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Introduction
Chromosomal instability (CIN) refers to defects in chromosome
segregation due to errors in mitosis. One of the main consequences of defective chromosome segregation is changes in
the number of chromosomes (numerical CIN) and/or rearrangements in the genome (structural CIN), leading to genomic heterogeneity, a hallmark of cancer and drug resistance
(Lee et al., 2011; Lim and Ma, 2019). Structural CIN can lead to
segmental aneuploidy ranging from changes in few nucleotides
to rearrangements of entire chromosomes, leading to deletions,
translocations, inversions, and/or duplications as seen in malignancies, such as acute myeloid leukemia (Barnard et al., 1996;
Geigl et al., 2008). Numerical CIN can lead to aneuploidy with
loss or gain of whole chromosome, which has been observed in
many solid cancers and hematological malignancies (Barnard
et al., 1996; Maurici et al., 1998; Qi et al., 1996; Barnard et al.,
2002; Paulsson and Johansson, 2007; Xu et al., 2016). Moreover,
CIN is also associated with metastatic progression in several
cancers (Turajlic and Swanton, 2016).
CIN, either numerical or structural, is mainly attributed to
chromosome segregation defects during mitosis caused by

molecular alterations, such as multipolar spindles, defective
sister chromatid cohesion, defects in chromosomes congression,
replication stress, and improper/hyper-stable kinetochore–
microtubule (KT-MT) attachments (Thompson et al., 2010;
Gordon et al., 2012; Burrell et al., 2013). Kinetochores are assembled at the surface of the centromeres, which contain an
evolutionarily conserved centromeric histone H3 variant—
CENP-A in humans and Cse4 in budding yeast, Cid in flies—at
α satellite DNA motifs interspersed with non-centromeric nucleosomes containing canonical histone H3 (Hasson et al., 2013;
Henikoff et al., 2015). CENP-A is essential for centromere and
kinetochore assembly (Perpelescu and Fukagawa, 2011; Guse
et al., 2011). In addition, preexisting CENP-A marks the position and directs the recruitment of new CENP-A after DNA
replication (Jansen et al., 2007). CENP-A is present at neocentromeres as well as in the majority of functional ectopic kinetochores (Mendiburo et al., 2011; Marshall et al., 2008; Nye
et al., 2018), suggesting that it is an essential factor for centromere and kinetochore assembly (Perpelescu and Fukagawa,
2011; Guse et al., 2011). CENP-A is the foundation for the
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Chromosomal instability (CIN) is a hallmark of many cancers. Restricting the localization of centromeric histone H3 variant
CENP-A to centromeres prevents CIN. CENP-A overexpression (OE) and mislocalization have been observed in cancers and
correlate with poor prognosis; however, the molecular consequences of CENP-A OE on CIN and aneuploidy have not been
defined. Here, we show that CENP-A OE leads to its mislocalization and CIN with lagging chromosomes and micronuclei in
pseudodiploid DLD1 cells and xenograft mouse model. CIN is due to reduced localization of proteins to the kinetochore,
resulting in defects in kinetochore integrity and unstable kinetochore–microtubule attachments. CENP-A OE contributes to
reduced expression of cell adhesion genes and higher invasion of DLD1 cells. We show that CENP-A OE contributes to
aneuploidy with karyotypic heterogeneity in human cells and xenograft mouse model. In summary, our results provide a
molecular link between CENP-A OE and aneuploidy, and suggest that karyotypic heterogeneity may contribute to the
aggressive phenotype of CENP-A–overexpressing cancers.
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different breast cancer subtypes (Sun et al., 2016; Li et al., 2011;
Stangeland et al., 2015; McGovern et al., 2012; Zhang et al., 2016;
Rajput et al., 2011; Tomonaga et al., 2003). CENP-A overexpression (OE) has been linked to decreased overall survival,
higher tumor grades, increased invasiveness, higher risk of
disease progression, and poor patient response to therapy
(Zhang et al., 2016; Saha et al., 2020). Bioinformatic analyses
have reported increased expression of CENP-A and kinetochore
components in breast cancer samples with aneuploidy (Pfister
et al., 2018); however, the molecular consequences of CENP-A OE
on CIN and aneuploidy have not been defined. Given the correlation of increased expression of CENP-A with cancer, it is
important to understand how CENP-A OE and subsequent mislocalization contributes to aneuploidy.
In this study, we used a colorectal pseudodiploid cancer cell
line, DLD1, and a xenograft mouse model to investigate the
molecular consequences of CENP-A OE on CIN and aneuploidy.
Our results showed that CENP-A OE leads to mislocalization of
CENP-A to non-centromeric regions, CIN phenotypes (lagging
chromosomes, micronuclei), and aneuploidy with karyotypic
heterogeneity in DLD1 cells and xenograft mouse model. We
determined that CIN phenotypes in CENP-A–overexpressing
cells were due to reduced localization of a subset of centromeric and kinetochore proteins, which contribute to defects in
kinetochore integrity and unstable KT-MT attachments. Our
studies provide the first evidence for a molecular link between
CENP-A OE and mislocalization to aneuploidy with karyotypic
heterogeneity. We propose that karyotypic heterogeneity may
contribute to the aggressive phenotype with poor prognosis and
therapy resistance in CENP-A–overexpressing cancers.

Results
CENP-A OE contributes to mislocalization of CENP-A and
CENP-C to non-centromeric regions and chromosome missegregation in DLD1 cells
To investigate the molecular consequences of CENP-A OE on CIN
and aneuploidy, we examined the levels of endogenous CENP-A
in different cell lines. Western blot analysis showed the comparable levels of CENP-A expression in HeLa, RPE, HEK293T,
and MDA-MB-231, but expression of CENP-A was reduced in the
pseudodiploid colorectal cancer cell line, DLD1 (Fig. S1 A). Reduced levels of CENP-A in DLD1 cells compared with that in
other colorectal cancer cells has been previously reported
(Athwal et al., 2015). The reduced expression of CENP-A and the
pseudodiploid nature of DLD1 cells made it an ideal cell line to
investigate the consequences due to inducible OE of CENP-A. We
pursued further studies with DLD1 with inducible expression of
YFP-tagged CENP-A from a doxycycline (DOX)-inducible promoter (DLD1CENP-A). We optimized the conditions for OE of
YFP–CENP-A in DLD1CENP-A cells and determined that treatment
of cells with 0.1 µg/ml DOX concentration for 30 min, followed
by removal of DOX and further growth of cells for 20 h showed
the highest levels of exogenous CENP-A (Fig. S1 B). Next, we
compared the levels of exogenously OE CENP-A, 20 h post-DOX
removal, in DLD1CENP-A cells with the levels of endogenous
CENP-A in cell lines, as in Fig. S1 A. We determined that the
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recruitment of most of the constitutive centromere-associated
network (CCAN; Okada et al., 2006; Foltz et al., 2006). CCAN
constitutes 16 centromeric proteins that link CENP-A with outer
kinetochore proteins that mediate attachment to microtubules.
CENP-A stably associates with CENP-C (Carroll et al., 2010), a
component of the CCAN that connects with Mis12 (Screpanti
et al., 2011), a component of the outer kinetochore complex,
KNL1/Mis12/Ndc80. CENP-T, a component of the CENP-S/T/W/
X complex has a histone-like domain that associates with centromeric DNA and links the inner and outer kinetochores by
associating with Spc24/25 of the Ndc80 complex and Mis12
(Hori et al., 2008; Nishino et al., 2013; Nishino et al., 2012; Huis
In ’t Veld et al., 2016). Moreover, CENP-C and CENP-T are also
responsible for recruiting the Ndc80 complex to kinetochores
(Suzuki et al., 2015). Once the microtubules establish stable endon attachment with kinetochores, the microtubule plus end–
associated protein, Astrin, gets recruited to kinetochores
through Aurora B activity (Schmidt et al., 2010; Shrestha and
Draviam, 2013; Shrestha et al., 2017b). The cooperative functions of the CCAN network and kinetochore-associated proteins
facilitate proper KT-MT attachment and faithful chromosome
segregation.
The centromeric localization of CENP-A is cell-cycle regulated. During DNA replication in S-phase, the CENP-A pool gets
diluted to be distributed into two sister chromatids (Jansen et al.,
2007); however, at this stage the CENP-A chaperone, holiday
junction recognition protein (HJURP), interacts with MCM2 and
associates with centromeres to retain the centromeric pool of
CENP-A (Dunleavy et al., 2009; Foltz et al., 2009; Pan et al., 2019;
Zasadzińska et al., 2018; Müller et al., 2014; Nechemia-Arbely
et al., 2019). Additionally, DNA replication-independent recruitment of new CENP-A at G1 phase of the cell cycle is also
mediated by HJURP and its interaction with Mis18β (Nardi et al.,
2016; Barnhart-Dailey et al., 2017). Alternatively, CENP-C–mediated
recruitment of Mis18BP1 at metaphase centromeres promotes the
deposition of new CENP-A at centromeres in the G1 phase of the cell
cycle (Moree et al., 2011). DNA replication also acts as a mechanism
for maintaining centromere identity by removing CENP-A that is
mislocalized at the non-centromeric regions (Nechemia-Arbely
et al., 2019).
Defining consequences of CENP-A mislocalization is an area
of active investigation. Studies with budding yeast and flies have
shown that mislocalization of CENP-A to non-centromeric regions leads to chromosome segregation defects (Au et al., 2008;
Choi et al., 2012; Heun et al., 2006), and that defects in ubiquitin
proteasome-mediated proteolysis of CENP-A contribute to its
mislocalization in budding yeast (Ranjitkar et al., 2010;
Hewawasam et al., 2010; Au et al., 2013; Deyter and Biggins,
2014; Ohkuni et al., 2014; Ohkuni et al., 2016; Cheng et al., 2016;
Ciftci-Yilmaz et al., 2018; Au et al., 2020; Eisenstatt et al., 2020;
Ohkuni et al., 2020). Studies from our laboratory and those
of others have shown that mislocalization of overexpressed
CENP-A to non-centromeric regions contributes to CIN in
HeLa and colorectal cancer cells (Athwal et al., 2015; Van Hooser
et al., 2001; Nye et al., 2018; Shrestha et al., 2017a). Increased
expression of CENP-A has been observed in many cancers, including hepatocellular carcinomas, glioblastomas, and
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treated DLD1CENP-A cells. Analysis of time-lapse movies (Video
1) and immunostained images showed that a significant proportion of DOX-treated DLD1CENP-A cells exited mitosis with
defective chromosome segregation (lagging chromosomes, uncongressed chromosomes, and DNA bridges; Fig. 1, E and F). To
rule out an effect of DOX treatment on chromosome segregation,
we examined the status of chromosome segregation in parental
DLD1 cells with or without DOX. YFP–CENP-A expression and
mislocalization were not detected in DOX-treated parental DLD1
cells, and these cells did not exhibit chromosome segregation
defects (Fig. S2, C and D). Hence, DOX treatment alone does not
contribute to CENP-A mislocalization and CIN phenotypes in
DLD1 cells. Based on these results, we conclude that CENP-A OE
contributes to mislocalization of CENP-A and CENP-C and CIN
phenotypes.
Increased incidence of micronuclei with ruptured nuclear
membrane in DLD1 cells with CENP-A OE
Chromosome segregation defects have been shown to contribute
to the formation of micronuclei (Cimini et al., 2002); therefore,
the defects in chromosome segregation due to CENP-A OE led
us to examine the incidence of micronuclei in DOX-treated
DLD1CENP-A cells. Time-lapse movies (Video 2) and immunostained images showed that the proportion of cells with micronuclei was significantly higher in DOX-treated DLD1CENP-A cells
compared with control DLD1CENP-A cells without DOX treatment
(Fig. 2, A and B). Defects in nuclear lamina assembly that cause
loss of compartmentalization during interphase is a common
fate for micronuclei (Hatch et al., 2013). We used Lamin B, a
nuclear lamin protein that localizes to the inner nuclear membrane as a marker to examine the status of the nuclear membrane of micronuclei in DLD1CENP-A cells with or without DOX
treatment. We scored micronuclei with normal nuclear membrane (Lamin B intact), ruptured nuclear membrane (Lamin B
partial), or without nuclear membrane (Lamin B absent; Fig. 2
C). Our results showed that the incidence of micronuclei with
ruptured nuclear membrane was significantly higher in DOXtreated DLD1CENP-A cells compared with control DLDCENP-A cells
without DOX treatment (Fig. 2 D). Micronuclei with no nuclear
membrane were similar in both DOX-treated and control
DLD1CENP-A cells (Fig. 2 D). These results show that CENP-A OE
contributes to CIN and increased incidences of micronuclei with
ruptured nuclear membrane.
Reduced localization of proteins at kinetochore in cells with
CENP-A OE
We hypothesized that since CENP-A is the basis for the assembly
of the kinetochore, its mislocalization may affect the localization
of other centromeric and kinetochore-associated proteins, and
this may be the underlying molecular basis for the CIN phenotypes in CENP-A–overexpressing cells. Support for this hypothesis is based on the reduced localization of a CCAN
component, CENP-C, at centromeres in cells with CENP-A OE. To
further explore the hypothesis, we examined the localization
of a subset of centromeric and kinetochore-associated proteins,
such as CENP-T, NUF2, and Mis12, that are required for faithful chromosome segregation. We examined the localization of
Journal of Cell Biology
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levels of OE CENP-A in DLD1CENP-A cells with DOX were ∼25-fold
higher than the levels of endogenous CENP-A in nontransformed cell line RPE1 (Fig. S1 C). Based on these results,
all experiments, unless otherwise stated, were performed with
cells treated with 0.1 µg/ml DOX for 30 min and within 20–25 h
post-DOX wash (Fig. S1 D). To examine for possible cell-to-cell
variation in the expression of CENP-A, we measured the signal
intensity of CENP-A in at least 250 interphase DLD1CENP-A cells
with or without DOX treatment. As expected, CENP-A signal
intensity was low and uniform across DLD1CENP-A cells without
DOX treatment (Fig. S1 E). The CENP-A signal intensity in a
majority of DLD1CENP-A cells with DOX treatment was uniformly
higher, with the exception of some cells with very high CENP-A
signal intensity. There was significant difference in CENP-A
signal intensity (P < 0.0001, Fig. S1 E) between DOX-treated
DLD1CENP-A cells compared with control cells. We next examined whether OE of CENP-A contributes to defects in cell-cycle
progression or cell proliferation in the experimental set up, as in
Fig. S1 D. Flow cytometry analysis of cells stained with DAPI for
DNA and 5-ethyl-29-deoxyuridine (EdU) for newly synthesized
DNA showed similar distribution of cells in S, G1, and G2M phase
in DLD1CENP-A cells with or without DOX treatment (Fig. S2, A
and B), thereby confirming normal proliferation and cell-cycle
progression of cells upon CENP-A OE.
We next examined the localization of CENP-A in DLD1CENP-A
cells treated with 0.1 µg/ml DOX according to the regimen in Fig.
S1 D by using chromosome spreads from metaphase cells. Cells
were immunostained with anti–CENP-A antibody for centromeres and stained with DAPI for chromosomes. We defined
the centromeric region as the constriction site of a chromosome with the brightest signal of CENP-A, whereas the noncentromeric region is any other region on the chromosome
arms beyond the constriction site. Our results showed that, as
expected, CENP-A localized to centromeres in both DLD1CENP-A
cells with and without DOX treatment; however, CENP-A also
localized to non-centromeric regions in DLD1CENP-A cells with
DOX treatment, but was barely detectable at these sites in control
DLD1CENP-A cells without DOX treatment (Fig. 1 A). Quantitative
analysis showed significantly high levels of non-centromeric
CENP-A signals in DOX-treated DLD1CENP-A cells (Fig. 1 B). Based
on these results, we conclude that overexpressed CENP-A mislocalizes to non-centromeric regions in DLD1CENP-A cells. We
previously reported that CENP-C, a component of the CCAN network that interacts with CENP-A, mislocalizes to noncentromeric
regions in HeLa cells with CENP-A OE (Shrestha et al., 2017a; Van
Hooser et al., 2001). Hence, we examined the effect of CENP-A OE
on the localization of endogenous CENP-C by using chromosome
spreads. CENP-C was mislocalized to non-centromeric regions in
DLD1CENP-A cells with DOX treatment (Fig. 1 C). Quantitative
analysis showed significantly higher signal intensity of CENP-C at
non-centromeric regions in DLD1CENP-A cells with DOX treatment
compared with control DLD1CENP-A cells without DOX treatment
(Fig. 1 D). Intriguingly, we also observed significantly reduced
levels of CENP-C at centromeric regions in DOX-treated DLD1CENP-A
cells compared with that in control DLD1CENP-A cells (Fig. 1 D).
We next examined the consequences due to mislocalization
of CENP-A and CENP-C on chromosome segregation in DOX-
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Figure 1. Overexpression of CENP-A contributes to mislocalization of CENP-A and CENP-C to non-centromeric regions and chromosome missegregation in DLD1 cells. (A) Inducible OE of YFP–CENP-A leads to its mislocalization to chromosome arms in DLD1 cells. Chromosome spread images
showing localization of CENP-A to centromeres in DLD1CENP-A cells without DOX treatment and to chromosome arms in cells with DOX treatment. Following
preparation of chromosome spreads, cells were fixed in 4% PFA, followed by trypsinization with 0.1% Triton X-100 in PBS. Cells were immunostained with
antibody against CENP-A and stained with DAPI. Scale bar: 2 µm. (B) Prism graphs for quantification of CENP-A signal intensities at non-centromeric (left) and
centromeric (right) regions in chromosome spreads of DLD1CENP-A cells from A. Each circle represents a spot on a chromosome. “Cells” and “chr” denote
number of cells and chromosomes analyzed, respectively. Red horizontal lines represent mean signal intensity as indicated. Error bars represent SD across
areas measured in number of cells from three independent experiments. P values were calculated by using the Mann-Whitney U test. (C) Reduced levels of
CENP-C at centromeres with mislocalization to chromosome arms in DLD1 cells overexpressing CENP-A. Chromosome spread images show localization of
CENP-C in DLD1CENP-A cells with or without DOX treatment, followed by immunostaining with antibodies against CENP-A and CENP-C, staining with DAPI, and
analysis for CENP-C signal intensity at centromeric and non-centromeric regions. Scale bar: 2 µm. (D) Prism graphs for quantification of CENP-C signal intensities at non-centromeric (left) and centromeric (right) regions in chromosome spreads of DLD1CENP-A cells treated as in C. Each circle represents a spot on a
chromosome. “Cells” and “chr” denote number of cells and chromosomes analyzed, respectively. Red horizontal lines represent mean signal intensity
as indicated. Error bars represent SD across areas measured in number of cells from two independent experiments. P values were calculated by using the
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Mann-Whitney U test. (E) Increased chromosome segregation defects in DLD1 cells with overexpressed and mislocalized CENP-A. Images show chromosome
segregation status in DLD1CENP-A cells with or without DOX treatment. Cells were immunostained with antibodies against CENP-A, stained with DAPI, and
analyzed for chromosome segregation status. Yellow arrow shows missegregated chromosomes in DOX-treated DLD1CENP-A cells. Scale bar: 5 µm.
(F) Quantification shows the proportion of cells with defective chromosome segregation in DLD1CENP-A cells treated as in E. Error bars represent SEM from
three independent experiments. P values were calculated by using the unpaired Student’s t test.

CENP-A OE weakens the strength of kinetochores and
contributes to reduced stable end-on attachment between
kinetochores and microtubules
The outer kinetochore is the platform for the interaction of kinetochores with microtubules, and once microtubules are stably
attached, they pull the sister chromatids apart during anaphase
(Mitchison and Salmon, 1992; Gorbsky and Borisy, 1989;
Cheeseman et al., 2006). The reduced localization of components
of outer kinetochore proteins, such as NUF2 and Mis12, which
regulate KT-MT attachments, in CENP-A–overexpressing cells
led us to propose that CENP-A OE may affect the integrity of
kinetochores. Defects in kinetochore integrity results in a reduced interkinetochore distance between sister chromatids
(Uchida et al., 2009). Reduced interkinetochore distance is a
proxy for reduced pulling force between two sister chromatids
due to unstable KT-MT interactions (Shrestha et al., 2017a).
Hence, we measured the interkinetochore distance in DLD1CENP-A
cells with or without DOX treatment. NUF2 signal was used as
an outer kinetochore marker, and the distance between two
NUF2 signals on a pair of kinetochores was measured as the
Shrestha et al.
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interkinetochore distance. We determined that the interkinetochore distance was reduced in DOX-treated DLD1CENP-A cells
compared with control DLD1CENP-A cells (Fig. 4, A and B). These
results show that CENP-A OE and mislocalization weaken the
endogenous kinetochores, leading to defects in kinetochore integrity in DOX-treated DLD1CENP-A cells.
Reduced interkinetochore distance and low levels of NUF2
and Mis12 at kinetochores in CENP-A–overexpressing cells
prompted us to examine if the physical attachments between
kinetochores and microtubules are affected in these cells. Previous studies have shown that those microtubules that are not
stably attached to kinetochores destabilize upon exposure to
cold temperature, resulting in kinetochores without microtubule occupancy (Brady et al., 1984). We exploited this characteristic feature of microtubules and used the cold-resistant
stable microtubule assay to examine the status of KT-MT attachments in cells with CENP-A OE. For clear visualization of
kinetochores and associated microtubule bundles, we treated
cells with monastrol and MG132 to obtain mitotically arrested monopolar cells, followed by exposure to ice for 10 min
(Shrestha and Draviam, 2013). Following immunostaining, cells
were analyzed for the kinetochores that were end-on attached
to microtubules or non–end-on attached (kinetochores without
microtubules or kinetochores that are laterally attached to
microtubules; Fig. 4 C). Our results showed that a significantly
higher proportion of kinetochores in DOX-treated DLD1CENP-A
cells were non–end-on attached to microtubules compared with
control DLD1CENP-A cells (Fig. 4, C and D; and Fig. S4 A). Hence,
we propose that reduced stable end-on attachments between
KT-MT contribute to improper pulling of chromatids and
reduced interkinetochore distance in cells overexpressing
CENP-A.
Previous studies have shown that the Astrin/SKAP complex
is recruited to kinetochores once microtubules establish stable
end-on attachment with the kinetochores (Shrestha et al.,
2017b); therefore, we used the status of Astrin at kinetochores
as a marker to distinguish end-on KT-MT attachments from
non–end-on KT-MT attachments. Cold-exposed, mitotically arrested monopolar cells (monastrol treated), as in Fig. 4 C, were
immunostained for HEC1, an outer kinetochore protein and
Astrin. We quantified kinetochores (marked by HEC1) that are
positive for Astrin (stable end-on KT-MT attachment) or devoid
of Astrin (lacking or unstable KT-MT attachments; Fig. 4 E). This
analysis showed that the proportion of kinetochores that were
positive for Astrin signal at kinetochores was significantly reduced in DOX-treated DLD1CENP-A cells compared with control
DLD1CENP-A cells (Fig. 4, E and F; Video 3; and Video 4). Additionally, the signal intensity of HEC1 at kinetochores was reduced in DOX-treated DLD1CENP-A cells (Fig. 4 E and Fig. S4 B).
These observations are consistent with the reduced signal
Journal of Cell Biology
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CENP-T, another component of the CCAN network that directly
associates with centromeric DNA and is required for proper
chromosome segregation (Hori et al., 2008; Nishino et al., 2012).
Quantitative analysis for localization of CENP-T on the metaphase plate of bipolar cells showed significantly reduced CENP-T
signal intensity at centromeres in DLD1CENP-A cells with DOX
compared with that in control DLD1CENP-A cells without DOX
(Fig. 3, A and B; and Fig. S3 A). These results show that CENP-A
OE contributes to reduced levels of two major components of the
CCAN network, CENP-C and CENP-T at centromeres.
Depletions of CENP-C and CENP-T affect the proper recruitment of outer kinetochore proteins Mis12 and Ndc80
complexes to kinetochores (Gascoigne et al., 2011; Screpanti
et al., 2011; Hori et al., 2008; Przewloka et al., 2011; Suzuki
et al., 2015). Hence, we examined the localization of NUF2, a
component of the Ndc80 complex, and Mis12, a component of
Mis12 complex, in cells with CENP-A OE. Quantitative analysis
for the signal intensities of NUF2 (Fig. 3, C and D; and Fig. S3 B)
and Mis12 (Fig. 3, E and F; and Fig. S3 C) showed reduced levels
of these proteins at kinetochores in DLD1CENP-A cells with DOX
compared with that in control DLD1CENP-A cells without DOX.
Furthermore, we did not observe mislocalization of CENP-T,
NUF2, HEC1, or Mis12 at non-centromeric regions in these cells.
It is possible that these proteins do not get mislocalized or the
levels of mislocalization are below the sensitivity of the assay.
Taken together, with these results we conclude that CENP-A OE
and mislocalization contribute to the mislocalization of CENP-C
to non-centromeric regions and reduced localization of CENP-C,
CENP-T, NUF2, and Mis12 at centromeres and kinetochores.
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intensity of NUF2 due to CENP-A OE (Fig. 3, C and D), because
both HEC1 and NUF2 are components of the outer kinetochore
Ndc80 complex. To further confirm the unstable KT-MT attachments in DOX-treated DLD1CENP-A cells, we examined the
signal intensity of Astrin at congressed kinetochores at the
metaphase plate in bipolar cells without exposure to cold and
Shrestha et al.
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Figure 2. Overexpressed CENP-A contributes to increased incidence of micronuclei with ruptured nuclear membrane in DLD1 cells. (A) Increased
incidence of micronuclei in DLD1 cells with overexpressed and mislocalized CENP-A. Images show micronuclei in DLD1CENP-A cells with or without DOX
treatment. Cells were immunostained with antibodies against CENP-A, stained with DAPI, and analyzed for the presence of micronuclei. Yellow arrows show
micronuclei in DOX-treated DLD1CENP-A cells. Scale bar: 5 µm. (B) Quantification of images from A shows the incidence of micronuclei in DLD1CENP-A cells with
or without DOX treatment. (C) Micronuclei with different status of nuclear membrane in DLD1 cells with overexpressed and mislocalized CENP-A. Images show
micronuclei with normal nuclear membrane, ruptured nuclear membrane, or no nuclear membrane in DLD1CENP-A cells with DOX treatment. Cells were immunostained with antibodies against CENP-A and Lamin B and stained with DAPI. Insets correspond to the z-stacks from the white-boxed area in the main
figure. Scale bar: 5 µm (main image), 1 µm (insets). (D) Quantification shows the proportion of micronuclei with different status of nuclear membrane in
DLD1CENP-A cells with or without DOX treatment. Error bars in B and D represent SEM from three independent experiments. P values were calculated using the
unpaired Student’s t test.

monastrol. Our results showed that Astrin signal intensity at
congressed kinetochores was significantly reduced in DOXtreated DLD1CENP-A cells compared with control DLD1CENP-A
cells (Fig. S4, C and D). We conclude that CENP-A OE weakens
the strength of kinetochores and contributes to reduced stable
end-on attachment between kinetochores and microtubules.
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Figure 3. Reduced localization of proteins at kinetochore in cells with CENP-A OE. (A and B) Reduced CENP-T signal intensities in DLD1 cells with
overexpressed and mislocalized CENP-A. Images (A) of CENP-T localization at centromeres on metaphase plates, and prism graph (B) shows CENP-T signal
intensity at centromeres in DLD1CENP-A cells with or without DOX treatment. (C and D) Reduced NUF2 signal intensities in DLD1 cells with overexpressed and
mislocalized CENP-A. Images (C) of NUF2 localization at kinetochores on metaphase plates, and prism graph (D) shows NUF2 signal intensity at kinetochores in
DLD1CENP-A cells with or without DOX treatment. (E and F) Reduced levels of Mis12 at centromeres in DLD1 cells with overexpressed CENP-A. Images (E) of
localization of Mis12 at kinetochores on metaphase plates, and prism graph (D) shows Mis12 signal intensity at kinetochores in DLD1CENP-A cells with or without
DOX treatment. For all experiments in this figure, before immunostaining, cells were treated with 10 µM MG132 for 90 min, followed by fixation with ice-cold
methanol for 1 min, and then immunostaining with antibodies as indicated. Cells were stained with DAPI and analyzed for signal intensities at kinetochores on
metaphase plates. For all prism graphs in B, D, and F, each circle represents each kinetochore pair and “Kts” denotes the number of kinetochore pairs analyzed
in a certain number of cells as denoted by “Cells.” Red horizontal lines represent mean signal intensities as indicated. Error bars represent SD measured across
kinetochores in the indicated number of cells from three independent experiments. P values were calculated by using the Mann-Whitney U test. Scale bar:
5 µm.
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Figure 4. CENP-A OE weakens the strength of kinetochores and contributes to reduced stable end-on attachment between kinetochores and
microtubules. (A) Reduced interkinetochore distance in DLD1 cells due to weakening of native kinetochores in DLD1 cells overexpressing CENP-A. Images
show interkinetochore distance in DLD1CENP-A cells with or without DOX treatment. Prior to immunostaining, cells were treated with 10 µM MG132 for 90 min.
Cell were immunostained with antibodies against CENP-A and NUF2, stained with DAPI, and analyzed for interkinetochore distance as determined by the
distance between two NUF2 signals in a pair of chromatids. Insets correspond to red-boxed areas in main images. White-boxed areas in insets show examples
for kinetochore pairs included in the analysis. Scale bar: 5 µm. (B) Prism graph for quantification of interkinetochore distance in DLD1CENP-A cells with or
without DOX treatment. Red horizontal lines represent mean interkinetochore distance. Error bars represent SD across kinetochores measured in the indicated
number of cells from three independent experiments. P values were calculated by using the Mann-Whitney U test. (C) Reduced levels of stable end-on attached
kinetochores in DLD1 cells overexpressing CENP-A. Images show KT-MT attachments status in DLD1CENP-A cells with or without DOX treatment. Prior to
fixation with ice-cold methanol for 1 min, cells were treated with 10 µM monastrol (3 h) and 10 µM MG132 (90 min), followed by exposure to cold for 10 min.
Cells were immunostained with antibodies against NUF2 and β-tubulin and analyzed for kinetochores with end-on (stable and cold resistant) or non–end-on
attachment (unstable and cold sensitive) to microtubules. Insets show end-on and non–end-on KT-MT attachment status. Scale bar: 5 µm (main figures).
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(D) Quantification shows KT-MT attachments status in DLD1CENP-A cells with or without DOX treatment from C. (E) Reduced levels of Astrin-positive kinetochores in DLD1 cells with overexpressed CENP-A. Images show status of Astrin at kinetochores in DLD1CENP-A cells with or without DOX treatment,
following the experimental regimen as in C. Cells were immunostained with antibodies against HEC1 and Astrin, stained with DAPI, and analyzed for kinetochores with or without Astrin, which represents end-on versus non–end-on KT-MT attachments, respectively. Insets correspond to white-boxed areas in
main images. Scale bar: 5 µm (main images), 0.5 µm (insets). (F) Quantification shows Astrin-positive kinetochores in DLD1CENP-A cells with or without DOX
treatment. “Kts” denotes the number of kinetochore pairs analyzed in the indicated number of cells as denoted by “Cells.” Error bars in D and F represent SEM
from three independent experiments. P values calculated by using the proportion test (D) and unpaired Student’s t test (F) are indicated.
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cells with CENP-A OE (Fig. 5, B and C). Our results and those of
Lacoste et al. (2014) demonstrate that CENP-A OE contributes to
downregulation of genes related to cell adhesion in HeLa and
DLD1 cells. Several studies have reported that reduced expression of CAMs correlates with increased invasiveness (Kinsella
et al., 1994; Mierke et al., 2010; Moh and Shen, 2009). The results for RNaseq analysis showed reduced expression of CAMs in
cells with CENP-A OE. Furthermore, CENP-A–overexpressing
cancers are highly invasive (Ma et al., 2003; Rajput et al.,
2011) with poor prognosis (Wang et al., 2005). Hence, we examined the effects of CENP-A OE on cell invasion in DLD1 cells
by using a trans-well invasion assay. Cells were seeded in a
trans-well with matrigel and invasiveness was quantified by
counting cells that migrate to the bottom of the trans-well after
16 h (Fig. 6 A). We observed 2.5-fold higher invasion of DOXtreated DLD1CENP-A cells into the matrigel compared with control
cells (Fig. 6, B and C). A 2.5-fold increase in invasiveness in DLD1
cells was significant, as reported in previous studies (Zhou et al.,
2018). These results show that CENP-A OE contributes to increased invasiveness of DLD1 cells.
Depletion of the histone chaperone DAXX partially suppresses the mislocalization of overexpressed CENP-A (Lacoste
et al., 2014; Shrestha et al., 2017a) and CIN phenotypes in
HeLa cells (Shrestha et al., 2017a). We examined whether depletion of DAXX would suppress the higher invasion of DOXtreated DLD1CENP-A cells. Western blot analysis confirmed the
depletion of DAXX and showed that DAXX depletion does not
affect the levels of YFP–CENP-A in DOX-treated DLD1CENP-A cells
(Fig. 6 D). We performed trans-well invasion assays as described
above (Fig. 6 A) by using negative siRNA as control or DAXX
siRNA-treated DLD1CENP-A cells with or without DOX treatment.
Quantification of the data showed that, upon DOX treatment, the
number of invading cells in DAXX-depleted DLD1CENP-A cells was
significantly reduced compared with negative siRNA-treated
DLD1CENP-A cells (Fig. 6 E). In contrast, the number of invading
cells was not significantly different in negative or DAXX siRNAtreated control DLD1CENP-A cells compared with DAXX-depleted
DLD1CENP-A cells with DOX (Fig. 6 E). Taken together, our results
show that CENP-A OE reduces the expression of cell adhesion
genes and contributes to higher invasion of DLD1 cells. Our results further show that DAXX depletion rescues the CENP-A
OE–induced higher invasion.
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Reduced expression of cell adhesion genes and higher invasion
of cells with CENP-A OE
Since CENP-A OE leads to mislocalization of CENP-A to noncentromeric regions and CIN, we examined whether transcriptional changes due to CENP-A OE contribute to the CIN phenotype.
RNA sequencing (RNaseq) was used to compare the transcriptomes
of DLD1CENP-A cells with or without DOX treatment. Overall, the
majority of gene expression changes resulting from CENP-A OE
were less than twofold (Fig. 5 A). Expression of E2F1, FOXM1, and
MYBL2, genes that were previously found to drive aneuploidy, was
not significantly altered in cells with CENP-A OE (Fig. 5 A, yellow
box; Pfister et al., 2018; Zhang et al., 2016). The small changes in
gene expression are consistent with previous studies showing a
limited effect on gene expression in HeLa cells with constitutive OE
of CENP-A (Lacoste et al., 2014).
We next performed gene set enrichment analysis (GSEA) by
using the Reactome and KEGG canonical pathways gene set
collections (Broad Institute; Subramanian et al., 2005). GSEA
analysis showed an enrichment of five gene sets—mitotic prometaphase, mitotic G1 G1 S phases, mitotic M M G1 phases,
mitotic G2 G2 M phases, and cell-cycle mitotic—related to mitosis among genes that are upregulated in cells with CENP-A OE
(Fig. 5, B and C). GSEA analysis of published RNaseq data from
HeLa cells with constitutive OE of CENP-A also demonstrated an
enrichment of mitosis-related gene sets among upregulated
genes following CENP-A OE (Fig. 5, B and C; Lacoste et al., 2014).
We note that upregulation of mitotic genes is a signature of
aneuploidy and CIN in tumors and may drive aneuploidy (Pfister
et al., 2018; How et al., 2015; Carter et al., 2006).
Our results showed that one of the consequences of CENP-A
OE was reduced levels of a subset of centromeric and kinetochore proteins at the centromeres (Figs. 1 and 3). We reasoned
that this may be due to local defects at the centromere and kinetochore, or due to reduced expression of the corresponding
genes. Hence, we analyzed the RNaseq data for the expression of
CENP-C, CENP-T, NUF2, and Mis12, which were reduced at
centromere and kinetochores in CENP-A OE cells. Our results
showed that the expression of genes encoding these proteins is
not significantly affected upon CENP-A OE in DLD1CENP-A cells
(Fig. 5 D). Hence, we conclude that CENP-A OE contributes to
defects in kinetochore integrity and reduced levels of CENP-C,
CENP-T, Nuf2, and Mis12 proteins at the centromeres and kinetochores, leading to CIN phenotype.
GSEA analysis also showed that three gene sets related to cell
adhesion (adherens junction interactions, cell adhesion molecules [CAMs], cell–cell junction organization) were significantly
enriched among the genes downregulated in cells with CENP-A
OE (Fig. 5 B). Consistent with our results, downregulation of
genes in all three cell adhesion gene sets was observed in HeLa

DLD1CENP-A xenograft tumors with high expression of CENP-A
are aneuploid and karyotypically heterogenous
To examine how the physiological microenvironment would
affect consequences due to CENP-A OE and to correlate the
in vitro findings to an ex vivo set up, we developed a DLD1CENP-A
xenograft tumor model in nude mice. Ten mice were
Journal of Cell Biology
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Figure 5. Reduced expression of cell adhesion genes in cells with CENP-A OE. (A) Volcano plot of log2 fold-change (log2FC) versus adjusted P value for
gene expression changes in DLD1CENP-A cells with DOX treatment over DLD1CENP-A cells without DOX treatment. Area enclosed in yellow dashed line shows the
spread of data with P value > 0.1. (B) Heat map of GSEA normalized enrichment scores (NES) across two datasets. Log2FC values of gene expression changes
were used as input for GSEA of gene sets from Reactome and KEGG databases. Plot shows NES of terms significantly enriched in the dataset from this study
(Shrestha) downregulated at FDR < 0.25 or upregulated at FDR < 0.005 and corresponding NES for same terms from Lacoste et al. (2014) with HeLa cells
constitutively OE YFP–CENP-A data set. Line in color key represents density plot of NES scores across the two data sets. (C) GSEA enrichment plots for select
terms enriched in Shrestha (current study) and Lacoste et al. (2014) data sets. Genes upregulated upon CENP-A OE, such as mitotic genes, are to the left
(shaded red) and genes downregulated, such as adherens junction interactions, are to the right (shaded blue). Green line shows walking enrichment score.
Black vertical bars represent hits from gene set. (D) Expression of candidate kinetochore genes are not upregulated in response to CENP-A OE. Normalized
read counts generated by EdgeR for select CENP and kinetochore proteins. Error bars represent mean ± SD. log2FC < |0.28| and adjusted P > 0.99 for all genes
shown, except CENP-A.
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subcutaneously (s.c.) injected with DLD1CENP-A cells and fed with
a control (CON) diet. Because DLD1 cells are colorectal cancer
cells, tumors started appearing at day 9 in all 10 mice. Tumor
volumes were regularly measured every 3–5 d. We observed
exponential growth of tumors in all 10 mice fed with the CON
diet. Once tumors reached an excisable volume after 16 d of s.c.
injection, five mice were continued on the CON diet and the
other five were fed with a DOX diet (200 mg/kg ad lib) to
overexpress YFP–CENP-A. Interestingly, the growth of tumors in
Shrestha et al.
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Figure 6. Higher invasion of cells with CENP-A OE. (A) Experimental regimen for invasion assay; see Materials and methods section for detail. (B) Higher
invasion in DLD1 cells with overexpressed CENP-A. Images show the invasion of DLD1CENP-A cells with or without DOX treatment across the trans-well
membrane. Insets correspond to white-boxed areas in main images. Yellow arrows show invaded cells. (C) Quantification shows fold increase of invading
DLD1CENP-A cells treated as in D. Error bars represent the SD from four independent experiments. P values calculated by using unpaired Student’s t test are
indicated. (D) Depletion of histone chaperone DAXX suppresses the higher invasion in DLD1 cells with overexpressed CENP-A. Western blots show the protein
levels of DAXX and YFP–CENP-A in cell lysates of DLD1CENP-A cells with or without DOX treatment, followed by treatments with siRNA oligoes as indicated.
GAPDH was used as loading control. (E) Quantification shows the number of invading DLD1CENP-A cells with or without DOX treatment, followed by treatments
with siRNA oligos as indicated and calculated as in C. Error bars represent the SD from three independent experiments. P values calculated by using unpaired
Student’s t test are indicated. Ctrl, control.

mice on the DOX diet was slower than that in mice on the CON
diet (Fig. 7 A). After 28 d, tumors were excised from a mouse
from either the CON diet cohort (MDX#10) or DOX diet cohort
(MDX#07). Tissue sections were prepared and analyzed by using
immunohistochemistry (IHC) with a CENP-A antibody to examine CENP-A expression and with hematoxylin and eosin
(H&E) staining for histological analysis. IHC examination confirmed that tumor tissues derived from MDX#7 had higher expression of CENP-A and higher incidence of CENP-A–positive
Journal of Cell Biology
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Figure 7. DLD1CENP-A xenograft tumors with high expression of CENP-A exhibit abnormal mitoses and increased incidence of micronuclei. (A) Tumor
volume in mice xenografted with DLD1CENP-A cells and fed with CON or DOX diet. Ten mice that were s.c. injected with DLD1CENP-A cells were fed with CON diet
and tumor volumes were measured every 3–5 d. After 16 d of s.c. injection, five mice were continued on CON diet and the other five were fed with DOX diet
(200 mg/kg ad lib) to overexpress YFP–CENP-A. Graph shows tumor volume in mm3 in mice fed with DOX diet (n = 5) or those that continued on CON diet (n = 5).
(B) Higher expression of YFP–CENP-A in xenograft-induced tumor tissue of mouse fed on DOX diet. Images of IHC show YFP–CENP-A expression in tumor tissues of
mice with DOX (MDX#07) or CON (MDX#10) diet. (C) Higher degree of abnormal mitoses in xenograft-induced tumor tissue of mouse on DOX diet. H&E-stained
histological images show anaphases in tumors from mice with DOX (MDX#07) or CON (MDX#10) diet. Arrows in anaphase cells show abnormal anaphases as lagging
chromosomes and DNA bridges. (D) Quantification of experiment (C) shows proportion of abnormal anaphases in H&E-stained tumor tissues from mice with DOX
(MDX#07) or CON (MDX#10) diet. P value was calculated by using the χ2 test. (E) Increased incidence of micronuclei in cells derived from xenograft-induced tumor
from mouse fed with DOX diet. Images show micronuclei in cells derived from tumors of mice with DOX (MDX#07) or CON (MDX#10) diet. Cells were immunostained with antibodies against CENP-A, stained with DAPI, and analyzed for the presence of micronuclei in YFP-positive and -negative cells. Yellow arrows
show micronuclei in cells derived from tumor of mouse fed on DOX diet. Scale bar: 5 µm. (F) Quantification of experiment (E) shows the proportion of cells with
micronuclei in cells derived as in C. “N” in D and F denotes the number of cells analyzed. P value was calculated by using the χ2 test.
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CENP-A OE contributes to aneuploidy and karyotypic heterogeneity in DLD1CENP-A xenograft tumors.
Constitutive high OE of CENP-A contributes to aneuploidy and
karyotypic heterogeneity in DLD1 cells
We observed slow growth of CENP-A–overexpressing tumors in
a xenograft model (Fig. 7 A) and aneuploidy with karyotypic
heterogeneity in cells derived from CENP-A–overexpressing
xenograft tumor (Fig. 8 B, Table 1, and Table 2). In the xenograft model, the mice were fed DOX diet continuously and
YFP–CENP-A was constitutively overexpressed at high levels;
therefore, we used a cell culture model to examine the consequences of constitutive high OE of CENP-A on cell viability
and aneuploidy. We treated DLD1CENP-A cells with 0.1 or 1.0 µg/
ml DOX for 4 d to mimic constitutive high OE of YFP–CENP-A, as
in the DLD1CENP-A xenograft model, and examined its effects on
cell viability and karyotype. Western blot analysis showed a
dose-dependent increase in the levels of YFP–CENP-A in
DLD1CENP-A cells treated with different concentrations of DOX
(Fig. S5 C). Immunofluorescence experiments confirmed high
expression and mislocalization of YFP–CENP-A with 1.0 µg/ml
DOX compared with those treated with 0.1 µg/ml DOX (Fig.
S5 D). Brightfield microscopy images showed increased cell
death in DLD1CENP-A cells treated with 1.0 µg/ml DOX compared
with those treated with 0.1 µg/ml DOX (Fig. S5 E). We quantified
the total number and viability of DLD1CENP-A cells treated with
DOX (0.1 or 1.0 µg/ml) for 4 d. Both the total number of cells and
cell viability were significantly reduced in DLD1CENP-A cells
treated with a higher concentration of DOX (1.0 µg/ml) for 4 d.
These results show that constitutive high expression of CENP-A
reduces cell proliferation and viability (Fig. S5 F). We next examined the effect of CENP-A OE on apoptosis-induced cell death
by flow cytometry analysis with Annexin V and propidium iodide (PI) staining. A significant increase in apoptotic cells was
observed in DLD1CENP-A cells treated with a higher dose of DOX
(1.0 µg/ml), but not in DLD1CENP-A cells treated with the lower
dose of DOX (0.1 µg/ml; Fig. S6, A and B). Control parental DLD1
cells treated with 0.1 or 1.0 µg/ml DOX did not show apoptotic
cells (Fig. S6, A and B). Based on these results, we conclude that
constitutive high OE of CENP-A contributes to reduced viability
with apoptosis-induced cell death in DLD1 cells. We propose that
increased apoptosis may have contributed to the initial slow
growth of tumors in the xenograft mouse model.
Next, we used miFISH to examine the karyotype of cells
constitutively expressing high levels of CENP-A. Since treatment of DLD1CENP-A cells with 1.0 µg/ml DOX for 4 d showed
massive apoptosis, we examined the karyotype in DLD1CENP-A
cells treated with 0.1 µg/ml DOX for 4 d. This analysis showed
that 87% of DLD1CENP-A cells without DOX treatment were diploid, with an instability index of 11.3% (Fig. 8 C and Table 1). In
contrast, only 54% of DLD1CENP-A cells with DOX treatment were
diploid, with a higher instability index of 40% (Fig. 8 C and
Table 1). Consistent with the results from our xenograft mouse
model, we observed karyotypic heterogeneity in 42% of
DLD1CENP-A cells treated with DOX (Fig. 8 C and Table 2). Among
the diploid cell population, proportions of aneuploid cells in
DLD1CENP-A cells without and with DOX treatment were 10.63%
Journal of Cell Biology
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nuclei than tumor tissues derived from MDX#10 (Fig. 7 B and
Fig. S5 A). Western blot analysis confirmed high levels of
YFP–CENP-A in lysates prepared from tumor tissue of MDX#07
(Fig. S5 B). As expected, the lysates prepared from tumor tissue
of MDX#10 did not show expression of YFP–CENP-A. Next, we
examined evidence for CIN in DLD1CENP-A-derived xenograft
tumor tissues of MDX#10 or MDX#07. H&E-stained tissue
sections were examined for abnormal mitoses, such as lagging
chromosomes and DNA bridges (Fig. 7 C). Our results showed
that tumor tissue from MDX#07 had significantly higher levels
of abnormal anaphases—lagging chromosomes and DNA
bridges—compared with tumor tissue derived from MDX#10
(Fig. 7 D).
We next generated single-cell suspension from xenograft
tumors and determined the degree of CIN by quantifying the
number of micronuclei in these cells. The analysis showed high
expression of YFP–CENP-A in tumor-derived cells from
MDX#07, but not from MDX#10 (Fig. 7 E), consistent with IHC
staining and Western blot analysis of tumor tissues. The incidence of micronuclei in interphase cells without CENP-A OE
(YFP negative) was lower in cells derived from tumors of
MDX#07 and MDX#10 (Fig. 7, E and F). In contrast, YFP–CENPA–positive tumor-derived cells from MDX#07 displayed significantly higher incidences of micronuclei (Fig. 7, E and F). The
results for tissues and tumor-derived cells show that CENP-A
OE contributes to CIN in the xenograft tumors.
The CIN phenotypes in CENP-A–overexpressing xenograft
tumor tissues and in cells derived from these tissues prompted
us to examine the karyotype of cells derived from xenograft
tumor tissues. We used multiplex interphase FISH (miFISH)
to enumerate the copy numbers of 10 gene-specific loci within
each interphase nucleus, as previously described (HeselmeyerHaddad et al., 2012). Two probe panels were designed targeting
COX2 (1q31), BRAF (7q34), MYC (8q24), CDX2 (13q12), CDH1
(16q22), TP53 (17p13), SMAD4 (18q21), and ZNF217 (20q13), and
centromeric probes—CEP3 and CEP10—were used as ploidy
controls (Fig. 8 A). miFISH was performed on tumor-derived
cells from MDX#7 and MDX#10 mice. To analyze the clonal
composition in these cells, compared with its ploidy, we displayed each cell according to its gain (green), loss (red), or unchanged (blue) status (Fig. 8 B). Copy number alterations (CNAs)
were higher in MDX#7 (40%) compared with MDX#10 (10%;
Fig. 8 B). This is also depicted in a higher instability index (26.6)
for MDX #7 compared with MDX#10 (7.1; Fig. 8 B and Table 1).
DLD1 cells have a small population of tetraploid cells (Lengauer
et al., 1997). When analyzing the diploid cell population for
MDX#7 and MDX#10, cells with CNAs were 30.6% and 10%,
respectively (Table 2). Likewise, in MDX#7 and MDX#10, the
tetraploid cell populations consisting of cells with CNAs were
8.0% and 2.0%, respectively (Table 2). We did not observe a
particular signature of karyotypic abnormality in the tumorderived cell line from MDX#07; however, we did observe an
enormous karyotypic heterogeneity with a mixture of gain or
loss of multiple genes as shown by increased CNAs in the color
chart (Fig. 8 B) for 33.6% of tumor tissue–derived cells from
MDX#07 compared with only 10% of tissue-derived cells from
MDX#10 (Fig. 8 B). Based on these results, we conclude that
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Figure 8. Aneuploidy and karyotypic heterogeneity in cells derived from DLD1CENP-A xenograft tumors and cultured DLD1CENP-A cells with CENP-A
OE. (A) Probes used for miFISH experiments. Representative image of one cell hybridized with miFISH panels 1 and 2. The top row depicts the first hybridization, while the row underneath shows the second hybridization. The merged nuclei on the left of each row shows the overlay of all channels. (B) Cells
derived from DLD1CENP-A xenograft tumors exhibit aneuploidy and karyotypic heterogeneity. Color displays for miFISH with 10 probes depict increased aneuploidy and karyotypic heterogeneity in cells derived from xenograft-induced tumor from mouse fed with DOX (MDX#07) compared with CON (MDX#10)
diet. (C) Constitutive CENP-A OE contribute to aneuploidy and karyotypic heterogeneity in cultured DLD1CENP-A cells. miFISH analysis as in B of control
DLD1CENP-A cells or DLD1CENP-A cells treated with 0.1 µg/ml DOX for 4 d. DOX was replenished every 2 d for constitutive overexpression of YFP–CENP-A. The
color scheme for each color display is as follows: green, gains; red, losses; and blue, unchanged, as determined by comparing each cell to the average ploidy.
Nuclei are plotted vertically by pattern frequency. The gain and loss column refers to the percentage of nuclei where a gain or loss was observed with the 10
different probes.
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Table 1. High instability index in cells derived from xenograft tumor and cultured DLD1CENP-A cells with constitutive CENP-A OE
Category

Instability index

Cells derived from xenograft tumor tissues

MDX#10 (CON; n = 351)

MDX#7 (DOX; n = 301)

7.1

26.6

No DOX (n = 301)

DOX (n = 300)

11.3

40

Cultured DLD1CENP-A cells

Quantification of instability indices from miFISH data acquired from Fig. 8 (B and C) in cells derived from xenograft tumors of mice fed with DOX (MDX#7) or
CON diet (MDX#10) and from cultured DLD1CENP-A cells with or without DOX treatment for 4 d.

Discussion
CENP-A OE leads to its mislocalization to non-centromeric regions and CIN in yeast, flies, and human cells (Au et al., 2008;
Choi et al., 2012; Heun et al., 2006; Ranjitkar et al., 2010;
Hewawasam et al., 2010; Ohkuni et al., 2016; Van Hooser et al.,
2001; Lacoste et al., 2014; Athwal et al., 2015; Shrestha et al.,
2017a). OE of CENP-A has been observed in many cancers and
has been linked to decreased survival, increased invasiveness,
poor prognosis, adverse tumor properties, metastatic spread,
and increased levels of genomic instability (Zhang et al., 2016;
Sun et al., 2016; Li et al., 2011). Despite these observations, the
molecular consequences of CENP-A OE on CIN and aneuploidy
have not been defined. Here, we used the pseudodiploid colorectal cancer cell line DLD1 and a xenograft mouse model to
examine the molecular consequences of CENP-A OE on CIN,

mechanisms that contribute to CIN, and changes in karyotype in
these cells. Our results showed that CENP-A OE leads to mislocalization of CENP-A to non-centromeric regions and CIN in
DLD1 cells and a xenograft mouse model. We determined that
the CIN phenotypes, as assessed by chromosome segregation
defects with higher incidence of lagging chromosomes and micronuclei in DLD1 cells, were due to defects in kinetochore integrity because of reduced protein levels at the kinetochore and
unstable KT-MT attachments. Furthermore, we showed that
CENP-A OE and mislocalization contribute to aneuploidy with
karyotypic heterogeneity in both DLD1 cells and a xenograft
mouse model. In summary, our studies provide mechanistic
insights into how CENP-A OE and mislocalization lead to CIN,
and provide the first link between CENP-A OE and aneuploidy
with karyotypic heterogeneity.
Several studies have linked the formation of micronuclei
with various chromosomal aberrations related to CIN, such as
defective chromosome segregation, chromosome fragmentation,
mitotic cell death, mitotic catastrophe, and double-stranded
DNA breaks (Ye et al., 2019). Along with the increased incidence of micronuclei, we also observed increased lagging chromosomes in cells with CENP-A OE. During mitotic exit, lagging
chromosomal fragments can recruit nuclear envelope components to form micronuclei that are compartmentally separated
from the primary nucleus; however, it has been previously
demonstrated that lagging chromosomes and micronuclei are
prone to go through irreversible loss of compartmentalization
due to defects in nuclear envelope assembly (Hatch et al., 2013;
Liu et al., 2018). In line with these findings, we observed that the

Table 2. Aneuploidy with increased CNAs in cells derived from xenograft tumor and cultured DLD1CENP-A cells with constitutive CENP-A OE
Category

Ploidy

CNAs (%)
MDX#10 (CON; n = 351)

MDX#7 (DOX; n = 301)

P value

Diploid

10

30.6

<0.00001

Tetraploid

2

8

0.0003

No DOX (n = 301)

DOX (n = 300)

P value

Diploid

10.6

31

<0.00001

Tetraploid

2.3

15.3

0.0026

Cells derived from xenograft tumor tissues

Cultured

DLD1CENP-A

cells
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and 31.0%, respectively (Table 2). Likewise, among the tetraploid
cell population, proportions of aneuploid cells in DLD1CENP-A
cells without and with DOX treatment were 2.32% and 15.33%,
respectively (Table 2). Based on these results, we conclude that
constitutive OE of CENP-A contributes to aneuploidy with karyotypic heterogeneity in DLD1 cells. The increased apoptosis in
cells with constitutively high OE of CENP-A suggest that the
tumor regression in the DLD1CENP-A xenograft tumor model may
be due to apoptosis in CENP-A–overexpressing cells; however,
the cells that are resistant to apoptosis survive and display
karyotypic heterogeneity, as observed in the xenograft
mouse model.

Quantification of CNAs based on miFISH experiments from Fig. 8 (B and C) showing the proportion of diploid and tetraploid cells with CNA in cells derived
from xenograft tumor from mice fed with DOX (MDX#7) or CON diet (MDX#10) or from cultured DLD1CENP-A cells with or without DOX treatment for 4 d.
P values were calculated by using Fisher’s exact test in R laboratory.
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due to CENP-A OE. The status of KT-MT attachments was examined by using cold-resistant microtubule stability assays and
KT localization of Astrin, a microtubule plus-end binding protein that is recruited to kinetochores once stable KT-MT attachments are made (Shrestha and Draviam, 2013). The density
of microtubules that are stably attached to kinetochores in an
end-on fashion and the levels of KT-associated Astrin were
significantly lower in CENP-A–overexpressing cells. Our observations with cells overexpressing CENP-A are consistent
with several studies that have shown a correlation between
reduced levels of outer KT proteins, unstable KT-MT attachments, and chromosome segregation defects. For example,
immunofluorescence and transmission EM approaches have
shown that cells depleted of NUF2 and HEC1 show reduced
levels of end-on KT-MT bundles and misaligned chromosomes
(DeLuca et al., 2005). Another study by Dudka et al. (2018)
showed that reduced KT-MT attachments contribute to reduced interkinetochore distance and chromosome segregation
defects. Our results provide mechanistic insights into how reduced levels of outer kinetochore proteins and reduced KT-MT
occupancy compromises kinetochore integrity, leading to CIN
phenotypes in cells with CENP-A OE.
Bioinformatic studies have shown high levels of CENP-A
mRNA in chromosomally unstable cancers (Zhang et al., 2016).
To further define the consequences of CENP-A OE, we performed transcriptomic analysis and observed differential expression for certain gene categories in CENP-A–overexpressing
DLD1 cells that was similar to that in HeLa cells with constitutive
CENP-A OE (Lacoste et al., 2014). Both studies show an enrichment of genes related to mitosis in response to CENP-A OE. This
may be due to the aneuploid nature of CENP-A–overexpressing
cells and/or OE of mitotic genes reported in aneuploid and CIN
cells (Carter et al., 2006; Pfister et al., 2018). As for genes that
showed reduced expression upon CENP-A OE, we identified
genes encoding for CAMs similar to those reported previously
for HeLa cells with constitutive CENP-A OE (Lacoste et al., 2014).
CAMs play a role in cancer invasion and metastasis, serving to
promote invasion or suppress metastasis in epithelial tumor
cells and lymph nodes (Behrens, 1993; Sulzer et al., 1998;
Vleminckx et al., 1991; Makrilia et al., 2009). Consistent with
these studies, we observed higher invasiveness of DLD1 cells
with CENP-A OE. Increased cell invasiveness of DLD1 cells with
CENP-A OE was similar to that observed in breast cancer cell
lines with Ras suppressor-1 depletion or in DLD1 cells with Tet1
depletion (Gkretsi et al., 2019; Zhou et al., 2018). Depletion of
histone chaperone DAXX rescued the higher invasion phenotype
of CENP-A–overexpressing DLD1 cells. We and others have
shown that the depletion of DAXX partially suppresses the
mislocalization of overexpressed CENP-A in HeLa cells (Lacoste
et al., 2014; Shrestha et al., 2017a). The level of mislocalization of
CENP-A is much higher in DOX-treated DLD1CENP-A cells compared with that observed in HeLaCENP-A cells (Shrestha et al.,
2017a). We were unable to discern suppression of CENP-A
mislocalization after the depletion of DAXX in DOX-treated DLD1
cells. One possible explanation for these observations may be the
highly saturated levels of mislocalized CENP-A in DOX-treated
DLD1CENP-A cells. Although we could not observe a change in
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majority of the micronuclei in CENP-A–overexpressing cells
have ruptured nuclear membranes, as shown by partial Lamin B
signal. Cells containing micronuclei with defective envelopes are
prone to go through genomic rearrangements and chromothripsis (Zhang et al., 2015). Hence, it will be of interest to examine if CENP-A OE contributes to chromothripsis.
We used several independent assays to examine the molecular basis for the CIN phenotypes due to CENP-A OE. For example, we examined the localization of CENP-C and a subset of
other centromeric and kinetochore proteins in CENP-A OE cells.
Consistent with previous studies in HeLa and SW480 cells (Nye
et al., 2018; Shrestha et al., 2017a; Van Hooser et al., 2001), we
observed mislocalization of CENP-C, a component of the CCAN
network that interacts with CENP-A (Kato et al., 2013; Falk et al.,
2015), to non-centromeric regions in cells with CENP-A OE.
Interestingly, centromeric recruitment of CENP-C was also reduced, suggesting that titration of CENP-C to non-centromeric
regions may contribute to reduced levels at centromeres. We
also observed reduced levels of CENP-T at centromeres in cells
with CENP-A OE. CENP-T, another component of the CCAN
network, is a constitutive DNA-binding protein that serves as a
structural platform for outer kinetochore assembly by binding
with Spc24/25 of the Ndc80 complex (Nishino et al., 2012).
Depletion of CENP-T abolishes the structure of outer kinetochore and lowers the levels of the Ndc80 complex and contributes to chromosome segregation defects (Hori et al., 2008;
Gascoigne et al., 2011; Suzuki et al., 2015). Consistent with a
role for CENP-T in the recruitment of outer kinetochore proteins, we observed reduced levels of Ndc80 complex—NUF2
and HEC1—and Mis12 proteins at kinetochores in CENPA–overexpressing cells. NUF2 and HEC1, the core components
of the outer kinetochore plate, are essential for stable KT-MT
attachments (DeLuca et al., 2005). The reduced levels of these
proteins are not due to defects in the expression of the corresponding genes, as revealed by RNaseq analysis of DOX-treated
DLD1 cells. Hence, we propose that mislocalization of CENP-A
may titrate proteins, such as CENP-C, to ectopic sites and this,
together with reduced levels of proteins, such as CENP-C, CENP-T,
Ndc80, and Mis12 at kinetochores, leads to CIN.
To understand the molecular basis for the CIN phenotype in
cells with CENP-A OE, we investigated the physiological consequences of reduced levels of proteins at kinetochores. This was
done by examining interkinetochore distance, cold stability
of microtubules, and status of KT-MT attachments. Interkinetochore distance between two sister KTs in cells with CENPA OE was reduced, indicating that these cells have defects in
kinetochore integrity. Reduced interkinetochore distance due to
weakened endogenous kinetochores has been reported in cells
depleted of NUF2 and in those with abrogation of the Ndc80
complex (Sundin et al., 2011). Our results for reduced localization of CENP-T, NUF2, HEC1, and Mis12 are consistent with
defects in kinetochore integrity in cells with CENP-A OE. Previous studies have shown that loss of CENP-A methylation also
weakens kinetochores through loss of CENP-T and CENP-I at
centromeres, resulting in chromosome mis-segregation
(Sathyan et al., 2017). Further support for defects in kinetochore integrity is derived from defects in KT-MT attachments
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that tumors with high expression of 14 kinetochore genes, including CENP-A, are associated with adverse tumor properties
and predict poor patient outcome, metastatic spread, reduced
survival, and increased levels of genomic instability in many
cancer types (Zhang et al., 2016). Furthermore, CENP-A OE has
been shown to correlate with cancer progression and poor
prognosis in 20 different cancers, including colorectal, prostate,
lung, and breast cancers (Zhang et al., 2016). Our studies suggest
that aneuploidy with karyotypic heterogeneity may contribute
to the aggressive phenotype of CENP-A–overexpressing cancers.

Materials and methods
Cell culture and generation of DLD1CENP-A cell line
All cell lines were cultured at 37°C with 5% CO2 supply in corresponding media supplemented with 10% FCS (F6178; 500 ml;
Sigma-Aldrich), penicillin/streptomycin (15140122), fungizone
(15290018), and L-glutamine (A2916801). The DLD1 cell line was
cultured in RPMI 1640 medium (12633020; Thermo Fisher Scientific), the RPE1 cell line was cultured in DMEM:F12 medium
(11330057; Thermo Fisher Scientific), and other cell lines—
HeLa, HEK293T, and MDA-MB-231—were cultured in DMEM
medium (12291023; Thermo Fisher Scientific). Stock cells were
mixed in freezing media (medium with 50% FCS and 5% DMSO
[85190]) and stored at −80°C. All reagents were purchased from
Thermo Fisher Scientific unless otherwise stated. For DOX induction, cells were treated with the stated concentrations of
DOX (D3447; 500 mg; Sigma-Aldrich) for 30 min, followed by
three washes with PBS with 5-min intermittent incubation at
37°C and continued growth in DOX-free media for at least 20 h
unless otherwise stated.
CENP-A targeting in the DLD1 cell line was made by using
Transcription activator-like effector nucleases as previously
described (Hoffmann et al., 2016). mCherry-H2B was cloned into
a pSMPUW-based vector for lentivirus generation, and positive
cells were isolated by using FACS technique (FACS Aria; BD
Biosciences). EYFP–CENP-A was cloned into a pcDNA5/FRT/TObased vector (Invitrogen), and stably integrated clones were
selected with 400 μg/ml hygromycin (10-687-010; Gibco).
Chromosome spread preparation
For CENP-A localization studies, chromosome spreads were
prepared as previously described (Shrestha et al., 2017a). Briefly,
cells were treated with 0.1 µg/ml colcemid (10295892001;
Roche) for 4–6 h, followed by mitotic shake off. Mitotic cells
were then treated with hypotonic solution, 0.8% sodium citrate,
and incubated at 37°C for 20 min; cells were centrifuged at
1,200 rpm for 5 min, and the supernatant removed. The cell
pellet was mixed with 0.8% sodium citrate, and an appropriate
volume of mixed cells was added into the cytospin funnel and
spun at 900 rpm for 5 min. Slides containing cells were dipped
in coplin jar with 4% PFA for 20 min at RT for fixation, followed
by permeabilization with 0.1% Triton X-100 (X100-100ML;
Sigma-Aldrich) for 10 min at RT. Cells were then washed with
PBS + 0.1% Tween 20 (PBST; P9416-199ML; Sigma-Aldrich) three
times for 5 min each, followed by incubation with 1% BSA +
PBST for 30 min at RT. Cells were then incubated with
Journal of Cell Biology
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CENP-A mislocalization, DAXX suppression had no effect on cell
invasion in the absence of CENP-A OE, showing that the effect of
DAXX is through its effect due to overexpressed CENP-A and not
through effects on H3.3 or other DAXX function.
Based on our results, for rescue of higher invasiveness of
DLD1 cells with CENP-A OE, we propose that DAXX depletion
may have a distinct advantage to prevent invasiveness resulting
from CENP-A OE. Several observations support this proposal
because mutations or deletion in DAXX predict better prognosis
of tumors (de Wilde et al., 2012; Pan et al., 2013b; Pan et al.,
2013a), and high levels of DAXX are observed in metastatic
pancreatic cancer (Puto et al., 2015). High invasion correlates
with metastasis of tumors and is consistent with increased expression of CIN-associated genes in metastatic tumors than in
primary tumors (Carter et al., 2006). It will be of interest to
examine if CENP-A OE contributes to increased invasiveness of
cells in animal models and human cancers.
We extended our studies by examining the consequences of
CENP-A OE on its localization, CIN, and karyotype in a
DLD1CENP-A xenograft mouse model. Our results showed that
CENP-A–overexpressing tumor tissues exhibit increased expression of CENP-A, higher incidence of CENP-A positive nuclei,
and CIN phenotypes, such as micronuclei, lagging chromosomes
and DNA bridges. Most importantly, cells derived from CENP-A
overexpressing tumor tissues showed significantly higher levels
of CNAs, with higher instability indices and increased karyotypic heterogeneity. These results are consistent with the consequences of CENP-A OE in cultured DLD1 cells. Interestingly,
xenograft tumors with CENP-A OE showed initial slow tumor
growth. We hypothesized that aneuploidy may have contributed
to apoptosis and initial slow tumor growth in the xenograft tumor model. Previous studies have shown that chromosomal
imbalances or aneuploidy generate proteotoxic stress with detrimental effects on cellular fitness, cell-cycle arrest, or apoptosis
(Zhu et al., 2018; Siegel and Amon, 2012); however, immunofluorescence and histological examination of tissues and cells did
not show a significant increase in mitotically arrested cells. Consistent with our hypothesis, constitutive high OE of CENP-A
showed massive loss of cell viability and apoptosis-induced cell
death in DLD1 cells. Based on our results from cell line and a
xenograft mouse model, we propose that CENP-A–overexpressing
tumor cells that are resistant to apoptosis survive and these cells
exhibit aneuploidy with karyotypic heterogeneity.
In summary, our studies provide mechanistic insights into
how CENP-A OE and mislocalization lead to CIN, and provide the
first link between CENP-A OE and aneuploidy with karyotypic
heterogeneity. Based on our results, we propose a model (Fig. 9)
in which CENP-A OE and mislocalization contribute to (1) CIN
phenotype with chromosome mis-segregation and increased
micronuclei with ruptured nuclear membrane; (2) mislocalization of CENP-C, reduced levels of CCAN proteins (CENP-C and/
or CENP-T) and outer kinetochore proteins (Mis12, NUF2, and
HEC1), unstable KT-MT attachments, and weakening of kinetochores as ascertained by reduced interkinetochore distance;
and (3) aneuploidy and karyotypic heterogeneity in cell line and
a xenograft mouse model. These studies are important from a
clinical standpoint as bioinformatics approaches have shown
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Figure 9. CENP-A OE and mislocalization contribute to CIN, aneuploidy, and karyotypic heterogeneity in cell line and a xenograft mouse model.
(A) Observation: Mislocalization of CENP-A contributes to CIN phenotypes, chromosome mis-segregation, and micronuclei formation with ruptured nuclear
membrane. (B) Mechanism: In control cells (left) without CENP-A OE and mislocalization, the levels of kinetochore- and centromere-associated proteins are
normal, with normal pulling force between two sister kinetochores; however, cells with CENP-A OE and mislocalization (right) show mislocalization of CENP-C,
reduced levels of outer kinetochore proteins (CENP-T, NUF2, HEC1, and Mis12), resulting in unstable KT-MT attachments and reduced interkinetochore
distance. (C) Physiological consequences: Constitutive OE of CENP-A contributes to aneuploidy and karyotypic heterogeneity in cell line and a xenograft
tumor model.
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appropriate primary and secondary antibodies at RT for 1 h. Cells
were then analyzed by immunofluorescence.

Microscopy and image analysis
Immunostained cells were imaged on Delta Vision Core system
(Applied Precision/GE Healthcare) consisting of an Olympus
IX70 inverted microscope (Olympus America) with 100× NA 1.4
oil immersion objective and a CoolSnap HQ 12-bit camera
(Photometrics) controlled by Softworx software. Filters used for
imaging were FITC (Ex 490/20; Em 528/38), RD-TR (Ex 555/28;
Em 617/73), and DAPI (Ex 360/40; Em 457/50) from the 86000
Sedat Quadruple Filter Set (Chroma Technology). Z-stacks of at
least 10 focal planes were acquired with an exposure of 0.1–0.5 s,
depending on the filter. Signal intensity was measured by using
the plot profile tool in Softworx. To prepare the figures, images
were deconvolved, unless otherwise mentioned, with Softworx
Shrestha et al.
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Quantitative immunofluorescence analysis
To calculate fluorescence intensities, boxes of 8 × 8 pixels were
drawn on centromeric or kinetochore regions, as ascertained by
foci of CENP-A, as well as on non-centromeric regions, as ascertained by the signal outside the centromeric region on a
chromosome (chromosome spreads) or chromosomes aligned on
the metaphase plate. Nondeconvolved images were used for
fluorescence intensity measurement. For background, four
boxes of 8 × 8 pixels were drawn at four random areas within
the cytoplasm in the same cell. The maximum intensity values
from all drawn areas were obtained by using the data inspector
tool in Softworx. Final fluorescence intensity for each protein
was calculated by subtracting the average background intensity.
Intensity measurements were done for at least 10 centromeric
and non-centromeric spots in each cell for an average of 10 cells
from two or three independent experiments. Nondeconvolved
images were used for fluorescence intensity measurement. For
statistical analysis, average values from more than 100 centromeric or non-centromeric spots were calculated and used as a
mean to calculate SD across areas measured.
Cell proliferation assay using EdU
Cells were treated with 20 µM EdU for 30 min. 0.5 × 106 cells per
sample were harvested by centrifugation and cell pellets were
fixed with 100 µl of 4% PFA for 15 min at RT, washed, and
blocked with PBS with 5% BSA. Cells were then permeabilized
with 100 µl of 0.5% Triton X-100 with 5% BSA in PBS for
30 min at RT. 3 ml PBS with 1% BSA was added, and cells were
centrifuged and washed once. Appropriate volume of Click-iT
reaction cocktail was prepared according to the manufacturer’s
instructions (C10269; Thermo Fisher Scientific). 250 µl of reaction cocktail buffer was added to each sample, mixed, and
incubated for 30 min at RT. 3 ml PBS with 1% BSA was added to
each sample, centrifuged, and washed. Cells were then suspended in 0.5 ml PBS with 2 µg/ml DAPI and analyzed in a flow
cytometer.
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Immunostaining and immunoblotting
For immunostaining, cells were grown on glass coverslips and
fixed either with ice-cold methanol for 1 min or with 4% PFA for
5 min, followed by permeabilization with 0.1% Triton X-100 for
5 min. Fixation was followed by blocking with 1% BSA in PBST
for 30 min at RT. Cells were incubated in primary antibodies for
1 h at RT, washed three times in PBST, and incubated with
secondary antibodies and DAPI for 45 min at RT. Following three
washes with PBST, cells were mounted on slides by using Prolong gold antifade mounting media (P36935; Thermo Fisher
Scientific). Mouse anti–CENP-A (ab13939; Abcam), rabbit antiNUF2 (ab176556; Abcam), rabbit anti-Astrin (NB100-74638;
Novus Biologicals), mouse anti-HEC1 (MA1-23308; Thermo
Fisher Scientific), rabbit anti-Mis12 (gift from Ian Cheeseman,
Massachusetts Instiute of Technology, Cambridge, MA), rabbit
anti–CENP-T (gift from Daniel Foltz, Northwestern University,
Evanston, IL), and rabbit anti–CENP-C (gift from Aaron Straight,
Stanford University, Stanford, CA) were used at 1:500 dilutions.
Rabbit anti–Lamin B antibody (gift by Mary Dasso, National
Institute of Child Health and Human Development/National
Institutes of Health, Bethesda, MD) was used at 1:2,000 dilution.
Mouse anti-tubulin (T4026; Sigma-Aldrich) was used at 1:1,000
dilution. The secondary antibodies, goat anti-rabbit DY 488
(35552; Thermo Fisher Scientific), goat anti-rabbit DY 594
(35560; Thermo Fisher Scientific), goat anti-mouse DY 488
(35502; Thermo Fisher Scientific), goat anti-mouse DY 594
(35510; Thermo Fisher Scientific), and goat anti-human Alexa
Fluor 647 (A21445; Thermo Fisher Scientific) were used at 1:500
dilution.
For immunoblotting, mouse anti–CENP-A (ab13939; Abcam)
was used at 1:300 dilution. Rabbit anti-DAXX (25C12; Cell Signaling Technology) and rabbit anti-GFP antibody (ab6556;
Abcam) were used at 1:1,000 dilution. Mouse anti-GAPDH
(MA5-15738; Thermo Fisher Scientific) was used at 1:2,000
dilution. HRP secondary antibodies against rabbit (611-1322;
Rockland) and mouse (610-1319; Rockland) were used at 1:40,000
dilution. Blots were treated with uniglow reagent (Uniglow-0100;
Rockland) before imaging with Bio-Rad Imager. Bands were
compared against the prestained protein ladder (MEIP8-501; Vita
Scientific).

and scaled manually to 8 bit by using linear LUT and the same
range of scaling for all the images. For time-lapse imaging, cells
were grown on a glass-bottom imaging dish, Nunc Lab Tek
(155382; Thermo Fisher Scientific) in appropriate media. While
imaging, Leobovitz (L-15; 21083027; Thermo Fisher Scientific)
media was used. Cells were imaged with FITC (Ex 490/20; Em
528/38) and differential interference contrast (DIC) with exposure of 50% for 0.2 s. Cells were imaged at the time interval of
10 min for 5 h.

Cell viability assay
The trypan blue dye exclusion test was used to determine the
number of viable cells present in a cell suspension. It is based on
the principle that live cells with intact cell membranes exclude
trypan blue, whereas dead cells do not and thus stain blue. Cells
were harvested and 10 µl of harvested cells were mixed with
10 µl of 0.4% trypan blue dye (T13001; Logos Biosystem). The
mixture was incubated for 3 min at RT. 10 µl of the cell–dye
mixture was then pipetted into the disposable counting chamber
(L12005; Logos Biosystem), allowing the capillary action to draw
Journal of Cell Biology
https://doi.org/10.1083/jcb.202007195

19 of 25

it inside. The total number of cells and viable cells were counted
by using an automated cell counter (LUNA Automated Cell
Counter).

KT-MT attachment status analysis
To define the KT-MT attachment status, we used NUF2 as the
outer kinetochore marker and tubulin as the microtubule
marker. We included only those cells in which more than 60% of
KT-MT attachment status could be assigned. KT-MT attachments were assigned as end-on if the signals of tubulin in the
microtubule bundles ended with NUF2. We categorized unattached and laterally attached kinetochores as non–end-on. KTMT attachments were assigned as unattached if the NUF2 signal
was free of tubulin signal, and laterally attached if NUF2 signal
was on top of the tubulin signal of microtubule bundles.
Cold-resistant stable microtubule assay
Cells with or without DOX treatment were treated with 10 µM
dimethylenastron for 1.5 h, followed by treatment with 10 µM
dimethylenastron (324622-5MG; Sigma-Aldrich), an Eg5 inhibitor, and 10 µM MG132 (474790-5MG; Sigma-Aldrich) for an
additional 1.5 h. Culture dishes with cells containing coverslips
were kept on ice for 10 min to depolymerize unstable microtubules. Cells were then immunostained with anti–β-tubulin
and NUF2 or HEC1 and Astrin to examine the stable attachments between kinetochores and microtubules.
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siRNA
All siRNA transfections were performed by using Lipofectamine
RNAi Max reagent (13778075; Thermo Fisher Scientific) according to the manufacturer’s instructions. For RNAi, siRNA
oligos and transfecting reagent were diluted in Opti-MEM reduced serum media (31985088; Thermo Fisher Scientific). siRNA
oligo against DAXX (59-CTGGAACCTGGCAAACAGAT-39) was
ordered from Dharmacon (Shrestha et al., 2017a). For control
siRNA, negative control oligo (12935-300; Invitrogen) was used.
miFISH
misFISH experiments were done as previously described
(Oltmann et al., 2018). Probes were assembled from bacterial
artificial chromosome contigs for the following eight locusspecific probes: COX2 (1q31), BRAF (7q34), MYC (8q24), CDX2
(13q12), CDH1 (16q22), TP53 (17p13), SMAD4 (18q21), and ZNF217
(20q13). Two centromeric probes—CEP3 and CEP10—were used
as ploidy controls. The probes were combined into two FISH
panels (panel 1: CDX2-CDH1-SMAD4-CCP10-MYC; panel 2: BRAFZNF217-TP53-CEP3-COX2). The panels were consecutively hybridized so that all 10 probes could be enumerated in each
nucleus. Cells were fixed with methanol/acetic acid (3:1) before
being dropped onto slides. A standard FISH hybridization and
detection protocol was followed as described previously (Oltmann
et al., 2018; https://ccr.cancer.gov/Genetics-Branch/thomas-ried/
under-resources). After detection, the slides were automatically
imaged with a fluorescence microscope equipped with a 40× oil
immersion objective (BX63; Olympus), optical filters (Chroma
Technology), motorized stage, and a custom analysis software
(Bioview). Using the analysis software (Bioview), we counted
∼300 cells in each case with 10 FISH probes presented in a
custom gallery overview.
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Interkinetochore distance measurement
Interkinetochore distance was measured by using the distance
measurement tool in Softworx, which allows a straight line to be
drawn between the brightest pixels of CENP-A (inner kinetochore marker) or NUF2 (outer kinetochore marker) on two
sister chromatids. Only congressed pairs of kinetochores in
MG132 arrested metaphase cells were included for analysis to
exclude any chromosomes that were not aligned, as in prometaphase, or nearly separated, as in anaphase, with reduced or
increased interkinetochore distance, respectively. Orientation
between two centromeric/kinetochore markers and focal plane
was used as a basis for considering two kinetochores a pair. We
used the following criteria to consider two kinetochores a pair in
a cell immunostained with NUF2 and CENP-A: (1) Both kinetochores should be on the same focal plane; (2) kinetochores
should be positive for NUF2 and CENP-A signals, with colocalization of both proteins; (3) because NUF2 localizes to the outer
kinetochore where microtubules attach, NUF2 signal of both
sister kinetochores should orient toward the spindle pole from
where the microtubules emanate; and (4) because CENP-A localizes at inner centromere proximal to DNA, CENP-A signal of
both sister kinetochores should orient toward the equatorial
plate. The length of each line is calibrated based on units per
pixel and assigned in micrometers. Interkinetochore distance
was measured for at least 10 kinetochore pairs in a single cell
and 8–15 cells from two or three independent experiments.
Average values from more than 100 kinetochore pairs were
calculated and used as the mean to calculate the SEM across
areas measured.

Trans-well invasion and apoptosis assay
Cells were seeded in a six-well dish for an arbitrary number of
cells. 100 µl of matrigel (356234; Corning) was added to the well
of the trans-well containing 8.0 µm transparent PET membrane
(353182; Corning) and incubated at 37°C for 1 h. Trans-well was
placed on the 12-well plate containing 1 ml RPMI supplemented
with 20% FCS that served as a chemoattractant. 1 ml of 1.5 × 105
cells was added on top of the matrigel membrane and allowed to
migrate for 16 h. The next day, cells on the matrigel membrane
were scraped off from the membrane by using a sterile applicator and washed in PBS. This was repeated twice to make sure
that all non-invading cells were scraped off. The cells that invade
the membrane were fixed in ice-cold methanol for 10 min at 4°C,
followed by two washes with PBS. Following fixation, cells were
stained with crystal violet (0.05% in 25% methanol–PBS mixture) for 10 min to visualize through a microscope. The number
of crystal violet–positive cells under the membrane were then
counted and reported as invaded cells.
For the apoptosis assay, cells were harvested from suspension
culture and stained with FITC Annexin V (556547; BD Biosciences) and PI (P4170; Sigma-Aldrich) by using the manufacturer’s recommended protocol. FACS analyses were performed
by using a dual-laser FACScan (BD Biosciences)
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Transcriptomic analysis
Parental DLD1 and DLD1CENP-A cells with or without DOX were
harvested from three independent biological replicates. RNA
was isolated from cells with the RNeasy Plus Mini Kit (74134;
Qiagen) according to manufacturer protocol. RNA quality and
concentration were validated on a Bioanalyzer with the Agilent
RNA 6000 Nano Kit (5067-1511; Agilent Technologies). 1 µg of
total RNA was used as input for RNaseq libraries, prepared according to the Low Sample protocol for Illumina TruSeq
Stranded Total RNA Preparation Kit with Ribo-Depletion (RS122-2201; Illumina). RNaseq libraries were single-end sequenced
with the NextSeq 550 Sequencing System to a depth of ∼90
million reads per sample. Raw BCL output files were processed
by using bclfastq (version 2.17.1.14; Illumina) and quality
Shrestha et al.
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trimmed with trimmomatic (Bolger et al., 2014). Trimmed reads
were aligned to the human genome (UCSC hg19) with TopHat
(version 2.1.0; Trapnell et al., 2009) with gene annotations
sourced from Ensembl release 72 assigned using Phython
package HTSeq 0.6.1 (Anders et al., 2015). Differential gene expression was calculated by using EdgeR. RNaseq data sets from
Lacoste et al. (2014) were downloaded from the Sequence Read
Archive at the National Center for Biotechnology Information
(accession nos. SRX297971–SRX297976). GSEA preranked analysis
was performed with GSEA 3.0 (Broad Institute) by using log2FC
values output from EdgeR (data set generated by this study and
Lacoste data sets) against the Hallmarks: Canonical Pathways gene
sets (c2.cp.v6.2.symbols.gmt; Subramanian et al., 2005). CENP-A
expression values were omitted from ranked list input. Terms
enriched in downregulated genes at false discovery rate (FDR) <
0.25 or enriched in upregulated genes at FDR < 0.005 from the
DLD1 cell line data set from this study were analyzed further. Plots
were generated in Rstudio.
Statistical analysis
P values were obtained by using either the Mann-Whitney U
test, unpaired Student’s t test, χ2 test, or proportion test in Prism
and Rstudio, as indicated in the figure legends.
Data and code availability
RNaseq data generated for this study has been deposited in the
Gene Expression Omnibus under accession no. GSE154460.
Online supplemental material
Fig. S1 shows the optimization of DOX treatment to obtain the
highest protein levels of YFP–CENP-A upon treatment with
DOX. Fig. S2 shows the cell-cycle progression of DLD1 cells upon
DOX treatment and rules out the effect of DOX alone in chromosome segregation defects in parental DLD1 cells. Fig. S3 shows
the levels of CENP-T, Nuf2, and Mis12 at kinetochores in DLD1
cells with or without DOX treatment. Fig. S4 shows the KT-MT
attachments and quantifies the localization of HEC1 and Astrin
at kinetochores. Fig. S5 documents overexpression of CENP-A in
xenograft tumor tissues and in cells derived from these tissues.
Fig. S6 confirms that constitutive OE of CENP-A induces apoptosis in DLD1 cells. Video 1 shows a representative example of
DLD1 cells with CENP-A OE exiting mitosis with chromosome
segregation defects. Video 2 shows a representative example of
DLD1 cells with CENP-A OE exiting mitosis and formation of
micronuclei. Video 3 shows a representative example of a 3Dreconstructed image of DLD1 cells without CENP-A OE showing
Astrin-positive kinetochores. Video 4 shows a representative
example of a 3D-reconstructed image of DLD1 cells with CENP-A
OE showing kinetochores devoid of Astrin.
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Xenograft mouse model
Athymic nude mice (female, 9-wk-old) were obtained from
Charles River. Animals were injected with 5 million cells into the
left flank with a 25-G needle in a volume of 100 µl in HBSS as
follows. The animals were placed on CON diet (Bioserv) ad lib
(n = 10 animals) starting 2 d before cell injections. On day 15
post–cell injections, the animals were randomized into groups
based on tumor volume and body weights by using StudyLog
software. Five animals from the CON diet group were switched
to 200 mg/kg DOX feed and five remained on the CON diet until
the end of the study. The three axes (millimeters) of tumor were
measured with a caliper to calculate tumor volume. Measurements were made every 2–3 d. Maximum allowable weight loss
of 20% was never reached and mice were euthanized if tumor
was presenting necrosis or exceeded 20 mm in diameter. Once
the tumors were excised, they were used for single-cell suspension culture and histological investigation. For histological
investigations, tumors were fixed in 10% neutral buffer formaldehyde (NBF), followed by preparation of thin sections and
staining with H&E, or proceeded for IHC with anti–CENP-A
Antibody. The H&E-stained tissues were used for examining
abnormal mitoses, and IHC tissues were used to study levels of
CENP-A. H&E and IHC slides were scanned at 20× by using an
Aperio AT2 scanner (Leica Biosystems) into whole-slide digital
images. For CENP-A IHC analysis, image analysis was performed
by using Nuclear V9 algorithm in ImageScope version 12.4.
Slides were annotated manually and areas of artifact, such as
folds and tears, were excluded from analysis. Percent positive
cells were calculated automatically. For cell CIN assays, singlecell suspension from tissues were prepared and cells were cultured for 48 h in complete DMEM media and used for examining
protein levels of CENP-A, the incidence of micronuclei, and
karyotype.
Xenograft mouse model studies were performed at Frederick
National Laboratory, which is accredited by the Association For
Assessment And Accreditation Of Laboratory Animal Care International and follows the Public Health Service Policy for the
Care and Use of Laboratory Animals. Animal care was provided
in accordance with the procedures outlined in the National Research Council’s Guide for Care and Use of Laboratory Animals.
All animal studies were approved by the Animal Care and Use
Committee of the National Cancer Institute-Frederick.
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Figure S1. Optimization of DOX treatment and CENP-A expression. (A) Levels of endogenous CENP-A in different cell lines. Western blot shows levels of
endogenous CENP-A in different cell lines as indicated. Blot was probed with anti–CENP-A antobody. GAPDH was used as a loading control. Three biological
repeats were performed. (B) Expression of CENP-A in DOX-treated DLD1CENP-A cells. Western blot shows levels of YFP–CENP-A in DLD1CENP-A cells treated
with 0.1 µg/ml DOX and after various time points post-DOX wash. Blot was probed with anti-GFP antibody. GAPDH was used as a loading control.
(C) Quantification of endogenous and exogenous CENP-A levels. Bar chart shows the levels of endogenous CENP-A in different cell lines as in A and the levels
of exogenously OE CENP-A in DLD1CENP-A cells treated with DOX for 30 min followed by DOX removal for 20 h as in B. The levels of CENP-A normalized against
the loading control, GAPDH, were compared as fold increase. Error bar represents SEM from two independent experiments. (D) Flowchart showing the
experimental regimen for treatment with DOX used for all studies unless otherwise described. (E) CENP-A signal intensity is higher in DOX-treated DLD1CENP-A
cells. Violin plot showing the spectrum of CENP-A signal intensity across individual DLD1CENP-A cells with or without DOX treatment. P values calculated by
using the unpaired Student’s t test are indicated.
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Figure S2. DOX-induced overexpression of CENP-A does not contribute to cell-cycle defects in DLD1CENP-A cells. (A) CENP-A OE does not lead to
defects in cell-cycle progression. Flow cytometry analysis of DLD1CENP-A cells with or without DOX treatment shows similar cell-cycle profiles with 2N (G1/S
stage) and 4N (G2/M stage) DNA content. (B) CENP-A OE does not contribute to reduced cell proliferation. Flow cytometry plot showing the distribution of
EdU-stained DLD1CENP-A cells with or without DOX treatment in different cell-cycle stages. Results were confirmed by using three biological repeats. Tables
show the absolute percentage of cells in different cell-cycle stages. (C) DOX treatment does not increase chromosome segregation defects in parental DLD1
cells. Images show chromosome segregation status in parental DLD1 cells with or without DOX treatment. Cells were immunostained with antibodies against
CENP-A and stained with DAPI. Cells were then analyzed for chromosome segregation outcome. Scale bar: 5 µm. (D) Quantification shows the proportion of
cells with defective segregation in parental DLD1 cells treated as in F. Error bars represent SEM from three independent experiments. “N” denotes number of
cells analyzed. P values calculated by using the unpaired Student’s t test are indicated.
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Figure S3. CENP-A OE contributes to reduced kinetochore localization of CENP-T, NUF2, and Mis12 in DLD1CENP-A cells. (A) Reduced centromeric
CENP-T signal intensities in DLD1CENP-A cells with overexpressed and mislocalized CENP-A. Images of CENP-T localization at centromeres on metaphase plates
in DLD1CENP-A cells with or without DOX treatment. (B) Reduced kinetochore NUF2 signal intensities in DLD1CENP-A cells with overexpressed and mislocalized
CENP-A. Images of NUF2 localization at kinetochores on metaphase plates in DLD1CENP-A cells with or without DOX treatment. (C) Reduced centromeric
localization of Mis12 in DLD1CENP-A cells with overexpressed and mislocalized CENP-A. Images of localization of Mis12 at kinetochores on metaphase plates in
DLD1CENP-A cells with or without DOX treatment. For all panels in this figure, before immunostaining, cells were treated with 10 µM MG132 for 90 min, followed
by fixation with ice-cold methanol for 1 min and immunostaining with antibodies as indicated. Cells were stained with DAPI. Scale bar: 5 µm.
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Figure S4. CENP-A OE contributes to reduced levels of HEC1 and Astrin at kinetochores. (A) Reduced levels of stable end-on attached kinetochores in
DLD1CENP-A cells with overexpressed CENP-A. Images show KT-MT attachment status in DLD1CENP-A cells with or without DOX treatment. Prior to fixation with
ice-cold methanol for 1 min, cells were treated with 10 µM monastrol (3 h) and 10 µM MG132 (90 min), followed by exposure to cold for 10 min. Cells were
immunostained with antibodies against NUF2 and β-tubulin and analyzed for kinetochores with end-on (stable and cold resistant) or non–end-on attachment
(unstable and cold sensitive) to microtubules. Insets correspond to white-boxed areas in main images. Scale bar: 5 µm (main figures). (B) Reduced levels of
HEC1 in DLD1 cells with overexpressed CENP-A. Prism graph for quantification of HEC1 signal intensity at kinetochores in DLD1CENP-A cells with or without DOX
treatment as in Fig. 4 E. (C) Reduced Astrin signal intensity at congressed kinetochores on metaphase plate in DLD1 cells with overexpressed CENP-A. Images
show signal intensity of Astrin at kinetochores in DLD1CENP-A cells with or without DOX treatment. Prior to immunostaining, cells were treated with 10 µM
MG132 for 90 min. Cells were immunostained with antibodies against CENP-A and Astrin, and Astrin signal intensity was quantified at congressed kinetochores
on metaphase plates. Insets correspond to white-boxed areas in main images. Scale bar: 5 µm (main images), 2 µm (insets). (D) Prism graph shows Astrin signal
intensity at kinetochores in DLD1CENP-A cells with or without DOX treatment. In all prism graphs, each circle represents each kinetochore. “Kts” denotes the
number of kinetochore pairs analyzed in number of cells as denoted by “Cells.” Red horizontal lines represent mean signal intensities. Error bars represent SD
measured across kinetochores in the indicated number of cells from at least two independent experiments. P values calculated by using the Mann-Whitney U
test are indicated.
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Figure S5. High levels of CENP-A in xenograft tumor tissues and in cultured DLD1 cells. (A) CENP-A–positive nuclei are higher in xenograft tissue derived
from mouse fed with the DOX diet. Bar chart shows proportion of CENP-A–positive nuclei analyzed from IHC images as in Fig. 7 B. “N” denotes numbers of cells
analyzed. P value was calulcated by using the χ2 test. (B) Levels of YFP–CENP-A in tumor tissue of mouse on DOX diet. Western blots show levels of
YFP–CENP-A in nuclear extracts collected from tumor tissues of MDX#07 or MDX#10 mice. (C) Dose-dependent OE of YFP–CENP-A in DLD1 cells. Western
blots show protein levels of YFP–CENP-A in DLD1CENP-A cells with or without 0.1 µg/ml or 1.0 µg/ml DOX treatment for 4 d. Blots were probed with anti-GFP
antibody for expression of YFP–CENP-A, and anti-GAPDH antibody was used for loading control. (D) Higher mislocalization of YFP–CENP-A in DLD1 cells
treated with 1.0 µg/ml DOX for 4 d. Images show YFP–CENP-A localization in DLD1CENP-A cells treated as in A. Cells were immunostained with antibodies
against CENP-A and stained with DAPI. (E) Reduced cell viability in cells with constitutive high OE of CENP-A. Brightfield microscopic images show viability
status of DLD1CENP-A cells treated as in C. (F) Total cell population and cell viability are reduced in DLD1CENP-Acells treated with 1.0 µg/ml DOX. Bar charts show
the proportion of total cells (left) and viable cells (right) in DLD1CENP-A cells treated with indicated concentrations of DOX for 4 d. Error bars represent SEM
from three independent experiments. P values calculated by using unpaired Student’s t test are indicated.
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Figure S6. Constitutive high levels of CENP-A OE contribute to apoptosis in DLD1 cells. (A) Constitutive low levels of CENP-A OE do not induce apoptosis
in DLD1CENP-A cells. Flow cytometry analysis and quantification show the proportion of cells that are positive for Annexin and/or PI in DLD1CENP-A or parental
DLD1 cells with or without 0.1 µg/ml DOX treatment for 4 d. DOX was replenished every 2 d for constitutive overexpression of YFP–CENP-A. (B) Constitutive
high levels of CENP-A OE induces apoptosis in DLD1CENP- cells. Flow cytometry analysis and quantification show a high proportion of cells that are positive for
Annexin and/or PI in DLD1CENP-A cells with 1.0 µg/ml DOX for 4 d compared with parental DLD1 cells without DOX treatment. Live cells were stained with
Annexin V or PI and analyzed in flow cytometry. Error bars represent SEM from three independent experiments. P values were calculated by using unpaired
Student’s t test.

Video 1. Time lapse images of DOX-treated DLD1CENP-A cells in prometaphase entering into metaphase and exiting from mitosis with lagging
chromosomes. DLD1CENP-A cells were grown on a glass-bottom imaging dish in RPMI media for 48 h. Cells were then treated with DOX for 30 min, followed by
DOX wash off, and were grown further for 20 h. Before imaging, RPMI media was removed and replaced with Leobovitz (L-15) medium without antibiotics.
Cells were then imaged with FITC (Ex 490/20; Em 528/38) to visualized YFP–CENP-A and DIC with exposure of 50% for 0.2 s. Cells were imaged at the time
interval of 10 min for 5 h.
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Video 2. Time-lapse images of DOX-treated DLD1CENP-A cells in prometaphase entering into metaphase and exiting from mitosis, eventually forming
the micronuclei. DLD1CENP-A cells were grown on a glass-bottom imaging dish in RPMI media for 48 h. Cells were then treated with DOX for 30 min,
followed by DOX wash off, and were grown further for 20 h. Before imaging, RPMI media was removed and replaced with Leobovitz (L-15) medium without
antibiotics. Cells were then imaged with FITC (Ex 490/20; Em 528/38) to visualized YFP–CENP-A and DIC with exposure of 50% for 0.2 s. Cells were imaged at
the time interval of 10 min for 5 h.

Video 3. 3D-reconstructed image of DLD1CENP-A cells without DOX treatment as in Fig. 4 E showing Astrin-positive kinetochores. DLD1CENP-A cells
were grown in RPMI media on glass coverslips in a 12-well tissue culture dish for 72 h. Cells were fixing with ice-cold methanol for 1 min. Cells immunostained
with antibodies against Astrin and HEC1. 3D rendering was performed with Imaris 9.5.0.
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Video 4. 3D-reconstructed images of DLD1CENP-A cells with DOX treatment as in Fig. 4 E showing kinetochores devoid of Astrin. DLD1CENP-A cells were
grown in RPMI media on glass coverslips in a 12-well tissue culture dish for 48 h. Cells were then treated with DOX for 30 min, followed by DOX wash off, and
were grown further for 20 h in RPMI media without DOX before fixing with ice-cold methanol for 1 min. Cells immunostained with antibodies against Astrin and
HEC1. 3D rendering was performed with Imaris 9.5.0.
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