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Neocentromeres (NCs) are fully functional centromeres that arise
ectopically in noncentromeric regions lacking a-satellite DNA.
Using telomere-associated chromosome truncation, we have pro-
duced a series of minichromosomes (MiCs) from a mardel(10)
marker chromosome containing a previously characterized human
NC. These MiCs range in size from ~0.7 to 1.8 Mb and contain
single-copy intact genomic DNA from the 10925 region. Two of
these NC-based Mi-Cs (NC-MiCs) appear circular whereas one is
linear. All demonstrate stability in both structure and mitotic
transmission in the absence of drug selection. Presence of a
functional NC is shown by binding a host of key centromere-
associated proteins. These NC-MiCs provide direct evidence for
mitotic segregation function of the NC DNA and represent exam-
ples of stable mammalian MiCs lacking centromeric repeats.

ammalian artificial chromosomes have several potential

biotechnological and therapeutic applications arising from
their ability to exist episomally, carry large DNA inserts, and
allow expression of genes independently of the host genome. By
analogy with their yeast counterparts, it has been assumed that
mammalian artificial chromosomes require a functional mam-
malian centromere, telomeres, and DNA replication origins for
proper segregation. At present, the least understood and most
complex of these three components is the centromere.

The identification of many protein components necessary for
correct centromere activity, and the characterization of centromere
DNA sequences in a variety of species, have greatly increased our
knowledge of the mechanisms underlying centromere formation
and function (1-3). This knowledge has facilitated the development
of a number of strategies for mammalian artificial chromosome
construction. One strategy involves the de novo formation of
artificial chromosomes by transfection of large arrays of human
a-satellite into human cells (4-7). Although some of the generated
artificial chromosomes were linear in structure (4), others were
consistently circular (5, 7, 8) and all were typically 1 or more orders
of magnitude larger than the input DNA.

A second strategy involves the use of telomere-associated chro-
mosome truncation to remove nonessential chromosome arms to
produce minichromosomes (MiCs) in situ. Sequential truncation of
a human X and Y chromosome has yielded a number of a-satellite-
containing MiCs of varying stability and sizes ranging from ~(0.7
Mb to more than 4 Mb (9-15). A final strategy for production of
mammalian artificial chromosomes involves the amplification of
pericentric DNA followed by controlled breakage of chromosomes
to produce satellite DNA-based artificial chromosomes of between
60 and 400 Mb (16, 17). These artificial chromosomes express
exogenous genes and can be stably introduced into different
mammalian cell lines and transgenic mice (18-20).

Neocentromeres (NCs) lacking the repeat sequences tradi-
tionally associated with centromere function recently have been
described (21, 22). Characterization of NCs in humans suggests
epigenetic mechanism of formation independent of primary
DNA sequence composition (23-26). The discovery of NCs
provides an alternative approach to the construction of artificial
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chromosomes. We describe here the production of mitotically
stable NC-based human MiCs containing a fully functional
human NC derived from the 10g25 region of the mardel(10)
marker chromosome (27, 28).

Experimental Protocols

Cell Culture and Transfection. BE2CI-18-5f (abbreviated 5f) was
cultured as described (28). HT1080 and derivatives were cultured in
DMEM (GIBCO/BRL) with 10% FCS. Hygromycin (Roche Mo-
lecular Biochemicals), puromycin (Sigma), or zeocin (Invitrogen)
were added to medium at 250 ug/ml, 1 pug/ml, or 200 ug/ml,
respectively. Microtubule-depolymerizing agents colcemid
(GIBCO/BRL) or nocadazole (Sigma) were added at 10 M or 0.1
pg/ml for 1 or 6-12 h, respectively, before cell harvesting.

Transfection of 5f and ZB30 cells was performed by electro-
poration (1.2 kV, 25 uF; Bio-Rad Gene Pulser Electroporator).
Transfection of HT1080 or derivatives was performed by elec-
troporation (29) or lipofection. For lipofection, cells were plated
1 day before transfection to give 60—70% confluency at time of
transfection. Two milliliters of diluted Fugene 6 transfection
reagent (100 wl in a total of 2 ml containing 20 ug DNA) (Roche
Molecular Biochemicals) was added onto cells drop-wise, and
selection was applied 24—-48 h posttransfection.

Microcell-Mediated Chromosome Transfer. Microcell fusion was car-
ried out as described (30). Log-phase donor ZB30 cells arrested in
colcemid for 48 h were resuspended in percoll/serum-free DMEM
(1:1) supplemented with 20 ug/ml of cytochalasin B (Sigma). The
cell suspension was subjected to centrifugation at 18,000 rpm, 90
min, 32°C. Both bands of cell-mix were pelleted, washed with
serum-free DMEM, and filtered through isopore membranes of 30,
8, and 5 uM (Millipore). Microcells were resuspended in serum-
free DMEM containing 10 ug/ml phytohemagglutinin-P (Difco),
agglutinated with recipient HT1080 cells for 45 min at 37°C, and
fused by addition of 50% polyethylene glycol (Roche Molecular
Biochemicals) for 2 min at room temperature. Cells then were
rinsed and cultured overnight in DMEM containing 10% FCS
followed by addition of selection.

Fluorescence in Situ Hybridization (FISH), Inmunofluorescence, and
Pulsed-Field Gel Electrophoresis (PFGE). Combined FISH/
immunofluorescence was performed as described (25). FISH
using pan-a-satellite probe pTRA7 and PNA-FISH of telomeric
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sequences (PerSeptive Biosystems, Framingham, MA) were
performed as described (31, 32). Chromosome painting was
performed by using a WCP Chromosome Paint Kit (Vysis).
Subchromosome-10 DNA paints were derived from somatic cell
radiation hybrid obtained from M. Rocchi (University of Bari,
Bari, Italy). InterAlu amplification of somatic cell hybrid DNA
was carried out by using primers 5'-GGATTACAGGYRT-
GAGCCA and 5-RCCAYTGCACTCCAGCCTG as de-
scribed (33).

Polyclonal anti-CENP-A, monoclonal anti-CENP-B, poly-
clonal anti-CENP-C, and CREST6 antisera were as described
(28,34, 35, 36). Polyclonal anti-CENP-E (37), anti-CENP-F (38),
and anti-hBUBI (39) were kindly provided by T. Yen (Fox Chase
Cancer Center, Philadelphia), polyclonal anti-hZW10 (40) by B.
Williams and M. Goldberg (Cornell University, Ithaca, NY),
polyclonal p55CDC (41) by J. Weinstein (Amgen Biologicals),
and polyclonal anti-TRF1 (42) by T. deLange (The Rockefeller
University, New York).

High molecular weight genomic DNA was prepared (43) and
run on pulsed-field gels (Bio-Rad CHEF Mapper System) in
0.5 X Tris-acetate/EDTA with buffer changes every 2 days.

Size Determination by 4',6-Diamidino-2-phenylindole (DAPI) Staining.
Metaphase spreads were stained in 600 ng/ml DAPI for 10 min.
NC-MiCs were identified by FISH using E8 probe. Intensity of
DAPI signal was determined by using IP lab software (Signal
Analytics) as the total area of DAPI staining multiplied by the
average intensity. Twenty cells were scored for each NC-MiC. The
sizes of NC-MiCs 4 and 5 were calculated as average DAPI intensity
divided by the average intensity for NC-MiC-3, multiplied by the
size of NC-MiC3 as determined by pulsed-field gel (1.7 Mb).

Truncation Constructs. Truncation constructs contained either
pGK:hygromycin, pGK:puromycin, or pGK:neomycin resistance
gene cassettes. A 2-kb array of human telomeric repeats was
obtained from pBS Sal-tel(5) plasmid (44, 45). Targeting DNA
fragments (5-10 kb) lacking high-copy repeats were subcloned
into the truncation vectors. All truncation constructs were made
in pAlter (Promega) vector backbone.

Concatamerization of Zeocin Resistance Marker. A plasmid contain-
ing zeocin resistance cassette [pZeoSV2(+); Invitrogen] was
digested with NotI, purified, and concatamerized by using 10 ul
ligase buffer, 40 units T4 ligase, and 5 ul 100 mM ATP in a total
volume of 100 ul. Ligation was performed overnight. One
microliter of ligated product was tested on pulsed-field gel, and
only DNA over 50 kb was used in transfections.

p’ Arm Truncation Screening Using Dot Blot Hybridization. Cells in
24-well plates were harvested and transferred to HybondN+
(Amersham Pharmacia) in a 96-well Minifold dot blotting
apparatus (Schleicher & Schuell). After transfer, membrane was
denatured for 10 min (1 M NaOH, 1 M NacCl), neutralized twice
for 5 min (1 M Tris'HCI, 1.5 M NacCl) and washed in 2X SSC.
Membranes were baked for 1.5 h at 80°C and probed with
32P-labeled pAlter vector DNA.

Results

In Vitro Approaches for Artificial Chromosome Construction. A pre-
viously described 80-kb bacterial artificial chromosome (BAC)
clone (E8) containing the centromere-binding domain of the
10925 NC (23, 43) was transfected into HT1080 cells either
alone, or in combination with cloned human telomeric repeats,
human genomic DNA, and/or cloned DNA flanking the ES8
region. Except for the test DNA, procedures were essentially
those used reproducibly to generate a-satellite-based human
artificial chromosomes in HT1080 cells (5-7). Although we
routinely observed the uptake and insertion of the introduced
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DNA into the host genome by FISH, screening of more than 450
drug-resistant cell lines failed to identify any containing an
activated NC either in the form of a stable MiC or as the result
of insertion of the introduced DNA into HT1080 genome (data
not shown). In an alternative approach, a 640-kb yeast artificial
chromosome (YAC) clone (YAC-3) (28) containing the core NC
region was retrofitted with human telomeric DNA and selectable
markers by using the plasmid vectors pRANT 11 and pLGTEL
1, following published procedures (46). Repeated transfection of
correctly retrofitted YACs into human and Chinese hamster
ovary cells using spheroplast fusion resulted in YAC DNA
uptake, insertion into the Chinese hamster ovary genome, YAC
DNA amplification, and double minute formation, but no acti-
vation of NC or artificial chromosome formation (data not
shown). Despite extensive efforts, our inability to recover func-
tional artificial chromosomes by using in vitro assembly ap-
proaches prompted us to focus on the use of a different strategy
involving in situ chromosome truncation to generate MiCs.

Mardel(10) Tagging and Transfer into HT1080 Cells. We previously
have created a somatic cell hybrid line (designated 5f) containing
mardel(10) (28) in a Chinese hamster ovary background. Telomere-
associated chromosome truncation (TACT) (9, 12, 44) was per-
formed on this line by using the truncation vectors shown in Fig. 14.
Exhaustive screening of >25,000 drug-resistant colonies trans-
fected with truncation vectors containing different targeting se-
quences yielded no truncation events, suggesting that 5f cells were
not a suitable host for TACT. We decided to transfer mardel(10)
into human HT1080 cells because these cells are known to be
homologous recombination proficient (29, 47), show telomerase
activity (42, 48, 49), and are good recipients for microcell-mediated
chromosome transfer (MMCT) (50, 51). A random insertion ap-
proach was first used to tag mardel(10) in 5f cells with a zeocin
resistance gene. Screening 63 individual zeocin-resistant cell lines
identified one (designated ZB30) in which mardel(10) was tagged
at the distal q' region (Figs. 1B and 6, which is published as
supplemental data on the PNAS web site, www.pnas.org). This cell
line was used as a donor for MMCT into HT1080 cells. FISH and
immunofluorescence analyses indicated that 15 of 60 resulting cell
lines contained an intact copy of the zeocin-tagged mardel(10)
(data not shown). One cell line, ZBHT-14, was used in a subsequent
truncation experiment. In addition, a number of lines containing
randomly truncated derivatives of mardel(10) were isolated. One of
these (NC-MiCl) was shown by FISH to carry an ~2-Mb MiC
containing the 10q25 NC region (28) (Fig. 1C; data not shown).
This cell line was retained for further studies.

Truncation of q' Arm. We prepared a complete physical map
containing more than 50 BAC and cosmid clones covering ~3
Mb (Fig. 1C) (52). Based on this map, truncation constructs
containing different targeting DNA, mammalian selectable
markers, and human telomeric DNA were prepared (Fig. 14).
Initial telomere-associated chromosome truncation experiments
were performed on the q' arm in ZBHT-14 and NC-MiCl1 cells
by using a hygromycin-resistant truncation construct containing
a 6-kb targeting DNA derived from the Y3C94 cosmid (Fig. 1C).

For ZBHT-14, initial screening involved the identification of
cell lines that had lost the zeocin-containing portion of
mardel(10). Of 7,300 hygromycin-resistant cell lines, 210 were
zeocin sensitive. FISH analysis revealed that most of these lines
contained random truncations or other unknown rearrange-
ments. One cell line (NC-MiC2) appeared to have undergone
targeted truncation and was characterized extensively by FISH.
Cosmids and BACs proximal to the targeting site were found to
be present, whereas all clones distal to this site were absent
(summarized in Fig. 1C). When three PCR fragments (F1-F3)
immediately adjacent to either side of the targeting site (Fig. 1D)
were used in FISH, only the fragment (F1) located proximal to
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Fig. 1. NC-MiC formation from mardel(10) chromosome. (A) Telomere-associated chromosome truncation targeting constructs containing targeting DNA from
p’ and g’ arms of mardel(10) and small arrays of human telomeric DNA (Htel) adjacent to a mammalian selectable marker. Homologous recombination with host
chromosome would result in the loss of vector arm, which provided a screening assay for possible recombination events. (B) Schematic formation of NC-MiCs.
The long and short arms of mardel(10) are denoted as q’ and p’, respectively. Tc1 and Tc2 indicate truncation of g’ and p’ arms, respectively. Site of insertion
of the zeocin resistance gene in mardel(10) in the ZB30 cell line is indicated by *. Position of BACB10K1 used to screen for loss of p’ arm is shown. Bold lines above
chromosome 10 denote the locations and designations of subchromosomal DNA paints. (C) FISH mapping of NC-MiCs. Ordered cosmid and BAC clones covering
~3 Mb of the 10925 NC region are shown (52). Vertical shaded area represents the E8 BAC containing the previously defined CREST-binding NC domain (23, 28).
Open arrowheads indicate intended positions of targeted truncation. + denotes a positive FISH result for a probe, while — indicates a negative result.
Approximate sizes of the NC-MiCs are shown in parentheses. (D) Characterization of the targeted q’ truncation site. The targeting DNA (hatched box) for g’
truncation is a 6-kb Xbal fragment subcloned from cosmid Y3C94 (also presentin BACB79E16). Double-headed arrows indicate locations of PCR probes (denoted
F1, F2, F3) from B79E16. Hybridization status of these probes is denoted by + or —, confirming that the q’ truncation was a targeted event.

the targeting site gave a positive signal. No a-satellite or  sions, and 70% over 70 cell divisions with or without selection,

CENP-B was detected on the truncated chromosome (Fig. 6).  suggesting that NC-MiC2 was largely mitotically stable (Fig. 2).

These data therefore support a targeted truncation event that ~ Immunofluorescence using CREST-6 autoimmune serum (28)

removed most of the q" arm of mardel(10) in NC-MiC2. and specific antibodies to CENP-A, CENP-C, and CENP-E
Mitotic stability of NC-MiC2 was 85% over 20-30 cell divi-  confirmed NC activity on NC-MiC2 (see Fig. 6).
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containing a MiC as shown by FISH.

Transfection of NC-MiCl cells with the Y3C94 truncation-
construct resulted in more than 1,000 hygromycin-resistant
colonies that were screened for loss of vector DNA contained in
the construct, indicative of a targeted truncation event (see Fig.
1A4 and Experimental Protocols). Detailed FISH analysis of one
resulting cell line, NC-MiC3, with cosmid, BAC, and PCR probes
demonstrated a correctly targeted truncation event as in NC-
MiC2 (data not shown). Further p’ mapping and analysis of
NC-MiC3 are described below.

Truncation of p’ Arm. NC-MiC2 was subjected to further trunca-
tion using targeting DNA derived from three different p’ regions
(Fig. 1C). Extensive screening of drug-resistant cell lines for
possible targeting yielded none with the correct event. However,
two cell lines (NC-MiC4 and NC-MiC5) were identified that
showed apparently random truncation at p’ sites relatively close
to the NC region (28).

Structure of NC-MiCs 3, 4, and 5. Fig. 1C summarizes the detailed
FISH mapping results for NC-MiCs 3, 4, and 5 (some examples
are shown in Figs. 3, 4, and 7, which is published as supplemental
data). All three NC-MiCs showed the intended q' truncation
within Y3C94. On the p’ arm, chromosome truncation was seen
between probes Y13C12 (present; Fig. 34)/BA179N3 (absent;
Fig. 3B), Y13C12 (present)/BA179N3 (absent; Fig. 7), and
BAA48L24 (present; Fig. 44)/BA69K10 (absent; Fig. 4B), for
NC-MiC3 (and its predecessor NC-MiC1), NC-MiC4, and NC-
MiCS5, respectively. Signal intensity on the NC-MiCs was indis-
tinguishable from that seen on the normal chromosomes 10 in
HT1080 cells for all probes tested, suggesting that no major
duplication of DNA has occurred. Of 24 different human
whole-chromosome paints tested, only the chromosome 10-paint
produced positive signals on the NC-MiCs. Similarly, a number
of subchromosome 10-paints (see Fig. 1B for locations) showed
no signal on the NC-MiCs, demonstrating the absence of non-
10925 genomic regions on the NC-MiCs (see Fig. 8, which is
published as supplemental data). We conclude that, within the
FISH detection sensitivity, NC-MiCs 3, 4, and 5 contain single-
copy DNA derived solely from the 10g25 NC region.

PFGE under conditions that resolved DNA of up to 6 Mb
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Fig.3. FISHand/orimmunofluorescence analysison NC-MiC3. Green and red
denote E8 FISH signal and test probe signal, respectively. (A) FISH using
Y13C12, positive on NC-MiC3. (B) FISH using B179N3, negative on NC-MiC3. (C)
FISH using pTRA7, showing absence of a-satellite sequences on NC-MiC3. (D)
Immunofluorescence using anti-CENP-B antibody, negative on NC-MiC3. (E)
Immunofluorescence using anti-CENP-C antibody, positive on NC-MiC3. (F)
Immunofluorescence using anti-CENP-E antibody, positive on NC-MiC3. (ii-v)
Combined image, and split images for green, DAPI, and red, for the NC-MiCs.

failed to resolve NC-MiCs 4 and 5, suggesting a circular structure
of these MiCs. In contrast, linearity of NC-MiC3 was demon-
strated by its migration into the gel. Furthermore, the resulting
1.7-Mb NC-MiC3 band (Fig. 5) closely matched the size pre-
dicted by mapping and sequencing (Fig. 1C). FISH using a
pan-telomere probe or immunofluorescence using an antibody
to the telomere repeat-binding factor TRF1 failed to detect
telomeres on any of the NC-MiCs (see Discussion).

Based on our FISH and pulsed-field gel analyses, and recently
available genome sequence data, we estimated the sizes of
NC-MiCs 4 and 5 at 1.8 and 0.7 Mb, respectively (Fig. 1C). These
sizes were supported by a direct comparison of the DAPI

Fig.4. FISHand/orimmunofluorescence analysis on NC-MiC5. Green and red
denote E8 FISH signal and test probe signal, respectively. (A) FISH using
B48L24, positive on NC-MiC5. (B) FISH using B69K 10, negative on NC-MiC5. (C)
FISH using pTRA7, showing absence of a-satellite sequences on NC-MiC5. (D)
Immunofluorescence using anti-CENP-B antibody, negative on NC-MiC5. (E)
Immunofluorescence using anti-CENP-C antibody, positive on NC-MiC5. (F)
Immunofluorescence using anti-CENP-E antibody, positive on NC-MiC5. (ii-v)
Combined image, and splitimages for green, DAPI, and red, for the NC-MiCs.

Saffery et al.
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Fig.5. PFGE and Southern hybridization of NC-MiCs. Uncut genomic DNA of
NC-MiCs 3a, 3b, 4, and 5 was run on 0.6% gel, 0.5X Tris-acetate/EDTA buffer,
at 1 V/cm, 192 h, transferred to HybondN* and probed with 32P-labeled E8
DNA. NC-MiC3a and b migrated at a size of ~1.7 Mb (arrowed), whereas
NC-MiCs 4 and 5 failed to enter the gel.

staining intensities of NC-MiCs 4 and 5 with NC-MiC3, which
gave size estimates of 1.8 * 0.4 Mb and 0.64 = 0.2 Mb,
respectively. No a-satellite DNA or CENP-B protein was de-
tected on any of the NC-MiCs (some examples are shown in Figs.
3,4, and 7).

NC-MiC Stability and NC Activity. The mitotic stability of NC-MiCs
3, 4, and 5 and their subclones was assayed with and without
selection for up to 4 months in culture. For NC-MiC3 and NC-
MiC4, retention rates of >80% were observed after 20 cell divi-
sions, with 40% at 60 divisions for NC-MiC3 and 50% after 90
divisions for NC-MiC4 in the absence of drug selection (Fig. 2). This
finding implies a small, but definite, loss over time. However, a low
loss rate of <0.3% per division between divisions 40 and 70 for
NC-MiC3 and between divisions 55 and 90 for NC-MiC 4 suggested
the subsequent attainment of stability in the absence of selection.
For the NC-MiC5 cell line, a constant 35-36% retention rate was
observed between 20 and 70 divisions in the absence of selection,
again suggesting a reasonable level of mitotic stability over time.
The low initial retention rates observed for these cell lines were
most likely related to the inherent genomic instability seen in our
HT1080 parental cell line (see below), although in all three cases,
relatively stable retention rates for each of the MiCs was achieved
after prolonged culture.

Subcloning of NC-MiC5 and NC-MiC3 produced cell lines
showing increased stability of the NC-MiCs (Fig. 2). After 50 cell
divisions in the absence of selection, NC-MiC5a and NC-MiC5b
subclones demonstrated retention rates of 93% and 90%, respec-
tively, comparable to that seen with selection (90% and 91%),
respectively; data not shown), and at 100 cell divisions retention
rates of 90% and 85% were observed without selection. Similarly,
preliminary data for a single subclone derived from the linear
NC-MiC3 (NC-MiC3a) showed a constant retention rate of ~65%
after 20 and 50 cell divisions in the absence of selection. In control
experiments using the different chromosome-specific paints, we
have established that the NC-MiC-containing HT1080 cell lines
exhibited relatively high chromosomal loss rates for all human
chromosomes. For example, examination of 100 cells from NC-
MiC4 and NC-MiC5a cell lines revealed that 38% and 26%,
respectively, showed random gain or loss of one or more host
chromosomes. These relatively high levels of inherent genome
instability further highlighted the relative stability of our NC-MiCs.

Immunofluorescence detection was used to investigate the
functional status of the NCs on the NC-MiCs. Antisera to a host
of centromere-associated proteins, including CENP-A, CENP-B
(Figs. 3D and 4D), CENP-C (Figs. 3E and 4E), CENP-E (Figs.
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3F and 4F), CENP-F, hZW10, pS5CDC, and BUBI, were tested.
All of the NC-MiCs gave identical protein-binding profiles to
those previously established for the parental mardel(10) chro-
mosome (25, 28), thereby confirming the presence of full NC
activity on these NC-MiC derivatives.

Discussion

Existing human artificial chromosomes or MiCs have been
created by using a-satellite DNA to provide centromere function
(4-8,9-15). We have investigated the use of two different in vitro
assembly approaches to construct NC-based human MiCs. These
approaches involved either cotransfection of an 80-kb NC DNA-
containing BAC with cloned telomeric sequences, or direct
transfection of a 640-kb NC DNA-containing YAC that had
been retrofitted with human telomere sequences. Neither strat-
egy led to an activated NC or a functional artificial chromosome,
suggesting that NC activation is highly inefficient or not possible
under the conditions used. This finding contrasts with the
relatively high frequency (>50%) of centromere/artificial chro-
mosome formation seen in studies using a-satellite DNA (7, 8).

Better success was obtained when we combined targeted te-
lomere-associated truncation of the q" arm and apparently random
truncation of the p’ arm of the mardel(10) chromosome in human
HT1080 cells. Detailed mapping using known probes allowed the
truncation sites to be defined. Intensity of FISH probe signals on the
NC-MiCs suggests that no duplication of 10q25 material has
occurred. Extensive FISH analysis using pan-a-satellite DNA,
whole-chromosome paints for all human chromosomes, and differ-
ent subchromosome-10 paints suggest that none of the NC-MiCs
have acquired detectable amounts of a-satellite DNA or other
human genomic sequences. Based on PFGE analysis, DAPI image
comparison, physical mapping, and sequencing data, the sizes of
NC-MiCs 3, 4, and 5 are estimated at ~1.7, 1.8, and 0.7 Mb,
respectively.

PFGE analysis demonstrates that NC-MiC3 is a linear MiC
whereas NC-MiCs 4 and 5 are likely to be circular. The significance
of our inability to detect telomeric DNA and protein on these
NC-MiCs is unclear, given that NC-MiC3 is linear and therefore
presumably contains telomeric ends, although it is possible that
telomere length may be below our detection threshold. Previous
studies also have described circular mammalian artificial chromo-
somes (5, 7, 8). At present, the mechanisms for the formation of
these circular chromosomes are unclear. However, despite their
apparent circular nature, NC-MiCs 4 and 5 are largely stable in the
absence of selection. Furthermore, we demonstrate that through
subcloning, cell lines with significantly greater stability can be
obtained, presumably due to selection of a subpopulation of cells in
a more stable genomic background. Analysis of NC-MiC5a and
NC-MiC5b subclones after more than 100 cell divisions without
selection reveals mitotic retention rates of over 85%, equivalent to
aloss rate per division of less than 0.15% per generation. Similarly,
analysis of NC-MiC3a subclone revealed no loss over 30 cell
divisions without selection. These loss rates are comparable with
that seen in other human chromosomes in the same genetic
background or in nonessential chromosomes of other human cells
(53). In addition, this level of stability is comparable with or higher
than that reported for a-satellite-based artificial chromosomes
created in HT'1080 cells [0.48-1.6% (5, 8); 0.1-0.5% (4)].

Because the NC-MiCs have not acquired detectable a-satellite
DNA, mitotic segregation activity most likely is conferred by the
10g25 NC that resides in the mardel(10) chromosome. NC
activity was confirmed by positive immunofluorescence staining
for a host of functionally important centromere proteins:
CENP-A, CENP-C, CENP-E, CENP-F, hZW10, pS5CDC, and
BUBI. The only protein showing absence of binding is CENP-B,
agreeing with the analphoid nature of the NC (27, 28). Thus, the
NC-MiCs appear to have fully functional centromere activity,

PNAS | May8,2001 | vol.98 | no.10 | 5709

GENETICS



which is unlikely to be the cause of the small loss rate observed
over time in some cell lines.

The most plausible reason for this small loss rate is the
inherent genome instability of the cell lines. The HT1080 line
containing mardel(10) chromosome used in the targeting ex-
periments has a highly variable chromosome complement. Chro-
mosome painting studies have demonstrated that this and other
NC-MiC-containing cell lines are unstable in their genomic
content, randomly losing and gaining genomic materials from a
variety of chromosomal origins. Further support comes from
subcloning experiments, which yielded derivative cell lines that
show highly varying MiC retention rates despite originating from
the same genomic background.

The construction of NC-based human MiC is significant for a
number of reasons. First, the NC-MiCs provide direct functional
evidence for the mitotic activity of the 1025 NC DNA. Our
mapping data suggests that a maximum of ~0.7 Mb of DNA within
this region is sufficient to confer full NC activity. These NC-MiCs
therefore provide an excellent model system for further detailed
investigation of the functional elements of the 10q25 NC, such as
through direct deletion and mutagenesis studies.

A major impetus for the production of the NC-based MiCs is
their potential utility as gene delivery and expression vectors for
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human gene therapy. These MiCs could offer a number of unique
advantages over similar entities constructed from normal repetitive
centromere DNA. Because the NC-MiCs are made up of single-
copy genomic DNA, they are amenable to full sequence charac-
terization to provide a well-defined tool. This characterization step
should be greatly facilitated by the completion of the human
genome sequence. The availability of full sequence information also
should allow the identification of genes that may be contained
within the NC-MiCs, thereby allowing direct investigation of any
effects neocentromerization may have on gene expression. Finally,
our smallest MiC appears as small or smaller than any previously
reported stable mammalian artificial chromosomes (4-7, 16), per-
haps reflecting a lower DNA size requirement for NC-based MiCs.
Future studies should determine whether these features will make
NC-MiCs suitable vectors for therapeutic gene delivery.
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