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SUMMARY

Kinetochore assembly on centromeres is central for chromosome segregation and defects in
this process cause mitotic errors and aneuploidy. Besides the well-established protein network,
emerging evidence suggests the involvement of regulatory RNA in kinetochore assembly;
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however, it has remained elusive about the identity of such RNA, let alone its mechanism of action
in this critical process. Here, we report CCTT, a previously uncharacterized long non-coding

RNA (IncRNA) transcribed from the arm of human chromosome 17, that plays a vital role in
kinetochore assembly. We show that CCTT highly localizes to all centromeres via the formation of
RNA-DNA triplex and specifically interacts with CENP-C to help engage this blueprint protein in
centromeres, and consequently, CCTT loss triggers extensive mitotic errors and aneuploidy. These
findings uncover a non-centromere-derived IncRNA that recruits CENP-C to centromeres and shed
critical lights on the function of centromeric DNA sequences as anchor points for kinetochore
assembly.

eTOC blurb

Zhang et al. identify a non-centromere-derived long non-coding RNA, CCTT, that plays a vital
role in kinetochore assembly at centromeres /n trans. The authors show that CCTT localizes to all
centromeres via the formation of RNA-DNA triplex and specifically interacts with CENP-C for its
recruitment to centromeres.
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INTRODUCTION

Accurate chromosome segregation during cell division depends on highly delicate
centromere-kinetochore interactions. Centromeres of most eukaryotes consist of a large
stretch of tandemly repeated DNA elements (Fukagawa and Earnshaw, 2014; McKinley

and Cheeseman, 2016). Centromere function seems to be defined by the incorporation of

a unique histone H3 variant CENP-A in centromeric nucleosomes (Black and Cleveland,
2011; McKinley and Cheeseman, 2016; Logsdon et al., 2019). CENP-A initiates the
assembly of the inner kinetochore network, known as the constitutive centromere-associated
network (CCAN) (Weir et al., 2016; Yan et al., 2019), which then connects to the outer
kinetochore network consisting of KNL1, Mis12 and Ndc80 (KMN) for microtubule
attachment (Varma and Salmon, 2012).

Among CCAN, CENP-C is the first one to bind to centromeres and then provides a blueprint
for kinetochore assembly by facilitating the recruitment of other CCAN components
(Nagpal et al., 2015; McKinley et al., 2015; Klare et al., 2015; Weir et al., 2016).

It is well-established that CENP-A is responsible for CENP-C recruitment through its
carboxy-terminal tail that directly binds to two specific domains in the CENP-C protein,

the central domain (CD) and the c-motif domain (CM) (Carroll et al., 2010; Guse et

al., 2011; Fachinetti et al., 2013; Kato et al., 2013). Puzzling, however, are the more

recent observations that neither deletion of CENP-A (Fachinetti et al., 2013) nor blocking
the interaction between CENP-A and CENP-C (Fachinetti et al., 2013; Guo et al., 2017)
completely diminished CENP-C recruitment to centromeres. These observations suggest the
existence of an additional unknown mechanism(s) for CENP-C recruitment.
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Recent evidence suggests that both centromeric transcription and resulting RNAs (or
cenRNAS) play a critical role in kinetochore assembly (Fukagawa and Earnshaw, 2014;
Talbert and Henikoff, 2018; Sullivan and Sullivan, 2020). The transcription process may
facilitate nucleosome remodeling to help CENP-A incorporation (Quénet and Dalal, 2014),
whereas cenRNAs may mediate the localization of several centromere-associated proteins
(Ferri et al., 2009; Quénet and Dalal, 2014; Blower, 2016; McNulty et al., 2017; Ling and
Yuen, 2019). However, no sequence specificity appears to be required for cenRNAs to bind
centromere proteins tested to date (Du et al., 2010; Jambhekar et al., 2014; Liu et al., 2015;
Blower, 2016). Importantly, the functional requirement for cenRNAs remains enigmatic due
to the misinterpretation of data on targeting a putative cenRNA in human cells (Quénet

and Dalal, 2018). Therefore, compared to the well-established protein-protein interaction
networks, both the involvement of the transcripts produced from non-centromere regions and
their mechanism of action in kinetochore assembly remain unexplored.

We herein report a previously uncharacterized non-centromere-derived IncRNA transcribed
from chromosome 17 (Chr. 17), which provides a key missing link in CENP-C recruitment
to centromeres. This INcCRNA, now renamed as CCTT, interacts with both CENP-C through
specific RNA-protein interactions and cenDNA possibly via RNA-DNA triplex formation.
Importantly, loss of CCTT induces chromosomal instability and aneuploidy by regulating
CENP-C level at centromeres, suggesting that CCTT is required for faithful chromosome
segregation during mitosis. These findings unveil a regulatory INcRNA with a key role in
kinetochore assembly and chromosomal stability in human cells.

Binding of a non-centromere-derived INcCRNA CCTT to CENP-C

Given the central role of CENP-C in providing a blueprint for kinetochore assembly, it has
been a focal point in understanding how CENP-C is recruited to centromeres. A previous
study suggests the involvement of certain regulatory RNAs in CENP-C recruitment, because
RNase treatment diminished the localization of CENP-C at centromeres and CENP-C
appeared to have the capacity to bind RNA with high affinity (Wong et al., 2007). Although
cenRNAs might fulfill such a role, their specificity and functional requirement have been
controversial (Wong et al., 2007; Quénet and Dalal, 2014; RoSi¢ et al., 2014; McNulty et
al., 2017). We therefore sought an unbiased approach to enrich CENP-C-interacting RNAs
by performing RNA immunoprecipitation sequencing (RIP-seq) with whole cell lysate of
Hel a cells. This led to the identification of a small set of RNAs significantly enriched

with anti-CENP-C antibody relative to control IgG (fold-change > 2, p < 0.01) (Figure

1A). Besides a few mRNAs identified, we noted three annotated IncRNAs (AGAP2-AS1,
GS1-124K5.4, and AC124789.1), which we further validated by RIP-gPCR (Figure S1A).
We reasoned that a functional CENP-C-interacting RNA would be present with sufficient
quantity in the nucleus. By quantifying their relative levels in the cytoplasm versus the
nucleus, we found that only AC124789.1 was selectively enriched in the nucleus, like the
well-characterized nuclear IncRNA NEAT1 (Figure S1B). Based on its specific binding

to CENP-C and additional functional properties (see below), we renamed this previously
uncharacterized RNA as CENP-C targeting transcript (CCTT).
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CCTT contains four exons with the last one harboring an Alu element and is an anti-sense
transcript encoded in the first intron of the ARHGAP23 protein-coding gene in Chr. 17
(Figure 1B). Interestingly, this RNA is conserved only in primates, beginning to diverge
from more basal primates (i.e., tarsiers and prosimians) where their centromere sequences
also become diversified (Figure S1C; also see Melters et al., 2013). These observations
suggest that this RNA may have been co-evolved with primate cenDNA. We performed

5" and 3’ rapid amplification of cDNA ends (RACE) and confirmed the authentic CCTT
sequence of 730 nt in HeLa cells (Figure S1D). Primary CCTT transcript appears to

have been efficiently spliced as indicated by a single band of ~730 nt in northern blot
performed in both HeLa and HCT116 cells (Figure S1E). CCTT is quite abundant in

HeLa cells, estimated to have ~2,000 copies per cell (Figure S1F), which is close to or
exceeding the amount of many highly abundant IncRNAs (Figure S1G). In addition, three
lines of evidence support the annotation of CCTT as a IncRNA: 1) little association with
ribosomes based on analyzing the existing ribosome profiling data (Wang et al., 2014)
(Figure S1H), 2) bioinformatics analysis using four different algorithms — CNCI (Sun et al.,
2013), CPAT (Wang et al., 2013), CPC (Kong et al., 2007), and PhyloCSF (Lin et al., 2011)
— to show the low protein-coding potential (Figure S11), and 3) the inability to translate
into putative micropeptides from two short open reading frames (ORFs) in CCTT (Figure
S1J). Collectively, these observations indicate that CCTT is a IncRNA generated from a
non-centromeric locus.

Quantitative localization of CCTT on centromeres

We next characterized the interaction of CCTT with CENP-C /n vitro and within cells. By
using biotinylated CCTT (schemed in Figure S1D), we performed RNA pulldown followed
by western blot to show that CCTT, but not its anti-sense version, efficiently captured
CENP-C from HeLa whole cell extracts (Figure 1C). Moreover, RNA pulldown coupled
with mass spectrometry (MS) identified 20 CCTT-binding protein candidates, and notably,
CENP-C was the only component of currently annotated centromere-associated proteins
(Figure S1K). We further used this biotinylated CCTT and full-length CENP-C expressed in
bacteria (Figure S2A) to perform the electrophoretic mobility shift assay (EMSA). Results
showed progressive shifts with increasing amounts of recombinant CENP-C (Figure 1D).
In contrast, anti-sense CCTT failed to bind to CENP-C (Figure S2B). Cell fractionation
followed by RIP-gPCR showed that CCTT was largely associated with chromatin (Chr),
relative to the nucleoplasm (NP) (Figure 1E).

To determine the spatial relationship between CCTT and CENP-C within cells, we
performed CCTT fluorescence in situ hybridization (FISH) in comparison with CENP-C
localization by immunostaining and found that CCTT precisely colocalized with CENP-C in
interphase HeL.a and HCT116 cells (Figures 1F, left and S2C). By preparing chromosome
spreads from mitotically arrested cells, we found CCTT signals on centromeres of all
chromosomes, precisely colocalized with CENP-C (Figures 1F, right and S2C). Taken
together, these data demonstrate that this non-centromere-produced IncRNA specifically
interacts with CENP-C at all centromeres throughout the cell cycle.

Mol Cell. Author manuscript; available in PMC 2023 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al. Page 5

Requirement of CCTT for CENP-C assembly on centromeres

Given the specific interaction between CCTT and CENP-C, we next investigated the
function of CCTT in CENP-C assembly on centromeres. We used CRISPR/Cas9-mediated
genome editing to generate conditional CCTT knockout HelL a cells (note that HeL a cells
carry 3 copies of CCTT, Figure S2D). For this purpose, we first generated a heterozygous
CCTT*~ cell line (Figures S2E and S2F), which slightly reduced CCTT expression (Figure
S2F), and then inserted two LoxP sites between exon 1 of CCTT (CCTTfloxed/-) followed
by infection with adenovirus-Cre (Ad-Cre) to convert CCTT!oxed/~ to CCTT/~ cells. We
verified CCTT ablation in CCTT~~ cells by RT-PCR, RNA FISH, and northern blot
(Figures S2F right bottom, S2G-S2H). Importantly, the mRNA level of ARHGAP23, the
parental gene of CCTT, was unchanged in CCTT~/~ cells (Figure S21), thus excluding any
contribution of ARHGAPZ3to CCTT function.

CCTT deletion resulted in ~40% reduction of CENP-C signals on centromeres without
affecting CENP-C expression at the RNA level and this reduction could be rescued by
re-expressing exogenous CCTT in CCTT~/~ cells (Figures 2A, S3A, and S3B). Interestingly,
we found only a slight increase of CCTT levels in centromeres, despite ~180-fold increase in
CCTT expression relative to the endogenous level (Figures 2A and S3A). This implies that
the available CCTT-binding sites in cenDNA have been saturated, thus preventing further
incorporation of overexpressed CCTT. To further validate the contribution of CCTT to
CENP-C assembly on centromeres, we performed CENP-C ChIP-gPCR. We used siRNA

to knockdown CENP-A as a positive control, and to keep CCTT depletion under the same
experimental conditions, we similarly used siRNA to knockdown CCTT (Figure S3C).

We observed that transient depletion of both CCTT and CENP-A significantly decreased
CENP-C on centromeres (Figure S3D).

Prior to our current work, it is well established that CENP-A and CENP-B are both
involved in CENP-C abundance at centromeres (Carroll et al., 2010; Guse et al., 2011;
Fachinetti et al., 2013; Kato et al., 2013; Fachinetti et al., 2015), raising the possibility

that CCTT depletion-induced reduction of CENP-C might result from reduced CENP-A.
To test this possibility, we depleted CCTT by CCTT ASO, which takes advantage of the
relatively long-lasting knockdown effect of ASO in targeting nuclear RNA compared to
siRNA. This enabled us to monitor both short and long-term impact of CCTT depletion

on CENP-A levels on centromeres. Significant CCTT reduction was observed after CCTT
ASOs treatment (ASO-CCTT #1 or #2, see Figures S1D and S3E). Although no significant
decrease of CENP-A on centromeres was found at 48 hours after CCTT ASO treatment,
while at 96 hours a ~65% reduction of CENP-A was observed (Figure S3F), which is
consistent with the reported function of CENP-C in stabilizing CENP-A nucleosomes

at centromeres (Falk et al., 2015). We further ruled out the potential dosage effect of
CCTT depletion in short versus long-term ASO treatments by mimicking short-term CCTT
depletion with Ad-Cre to treat CCTTIoXed/~ cells for 48 hours and similarly observed
CENP-C reduction without significant change in CENP-A on centromeres (Figure S3G).
RIP-qPCR further showed that CENP-A does not bind CCTT (Figure S3H). Together, these
data demonstrate that the reduction of CENP-A is a downstream event following CENP-C
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decrease in response to CCTT depletion, suggesting that CCTT directly modulates CENP-C
assembly on centromeres in a CENP-A independent manner.

Critical role of CCTT in CENP-C recruitment

Because CCTT depletion reduced CENP-C at centromeres and given the established
dynamics of CENP-C during the G1 and G2 phases (Hemmerich et al., 2008), we
hypothesized that CCTT may play a direct role in facilitating the recruitment of newly
synthesized CENP-C to centromeres. To test this hypothesis, we employed a SNAP-based
labeling strategy (Jansen et al., 2007; Bodor et al., 2012). We first expressed a SNAP-tagged
CENP-C (CENP-CSNAP) blocked the existing pool of CENP-CSNAP by pre-incubation

with a nonfluorescent substrate (bromothenylpteridine, BTP), and labeled newly synthesized
CENP-CSNAP with a fluorescent substrate (tetramethylrhodamine; TMR) of SNAP (Figure
2B, top). We first confirmed no TMR-star signal immediately after adding BTP (Figures S3lI
and S3J). By comparing the TMR-star signals in control and CCTT knockdown cells, we
found the deposition of new CENP-C at centromeres was significantly compromised (Figure
2B). CENP-A depletion served as a positive control (Figures 2B). These data revealed
CCTT-dependent recruitment of CENP-C to centromeres.

Genomic mapping of CCTT binding to centromeres

As we detected no interaction between CCTT and CENP-A (see Figure S3H), this raised

a possibility that CCTT is directly associated with centromeric a-satellite DNA. To test

this possibility and to investigate the CCTT binding profile at the genome-wide scale,

we developed a new method by modifying chromatin isolation by RNA purification
followed by deep-sequencing (ChIRP-seq) (Chu et al., 2011) via treating cells with 4’-
aminomethyltrioxsalen (AMT, a psoralen derivative), a crosslinker that helps stabilize the
interactions between nucleic acids (AMT-ChIRP-seq; Figure S4A). This method could
explore the interactions between RNA and DNA with minimal impact on the interactions
bridged by proteins (Shen et al., 1977; Mondal et al., 2015; Wang et al., 2020). We designed
eight complementary DNA oligonucleotides to tile the non-Alu part of CCTT, affinity-
purified CCTT-bound DNA, and mapped enriched DNA sequences onto the reference
human genome (hg38; note that this version includes centromere models, which provide the
approximate repeat number and order for each centromere (Miga et al., 2014)). We called
peaks with the SICER algorithm by using input reads as background and setting stringent
parameters previously optimized for analyzing the human CENP-A ChlP-seq data (Zang et
al., 2009; Lacoste et al., 2014).

Among 26,044 CCTT-binding peaks, 10,895 (41.83%) mapped onto the centromere regions,
corresponding to predominant peaks in all 23 chromosomes (Figure S4B). This is further
exemplified on Chr. 4 (Figure 3A), showing that the peak density (peak number per Mb)
within the centromere region is 36.6-fold higher than that occupying elsewhere on the
chromosome (183 versus 5 peaks per Mb). Most peaks contained multi-mapped reads that
were evenly distributed among individual genomic locations. A small fraction of peaks (n =
3,023) that contained uniquely mapped reads were also found in specific centromere regions
(see a specific example in Figure 3A).

Mol Cell. Author manuscript; available in PMC 2023 November 03.
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To validate the AMT-ChIRP-seq results, we performed AMT-ChIRP-gPCR on Hela cells.
We randomly selected 5 peaks: peaks 1-4 containing multi-mapped reads and peak 5 in Chr.
4 containing only uniquely mapped reads (Figure 3B, top). We then designed PCR primers
flanking each of these peaks for AMT-ChIRP-gPCR and found an 8~70-fold enrichment
relative to input (Figure 3B). Finally, using previously reported CENP-C ChlIP-seq datasets
from Hela cells, we found a significant overlap between CCTT and CENP-C binding sites
across the entire genome (Figure 3C, left and Figure S4C; Pearson correlation = 0.75), as
exemplified by higher order repeats (HORS) on 4 representative centromeres (Figure 3C,
right) as well as on the whole centromere region of Chr. 19 (Figure S4D). Collectively, these
results demonstrate that CCTT specifically interacts with cenDNA at all centromeres.

Evidence for CCTT binding to cenDNA via the formation of RNA-DNA triplex

CCTT may interact with DNA either directly or via an accessory factor. Given the fact that
CCTT only interacts with CENP-C among centromere-enriched proteins (see Figure S1K),
we explored the possibility that CCTT might directly interact with cenDNA. To determine
the propensity, we examined enriched motifs associated with CCTT-bound peaks and found
that the top three overrepresented motifs exhibit a GA-rich preference (Figure 4A). It has
been shown that IncRNAs could bind to specific DNA sequences through the formation of
RNA-DNA triplex (Wang and Chang, 2011; Mondal et al., 2015; Li et al., 2016; Li and Fu,
2019). A feature associated with triplex formation is purine-rich sequences in duplex DNA,
to which pyrimidine-rich single-stranded RNA binds via Hoogsteen hydrogen bonding (Beal
etal., 1991; Escudé et al., 1993). All these top three motifs appear to fulfill the requirement
for triplex formation. Moreover, these motifs are enriched in the centromere regions by using
the FIMO software (Grant et al., 2011) to map the whole genome (Figure S4E). We next
utilized the Triplexator software (Buske et al., 2012) to predict the triplex-forming oligos
(TFOs) within the CCTT sequence and identified a single putative DNA binding domain
(DBD) in CCTT, consisting of 6 highly overlapped TFOs that span the pyrimidine-rich
(43-79 nt) sequences near the 5’ end of CCTT (Figure 4B).

Next, we tested the functional requirement of the DBD in CCTT knockout cells
complemented with either full-length or mutant (deletion of 43-79 nt, ADBD) exogeneous
CCTT. FISH analysis showed that the exogenous full-length CCTT localized at centromeres,
but the ADBD mutant failed to do so (Figures 4C and 4D). Moreover, ChIRP-qPCR analysis
showed that the re-expressed full-length CCTT, but not the ADBD mutant, restored cenDNA
enrichment in CCTT ablated cells, demonstrating that the 43-79 nt sequence in CCTT is
indispensable for CCTT binding to centromeres (Figure 4E). To assess the sufficiency of

the DBD domain in binding to centromeres, we transfected HelL a cells with a biotinylated
CCTT-DBD oligoribonucleotide carrying a psoralen moiety at its 5” end (Figure 4F, left).
This biotinylated CCTT-DBD enriched cenDNA ~70-fold relative to the control lacZ RNA
(Figure 4F, middle). As expected, this CCTT-DBD RNA did not capture other repetitive
DNAs, such as p-satellites and telomere TARL, highlighting its specificity in interaction
with cenDNA (Figure 4F, middle). Furthermore, the interaction between CCTT-DBD and
cenDNA was resistant to RNase H, supporting the possibility that CCTT interacts with
cenDNA via the formation of RNA-DNA triplex rather than R-loop (Figure 4F, right).
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Furthermore, we used the Triplex Domain Finder (TDF) software (Kuo et al., 2019) to
analyze our CCTT AMT-ChIRP-seq data to predict GA-rich triplex target DNA sites (TTSs).
Strikingly, 68.36% of centromeric CCTT-bound peaks showed similar TTS sequences.

To verify the direct interaction between CCTT and predicted TTS, we performed EMSA
with synthetic 15 nt CCTT-TFO RNA sequences and a biotinylated TTS DNA motif. The
EMSA results showed a retarded mobility of double-stranded TTS DNA after incubation
with single-strand CCTT-TFO RNA (Figure 4G), suggesting RNA-DNA triplex formation
between CCTT-TFO and double-strand TTS, but not with the mutant DNA (Figure 4G).
Altogether, these results strongly suggest that CCTT may directly bind to cenDNA through
the formation of RNA-DNA triplex.

Distinct domains of CCTT involved in binding CENP-C and cenDNA

To map the region within CCTT responsible for direct binding to CENP-C, we performed
infrared crosslinking and immunoprecipitation followed by RNA sequencing (irCLIP-seq)
(Zarnegar et al., 2016) and identified a potential CENP-C binding region that spans 95-177
nt of CCTT (Figure 5A). To complement the irCLIP-seq result, we also globally mapped
CCTT secondary structure by using selective 2’-hydroxyl acylation analysis by primer
extension and mutational profiling (SHAPE-MaP) (Siegfried et al., 2014; Smola et al.,
2015a; Smola et al., 2015b) under cell-free conditions as well as within HeLa cells. The
results showed that 43-79 nt of CCTT, the determinant for RNA-DNA triplex formation,

has continuous single-stranded propensity, thus making it accessible for DNA binding
(Figure 5B, top) and that 127-177 nt of CCTT is predicted to fold into a two-stem-loop
structure (Figure 5B, bottom), and this region is protected by proteins in cells as shown by a
significant decrease in SHAPE reactivity in the in-cell state compared with the cell-free state
(Figure 5A), indicating that this region may be responsible for interaction with CENP-C.

To validate these findings, we expressed full-length, A127-177, or ADBD CCTT in
ccTTfloxed/= cells (Figure S5A). After deleting endogenous CCTT, we performed CCTT
FISH and CENP-C immunostaining and found that although A127-177 CCTT normally
localized to centromeres, its ability to direct CENP-C recruitment to centromeres was
compromised (Figure 5C). Similarly, the ADBD CCTT failed to rescue CENP-C levels at
centromeres compared to what the full-length CCTT did in CCTT~~ cells (Figure 5C).
CENP-C RIP-gPCR analysis further showed that A127-177 CCTT was much less efficient
than full-length CCTT in binding to CENP-C, and as expected, the interaction of ADBD
CCTT and CENP-C was unaffected (Figure 5D). We additionally mapped the domain

in CENP-C responsible for interacting with CCTT by expressing different Flag-tagged
truncations of CENP-C in HeLa cells (Figures 5E and S5B). By RIP with an anti-Flag
antibody, we identified a key domain between 826-943 aa responsible for specific CCTT
binding (Figure 5E), which is dispensable for interactions with other previously established
proteins, including CENP-A, CENP-L/N, CENP-HIKM, and the Mis12 complex (Weir et
al., 2016). Taken together, these results suggest that CCTT bridges CENP-C and cenDNA
through two separate domains.
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Functional requirement of CCTT for mitosis

We finally explored the function of CCTT during mitosis. To avoid potential indirect

effects accumulated in CCTT knockout cell lines, we examined CCTT function by using
CCTT ASOs. Live-cell imaging of HeL a cells stably expressing histone 2B (H2B)-GFP
revealed that CCTT knockdown resulted in a marked prolongation of the mitotic phase from
nuclear envelope breakdown (NEBD) to anaphase (Figure 6A, left), which typically lasted
~75 minutes, and upon CCTT knockdown, increased to ~180 minutes (Figure 6A, right).
Furthermore, we observed significant mitotic errors in CCTT knockdown cells (Figure 6B,
top), as indicated by a ~10-fold increase in the frequency of misaligned chromosomes in
metaphase (Figure 6B, bottom left) and a ~5-fold elevation in the frequency of chromosome
bridges and multipolar-spindles in anaphase (Figure 6B, bottom right). Consequently, CCTT
knockdown cells displayed a significantly higher frequency of binuclei and micronuclei in
interphase (Figure 6C).

As mitotic errors invariably lead to aneuploidy (lost or gain chromosome), we directly
tested this possibility on HCT116 cells, which have a relatively stable karyotype, and
indeed found that the level of aneuploidy was elevated from the baseline of ~5% to ~80%
after CCTT knockdown (Figure 6D). All these phenotypes were mirrored by CENP-C
knockdown (Figures S6A-S6E), suggesting that CCTT deficiency-induced mitotic errors
and chromosomal instability likely resulted from compromised CENP-C abundance during
mitosis. As expected, CCTT knockout induced cell immortality, as shown by severely
retarded cell growth and compromised colony formation (Figures 6E and 6F). Notably, the
heterozygous cells with a ~50% decrease in CCTT expression (see Figure S2F) did not
immediately impact cell fitness (Figure 6E) while displayed impaired cell growth in the
long-term colony formation assay (Figure 6F).

We further explored the mechanism by which aberrant CCTT led to mitotic defects and
aneuploidy. During cell division, the kinetochore unattached to microtubules provides a
platform for the assembly of mitotic checkpoint complex (MCC), which inhibits the E3
ligase activity of the anaphase-promoting complex/cyclosome (APC/C), thereby preventing
cells from exiting mitosis. The spindle assembly checkpoint (SAC) must be precisely
activated and then silenced to enable cell cycle progression, defects of which are known

to induce aneuploidy (Corbett, 2017). Given the newly elucidated function of CCTT in
kinetochore assembly, we hypothesized that CCTT reduction may affect the SAC during
mitosis. By performing immunostaining for Bub1 and BubR1, two critical factors for

the assembly of the MCC, we found that in CCTT-depleted HeLa cells, both Bub1 and
BubR1 were inefficiently localized to kinetochores (Figures S6F and S6G), indicating

that incomplete CENP-C recruitment resulted in a series of compromised events during
kinetochore assembly, including impaired SAC activation, together leading to mitotic failure.

DISCUSSION

In this study, we uncover a previously unannotated IncRNA CCTT generated from a
non-centromeric region in Chr. 17 that specifically targets to repetitive cenDNA in all
chromosomes. We show that CCTT binds to CENP-C, the kinetochore assembly blueprint
protein, via RNA-protein interactions and to cenDNA via RNA-DNA interactions, possibly
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through the formation of RNA-DNA triplex. These findings suggest that CCTT is the long-
sought RNA component critical for bringing together a blueprint for kinetochore assembly.

It has been well established that CENP-A binding defines functional centromeres and
initiates kinetochore assembly (Black and Cleveland, 2011). CENP-A then recruits CENP-C
to centromeres in mid-G1 followed by other CCAN deposition during S/G2 (Prendergast
etal., 2011; McKinley et al., 2015; Weir et al., 2016; Hoffmann et al., 2016). Importantly,
CENP-A is not the only factor responsible for CENP-C recruitment, as deletion of the
interaction domains in CENP-C or CENP-A fails to fully diminish CENP-C localization at
centromeres (Fachinetti et al., 2013; Guo et al., 2017). This is in line with the observations
that even when endogenous CENP-A declines to below 1%, ~30% CENP-C is still
associated with centromeres (Fachinetti et al., 2013) and that CENP-C does not always
colocalize with CENP-A within the centromere domain (Kyriacou and Heun, 2018).

The possibility for the involvement of RNA in kinetochore assembly is initially supported
by RNase A treatment that results in significant reduction of CENP-C on metaphase
centromeres (Wong et al., 2007). a-satellite RNAs transcribed from cenDNA have been long
suspected to play a role, but these RNAs lack the specificity in RNA-protein interactions
and their functional requirement has remained controversial (Wong et al., 2007; Quénet

and Dalal, 2014; RoS3ic et al., 2014; McNulty et al., 2017). In our study, we retrieved CENP-
C-binding RNAs by CENP-C RIP-seq and did not find any a-satellite RNA sequence,

and more importantly, we demonstrated that CCTT is functionally required for kinetochore
assembly, thus fulfilling a long-suspected RNA involved in this critical biological process
(Talbert and Henikoff, 2018).

Our in vitro experiments suggest that CCTT seems to target cenDNA via the formation of
RNA-DNA triplex. Interestingly, the characterized CCTT DNA-binding motif is GA-rich
instead of AT-rich, the latter of which is more prevalently distributed in human centromeres.
However, a previous study clearly showed that GA-rich sequences are also frequently
presented in human centromeres, and more importantly, these GA-rich sequences have
the propensity to form a non-B hairpin DNA structure (Catasti et al., 1994) and/or a
four-stranded i-motif (Garavis et al., 2015). These structures may favor the formation of
RNA-DNA triplex. Future studies to precisely map such triplex formation regions within
centromeres will be required to substantiate this hypothesis. Interestingly, a mutant CCTT
that failed to bind to DNA can still interact with CENP-C, suggesting that CCTT may
first bind soluble CENP-C and then facilitate CENP-C recruitment to cenDNA via triplex
formation.

Given its essential function for CENP-C recruitment, it is not surprising that we detected
significant mitotic errors, which led to severe aneuploidy, in CCTT-depleted cells. As
chromosome stability is frequently linked to tumorigenesis, we predict that altered CCTT
expression might be characteristic of certain cancer types. Our current mechanistic insights
thus pave the path for future studies to understand the function of CCTT in cancer etiology
and/or progression.
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Limitations of the Study

Our results suggest that CCTT functions to facilitate CENP-C recruitment during
kinetochore assembly. Through the SNAP-tag labeling scheme, we provide initial evidence
that CCTT is required for the recruitment of newly synthesized CENP-C to centromeres.
Because CENP-C is also known for its dynamic association/dissociation with the established
centromeres in the interphase, it remains to be determined whether CCTT shows a similar
dynamic regulation as CENP-C. Accordingly, our current data could not differentiate
between the following two possibilities: 1) CENP-C and CCTT may first bind and then

be recruited together to cenDNA or 2) CCTT may first bind to cenDNA, thereby creating

a “landing pad” for subsequent CENP-C recruitment. Future experiments are needed to
address these possibilities.

The putative function of CCTT as a structural component of the kinetochore would predict
that the requirement of CCTT for CENP-C recruitment could not be bypassed by simply
increasing the supply of CENP-C to “rescue” CCTT depletion-induced phenotype in
chromosome segregation. Unfortunately, we are precluded from carrying out this seemly
simple experiment to test the prediction, as CENP-C overexpression is also known to induce
mitotic defects, thus complicating data interpretation. The comprehensive understanding of
CCTT in kinetochore assembly thus awaits future insights from high resolution kinetochore
structure.

STAR*METHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Yan Teng (tengyan@bmi.ac.cn).

Materials availability—All unique/stable reagents generated in this study are available
from the lead contact with a completed material transfer agreement.

Data and code availability

. The accession number for RIP-seq, AMT-ChIRP-seq, irCLIP-seq, and SHAPE-
MaP from HeLa cells is GEO: GSE149534.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human Cell Lines—Human cell lines including uterine cancer cells HeLa, colon cancer
cells HCT116 were purchased from the American Type Culture Collection (ATCC; https://
WwWWw.atcc.org).
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Bacterial Strains—E. coli DH5a competent cells were procured from Biomed (#BC116)
and E. coli DL21 (DE3) chemically competent cells were procured from Transgen
(#CD601-02) and were grown in LB culture at 37°C.

METHOD DETAILS

RACE

Cell Lines and Culture Conditions—Human uterine cancer cells HeLa (CCL-2,
ATCC), colon cancer cells HCT116 (CCL-247, ATCC) were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, HYCLONE) high glucose supplemented with 10% fetal
bovine serum (FBS, GIBCO). All cell lines were maintained at 37°C with 5% CO2.

ASOs, siRNAs and Adenovirus-Cre Treatment—ASQOs (antisense oligonucleotides)
and siRNAs were introduced using jetPRIME (polyplus). ASOs against CCTT: #1
GCTACCAGAAGGGAGCACCA, #2 CCAGAT GTCTTCAGCTCCAA, siRNAs against
CCTT: CCAGAUGUCUUCAGCUCCA, CENP-C: UUGACUUUCUACCUUGAAGG,
CENP-A: AAAGGAGAUCCGAAAGCU UCA, CENP-B: CCAACAAGCUGUCUCCCUA
were purchased from Ribobio. For the CCTT inducible knockout, CCTTfloxed/~ He| 3 cells
were treated with adenovirus-Cre for 12 hours.

Plasmid Construction—Full-length and various mutant CCTT were cloned into the
pcDNAS3.1(+) vector for overexpression. Two ORFs within CCTT sequences were cloned
with GFP into the pcDNA3.1(+) vector for the /n vitro translation assay. Full-length CENP-
C proteins were cloned into the pET-28a vector for expression and purification for the
protein-RNA EMSA assay. Full-length and truncated CENP-C proteins were cloned into the
CMV10-Flag vector for the RIP assay. The primers were shown in Table S1.

Subcellular Fractionation Analysis—The distribution of RNAs in the nuclear and
cytosolic fractions of HeLa cells was assessed using the PARIS Kit (Life Technologies)
following the manufacturer’s instruction.

The 5’ and 3" RACE was performed using the FirstChoice RLM-RACE RNA Ligase
Mediated RACE Kit (Ambion) following the manufacturer’s instruction. RNA was extracted
from HeLa cells. Primers used for 5’ and 3 RACE were designed based on the known
sequence information and are listed in Table S1.

RNA Isolation and gRT-PCR—Total RNA from each cultured cell line with different
treatments was extracted with TRIzol Reagent (Invitrogen) according to the manufacturer’s
instruction. For qRT-PCR, cDNA synthesis was carried out using ReverTra Ace® qPCR RT
Master Mix with gDNA Remover (TOYOBO). gPCR was performed using SYBR Green
Real-time PCR Master Mix (TOYOBO) and a StepOnePlus real-time PCR system (Applied
Biosysterms 7500 Fast). The relative expression of different sets of genes was quantified to
GAPDH mRNA. Primer sequences for gRT-PCR and RT-PCR are listed in Table S1.

Northern Blot—Total RNA was isolated from HelLa and HCT116 cells using TRIzol
Reagent (Invitrogen), and 10 pg total RNA was diluted in 2 x RNA Loading Dye
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(Invitrogen) and denatured at 65°C. Samples were separated on a 1.2% agarose, 6.6%
formamide, 1 x TBE gel containing ethidium bromide. After imaging the rRNA subunits
(18s and 28s), RNA was transferred to a Hybond N+ nylon membrane and crosslinked to the
membrane by baking at 80°C for 2 hours. The membrane was prehybridized in DIG Easy
Hyb (Roche) and hybridized with 100 ng/mL digoxigenin-labelled probe (sequences are
1-404 nt within CCTT) overnight at 68°C, followed by two washes with 2 x SSC/0.1% SDS
and one wash with 0.2 x SSC/0.1% SDS. Digoxigenin-probe hybridization was detected
using the DIG-High Prime DNA Labeling and Detection Protocol (Roche). After addition
of CDP-Star chemiluminescent substrate, the probe signal was visualized using an Image
Quant LAS 4000 mini (GE healthcare). A single-stranded RNA probe was generated using
the DIG Northern Starter Kit (Roche) according to the manufacturer’s instruction.

Measurement of CCTT Copy Numbers—A serial dilution of the linearized plasmid
pcDNA3.1-CCTT was used qRT-PCR to generate a standard curve for CCTT. The copy
number of the diluted plasmid pcDNA3.1-CCTT was calculated by DNA/RNA Copy
Number Calculator from website (http://endmemo.com/bio/dnacopynum.php). To measure
the CCTT copy number in HeLa cells, total RNA extracted from 2~3 x 108 cells was reverse
transcribed into cDNAs for qPCR analysis, and the copy number could be quantitated from
the standard curve.

In Vitro Translation Assay—Conserved open reading frames (ORFs) within CCTT
sequences were predicted by Pfam (http://pfam.xfam.org) and shown in Table S2. The ORFs
(ORF1: 38-373 nt and ORF2: 223-417 nt) were cloned with GFP into the pcDNA3.1(+)
vector for fused expression. Total RNA and proteins were extracted for RT-PCR and western
blot using anti-GFP antibody (BioVision).

CCTT Knockout by CRISPR/Cas9—HeLa cells were infected with lentivirus by pLenti-
U6-spgRNA v2.0-CMV-Puro-P2A-3Flag-spCas9 (H7548, Obio) plasmid transfection for
stable expression of Cas9. First, we deleted a CCTT allele in Cas9-expressing HelLa

cells. Two gRNA-coding sequences (5’-GATGGGGCTAGCAGAGGCCTTGG-3" and 5°-
GGCTGCCTTCACCCCCACCAAGG-3’) were located upstream and downstream of the
CCTT locus, respectively. After transfection with two sgRNAS transcribed using the
GeneArt™ Precision gRNA Synthesis Kit (Thermo) using Lipofectamine 2000 Reagent
(Thermo), a 2585-bp DNA fragment spanning full-length CCTT was deleted. If the other
allele was intact, a heterozygous deletion was achieved (CCTT*/"). 3 pairs of primers were
used to screen CCTT*/~ cells (Figures S2E-S2F). Products of primers 1 (391 bp) and 2 (715
bp) are specific for the wildtype allele and products of primers 3 are specific for the CCTT
full-length deletion allele with a 3.5 minutes extension step in PCR reaction (3164 bp for
wildtype allele and ~588 bp for deletion allele, marked by 1 kb ladder and DNA Marker

I, respectively). Next, we engineered the other allele in CCTT*/~ cells. The gRNA-coding
sequence (5’-CCCACTCCTGAATCTAGGAGGAG-3’) was located upstream of exon 1.
The homologous arms (HA) of the donor vector are indicated as HA-L (724 bp) and

HA-R (752 bp). In the donor sequence, two LoxP sites flanked exon 1. After transfection
with sgRNA and donor sequences, two LoxP sites were integrated at the CCTT locus
(ccTTfloxed’~) Finally, upon adenovirus-Cre treatment, a 339-bp DNA fragment containing
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exon 1 was deleted, resulting in two deletion alleles (CCTT /7). Primers for genotyping are
shown in Table S1. The knockout efficiency was validated by RT-PCR, FISH, and northern
blot, as shown in Figures S2F-S2H. We constructed 4 independent clones to confirm CCTT
conditional knockout.

Western Blot—Western blot was performed as described previously (Hao et al., 2020).
Cells were collected and lysed in a buffer containing 50 mM Tris-HCI (pH 7.5), 200 mM
NaCl, 5% Tween-20, 0.5% NP-40, 2 mM PMSF, 2.5 mM p-glycerophosphate (all from
Sigma-Aldrich) and protease inhibitor cocktail tablet (complete Mini, Roche Diagnostics).
Equal amounts of protein were resolved by 10% Tris-Glycine gel (SDS-PAGE). Proteins
were blotted onto a nitrocellulose membrane, blocked with blocking buffer (1XTBS, 0.1%
Tween-20) with 5% w/v nonfat dry milk and incubated with the corresponding primary/
secondary antibodies: anti-CENP-C (1:1000, Abcam), anti-GFP (1:1000, BioVision), anti-
Actin (1:5000, Abcam). After incubation with peroxidase conjugated secondary antibodies
(1:5000, Abcam), blots were developed with Supersignal West Pico Chemiluminescent
Substrate (Pierce) and exposed to film (SAGECREATION, MiNiChemi).

We used PCR to amplify an Alu-deleted part of the CCTT sequence (1-404 nt) from

HeLa cells using T7 primers. RNA probes were prepared by T7 (Promega) with the PCR
purification products as a template and were labelled with Alexa Fluor 488 using the
ULYSIS Nucleic Acid Labeling Kit (Invitrogen) according to the manufacturer’s instruction.
To perform FISH on interphase cells, unsynchronized cells cultured in chamber slides were
washed with PBS and fixed with 4% formaldehyde diluted in DEPC-PBS for 10 minutes at
room temperature. FISH probes were combined as indicated, applied to interphase cells or
metaphase spreads on glass slides, and sealed with a coverslip. Samples and probes were
codenatured at 75°C for 2 minutes, followed by sealing with rubber cement and overnight
hybridization at 37°C with yeast tRNA blocking in a humidified chamber. Slides were
washed in 0.4 x SSC at 72°C for 2 minutes and in 2 x SSC, 0.05% Tween-20 at room
temperature for 30 seconds. Slides were rinsed in water, stained with DAPI, and mounted in
ProLong Gold anti-fade mounting solution.

Immunofluorescence and Immuno-RNA FISH—For immunofluorescence, cells
seeded on coverslips or chamber slides were fixed with 4% formaldehyde diluted in PBS for
10 minutes and washed with PBS. Cells were then permeabilized with 0.3% Triton X-100,
PBS for 5 minutes, washed with PBS, and blocked with Block (0.1% Triton X-100, 2.5%
FBS, 0.2 M glycine, PBS). Primary antibodies were diluted in the Triton Block and applied
to cells for 1 hour at room temperature or overnight at 4°C, followed by three 10-minute
washes with 0.1% Triton X-100, PBS. The following primary antibodies were used in the
Triton Block: CENP-A (MBL), CENP-C (MBL), and CREST (kind gift from Li lab) with a
1:1,000 dilution; Bub1 (Abcam) with a 1:500 dilution; BubR1 (Abcam) with a 1:50 dilution.
Fluorescence-conjugated secondary antibodies (Invitrogen) were diluted 1:200 in Triton
Block and applied to cells for 1 hour at room temperature, followed by three 10-minute
washes with 0.1% Triton X-100, PBS and staining with DAPI. Cells were mounted in
ProLong Gold anti-fade mounting solution and imaged as described.
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For immunofluorescence combined with RNA FISH, the immunofluorescence procedure
was performed as described followed by fixation in 4% formaldehyde diluted in DEPC-PBS
for 10 minutes at room temperature. Samples were then processed for RNA FISH as
described.

SNAP-Tag Labeling—SNAP labeling was conducted as described previously (Jansen et
al., 2007; Bodor et al., 2012) with modifications. For mammalian expression, CENP-CSNAP
plasmid is a kind of gift from Guohong Li. Human gene CENP-C in full length was cloned
into pPSNAP26m (N9172, New England Biolabs) using the standard molecular biology
methods. HeLa cells were transfected CENP-CSNAP before related siRNAs treatment.

In the quench-chase-pulse experiment, SNAP-tag was quenched with SNAP-Cell Block
(S9106S, New England Biolabs). Newly synthesized CENP-CSNAP was labelled 7 hours
after release with SNAP-Cell TMR-star (S9105S, New England Biolabs). Cells were fixed at
the indicated times and processed for TMR-star signal detection with confocal microscopy
(LSM880, Zeiss).

RIP-Seq—RIP-seq was carried out as previously described (Zhang et al., 2013) with
modifications. HeLa cells (1 x 107) were harvested, resuspended in lysis buffer (25 mM
Tris pH7.4, 150 mM NaCl, 1% NP-40, 1 mM EDTA, 5% glycerol, 1 mM PMSF, and 2
mM VRC, with Protease Inhibitor Cocktail, Roche) and then lysed on ice for 30 minutes.
After incubation with anti-CENP-C (2 pug, Abcam) or anti-IgG (Santa Cruz) antibodies,
the beads were washed once in lysis buffer and four times in washing buffer (50 mM Tris
pH7.4, 150 mM NaCl, 1 mM MgCI2, 0.05% NP-40), followed by elution with extraction
buffer C (100 mM Tris pH6.8, 4% SDS, 12% B-mercaptoethanol, 20% glycerol) at room
temperature for 10 minutes. One-third of the RIP materials was used for immunoblotting
and the other two-thirds were used for RNA extraction. Each RNA sample was treated
with DNase | (Ambion, DNA-freeTM kit). We adhered to the protocols supplied with NEB
Next® UltraTM Directional RNA Library Prep Kit for lllumina®.

Biotinylated RNA Pulldown Assay—Biotinylated RNA pulldown assays were
performed as previously described (Tsai et al., 2010; Klattenhoff et al., 2013) with
modifications. Linearized CCTT RNAs (sequences are full length of CCTT) were /n
vitro transcribed with Biotin RNA Labeling Mix (Roche). T7 RNA polymerase (Roche)
was applied followed by RNase-free DNase | (Ambion) treatment and purification with
NucleoSpin RNA Clean-up XS (Macherey Nagel). Then, 3 pg biotinylated RNA was
heated for 5 minutes at 90°C in RNA capture buffer (20 mM Tris-HCI pH 7.5, 1 M

NaCl, 1 mM EDTA) and slowly cooled down to room temperature. We harvested 2 x

107 HeLa cells, resuspended them in Pierce® IP lysis buffer (Thermo Fisher Scientific)
with anti-RNase, protease/phosphatase inhibitor cocktail and then lysed them on ice for 30
minutes. Streptavidin-conjugated magnet beads C1 (Invitrogen) were prepared according
to the manufacturer's instructions. After centrifugation at 20,000 rcf for 20 minutes, the
supernatant was transferred to a new tube and precleared by applying 30 uL prepared
Streptavidin C1 Dynabeads for 1 hour at 4°C. Folded RNAs were added and incubated
for 3 hours at 4°C, followed by addition of 30 pL of the prepared Streptavidin Dynabeads
and incubation for 3 hours at 4°C. The RNA-binding protein complexes were washed
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sequentially with NT2 buffer (twice), NT2-high salt buffer containing 500 mM NaCl
(twice), NT2-high salt buffer containing 1 M NaCl (twice), NT2-KSCN buffer containing
750 mM KSCN (twice) and DEPC-PBS (once) for 5 minutes at 4°C, and they were eluted
with 2 mM D-biotin in PBS. The eluted protein complexes were analyzed by western blot
with anti-CENP-C (MBL) and anti-CENP-A (MBL) antibodies. For mass spectrometric
analysis, the protein-RNA complexes were subjected to 4~12% NuPAGE Bis-Tris gels
(Life Technologies) followed by silver staining with SilverQuest Silver Staining Kit (Life
Technologies).

Protein Purification and EMSA—The protein used in the EMSA was expressed in
E.coli DL21 (DE3) by using the pET-28a expression vector. After transfection, the bacteria
were incubated until reaching 0.6 at OD600. Then, the recombinant protein was induced by
adding 1 mM IPTG for overnight at 16°C. Next, Ni-NTA Fast Start Kit (#30600, Qiagen)
was used to purify the recombinant CENP-C. Using this kit, the His-tagged CENP-C was
purified in the presence of high salt, resolved by 10% Tris-Glycine gel (SDS-PAGE) and
stained with Coomassie Brilliant Blue. Full-length CCTT was labeled with biotin through
in vitrotranscription assays (sequences are full length of CCTT). EMSA was conducted

as previously reported (Xing et al., 2017). The 0.7 pmol biotinylated CCTT was used for
each reaction. The secondary structure of CCTT was formed by heating at 95°C for 5
minutes following by a slow cool down to room temperature. The indicated amount of
purified protein (2.5, 3.5, 4.5, 6 pM) and biotinylated CCTT was incubated in binding
buffer (L00 mM HEPES pH7.5, 200 mM KCI, 10 mM MgCI2, 10 mM DTT) for 30
minutes at room temperature. The mixtures were subjected to electrophoresis on a 6%
nondenaturing polyacrylamide 0.5 x TBE gel. The gel was then transferred to a nylon
membrane and imaged by incubation with a Chemiluminescent Nucleic Acid Detection
Module Kit (#89880, Thermo).

RNA-DNA Triplex EMSA—Triplex was performed as previously described (Mondal et al.,
2015; Kalwa et al., 2016) with modifications. For the initial centromeric double-stranded
oligonucleotide TTS hybridization, the complementary biotin-labeled DNA single strand
was incubated in hybridization buffer (10 mM Tris-HCI pH7.5, 50 mM NacCl, and 10 mM
MgCl2) for 5 minutes at 85°C and then cooled down to room temperature. To remove
secondary structures present in CCTT TFO, RNA oligonucleotides were heated at 95°C for
5 minutes followed by quickly cooling them down on ice. Triplex formation was carried

out in a 20-pL reaction volume with reaction mixtures consisting of nuclease free water,
labeled dsDNA oligonucleotides (0.4 pmol), and different concentrations of CCTT TFO in
hybridization buffer for 1 hour at 37°C. 10 uM labeled dsDNA corresponding to the CCTT-
targeted centromere peak sequence or a mutated version were incubated with increasing
concentrations (0.025, 0.5, 2, 4 uM) of CCTT ssRNA. RNase H treatment was performed
after triplex formation at 37°C for 30 minutes. The reaction was monitored by EMSA on 6%
polyacrylamide TBE gels. The gel was then transferred to a nylon membrane and imaged

by incubation using a Chemiluminescent Nucleic Acid Detection Module Kit (#89880,
Thermo).
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ChIP and qPCR Analysis—1~1.2 x 107 cultured cells exposed to each treatment were
washed with PBS, crosslinked in 1% formaldehyde for 10 minutes, and quenched by
addition of 0.25 M glycine. The cells were then washed with cold PBS and harvested by
scraping. Pelleted cells were incubated in ChiP lysis buffer (50 mM Tris pH 8.1, 10 mM
EDTA, 1% SDS) for 10 minutes before being sonicated eight times for 10 seconds to shear
DNA to an average fragment size of approximately 300~500 bp. Samples were diluted ten
times in dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris
pH8.1, 167 mM NaCl) and precleared with previously blocked Protein A/G beads (Life
Technologies) for 3 hours at 4°C. The beads were blocked with BSA and herring sperm
DNA. Precleared samples were incubated overnight with 2-ug-specific antibodies at 4°C.
Next, 2 pL of the Protein A/G beads were added and incubated for another 4 hours at 4°C
followed by washing the beads in ChIP lysis buffer once and in high salt wash buffer (1%
Triton X-100, 0.1% deoxycholate, 50 mM Tris pH8.0, 500 mM NaCl, 5 mM EDTA), LiCl
immune complex wash buffer (0.25 M LiCl, 0.5% igepal, 0.5% deoxycholate, 10 mM Tris
pH8.0, 1 mM EDTA) and 1 x TE Buffer (10 mM Tris pH8.0, 1 mM EDTA) at 4°C. We
then added 100 pL of elution buffer and incubated the sample for 15 minutes. The elution
process was repeated once, followed by the addition of 8 uL 5 M NaCl and incubation
overnight at 65°C to reverse the cross-link. After treatment with 5 pL RNase A (20 mg/mL)
and 5 pL proteinase K (20 mg/mL.), the recovered DNA and soluble chromatin (input) were
purified with phenol/chloroform and analyzed by qPCR using a LightCycler 480 (Roche).
The primers used are shown in Table S1. The anti-CENP-C (Abcam) and anti-CENP-A
(MBL) antibodies were used.

AMT-ChIRP—We developed the AMT-ChIRP by modifying previously reported ChIRP
(chromatin isolation by RNA purification) (Chu et al., 2011) with the crosslinker 4’-
aminomethyltrioxsalen (AMT, a psoralen derivative, Sigma), which allows the fixation of
nucleic acid interaction by ultraviolet light without protein crosslinking (Shen et al., 1977;
Mondal et al., 2015; Wang et al., 2020). Briefly, antisense DNA probes against CCTT were
designed using the ChIRP Probe Designer tool. The 3’-end Biotin-TEG-modified probes
were synthesized by Invitrogen (Thermo). HeLa cells were incubated with 0.5 mg/mL AMT
solution for 10 minutes and chilled on ice. The cells were placed on ice and irradiated in a
tissue culture dish for 10 minutes from a distance of 2.5 cm with 365 nm ultraviolet light.
The cross-linked cells were lysed with lysis buffer (50 mM Tris-Cl pH7.5, 10 mM EDTA,
1% SDS, protease inhibitors, and 2 U/mL RNasin Ribonuclease Inhibitor). The lysates were
sonicated with a Bioruptor (Diagenode) at 4°C using the high setting with pulse intervals
of 20 seconds on and 20 seconds off for a total of 15 minutes. The sonicated cell lysates
were hybridized with the mixture of biotinylated DNA probes against human CCTT in
hybridization buffer (50 mM Tris-Cl pH7.5, 750 mM NaCl, 1% SDS, 1 mM EDTA, 15%
formamide, protease inhibitors and 2 U/mL RNasin Ribonuclease Inhibitor) for 4 hours at
37°C. The binding complexes were then recovered using streptavidin-conjugated magnet
beads C1 (Invitrogen) for 45 minutes at 37°C. The C1 beads were washed 5 times in 1

mL wash buffer (2 x NaCl and sodium citrate (SSC) (diluted from 20 x SSC Invitrogen
stock), 0.5% SDS, PMSF) for 5 minutes at 37°C. DNA was eluted with elution buffer

(50 mM NaHCO3, 1% SDS). Each sample of beads was resuspended in 150 uL of DNA
Elution Buffer (50 mM NaHCO3, 1% SDS) with RNases (10 pL RNase A (10 mg/mL)
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and 10 pL RNase H (10 U/uL) per mL of DNA Elution Buffer), and the DNA input was
resuspended in 140 pL. Samples were incubated at 37°C for 30 minutes with shaking. Beads
and supernatant were separated on a DynaMag-2 magnetic strip. The previous step was
repeated. All the supernatant (should be ~300 pL) was collected, and 15 pL proteinase K (20
mg/mL) was added. The samples were incubated at 50°C for 45 minutes with shaking. DNA
samples were transferred to phase-lock gel tubes and treated according to the protocols from
Qiagen. We adhered to the protocols supplied with the NEB Next® Ultra™ 11 DNA Library
Prep Kit for lllumina®.

For in vivotriplex capture assays, HeLa cells were transfected with 10 uM 5’-6C-psoralen-
and 3’-biotin-modified RNA oligonucleotides using INTERFERiIn®-RNA transfection
reagent (Polyplus). After 24 hours, isolated nuclei were irradiated for 10 minutes with UVA
(365 nm), and the cross-linked cells from 2 x 106 cells were processed as described for
ChIRP. In the case of the RNase H control reaction, the supernatants were treated with 15
units of RNase H for 20 minutes at 37°C before addition of the streptavidin-magnetic beads.

irCLIP-Seg—irCLIP-seq was performed as previously described (Xue et al., 2009). Briefly,
2 x 108 HeL a cells were irradiated at 400 mJ with 254 nm UV light. The cross-linked cells
were lysed, and 15 pug of anti-CENP-C antibody was applied to pull down specific protein-
RNA complexes. After micrococcal nuclease treatment, alkaline phosphatase treatment, and
pre-adenylated 3° DNA linker (IRdye-800CW-labelled) ligation, the immunoprecipitated
complexes were fractionated on a 4~12% NuPAGE Bis-Tris gel and transferred to a
nitrocellulose membrane. The IRdye-800CW marked CENP-C-specific smear bands were
cut and treated with proteinase K (20 mg/mL) prior to the extraction of respective RNA

by phenol and chloroform. The extracted RNA was further ligated with a 5° RNA linker
and converted into a library as we previously described for deep sequencing. The possible
CENP-C binding regions of all ncRNAs according to irCLIP-seq are shown in Table S3.

SHAPE-MaP—HelL.a cells were grown, and RNA was extracted and modified, both in cell
and ex vivo, as described previously (Smola et al., 2015). In brief, in-cell modification was
carried out by treating HelLa cells in fresh growth medium with 1M7 (10 mM final) and
incubating them at 37°C for 5 minutes before RNA isolation. For ex vivo analysis, total
cellular RNA was gently extracted from cells into RNA folding buffer (100 mM HEPES
pH8.0, 100 mM NaCl, and 10 mM MgCI2), incubated at 37°C for 20 minutes, and subjected
to SHAPE madification with 1M7. From each sample of RNA from HelLa in-cell and
cell-free probing experiments, 1~3 g was subjected to mutational profiling (MaP) reverse
transcription with primers specific to CCTT, followed by CCTT-specific PCR amplification
(Siegfried et al., 2014). The cDNA generated was buffer exchanged over Illustra microspin
G-50 columns (GE Healthcare). Output cDNA (5 pL) was used as a template for 50-uL PCR
reactions (Q5 Hot-start polymerase, NEB) with primers generated to amplify CCTT and add
adapter sequences (1 x Q5 reaction buffer, 250 nM each primer, 200 uM dNTPs, 3% DMSO,
0.02 U/pL Q5 Hot-start polymerase). PCR was performed using a touchdown format and
high-throughput sequencing library construction.

Cell Synchronization—For mitotic synchronization, HeLa cells were synchronized by
thymidine-nocodazole arrest and shaken off. Cells were incubated in thymidine-containing
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(2 mM) medium for 18 hours, released into fresh medium for 3 hours and treated with
nocodazole (100 ng/mL) for 11 hours.

Time-Lapse Imaging—HeLa cells stably expressing histone H2B-GFP (HeLa-GFP-H2B)
were seeded on an eight-chambered cover glass (Merck Millipore) in DMEM (Hyclone).
For the time-lapse imaging, five 2.5-pm-separated z-planes covering the entire volume of
mitotic cells were collected every 5 minutes for 12 hours using a 20 x lens objective on

an inverted fluorescence microscope (Nikon Eclipse Ti-E) with an UltraView spinning-disc
confocal scanner unit (Perkin Elmer). The temperature of the imaging medium was kept

at 37°C. Image sequences were viewed using Volocity software, and the cell behaviors

were analyzed manually. Normal HelLa cells take about 25 to 30 minutes to go through the
prometaphase and then enter the metaphase. So, if the abnormal chromosomal configuration
continued more than ~50 minutes after cells entered the prometaphase, we defined these
cells as aberrant metaphase.

Chromosome Spreads and Karyotyping—To analyze the metaphase spreads,
HCT116 cells were treated with 0.02 mg/mL colcemid for 18 hours, harvested with trypsin,
washed with PBS, and incubated in hypotonic solution (0.4% KCI) for 10 minutes at 37°C.
Cells were then resuspended in fixation buffer (3:1 mix of methanol:glacial acetic acid)
and spread on slides cooled on ice. Karyotype analysis were performed by crystal violet
staining for 20 minutes, washed with ddH20O, dried, and imaged under microscopy (Imager
A2, Zeiss).

Cell Growth Assay—We seeded 5 x 103 CCTT**, CCTT*~ or CCTT/~ HeLa cells in
24-well plates and the cell numbers were counted at the designated time points (0, 7, 10, 13
days) after CCTT inducible knockout.

Colony Formation Assay—We seeded 1 x 102 CCTT**, CCTT*~ or CCTT™/~ HeLa
cells in 10-cm dishes and then cultured them at 37°C for about 3 weeks. Crystal violet
staining was performed for 20 minutes at room temperature, and the number of clones per
dish were counted.

QUANTIFICATION AND STATISTICAL ANALYSIS

Ribosome Profiling Data Analysis—We downloaded the ribosome profiling data and
input sequencing data in HeLa cells from SRA databases (Ribo-seq: SRR944657 and input:
SRR944659). The ribosome profiling sequencing reads were stripped of adaptor sequences
using Trimmomatic, and reads shorter than 28 bases were discarded before removing reads
aligning to rRNA sequences using Bowtie2 with default parameters. Additionally, using the
FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/), sequences were discarded if they
contained a base with a quality score of below 20. We obtained the read counts of genes
using FeatureCounts and then normalized the read counts to RPKM using edgeR.

Centromere Quantification—Centromere quantification of CCTT, CENP-C, CENP-A,
and TMR-star intensities were conducted with maximum intensity projections of images and
were determined using IMARIS (Bitplane) Surface model. The average fluorescence value
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of approximately 40 centromeres in each individual cell and 30~60 cells were quantified in
each sample. The results have been repeated by three independent experiments.

RIP-Seq Data Analysis—After obtaining RIP-seq data, we first used Trimmomatic to
perform sliding window trimming, cutting the average quality once within the 4-bp window
falling below 20 and removing the trimmed read if it had a length less than 80. SortMeRNA
(Kopylova et al., 2012) was used to filter ribosomal RNAs with default parameters. We
mapped the filtered reads to the genome (genome version hg38) using STAR (Dobin et al.,
2013) with parameters --outFilterScoreMinOverLread 0.1, --outFilterMatchNminOverLread
0.1, --outFilterMismatchNmax 4 and --outFilterMultimapNmax 8. After obtaining the
mapping files, we removed the duplicate reads using Picard (http://broadinstitute.github.io/
picard/) with parameters MarkDuplicates and REMOVE_DUPLICATES = true. We
calculated the gene read counts using FeatureCounts (Liao et al., 2014) and converted them
to RPKM using the edgeR (Robinson et al., 2010) package in R language. Limma were used
to determine the differentially expressed genes between CENP-C and 1gG RIP-seq datasets.
Only genes with a fold change greater than 2 and a p-value less than 0.01 were retained for
further analysis. The wig files of each RIP-seq data set from the sense strand and antisense
strand were obtained using bamCoverage from DeepTools with a parameter --binSize 20,
--smoothLength 100, --ignoreDuplicates and --normalizeUsingRPKM.

ChlP-Seq Data Analysis—First, we obtained CENP-C (SRR2061974) and input
(SRR2061983) raw reads from the SRA database and then used Fastg-dump to convert
SRA files to Fastq files. Next, Trimmomatic, a mapping process and bigwig files were
generated as described for the ChIRP-seq data analysis. Finally, peak calling between IPs
and input was performed with the SICER pipeline using the same parameters described for
the ChIRP-seq analysis.

AMT-ChIRP-Seq Data Analysis—Two CCTT AMT-ChIRP-seq libraries were combined
before processing. Combined AMT-ChIRP-seq and input datasets were performed, followed
by adapter trimming and filtering low-quality reads with Trimmomatic using the following
parameters: MINLEN: 80, ILLUMINACLIP: 2:30:10 and SLIDINGWINDOW: 4:20.

Filtered pair-end reads were merged using PEAR software with default parameters. The
merged reads were then mapped to a hg38 reference genome (including centromere
models) using BWA-MEM with default parameters. BamCoverage in deeptools was used
to obtain the bigwig files using the parameters --normalizeUsingRPKM --binSize 10 --
ignoreDuplicates.

Enrichment peaks for AMT-ChIRP-seq data were determined using SICER software (Xu et
al., 2014) with the input experiment as background. The parameters were the same as those
used for previous processing of the human CENP-A ChlP-seq datasets (Nechemia-Arbely et
al., 2019). Only the high-quality peaks (raw read count number > 20 and fold change > 2)
were retained for further analysis. Peaks were determined as centromeric peaks if they had
overlapping sites (BEDTools: intersect) in the genome previously annotated as centromere
regions. To obtain the peak enriched motifs, the MEME suite was used to discover the
motifs using only the peaks with a fold change greater than 5. These high quality peaks were
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also used to predict CCTT-bound DNA regions using the triplex format with TDF (Triplex
Domain Finder, Kuo et al., 2019), allowing a maximal error rate = 20% and minimum
triplex length = 14.

Triplex TFOs Prediction—Triplexator is a computational framework (Buske et al.,
2012) for in silico prediction of triplex structures within specific genomic regions.
Triplex formation is governed by sequence-specific binding rules. The triplex-forming
oligonucleotides (TFO) are located in the region of the single-stranded nucleotide (RNA)
capable of forming Hoogsteen (or reverse) bonds with the duplex (Escude et al., 1993).
The triplex target site (TTS) is defined as the polypurine-polypyrimidine tract of a duplex
(DNA) that is able to accommodate the TFO. We searched TFOs using CCTT RNA as
single-stranded input and TTSs using centromere satellite sequences as double-stranded
input, separately. A maximal error rate = 20% was used.

irCLIP-Seq Data Analysis—After obtaining the irCLIP-seq raw datasets, we first used
fastx_collapser to remove PCR duplicates with default parameters. Then, we clipped

5’ barcodes and 3’ adaptors using fastx_clipper, and only the clipped reads with a

length greater than 15 bp were retained for further analysis. We implemented the

STAR alignment algorithm to map reads to the genome (genome version hg38) with

the parameters --outFilterScoreMinOverLread 0.1, --outFilterMatchNminOverLread 0.1, --
outFilterMismatchNoverLmax 0.08 and --outFilterMultimapNmax 8. In addition, we only
considered uniquely mapped reads, and we used the parameter —q 30 in samtools to filter
the reads. Next, we obtained the RT stop location for each read, and we annotated the RT
stop to the transcripts. The transcript annotation file was obtained from Gencode (Version
25). Next, we obtained significantly cross-linked sites in CCTT regions according to the
following steps: (i) irCLIP RT-stops within CCTT were extended £25 nt surrounding the
regions; (ii) the height of each nucleotide position was the number of reads overlapping
that position; (iii) the background frequency was computed after randomly placing the same
number of extended reads within CCTT for 100 iterations; (iv) the FDR was calculated for
each height according to the method described previously (Yeo et al., 2009); (v) only loci
with a height with an FDR < 0.05 were assigned as significantly cross-linked sites. Finally,
we combined the two significantly cross-linked replicate irCLIP-seq regions together, and
nucleotides 127-177 of CCTT were defined as the CENP-C-binding region.

SHAPE-MaP Data Analysis—ShapeMapper was used for processing the in-cell and
cell-free SHAPE-MaP datasets separately. Only nucleotides with an uniquely mapped
read-depth greater than 10 were retained for modification detection. The distribution of
mutation rates in the SHAPE-modified sample should be distinctly greater than that in the
denaturing control and no-reagent control sample. After obtaining the SHAPE reactivity
information, DeltaShAPE was used to determine the significantly protein bound regions by
comparing the difference between the in-cell and cell-free conditions. First, the absolute
change in SHAPE reactivity was calculated for each nucleotide along the transcript of
interest. The raw absolute difference was then smoothed by calculating the 50-nt sliding
median. The regions were predicted as the significantly protein bound regions meeting the
following three criteria: (i) a Z-factor for a nucleotide greater than zero, indicating that
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the 95% confidence intervals of the measurements in the two conditions do not overlap;

(ii) a standard score greater than one standard deviation from the mean ASHAPE; and (iii)
three of five nucleotides in a sliding window meeting both the Z-factor and standard score
criteria. Finally, based on the SHAPE-MaP reactivity data, we predicted the RNA secondary
structure using the RNAstructure web server with default parameters.

Statistical Analysis—Statistical comparisons between two groups were carried out using
the unpaired Student’s t-test when a normal distribution could not be assumed. GraphPad
Prism was used to analyze the statistical significance. *p < 0.05; **p < 0.01; ***p < 0.001,;
ns, no significant difference.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS
. Chromosome 17-derived INcRNA, CCTT, specifically localizes on all
centromeres
. CCTT interacts with CENP-C to facilitate its recruitment to centromeres

. CCTT targets centromeres likely via the formation of RNA-DNA triplex on

. Depletion of CCTT induces severe mitotic defects and aneuploidy

cenDNA

Mol Cell. Author manuscript; available in PMC 2023 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 29

3.0 i c D s # W W # # CGETT
: GS1H124K5.4
. - — ) 2
25 AGAP2{AST % * CENP-
i, X 8
20t Ife ___ gy L& eS| cCTT+
i AC1247891 ® &P < B CENP-C

54 COTT
A 1
: 1
I
1

4 2 0 2 4
Log,(CENP-C/IgG)

~ — — -~ |ccrT

-
o

-Log o(P value)

ONB OO
Yab

1

|
\
1

1

1

1

1

1

1

X
z
>
Fold change
(shifted / non-shifted)

11.8 Mb
B —— E
Chr 17 cC—ms—> === msmw s )
ARHGAP23 = il CENP-GRIP
2 P RPM 40 5 OlgG-NP
HeLa ployA o ]¢*) L] [T 55 = CENP-C-NP
RNA-seq ZJ ) : - o 1gG-Chr
Lo 320 * = CENP-C-Chr
100 . P £ 87 "4
H3K4me3 01 i L,Ll < )
COTT i - = =\ - i
— Alu-Jb L
o ceTT MALAT1
Conservation 014.4 . MR AR ||
F Interphase Mitotic phase
ceTT CENP-C Merge (DAPI) ceTT CENP-C Merge (DAPI)

Hela

Figure 1. CENP-C Interacts with A New LncRNA CCTT
(A) Volcano plot of CENP-C-binding transcripts in HeLa cells. Transcripts with over 2-fold

enrichment relative to IgG (p < 0.01) are highlighted as red (INcRNAs) or black dots
(mRNAS).

(B) Diagram of the CCTT locus. CCTT consists of 4 exons, with the last one harboring

an Alu-Jb element. The coverage of ENCODE polyA RNA-seq and H3K4me3 ChlP-seq
signals within the CCTT locus is prevalent in multiple human cell lines. The conservation
score in 30 mammals is calculated by PhastCons.

(C) RNA pulldown with biotinylated sense or antisense CCTT transcripts from HeLa whole
cell lysate followed by western blot analysis of CENP-C. The agarose gel shows the
corresponding RNA of sense or antisense CCTT.

(D) CCTT interacted with CENP-C. Top: EMSA imaging of the biotinylated CCTT binding
to increasing concentrations (2.5, 3.5, 4.5, 6 uM) of purified recombinant full-length
CENP-C proteins. Gels were visualized and quantified by Chemilmager analysis. Bottom:
quantification of the EMSA results. For each condition, the fraction of shifted RNA in each
lane versus the amount of non-shifted RNA was plotted. Results are presented as the mean
and SD of triplicate determinations. The dashed line indicates the shifted signal is same with
the non-shifted signal.

HCT116
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(E) CENP-C RIP followed by gPCR analysis of CCTT in nucleoplasm (NP) and chromatin
(Chr) fractions of HeLa cells. MALAT1 was used as a negative control. *p < 0.05; **p <
0.01 (mean £ SD, n = 3 per group).

(F) The co-localization of CCTT and CENP-C at centromeres. CCTT FISH (green) and
CENP-C IF (red) analysis of HeLa (top) and HCT116 (bottom) cells in interphase and
mitotic phases. Scale bars, 5 um.

See also Figures S1-S2.
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Figure 2. CCTT Recruits CENP-C to Centromeres
(A) Re-expression of CCTT rescued CENP-C abundance at centromeres in CCTT ™/~ cells.

Representative images of CCTT FISH (green), CENP-C (red) and CENP-A (pink) IF
analyses of HelL a cells (left) and the quantifications of CCTT (top) or CENP-C (bottom)
signals by IMARIS (right) are shown. n = 61 for CCTT** cells, n = 72 for CCTT/~

cells, and n = 61 for CCTT '~ cells transfected with full-length (FL) CCTT. ***p < 0.001;
UD, undetected (mean + SD of three biological replicates). Scale bar, 5 um. Each point
represents an averaged fluorescence of all centromeres within a cell.

(B) CCTT knockdown (KD-CCTT) decreased the deposition of new CENP-C at
centromeres. Top: The strategy to determine the role of CCTT in CENP-C recruitment.
Bottom: TMR-star staining (white) represents the newly deposited CENP-C during 7-hours
chasing period. The TMR-star signals were quantified by IMARIS. n = 34 for Ctrl cells, n
= 34 for KD-CCTT cells, n = 32 for KD-CENP-A cells. The cells collected from one batch
experiment. *p < 0.05; **p < 0.01 (mean + SD of three biological replicates). Scale bar, 5
um. Each point represents an averaged TMR-star signals of all centromeres within a cell.
See also Figures S2-S3.
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Figure 3. CCTT Binds to CenDNA
(A) CCTT AMT-ChIRP-seq signals as well as SICER peaks across the centromere of Chr. 4.

The middle two tracks separately show all mapped reads and deduced peaks (red) as well as
single-mapped reads and deduced peaks (blue). The bottom panel further highlights the peak
based on single-mapped reads in reference to annotated CENP-B boxes (yellow).

(B) AMT-ChIRP-gPCR validation of representative peaks deduced from genome-wide
CCTT binding profile by AMT-ChIRP-seq. Four representative peaks (1-4) were based

on total reads which were detectable in multiple centromeres, and the last peak (5) was
deduced based on single reads uniquely localized in Chr. 4. The AMT-ChIRP-qPCR results
are shown at the bottom. GAPDH served as a negative control. *p < 0.05; **p < 0.01; ***p
< 0.001 (mean = SD, n = 3 per group).

(C) Comparison between genome-wide binding profiles of CCTT and CENP-C. Mapped
reads of CCTT AMT-ChIRP-seq and CENP-C ChlP-seq across all human chromosomes
(left) and at different HORSs within 4 representative centromeres (right) of HeLa cells.
RPKM: reads per kb per million mapped reads.

See also Figure S4.
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Figure 4. CCTT Possibly Forms RNA-DNA Triplex with CenDNA
(A) Top three GA-rich motifs enriched in CCTT peaks using MEME.

(B) Predicted 6 CCTT TFOs (triplex-forming oligos) using Triplexator, all of which
correspond to a DBD (DNA binding domain) located between 43-79 nt in CCTT.

(C) The exogenous FL CCTT but not the DBD-deleted (ADBD) mutant localized at
centromeres of CCTT~/~ HeLa cells, shown by CCTT FISH (green) and CENP-A IF (pink)
analyses. Scale bar, 5 pm.

(D) The quantification of the data in C by IMARIS (n = 65 for CCTT*/* cells, n = 61 for
CCTT~ cells transfected with FL CCTT). UD, undetected (mean + SD of three biological

replicates). Each point represents an averaged CCTT signals of all centromeres within a cell.

(E) Confirmation of CCTT localization at centromeres by ChIRP-gPCR in CCTT/~ HeLa
cells complemented with Ctrl, FL CCTT, or ADBD CCTT. LacZ served as a negative
control. ***p < 0.001; ns, no significant difference (mean £ SD, n = 3 per group).
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(F) The DBD was sufficient to mediate CCTT localization at centromeres. Left: A diagram
showing the use of psoralen and biotin-labeled CCTT DBD to capture cenDNA in HeLa
cells. Middle: Quantified results of CCTT DBD captured cenDNA in comparison with
B-satellite (B-SAT) and telomere-associated repeat sequences (TARL). Right: CCTT DBD
that captures cenDNA is resistant to RNase H. LacZ served as a negative control. *p < 0.05;
***p < 0.001; ns, no significant difference (mean + SD, n = 3 per group).

(G) Triplex formation between CCTT and cenDNA. EMSA imaging of 10 uM biotinylated
dsDNA oligos (TTS) or mutant ones (MUT) binding to increasing concentrations (0.25, 0.5,
2, 4 uM) of CCTT TFO. The mutant nucleotides are shown in blue.

See also Figure S4.
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Figure 5. CCTT Uses Distinct Domains to Interact with CENP-C and CenDNA
(A) The CENP-C binding domain of CCTT deduced by irCLIP (top two tracks from two

biological replicates) and SHAPE-MaP (bottom track) in cell-free (blue line) or in-cell
state (red line). The ratio of cell-free smoothened SHAPE reactivities relative to in-cell
reactivities is indicated by the dotted line. The gray-shaded area (127-177 nt) indicates

the region with the highest ratio of cell-free versus in-cell SHAPE reactivities, which is
co-incident with the highest CENP-C binding detected by irCLIP. The sequence between the
two vertical dotted lines (43-95 nt) corresponds to the region with most single-strandness
predicted by SHAPE-MaP.

(B) The deduced secondary structures of the predicted single-strand region (top) and
CENP-C binding domain (bottom) of CCTT. Color-coded probability scores at individual
nucleotide positions are based on the SHAPE-MaP data and predicate the confidence
probability of secondary structure. The predicated secondary structure contains paired and
unpaired base, and the higher scores imply the more reliable structure in this position.

(C) Exogenous FL CCTT, but not the mutants depleted of the CENP-C binding domain
(A127-177) or the DNA binding domain (ADBD), restored the abundance of CENP-C at
centromeres in CCTT ™/~ HeLa cells, shown by CCTT FISH (green), CENP-C (red) and
CENP-A (pink) IF analyses (left). The quantifications of CCTT (top) or CENP-C (bottom)
signals by IMARIS (n = 77 for CCTT*/* cells, n = 46 for CCTT~'~ cells, n = 58 for
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CCTT~ cells transfected with FL CCTT, n = 65 for CCTT '~ cells transfected with
A127-177 CCTT, n = 51 for CCTT '~ cells transfected with ADBD) are shown (right).

***p < 0.001; ns, no significant difference; UD, undetected (mean + SD of three biological
replicates). Scale bar, 5 um. Each point represents an averaged CCTT or CENP-C signals of
all centromeres within a cell.

(D) Quantified results of captured CCTT by CENP-C RIP in CCTT~/~ HeLa cells
complemented with Ctrl, FL CCTT, A127-177 CCTT, or ADBD CCTT. ***p < 0.001; ns, no
significant difference (mean + SD, n = 3 per group).

(E) Mapping the specific CCTT binding domain in CENP-C by CENP-C RIP-gRT-PCR.
Left: Annotated CENP-C domains in literature and various Flag-tagged CENP-C truncated
mutants tested by the CCTT capture assay. The deduced CCTT binding domain in CENP-C
is highlighted in red. Right: Quantification of the RIP-qRT-PCR data. *p < 0.05; ***p <
0.001 (mean £ SD, n = 3 per group).

See also Figure Sb.
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Figure 6. CCTT Is Required for Accurate Mitosis
(A) CCTT knockdown led to prolonged mitosis of HeLa cells. Left: representative time-

lapse microscopic images of ASO-Ctrl and ASO-CCTT HeLa cells expressing histone
H2B-GFP during mitosis. Right: Quantification of CCTT expression by gRT-PCR. **p <
0.01 (mean £ SD, n = 3 per group). Left bottom: Quantification of time from nuclear
envelope breakdown (NEBD) to anaphase. n = 90 for ASO-Ctrl, n = 180 for ASO-CCTT #1,
n =173 for ASO-CCTT #2. ***p < 0.001 (mean + SD). Each point represents a cell. Scale
bar, 5 um.

(B) CCTT knockdown caused mitotic errors in metaphase and anaphase HelLa cells. Top:
Representative images of mitotic errors by time-lapse assay, including alignment defects
(white arrowheads), chromosome bridges (yellow arrowheads), and multipolar spindles.
Bottom: Quantification of the percentage of abnormal cells in metaphase (top) and anaphase
(bottom). n = 90 for ASO-Ctrl, n = 180 for ASO-CCTT #1, n = 173 for ASO-CCTT #2. **p
< 0.01 (mean % SD of three biological replicates). Scale bar, 5 pm.

(C) CCTT knockdown induced abnormal nuclei in interphase HelLa cells. Left: Binuclei
(white arrowheads) and micronuclei (yellow arrowheads) were detected. Cells were stained
with F-Actin (red) and DAPI (blue). Right: Quantification of the percentage of abnormal
cells. n = 94 for ASO-Ctrl, n = 69 for ASO-CCTT #1, n = 65 for ASO-CCTT #2. **p <
0.01; ***p < 0.001 (mean £ SD of three biological replicates). Scale bars, 5 um.

(D) CCTT knockdown caused aneuploidy in HCT116 cells. Left: Representative images of
chromosomes and abnormal numbers are highlighted in red. Right: Quantification of the
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percentage of aneuploid cells. n = 28 for ASO-Ctrl, n = 36 for ASO-CCTT #1, n = 35 for
ASO-CCTT #2. **p < 0.01; ***p < 0.001 (mean = SD of three biological replicates).

(E) Cell growth curve of CCTT**, CCTT*/~, and CCTT~/~ HeLa cells. Cell numbers were
counted at 0, 7, 10, 13 days after CCTT inducible knockout. *p < 0.05; **p < 0.01; ***p <
0.001; ns, no significant difference (mean £ SD, n = 3 per group).

(F) CCTT**, CCTT*~, and CCTT™/~ HeLa cells were cultured for colony formation. After
3 weeks, clones were visualized by crystal violet and the numbers were quantified. **p <
0.01 (mean £ SD, n = 3 per group).

See also Figure S6.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-Bubl Abcam Cat# ab227228

Rabbit monoclonal anti-BubR1 Abcam Cat# ab254326

Mouse monoclonal anti-CENP-A Abcam Cat# ab13939; RRID: AB_300766
Mouse monoclonal anti-CENP-A MBL Cat# D115-3; RRID: AB_591074
Rabbit monoclonal anti-CENP-C Abcam Cat# ab193666

Guinea pig monoclonal anti-CENP-C MBL Cat# PD030; RRID: AB_10693556
Mouse monoclonal anti-Flag Sigma Cat# F1804; RRID: AB_262044
Rabbit polyclonal anti-GAPDH Abcam Cat# ab37168; RRID: AB_732652
Mouse monoclonal anti-GFP BioVision Cat# 3992-100; RRID: AB_1121019

Normal rabbit 1gG antibody

Cell Signaling Technology

Cat# 2729; RRID: AB_1031062

Mouse monoclonal anti-p-actin Abcam Cat# ab8226; RRID: AB_306371
CREST antiserum kind gift from Li lab N/A

Bacterial and Virus Strains

E. coli DH5a Biomed Cat# BC116

E. coli DL21 (DE3) Transgen Cat# CD601-02

Chemicals, Peptides, and Recombinant Proteins

SNAP-Cell® Block (bromothenylpteridine, BTP) New England BioLabs Cat# S9106S
SNAP-Cell® TMR-star (tetramethylrhodamine) New England BioLabs Cat# S9105S
4’-aminomethyltrioxsalen (AMT) Sigma Cat# A4330

6 x His-CENP-C This paper N/A

Critical Commercial Assays

%}emllummescent Nucleic Acid Detection Module Thermo Cat# 89880
DIG Northern Starter Kit Roche Cat# 12039672910
FirstChoice RLM-RACE RNA Ligase Mediated .

RACE Kit Ambion Cat# AM1700
GeneArt™ Precision gRNA Synthesis Kit Thermo Cat# A29377
His-Tag Protein Purification Kit Qiagen Cat# 31314
PARIS Kit Life Technologies Cat# AM1921

Deposited Data

Human reference genome NCBI build 38, GRCh38

Genome Reference Consortium

http://www.ncbi.nlm.nih.gov/projects/genome/
assembly/grc/human/

CCTT AMT-ChIRP-seq data This paper GEO: GSE149534
CCTT irCLIP-seq data This paper GEO: GSE149534
CCTT SHAPE-MaP data This paper GEO: GSE149534
CENP-C RIP-seq data This paper GEO: GSE149534
Experimental Models: Cell Lines

HCT116 ATCC Cat# CCL-247
HelLa ATCC Cat# CCL-2
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REAGENT or RESOURCE SOURCE IDENTIFIER
Oligonucleotides

Sg}ﬁe%rcignsfl:ﬁ ds i;’:@i' ASOs, sgRNAs target This paper See Table S1 and Star Methods
Recombinant DNA

CENP-CSNAP gift from Li lab N/A
CMV10-Flag-CENP-C full length This paper N/A
CMV10-Flag-CENP-C 1-292 aa This paper N/A
CMV10-Flag-CENP-C 295-551 aa This paper N/A
CMV10-Flag-CENP-C 552-825 aa This paper N/A
CMV10-Flag-CENP-C 826-943 aa This paper N/A
CMV10-Flag-CENP-C 1-825 aa This paper N/A
pcDNA3.1-CCTT full length This paper N/A
pcDNA3.1-CCTT ORF1-GFP This paper N/A
pcDNA3.1-CCTT ORF2-GFP This paper N/A
pcDNA3.1-CCTT AAlu This paper N/A
pcDNA3.1-CCTT A43-79 (ADBD) This paper N/A
pcDNA3.1-CCTT A127-177 This paper N/A
pcDNA3.1-GFP This paper N/A
pET-28a-CENP-C full length This paper N/A
pLenti-U6-spgRNA v2.0-CMV-Puro-P2A-3Flag-s Obio Caté H7548

pCas9

Software and Algorithms

BEDTools Quinlan and Hall, 2010 https://bedtools.readthedocs.io/en/latest/
Bowtie2 Langmead and Salzberg, 2012 mgrg)l(/sbﬁ}/xilebio.sourceforge.net/bowtieZ/
BWA-MEM Li and Durbin, 2009 http://bio-bwa.sourceforge.net/

CNCI Sunetal., 2013 http://www.bioinfo.org/software/cnci/
CPAT Wang et al., 2013 http://rna-cpat.sourceforge.net/

CPC Kong et al., 2007 http://cpc.cbi.pku.edu.cn

DeepTools Ramirez et al., 2016 https://deeptools.readthedocs.io/en/develop/
deltaSHAPE Smola et al., 2015 https://weekslab.com/software/

DNA/RNA Copy Number Calculator

N/A

http://endmemo.com/bio/dnacopynum.php/

https://bioconductor.org/packages/release/bioc/html/

edgeR Robinson et al., 2010 edgeR.html
Fastg-dump N/A https://ncbi.github.io/sra-tools/fastq-dump.html
FASTX-Toolkit N/A http://hannonlab.cshl.edu/fastx_toolkit/

FeatureCounts

Liao etal., 2014

http://bioinf.wehi.edu.au/featureCounts/

http://www.graphpad.com/scientifificsoftware/

GraphPad Prism GraphPad Software prism/
IMARIS Bitplane N/A
Limma Ritchie et al.. 2015 https://www.bioconductor.org/packages/release/bioc/

html/limma.html
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REAGENT or RESOURCE SOURCE IDENTIFIER
MEME Bailey et al., 2009 http://meme-suite.org
PEAR Zhang et al., 2013 https://cme.h-its.org/exelixis/web/software/pear/
Pfam El-Gebali et al., 2019 http://pfam.xfam.org
PhyloSCF Linetal., 2011 https://github.com/mlin/PhyloCSF/
Picard N/A http://broadinstitute.github.io/picard/

RNAstructure web server

DiChiacchio and Mathews, 2016

https://rna.urmc.rochester.edu/RNAstructureWeb/

ShapeMapper Busan and Weeks, 2018 https://help.rc.ufl.edu/doc/ShapeMapper
http://gensoft.pasteur.fr/docs/SICER/1.1/SICER-

SICER Xuetal., 2014 README. pdf

SortMeRNA Kopylova et al., 2012 http://bioinfo.lifl.fr/RNA/sortmerna/

STAR Dobin et al., 2013 https://github.com/alexdobin/STAR
https://www.regulatory-genomics.org/tdf/basic-

TDF Kuo et al., 2019 introduction/

Trimmomatic Bolger et al., 2014 http://www.usadellab.org/cms/?page=trimmomatic

Triplexator Buske et al., 2012 http://abacus.qgfab.org/tools/triplexator/manual.html

UCsC N/A http://genome.ucsc.edu/

Volocity Demo (x 64)

Volocity Software

N/A
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