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SUMMARY

Recent breakthroughs with synthetic budding yeast
chromosomes expedite the creation of synthetic
mammalian chromosomes and genomes. Mammals,
unlike budding yeast, depend on the histone H3
variant, CENP-A, to epigenetically specify the location
of the centromere—the locus essential for chromo-
some segregation. Prior human artificial chromo-
somes (HACs) required large arrays of centromeric
a-satellite repeats harboring binding sites for the
DNA sequence-specific binding protein, CENP-B.
We report the development of a type of HAC that
functions independently of these constraints. Formed
by an initial CENP-A nucleosome seeding strategy, a
construct lacking repetitive centromeric DNA formed
several self-sufficient HACs that showed no uptake
of genomic DNA. In contrast to traditional a-satellite
HAC formation, the non-repetitive construct can
form functional HACs without CENP-B or initial
CENP-Anucleosome seeding, revealing distinct paths
to centromere formation for different DNA sequence
types. Our developments streamline the construction
and characterization of HACs to facilitate mammalian
synthetic genome efforts.

INTRODUCTION

Artificial chromosomes, either those built from isolated (Schueler
et al., 2001) or synthetic (Basu et al., 2005; Ohzeki et al., 2002;
Richardson et al., 2017) sequences, have the potential to trans-
form synthetic biology and permit the development of numerous
radical advancements in medicine (Boeke et al., 2016). The early
stages of an ambitious project to generate an entire set of
synthetic human chromosomes, termed the Human Genome
Project-Write (Boeke et al., 2016), is building on recent success
with synthetic budding yeast chromosomes (Annaluru et al.,
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2014; Richardson et al., 2017). Among many potential hurdles
to translate success from yeast to mammals, the centromere
likely represents the biggest challenge. Centromeres are the
loci present once per natural chromosome that guide their segre-
gation at cell division (McKinley and Cheeseman, 2016). While in
budding yeast these loci are small (~125 bp) genetic elements,
most other eukaryotes, including mammals, have an essential
epigenetic contribution to their specification. This has provided
an explanation to the originally paradoxical observation that
the DNA typically found at human centromeres (a-satellite) is
neither necessary nor sufficient for centromere identity and func-
tion (Eichler, 1999). For instance, centromere sequences can
be silent (e.g., on one of the two megabase-sized regions of
a-satellite on a so-called pseudodicentric chromosome) (Earn-
shaw and Migeon, 1985; Warburton et al., 1997) or completely
bypassed when a new centromere (e.g., a neocentromere)
(Depinet et al., 1997; Hasson et al., 2011; du Sart et al., 1997;
Warburton et al., 1997) is formed. Instead, nucleosomes in which
the histone variant, CENP-A, replaces canonical H3 epigeneti-
cally specify centromere location (Black and Cleveland, 2011;
McKinley and Cheeseman, 2016).

Human artificial chromosomes (HACs) were first generated
more than 20 years ago (Harrington et al., 1997), and through sub-
sequent innovations, it became clear that the establishment of
centromeric chromatin with CENP-A nucleosomes is what defines
a functional HAC (Ebersole et al., 2000; Grimes et al., 2002; lkeno
et al., 1998; Mejia et al., 2002; Ohzeki et al., 2012; Okada et al.,
2007). After the rare instance when a functional centromere is es-
tablished, it is then faithfully propagated through the well-estab-
lished epigenetic pathway that includes the dedicated centromere
chromatin assembly protein, HHURP (Dunleavy et al., 2009; Foltz
et al,, 2009) (for a review, see McKinley and Cheeseman,
2016). A non-essential centromere protein, CENP-B—the only
known sequence-specific DNA binding protein at mammalian
centromeres, recognizing the 17-mer “CENP-B box” recognition
element—plays an essential role in HAC formation (Ohzeki et al.,
2002; Okada et al., 2007). This is presumably through its
interactions with the CENP-A nucleosome and the key centro-
mere protein, CENP-C (Fachinetti et al., 2013, 2015). Indeed, a
classic study using the repetitive centromere DNA from the
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Figure 1. HAC Formation Is Stimulated by Seeding a Round of CENP-A Nucleosome Assembly with HJURP
(A) Steps in building and testing HACs.

(B) PCR analysis of a-satellite BAC-2°C constructs.

(C) Restriction digest of BAC"2°° constructs to liberate individual parts.

(

(

(

D) Results of the HAC formation assays.

E) Representative images of chr7 and chr11 a-satellite BAC-2°© HACs. Insets are 2.5x magnifications. Bar, 10 um.

F) Quantification of the percentage of cells containing an a-satellite BAC-2°° HAC within each HAC-positive clone. The mean value (+ SEM) is shown for each
BAC"*°© construct.

(G) Immunoblots of the indicated cell lines.

(legend continued on next page)
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X chromosome found that only regions of a-satellite with a high
density of functional CENP-B boxes generated functional HACs
(Schueler et al., 2001). These and other findings have led to two
assumed universal rules for HAC formation: (1) a requirement for
the specific forms of a-satellite with a high density of CENP-B
boxes (Ohzeki et al., 2002; Schueler et al., 2001), and (2) the
expression of CENP-B (Okada et al., 2007).

Bypassing these two rules (e.g., by forming a HAC on non-re-
petitive DNA constructs) would have several clear benefits. First,
HAC construction would be greatly facilitated. Traditional HACs
contain 50-200 kb of highly repetitive DNA (Ebersole et al., 2000;
Grimes et al., 2002; lkeno et al., 1998; Mejia et al., 2002; Ohzeki
et al,, 2012; Okada et al., 2007), which greatly complicates
handling at all steps, from their initial construction to their
clonal stability during bacterial propagation. Second, mapping
the chromatin features of HACs using sequencing-based ap-
proaches would become possible. For instance, it is imperative
to know where functional centromeres are located relative to
other functional genetic elements that the HACs are engineered
to carry. The highly repetitive sequences on traditional HACs
unfortunately prohibit any useful genomic methodologies to
define their composition and organization. Third, non-repetitive
sequences would allow mammalian synthetic chromosomes to
be generated by employing some of the fundamental principles
used in recent yeast synthetic chromosome construction, where
DNA repeats were removed to make their designed sequences
compatible with recombination-based assembly (Richardson
et al., 2017).

In considering a new generation of HAC design, alternative
systems have emerged to form new centromeres through the
artificial seeding of nascent CENP-A nucleosomes (Barnhart
et al., 2011; Chen et al., 2014; Hori et al., 2013; Logsdon et al.,
2015; Mendiburo et al., 2011; Ohzeki et al., 2012; Tachiwana
et al., 2015) (reviewed in Barrey and Heun, 2017). One of these
approaches, in fruit fly cells, built upon the earlier notion of epige-
netic centromeric chromatin spreading (Maggert and Karpen,
2001). Initial CENP-A nucleosome assembly targeted locally at
an array of Lac operator (LacO) sites eventually led to spreading
of the centromere via natural centromeric chromatin assembly to
the remainder of a small plasmid that did not contain any natural
centromeric sequences (Mendiburo et al., 2011). While this
plasmid does not align on the metaphase plate at cell division
and does not yield very high stability through cell divisions
(compared to HACs, for instance), it formed a functional mitotic
kinetochore —the proteinaceous complex that forms at a mitotic
centromere—and directed interactions with the microtubule-
based spindle (Mendiburo et al., 2011). Taken together, these
studies open the possibility that the requirements of «-satellite
DNA and CENP-B for HAC formation, mentioned above, could
be circumvented.

Here, we improve HAC technology with a collection of HACs
that include repetitive centromeric sequences or non-repetitive
genomic sequences, testing each type for their dependence

on seeding CENP-A nucleosome assembly. We employ gene
editing of centromere components to elucidate the molecular
requirements for the establishment and propagation of different
types of HAC DNA templates, and we utilize genomic ap-
proaches to gain a highly resolved understanding of HAC copy
number as well as genetic and epigenetic composition.

RESULTS

Seeding HACs with CENP-A Nucleosomes

We first generated BAC constructs containing a-satellite se-
quences that are deemed nonfunctional in natural chromosomes
due to a low density of CENP-B boxes (Hayden et al., 2013). A
successful strategy to make these sequences functional to
form a HAC is to first manipulate the constructs to increase
the density of CENP-B boxes (Hayden et al., 2013). We devised
an alternative strategy to avoid manipulation of the «-satellite
sequences, themselves, by artificially driving an initial round
of CENP-A chromatin assembly on an adjacent site on the
construct. Our general strategy was to assemble constructs
consisting of BACs harboring an array of LacO repeats immedi-
ately adjacent to human genomic DNA sequences (hereafter
termed BAC-2°) (Figure 1A). Then, to the LacO array, we tar-
geted mCherry-Lacl-HJURP, inducibly expressed from a ge-
nomically integrated transgene. This targeting would potentially
initiate the assembly of CENP-A nucleosomes directly onto the
BAC and facilitate the spreading of CENP-A nucleosomes to
the neighboring sequences (Mendiburo et al., 2011). We engi-
neered two BAC-*°C vectors containing a-satellite DNA coming
from CENP-A-poor regions of the centromere on chromosomes
(chr) 7 and 11 (Figure 1A). Our cloning strategy positioned the
LacO repeats within 300 bp of the a-satellite sequence, keeping
this distance small to potentially permit efficient spreading of
centromeric chromatin. We isolated a-satellite BAC-*°C con-
structs that successfully recombined (Figure 1B) and retained
both the repetitive «-satellite and LacO arrays (Figure 1C). Using
established methodologies to isolate and identify HACs (Grimes
et al., 2002; Okamoto et al., 2007), we found that a pulse of
mCherry-Lacl-HJURP expression was sufficient to stimulate
HAC formation (Figures 1D and 1E). Because we obtained nearly
identical results on two independent a-satellite sequences (Fig-
ures 1D-1F), we conclude that our strategy would stimulate HAC
formation on broad classes of a-satellite higher order repeats. As
expected, there was no HAC formation in the absence of the
round of CENP-A chromatin assembly directed by the pulse of
mCherry-Lacl-HJURP (Figure 1D), indicating that the presence
of the LacO array, itself, does not drive centromere formation
on BAC*°° constructs.

The HACs we formed were highly penetrant within a clonal
cell population (Figure 1F), likely due to the pulse of mCherry-
Lacl-HJURP driving efficient and rapid centromere acquisi-
tion that can then be propagated independently of the initial
HJURP-mediated seeding of CENP-A nucleosome assembly.

(H) Quantification of the daily HAC loss rate in WT or mCherry-Lacl-HJURP KO cells after culturing without G418-S for 60 days. The mean daily loss rate
(+ SEM) is shown. n = 60 WT cells and 180 mCherry-Lacl-HJURP KO cells, pooled from three independent experiments for each indicated cell type. The
WT cells are from a chr11 a-satellite BAC-2°° clone, and the mCherry-Lacl-HJURP KO cells are pooled from three derivative chr11 a-satellite BAC-2°°

clones. n.s., not significant.
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Figure 2. CENP-B Is Not Required for Formation or Maintenance of HACs Seeded with CENP-A Nucleosomes
(A) Steps to test whether or not CENP-B participates in the formation of HACs seeded with CENP-A nucleosomes.
(B) Representative images of the indicated cell lines following 24 h of dox treatment. Insets: 2.5x magnifications. Bar, 40 um.
(C) Immunobilots of the indicated cell lines.
(D) Results of the HAC formation assays.
(E) Representative images of HACs formed in WT and CENP-B KO cells. Insets: 2.5x% magnifications. Bar, 10 um.
(legend continued on next page)
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Alternatively, we considered that low, leaky expression of
mCherry-Lacl-HJURP continues to drive CENP-A nucleosome
assembly on the HAC, thereby stabilizing the HAC in the cell.
Therefore, we tested if genetically ablating mCherry-Lacl-
HJURP expression via CRISPR/Cas9-mediated gene editing
affects HAC stability (Figure 1A). Choosing a cell line in which
the chr11 a-satellite BAC-2°C HAC is present in >95% of cells,
we derived three monoclonal cell lines in which mCherry-Lacl-
HJURP expression has been disrupted (Figure 1G). Using the
standard approach for measuring HAC maintenance (Nakano
et al., 2008; Ohzeki et al., 2012; Schueler et al., 2001), wherein
all clones were cultured without antibiotic selection (G418-S)
for 60 days, we found that the absence of mCherry-Lacl-
HJURP did not affect the daily HAC loss rate (Figure 1H). These
daily HAC loss rates are similarly low as those reported for
“conventional” HACs (Figure 1H, the range is shaded in gray
(Ebersole et al., 2000; Ikeno et al., 1998)). Thus, the action of
seeding CENP-A nucleosome assembly is limited to centro-
mere establishment. After that, the centromere on the HAC is
epigenetically maintained in the same manner as on natural
chromosomes.

CENP-B-Independent HAC Formation and Maintenance
We next directly tested whether CENP-B expression—one of the
universal requirements for conventional HAC formation (Okada
et al., 2007)—could be bypassed by seeding CENP-A nucleo-
some assembly. To do so, we disrupted the CENP-B gene prior
to performing a new set of HAC formation assays (Figures 2A-
2C). We found that chr11 a-satellite BAC-2° HACs form in the
absence of CENP-B (Figure 2D,E). Because HAC formation on
this construct is dependent on induction of mCherry-Lacl-
HJURP (Figure 2D,E), we conclude that seeding CENP-A nucle-
osomes onto the a-satellite DNA bypasses the requirement of
CENP-B for centromere formation. Further, the absence of
CENP-B did not affect the high number of cells containing a
HAC (Figure 2F) (82% + 7% in CENP-B knockout [KO] cells
versus 73% =+ 8% in wild type [WT] cells, shown in Figure 1F)
or substantially alter the amount of CENP-A on the centromere
of the HAC relative to those on natural chromosomes (Figure 2G)
(note there is a small but measurable increase in the CENP-B KO
cells). Thus, our experiments indicate that the absence of
CENP-B has no detectable negative effect upon forming a
HAC via seeding of CENP-A nucleosomes.

Because prior efforts with conventional HACs failed to form
any functional centromeres in the absence of CENP-B (Okada
et al., 2007), there are no data to indicate whether or not
CENP-B is also important for HAC maintenance. To address
this issue, we performed a HAC maintenance assay with a cell

line containing a chr11 a-satellite BAC2°© HAC and three mono-
clonal cell line derivatives of it in which we disrupted the CENP-B
gene (Figures 2H and 2l). We found that the absence of CENP-B
did not affect the daily HAC loss rate of the a-satellite HACs
(Figure 2J). Further, CENP-A was retained at the HAC in the
absence of CENP-B through our 60-day assay (Figure S1).
Thus, we conclude that CENP-B is also dispensable for the
maintenance of a HAC.

HACs that Lack a-Satellite DNA

The most prominent proposal for the role of a-satellite DNA in
HAC formation is that a high density of CENP-B boxes facilitates
early steps in centromere formation (Fujita et al., 2015; Ohzeki
et al., 2002; Okada et al., 2007; Schueler et al., 2001). Because
seeding CENP-A nucleosome assembly bypasses the require-
ment of CENP-B for centromere formation (Figure 2), we hypoth-
esized that, likewise, the requirement for a-satellite DNA might
be bypassed. To test this, we built and performed a small-scale
HAC formation screen with a set of BACs containing an array of
LacO repeats adjacent to non-a-satellite human genomic se-
quences (Figures S2A and S2B). We chose sequences for our
initial screening based on proximity to known neocentromeres
(Amor et al., 2004; Hasson et al., 2011, 2013), and we also
included a clone several Mbp distal to a well-studied neocentro-
mere (PD-NC4) (Table S1). One construct in the screen, 4g21
BAC?°°, formed several HACs (Figures 3A-3C and S2C-S2E).
In stark contrast to the a-satellite versions that we tested (Fig-
ures 1 and 2), we found that 4921 BACM*°C also reproducibly
formed HACs in the absence of the induction of mCherry-Lacl-
HJURP expression (Figures 3A-3C). We considered that non-
a-satellite sequences might be particularly sensitive to leaky
expression of mCherry-Lacl-HJURP in the absence of doxycy-
cline. Thus, we generated a version of the 4921 BAC that is iden-
tical to 4g21 BAC“°© but lacks the LacO array (Figure S2F) and
found that it also forms HACs (Figures 3A, 3D, and 3E). This elim-
inated the possibility of a dependence on any leaky mCherry-
Lacl-HJURP expression or on any other property imparted by
the LacO array itself. Because the only sequences to-date to
form a HAC in the absence of seeding CENP-A nucleosomes
require CENP-B (Okada et al., 2007), we also considered
the possibility that 4g21 BAC-2°© HACs somehow form via a
CENP-B-dependent centromere formation pathway. To directly
test this, we performed HAC formation assays with 4921 BA-
C-2°Cin our cell line where the CENP-B gene had been disrupted
(Figures 2B and 2C) and found that HAC formation occurred in
the absence of CENP-B (Figures 3A, 3F, and 3G). Thus, we
conclude that the non-repetitive, non-centromeric 4921 BA-
C42°C construct forms a HAC in a CENP-B-independent manner.

(F) Quantification of the percentage of CENP-B KO cells containing a HAC within each clone. The mean value (+ SEM) is shown.
(G) Quantification of CENP-A intensity at HACs formed in WT and CENP-B KO cells relative to the intensity at centromeres on endogenous chromosomes.
The mean ratio (+ SEM) is shown. n = 50 WT cells and 57 CENP-B KO cells, pooled from 3 independent clones for each indicated cell type. An asterisk indicates

p < 0.05.

(H) Steps to test if CENP-B is important for maintenance of HACs that formed upon seeding of CENP-A nucleosomes.

() Immunoblots of the indicated cell lines.

(J) Quantification of the daily HAC loss rate in WT or mCherry-Lac-HJURP KO cells after culturing without G418-S for 60 days (shading as in Figure 1H). The mean
daily loss rate (+ SEM) is shown. n = 60 WT cells and 180 CENP-B KO cells, pooled from 3 independent experiments for each indicated cell type. The WT cells are
from a chr11 a-satellite BAC-*°° clone, and the CENP-B KO cells are pooled from three derivative chr11 a-satellite BAC-2°° clones. n.s., not significant.

See also Figure S1.
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Figure 3. Formation of a HAC on a Template Lacking «-Satellite DNA Even without Seeding CENP-A Nucleosome Assembly or CENP-B
(A) Three tests of a non-a-satellite sequence for its ability to form a HAC.

(B) Results of the HAC formation assays with 4921 BAC2°° with and without seeding CENP-A nucleosome assembly.

(C) Representative images of the 4g21 BAC-2°© HACs formed with and without seeding CENP-A nucleosome assembly.

(D) Results of the HAC formation assays with the 4g21 BAC (i.e., a construct lacking any LacO repeats).

(E) Representative images of the 4921 BAC HACs formed without any residual CENP-A nucleosome seeding by mCherry-Lacl-HJURP.

(F) Results of the HAC formation assays with 4921 BAC-*°° in CENP-B KO mCherry-Lacl-HJURP HT1080 cells.

) Representative images of the 4921 BAC“-2°© HACs formed in the CENP-B KO cells. Insets: 2.5x magnifications. Bar, 10 um (C, E, and G).
ee also Figure S2 and Table S1.

@G
S
Taken together, this series of HAC formation assays with non-
a-satellite DNA constructs clearly indicate that centromere for-

mation must be different from the CENP-B-dependent pathway
used by traditional HACs (Ebersole et al., 2000; Grimes et al.,

2002; Harrington et al., 1997; Ikeno et al., 1998; Mejia et al.,
2002; Ohzeki et al., 2002, 2012; Okada et al., 2007; Schueler
et al., 2001) or our new CENP-B-independent HACs that require
seeding CENP-A nucleosome assembly (Figures 1 and 2).
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Multiple Pathways for HAC Formation on a
Non-repetitive DNA Template

We developed a tripartite strategy (Figure 4A) to investigate the
pathway for centromere formation for each of the 17 clones iso-
lated through our collection of 4g21-based HAC experiments
(Figure 3) (clones 1-6 from 4g21 BAC-2© in WT cells; clones
7-10 from 4921 BAC in WT cells; clones 11-17 from 4921 BA-
€% in CENP-B KO cells).

First, using immunofluorescence to detect CENP-B protein
and fluorescence in situ hybridization (FISH) to detect the
HACs, we found that four of the ten clones that formed in the
WT (CENP-B-positive) background had no detectable CENP-B
protein (Figures 4B, 4C, and S3A) (clones 1, 3, 4, and 7). The
other six of the ten clones had detectable CENP-B, with widely
varying levels of acquired native centromere sequences likely
housing some or all of the functional centromeric chromatin.

Second, using FISH to detect functional centromeric chro-
matin on HACs detected with the expression of HA epitope-
tagged Lacl, we found that seven of the ten remaining clones
generated with 4921 BAC"*°C had no detectable acquisition of
functional centromeric chromatin (Figures 4D, 4E, and S3B)
(clones 1, 4, 11-14, and 17; note that clone 7 was generated
with a 4921 BAC construct that lacks a binding site for the HA
epitope-tagged Lacl, so it could not be included in the second
step of our analysis). Two other HACs appeared to form with
the acquisition of high levels of functional centromeric chromatin
(clones 15 and 16) and another HAC formed with the acquisition
of only very little functional centromeric chromatin (clone 3) (Fig-
ures 4D, 4E, and S3B).

Third, eight out of the original seventeen 4g21-based HACs
whose formation could not be attributed to the acquisition of
functional centromeric chromatin in the first two steps of our
analysis were subjected to CENP-A chromatin immunoprecipita-
tion sequencing (ChlIP-seq) (Figure 4F). By comparing the reads
in each HAC-containing cell line to the parental cell line lacking a
HAC, we assigned all of the reads coming from the HAC to either
the 4921-containing BAC sequences or the rest of the human
reference genome (Table S2). As with prior analysis of human
neocentromeres (Hasson et al., 2013), there is a massive in-
crease in CENP-A ChIP-seq reads from the functional centro-
mere on the HAC relative to what is observed in parental cells
lacking a HAC. Thus, we assigned all 4g21 CENP-A ChIP reads
to the HAC. Using this strategy, we found that four of the HACs
(clones 1, 11, 12, and 14) have centromeres residing on DNA
essentially entirely comprised of 4g21-containing BAC se-
quences, while the other four (clones 4, 7, 13, and 17) have ac-
quired genomic sequences upon which at least a portion of the
functional centromere (defined by the presence of CENP-A nu-
cleosomes) resides (Figure 4F; Table S2). Both types of HACs
(those with centromeres exclusively on the 4921 sequence and
those with acquired genomic sequences) multimerized with
rearrangements at unique locations relative to one another but
always within non-repetitive regions (i.e., outside of the LacO
array) of 4g21 BAC-*°C (Figures S3C-S3E).

Our ChiP-seq studies revealed that the centromere on the four
HACs essentially entirely comprised of 4921 BAC-*°° vary
widely in location (Figure 5A). CENP-A has maximal enrichment
on different sequences within the construct, indicating that there
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is unlikely to be a small number of preferred sequences within the
HAC that confer a propensity to establish functional centromeric
chromatin. In two of the four clones (clones 11 and 14), the high-
est peaks of CENP-A enrichment are exclusively on the 4921
genomic sequence, while on the other two (clones 1 and 12),
the highest peaks also include the prokaryotic backbone of
4921 BAC-*°° (Figure 5A). Using a genome-wide sequencing
approach we recently applied to studies of centromere strength
in mice (lwata-Otsubo et al., 2017), we analyzed the total
input mononucleosome populations isolated after micrococcal
nuclease (MNase) digestion of chromatin (Figure S4) and found
a substantial enrichment for sequences from chromosome
4921 (Figure S5). Using established copy number variation anal-
ysis tools (Xie and Tammi, 2009), we found that each of the four
HACs had substantially multimerized (multimerization varied
from 41- to 55-fold, depending on the clone) (Figures 5A and
S5; Table S3), consistent with the finding that these HACs exist
as large entities in cells that are easily detectable by DAPI stain-
ing next to their natural counterparts (Figure 3C). This analysis
also revealed that the sharp boundaries of CENP-A localization
in some locations on the HACs (for instance in clone 11) (Fig-
ure 5A) are not due to amplifications of only specific regions of
4g21 BAC™°C (Figure S4).

In contrast to the four HACs essentially entirely comprised of
4g21 BAC“°©, a clone (clone 13) that had acquired genomic se-
quences (Figure 4F) showed discreet CENP-A enrichment in
several locations within 4921 (Figure 5B). Additionally, it showed
enrichment on acquired sequences that map to a-satellite DNA
that normally does not harbor functional centromeric sequences
(Figures 4D-4F; Table S4). Another clone (clone 17) had no
strong sites of CENP-A enrichment within 4921, but rather had
acquired a-satellite DNA that normally does not harbor func-
tional centromeric sequences (Figures 4D and 4F; Table S4) as
well as two other non-centromeric sequences within the
genome: one from 3q13 and another from 9922 (Figure 5B;
Table S4). This clone has apparent genomic rearrangements
(Figure S5C), and deeper sequencing of the bulk nucleosome
reads from this clone revealed several rearrangements not pre-
sent in the parental cell line that are proximal to the 9922 region
incorporated into the HAC (Figure S6A). It seems likely, therefore,
that genomic integrity was compromised in the cell that received
4921 BAC“*°° and originated this particular HAC (clone 17).
Together, our findings indicate that, unlike constructs containing
a-satellite DNA, non-repetitive constructs can form HACs
either directly (Figures 4F and 5A) or by acquiring one or
several genomic sequences (Figures 4F and 5B) upon which
functional centromeric chromatin is assembled to confer HAC
establishment.

For the HACs that have a centromere that we can account for
entirely with the 4921 BAC“2°° sequences (clones 1, 11, 12, and
14) by our conventional ChlP-seq analysis (Figure 5A), we found
that, like other prior HACs formed with circular constructs (Eber-
sole et al., 2000; Grimes et al., 2001), none of them had acquired
telomeric sequences (Figures S6B and S6C). We devised a strat-
egy to further probe these four clones for potential junctions
with a-satellite sequences (Figure 5C). Our strategy employs
the recently completed reference models of all autosomal and
allosomal human centromeres (Miga et al., 2014) and searches
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Figure 4. Seeding CENP-A Nucleosome Assembly Dictates the Pathway to Centromere Formation

(A) Steps to test whether the 4g21 HACs have acquired CENP-B protein or functional a-satellite DNA.

(B) Quantification of the intensity of CENP-B at chr11 a-satellite BAC"*°° and 4g21 HACs relative to the intensity at endogenous centromeres. Each data point
represents a measurement taken at a single HAC. The mean ratio (+ SEM) is shown. n = 20, 19, 20, 20, 20, 19, 21, 18, 13, 22, and 18 HACs for the clones shown, in
order. pis <0.0001, 0.8566, 0.0019, 0.6401, 0.2215, 0.0343, < 0.0001, 0.6269, < 0.0001, < 0.0001, < 0.0001 for the clones shown, in order, based on a one-sample
t test with a hypothetical mean of 0. Clones with a p value < 0.05 are marked with an asterisk; clones with a p value > 0.05 are marked as not significant (n.s.).
(C) Representative images of a 4g21 HAC that has acquired CENP-B-bound sequences (clone 8) and one that has not (clone 1).

(D) Quantification of the intensity of a CENP-A ChIP probe at chri1 a-satellite BAC-2°© and 4921 HACs relative to the intensity at endogenous centromeres. Each
data point represents a measurement taken at a single HAC. The mean ratio (+ SEM) is shown. n = 20, 18, 20, 22, 22, 20, 18, 19, 19, 18, and 19 HACs for the clones
shown, in order. p is < 0.0001, 0.5642, 0.0005, 0.1028, 0.9098, 0.9602, 0.4708, 0.7553, < 0.0001, < 0.0001, 0.7278 for the clones shown, in order, based on a one-
sample t test with a hypothetical mean of 0. Clones with a p value 0.05 are marked with an asterisk; clones with a p value > 0.05 are marked as not significant (n.s.).
(E) Representative images of a 4921 HAC that has acquired CENP-A-associated sequences (clone 16) and one that has not (clone 1). The HACs are detected with
HA-Lacl, which binds the LacO repeats present in the HACs. Insets: 2.5x magnifications. Bar, 10 pm (C and E).

(F) Summary of the quantitative analysis of all 4g21 HAC clones.

See also Figure S3 and Table S2.
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for sequences in our ChlP-seq dataset containing k-mers for
both 421 and any a-satellite DNA. In addition to the four
HACs (clones 1, 11, 12, and 14), we included clone 3 that we
found contained a small, but detectable, FISH signal for func-
tional centromeric DNA (Figures 4D and S3B). We found that
none of the four HACs we interrogated contains a single detect-
able junction with a-satellite DNA (Figure 5D) within the pool of
>6,000,000 reads analyzed per HAC. Clone 3, however, con-
tained 19 such junction reads (Figure 5D). These 19 reads vary
in length on one or both ends of the read, but contain precisely
the same junction site between 4921 and a sequence that is
from within a monomer of a-satellite DNA (Figure S6D). Indeed,
this junction site maps to one side of the single strong peak
of CENP-A nucleosome enrichment on 4921 (Figure 5E). Thus,
using an approach that is capable of readily identifying the
presence of a junction and defines its site at single-nucleotide
resolution, we failed to find any evidence of such junctions in
the four HACs we identified that formed a centromere without
acquiring genomic sequences.

To investigate the stability and organization of HACs that have
formed without acquiring genomic sequences, we focused our
attention on detailed analysis of two clones, clones 1 and 11,
that have clearly distinct CENP-A enrichment patterns from
one another (Figure 5A). First, we found that the daily loss rate
over 60 days in cell culture (Figures 6A and 6B) is similarly low
for both HACs compared to the other HACs measured in this
study (Figures 1H and 2J). Next, we sought to define the organi-
zation of each HAC with regard to their CENP-A occupancy in a
way consistent with both their discrete paired sister centromere
morphology (Figure 4C) and with the CENP-A ChlIP-seq data
mapped to the input 4921 BAC-*°C sequence (Figure 5A). One
possibility is that the sites of ChlP-seq enrichment represent
low CENP-A occupancy per amplified copy of the 4g21 BAC-2©
that might coalesce in three dimensions on the HAC. Alterna-
tively, only one or a small number of copies of 4g21 BAC-2©
house CENP-A, with the vast majority devoid of centromeric nu-
cleosomes. To distinguish between these possibilities, we used
stretched chromatin fibers (Blower et al., 2002; Iwata-Otsubo
etal., 2017) to visualize HAC centromeres at high resolution (Fig-
ures 6C and 6D). We used HA-tagged Lacl to identify the HAC
and mark the portion of each copy of 4g21 BAC-*°° containing
the LacO array (Figure 6D, visualized as a single green focus).

For both clones 1 and 11, CENP-A largely occupies space on
the fiber between these foci, consistent with our ChlP-seq map-
ping (Figure 5A), and only a small fraction of BACs (each copy of
4921 BAC DNA is represented by a gap between LacO arrays)
are occupied by CENP-A (Figures 6C and 6D). We also note
that, for both clones, we observed several examples of fibers
like the representative images shown where there is a major
and minor site of CENP-A enrichment (closer together for clone
1 than for clone 11) (Figure 6D). Cumulatively, CENP-A nucleo-
somes occupy a region of high density similar to that on neigh-
boring centromeres from endogenous chromosomes (Figure 6D;
marked with an asterisk). Taking into consideration the 5.3-9.0
Mb size of the HACs (Table S3) and that our quantitation (Fig-
ure 6C) may somewhat overestimate the total fraction of the
HAC occupied by CENP-A (see STAR Methods), we conclude
that a typical copy of these HACs have regions of CENP-A that
discontinuously span 0.5-1 Mb of neighboring copies of 4g21
BAC°C, Further, we conclude that the major CENP-A ChiP-seq
peaks (Figure 5A) each represent the position of CENP-A enrich-
ment on one or a small number of individual copies of 4921
BACLaCO.

Together, our mapping (Figures 5A and 5B), junction searching
approaches (Figures 5C-5E), and chromosome stretching ex-
periments (Figures 6C and 6D) highlight how HACs that bypass
centromeric DNA allow for a comprehensive understanding of
centromeric chromatin localization as well as HAC composition,
organization, and copy number in a manner that is not imagin-
able with HACs built from centromeric DNA repeats.

DISCUSSION

Centromere formation on HACs has long been thought to
require a-satellite DNA with a high density of CENP-B boxes
(Ikeno et al., 1998; Ohzeki et al., 2002; Okada et al., 2007;
Schueler et al., 2001), with proposals that a high density of
local CENP-B on the naked DNA facilitates nearby nascent
assembly of CENP-A nucleosomes (Okada et al., 2007) or
stabilizes them upon formation (Fujita et al., 2015). Here, we
report two other ways to establish a centromere during HAC
formation. The first is a directed approach with local seeding
of CENP-A nucleosomes on repetitive a-satellite DNA, taking
advantage of a growing wealth of knowledge about the

Figure 5. Genomic Analysis of 4021 HACs Reveals Precise Location of Newly Formed Centromeres

(A) CENP-A ChlP-seq analysis of the 4921 HACs that formed without acquisition of CENP-A, functional «-satellite, or additional sequences from host chro-
mosomes. CENP-A is localized along the 4921 sequence and can be also be found on the backbone of the BAC. In all four clones, >90% of reads enriched with
CENP-A align to the BAC sequence. The copy number of the 4g21 locus is shown for each HAC and includes the endogenous locus (that contributes 2.7 copies
on average, as determined by IF-FISH).

(B) CENP-A ChlIP-seq analysis of two 4921 HACs that had acquired additional sequences from the host chromosomes during HAC formation. In clone 13, the
HAC had acquired sequences predominantly from the chr10 centromere, while clone 17 had acquired sequences from the chr10 centromere and two non-
centromeric loci, 3q13 and 9922. The copy number of the 4921, 3q13, and 9922 loci are shown for each HAC and includes the endogenous locus (that contributes
2.7,4.0, and 3.2 copies on average for the 4921, 3913, and 9922 loci, respectively, as determined by IF-FISH).

(C) Steps to identify CENP-A ChlP-seq reads harboring a junction between 4921 and a-satellite sequences in 4g21 HAC clones.

(D) Summary of the read junction analysis showing that none of the 4921 HAC clones that had formed without acquisition of CENP-A, functional a-satellite, or
additional sequences from host chromosomes contained reads with a junction between 4921 and o-satellite. However, a clone that had acquired functional
centromeric chromatin (denoted by an asterisk) contained 19 reads with such junctions.

(E) CENP-A ChIP-seq analysis of clone 3, which contains 19 reads spanning the junction between 4921 and a-satellite (shown in Figure S6D). The location of the
junction is indicated by a dashed green line.

See also Figures S4 and S5 and Tables S3, S4, and S5.
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Figure 6. Stable 421 HACs that Have Not Acquired Genomic Sequences During Formation Harbor a Centromere with a High Local Density of

CENP-A

(A) Quantitation of the daily HAC loss rate in clones 1 and 11 after culturing without G418-S for 60 days (shading as in Figure 1H). The mean daily loss rate (= SEM)
is shown. n = 120 cells pooled from 3 independent experiments for each clone. n.s., not significant.
(B) Representative images of the HACs in clones 1 and 11 after 60 days of culturing in the absence of G418-S. Insets: 2.5x magnifications. Bar, 10 pm.

(C) Histogram of the fraction of 4921 BAC copies that are occupied by CENP-A within clones 1 and 11. 4921 BAC copies were visualized on physically stretched
chromatin fibers withimmunodetection of CENP-A and expression of HA-Lacl in cells. The 4921 BAC DNA is represented by gaps between resolvable foci of HA-Lacl.
(D) Representative example of a stretched copy of the HAC in clones 1 and 11. CENP-A occupies discrete regions of neighboring copies of the 4g21 BAC-2°,

spanning a similar cumulative distance of stretched chromatin as in neighboring centromeres in the same field (denoted by asterisks). Bar, 5 pm.

CENP-A nucleosome assembly pathway (Barnhart et al.,
2011; Dunleavy et al.,, 2009; Foltz et al.,, 2009; Logsdon
et al.,, 2015; Mendiburo et al., 2011). More surprisingly,
however, we found that HACs can form on non-repetitive
sequences without a requirement for seeding CENP-A nucle-
osomes, CENP-B boxes, or the expression of CENP-B, itself.
Our functional tests with HACs are especially important to
inform the further development of recent proposals for DNA
sequence-based contributions to centromere identity (Kasina-
than and Henikoff, 2018) and strength (lwata-Otsubo
et al., 2017).
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The HACs we report that do not acquire a-satellite sequences
during centromere formation (Figures 4F and 5A) are able to
epigenetically maintain centromere identity in a manner we
propose is analogous to non-repetitive neocentromeres in the hu-
man population (Alonso et al., 2003, 2010; Hasson et al., 2011).
Non-repetitive DNA that does not require seeding CENP-A nucle-
osome assembly might have been missed in previous HAC
studies for several reasons. Sequences besides a-satellite were
assumed to be implausible in human cells because of the re-
ported CENP-B requirement (Ohzeki et al., 2002; Okada et al.,
2007), the failure of a-satellite DNA with a low density of CENP-B
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Figure 7. Pathways to HAC Formation

Cartoon drawing summarizing the findings in this study. In the absence of a high density of CENP-B binding or CENP-A nucleosome seeding, the «-satellite
BAC"-3°° vectors fail to form a centromere and are subsequently integrated into the genome. Alternatively, when a-satellite BAC-2°C vectors have a high density of
CENP-B binding or are epigenetically seeded with CENP-A nucleosomes via Lacl-HJURP, they assemble centromeric chromatin, multimerize, and form a
functional HAC. When non-a-satellite vectors such as 421 BAC-2°C are introduced to human cells, they also can integrate into the genome (not depicted here),
but strikingly can form HACs without CENP-B boxes or seeding of centromeric nucleosome assembly. In the absence of CENP-A nucleosome seeding via Lacl-
HJURP, 4921 BAC°° vectors acquire host genomic sequences, which impart centromere competency to the vector and lead to the formation of a HAC. These
sequences often consist of both a-satellite and non-a-satellite from host chromosomes. However, when CENP-A nucleosome assembly is directly seeded onto
the 4921 BAC"2°C vectors, centromeric chromatin is assembled onto the vector, it multimerizes, and a HAC is formed. The CENP-A nucleosomes reside on a
small fraction of the 4g21 BAC-2°° vector sequences on the HAC, taking up the equivalent of 0.5-1.0 Mb of sequence, which is similar to the size observed at

normal, endogenous human centromeres.
See also Figure S7.

boxes (Schueler et al., 2001), and the failure of two different non-
repetitive genomic sequences (from chromosomes 10, Saffery
et al., 2001; and X, Grimes et al., 2002; respectively). Indeed,
HAC formation on 4g21 BAC-* is relatively rare, occurring in
only one or a few clones isolated in a typical HAC experiment (Fig-
ure 3). Thus, previous conclusions likely precluded the explora-
tion of non-repetitive sequences.

We propose a model wherein there are three types of human
genomic sequences that can form a HAC (Figure S7). The first
two are a-satellite DNA with either a high or low density of
functional CENP-B boxes. We envision that both types of
a-satellite DNA are similar in their inherent resistance to initial
CENP-A nucleosome assembly and/or resistance to establishing
a self-propagating centromere because they are susceptible to
CENP-A nucleosome displacement by invading heterochromat-

in. The resistance can be overcome by either a high density of
CENP-B binding (Figure 7) (Nakano et al., 2008; Schueler et al.,
2001) and accelerated further by CENP-A overexpression
(Pesenti et al., 2018) or local targeting of CENP-A nucleosome
assembly with HJURP (Figure 7). Once the initial resistance is
overcome, the natural epigenetic centromere propagation
mechanism takes hold, wherein the high local concentration of
existing CENP-A nucleosomes directs the formation of nascent
CENP-A nucleosomes on nearby DNA (Black and Cleveland,
2011; McKinley and Cheeseman, 2016). On first blush, our pro-
posal that the sequences found at all normal human centromeres
would be inherently resistant to centromere formation seems
paradoxical. One must remember, though, that centromere
movement is very slow relative to the timescale of cell divisions.
Epialleles of CENP-A location within a “sea” of highly repetitive
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DNA (most of which is packaged by canonical nucleosomes) are
reported to be heritable through the germline (Maloney et al.,
2012). Taking our findings into account, centromeres appear to
evolve to restrict the pace of movement of CENP-A-containing
chromatin, providing a potential explanation to the paradox of
why a-satellite DNA is found at all normal human centromeres
even though it is not required for centromere identity and func-
tion (Eichler, 1999). If a-satellite repeats were inherently neutral
or permissive to new centromere formation, then the high local
density of CENP-A nucleosomes generated by its self-templated
mechanism for propagation might be compromised by the rapid
attraction to any of the other o-satellite repeats at a given centro-
mere. Rather, once established, centromeres are built to be
stable chromatin domains.

The third type of sequence that can form a HAC lacks repeti-
tive DNA or any CENP-B boxes but is competent for centromere
formation (Figure S7). When centromere formation occurs on
4g21 BAC“*°° via seeding CENP-A nucleosome assembly, the
HACs frequently form without acquiring other DNA sequences
(Figure 7). Without seeding of CENP-A nucleosomes, HACs still
form, albeit through acquiring CENP-B-positive a-satellite,
CENP-B-negative o-satellite, or mixtures of genomic sequences
including regions where new centromeres form on non-repetitive
sequences (Figure 7). This DNA acquisition pathway to centro-
mere formation was never observed with our a-satellite-based
HACs. Thus, the sequence of input naked DNA HAC templates
strongly impacts and extends the possible routes to centromere
formation and potential ultimate success in generating func-
tional HACs.

In terms of the overall outlook for HACs, our findings reveal
surprising flexibility in how one can form centromeres in
mammalian cells, indicating that it is possible to surmount
two major limitations of HACs (low formation efficiency as
shown in Basu and Willard, 2005 and the strict requirement
for including substantial amounts of highly repetitive a-satellite
DNA as shown in Grimes et al., 2002; Ikeno et al., 1998, and Oh-
zeki et al., 2002). First, HAC formation on a-satellite constructs
can be substantially increased by a single pulse of epigenetic
seeding of centromeric chromatin assembly. Strategies to
increase HAC formation efficiency are desperately needed in
order to achieve their potential in synthetic biology, especially
if they are to serve as the basis for entirely synthetic chromo-
somes (Boeke et al., 2016). Second, HAC formation can
occur without a-satellite DNA, and, when coupled to initial
seeding of CENP-A nucleosome, frequently does so without
acquiring other genomic sequences. With our methodology to
circumvent the prior absolute requirement for CENP-B boxes/
CENP-B protein (Ohzeki et al., 2002; Okada et al., 2007) and re-
petitive sequences, one could now envision simplifying
schemes to make completely synthetic HAC templates (Na-
kano et al., 2008).

Prior studies have established that a typical route for HAC for-
mation includes either simple or complex rearrangements that
culminate in reassembly of a continuous molecule >1 Mb in
size (Kouprina et al., 2012). The HACs in this study that under-
went our full genomic analysis are each in the 5-10 Mb range
and appear to have been formed with similar rearrangements
and reassembly (Figures S3C and S3D). For the 4921 BACH3°°
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HACs, what stands out is their ability to form without detectable
acquisition of genomic DNA, but only when there is prior seeding
of CENP-A nucleosomes by HJURP targeting. This targeting
event likely extends from the moment of introduction of BAC-2°C
constructs through several initial cell cycles. LacO-tethered
HJURP likely acts to both support nascent CENP-A nucleosome
assembly and ward off heterochromatin (as has been reported
upon cellular introduction of ectopic a-satellite DNA; Ohzeki
et al., 2012), providing the time it takes for a self-propagating
epigenetic centromere to form. Later, after clonal HACs are iso-
lated, CENP-A nucleosome seeding by HJURP targeting is no
longer necessary for the centromere on the HAC. The HAC is
now propagated indistinguishably from other centromeres. The
fact that non-repetitive DNA can act as a self-propagating
centromere is central to our current understanding of the epige-
netic underpinnings of centromere specification (i.e., what are
termed neocentromeres, de novo centromeres, and/or evolu-
tionary new centromeres; Fu et al., 2013; Liu et al., 2015; Monte-
falcone et al., 1999; Schneider et al., 2016; Shang et al., 2010;
Tolomeo et al., 2017; Topp et al., 2009; Wade et al., 2009;
Wang et al., 2014). The strategy we report in this paper provides
a way to make a new centromere in the context of an artificial
chromosome that should be widely applicable among mammals
and more broadly to many eukaryotic systems.

Combining the methodologies from synthetic chromosome
efforts in yeast with new innovations in HACs presents an attrac-
tive avenue for synthetic biology efforts. The development of
tools and automation to synthesize and analyze yeast chromo-
somes should now be extended to mammalian systems to
accelerate HAC development. For instance, HAC studies are
currently slowed by the requirement of clonal isolation of
many cell lines (e.g., 453 cell lines were isolated for this study
alone) and very low-throughput analysis tools (i.e., combined
IF-FISH to identify HAC-containing lines), all of which would
benefit from streamlined methodologies and emerging instru-
mentation. Our study reveals that one promising avenue will
be to develop non-repetitive HAC vectors that will allow annota-
tion of copy number and organization of the functional centro-
mere on every isolated clone. Centromeric a-satellite DNA is
the most abundant highly repetitive DNA in humans, consti-
tuting ~3% of our genome (Miga, 2017). Its repetitive nature
has substantially slowed progress in HAC development
because it is difficult to synthesize, a major challenge to clone
and amplify without unwanted recombination, and refractory
to characterization using genomic approaches. Our study re-
veals molecular requirements for centromere establishment
and demonstrates that a-satellite DNA can be bypassed alto-
gether, thereby greatly facilitating the construction of HACs
and expanding the toolbox for centromere biology studies,
gene therapy applications, and synthetic biology efforts.
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