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TITLE OF INVENTION

Enhanced Engineered Chromosome Formation from Alpha Satellite with Attificially
Increased Density of CENP-B Boxes

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to the field of artificial chtomosomes and gene expression. It
is demonstrated that using alpha satellite DNA containing an increased number of CENP-

B boxes enhances the efficiency of de novo artificial chromosome formation.

2. Background of the Related Art

Alpha satellite DNA is the major species of repetitive element found at the
centromeres of all normal ptimate chromosomes. It is organized in a hierarchical structure
based on a2 ~171 bp monometic unit that is multimerized in a tandem manner into a
hjgher—ordér repeat, which is further multimetized over hundreds to thousands of kilobases
at the centromeres of all normal human chromosomes (teviewed in 1, 2, 3 ,4).
Centromeric alpha satellite acts to otganize the recruitment of key centromeric proteins
(CENPs) to form a trilaminar protein/DNA complex, the kinetochore. The kinetochore
mediates the interactions between the chromosome and the spindle apparatus that are
responsible for coordinated chromosome movements during cell division (5). While
functional kinetochores have been observed at chromosomal locations not containing any
alpha satellite (so called “neo-centromeres”; reviewed in (6)), only cloned alpha satellite

DNA has thus far been shown to form centrometes de novo when introduced into the cell



10

15

20

WO 2005/014786 PCT/US2004/022314
Attorney Docket No. ATI-0029PCT

nucleus by transfection or microinjection in synthetic microchromosome (SMC) assays (7,
8,9).

The ability to create SMCs de novo was pioneered through the development of
techniques to synthesize extended length alpha satellite arrays in vitro, including megabase
size synthetic arrays (10), starting with a single cloned copy of a higher-order repeat (11).
These SMCs are useful as vectors in gene transfer (7,12); for example, SMCs containing the
HPRT genomic locus have been shown to complement HPRT-deficient cell lines (Rudd et
al., manuscript in preparation, 13, 14), and the present inventors have obsetved sustained
exptession of the B-globin gene from SMCs carrying the entire 150 kb B-globin genomic
tegion (Basu et al., in preparation). In addition, SMC and artificial chromosome vectors
provide a methodological platform for the identification and functional analysis of
elements in alpha satellite that are critical fot centromere function (Rudd et al. Nov 2003),

Mol. Cell. Bio. 23(21):7689-7697; also see 15, 16, 17, 10).

SUMMARY OF THE INVENTION

The presence of binding sites for the centtomete protein CENP-B (the ‘CENP-B
box’) has been correlated with the ability of alpha satellite DNA to form centromeres de
novo in synthetic microchromosome (SMC) assays. However, the effect of the density of
CENP-B boxes on the frequency of SMC formation has not previously been explored.
The present disclosure reports a systematic analysis of the role of the CENP-B box in
human alpha satellite DNA, using the formation of SMCs as an assay for the establishment

of centromere function. Synthetic alpha satellite arrays were created based on the 16-
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monomer repeat length typical of natural chromosome 17-detived D17Z1 atrays. In these
synthetic arrays, the consensus CENP-B box elements were either completely absent (0/16
monomers) or were increased in density (16/16 monomers) compared to D17Z1 alpha
satellite (5/16 monomers). The test results demonstrated that the presence of CENP-B
box element is requited for efficient de novo centromere formation and that increasing the
density of CENP-B box elements in the alpha satellite DNA results in enhancement of the
efficiency of de novo centromere formation. These findings have implications for the
design of strategies to construct novel SMC vectors for functional genomics and potential
therapeutic applications.

Accordingly, a first embodiment of the present invention relates to an engineered
higher order repeat DNA comprising one or more CENP-B boxes, wherein said one ot
more CENP-B boxes are distributed on the engineered higher order repeat DNA in an
order other than that of CENP-B boxes on a naturally-occurring higher order repeat DNA.

A second embodiment of the invention relates to an engineered alphoid DNA
comprising one or more CENP-B boxes, wherein said one or more CENP-B boxes are
distributed on the alphoid DNA in an order other than that of CENP-B boxes on a
naturally occurring alphoid DNA.

Hence, certain embodiments of the invention relate to engineered higher order
repeat DNA and/or alphoid DNA entiched in CENP-B box sequences.

Other embodiments of the invention relate to engineeted chromosomes and
chromosome vectors containing the alphoid DNA or the HOR DNA that is entiched in

CENP-B box quantity and/ot order. Yet another embodiment relates to an engineered
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chromosome formed by introduction of the above-mentioned engineered chromosome
into an appropriate cell.

In a preferred embodiment of the invention, when the engineered chromosome
vector enriched in CENP-B boxes is introduced into an appropriate cell it forms an
engineered chromosome at an efficiency rate greater than an engineered chromosome
vector containing a higher order repeat DNA with a naturalliuoccurring frequency or
distribution order of CENP-B boxes.

A most preferred embodiment of the invention relates to an engineered
chromosome vector enriched in its number of CENP-B boxes, wherein said engineered
chromosome vector forms an engineered chromosome upon introduction into an
appropriate cell at an efficiency rate of greater than about 1-5%, about 5-15%, about 10-
20%, or about 15-25% compared to a corresponding engineered chromosome vector
which is not enriched in its number of CENP-B boxes.

Yet another preferred embodiment of the invention relates to an engineered
chromosome enriched in its number of CENP-B boxes, wherein said engineered
chromosome is mitotically stable inside an appropriate cell. A most preferred embodiment
of the invention relates to a mitotically stable engineeted chromosome with a mitotic
segregation pattern that is substantially 1:1.

Another most preferred embodiment of the invention is an engineered
chromosome vector comprising a transposon.

Another embodiment of the invention relates to a method of increasing efficiency

of formation of an engineered chromosome containing alphoid DNA comptising adding
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one or more CENP-B boxes to the alphoid DNA used to form said engineered
chromosome.

A further embodiment of the invention relates to a method of making an alphoid
DNA array comprising constructing two or more engineered monomets of defined DNA
sequences; wherein at least one monomer is enriched in CENP-B box sequences; and
assembling said engineered monomers to form said alphoid DNA atray. Accordingly, an
embodiment of the invention relates to an engineeted alphoid DNA array made by this
process.

Yet another embodiment of the invention relates to a method of making an
engineered higher order repeat DNA comprising constructing two or mote engineered
monomers of defined DNA sequences; whetein at least one monomer is enriched in
CENP-B box sequences; and directionally assembling said engineeted monomers to form
said higher order repeat DNA.

Accordingly, a further embodiment of the invention relates to a highet order repeat
DNA made by the above method.

A further preferred embodiment of the invention relates to a method of engineering
a desired higher order repeat DNA comptising engineering each monomer unit of said
desired higher order repeat DNA as one or more oligonucleotide(s); whetein at least one
monomer is entiched in CENP-B box sequences; and directionally ligating pairs of adjacent

monomet units to form repeating monometic units to form the desired higher order repeat

DNA.
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Accordingly, a further preferred embodiment of the invention relates to a higher
order repeat DNA made by the above method.

A most preferred embodiment of the invention relates to an engineered
chromosome vector, wherein said vector when introduced in an appropriate cell forms an
engineered chromosome at an efficiency rate higher than an engineered chromosome
vector containing higher order repeat DNA with fewer CENP-B boxes.

Additional advantages, objects, and features of the invention will be set forth in part
in the description which follows and in patt will become apparent to those having ordinary
skill in the art upon examination of the following or may be learned from practice of the
invention. The objects and advantages of the invention may be tealized and attained as

particulatly pointed out in the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be described in detail with reference to the following drawings:

Figure 1(A) depicts an outline of an iterative scheme for synthesis of mutant
versions of chromosome 17 alpha satellite arrays. Each of the 16 individual monomers
comprising a single higher-order repeat (HOR) was synthesized as 2-3 oligonucleotide pairs
(60-100 bp each), which were directly ligated together and gel purified. Adjacent repeat
units were subsequently ligated to form dimers as shown and PCR-modified to introduce
Sapl recognition sites at both ends as appropriate. Digestion with Sapl allows seamless
ligation of adjacent dimers to create tetramers without introduction of extraneous non-

alpha satellite sequences. Two additional rounds of serial ligation resulted in formation of a
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complete synthetic higher-order repeat unit, which was subcloned into the BAC vector
pBeloBAC (Shizuya et al., 1992), creating pBAC170a1(all CENP-B box+/all CENP-B box-
).

Figure 1(B) depicts an outline of a scheme for ditectional multimetization of
engineered higher-order repeats. A synthetic alpha satellite atray consisting of 32 tandemly
multimerized copies of the higher-order repeat was created as follows: pBAC17a1 was
digested with BamHI and Spel and the alpha satellite containing fragment (fragment ‘A’)
isolated and gel purified. The same construct was separately digested with BglII and Spel,
and the larger fragment (fragment ‘B’) isolated and gel purified. Ligation of fragment ‘A’ to
fragment ‘B’ is directional, resulting in head-to-tail multimerization of adjacent higher-order
repeats. The resulting pBAC1702 construct was then isolated following transformation of
the ligation reaction into E.co/. This process was repeated iteratively to create the final
pBAC17032 arrays.

Figure 1(C) depicts pulsed Field Gel Electrophotesis (PFGE) analysis of
intermediates in the construction of 17032 HOR/BeloBAC constructs. Each intermediate
was digested with Notl, which excises the entire subcloned alpha satellite artay from the
pBeloBAC vector backbone. Lanes are labeled according to higher-order tepeat copy
number. The insert in lane 4 is 2.7 kb and therefore too small to be resolved by PFGE in
the example shown.

Figure 2 depicts mobility shift analysis of synthetic CENP-B box entiched and
CENP-B box null monomers. Ligated tetramets of CENP-B box-enriched and CENP-B

box-null monomers were electrophoresed through an agarose gel following incubation with
7
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purified recombinant CENP-B protein. Lanes 1, 2, and 3 reptesent enriched tetramers,
while lanes 4, 5, and 6 contain null species. Tetramer DNAs (100ng) were pre-incubated
with varying quantities of CENP-B protein for 25 minutes at room temperature and

subsequently loaded into a 2% agarose gel. Lanes 2 and 5 (20ug protein) as well as lanes 3

and 6 (40pg protein) contain protein/DNA mixtures. Compatison of lanes 2 and 3 to
lanes 5 and 6 reveals a marked difference in mobility shift in the CENP-B box-enriched
subunits, while only a modest shift is seen with CENP-B box-null DNA. This slight
mobility shift is likely due to salt effects as similar results are observed with a buffer-only

control (data not shown).

Figure 3 depicts cytogenetic detection of SMCs from synthetic chromosome 17-
detived alpha satellite arrays. Arrows designate SMCs. Immunostaining with an anti-
CENP-C antibody (green) identifies functional centromeres. FISH with the synthetic alpha
satellite as probe (red) hybridizes with the synthetic mictochromosome as well as to the
centromeres of the endogenous chromosome 17s. DAPI stained DNA is shown in blue.

Figure 3(A) depicts generating HT1080 clone by transfection with pBAC17a32(All
CENP-B box+), showing the presence of two SMCs.

Figure 3(B) depicts generation of HT1080 clone by transfection with
pBAC17032(natural). A single SMC is visible.

Figure 3(C) depicts generation of HT1080 clone by transfection with
pBAC17032(CENP-B Box null). Two putative SMCs ate present in this clone, but none

were detected in all other clones obtained with the CENP-B box null construct.
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Figure 4 depicts a transposon vector for rapid retrofitting of genomic BACs into
unimolecular BAC-SMC vectors. The 86 kb 17032HOR alphoid array was subcloned as a
BamH1/Bgl2 fragment into the BamH1 site of the transposon vector. This implies that
digestion of a genomic BAC with BamH1 will indicate the approximate size of the alphoid
array inserted therein. Tel=telomere; ME=transposase recognition site; 17a32HOR=32
copies of the 2.7 kb Higher Order Repeat derived from the centromere of chromosome 17;
Pgk-puro=puromycine resistance cassette; Neo/Kan=dual neomycine/kanamycine
resistance marker.

Figure 5 depicts the molecular analysis of unimolecular BAC-SMC vectors.

Figure 5 (A) depicts a schematic of the BAC-SMC vector used to generate these
microchromosomes. An 86 kb synthetic chromosome 17 derived alpha satellite array is
marked with XXXX. The solid thin black line marks the 10 kb BAC vector backbone.
Digestion of a SMC generated from this BAC with Iceu-1 is predicted to generate a single,
discrete band of approximately 100 kb, as seen in Figure B, lane 1, and Figure C, lanes 1
and 3. Digestion with Ascl and Mlul generates an 86 kb alpha satellite containing insert
and a 10 kb vector dropout, as seen in Figure B, lane 2 and Figure C, lanes 2 and 4.

Figure 5 (B) depicts a Southern blot analysis of HT1080 clone containing SMC.
Lane 1: I-Ceul digest of the genomic DNA plugs. Lane 2: Asc-1/Mlul digest of the
genomic DNA plugs. Digests were separated by PFGE, transferred and hybridized with a

BAC vector backbone specific probe.
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Figure 5 (C) depicts PFGE analysis of BACs rescued by Hirt extraction of HT1080
clones identified by southern analysis. Lanes 1-2: ate I-ceul and Ascl/Mlul digests of a
typical clone. Lanes 3-4: are I-ceul and Ascl/Mlul digests of another example.

Figure 6 also depicts molecular analysis of unimolecular BAC-SMC vectots.

Figure 6 (A) depicts a genomic plug southern, HT1080 control (lane 1) and clone
G6B -1 (lane 2) cut with I-Ceul. The band of 200 kb is the linear form of the original G6
B+ head to head construct.

Figure 6 (B) depicts a Hitt gel, colonies generated from the Hirt prep and
transformation into bactetia. Digested colony from clone G6 B-1 (lanes 3 and 4), I-Ceul
and Not 1, respectively. Control G6 B+ head to head DNA cut with I-Ceul and Not 1

(lanes 1 and 2).

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

It is well recognized that the formation of a functional centromere is at the heatt of
making synthetic chromosomes. A characteristic of primate, including human,
centromeres is that it is composed of a major class of repetitive DNA known as alpha
satellite DNA. This DNA, also refetred to as alphoid DNA, is comprised of a monomeric
repeating unit of about 171 bp. These monomeric units are organized into different
tandem atrays that constitute clearly definable higher-order repeating (HOR) structutes ot
alphoid subfamilies. Numerous (at least about 33) different alphoid subfamilies or HOR

structures have been identified to date. Some of these HOR structures are specific for a

single naturally-occutring chromosome, while others are common to a group of naturally-
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occurring chromosomes. Moreover, some chromosomes appear to have only a single
HOR structure within their centromeres, wheteas others may be comprised of several
different HOR structures. More detailed information is available and known to skilled
artisans regarding the genomic distribution of alpha satellite DNA on all human
chromosomes. For example, such information, including a derived evolutionary consensus
sequence for alpha satellite monomer consensus sequence is additionally provided by K.H.
Choo et al. in Nuc. Acid Research, Vol 19, No. 6, pp.1179-1182 (1991), which is herein
incorporated by reference in its entirety. It should be noted that alphoid DNA is highly
polymorphic, and such polymorphic sequences, as well as mutants (especially silent
mutants), are useful in the practice of the present invention.

All terms pertaining to recombinant DNA technology are used in their art-
recognized manner and would be evident to one of ordinary skill in the art.

Appropriate cell: refers to a cell (e.g., mammalian, ptimate, human) that allows
formation therein of an engineered chromosome.

Y alpha satellite and Ya: are used interchangeably and refer to alpha satellite
DNA derived from the Y chromosome.

17 alpha satellite and 17«: are used interchangeably and refer to alpha satellite
DNA derived from chromosome 17.

Alphoid (DNA), alphoid (DNA) monomer, monomer repeats: Alphoid DNA
is the only repetitive satellite DNA sequence found in the centromeric region of primate,
e.g. human, chromosomes. In humans, the size of the array on each chromosome varies

between approximately 78 kb and 5 Mb (s, Yang, J.W., ez 4/ (2000) Human mini-
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chromosomes with minimal centrometes. Hum. Mol. Genet. 9: 1891-1902). Alphoid DNA
consists of 171 base pair monomer tepeats organized into larger higher-order repeat
(HOR) units. There are at least 12 distinct monomer types, classified into five
suptachromosomal families according to the organization of the monomer units (see, Lee,
C., et al (1997) Human Centromeric DNAs Hum. Genet. 100:291-304). For example, 17a
belongs to suprachromosomal family 3 and consists of type W monomers repeated as a
pentamer (W1-5) forming a characterisic HOR. Ya, on the other hand; is classified in
suprachromosomal family 4 and has a monomeric organization without a distinctive HOR
and exhibits only the type M alphéid monomets of this family. The other family 4
chromosomes (for example, 21), however, belong to other alphoid suptrachromosomal
families as well, and contain monomers of the D and/ot R types in addition to M; see Lee
(1997).

Centromere: the region of the chromosome that is constricted and is the site of
attacilment of the spindle during meiosis or mitosis. It is necessary for the stability and
proper segregation of chromosomes during meiosis and mitosis and is therefore an
essential component of artificial chromosomes. Centromeric DNA comptises a DNA that
directs or supports kinetochore formation and thereby enables proper chromosome
segregation. Centromeric DNA at active, functional, centrometes is associated with
CENP-E during mitosis, as demonstrated by immunofluotescence ot immunoelectron
microscopy. By "associated" is meant that the centromeric DNA and CENP-B co-localize

by FISH and immunofluorescence.

12



10

15

20

WO 2005/014786 PCT/US2004/022314
Attorney Docket No. ATI-0029PCT

CENP-B Box: The CENP-B box is the stretch of DNA, present on alphoid DNA
monomets from all human chromosomes except Y. It is minimally responsible for
mediating binding of the constitutive centromere protein CENP-B to human alpha satellite

DNA. At present, the biochemically-defined 17-bp degenerate sequence motf
“S’PyITCGTTGGAAPuCGGGA3" is a structure determined in the art to be capable of
providing this binding function (20, 21). For example, 5'aTTCGttggAaaCGGGa3' is a
typical CENP-B box sequence, wherein the bases indicated by capital letters are the most
impottant for the binding of the CENP-B protein, whereas the bases indicated by lower
case letters may be substituted with other bases.

Ditectionally as in directionally ligating: refets to the order of the fragments that
are ligated together in a sequential order, following the sequence of the DNA unit that is
being constructed. For example, in constructing a fragment with the following sequence
“ATTTTTTAGCGCCCGGTTTATTTACCCCCCCC,” the smaller fragments that are first
constructed span the full length of the larger fragment. For example, 4 smaller fragments
may be constructed with the following sequences: Fragment 1 = ATTTTTTA; Fragment 2
= GCGCCCGG; Fragment 3 = TTTATTTA; and Fragment 4 = CCCCCCCC. By
“directionally ligating” the smaller fragments, therefore, it is meant that small fragment 1 is
ligated to small fragment 2 and the small fragment 3 is ligated to small fragment 4, all in
the same sequential orientation 5’ to 3’ ot 3’ to 5’, to maintain the sequence of the larger
fragment that is to be constructed. It would NOT be “directionally ligating” if fragment 1
wete to be ligated to fragment 3 or 4 and/or if the 5’ to 3’ direction of the sequence of any

one small fragment was disrupted (as in ligating the small fragment 1 in its 5-3’ direction to
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the small fragment 2 in its 3°-5’ direction, resulting in a larger fragment with the sequence
ATTTTTTA + GGCCCGCQG, instead of the directional ligation sequence of ATTTTTTA
+ GCGCCCGQG).

Engineered Chromosome (EC): refers to any form of episomal vectors whether
obtained by the so-called “bottom-up” or “top-down” methodologies. The bottom-up
approach aims to assemble a new chromosome de novo from its constituent DNA elements,
and the product is commonly refetred to as an artificial or synthetic chromosome ot
microchromosome. ~ The “top-down” approach starts with an existing human
chromosome, which then becomes experimentally reduced in size to a minichromosome.
For convenience, the products generated by both these strategies are refetred to collectively
as engineered chromosomes (ECs). The minimum components that a successful EC needs
to have are: (1) sequence motifs or structural elements (such as hairpin loops) that signal
DNA replication, necessary for the self-propagation of the chromosome; (2) a centromere,
which is essential for the accurate segtegation of the replicated sister chromatids to
daughter cells; and (3) telomere sequences at both ends of a linear chromosome (not
necessary for non-linear, e.g. circular chromosomes) to provide structural stability to the
chromosome ends. Most genomic DNA pieces larget than 20-30 kb catry some origins of
replication, an EC of a size around or greater than a mega-base (Mb) should, thetefore,
typically contain these motifs.

EC vector: denotes a non-naturally occutring chromosome vector regatdless of

how it is made.
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Endogenous DNA: denotes DNA naturally contained within a given cell as
opposed to any DNA that might have been introduced into the cell from the outside, such
as a vector DNA.

Engineered: As opposed to naturally-occurring, “engineered” denotes man-made
or -designed. For example, an engineered HOR denotes a DNA molecule with the
repetitive sequence structute of a higher order repeat DNA unit; wherein unlike the
naturally occurring HOR, the engineered HOR is made using any suitable laboratory
technique (chemical synthesis, isolation from nature, full or part amplification of the DNA,
site-directed mutagenesis, recombination and breakage of naturally-occutring or synthetic
DNA, ligation of two or more DNA fragments, or any combination of methodologies
known to the skilled artisans for making the molecule). HOR DNA may be considered
engineered whether because it has been fully or partially synthesized, expressed,
constructed, or assembled de novo or because it has been obtained by altering the natural
centrometic alpha-satellite DNA of a naturally-occurring chromosome or of an engineered
chromosome derived from a naturally occurring chromosome.

Enriched: denotes an increase in a quantity. For example, “enriched in CENP-B
box sequences” denotes an increase in the number of CENP-B box unit sequences
compated to a corresponding DNA unit containing fewer number of CENP-B boxes (e.g,,
a naturally-occurring HOR or an engineered chromosome with fewer CENP-B boxes, etc).

Essential chromosome functions: include mitotic stability without experimental
selective pressure, substantially 1:1 segregation, autonomous replication, i.e., centromere,

telomere (for linear chromosomes), and origin of replication functions.
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Exogenous DNA: denotes DNA inproduced into a cell from outside. Another
copy of the same DNA may already exist in the cell, which would be called the endogenous
copy of that DNA.

Heterologous: a DNA sequence not found in the naturally-occutring genome of
the cell in which the artificial mammalian chromosome is introduced. Additionally, if the
sequence is found in the genome of the cell, any additional copies that might be discoveted
in the cell upon transfection are considered "heterologous" because they ate not found in
that form in the naturally-occurring genome.

Higher Order Repeat (HOR) unit: HOR, as desctibed above, refers to a
repeating unit of DNA that is itself composed of smaller (monomeric) repeating units also
referred to as alphoid (DNA) monomers (se¢ Alphoid DNA, above). Monomets are
organized into chromosome-specific higher order repeating units, which are also tandemly
repetitive. The number of constituent monomers in a given HOR vaties, from as little as
two (for example, in human chromosome 1) to greater than 30 (human chromosome Y).
Constituent monomers exhibit varying degrees of homology to one another, from
approximately 60% to virtual sequence identity. However, HORs retain a high degree of
homology throughout most of a given alphoid (DNA) atray.

Isolated: refers to DNA that has been removed from a cell.

Isoschizomer refers to a restriction enzyme that recognizes the same nucleotide
sequence as another restriction enzyme and cleaves that same sequence. Therefore, a
“Non-isoschizomeric site” refers to a restriction enzyme site that can be cut by one of

two restriction enzymes, but not by both.
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Mammalian chromosome: means a DNA molecule or genetic unit that functions
as a chromosome in a mammalian cell.

Naked DNA: means DNA that is unassociated with any of the biological
(chromosomal or cellulat) components with which it is normally associated in a naturally-
occurring chromosome, for example histones, non-histone chromosomal proteins, RNA,
transctiption factors, topoisomerases, scaffold proteins, centromere-binding proteins, and
telomere-binding proteins. Such DNA can be isolated from cells and purified from the
non-DNA chromosomal components. Alternatively, this DNA can be synthesized i vitro.

Naturally-occurring: denotes events ot objects that occur in nature and are not
experimentally-induced or made.

Non-naturally occurring distribution of CENP-B boxes: denotes a structural
arrangement within a HOR unit that differs from a naturally-occurring HOR in that the
number (including absence theteof) and/ot the position of the CENP-B boxes has been
altered from the natural arrangement. In the present invention, both the distribution of the
CENP-B boxes as well as the number of CENP-B boxes may be altered to form a desired
DNA construct. For example, a construct may contain a CENP-B box in every HOR ot
one in every other HOR, or none in the first 5 HOR, and so on and so forth. Such
constructs are useful per se (as for example, increasing efficiency of SMC formation) ot
useful in a variety of ways in the elucidation of the role of various permutations of the
molecular structure of HORs in centromere formation and function. Both increases and
decreases in the efficiency of attificial chtomosome formation may be desired in order to

achieve a particular effect, for example, control gene expression levels.
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Origin of teplication: a site ot region of initiation of DNA synthesis.

Purified DNA: refers to isolated DNA that has been substantially completely
separated from non-DNA components of a cell or to DNA that has been synthesized #»
vitro and separated substantially completely from the materials used for synthesis that would
interfere with the construction of the chromosome from the DNA. A putified DNA can
also be a DNA sequence isolated from the DNA sequences with which it is naturally
assoclated.

Replicon: a segment of a genome in which DNA is replicated and by definition
contains an origin of replication.

Seamless restriction enzyme: any rf;striction enzyme that would allow ligation of
two DNA fragments of a higher repeat order DNA (such as the pairs of adjacent dimers
shown in Figure 1A) to form a larger fragment (such as the tetramers shown in Figure 1A)
without introduction of extraneous non-alpha satellite sequences. Examples of “Seamless”
enzymes include the class of restriction enzymes known as Type IIS. Type IIS enzymes
like Fokl and Alwl cleave outside of their recognition sequence to one side. These
enzymes are often of intermediate size, typically 400-650 amino acids in length, and they
recognize sequences that are continuous and asymmetric. They comprise two distinct
domains, one for DNA binding, the other for DNA cleavage. ’i‘hey are thought to bind to
DNA as monomers for the most part, but to cleave DNA cooperatively, through
dimerization of the cleavage domains of adjacent enzyme molecules. For this reason, some
Type IIS enzymes ate much more active on DNA molecules that contain multiple

recognition sites. Restriction enzymes that cleave sites that occur naturally in the HOR
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may also be used to ligate fragments of synthetic alphoid DNA that have been modified as
described hetein, such as the enrichment or elimination of CENP-B boxes in a2 monomer
or assembled HOR.

Synthetic centromeric alpha-satellite DNA: denotes a DNA molecule with the
repetitive sequence structure of a centromeric alpha-satellite DNA, wherein the synthetic
centromeric alpha-satellite DNA is made using any laboratory technique (such as chemical,
recombinant DNA methodology) suitable for obtaining a centromeric alpha-satellite DNA.
Centromeric alpha-satellite DNA may be considered synthetic whether because it has been
fully or partially synthesized, expressed, constructed, or assembled de novo or because it has
been obtained by altering the natural centromeric alpha-satellite DNA of a naturally-
occurting chromosome.

Synthetic or artificial chromosome: are used interchangeably. A "synthetic" or
"artificial” chromosome is a construct that has essential chromosome functions but which
is not naturally-occurring. It has been created by introducing exogenous DNA into a cell.
Since the chromosome is composed entirely of exogenous DNA, it is referred to as
synthetic or artificial. A synthetic microchromosome more precisely points out that the
size of the artificial chromosome is smaller than a natural chromosome (generally, that is
because it does not catry as many exons and introns as a natural chromosome). However,
a synthetic microchromosome is an artificial or synthetic chromosome, and an artificial or
synthetic chromosome may be made as large or larger than the naturally-occutring

chromosomes if desirable.
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Engineered Chromosome (EC) vector: sometimes used interchangeably with
Engineeted Chromosome (EC) denotes a polynucleotide molecule, made by man (i.e., non-
naturally occurring), having the minimum structural requirements for forming a functional
chromosome. As long as this polynucleotide has not been yet interacted with other factors
(such as the required proteins - whether outside or inside a cell) to form a functional SMC,
it is preferably refetred to as an EC vector. However, once it is functional and behaving as
a chromosome, it is motre approptiately referred to as an EC. Nevertheless, it should be
noted that an EC is useful as a vector for delivering, propagating, and/or expressing other
desired DNA; hence, continuing to presetve its use as a vector even after it has become a
functional engineeted chromosome. For example, an EC can act as a vector when a
desited DNA sequence is transposed onto it.

Mitotic stability: as used with regard to a chromosome, such as an EC or SMC,
denotes the structural integtity and segregation pattern of such chromosome inside an
approptiate cell after at least about 30 generations of growth with a low or non-existent
recombination frequency. The preferred ranges of recombination frequency are less than
about 0.5 per generation for an EC vector that contains at least 32 copies of natural or
CENP-B box enriched HOR. Similarly, the mitotic segregation pattern of the EC in
human cells is substantally 1:1, meaning that during each cell division of a cell that
contains a single copy of the EC, there is better than about a 95% probability that each
daughter cell will receive a single copy of the EC. Preferably, thete is a better than 99%

probability that each daughter cell will receive a single copy of the EC.

20



10

15

20

WO 2005/014786 PCT/US2004/022314

Attorney Docket No. ATI-0029PCT

Transfecting or transforming: as used interchangeably herein denotes the
introduction of nucleic acids into a cell. The nucleic acid thus introduced is not naturally in
the cell in the sequence introduced, the physical configuration, or the copy number.

Telomere: denotes the end of a chromosome comprising simple repeat DNA that
is synthesized by a ribonucleoprotein enzyme called telomerase. The function is to allow
the ends of a linear DNA molecule to be teplicated and structurally stabilized.

The inventors have observed variations in the efficiency of de novo centromere
formation between alpha satellite templates detived from different human chromosomes
(18, 8, 16), and have proposed that a causal link exists between the presence of sequence
elements called CENP-B boxes and de novo centromere seeding efficiency (15, 19).

While there was clear evidence implicating the presence of CENP-B boxes in de novo
centromete formation (15), it was not clear to what extent the density of CENP-B boxes
might influence the efficiency of SMC formation. Thus, in otdet to address the functional
significance of the CENP-B box in human alpha satellite and in SMC formation, the
inventots developed methodologies to directly vaty the density and distribution of CENP-
B boxes in the D17Z1, chromosome 17-derived HOR, which in its natural conﬁguradon
contains a CENP-B box in 5 of its 16 constituent monomers. Hence, entirely synthetic
D17Z21 HOR derivatives were constructed, in which each of the 16 tandem monomeric
tepeats contains either a consensus CENP-B box or a related sequence element derived
from Y chromosome alpha satellite, which does not bind CENP-B (22, 23). It was
obsetved and is herein reported that the efficiency of formation of SMCs is directly

proportional to the density of CENP-B boxes in the SMC vector, thus demonstrating a
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tequitement for CENP-B boxes in centromeric chromatin assembly. As the methods
presented here are generally applicable, these data have implications for the design and
further development of SMCs for potential applications in protein production as well as
human gene therapy.

Since the original report of de novo centromere and SMC formation (10), a number
of groups have described telated approaches to further develop and optimize artificial
chromosome systems (teviewed by 7, 26, 12). The creation of SMCs has now been
established as a tractable approach to systematically identify and dissect elements that are
critical for chromosome function (15, 16, and Rudd et al. (Nov 2003), Mo/. Cell. Bio.
23(21):7689-7697). The present disclosure desctibes, inter alia, the further refinement of the
SMC system as a methodological platform to undettake a functional analysis of the role of
the density of CENP-B box elements in human alpha satellite DNA.

CENP-B is a constitutively present DNA-binding protein found in the underlying
centric heterochromatin of all human chromosomes except the Y chromosome. The
corresponding DNA sequence element that defines the cognate binding site, the CENP-B
box, has been identified as PyTTCGTTGGAAPuCGGGA (20, 22) and is found
distributed within some, but not all, of the monomer units of alpha satellite DNA from
most human centromeres (25, 16, 27). However, the role of CENP-B if any, in specifying
centromeric identity globally remains unsettled (28). Y chromosome centromeres do not
associate with CENP-B (23), and Aftican Green Monkey centromeres lack CENP-B boxes

even though the CENP-B protein itself is present (29). Furthermore, Cenp-B knockout
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mice show only modest phenotypic effects and appear to have fully functional centromeres
as evidenced by the lack of chromosome mis-segregation phenotypes (30, 31, 32).
Notwithstanding this mechanistic uncertainty, studies of e now centromere
formation with cloned alpha satellite arrays support a direct correlation between the
presence of CENP-B boxes and the competence of a construct for de novo centromere
formation. For example, compatison of cloned alpha satellite arrays from chromosomes Y,
X, 17 and 21 show that 17- and 21-detived arrays form de movo centromeres much more
efficiently than X- and Y-derived arrays (Rudd et al. (Nov 2003), Mo/, Cell. Bio. 23(21):7689-
7697; and 8, 18). In addition, alpha satellite from a CENP-B box rich region of the
chromosome 21 centromere (21-1) forms de now centromeres in an SMC system, while
alpha satellite from 2 neighboting CENP-B box depleted region (21-11) is inefficient (19).
Further, the de novo centromere nucleation ability of the 21-I-derived alpha satellite atray
can be disrupted by mutation of its constituent CENP-B boxes (15), an outcome that
parallels the presently presented obsetvations on mutation of CENP-B boxes in D17Z1-
detived alpha satellite. Finally, it has also been established that CENP-B boxes outside the
context of alpha satellite DNA ate not competent to nucleate de novo centromere assembly
(15), establishing that sequence features other than CENP-B boxes are also required for
centromere function. Taken together, the ptesently disclosed data and the earlier
observations unambiguously establish the presence of CENP-B and its cognate binding
element as a requirement for efficient de nov0 centromere formation in SMC or artificial

chromosome assays.
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Despite the clear role of the CENP-B box in assembly of SMCs, the role of CENP-
B in its endogenous chromosomal context remains open to debate. At least three CENP-
B-like proteins have been identified in fission yeast, and double mutants exhibit severe
chromosome segregation defects (33). Such functional redundancy may explain the lack of
a major phenotype in mouse knockouts of Cenp-B (29, 30, 31) and why Cenp-B appeats
dispensable for function of the Y chromosome in both mice and men, as well as for
function of neocentromeres and certain dicentric chromosomes (34, 35). In addition, it
remains to be established whether the position of CENP-B boxes within an array of
monomers ot even within a single monomer is also of importance, as might be expected if
CENP-B patticipates in nucleosome positioning (36, 37).

In addition to the effect of manipulating CENP-B boxes demonstrated here and by
Ohzeki et al. (15), it is apparent that other sequences within alpha satellite may influence
the efficiency of SMC formation, as even arrays with a similar number of CENP-B boxes
can differ quite substantially in their ability to seed SMCs (Rudd et al. (Nov 2003), Mo/, Ce/l
Bio. 23(21):7689-7697; and 25). This possibility may now be investigated systematically
using synthetic alpha satellite arrays where the distribution of CENP-B boxes and/or other
sequences in each monomer has been manipulated, using the approach outlined hete.
Determination of the ideal density and disttibution of such sequences in alpha satellite will
maximize the efficiency with which SMC vectors carrying therapeutic genes might
eventually be assembled in human cells (14, 7, 12).

The methodology described in the examples of the present disclosure for making

the synthetic HOR and alpha satellite array as well as the synthetic artificial mammalian
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chromosome is preferred. However, any modifications of the disclosed methodology or
other methodologies known to the skilled artisans may be used as well. The manipulation
of efficiency of chromosome formation is achieved by alteting the density and distribution
of the CENP-B box and it is not critical how this objective is achieved. For example,
USPN 5,695,967 (Van Bokkelen er 4/), which is incorporated in its entirety herein by
reference, provides detailed description of a method fot making repeating tandem atrays of
DNA which is useful in making the synthetic HORs and the synthetic centromeric alpha
satellite DNA of the present invention. USPN 6,348,353 B1 (Harrington ef 4/), which is
incorporated in its entirety herein by reference, sets forth a preferred method of making
artificial mammalian chromosomes that are useful for making the claimed invention.

A general preferred approach for building up the atray is to start with a construct
such as the pBeloBAC17alpha X HOR CENP-B box saturated/null. X is the number of
copies of the HOR in a given iteration. X may equal 1, 2, 4, 8, 16, 32 copies of the
approximately 2.6 kilobase HOR, etc. Taking the embodiment where X = 1, as shown in
Figure 1B, digestion of the starting construct with BamH1 and Spel creates an insert
fragment, referred to as “A,” consisting of the HOR plus a small amount éf vector
sequence.  Digestion of the starting construct with Bgl2 and Spel creates the
cotresponding vector fragment or “B,” consisting of the statting vector minus the small
amount of sequence between the Bgl2 and Spel sites. A is now cloned into B to give the
pBeloBAC17alpha2HOR, shown on the right, in Figure 1B. Reiteration of this process

builds up the array to pBeloBAC17alpha32HOR and so forth.
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The CENP-B box sequences used in the present invention may be isolated from
alpha-satellite DNA of a given chromosome of it may be fully or partly synthesized
chemically and the partial DNA sequences maybe ligated together by any means known in
the art in otdet to form a CENP-B box DNA unit.

A preferred embodiment of the invention is ditected to incteasing the frequency of
formation of an engineered chromosome, e.g, SMC, by increasing the number of CENP-B
boxes present on the centromeric alphoid DNA array. The frequency rate may be
increased by any percentage or fraction theteof, for example, by greater than about 5-10%,
10-15%, 15-20%, 20-25% frequency rate of EC formation of a cotresponding EC vector
differing only in that it contains fewer CENP-B boxes. Hence, the preferred embodiment
of the present invention enables making engineered chromosome vectors with improved
frequency rate of formation of engineered chromosomes, e.g., a SMC.

The preferred engineered chromosome of the invention is mitotically stable,
meaning that it is capable of being propagated in an appropriate host cell for at least about
30 generations of growth with a low or non-existent recombination frequency. The
preferred rénges of recombination frequency are less than about 0.5 per generation for an
EC vector that contains at least 32 copies of natural or CENP-B box entiched HOR.
Similarly, the mitotic segtegation pattern of the EC in human cells is substantially 1:1,
meaning that during each cell division of a cell that contains a single copy of the EC, there
is better than about a 95% probability that each daughter cell will receive a single copy of
the EC. Preferably, there is a better than 99% probability that each daughter cell will

receive a single copy of the EC.
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The present invention may be preferably practiced by making a transposon vector
that contains a synthetic alpha satellite atray (either naturally occutring or entiched for
CENP-B boxes). Figures 4 depicts an example of such transposon vector which was
specifically designed for rapid retrofitting of genomic BACs into unimolecular BAC-SMC
vectors. Transposon systems and their use in vector construction are known in the art (see
for example, Gotyshin, 1.Y. and Reznikoff, W.S. (1998) J. Biol. Chem. 273, 7367 and USPN
5,965,443, herein incorporated by reference, as well as Davies, D.R. ¢z 4/ (2000) Science 289
(5476), 77).

Optionally, such transposon vector includes additional elements such as one or
more selectable markers, and/or telomeric DNA, as described herein. Such a vector may
also be transposea into another plasmid that contains any desired fragment of DNA, for
example including human genomic DNA that contains a gene (ot multiple genes) of
interest. Plasmids that contain the desired gene(s) of intetest and the transposon may then
be screened and structurally analyzed in order to identify a vector clone that possesses the
desired structural configuration (e.g. insertion of the transposon vector into the appropriate
region of the target plasmid). In this way, the transposon based approach may be used to
rapidly retrofit any BAC vector that contains a DNA construct or fragment of interest,
including cloned fragments of human DNA.

Optionally, the transposon vector may also be engineeted to include elements that
facilitate packaging of newly constructed vectors into viral capsids, such as HSV-1 particles,

using a viral amplicon system, such as those described in the literature. Preferably, such

27



10

15

20

WO 2005/014786 PCT/US2004/022314

Attorney Docket No. ATI-0029PCT

vectors should be of appropriate size so as to be efficiently accommodated into the viral
capsid upon vector packaging, as desctibed in the literature.

The present invention may also be practiced by constructing SMC vectors that are
packaged into viral capsids using techniques that are known to those skilled in the art (see
for example E. Antonio Chiocca et al, "Vital delivery Systems for Infectious Transfer of
Large Genomic DNA Inserts" Pub. No.: U.S. 2002/0110543 A1 (Pub Date August 15,
2002; and Howard ]. Federoff et al, "Helpet Virus-Free Amplicon Particles and Uses
Thereof" Pub. No.: U.S. 2003/0027322 A1 (Pub Date Feb 6, 2003). Such SMC vectors
have a variety of uses such as i vitr protein exptession or gene therapy. |

Examples

Previous studies have established that vectors. containing multiple copies of certain
alpha satellite higher-order repeat units can seed formation of de nowo centromeres in human
HT1080 cells (8, 10, 15-18; Rudd et al. (Nov 2003), Mo/ Cell. Bio. 23(21):7689-7697).
However, the overall frequency of generation of SMCs has been reported to be quite
vatiable and often quite low (Rudd et al,, in press; 25, 15, 8, 18), depending at least in part
on the chromosomal origin of the alpha satellite array and on the presence or absence of
CENP-B boxes. Therefore, the inventors developed, and herein describe, a general
approach to maximize the efficiency of SMC formation and to evaluate the sequence-
dependency of de novo centromere seeding.

Materials & Methods

The following materials and methods were used by the inventors which provide

specific teachings as well as general guidelines for making and using the claimed invention.
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All the matetials & methods as well as the experiments described in the Examples provide
sufficient guidance to persons of skill in the art to carry out the invention and are in no way

intended to limit the scope of the claims.

Synthesis of modified 2.7 kb chromosome 17-derived higher-order repeats

The sequence of the 2.7 kb D17Z1 higher-otder repeat (11) was modified such that
each of the 16 monomer units contained the consensus CENP-B box element 5% TTT
CGT TGG AAA CGG GA: 3’ (22) or the related Y alpha satellite-derived element AGA
TGG TGG AAA AGG AA, which lacks CENP-B-binding activity (CENP-B box null’).
Each of the 16 modified monomer units was then synthesized by ligation of two to three
paits of ovetlapping oligonucleotides (Operon Technologies, CA). Adjacent paits of
mutated monomer units were then ligated together to form dimers. In addition, the EcoRI
sites of monomers 1 and 16 were altered to create a BamHI site at the 5” end of monomer
1 and a BglII site at the 3’ end of monomer 16. Each gel-purified dimer was then PCR
amplified with a Bsal or Sapl restriction site, such that upon digestion each dimet would
produce a defined overhang exactly complementary to an overhang in the adjacent dimer.
The resultant tetramers (containing no extraneous sequence) wete then T/A subcloned
into pGem-Teasy (Promega) and sequence verified. Adjacent tetrameric subunits were
then ligated together using Sapl (or NotI and Sapl for monomets 1 and 16) to generate the
appropriate ovethang. The resultant octamers were further gel purified and ligated
together to produce the completed synthetic 16-mer, representing a single D17Z1 higher-

order repeat unit, with Notl ovethangs. This higher-order repeat was then subcloned as a
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Notl fragment into the BAC cloning vector pBeloBAC11 (24). The overall strategy is

outlined in Figure 1A.

Directional multimerization of the synthetic higher-order repeats

The 2.7 kb CENP-B box entiched or CENP-B box null D17Z1 higher-order repeat
was multimerized directionally as follows. The cloned synthetic higher-order repeat (in
pBeloBAC11) was digested with BamHI and Spel, and this band (fragment ‘A’) was gel
purified by standard procedures (Qiagen). A second fragment (‘B’) was generated by
digesting the same cloned repeat with BglII and Spel. The appropriate fragment ‘B’ was
subsequently gel purified and ligated to the BamHI/Spel digested fragment ‘A’. This
ligation reaction was transformed into E.cw/ (GibcoBRL), and recombinant clones
identified by Notl digestion of the resultant clones and pulsed field gel electrophoresis (Fig.
1B). This process was repeated iteratively to create clones containing 4, 8, 16 and 32 copies
of the CENP-B box enriched/CENP-B box null chromosome 17 based higher-order
repeat in pBeloBAC (Fig. 1C). Finally, for use as a selectable marker in mammalian cells, a
cDNA cassette conferting resistance to puromycin was introduced into 17a32(CENP-B
box enriched/null) unit/pBeloBAC by transposition of the puroR cassette into the
pBeloBAC vector backbone (Epicentre).

An ~86 kb synthetically assembled alpha satellite array, detived from ditectional
multimerization of the naturally occutring 2.7 kb D17Z1 repeat unit (p17HS, see 8, 10, 11),
was subcloned as a BamHI/BglII fragment into the BamHI site of pBeloBAC11. This
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construct, 17032(natural)/pBeloBAC, was further modified by transposition with a
puromycin resistance selectable marker (Epicentre). The structural integrity of all modified
higher-order repeats and of the original higher-order repeat array was confirmed by

sequencing, restriction digestion and FISH hybridizations using the array as probe.

Mobility shift analysis

The effect of mutations described above on CENP-B binding to the synthetic HOR
was evaluated by a gel mobility shift assay. Cloned tetramer units assembled from CENP-
B box-enriched and CENP-B box-null monomers wete digested with NotI and inserts
were gel purified. Subsequent to incubation with purified recombinant CENP-B protein
(Diérect, Germany) for 25 minutes at room temperature in CENP-B binding buffer (20),
protein/DNA complexes were electrophoresed through a 2% agarose gel in 0.5xTBE

buffer. Following electrophoresis, SybtGold (Molecular Probes) stain was used to visualize

DNA bands.

Cell transfection

Human HT1080 cells (gift of Dr. Brenda Grimes, Case Western Reserve University)
were transfected using the Fugene 6 (Roche) reagent according to the manufacturer’s

instructions, and stable clones identified on the basis of resistance to puromycin (Kayla) at

3 pg/ml. Clones appeared after 7-10 days and were subsequently expanded to generate

clonal lines for further analysis.
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Cytogenetic analysis and validation of SMCs

Clonal populations of cells containing potential SMCs were analyzed, generally as
described (8, 16, 10). Briefly, cells were arrested at metaphase using colchicine (Gibco) at
40 ug/ml for 45 minutes at 37 degrees Celsius, then treated with hypotonic solution (0.075
M KCl, 12 minutes, 37 degrees Celsius) and applied to slides using the Shandon Cytospin
3. Slides were subsequently fixed in 2% formaldehyde solution and immunoreacted with
rabbit anti-CENP-C antibody (10) at a concentration of 1/2000 in PBS and detected with
goat anti-rabbit IgG (H + L) ( Molecular Probes). DNA probes were labeled by nick
translation using the Vysis system according to the manufacturer’s instructions.
Immunoreacted slides were fixed (3:1, methanol:acetic acid), subjected to denaturation
(70% formamide, 72 degtees Celsius, 8 minutes), and hybridized to denatured probes as
described (8).

Putative artificial chromosomes were scored if they showed a positive hybridization
signal with a FISH probe derived from the synthetic array as well as positive CENP-C
immunoreactivity. Mitotic stability was evaluated by growth in the absence of drug

selection for up to six weeks.

Construction of Engineered, D17Z1-based higher-order repeats

The SMC system provides a platform to systematically evaluate the functional
significance of sequence elements within human alpha satellite DNA. The inventors
developed .methodologies to construct modified synthetic D17Z1 units that are either

enriched or depleted in the density of CENP-B box DNA binding elements. The higher-
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order repeat unit of D17Z1 alpha satellite consists of 16 monomer units (11). In order to
generate engineered higher-order repeats, each of the 16 monomer units was synthesized
by the serial stepwise assembly of oligonucleotide paits, each between 60 and 100 bp in
length, as shown in Figure 1A. Adjacent monomer units could then be gel-purified and
ligated to form dimers. Each dimer was PCR-amplified to introduce a restriction site such
as Sapl (which cuts outside its recognition sequence and can generate custom-made
overhangs that can be ligated seamlessly), thereby generating tetramers without the addition
of any extraneous sequence. This process of PCR and ligation assembly was serially
repeated until the complete 16-mer repeat unit was constructed. The resulting synthetic
highet-order repeat was then subcloned and ditectionally concatamerized to 32 copies

(Figure 1B, C), using methods previously developed in the inventots’ lab (10).

CENP-B boxes are required for efficient centromere formation de novo

The inventors used the approach desctibed above to create a modified variant of
D17Z1 alpha satellite in which all the consensus CENP-B boxes or elements resembling
the consensus in each of the 16 monomer units were replaced with a sequence derived
from Y chromosome alpha satellite. This approach allowed them to knockout any
interaction between CENP-B and its biochemically defined consensus element, as well as
any interactions between CENP-B and elements resembling the consensus that might
potentially occur 2z vive. Confirmation of abolishment of CENP-B binding to the synthetic
CENP-B box null array was shown by loss of mobility shift in a gel shift assay (Figure 2).

Constructs based on the naturally occurring, unmodified D17Z1 have been used

previously to generate mitotically stable SMCs in greater than 10% of drug-resistant clones
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after transfection into human HT1080 cells (Rudd et al, in press; 8, 10, 18). Here, SMCs
were identified in 4 of 38 colonies (Table 1), consistent with eatlier data. However, when
using the CENP-B box null construct in which all CENP-B boxes had been modified, only
a single clone was identified to have a putative SMC out of 40 clones screened,
tepresenting a maximum de novo centromere formation frequency of 2.5 % (Table 1). The
fact that the observed rate of de novo SMC formation is low but is not zero is consistent
with other reports that some alpha satellite atrays that do not contain CENP-B boxes can
in fact mediate apparent SMC formation at very low frequencies (25, 18), although the
possibility that these represent SMCs that have acquited endogenous centtomere sequences
has not been rigorously excluded. Indeed, previous data have demonstrated that the
likelihood of such an acquisition event is incteased when the de nowo centromere
competency of the transfected DNA is lowest, as in the case of CENP-B box aull
constructs (8, Rudd et al. Nov 2003), Mo/ Cell. Bio. 23(21):7689-7697). The data presented
hetein are in agreement with those recently reported by Masumoto and colleagues, who
used a similar approach to abolish CENP-B boxes in a higher-order repeat detived from
chromosome 21 (15). Combined, the two studies provide strong evidence that CENP-B

boxes are required generally for efficient formation of de nove centromeres in SMC systems.

Creation of more efficient centromere constructs by increasing the density of
CENP-B boxes
Several studies have now suggested a relationship between the presence of CENP-B

boxes in cloned alpha satellite and the ability to form de now centromeres from BAC or
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YAC vectors containing the cloned arrays (8, 10, 15-19). As an extension of the data
presented above and by Ohzeki et al. (15), the inventors reasoned that if the density of
CENP-B boxes was indeed critical for de novo centromere formation, it might be possible to
create synthetic alpha satellite arrays with a CENP-B box density even higher than their
naturally occurring counterparts. These novel synthetic arrays might form a more efficient
template for centromere formation de novo than natural arrays.

To evaluate this hypothesis, the inventors used the strategy described above to
construct a synthetic D17Z1-derived alpha satellite array supetsaturated with CENP-B
boxes, such that each of the 16 monomers in the HOR contained a consensus CENP-B
box. Notably, upon introduction into HT1080 cells by transfection, these supersaturated
synthetic atrays formed SMCs e novo more than twice as efficiently as arrays containing the
natural density of CENP-B boxes (Table 1). The frequency of SMCs within any one clone
was observed to vary from 10% to 100%, similar to the ranges observed in cell lines
detived from transfection with the control natural atrays (8, 17). No integration events
were obsetved cytogenetically, although Southern blot data (not shown) demonstrated the
presence of BAC-specific DNA.

Initial cytogenetic estimates suggested that the SMCs (from all versions of the array)
are several megabases in size; hence, suggesting recombination and rearrangement events.
However, further reisolation, digestion, physical resolution and characterization revealed
that many of the SMCs were not rearranged and were in fact, intact, and circular plasmids
that maintained the precise structure of the original vector introduced into the human cell

line (see Figures 4-6). In addition multiple examples of SMC vectors that contain cloned
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human genomic DNA fragments in addition to the synthetic alpha satellite arrays and other
vector sequences shown wete obtained, demonstrating that vectors containing desired
genomic fragments of interest may be introduced into human cells, with the result that
mitotically stable SMCs are formed that are unrearranged from the original vector
sequence. In all cases, SMCs were shown to be mitotically stable in the absence of

selection for a minimum of six weeks and to bind the centromere-specific protein CENP-

C.

TABLE ONE
Effect of CENP-B box density on efficiency of SMC formation

Construct CENP-B box | Experiments | Clones Clones SMC

density (no.) screened | with SMC | formation
(no.) (no.) frequency

Natural 5/16 6 38 4 10.5 %

D17Z71

All CENP-B 16/16 15 45 10 22 %

box+

CENP-B box 0/16 10 40 1 25%

null

The fotegoing embodiments and advantages ate merely exemplary and are not to be
construed as limiting the present invention. The present teaching can be readily applied to

other types of atificial chromosomes. The desctiption of the present invention is intended
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to be illustrative, and not to limit the scope of the claims. Many alternatives, modifications,
and variations will be apparent to those skilled in the att.

For example, another embodiment includes the introduction of sequences that
facilitate the packaging of a SMC vector into a modified viral delivery system, such as the
HSV-1 amplicon systems that have been described previously (see for example Chiocca et
al, and Federoff et al). These SMC vectors would include, for example, the elements
described herein, such as the synthetic (CENP-B box enriched) or natural alpha satellite
atrays, optionally a gene (or genes) of interest, including elements that control gene
expression, and if desited, additional segments of cloned genomic DNA, which may be
detived from human genomic DNA or another desited species. In the example desctibed,
in order to facilitate packaging of the vector into the viral particles used for delivery, the
vector should also contain elements that facilitate such packaging, such as the HSV-1 viral
packaging (pac) sequence, and replication otigin (oriS) as are defined in the literature.
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WHAT IS CLAIMED IS:

1.

An engineered higher order repeat DNA comprising one or more CENP-B
boxes, whetein said one or more CENP-B boxes are distributed on the
engineered higher order repeat DNA in an otder other than that of CENP-B

boxes on a naturally-occurting higher order repeat DNA.

An engineered alphoid DNA comprising one ot more CENP-B boxes,
wherein said one or more CENP-B boxes are disttibuted on the alphoid
DNA in an otder other than that of CENP-B boxes on a naturally ‘occurring

alphoid DNA.

An engineered higher order repeat DNA enriched in CENP-B box

sequences.
An engineered alphoid DNA enriched in CENP-B box sequences.

An engineered alphoid DNA comprising an engineeted higher order repeat

as claimed in claims 1 and 3.

An engineered chromosome vector containing the alphoid DNA of the

claims 2, 4, or 5.
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7.

10.

11.

An engineered chromosome comprising the engineered higher order repeat

DNA or the engineered alphoid DNA of any of the claims 1-5.

An engineered chromosome formed by introduction of the engineered

chromosome vector of claim 6 into an appropriate cell.

The engineered chromosome vector of claim 6, wherein said vector when
introduced into an approptiate cell forms an engineered chromosome at an
efficiency rate greater than an engineered chromosome vector containing a
higher otder repeat DNA with a naturally-occurring frequency ot

distribution order of CENP-B boxes.

An engineered chromosome vector entiched in its number of CENP-B
boxes, wherein said engineeted chromosome vector forms an engineered
chromosome upon introduction into an appropriate cell at an efficiency rate
of greater than about 1-5%, about 5-15%, about 10-20%, or about 15-25%
compared to a corresponding engineered chromosome vector which is not

enriched in its number of CENP-B boxes.

An engineered chromosome enriched in its number of CENP-B boxes,
wherein said engineered chromosome is mitotically stable inside an

appropriate cell.
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12. The engineered chromosome vector of claim 6, wherein said vector

comptises a transposon.

5 13. The engineered chromosome of claim 11, wherein said engineeted

chromosome has a mitotic segregation pattern that is substantially 1:1.

14. A method of increasing efficiency of formation of an engineered
chromosome containing alphoid DNA comptising adding one ot mote
10 CENP-B boxes to the alphoid DNA used to form said engineered

chromosome.

15. A method of making an alphoid DNA array comprising;
(a) constructing two or mote engineeted monomers of defined
15 DNA sequences; whetein at least one monomer is entiched in
CENP-B box sequences;
(b) assembling said engineered monomerts to form said alphoid

DNA array.

20 16.  An engineered alphoid DNA array made by the process of claim15.

17. A method of making an engineered higher order repeat DNA comprising:
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5
18.
19.
10
15
20.
21.
20

(a) constructing two or more engineered monomers of defined
DNA sequences; wherein at least one monomer is entiched in
CENP-B box sequences;

(b) directionally assembling said engineeted monomers to form said

higher order repeat DNA.

A higher order repeat DNA made by the method of claim 17.

A method of engineering a desired higher order repeat DNA comptising:
(a) engineering each monomer unit of said desited higher order
repeat DNA as one or more oligonucleotide(s); wherein at least
one monomer is enriched in CENP-B box sequences;
(b) directionally ligating pairs of adjacent monomer units to form

repeating monomeric units to form the desired higher order

repeat DNA.

A higher order repeat DNA made by the method of claim 19.

The engineered chromosome vector of claim 6, whetein said vector when
introduced in an appropriate cell forms an engineeted chromosome at an
efficiency rate higher than an engineered chromosome vector containing

higher order repeat DNA with fewer CENP-B boxes.
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