethering
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Fig. 4. CCAN formation is required for CENP-A incorporation at the
LacO locus by tethering of CENP-I. (A) The homology model of chicken
CENP-H/I/K/M. The magnified view shows a hydrophobic interaction site
between CENP-H (CH) and CENP-I (Cl) in the CENP-I N-terminal heat
repeat, with critical residues presented for clarity. (B) Alignment of CENP-I
N-terminal and CENP-H C-terminal sequences in various species. These
regions are expected to be involved in the hydrophobic interactions between
CENP-H and CENP-I. The predicted critical residues involved in this
interaction are shown. (C) Growth curves of cKO CENP-I cells expressing
EGFP-fused ggCENP-I"'T or CENP-I** at the indicated time points after Tet
addition. (D) Immunoprecipitation (IP) was performed using an anti-GFP
antibody in cKO CENP-I cells expressing CENP-IWT-EGFP or CENP-*A—
EGFP in the presence of Tet for 12 h. The immunoprecipitated samples
were detected using antibodies specific to CENP-H, CENP-K, CENP-M and
CENP-C by western blotting (WB). n=2. (E) Localization of EGFP-fused
ggCENP-IWT or CENP-I*A in cKO-CENP-I cells in the presence of Tet. Scale
bar: 10 ym. (F) Visualization of mScarlet-tagged CENP-A, Lacl/EGFP
double-fused CENP-I (CENP-I"T or CENP-I*A) and Halo-tagged CENP-C at
the LacO locus on chromosome Z on days 1, 2 and 3 after IPTG removal.
Merged images of mScarlet-tagged CENP-A, Lacl/EGFP double-fused
CENP-I (WT or 4A) and Halo-tagged CENP-C with the outline of
chromosome Z are shown on the bottom. The LacO locus is indicated by an
orange arrow. Scale bar: 2.5 ym. (G-I) The intensities (arbitrary units) of
mScarlet-tagged CENP-A (G), Lacl/EGFP double-fused proteins (H) and
Halo-tagged CENP-C (1) at the LacO locus in cells expressing Lacl/EGFP
double fused CENP-I"T or CENP-I*A is shown. Bars show the meanzs.d. of
the intensity values (n=25). ****P<0.0001; unpaired two-tailed t-test.

(Fig. 5B,E). Consistent with the results shown in Fig. 3H,I and
Fig. S4F,G, in CENP-C-knockout cells, CENP-A was not detected at
the LacO locus after CENP-I tethering on day 3 (Fig. 5B). However,
the expression of Halo-tagged CENP-CWT rescued CENP-A
incorporation at the LacO locus via CENP-I tethering. In contrast,
the expression of Halo-tagged CENP-CABP did not rescue CENP-A
incorporation at the LacO locus by CENP-I tethering (Fig. 5B-E),
suggesting that CENP-A incorporation at the LacO locus by CENP-I
tethering requires the interaction of CENP-C with the CENP-H/I/K/M
complex.

CENP-C binds to HJURP to induce CENP-A incorporation at
the LacO locus

CENP-C C-terminus tethering induced CENP-A incorporation at
the LacO locus even in the absence of CENP-I, Mis18a or Knl2
(Fig. 3; Figs S4 and S5). In addition, CENP-A incorporation at the
LacO locus by CENP-I tethering required CENP-C to interact with
the CENP-H/I/K/M complex (Fig. 5). These results suggest that
CENP-C directly binds to HJURP to induce CENP-A incorporation
at the LacO locus, which might be independent of the Misl8
complex—HJURP pathway. To test this hypothesis, we examined
whether CENP-C co-precipitates with HJURP. We transiently
expressed FLAG-tagged HJURP (either FL, aa 1-254 or aa 255—
772) with EGFP-tagged FL CENP-C or various versions of the
CENP-C C-terminus (Fig. 6A) and performed immunoprecipitation
with an anti-GFP antibody. We detected FLAG-HJURP using
immunoblot analysis of the immunoprecipitates with an anti-GFP
antibody in cells expressing EGFP—-CENP-C and FLAG-HJURP
(Fig. 6B). We found that the N-terminal region of HIURP (aa 1—
254) co-precipitated with CENP-C but not with the C-terminal
region of HJURP (Fig. 6B). We further examined the region of
CENP-C that co-precipitated with HJURP. We detected HJURP,
when CENP-C (aa 601-864) was precipitated. However, we did not
detect HIURP in anti-GFP precipitates expressing shorter EGFP—
CENP-C C-terminal fragments (aa 721-864 or aa 601-720),
suggesting that these CENP-C regions are required but not
sufficient for the CENP-C-HJURP interaction. We also tested the

importance of the CENP-C dimer interface (Y799 and H843) for
HIJURP interaction by replacing these residues with alanine. This
mutant CENP-C C-terminus [aa 601-864, Y799A, H843A; CENP-
C(601-864)*A] co-precipitated with FLAG-HJURP (Fig. 6C). This
result in chicken cells is slightly different from that in Xenopus cells
(Flores Servin et al., 2023).

We examined whether these CENP-C C-terminal fragments
induced incorporation of CENP-A at the LacO locus. Although
tethering of wild-type CENP-C (aa 601-864) induced CENP-A
incorporation at the LacO locus, tethering of CENP-C mutants that
did not co-precipitate with HIJURP did not (Fig. 6D,E). Tethering of
CENP-C(601-864)*>* induced significant CENP-A incorporation
into clone #2 cells; however, the efficiency was not the same as that
of wild-type CENP-C (Fig. 6D,E). We note that significant CENP-
A incorporation did not occur in clone #1. As CENP-C(601-864)%4
co-precipitates with HITURP, CENP-C(601-864)? tethering can be
assumed to induce CENP-A incorporation at the LacO locus.
However, CENP-C(Y799A, H843A) might be unstable compared
to wild-type CENP-C.

Finally, we examined HJURP localization at the LacO locus by
tethering the CENP-C C-terminal fragment. HJURP localization is
strictly regulated at native centromeres, and it localizes at
centromeres only during the Gl phase and disappears from
centromeres in the S/G2/M phases. Consistent with native HJURP
localization, the HIURP signal was detected at the LacO locus in
interphase cells but not in mitotic cells by tethering CENP-C (aa
601-864) (Fig. 6F). As CENP-C does not require Knl2 for CENP-
C-HJURP interaction in chicken cells (Fig. 6B,C); CENP-C (aa
601-864) directly recruits HJURP to the LacO locus.

Based on these data, we propose that the CENP-C C-terminal
region (aa 601-864) directly binds to HHURP and induces CENP-A
incorporation at the LacO locus, independent of the Misl8
complex—HJURP pathway.

DISCUSSION

Consistent with our previous study (Hori et al., 2013), we
demonstrated that tethering of the HJURP N-terminus (aa 1-400),
Knl2, CENP-I, CENP-C and CENP-C C-terminus (aa 601-864)
induced CENP-A incorporation at the LacO locus. HIURP is a
CENP-A-specific chaperone and the Misl8 complex containing
Knl2 binds to HJURP. Therefore, these two components could
recruit CENP-A to the LacO locus (Fig. 7A,B). However, as it was
unclear how CENP-I or the CENP-C C-terminus (aa 601-864)
induces CENP-A incorporation at the LacO locus, we examined this
issue in this study. We demonstrated that CENP-I or the CENP-C C-
terminus (aa 601-864) induced CENP-A incorporation at the LacO
locus in the absence of Knl2, whereas CENP-I did not induce
CENP-A incorporation in the absence of CENP-C (Fig. 3; Fig. S4).
Furthermore, the C-terminus of CENP-C associated with HJURP in
the absence of Knl2 (Fig. 6C). Considering these results, we
propose that the CENP-C C-terminus directly binds to HJURP to
induce CENP-A incorporation, and that CENP-I recruits CENP-A
via CENP-C-HJURP interaction into the LacO locus in chicken
DT40 cells (Fig. 7C). The CENP-C-HJURP pathway is
independent of the Knl2 (or Misl8 complex)-mediated HIURP
pathway to induce CENP-A incorporation at the LacO locus.

The chicken CENP-C C-terminal region appears to bind directly
to HIURP (Fig. 6). The dimer interface of the Xenopus CENP-C C-
terminus has been proposed as the binding region for HTURP (Flores
Servin et al., 2023). However, our data suggest that the chicken
CENP-C dimer interface mutant (Y799A, H843A) still bound to
HIJURP, and that tethering of the mutant CENP-C induced CENP-A
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Fig. 5. The CENP-C—CENP-I interaction is essential for CENP-A incorporation at the LacO locus by CENP-I tethering. (A) Diagram depicting the
domain organization of chicken full-length CENP-C (CENP-C FL). The CCAN-binding domain (CBD) spans aa 166—324, the CENP-C motif spans aa 655—
675, and the Cupin domain spans aa 761-850. (B) Visualization of mScarlet-tagged CENP-A, Lacl/EGFP double-fused CENP-I and Halo-tagged CENP-CWT™
or CENP-CACBP at the LacO locus on chromosome Z on days 1, 2 and 3 (as per Fig. 3A) in CENP-C-AID cells expressing Halo-tagged CENP-CWT or
CENP-C*CBD in the presence of IAA. Merged images with the outline of chromosome Z are shown in the bottom. The LacO locus is indicated by orange
arrows. Scale bar: 2.5 pm. (C-E) The intensities (arbitrary units) of mScarlet-tagged CENP-A (C), Lacl/EGFP double fused CENP-I (D) and Halo-tagged
CENP-C (E) at the LacO locus in CENP-C—AID cells expressing Halo-tagged CENP-C (CENP-CWT or CENP-CACBD) in the presence of IAA are shown. The
data set for CENP-C—AID cells without expression of Halo-CENP-C (None) in C is identical to that shown for Lacl-CENP-I-EGFP (right-hand graph) in

Fig. 3l. Bars show the meanzs.d. of the intensity values (n=25). ****<0.0001; unpaired two-tailed t-test.

incorporation at the LacO locus in clone #2. However, CENP-A
incorporation efficiency was not the same as that of wild-type
CENP-C tethering (Fig. 6D,E). Although we did not directly
evaluate the binding affinity of the CENP-C mutant (Y799A,
H843A) to HIURP, the CENP-C mutant (Y799A, H843A) might
bind to HIURP weakly, compared to wild-type CENP-C. Chicken
CENP-C has two dimer interfaces, a Cupin dimer interface (Y799,
H843) and a dimer hook in the pre-Cupin domain (Hara et al., 2023),
each of which is sufficient for CENP-C dimer formation. However,
each mutant might have a reduced dimerization activity. Stable dimer
formation might be required for the proper binding of CENP-C to

HJURP. Interestingly, the shorter CENP-C C-terminal region (aa
721-864), which forms a dimer, did not bind to HJURP, suggesting
that CENP-C dimer formation is required for HJURP binding but is
not sufficient. The detailed molecular basis of the CENP-C-HJURP
interaction is an important subject for future research.

Using a similar tethering assay, Shono et al. (2015) demonstrated
that tethering of CENP-C or CENP-I recruited CENP-A to a non-
centromeric locus in human cells. However, the mechanism
underlying CENP-A deposition by CENP-C or CENP-I in human
cells might differ from that observed in chicken cells. Knl2 plays a
key role in human cells, and both CENP-C and CENP-I tethering
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Fig. 6. See next page for legend.

reduce CENP-A recruitment after Knl2 knockdown. Furthermore,
CENP-I tethering recruits CENP-A, even after CENP-C knockout
in human cells. This is because CENP-I recruits Knl2 independently
of CENP-C in human cells (Shono et al., 2015). Chicken Knl2 does
not appear to bind to CENP-C in the G1 phase, which differs from
that in human. Furthermore, chicken CENP-I might not be
associated with Knl2 as our data indicate that CENP-C or CENP-I
tethering induces CENP-A incorporation in Knl2-knockout
chicken DT40 cells.

We also propose that chicken CENP-C directly binds to HJURP,
which induces CENP-A incorporation even in Knl2-knockout cells
(Fig. 7C,D). Tachiwana et al. (2015) demonstrated that human
HJURP binds to human CENP-C, suggesting that the C-terminal
region of human CENP-C associated with human HJURP. As this
interaction is similar to that of chicken proteins, the HTURP—CENP-
C interaction might be conserved between chickens and humans.
Whether CENP-C-HJURP-mediated CENP-A deposition occurs in
human cells is uncertain because tethering of CENP-C or CENP-I to
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Fig. 6. CENP-C binds to HJURP to induce CENP-A incorporation at the
LacO locus. (A) Schematic representation illustrating the mutants of chicken
CENP-C C-terminus (aa 601-864) used for co-immunoprecipitation (co-IP)
experiments. The CENP-C motif-containing region encompasses aa
601-720, whereas the Cupin domain-containing region spans amino acids
721-864. CENP-C C-terminus (601-864)?* mutants involved replacement of
Y799 and H843 with alanine. (B) Co-IP with an anti-GFP antibody in cells
transiently expressing EGFP—-CENP-C (FL) and various FLAG-HJURPs
(FL, aa 1-254 or aa 255-772). Immunoprecipitated samples were detected
using specific antibodies against GFP, FLAG or Knl2. Asterisks (*) indicate
nonspecific bands. n=2. (C) Co-IP with an anti-GFP antibody in cells
transiently expressing various EGFP—CENP-Cs shown in A and FLAG—
HJURP. Immunoprecipitated samples were detected using specific
antibodies against GFP, FLAG or Knl2. n=2. (D) Visualization of various
mScarlet-tagged CENP-A and Lacl/EGFP double-fused CENP-C mutants at
the LacO locus on chromosome Z on days 1, 2 and 3 (as per Fig. 2A).
Merged images of mScarlet tagged CENP-A, Lacl/EGFP double-fused
CENP-C mutants and DAPI-stained chromosome Z are shown on the
bottom. The LacO locus is indicated by orange arrows. Scale bar: 2.5 ym.
(E) The intensities (arbitrary units) of mScarlet-tagged CENP-A at the LacO
locus in cells expressing Lacl/EGFP double-fused CENP-C mutant proteins
are shown. Bars show the meants.d. of the intensity values. n=25.
**P<0.01; ****P<0.0001; unpaired two-tailed t-test. The data set for cells with
CC (601-864) is identical to that shown for Lacl-CC (601-864)-EGFP in

Fig. 2C,E. (F) Representative images of the localization of Halo-tagged
HJURP and Lacl/EGFP double-fused CENP-C C-terminal (aa 601-864) at
the LacO locus. The LacO locus was identified by mScarlet-Lacl, which was
transiently expressed. Merged images of mScarlet-Lacl, Lacl/EGFP double-
fused CENP-C C-terminus and Halo-tagged HJURP with outline of the
nucleus are shown. The LacO locus is indicated by orange arrows. Images
of interphase and mitotic cells at 4 h after removing IPTG are shown. n=1.
Scale bar: 12 ym.

a non-centromeric locus largely reduces CENP-A assembly in
Knl2-knockout cells (Shono et al., 2015). However, CENP-C—
HJURP-mediated CENP-A deposition might occur to some extent
in human cells.

We found that CENP-A incorporation at the LacO locus was
highly activated by CENP-I tethering, when Knl2 was depleted
(Fig. 3D,E; Fig. S4B,C). This hyper CENP-A incorporation did not
occur by CENP-C tethering in Knl2-knockout cells. Therefore, it is
possible that Knl2 might have an inhibitory role for CENP-C
recruitment to CENP-I for the CENP-A incorporation activity.
Therefore, CENP-C-HJURP pathway might be more active in
Knl2-knockout cells. Chicken Knl2 binds to the CENP-A
nucleosome and might have a structural role for CCAN
organization (Ariyoshi et al., 2021; Hori et al., 2017; Jiang et al.,
2023), and it is possible that Knl2 has a regulatory role for the

A B C
KNL2 tethering

HJURP(1-400) tethering

LacO-array LacO-array

CENP-C(601-864) tethering

CENP-C—CENP-I interaction. However, we need further analyses to
conclude this hypothesis.

We analyzed CENP-A incorporation at a non-centromeric locus
when the target protein was artificially tethered. In this artificial
situation, we showed that the Knl2-independent CENP-C—HJURP
interaction mediated CENP-A deposition (Fig. 7C,D). We are
interested in determining the extent to which this pathway is used for
CENP-A deposition on native centromeres. In our tethering assays
with a combination of knockout cells, CENP-A incorporation at
both the LacO locus and endogenous centromeres was reduced in
HJURP-knockout cells, whereas only CENP-A incorporation at the
LacO locus was compromised in either Knl2- or CENP-C-knockout
cells (Fig. 3). This suggests that both the CENP-C-HJURP and
Knl2-HJURP pathways work at endogenous centromeres, whereas
either pathway is active at the LacO locus. However, to clarify this
hypothesis, further analyses are needed.

The Knl2 (Mis18 complex)-HJURP pathway appears to be a
major pathway for CENP-A deposition in chicken cells because we
observed CENP-A reduction at native centromeres in Knl2- or
Mis18a-knockout cells (Hori et al., 2017; Perpelescu et al., 2015).
However, the reduction in levels of CENP-A at native centromeres
in these knockout cells was milder than that in HIJURP-knockout
cells (Arimura et al., 2019; Hori et al., 2017). As Knl2 or Mis18a is
essential for cell viability, the Knl2 (Mis18 complex)-HJURP is
critical for new CENP-A deposition at the native centromere, and
the CENP-C-HJURP pathway cannot fully compensate for defects
ofthe Knl2 (Mis18 complex)-HJURP pathway in Knl2- or Mis18c-
knockout cells. Therefore, the Knl2 (Mis18 complex)-HJURP and
CENP-C-HJURP pathways might not be redundant for new CENP-
A deposition into native centromeres, but each pathway might be
required for CENP-A deposition and new CENP-A might be
supplied from both pathways in chicken cells. The mechanisms of
CENP-A deposition have been extensively characterized using
Xenopus egg extracts (Flores Servin et al., 2023; French and
Straight, 2019; French et al., 2017). Unlike in other vertebrate cells,
there are two Knl2 proteins and the CENP-A deposition system is
complicated in Xenopus cells. Nevertheless, the Knl2-HJURP and
CENP-C-HJURP pathways appear to be present in the Xenopus
system. Although each pathway is important, how these pathways
contribute to new CENP-A deposition in Xenopus cells remains
unclear. It is thus important to clarify how the Knl2-HJURP and
CENP-C-HJURP pathways coordinate new CENP-A deposition at
native centromeres in various experimental systems. In this study,
we demonstrated the importance of the CENP-C-HJURP pathway

D
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Fig. 7. Model of artificial new kinetochore formation induced by HJURP, Knl2, CENP-I or CENP-C C-terminus. We propose a model in which distinct
mechanisms govern the formation of new artificial kinetochores by the induction of CENP-A (CA) to the non-centromere LacO locus. (A) As the CENP-A-
specific chaperone HJURP directly binds to CENP-A via its Scm-domain (aa 1-55), HJURP tethering might directly recruit CENP-A to the LacO locus.

(B) Knl2 forms the Mis18 complex with Mis18c/B; therefore, the Mis18 complex should be formed on the LacO locus by Knl2 tethering. Thus, Knl2 tethering
causes CENP-A incorporation at the LacO locus via HHURP—Mis18 complex interaction. (C) The CENP-C C-terminus (aa 601-864) directly binds to HJURP,
independently of the Mis18 complex, and induces CENP-A incorporation at the LacO locus via HHURP-CENP-C interaction. (D) CENP-I tethering causes
formation of the CENP-H/I/K/M complex at the LacO locus, which recruits CENP-C through its CCAN-binding domain. CENP-C then recruits HJURP and

induces CENP-A incorporation, similar to the process of CENP-C tethering.
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for CENP-A deposition independent of Knl2 at the LacO-mediated
ectopic centromere in chicken DT40 cells, which gives us a new
insight for CENP-A incorporation mechanisms.

MATERIALS AND METHODS

Plasmid construction

To generate a construct for integration of mScarlet-fused CENP-A into one
B-actin allele using CRISPR/Cas9 genome editing, the mScarlet, Gallus
gallus (gg)CENP-A, IRES2 and EcoGPT sequences were amplified using
PCR and cloned into the pBluescript SK vector (Stratagene), which contains
a 2-kb B-actin genome region surrounding exon 1, using In-Fusion cloning
(Takara). An sgRNA sequence surrounding the start of B-actin exon 1 for
targeting was designed using Cas-Designer (http://www.rgenome.net/cas-
designer/) and was cloned into the pX335 plasmid (Addgene, 54233), which
encodes SpCas9 nickase (D10A) (Cong et al., 2013). The final plasmid is
called pX335-B-actin.

To generate the constructs for integration of EGFP/Lacl double-fusion
proteins into one PGK/ allele using CRISPR/Cas9 genome editing, the
following components were amplified using PCR: EGFP, Lacl, protein-
encoding genes [for HIURP (aa 1-400), Knl2, CENP-IVT, CENP-I**
(V136A, V139A, L175A, I178A), CENP-C (FL), CENP-C (aa 601-864),
CENP-C (aa 601-720), CENP-C (aa 721-864) and CENP-C (aa 601—
864)°4 (Y799A, H843A)], the SV40 promoter and the hygromycin
resistance gene sequence. These components were then cloned into the
pBluescript-KS(+) vector (Stratagene), which contains a 2-kb PGKI1
genome region surrounding exon 1, using In-Fusion cloning. An sgRNA
sequence surrounding the start of PGK/ exon 1 for targeting was designed
using Cas-Designer and was cloned into the pX335 plasmid (Cong et al.,
2013). The final plasmid is called pX335-PGKI.

We generated constructs for integration of EGFP-fused CENP-IVT and
CENP-I*A (V136A, VI139A, L175A, 1178A) into one PGK1 allele using
CRISPR/Cas9 genome editing. We amplified the EGFP, CENP-IVT or
CENP-I*A (V136A, V139A, L175A, 1178A) sequences, along with the
SV40 promoter and the hygromycin resistance gene sequence using PCR
and cloned them into the pBluescript-KS(+) vector containing the 2 kb
PGK1 genome region surrounding exon 1 using In-Fusion cloning.

To generate a construct for random integration of AID-tagged HIURP,
Knl2, CENP-I, CENP-C or Mis18a along with TIR1 into DT40 cells, PCR
was used to amplify the respective sequences and these were cloned into
the pAID 1.1 N-T2A-Bsr (Addgene #105985) or pAID 1.1C-T2A-Bsr
(Addgene #105986), which contains a TIR1 sequence and a L-histidinol
dihydrochloride resistance gene sequence (Nishimura and Fukagawa, 2017)
using In-Fusion cloning. The sgRNAs for targeting endogenous HJURP,
Knl2, CENP-I, CENP-C and Mis18a were designed using Cas-Designer
and were cloned into the pX330 plasmid (Addgene, 42330). The final
plasmids are referred as pX330-HJURP, -Knl2, -CENP-I, -CENP-C and
-Mis180, respectively.

To generate constructs for random integration of Halo-tagged HJIURP,
CENP-CWT or CENP-CA“BP into DT40 cells, PCR was used to amplify the
Halo tag and the respective protein sequence along with the SV40 promoter
and a puromycin resistance gene sequence. The amplified fragments were
then cloned into the pEGFP-N1 vector (Clontech), which lacks the EGFP
sequence, using In-Fusion cloning. To generate constructs for transient
expression of FLAG-tagged HIURP variants (FL, aa 1-254 and aa 255-772)
and EGFP-tagged CENP-C variants (FL, aa 601-864, aa 601-720, aa 721—
864 and aa 601-864) in DT40 cells, individual HIURP fragments were
amplified by PCR and were cloned into the p3xFLAG-CMVTM-10 vector
(Sigma) using In-Fusion cloning. Concurrently, PCR amplification of the
CENP-C fragments was performed, followed by their insertion into the
pEGFP-C1 vector (Clontech) using In-Fusion cloning.

To generate constructs for transient expression of mScarlet-tagged Lacl, PCR
was used to amplify the mScarlet and Lacl sequences. The amplified fragments
were then cloned into the pPEGFP-N1 vector lacking the EGFP sequence.

Chicken DT40 cells
We used chicken DT40 CL18 cell line as the wild type (Buerstedde et al.,
1990). The cells were cultured at 38.5°C in Dulbecco’s modified Eagle

medium (DMEM; Nakalai Tesque) supplemented with 10% fetal bovine
serum (FBS; Biosera), 1% chicken serum (Gibco), and penicillin—
streptomycin (referred to as DT40 culture medium).

In our previous studies (Hori et al., 2013), we created a cell line in which
chromosome Z was engineered. In this cell line, a LacO array (256% repeat)
was inserted at the p-arm and two LoxP sites were introduced across
the native centromere of chromosome Z. To establish chromosome
Z-engineered cell lines expressing EGFP-HJURP (aa 1-400)-Lacl, Lacl-
Knl2-EGFP, Lacl-CENP-I-EGFP, Lacl-CENP-C (FL)-EGFP, or Lacl—-
CENP-C (601-864)-EGFP under control of the phosphoglycerate kinase
(PGK1) promoter, we co-transfected a plasmid encoding each Lacl or EGFP
fusion protein with a hygromycin resistance gene and the pX335-PGK1
plasmid encoding the sgRNA for targeting into PGK1 gene locus and Cas9
(D10A) using electroporation. The transfected cells were selected in the
DT40 culture medium containing 2.5 mg/ml hygromycin and 20 pM IPTG
(for suppression of the Lacl-LacO interaction). Subsequently, the cells
expressing mScarlet-CENP-T or mScarlet-Dsnl under the endogenous
promoter were established by a CRISPR/Cas9-mediated gene-targeting
method.

To establish a chromosome Z-engineered cell line expressing mScarlet—
CENP-A or untagged CENP-A under control of the B-actin promoter, the
plasmid encoding mScarlet-fused or untagged ggCENP-A and an EcoGPT
gene was co-transfected with pX335-B-actin encoding the sgRNA targeting
into the B-actin gene locus and Cas9 (D10A) using electroporation. The
transfected cells were selected in the DT40 culture medium containing
25 ng/ml mycophenolic acid (TCI) and 125 pg/ml xanthine (Sigma). Using
this cell line, plasmids encoding EGFP-Lacl, EGFP-HJURP (aa 1-400)—
Lacl, Lacl-Knl2-EGFP, Lacl-CENP-I"T-EGFP, Lacl-CENP-I**
(V136A, VI139A, L175A, 1178A)»-EGFP, Lacl-CENP-C (FL)-EGFP,
Lacl-CENP-C (aa 601-864)-EGFP, Lacl-CENP-C (aa 601-720)-EGFP,
Lacl-CENP-C (aa 721-864)-EGFP or Lacl-CENP-C (aa 601-864)**
(Y799A, H843A)-EGFP with hygromycin resistance were co-transfected
with pX335-PGK1. The transfected cells were selected in the DT40 culture
medium containing 2.5 mg/ml hygromycin (Wako) and 20 uM IPTG
(Nacalai tesque).

To create AID-based knockout for HIURP, Knl2, CENP-I, CENP-C or
Misl8a in lines expressing Lacl-Knl2-EGFP, Lacl-CENP-I-EGFP or
Lacl-CENP-C (aa 601-864)-EGFP, a linearized pAID plasmid containing
HJURP, Knl2, CENP-I, CENP-C or Mis18c. cDNA and pX330 containing
sgRNA (which targets the chicken HIURP, Knl2, CENP-I or CENP-C
genome) and Cas9 gene, were co-transfected into each line (Nishimura and
Fukagawa, 2017). The transfected cells were then selected in the DT40
culture medium containing 1 mg/ml L-histidinol dihydrochloride (Sigma)
and 20 uM IPTG. Immunoblot analyses were performed to confirm
complete replacement of the AID-fused protein with the endogenous one
and to verify the successful knockout of the AID fusion protein after indole-
3-acetic acid (IAA) addition. To degrade the AID-fused protein, 500 uM
IAA (Sigma-Aldrich) was used. To facilitate CENP-A incorporation in the
AlD-based Knl-2, CENP-I- and CENP-C-knockout cells, a plasmid
encoding Halo-HJURP with a puromycin resistance gene (Clontech) was
transfected using electroporation. The Halo-HJURP-integrated cells were
then selected in DT40 culture medium containing 0.5 pg/ml puromycin
(InvivoGen) and 20 uM IPTG.

To conduct the experiments shown in Fig. 4, we generated a Lacl-CENP-
IWT_EGFP or Lacl-CENP-I** (V136A, V139A, L175A, 1178 A)-EGFP
cell line expressing mScarlet-CENP-A and Halo-CENP-C. We introduced
plasmids encoding Halo-CENP-CWT with a puromycin resistance gene into
each Lacl-CENP-I-EGFP cell line. Cells were selected using 0.5 pg/ml
puromycin and 20 pM IPTG in the DT40 culture medium.

To investigate the replacement of CENP-C by its mutant under CENP-I
tethering (Fig. 5), we used the CENP-C—AID line expressing mScarlet—
CENP-A and LaclI-CENP-I-EGFP. To introduce plasmids encoding Halo—
CENP-CYT or Halo-CENP-CA®BP with a puromycin resistance gene,
electroporation was used. The resulting Halo-CENP-CWT- or Halo-CENP-
CACBD_ integrated cells were selected using 0.5 ug/ml puromycin and
20 uM IPTG in DT40 culture medium.

The ggCENP-I cKO cell line has been previously described (Nishihashi
et al.,, 2002). To suppress expression of CENP-I, 2 pg/ml Tet (Sigma-
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Aldrich) was added to the culture medium. To generate a cKO ggCENP-I
cell line expressing either CENP-IWT—_EGFP or CENP-I** (V136A, V139A,
L175A, 1178 A)-EGFP under the PGK promoter, a plasmid encoding the
desired protein along with a hygromycin resistance gene and pX335-PGK1
was co-transfected into the cells using electroporation. Following
transfection, cells were selected in DT40 culture medium containing
2.5 mg/ml hygromycin.

Cell counting

To quantify the number of DT40 cells, a 10 ul sample of cultured medium
was mixed with same volume of 0.4% (wt/vol) solution of Trypan Blue
(Wako) and assessed using a Countess II automated cell counter (Thermo
Fisher Scientific).

Immunoblotting

To prepare whole-cell samples, DT40 cells were harvested, washed with
PBS, and suspended in 1x SDS-PAGE sampling buffer (250 mM Tris-HCl
pH 6.8, 10% SDS, 50% glycerol, 5% 2-mercaptoethanol, 0.5%
Bromophenol blue) (at a final concentration of 5x10% cells/ul) prior to
sonication and heating for 5 min at 96°C. Protein samples were separated on
a SuperSep Ace, 5-20% gel (Wako) and then transferred to an Immobilon-P
membrane (Merck) using a HorizeBIOT system (ATTO).

The primary antibodies used in this study were as follows: rabbit anti-
ggCENP-C (Fukagawa et al., 1999), rabbit anti-ggCENP-H (Fukagawa
et al., 2001), rabbit anti-ggCENP-I (Nishihashi et al., 2002), rabbit anti-
ggCENP-K (Okada et al., 2006), rabbit anti-ggMis18c (Hori et al., 2017),
rabbit anti-ggHJURP (Perpelescu et al., 2015), rabbit anti-ggCENP-A (Hori
et al.,, 2020), mouse anti-Halo (Promega, cat. no. G9211), rabbit anti-
ggCENP-M (Okada et al., 2006), rabbit anti-ggKnl2 (Hori et al., 2017),
mouse anti-FLAG (Sigma-Aldrich, cat. no. F3165), rabbit anti-GFP (MBL,
cat. no. 598) and mouse anti-o-tubulin (Sigma-Aldrich, cat. no. T6199). The
secondary antibodies used were HRP-conjugated anti-rabbit IgG (Jackson
ImmunoResearch, cat. no. AB_2313567), HRP-conjugated anti-mouse IgG
(Jackson ImmunoResearch, cat. no. AB_10015289) and HRP-conjugated
anti-rabbit IgG true-blot (Rockland, cat. no. 18-8816-31). To enhance
sensitivity and specificity, Signal Enhancer Hikari (Nacalai Tesque) was used
for all antibodies. The membranes were blocked in 5% skim milk dissolved in
TBST (20 mM Tris-HCI pH 7.5; 150 mM NaCl; 0.1% Tween-20). The
membranes were incubated with all primary antibodies at 1:5000 [except for
rabbit anti-ggCENP-C antibody (1:10,000); rabbit anti-ggCENP-I antibody
(1:1000)] overnight at 4°C, and with secondary antibodies (1:20,000)
(a dilution at 1:30,000 of secondary antibody was used when rabbit anti-
ggCENP-C antibody was used as the primary antibody) for 1 h at room
temperature. For antibody stripping, the membranes were incubated in
stripping buffer (2% SDS, 62.5 mM Tris-HCl, 0.7% 2-mercaptoethanol) for
20 min at 60°C. The proteins that reacted with the antibodies were detected
using ECL Prime (GE Healthcare) and visualized and quantified with a
ChemiDoc Touch system (Bio-Rad). The acquired images were processed
using Image Lab 6.1.0 (Bio-Rad) and Illustrator CC (Adobe). All raw
immunoblot data are shown in Fig. S7 as ‘Blot transparency’.

Immunoprecipitation

To immunoprecipitate CENP-IWT-EGFP or CENP-I** (V136A, V139A,
L175A, 1178 A)-EGFP using anti-GFP, we harvested cKO ggCENP-I cells
expressing the respective constructs, which were cultured in the presence of
2 ug/ml Tet for 12 h. After cells were washed with PBS, cells were
sequentially resuspended in TMS buffer (0.25 M sucrose, 10 mM Tris-HCI
pH 7.5, 5 mM MgCl,) and buffer A [15 mM HEPES-NaOH pH 7.4, 15 mM
NaCl, 60 mM KCI, 0.34 M sucrose, 0.5 mM spermidine, 0.15 mM
spermine, 1 mM dithiothreitol (DTT), and 100 ng/ml Trichostatin-A
(TSA), supplemented with 1x complete EDTA-free proteinase inhibitor
(Roche)]. Following centrifugation, the cell pellet was quick frozen in liquid
nitrogen and suspended in buffer A again to a final density of 2x108 cells/ml.
We then added CaCl, (final concentration 3 mM) and micrococcal nuclease
(New England Biolabs) (240 gel units/ml at final concentration) and rotated
the suspension at room temperature for 1 h. To stop the reaction, we added
EDTA (final concentration 10 mM), followed by NaCl (300 mM at final
concentration) to the digested chromatin fraction. The solubilized fraction

was incubated with 10 pl Protein-G Dynabeads (Thermo Fisher Scientific)
conjugated to either anti-GFP antibody (MBL, cat. no. 598, 7 ug/ml) or
rabbit IgG (Sigma-Aldrich, cat. no. 12-370, 7 ug/ml) at 4°C for 2 h. The
proteins precipitated with antibody-bound beads were washed with PBS
three times and eluted by adding 1x sampling buffer and heating at 96°C for
5 min.

To perform immunoprecipitation of EGFP-CENP-C (FL), EGFP-
CENP-C (aa 601-864), EGFP-CENP-C (aa 601-720), EGFP-CENP-C
(aa 721-864) and EGFP-CENP-C (aa 601-864)*A(Y799A, H843A) using
anti-GFP, we transiently expressed these constructs along with FLAG—
HJURP (FL), FLAG -HJURP (aa 1-254) or FLAG-HJURP (aa 255-772) in
wild-type CL18 DT40 cells by transfection of plasmids (40 ug plasmids in
150 ul suspension buffer containing 3x10° cells). The cells were harvested
24 h after transfection, washed with PBS and suspended in lysis buffer
(25 mM Tris-HCl pH 7.5, 275 mM NacCl, 5 mM MgCl,, 0.1% NP40, 1 mM
DTT, 0.5 uM okadaic acid, 5mM NaF, 0.3 mM Na3;VO,, 10 mM B-
glycerophosphate-5H,0, 50 U/ml Turbo-nuclease). The suspension was
incubated on ice for 2 h, followed by incubation at 37°C for 10 min. After
centrifugation, the solubilized fraction was incubated with anti-GFP
antibody (MBL)- or control rabbit IgG (Sigma-Aldrich)-bound Protein-G
Dynabeads (Thermo Fisher) at 4°C for 2 h. The proteins precipitated with
antibody beads were washed thrice with lysis buffer and twice with PBS, and
eluted by adding 1x SDS-PAGE sampling buffer and heating at 96°C for
5 min.

Chromosome observation

DT40 cells were cyto-spun onto glass slides. The cells were fixed with 4%
paraformaldehyde in PBS for 10 min, permeabilized in 0.5% NP40 in PBS
for 10 min, and stained with 1 pg/ml DAPI in PBS for 10 min. The stained
samples were washed with PBS and mounted with VECTASHIELD
mounting medium (Vector Laboratories).

To observe chromosome spread, DT40 cells were treated with 500 ng/ml
nocodazole (Sigma) for 1 h before cyto-spinning onto glass slides. The cells
were expanded in hypotonic buffer (40 mM KCl, 20 mM HEPES-NaOH pH
7.5, 0.5 mM EDTA) for 10 min at 37°C before fixation.

To detect chromosome Z, a CasFISH method was used (Deng et al.,
2015). For CasFISH detection, the samples after permeabilization and
before DAPI staining were washed with PBS three times and then incubated
with the CasFISH reaction complex [25 nM dCas-tagged Halo conjugated
with Janelia Fluor (JF) 646 (Janelia), 100 nM sgRNA for targeting
a chromosome Z-specific satellite sequence, 20 mM HEPES-NaOH pH 7.4,
100 mM KCI, 5mM MgCl,, 5% glycerol, 5% BSA, 5mM DTT,
0.5% Tween-20] for 30 min at 37°C, followed by washing with PBS three
times. For detection of Halo-tagged proteins on chromosome Z, DT40
cells were stained with 200 nM JF646 (Janelia) before cyto-spinning onto
glass slides.

Evaluation of efficiency for artificial centromere formation

DT40 cells containing a LacO array (256% repeat) at the end of the p-arm and
LoxP sequences across the native centromere of chromosome Z and expressing
each EGFP/Lacl-fused target protein were used in this assay. The cells were
maintained in medium containing 20 uM IPTG. IPTG was washed out with
fresh medium twice at day 0. After 3 days, 4-hydroxytamoxifen (OHT, Sigma-
Aldrich) was added to activate Cre recombinase. Then, native centromeres
were removed by recombination between two LoxP sites. After 16 h of
treatment of OHT, cells were washed with fresh medium twice and were plated
into 96-well plates at several dilutions. After incubation for 8 h, zeocin
(InvivoGen)-containing medium (final concentration at 1 mg/ml) was added
to the plates. After further incubation for 16 h, fialuridine (Sigma)-containing
medium (final concentration at 0.5 uM) was added to select surviving cells.
After 2 weeks of selection, the numbers of the surviving colonies on the plates
were counted.

Structure modelling

To generate a homology model of the chicken CENP-H/I/K/M complex, we
used the SWISS-MODEL workspace (https://swissmodel.expasy.org/) with
the cryo-electron microscopy structure of the human CENP-H/I/K/M complex
(Protein Data Bank number: 7QO0) as the template. To visualize the resulting
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models, we used the PyYMOL Molecular Graphics System (version 2.5.2,
Schrédinger) and generated ribbon presentations of the structures.

Quantification and statistical analysis

The fluorescence signal intensities of EGFP-fused proteins, mScarlet-fused
proteins or Halo-tagged proteins conjugated with JF646 on the LacO locus
were quantified using Imaris software (Bitplane). We measured
fluorescence signals of two sister LacO arrays and obtained the mean of
two sister signals. 25 LacO signals in each cell were measured and
background signals in regions without signals were subtracted, respectively.
Plots were made using GraphPad Prism8. In every group in each graph,
means of 25 cells and s.d. are shown. Unpaired two-tailed 7-tests were
performed for corresponding groups.

Quantification of CENP-A at the LacO locus in CENP-I knockout cells
were evaluated by a reversine method (Fig. 3L). AID-based CENP-I
knockout cells in the presence of IPTG were treated with 500 ng/ml
nocodazole and 500 uM TAA for 5 h. Then, IPTG was washed out and cells
were incubated for 3 h to tether the CENP-C C-terminus into the LacO
locus. Then, 1 uM reversine (Sigma) was added and incubated for 3 h. After
that, only the reversine was washed out and the cells were incubated for 10 h
before cyto-spinning onto glass slides. Then, CENP-A incorporation was
evaluated at the LacO locus on chromosome Z.
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