
Requisiti di un vettore ideale

•minima invasività

• selettività del bersaglio

• assenza di immunogenicità

• elevata capacità di clonaggio

• stabilità nel tempo

• corretta ploidia

• manipolabilità 

• dimensioni ridotte



MAC (Mammalian Artificial Chromosome)
• è una molecola che mima il comportamento di un cromosoma naturale

• è costituita dagli elementi strutturali dei cromosomi naturali

PROPRIETÀ
• PICCOLE DIMENSIONI  (1-5% DEI 

CROMOSOMI  NATURALI)

• ASSENZA DI REAZIONI   
IMMUNITARIE (possibile reazione da 
transgene)

• BASSO NUMERO DI COPIE

• ELEVATA STABILITÀ

• ELEVATA CAPACITÀ DI 
CLONAGGIO

• REPLICAZIONE ESTREMITÀ
• STABILITÀ MOLECOLARE
• POSIZIONAMENTO DEI  CROMOSOMI

•ASSEMBLAGGIO CINETOCORE
•SEGREGAZIONE MITOTICA

ORIGINE DI 
REPLICAZIONE

ELEMENTI STRUTTURALI

CENTROMERO
TELOMERO



centromere function

the centromere is the chromosomal location for the assembly of the 
kinetochore, which provides sites for microtubules attachment in 
chromosome segregation during cell division.

it is epigenetically inherited as a region marked by the Cenp-A nucleosomes.

Cenp-A has been identified as a histon H3 variant



•satellite DNA
- satellite 1
- satellite 2
- satellite 3

•satellite alfa
•satellite beta
• satellite gamma

• satellite 42-bp

• satellite Sn5

centromeric DNA

alphoid DNA families

Famiglie                          Cromosomi                                Tipo di            Tipo di organizzazione
sopracromosomali                                                            monomeri               dei monomeri

1                        1, 3, 5 ,6 ,7,10, 12, 16, 19                       tipo J                     … - J1 - J2 - . . .
2                        2, 4, 8, 9, 13, 14, 15, 18, 20, 21, 22        tipo D                    . . . - D1 - D2 - . . .
3                        1, 11, 17, X                                             tipo W                  . . . - W1-W2-W3-W4-W5-. 
4                        13, 14, 15, 21, 22, Y                               tipo M                   . . . - M1 - . . .
5                        5, 7, 13, 14, 19, 21                                  tipo R                    . . . - R1 - R2 - . . .

structural organization of the alphoid DNA



the different component of mammalian centromeres

Present in active centromere only

•CenpA, centromere-specific H3 variant, it is  essential for centromeric chromatin 
•CenpC, it is associated with centromere activity, absent in inactive centromere
•CenpB, it is not required when the centromeric chromatin is already assembled but it is 
essential for de novo centromere formation



DNA contact of a subset of constitutive, inner kineto-
chore proteins, including CENP-A, CENP-B, CENP-C,
CENP-T/W, and CENP-S/X (Fig. 4) (Hori et al. 2008).
Apart from CENP-B, which binds specifically to a
17-bp motif (CENP-B box) (Masumoto et al. 1989),
the remaining inner kinetochore proteins appear to bind
centromeric DNA in a complex manner independent of
a clear DNA binding site. From the perspective of the
underlying DNA, these interactions introduce a combi-
nation of multi-protein interactions assuming
sequence flexibility to tolerate the induced supercoiling,
spacing, and bending necessary for nucleosome wrap-
ping to accommodate centromere-specific chromatin
(Furuyama and Henikoff 2009; Hori et al. 2008; Nishino
et al. 2012). In addition to direct sequence-based inter-
actions with inner kinetochore proteins, centromeric
sequences also accommodate a hierarchy of con-
stitutive and dynamic protein-based interactions
that bridge the inner kinetochore and the outer
kinetochore in a protein-mediated transfer of ten-
sion from spindle forces to those proteins that
directly bind DNA (Hori et al. 2008; Screpanti et al.
2011). Moreover, proper assembly of pericentromeric

heterochromatin, typically correlated with functional
kinetochores, may be influenced by sequence-based
factors, such as transcriptional regulation and special-
ized chromatin compaction (Folco et al. 2008). Our
understanding of the genomic definition of human cen-
tromeres will require a much broader understanding of
the sequence-based interactions that define the centro-
mere–kinetochore interface.

Current studies—in the absence of a human centro-
mere reference sequence—effectively remove the
larger genomic context from our understanding of
the sequence role in establishing and maintaining the
centromere–kinetochore interface. Currently, efforts to
understand the genomic contribution to centromere
function are largely confined to human artificial chro-
mosome (HAC) studies. In these assays, HOR alpha
satellite sequences consistently demonstrate a
“sequence code” to establish and stably maintain cen-
tromere identity (Harrington et al. 1997; Schueler et al.
2001). At least in rare instances, sequences outside of
normal centromere DNA are able to recruit and stably
maintain centromere-specific proteins (CENPs) (Choo
1997). Yet, in contrast to alpha satellite, these studies

Fig. 4 Kinetochore protein interactions with centromeric DNA.
Centromeric domains are organized through the connection of
inner and outer kinetochore protein interactions that facilitate
spindle attachment. A model for kinetochore proteins is shown
here with a focus on their interaction with the underlying DNA,
and centromeric chromatin (CENP-A noted as A, nucleosomes
containing histone H3 as H3, and centromere proteins that are
shown to directly interact with the underlying DNA: CENP-B
(B), CENP-C (C), CENP-T-W complex (T/W), and CENP-S-X

complex (S/X)). The protein-determined connection to the outer
kinetochore is indicated with black arrows. Additional protein
complexes that characterize the constitutive centromere-
associated network (CCAN) are indicated in gray. This organi-
zation, as currently understood, contributes to our understanding
of the centromere–kinetochore interface. These sequence-
kinetochore-mediated interactions are observed to occur at mul-
tiple, localized sites within a centromere domain, shown here to
only represent a proportion of an active HOR array

628 K.E. Hayden

Kinetochore protein interactions with centromeric DNA

Centromeric domains are organized 
through the connection of inner and 
outer kinetochore protein 
interactions that facilitate spindle 
attachment. 

A model for kinetochore proteins is shown here with a focus on their interaction with the underlying DNA, and centromeric chromatin 
(CENP-A noted as A, nucleosomes containing histone H3 as H3, and centromere proteins that are shown to directly interact with the 
underlying DNA: CENP-B (B), CENP-C (C), CENP-T-W complex (T/W), and CENP-S-Xcomplex (S/X)). The protein-determined 
connection to the outer kinetochore is indicated with black arrows. Additional protein complexes that characterize the constitutive 
centromere- associated network (CCAN) are indicated in gray. 

CenpS-X complex

CenpT-W complex

CenpC   CenpB



Models of spatial organization of centromeres during chromosome segregation 

centromeric fibers, so that CENP-A domains are extrud-
ed to the surface of the constriction, whereas H3 domains
are buried deeper inside (Fig. 1b; Blower et al. 2002;
Marshall et al. 2008). However, recent data derived from
super-resolution microscopy and field emission scanning
EM have challenged this model (Fig. 1c; Ribeiro et al.
2010; Schroeder-Reiter et al. 2012). According to the
alternative model, chromatin folding leads to planar si-
nusoidal layers of centromeric fibers, forming a boustro-
phedon, which results in the exposure of both, CENP-A
and H3 nucleosomes, at the surface of the constriction.
This model highlights the fact that both histones are
involved in the recruitment of kinetochore proteins
(Carroll et al. 2009, 2010; Hori et al. 2008). Thus,

chromatin organization at the centromere is elaborate,
and structural differences between H3 and CENP-A
nucleosomes, and their respective chromatin fibers, may
contribute to the basal level of such complexity.

CENP-A: a histone variant with a panel of potential
nucleosome structures

The conservative view of the CENP-A nucleosome:
the octamer

The smallest unit of canonical H3 chromatin is an
octamer. Consequently, this structure has also been

Fig. 1 Models of spatial organization of centromeres during
chromosome segregation. a Schematic of the CENP-A and H3
(dimethylated on lysine 4—H3K4me2) alternating domains at

centromeres. b Model of CENP-A domain exposure at the
surface of the mitotic centromere. c Model of boustrophedon
organization of the mitotic centromere

Chromatin dynamics at centromere 467
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a Schematic of the CENP-A and H3 (dimethylated on lysine 4—
H3K4me2) alternating domains at centromeres

b Model of CENP-A domain exposure at the surface of the mitotic 
centromere.
A recent advance comes from three-dimensional views of mitotic 
chromosomes obtained by electron microscopy (EM), which 
revealed a precise arrangement of centromeric fibers, so that 
CENP-A domains are extruded to the surface of the 
constriction, whereas H3 domains are buried deeper inside 

c Model of boustrophedon organization of the mitotic centromere. 
However, recent data derived from super-resolution microscopy 
and field emission scanning EM have challenged this model. 
According to the alternative model, chromatin folding leads to 
planar sinusoidal layers of centromeric fibers, forming a boustro-
phedon, which results in the exposure of both, CENP-A and H3 
nucleosomes, at the surface of the constriction. 

boustrophedon, from right to left and from left to right in 
alternate lines.
Una scrittura bustrofedica è una scrittura che non ha una 
direzione "fissa" ma procede in un senso fino al margine scrittorio 
e prosegue poi a ritroso nel senso opposto, secondo un 
procedimento "a nastro", senza "andate a capo" ma con un 
andamento che ricorda quello de solchi tracciati dall'aratro in un 
campo. L'etimologia della parola ricorda infatti l'andamento di un 
bue durante l'aratura (dal greco βοῦς, "bue", e στρέφειν, "girare, 
invertire").

CenpA-
nucleosome    

H3-
nucleosome    

cenpA substitutes H3 in some, but not all nucleosome



Telomeres function

•ends protection from recombination

•allow complete replication of the chromosomal ends

• direct chromatin organization

• cooperate to chromosome segregation during mitosis and meiosis

Telomere length and sequence

Protozoi 20-30 bp (C4A4)n or C4A2)n
(Oxythricha, Tetrahymena) 

Yeast 350-500 bp (C1-3A)n
S. cerevisiae

topo                      60-100 kb (T2AG3)n
mus musculus

uomo                    3-20 kb (T2AG3)n



Telomere structure in human and S. cerevisiae. 
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Figure 2: Summary of the ATM signaling network. Schematic representation of ATM signaling pathways as reported in the text.
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Figure 3: Telomere structure in human and S. cerevisiae. Human telomeres consist of kilobases of TTAGGG repeats, ending with a 3!
overhang,G-rich strand.The shelterin complex includes six proteins: TRF1 andTRF2, which binddirectly the double-stranded telomericDNA
and are held together byTIN2, RAP1 that interactswithTRF2, POT1 that associateswith telomeric ssDNA, andTPP1.These factorsmediate the
generation of higher-order structure at chromosome ends (T-loop) by invasion of the single-stranded G-overhang into the double-stranded
TTAGGG repeats. In Budding yeast, the double-stranded telomeric sequence is bound by Rap1, which regulates telomere length together
with Rif1 and Rif2. Cdc13 Ten1 and Stn1 bind to the single strand overhang. In both human and S. cerevisiae, the heterodimeric Ku complex
(Ku70/80) interactswith the terminal part of the telomere, providing a protective role.The heterotrimeric complexMRX/MRN(MRE11/Mre11,
RAD50/Rad50, and NBS1/Xrs2) promotes ATM/Tel1 recruitment, with a central role in telomere capping and length regulation.

that is activated by replication stress (replication checkpoint).
In the presence of DSBs, ATM-dependent signaling is also
involved in the regulation of the intra-S phase checkpoint
through the activation of many downstream kinases. These
include CHK1 and CHK2, which phosphorylate CDC25A, to
cause inhibition of CDK2 activity and cell-cycle arrest [130].
Another mechanism involved in intra-S checkpoints consists

of the direct phosphorylation of CHK2 (T68) by ATM, which
can facilitate CHK2 interactions with other proteins, such
as BRCA1 and 53BP1 [131] (Figure 2). The ATM-dependent
phosphorylation of CHK2 in S phase triggers the subsequent
phosphorylation of the phosphatase CDC25A. Once phos-
phorylated, CDC25Aundergoes degradation, which prevents
CDC45 from loading onto replication origins, which is

Cen  Tel G-rich 3’ overhang

Human telomeres consist of kilobases of TTAGGG repeats, ending with a ) 3’ overhang, G-rich strand. The shelterin complex 
includes six proteins: TRF1 and TRF2, which bind directly the double-stranded telomeric DNA and are held together by TIN2, 
RAP that interacts with TRF1, POT that associates with telomeric ssDNA, and TPP. These factors mediate the generation of 
higher-order structure at chromosome ends (T-loop) by invasion of the single-stranded G-overhang into the double-stranded 
TTAGGG repeats. In Budding yeast, the double-stranded telomeric sequence is bound by Rap, which regulates telomere 
length together with Rif1 and Rif2. Cdc13, Ten2 and Stn1 bind to the single strand overhang. In both human and S. cerevisiae,
the heterodimeric Ku complex (Ku70/80) interacts with the terminal part of the telomere, providing a protective role. The 
heterotrimeric complex MRX/MRN (MRE/Mre11, RAD50/Rad50, and NBS1/Xrs2) promotes ATM/Tel recruitment, with a 
central role in telomere capping and length regulation. Di Domenico et al 2014. Multifunctional Role of ATM/Tel1 Kinase in Genome 

Stability: From the DNA Damage Response to Telomere Maintenance

The shelterin complex



in vivo telomere formation

Tel Tel

linear fragments terminating with telomeres 
are recognized by telomerase which in turn 
add telomeric repeats.

telomerase-mediated telomere lengthening



ori (origin of replication)

It is claimed that at least one ori is present every 50 kb. 
Thus this element is not specifically added but it is 
supported by whatever DNA fragments larger that 50 
kb



COSTRUZIONE DI VETTORI CROMOSOMALI

•Approccio �bottom up� (o assemblaggio de novo)
- tecnica di Willard
-tecnologia YAC/BAC/PAC

•Approccio �top down�
-frammentazione telomerica
-irraggiamento con raggi g



Assemblaggio de novo (bottom up approach)

Elementi cromosomali Vettori centromerici

+

+

Genomic DNA
(optional)

Telomeric fragments
(optional)

30-100 kb a-satellite 
array with neo

G418 G418R cloni contenenti 
cromosomi de novo

LIPOFEZIONE

a b

PAC/BAC

YAC

HT1080 
fibroblasts

Willard-method                                                  YAC/PAC/BAC



DNA CENTROMERICO SINTETICO
OR

DNA CENTROMERICO CLONATO NEL VETTORE BAC O YAC

the absolutely required element is: 
centromeric DNA



DNA centromerico: compenente indispensabile per la 
costruzione botton up

BamHI     BglII/BamHI           BglII/BamHI       BglII

BamHI                              BglII

la miscela di ligasi viene usata direttamente nel 
mix di DNA da trasfettare nelle cellule HT1080

alternativamente
clonaggio in un vettore BAC

la digestione con BamHI e BglII lascia un frammento con 
estremità BamHI e/o BglII e siti interni ibridi BamHi/BglII

PAC/BAC

YAC

assemblaggio in vitro utilizzo di vettori YAC o BAC 

alphoid DNA
alphoid DNA



de novo MAC structural features

Mediante analisi FISH (fluorescence in situ hybridization) Si domostrò la presenza di elementi
extracromosomiali con le seguenti caratteristiche:
• piccole dimensioni
• contenetnti esclusivamente DNA esogeno (ovvero introdotto nella cellula tramite

trasfezione)
• Assenza di DNA endogeno (ovvero appartenente alla cellula ospite)

La formazione dei MAC era strettamente legata alla presenza di DNA  centromerico alpha
Non tutti i DNA alpha era competenti per la fromazione dei MAC: 
alpha 17 ed alpha 21-I inducono la formazione di cromosomi de novo; 
alpha 21-II non induce la formazione di cromosomi de novo



de novo minichromosomes produced by the 
17alphoid DNA

© 1997 Nature Publishing Group  http://www.nature.com/naturegenetics

FISH analysis with the 17alphoid probe



centromeric proteins bind the 
minichromosmes© 1997 Nature Publishing Group  http://www.nature.com/naturegenetics

anti CenpC (FITC)+a17(red)                         antiCenpE+a17(red) 



de novo Chromosome Formation Requires 
alphoid DNA with functional CENP-B box

Ohzeki et al., 2002, JCB 159, 765-775

a21-I supports MAC formation
a21-II does not support MAC formation

synthetic alphoid with mutated CenB box does not support MAC formation

non-alphoid arrays with the CenpB box fail to support MAC formation.

Thus, the interaction between CENP-B and the CENP-B box not sufficient 
for de novo centromere chromatin assembly on the nonalphoid GC-rich 
sequence, although it is required for centromere chromatin assembly on 
alphoid DNA.



Examples of extrachromosomal events and centromere protein 
assembly on introduced DNAs. In all panels, DNA was 
counterstained with DAPI (blue), and introduced BAC DNA was 
detected by FISH with a fluorescence-labeled BAC probe (red). 

Ohzeki J et al. J Cell Biol 2002;159:765-775© 2002 Rockefeller University Press
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Results

 

Construction of synthetic alphoid repeats with wild-type 
and mutant CENP-B boxes

 

In a previous study, we demonstrated that a yeast artificial
chromosome (YAC) containing a 70-kb alphoid DNA frag-
ment from the 

 

!

 

21-I site of the chromosome 21 centromere,
equipped with human telomere sequences, has the capacity
for de novo MAC and centromere chromatin assembly in
cultured human cells. However, a YAC containing a 100-kb
alphoid DNA fragment from the 

 

!

 

21-II site (adjacent to the

 

!

 

21-I region) does not have that capacity (Ikeno et al.,
1998). DNA organization of the 70-kb alphoid insert from

 

!

 

21-I was a simple homogeneous repeat of an 

 

!

 

21-I–specific
11 alphoid monomer higher-order repeating unit (

 

!

 

21-I
11mer) with five CENP-B boxes. In contrast, DNA organi-
zation of the 

 

!

 

21-II fragment was a heterogeneous repeat of
diverged alphoid monomers with no CENP-B boxes (Ikeno
et al., 1994). Therefore, we hypothesized that either the ho-
mogeneous repeat organization or CENP-B box sequences
are necessary for de novo centromere formation. To confirm
this hypothesis using a MAC-forming assay, we constructed
an 

 

!

 

21-I 11mer repeat unit with modified CENP-B boxes.
This construct had no CENP-B binding activity.

We divided the 

 

!

 

21-I 11mer unit into 4mer, 2mer, and
5mer fragments by treating it with the restriction endonu-
clease EcoRI. Using PCR, we introduced a two-nucleotide
substitution into all five active CENP-B box sequences,
making them all identical to an inactive sequence at the
CENP-B box position of the number 10 alphoid monomer
unit (Fig. 1, a and b; see Materials and methods). Loss of
interaction between CENP-B protein and the fragments
with modified CENP-B boxes was confirmed using a gel
mobility shift competition assay. The 2mer, 4mer, and
5mer fragments with modified CENP-B boxes did not
compete with labeled DNA containing the CENP-B box
for complex formation with CENP-B, even with a 100-fold

Figure 2. Gel mobility-shift competition 
analysis of wild-type and mutant !21-I 11mer 
subunits. (a) !32P-CTP–labeled oligonucleotide 
probe (CB59) containing a CENP-B box 
sequence was mixed with HeLa nuclear extracts. 
The mobility shift of the probe with the CENP-B 
protein dimer complex, indicated by the arrow 
point (lane Ex), was blocked by preincubation 
with anti–CENP-B antibodies (lane Ab). 
Unlabeled PCR products of wild-type and 
mutant 2-, 4-, and 5mer subunits were used as 
competitors for the labeled CB59 probe with 
" 0, " 1, and " 2 and " 1, " 10, and " 100 
excess of molecules, respectively. Capital letters 
indicate no extract (NE), probe with extract 
(Ex), and probe with extract preincubated 
with anti–CENP-B antibody (Ab). (b) Relative 
intensities of shifted bands are plotted in 
these panels.

Figure 3. Construction of synthetic alphoid repeats with wild-type 
and mutant !21-I 11mer repeat units. (a) Schematic diagram of 
tandem concatenation of wild-type and mutant !21-I 11mer repeat 
units. (b) Pulse field gel electrophoresis of tandemly concatenated 
!21-I 11mer repeat arrays. Lanes 1, 3, and 5, endonuclease HindIII-
cut BAC plasmids containing 8, 16, and 32 copies of extended wild 
type !21-I 11mer repeat units, respectively. Lanes 2, 4, and 6, BAC 
plasmids containing 8, 16, and 32 copies of extended mutant !21-I 
11mer repeat units, respectively. (c) Circular BAC constructs of 
pWTR11.32 and pMTR11.32 have a common vector sequence 
containing a neomycin resistance gene. The only differences between 
the two plasmids are two nucleotide substitutions at each CENP-B box.

 

excess of these fragments (Fig. 2). Then, the fragments were
reintegrated to form a modified 

 

!

 

21-I 11mer repeating unit
(mutant 
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21-I 11mer).
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containing a neomycin resistance gene. The only differences between 
the two plasmids are two nucleotide substitutions at each CENP-B box.

 

excess of these fragments (Fig. 2). Then, the fragments were
reintegrated to form a modified 

 

!

 

21-I 11mer repeating unit
(mutant 
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21-I 11mer).
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Negative control: RF322 repeats 

without CENP-B boxes (69 kb)
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CenpB and alphoid DNA are required 
for de novo chromosome formation

 

 

 

CENP-B box–dependent de novo centromere formation |
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served MAC formation occurred via a de novo mechanism
without acquiring host centromeres.

Copy number of the BAC DNA in the cell lines contain-
ing MACs was analyzed. Quantitative competitive PCR anal-
yses (Wang et al., 1989) showed that the neomycin resistance
gene and synthetic alphoid sequence of the initial BAC con-
struct were amplified 10–29 times and 14–36 times, respec-
tively, in a single MAC. This BAC copy number corre-
sponded well to the DNA content of the MAC, estimated by
quantification of the fluorescence intensity of propidium io-
dide staining (Table II). In the 15 remaining pWTR11.32-
derived cell lines, integration into host chromosomes oc-
curred as a predominant event (Fig. 4 c; Table I).

 

No MAC formation for synthetic 

 

!

 

21-I 11mer repeats 
with modified CENP-B boxes

 

In contrast, MAC formation was not observed in any of the cell
lines obtained by transfection of the BAC plasmid contain-
ing the 

 

!

 

21-I 11mer repeats with mutated CENP-B boxes
(pMTR11.32). All the input DNAs were integrated into host
chromosomes with a level of BAC and alphoid amplification
that was similar to, or higher than, that of the wild-type alphoid
(38/38 cell lines; Fig. 4 e; Table I). The mutant sequence com-
pletely lacked the capacity for MAC assembly (0%).

Comparing the results obtained for pWTR11.32 and
pMTR11.32, it is clear that binding of CENP-B to the
CENP-B boxes in alphoid DNA is important for MAC for-
mation. Although it has been suggested that input DNA
multimerization, coupled with MAC formation, is caused by
binding of CENP-B to CENP-B boxes (Ebersole et al.,
2000), the pMTR11.32 plasmid was multimerized at a level
similar to that of the pWTR11.32 plasmid and a control
BAC plasmid containing only the neomycin resistance gene
without alphoid DNA insert (unpublished data). We did not
detect any significant relationships between CENP-B bind-
ing activity and input DNA amplification.

 

Centromere protein assembly on the MAC and MAC 
stability in cell divisions

 

We assessed whether CENP-B and the essential centromere
components CENP-A, -C, and -E were assembled on intro-

duced DNA, by simultaneous detection of indirect immuno-
fluorescent staining and FISH on metaphase chromosomes
using specific antibodies and a digoxygenin-labeled BAC
DNA probe. In all analyzed cell lines, assembly of all four of
these centromere-specific proteins was detected on all the
MACs in metaphase spreads (Fig. 4 b; Table II).

Next, using FISH analysis, we analyzed mitotic stability of
these MACs after 60 d of culture without the selective drug
G418. The MACs were very stable for an extended period,
with a loss rate per cell division of 

 

"

 

0.18% of a copy in
most cases (Table II). Thus, we conclude that these MACs
obtained a functional centromere. MAC formation and cen-
tromere protein assembly were dependent on the existence
of CENP-B box sequences in alphoid DNA.

 

Variegated assembly of centromere proteins on 
ectopically integrated synthetic 

 

!

 

21-I 11mer repeats

 

To confirm that MAC formation and centromere protein
assembly are dependent on CENP-B binding activity, we
analyzed the distribution of centromere proteins on the ec-
topic pWTR11.32 and pMTR11.32 integration sites. Two
cell lines in which pWTR11.32 integrated into a host chro-
mosomal arm (2/27 pWTR11.32 cell lines) were used for
the wild-type sequence. We recloned these cell lines in or-
der to obtain cell lines with homogeneous ectopic integra-
tion of pWTR11.32. In these subcloned cell lines, 8–38%
of cells exhibited partial assembly of CENP-A, -B, -C, and
-E at the ectopic integration sites of pWTR11.32, and the
CENP-A, -C, and -E signals at the ectopic sites always colo-
calized with CENP-B in all analyzed chromosome spreads
(Fig. 4 d; Table II).

Our subcloned cell lines containing ectopically integrated
pWTR11.32 exhibited a variegated assembly pattern similar to
that observed for pseudo-dicentric and dicentric chromosomes
(Earnshaw et al., 1989; Wandall, 1994). Although the molecu-
lar mechanisms are still unclear, a phenomena called cen-
tromere inactivation, which is known to be one of the epige-
netic mechanisms of centromere regulation, may involve this
variegated assembly (Fisher et al., 1997; unpublished data).

In contrast, in cell lines with ectopic integration of alphoid
repeats with mutant CENP-B boxes (pMTR11.32) into host

 

Table I. 

 

Chromosomal events in the stable cell lines with synthetic 11mer repeats

Synthetic repeats inserted in BAC 
(Input DNA)

Experiments Analyzed
cell lines

Chromosomal events of introduced DNA

 

a

 

De novo artificial
chromosome

Integration into host chromosome
(centromeric heterochromatin/arm)

 

Alphoid repeats with functional CENP-B boxes (60 kb) 1st 15 7 8 (7/1)
(pWTR11.32) 2nd 12 5 7 (6/1)
Alphoid repeats with modified CENP-B boxes (60 kb) 1st 20 0 20 (9/11)
(pMTR11.32) 2nd 18 0 18 (7/11)
RF322 repeats with functional CENP-B boxes (69 kb) 1st 14 0 14 (5/9)
(pRF322B.192) 2nd 21 0 21 (3/18)
RF322 repeats without CENP-B boxes (69 kb) 1st 11 0 11 (3/8)
(pRF322L.192) 2nd 11 0 11 (2/9)

 

a

 

Chromosomal events were determined according to the predominant pattern (

 

#

 

50%) of introduced DNA containing synthetic 

 

!

 

21-I 11mer alphoid repeat
units or synthetic RF322 repeats, using FISH analysis of chromosome spreads. These patterns were counted in cases in which all three signals, DNA (DAPI),
BAC, and 

 

!

 

21-I alphoid signals, were colocalized. A 

 

$

 

2

 

 test of the predominant chromosomal events between pWTR11.32 and other cell lines with intro-
duced plasmids showed highly significant P values (

 

"

 

0.0002).
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minimal sequence requirement for de novo MAC formation: the telomeres

thick line, 70 kb of a21-1 alphoid repeats
thin line, vector
arrowheads, telomere arrays (800 bp)
BS, blasticidine S-methylase selectable marker

wo tel

telomere sequences appear to augment the frequency of de 
novo chromosome formation but are dispensable

solo alphoid

alphoid & Tel

alphoid & Inv Tel

MAC in >50% delle cellule MAC+ (%) for each of the positive clones

with tel

with tel in 
wrong direction



The length of the input array is also an important determinant, as 
reduction of the chromosome-17-based array from 80 kb to 35 kb 

reduced the frequency of HAC formation 
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gene therapy vector comes from its presence at the sites
of all normal centromeres, from its identification as the
only candidate centromere sequence in a deletion study
of mitotically stable chromosome variants [8], and from
its capacity to act as a centromere substrate in de novo HAC
and centromere formation assays [8,18–21].

Mitotically stable de novo HACs have been generated in
human HT1080 cells using several vectors and strategies
incorporating !-satellite DNA and telomere sequences
[8,18–21]. More recently, construction of mitotically stable
HACs has been reported using circular constructs contain-
ing cloned !-satellite alone [8,21]. In all cases, the size of
the HACs (estimated to be 1–10 Mb) was greater than the
input DNA, implying a process of multimerization con-
comitant with DNA transfection. This remains an aspect of
HAC formation that needs to be better understood.

Optimization of the centromeric component of a HAC
is likely to be key to ensuring their maintenance as mitot-
ically stable chromosomes independent of integration into
the host genome and may also influence the extent of DNA
multimerization during HAC formation. The capacity of
different !-satellite sequences to act as centromere sub-
strates can now be evaluated using HAC formation assays.
!-Satellite DNA comprises a 171-bp repeating unit that
exists both as tandem arrays of multimeric chromosome-
specific higher-order repeats and as stretches of heteroge-
neous 171-bp monomers [1,8]. The results of one study
based on chromosome 21 centromeric sequences suggested
that higher-order repeat based !-satellite DNA, which has
frequent CENP-B boxes (17-bp binding site for CENP-B pro-
tein [22]), is a competent HAC substrate, whereas a 21-
based monomeric array (that is devoid of CENP-B boxes)
failed to form HACs [19]. At present, the molecular or

genomic basis for the different outcome in the HAC for-
mation assay of these two satellite types is not known.

As a first step in the systematic optimization of poten-
tial HAC gene transfer vectors, we report here a systematic
comparison of two synthetically produced !-satellite DNA
types [18] assembled from cloned and sequenced higher-
order repeats from chromosome 17 [23] or the Y chromo-
some [24] as centromere substrates using circular con-
structs. A significant advantage of the use of synthetic
!-satellite DNA is that the input sequences are completely
defined, allowing more direct conclusions about sequence
effects on chromosome formation to be drawn. The 17
and Y higher-order repeats differ in three principal
respects. First, 17 (D17Z1) and Y (DYZ3) !-satellite higher-
order repeats belong to different suprachromosomal fam-
ilies that are typically 25–35% diverged in sequence [25].
Second, their higher-order repeat lengths differ twofold:
D17Z1 has a 16-monomer-based higher-order repeat struc-
ture totaling 2.7 kb [23], whereas DYZ3 has a 33-monomer
repeat arrangement producing a repeat length of 5.7 kb
[24]. Third, D17Z1 has six CENP-B boxes distributed
among the 16 monomers of this repeat unit [26], whereas
DYZ3 is devoid of CENP-B boxes [22].

We have determined that the 17 !-satellite-based con-
structs form HACs with a much higher efficiency than the
Y-based !-satellite constructs, demonstrating that !-satel-
lite DNA sequence affects the efficiency of de novo cen-
tromere formation. Furthermore, we found that decreas-
ing the 17 !-satellite input length lowered the HAC
formation rate. Finally, we demonstrated that the selec-
table marker genes (and/or vector sequences) influence
the HAC formation process, size, and copy number.

RESULTS
Effects of !-Satellite Sequence and Vector
Composition on HAC Formation Rates
Synthetic !-satellite sequences from chromosome 17 and
the Y were tested for their HAC-forming potential in
human cells, using a circular input assay. In initial assays,
two bacterial artificial chromosome (BAC) constructs,
pVJ104-17!32 (BAC17) and pVJ104-Y!16 (BACY) [18],
containing directional, synthetically produced !-satellite
DNA assembled from cloned and sequenced higher-order
repeats from chromosome 17 (D17Z1) or the Y chromo-
some (DYZ3), respectively, were transfected into human
HT1080 cells, selecting for the G418-resistance marker
gene that is present on the BAC vector. pVJ104-17!32

FIG. 1. Proportion of metaphase spreads containing a HAC within clonal lines
generated from pVJ104-17!32, PAC17!-8, PAC17!-49, or PAC7c5. Asterisk
(*) indicates lines with a high frequency of HAC formation also associated with
an integration into a recipient chromosome (Table 1). This residual integra-
tion frequency was markedly lower in PAC17!-8-based than pVJ104-17!-32-
based lines. In all other lines, the HAC was the only detectable fate of the trans-
fected DNA. For each cell line, typically 20–50 cells were scored by FISH to
metaphase chromosome preparations.
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fold greater in size than the transfected DNA constructs,
we sought to determine whether this size increase reflected
amplification/multimerization of the transfected DNA as
opposed to acquisition of host DNA sequences. In a total
of six cell lines generated from pVJ104-17!32, PAC17!-8,
or PAC17!-49, the absence of detectable !-satellite DNA
on HACs (other than the !-satellite present on the input
DNA) suggests that they are all de novo in composition
(Table 2 and data not shown). Taken together with the
observation that the !-satellite probe corresponding to the
input DNA paints each HAC in its entirety and with prior
data [21], it therefore seems unlikely that incorporation of
host arm or centromere material during HAC formation
had occurred. Analysis of stretched DNA fibers by FISH
analysis supports formation of a HAC structure consisting
of multimers of the input DNA, as both vector and D17Z1
sequences appear to be interspersed along extended DNA
fibers (Fig. 2D). These data are similar to those from pre-
vious studies [19,29] and are consistent with the absence
of incorporated host sequences.

DISCUSSION
Circular bacterial cloning vectors containing cloned human
!-satellite DNA are competent substrates for the generation

of HACs in cultured HT1080 cells [8,21], suggesting their
potential as components of a novel class of nonviral gene
transfer vector. The ease of manipulation and propagation
of such constructs makes them an attractive vehicle both
for development as prototype gene therapy vectors and as
tools for mechanistic studies of chromosome and genome
function [1–4]. Because the process of centromere formation
is central to efficient HAC formation, it is desirable to opti-
mize the centromeric component of the input DNA.
However, as human centromeres differ in sequence com-
position and knowledge of the sequence determinants of
centromere formation is currently limited [1,8], the optimal
input DNA sequence must be determined empirically. The
aim of our study was to systematically evaluate the HAC-
forming potential of a range of sequences with a view to
identifying structural features critical to efficient HAC for-
mation and gaining insight into the specification and main-
tenance of the human centromere.

Whereas HACs formed in about 25% of BAC17-based
lines analyzed by FISH, high levels of chromosomal 
integrations were detected in a number of other lines,
often present as large tandem amplifications of the trans-
fected DNA (data not shown). In contrast, the BACY-based
input form did not form HACs and exhibited frequent
integrations into host chromosomes (Table 1).

FIG. 2. FISH analyses and centromere protein detection in BAC-derived HACs in a pVJ104-17!-32-based line, BAC17HT4.B12. HACs were present at a copy num-
ber ranging from one to eight per cell. (A) FISH analysis with a D17Z1 probe (green) was used to detect HACs as well as endogenous chromosome 17 !-satel-
lite sequences (left); DAPI only (right). (B) FISH analysis with a BAC vector probe (red) identifies HACs (left); DAPI only (right). (C) Detection of centromere pro-
tein, CENP-A, with anti-CENP-A antibodies that were subsequently detected with rhodamine-conjugated secondary antibodies (red double dot signals). The
HACs and endogenous chromosome 17 signals were detected by FISH analysis with a D17Z1 probe (green). Overlapping signals appear yellow. (D) Independent
examples of stretched DNA fibers hybridizing with a BAC vector probe (red) and D17Z1 probe (green), indicating that the HACs are composed of amplified
copies of the input DNA. Stretched fibers from the endogenous chromosome 17 !-satellite are those that hybridize exclusively with the D17Z1 probe.

Stretched DNA fibers hybridizing with a BAC vector probe (red) and 
D17Z1 probe (green), indicating that the HACs are composed of 
amplified copies of the input DNA. Stretched fibers from the 
endogenous chromosome 17 �-satellite are those that hybridize 
exclusively with the D17Z1 probe.Proportion of metaphase spreads containing a HAC within clonal 

lines generated from pVJ104-17�32, PAC17�-8, PAC17�-49, or 
PAC7c5. Asterisk (*) indicates lines with a high frequency of HAC 
formation also associated with an integration into a recipient 
chromosome 



de novo MAC 
sequence requirement and structural features

• DNA alfoide del chr 7 e del 21
• almeno 80 kb di repeats clonati in un vettore circolare contenete un marcatore selezionabile
• I costrutti vengono introdotti nella linea HT1080 (cellule di fibroblasti); altre cellule 

permissive per la formazione dei minicromosomi non sono state descritte

struttura
• piccole dimensioni 
• contenetnti esclusivamente DNA esogeno (ovvero introdotto nella cellula tramite 

trasfezione)
• non contenevano DNA endogeno (ovvero appartenente alla cellula ospite)
• prevalentemente circolari
• la presenza di telomeri non influenza la formazione del cromosoma
• il Dna alfoide è alternato al DNA del vettore nel minicromosoma



how to insert a gene into de novo 
MAC

linked or un-linked constructs
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De novo MAC terapeutici

Mejia JE et al.,2001 Am.J.Hum.Genet.69:315-326 Grimes BR et al., 2001 Embo Rep.2:910-914



De novo HPRT-HAC obtained by lipofection of 
the linearized HPRT-BAC 

Grimes et al., 2002 Mol Ther 5, 798-805

De novo MAC terapeutici
Mejı́a et al.: HAC-Mediated Rescue of HPRT Deficiency 319

Figure 2 FISH analysis of minichromosome cell lines. A–C, Details of metaphase chromosome spreads from four minichromosome cell
lines—AG1-1, AG3-1, AG6-1, and AP1-1—showing 17 a and DNA probe for the HPRT1 locus (A); 17 a and antibody to CENP-C, a marker
of functional centromeres (B); and 17 a– and human-telomeric–DNA probe. Note the colocalization, on artificial minichromosomes (arrowheads),
of the 17 a–DNA probe (red signal) and a second DNA or antibody probe (green signal). Overlap between the red and the green signals is
shown as white or yellow pseudocolor. Total DNA stained with TO-PRO-3 is shown as blue pseudocolor. In addition to doing so on minichromo-
somes, the probes gave expected signals on the endogenous chromosome 17 centromere (A–C), the HPRT1 locus on Xq26.2 (A), the kinetochores
of sister chromatids in each chromosome (B), and the telomeric termini of chromosomes (C). D, Dual hybridization of 17 a (red signal) and
HPRT1-locus (green signal) probes to stretched DNA fibers from the AG6-1 cell line. The signals show that both sequences alternate on the
minichromosome, as consecutive segments of irregular size. Gaps along the minichromosome fiber are expected where sequences are not
represented in the probes used—that is, in the 22-kb region of JM2860 represented in figure 1B and in repetitive sequences masked by human

DNA used in the hybridization medium.C t0 1

colocalize on the artificial minichromosomes (fig. 2C).
A striking visualization of the structure of the minichro-
mosomes in AG6-1 was provided by FISH analysis of
stretched DNA fibers prepared from metaphase cells.
Simultaneous hybridization with the 17 a and HPRT1
probes revealed alphoid-DNA and HPRT1 segments of
varying sizes alternating over the observed length of the
DNA fiber (fig. 2D).

Metaphase chromosomes from each cell line were also
hybridized, with a panel of 24 human-chromosome–

specific paint probes (chromosomes 1–22, X, and Y) in
conjunction with the 17 a probe, to determine whether
the HACs contained any endogenous chromosomal
DNA (fig. 3). Each paint probe detected the correspond-
ing endogenous chromosome, but only the 17 a probe
was observed to hybridize to the HACs and the endog-
enous chromosomes 17. We were unable to detect on
the HACs the presence of a signal from the X-chro-
mosome paint to the HPRT1 locus, presumably because
the signal is not within the detection limits of the paint

four minichromosome cell lines—AG1-1, AG3-1, AG6-1, and AP1-1

(A), 17a (red) and DNA probe for the HPRT1 locus (green)

(B)17a (red) and antibody to CENP-C (green), a marker of functional 
centromeres 

(C); 17a (red) – and human-telomeric–DNA probe (green). 

(D) Dual hybridization of 17 a (red signal) and HPRT1-locus (green 
signal) probes to stretched DNA fibers from the AG6-1 cell line. The 
signals show that both sequences alternate on the minichromosome, as 
consecutive segments of irregular size. Gaps along the 
minichromosome fiber are expected where sequences are not 
represented in the probes used 

Meja 2001 Am. J. Hum. Genet. 69:315–326, 2001



the top down approach

a pruning procedure that makes the chromosome reed of dispensable sequences/elements



B) IRRAGGIAMENTO DI CROMOSOMI NATURALI 

TOP-DOWN

A) FRAMMENTAZIONE TELOMERICA: utilizzo di plasmidi lineari contenenti:
-sequenze telomeriche umane
-gene per la selezione
-sequenze �target� per la localizzazione del punto di rottura        

cromosoma
da ridurre

Cen

Cen
minicromosoma

costrutto di 
frammentazione



Spence et al., 2002 EMBO J 19, 5269-5280

Frammentazione del cromosoma X umano
(frammentazione telomerica)



minicromosomi de novo
• molecole circolari/circular
• dimensioni comprese tra le 5-10 Mb/size 5-10 Mb
• struttura non determinabile a priori a causa di eventi di

multimerizzazione a carico del DNA trasferito/the structure is not simply related to the input 
construct
• la formazione di cromosomi de novo potrebbe essere associata  

a riarrangiamenti genomici della cellula ospite/de novo chromosome formation may be associated 
with genome rearrangements

minicromosomi �top down�
• struttura lineare con telomeri funzionali/linear 
• dimensioni che vanno dalle poche centinaia di kb fino a 5-10 Mb/size from few hundreds kb to 5-10 
Mb
• struttura conforme a quella del cromosoma parentale/the structure is strictly related to the parental 
chromosome

Proprietà strutturali



how to insert a MAC into target cells



chromosomal therapy is possible 
by the use of an ex vivo approach 



DT40 lynphocyte cell line

• this cell line is derived from chicken lynphocytes 
• it is used to assemble hybrids with chromosomes from other species, bumans included
• it is useful for chromosome engineering since these cells exhibit efficient homologous 

recombination that allows targeting of the sequence of interest into specific regions
• DT40 cells, after prolonged cell cycle block (typically colcemide for 16-18 hr) form microcells



Sistemi di trasferimento dei MAC in cellule umane per terapia genica
• Trasfezione di minicromosomi purificati mediante 

FACS sorter

•Microiniezione

• Trasferimento cromosomico mediato dalle 

microcellule (MMCT)

mi
cro
ce
lls



DT40                 CHO

hChr21

21DqHAC

21DpqHAC

Frammentazione del cromosoma 21 umano (frammentazione telomerica)



21DpqHAC + epo cDNA constrct



Kakeda et al., 2005

long term Epo expression



Mesenchymal stem cells (MSCs) hold promise for use in adult stem cell–mediated gene therapy. One of the major 
aims of stem cell–mediated gene therapy is to develop vectors that will allow appropriate levels of expression of 
therapeutic genes along differentiation under physiological regulation of the specialized cells. Human artificial 
chromosomes (HACs) are stably maintained as independent chromosomes in host cells and should be free from 
potential insertional mutagenesis problems of conventional transgenes. Therefore, HACs have been proposed as 
alternative implements to cell-mediated gene therapy. Previously, we constructed a novel HAC, termed 21 Δpq 
HAC, with a loxP site in which circular DNA can be reproducibly inserted by the Cre/loxP system. 
We here assessed the feasibility of lineage-specific transgene expression by the 21Δpq HAC vector using an in vitro 
differentiation system with an MSC cell line, hiMSCs, which has potential for osteogenic, chondrogenic, and 
adipogenic differentiation. 
An enhanced green fluorescent protein (EGFP) gene driven by a promoter for osteogenic lineage-specific 
osteopontin (OPN) gene was inserted onto the 21 Δpq HAC and then transferred into hiMSC. 
The expression cassette was flanked by the chicken HS4 insulators to block promoter interference from adjacent 
drug-resistant genes. 
The EGFP gene was specifically expressed in the hiMSC that differentiated into osteocytes in coordination 
with the transcription of endogenous OPN gene but was not expressed after adipogenic differentiation 
induction or in noninduction culture. 
These results suggest that use of the HAC vector is suitable for regulated expression of transgenes in stem cell-
mediated gene therapy 



We here assessed the feasibility of lineage-specific transgene expression by the 21Δpq HAC vector 
using an in vitro differentiation system with an MSC cell line, hiMSCs, which has potential for 
osteogenic, chondrogenic, and adipogenic differentiation. 

FISH analysis of CHO and hiMSC hybrid cells carrying the 21Δpq HAC vectors 

or 21Δpq HAC/In-OPN-EGFP vector.

CHO 21Dpq (A,C)  hiMSC 21Dpq (B,D)

alphoid 
probe

GFP 
probe



21 Δpq HAC, with a loxP site in which circular DNA can be reproducibly inserted by the Cre/loxP 
system. An enhanced green fluorescent protein (EGFP) gene driven by a promoter for osteogenic lineage-
specific osteopontin (OPN) gene was inserted onto the 21 Δpq HAC and then transferred into hiMSC.

insertion of the vector reconstitutes 
the neo gene and allows selection of 
G418R clones



Ren et al.,2005

Lineage-specific EGFP expression in hiMSC hybrids con- taining 21Δpq HAC/In-OPN-EGFP 
vector after osteogenic differentiation

Representative fluorescence and 
phase-contrast microscopic view of 
hiMSC hybrids.

Cross panel (A) after osteogenic 
differentiation,  GFP on

(B) after adipogenic differentiation, 
GFP off

(C) control culture without 
differentiation induction 
GFP off

A (i): Detection of red fluorescence produced by alkaline phosphatase activity (osteogenic 
differentiation); (ii): detection of green fluorescence of EGFP(HAC); (iii): phase-contrast 
microscopic. B. adiponenic differentiation, B(iii)lipid vacuoles in red. (C) control culture 
without differentiation induction. 



MAC in vivo?

from the cell to the organism
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Cloned transchromosomic calves producing
human immunoglobulin

Yoshimi Kuroiwa1, Poothappillai Kasinathan2, Yoon J. Choi3, Rizwan Naeem4, Kazuma Tomizuka1, 
Eddie J. Sullivan2, Jason G. Knott2, Anae Duteau3, Richard A. Goldsby3, Barbara A. Osborne5, Isao Ishida1*, 

and James M. Robl2*

Published online: 12 August 2002, doi:10.1038/nbt727

Human polyclonal antibodies (hPABs) are useful therapeutics, but because they are available only from human
donors, their supply and application is limited. To address this need, we prepared a human artificial chromo-
some (HAC) vector containing the entire unrearranged sequences of the human immunoglobulin (hIg) heavy-
chain (H) and lambda (λ) light-chain loci. The HAC vector was introduced into bovine primary fetal fibroblasts
using a microcell-mediated chromosome transfer (MMCT) approach. Primary selection was carried out, and the
cells were used to produce cloned bovine fetuses. Secondary selection was done on the regenerated fetal cell
lines, which were then used to produce four healthy transchromosomic (Tc) calves. The HAC was retained at a
high rate (78–100% of cells) in calves and the hIg loci underwent rearrangement and expressed diversified tran-
scripts. Human immunoglobulin proteins were detected in the blood of newborn calves. The production of Tc
calves is an important step in the development of a system for producing therapeutic hPABs.

RESEARCH ARTICLE

Despite the substantial need for hPABs to treat many diseases, the
supply is limited to what can be obtained from human donors.
Furthermore, the application of hPABs has been restricted because
human donors cannot be hyperimmunized, that is, repeatedly
boosted with antigen. Transgenic animals carrying hIg loci could
provide a source of hPABs, especially targeted hPABs resulting from
hyperimmunization with human pathogens or human molecules.
Transgenic mice carrying hIg loci have been created1–6 and are useful
for the derivation of human monoclonal antibody therapeutics7,8.

Transgenic cattle carrying hIg loci could be useful for large-
volume commercial production of hPABs. Transgenesis including
gene targeting9–12 in livestock has been reported; however, the pro-
cedures used are not suitable for transfer of the hIg loci13 (1–1.5 Mb
for each locus) because the maximum size of DNA that can be
inserted is very limited (20–100 kb). Mammalian artificial chromo-
some (MAC) vectors14–17 may be a better choice because of their
large insert capacity. Thus far, there have been no reports of the
transfer of MAC vectors in livestock. Furthermore, human
microchromosomes are generally mitotically unstable in a foreign
environment1,16,18. This could be a major obstacle in the production
of transchromosomic cattle, which require a large number of cell
divisions for full term development.

Another potential limitation of using cattle to produce hPABs is
the difference in immunophysiology between cattle and
humans19–22. In humans and mice, bone marrow is the major site
of origin of all lymphocytes and the location of subsequent B-cell
maturation. In contrast, spleen, rather than bone marrow, is the
presumed site of B-cell origin and immunoglobulin rearrange-
ment in bovine. Furthermore, because of a limited number of

functional V genes in bovine, gene conversion may be an impor-
tant mechanism for the generation of diversity, especially for the
light chain19,20. Gene conversion occurs in the Ileal Peyer’s patch,
where B cells undergo proliferation and diversification. These dif-
ferences could impede the functional rearrangement, diversifica-
tion, and production of hIgs in cattle.

In this study, we developed a system for introducing heavy- and
light-chain hIg loci into bovine by transferring a 10 Mb HAC vec-
tor carrying the loci into primary fibroblast cells and then produc-
ing cloned cattle from the Tc cells. We also evaluated the retention
of the HAC through early gestation and the functional rearrange-
ment, diversification, and expression of hIgs in the blood of Tc
calves.

Results
HAC transfer into bovine fetal fibroblasts and nuclear transfer.
We constructed two HAC vectors (ΔHAC and ΔΔHAC), each carry-
ing both hIg heavy-chain and λ light-chain loci, using a chromo-
some-cloning system17,23 (Fig. 1). HAC vectors were introduced into
bovine primary fetal fibroblasts from CHO clones using an MMCT
system (Fig. 2). The life-span limits of bovine primary fibroblast
cells required that complete antibiotic selection and DNA-based
screening be avoided after MMCT to minimize cell divisions
before nuclear transfer. Instead, we picked colonies on the basis of
growth and morphology under selection and used them for
nuclear transfer as quickly as possible. Nevertheless, the cells were
useful only for a few days and could not be cryopreserved. Final
selection was done after the rejuvenation and expansion of the
cells during the growth of cloned fetuses. At 56–58 days, four

1Pharmaceutical Research Laboratory, Kirin Brewery Co., Ltd., 3 Miyahara-cho Takasaki-shi Gunma 370-1295, Japan. 2Hematech, LLC, 33 Riverside Avenue,
Westport, CT 06880. 3Department of Biology, Amherst College, Amherst, MA 01002. 4Department of Molecular and Human Genetics, Baylor College of Medicine,

One Baylor Plaza, Houston, TX 77030. 5Department of Veterinary and Animal Science, University of Massachusetts, Amherst, MA 01003.
*Corresponding authors (jrobl@hematech.com and i-ishida@kirin.co.jp).

889

©
20

02
 N

at
ur

e 
Pu

bl
is

hi
ng

 G
ro

up
  h

ttp
://

w
w

w
.n

at
ur

e.
co

m
/n

at
ur

eb
io

te
ch

no
lo

gy

Human polyclonal antibodies (hPABs) are useful therapeutics, but because they are available 
only from human donors, their supply and application is limited. 
To address this need, we prepared a human artificial chromosome (HAC) vector containing the 
entire unrearranged sequences of the human immunoglobulin (hIg) heavy- chain (H) and lambda 
(λ) light-chain loci.
1.The HAC vector was introduced into bovine primary fetal fibroblasts using a microcell-
mediated chromosome transfer (MMCT) approach. 
2.Primary selection was carried out, and the cells were used to produce cloned bovine fetuses.
3.Secondary selection was done on the regenerated fetal cell lines, which were then used to 
produce four healthy transchromosomic (Tc) calves. 

The HAC was retained at a high rate (78–100% of cells) in calves and the hIg loci underwent 
rearrangement and expressed diversified transcripts. Human immunoglobulin proteins were 
detected in the blood of newborn calves. The production of Tc calves is an important step in 
the development of a system for producing therapeutic hPABs.



�Cloned transchromosomic calves producing human immunoglobulin�

Kuroiwa et al, Nature Biotechnology 20, 889-894 (2002)

Applicazioni dei MAC in vivo

human Ig loci13 (1–1.5 
Mb for each locus)



.
(A) Four cloned Tc calves: male calf (50) from cell line 6045 and 
female calves (1064, 1065, 1066) from cell line 5968. (B) Genomic 
PCR of IgH and Ig  loci in PBLs from cloned Tc calves and controls: 
calf 1064 (lane 1), 1065 (lane 2), 1066 (lane 3), 50 (lane 4), 1067 (lane 
5), and 1068 (lane 6). Both human IgH and Ig  loci were detected by 
genomic PCR in all the Tc calves and positive-control human liver 
DNA (lane P), but not in a negative-control nontransgenic calf (lane 
N). (C) FISH analysis in metaphase chromosome spreads in a cell 
showing a single signal and a cell showing a double signal. Arrows 
indicate location of HACs (red) among surrounding bovine 
chromosomes (blue). A single HAC per cell is introduced and retained 
in most cells (left panel); however, improper separation of chromatids 
at cell division may result in some cells having two 
microchromosomes (right panel) and some not having a 
microchromosome

• l�analisi FISH ha evidenziato la presenza del vettore HAC, come cromosoma indipendente,
nel 78-100% delle cellule

• non sono state rilevate differenze tra i linfociti del sangue periferico (91%) ed i fibroblasti (87%)
• l�analisi di RT-PCR ha evidenziato l�espressione dei geni umani IgH e Igl nei linfociti del sangue 
periferico
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Episomal vector with the capacity to deliver a large gene 
containing all the critical regulatory elements is ideal for 
gene therapy. Human artificial chromosomes (HACs) 
have the capacity to deliver an extremely large genetic 
region to host cells without integration into the host 
genome, thus preventing possible insertional mutagen-
esis and genomic instability. Duchenne muscular dystro-
phy (DMD) is caused by mutation in the extremely large 
dystrophin gene (2.4 Mb). We herein report the devel-
opment of a HAC vector containing the entire human 
dystrophin gene (DYS-HAC) that is stably maintained 
in mice and human immortalized mesenchymal stem 
cells (hiMSCs). The DYS-HAC was transferred to mouse 
embryonic stem (ES) cells, and isoforms of the DYS-
HAC-derived human dystrophin in the chimeric mice 
generated from the ES cells were correctly expressed in 
tissue-specific manner. Thus, this HAC vector contain-
ing the entire dystrophin gene with its native regulatory  
elements is expected to be extremely useful for future 
gene and cell therapies of DMD.
Received 12 September 2008; accepted 17 October 2008;  
published online 25 November 2008. doi:10.1038/mt.2008.253

INTRODUCTION
Duchenne muscular dystrophy (DMD) is a recessive, fatal, 
X-linked disorder mainly caused by the absence of the dystrophin 
protein in skeletal muscle as well as in other tissues such as brain, 
retina, and smooth muscle, in which isoforms of dystrophin are 
normally expressed.1–5 Major current therapeutic approaches of 
DMD consist of (i) introducing (e.g., via viral or nonviral vectors) 
or repairing (e.g., via exon skipping) the genetic message, (ii) trans-
planting dystrophin-positive cells (e.g., via myoblast transplanta-
tion), or (iii) regulating synthesis of an endogenous gene product 
(e.g., via upregulation of utrophin gene expression).6,7 Several 
groups have reported various approaches to introduce genes for 

gene therapy.8,9 However, these vector systems have several clinical 
drawbacks including host genome integration, the limited ability 
to insert large genes, and an inappropriate expression. Random 
integration of the gene into the host genome may cause genomic 
instability and a misregulation of proximal gene loci adjacent to 
integration sites.10,11 Importantly, another possible problem is 
that an overexpression of a transgene can produce muscular dys-
trophy.12 Therefore, an exact dosage of the transgene is needed 
to achieve a therapeutic result in muscle gene therapy. Another 
approach of gene therapy is exon skipping. Exon skipping,  aiming 
to reading frame restoration, is a highly promising approach to 
convert the DMD phenotype into the milder Becker phenotype. 
However, exon skipping is a sequence-specific therapy which is not 
applicable to patients who have mutations in promoter regions or 
essential functional domains, and in the case of antisense oligo-
nucleotides, the readministration will also be necessary as these 
compounds have a limited half-life.7 For all these reasons, it would 
be desirable to target the dystrophin gene of DMD patients directly 
and permanently, independently from the nature of the mutation.

For more effective treatment of DMD, the development of a 
dystrophin expression vector that produces all isoforms of dys-
trophin may be required. Dystrophin gene encodes a number of 
tissue-specific isoforms of dystrophin including Dp427, Dp260, 
Dp140, Dp116, and Dp71 generated by transcription from at least 
seven promoters and also by alternative splicing.13 Until now, no 
episomal vector containing the entire dystrophin genomic region 
has been reported, because of its extremely large size (2.4 Mb).13,14

Human artificial chromosome (HAC) is a highly promising 
gene delivery tool that possesses several advantages over con-
ventional gene delivery systems. Like native chromosomes, HAC 
vectors have the capacity to replicate and segregate autonomously 
without integration into the host genome.15–24 In addition, HACs 
have the capacity to carry large genomic loci with their regulatory 
elements.25 The ideal gene delivery vector for safe gene therapy 
should be structurally defined and should not contain extra genes. 
We therefore recently produced a HAC vector by deleting all of the 
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Episomal vector with the capacity to deliver a large gene containing all the critical regulatory 
elements is ideal for gene therapy. Human artificial chromosomes (HACs) have the capacity to 
deliver an extremely large genetic region to host cells without integration into the host genome, 
thus preventing possible insertional mutagen- esis and genomic instability. Duchenne muscular 
dystro- phy (DMD) is caused by mutation in the extremely large dystrophin gene (2.4 Mb). We 
herein report the devel- opment of a HAC vector containing the entire human dystrophin gene 
(DYS-HAC) that is stably maintained in mice and human immortalized mesenchymal stem 
cells (hiMSCs). The DYS-HAC was transferred to mouse embryonic stem (ES) cells, and 
isoforms of the DYS- HAC-derived human dystrophin in the chimeric mice generated from the 
ES cells were correctly expressed in tissue-specific manner. Thus, this HAC vector contain- ing 
the entire dystrophin gene with its native regulatory elements is expected to be extremely 
useful for future gene and cell therapies of DMD.
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endogenous genes on human chromosome 21. This HAC contains 
an enhanced green fluorescent protein (EGFP) gene for visualiz-
ing, the herpes simplex virus thymidine kinase (HSV-tk) gene for 
the elimination of itself and a loxP site for cloning of a transgene.

In this study, we developed a HAC vector containing the 
entire human dystrophin gene including its all transcriptional 
regulatory elements (DYS-HAC). We confirmed that the multiple 
tissue- specific isoforms of human dystrophin were produced in 
mice containing the DYS-HAC, and the DYS-HAC was stably 
maintained in mice and cultured human cells.

RESULTS
Targeted integration of a loxP site into the 
proximal loci to the dystrophin gene on 
a human X chromosome fragment
We performed the following experiments to develop a HAC 
 containing the entire dystrophin gene using the chromosome 
engineering. The overall strategy for vector construction is shown 
schematically in Figure 1. We have previously established mono-
chromosomal hybrids containing individual human chromo-
somes.26 In this study, a human X chromosome fragment was 
transferred from A9 cells into DT40 cells by microcell-medicated 
chromosome transfer (MMCT), because DT40 cells exhibit a high 

frequency of homologous recombination between an exogenous 
DNA template and its chromosomal counterparts.27 This human 
X chromosome fragment containing the dystrophin gene was 
originally derived from the human primary fibroblast cells by 
MMCT. Initially, to integrate a loxP site containing the drug-re-
sistant marker blasticidin S deaminase (bsd) and the 3a hypoxan-
thine phosphoribosyl transferase (HPRT) into the proximal loci to 
the human dystrophin gene, the loxP targeting vector, pDYS-H3 
was introduced into the DT40 hybrid cells retaining a single copy 
of human X chromosome fragment tagged with the neomycin-
 resistant gene (Figure 2a). PCR analyses using the primers (BsdR/
DloxP3R, DloxP4L/4R and DloxP5L/DloxP3R) showed that 2 of 
11 blasticidin S Hydrochloride (BS)-resistant transfectants were 
correctly targeted (Tables 1 and 2). By fluorescence in situ hybrid-
ization (FISH), the digoxigenin-labeled human Cot1 DNA probe 
localized to an independently segregating X chromosome frag-
ment and the biotin-labeled bsd probe localized at the proximal 
region on the human X chromosome fragment. Neither insertion 
nor translocation were observed in both clones (Figure 2c and 
Table 2). These results indicate that the loxP site was successfully 
targeted in the correct location. These two clones were used for  
a targeted truncation of the distal region of the dystrophin gene on 
this human X chromosome fragment.
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Figure 1  Schematic diagram of the construction of various cells containing the DYS-HAC vector. The human dystrophin is located on the short 
arm of the human X chromosome. Chromosome manipulation was carried out in homologous recombination-proficient DT40 cells. To clone human 
dystrophin gene into the human artificial chromosome (HAC) vector using the Cre-loxP mediated chromosomal translocation, a loxP was targeted to 
the proximal locus of the dystrophin gene on the human X chromosome. Extra genes on the distal of the dystrophin gene were deleted by telomere-
associated chromosome truncation in the DT40 cells. The modified human X chromosome fragment was transferred into Chinese hamster ovary 
(CHO) hybrids containing the HAC including the loxP vector by microcell-medicated chromosome transfer (MMCT). The dystrophin gene (2.4 Mb) 
was cloned into the HAC vector in CHO cells using Cre-loxP mediated chromosomal translocation. From the CHO hybrids, the DYS-HAC vector was 
further transferred to human immortalized mesenchymal stem cells (hiMSCs) and mouse embryonic stem (ES) cells. The stability of the DYS-HAC 
was investigated in hiMSC cells. To study the expression of the human dystrophin gene on the DYS-HAC in vivo, the chimeric mice were produced 
from the ES cells containing the DYS-HAC.
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Human artificial chromosome (HAC) has several advan-
tages as a gene therapy vector, including stable episomal 
maintenance that avoids insertional mutations and the 
ability to carry large gene inserts including the regula-
tory elements. Induced pluripotent stem (iPS) cells have 
great potential for gene therapy, as such cells can be 
generated from the individual’s own tissues, and when 
reintroduced can contribute to the specialized function 
of any tissue. As a proof of concept, we show herein 
the complete correction of a genetic deficiency in iPS 
cells derived from Duchenne muscular dystrophy (DMD) 
model (mdx) mice and a human DMD patient using a 
HAC with a complete genomic dystrophin sequence 
(DYS-HAC). Deletion or mutation of dystrophin in iPS 
cells was corrected by transferring the DYS-HAC via 
microcell-mediated chromosome transfer (MMCT). 
DMD patient- and mdx-specific iPS cells with the DYS-
HAC gave rise to differentiation of three germ layers in 
the teratoma, and human dystrophin expression was 
detected in muscle-like tissues. Furthermore, chime-
ric mice from mdx-iPS (DYS-HAC) cells were produced 
and DYS-HAC was detected in all tissues examined, 
with tissue-specific expression of dystrophin. Therefore, 
the combination of patient-specific iPS cells and HAC-
 containing defective genes represents a powerful tool 
for gene and cell therapies.
Received 17 September 2009; accepted 25 October 2009;  
published online 8 December 2009. doi:10.1038/mt.2009.274

INTRODUCTION
Embryonic stem (ES) cells have great potential for cell therapy 
against genetic disorders, as such cells can contribute to the spe-
cialized function of any tissue.1,2 However, one potential problem 
using ES cells to treat genetic disorders is host immunorejection 
of the transplanted cells. Although ES cells for gene therapy may 
be created for a patient using the nuclear transfer technique, many 
ethical concerns are associated with this practice.3,4 Conversely, 

induced pluripotent stem (iPS) cells can be generated from the 
 tissues of the individual with defined factors.5–7 Gene and cell 
therapies with iPS cells will thus offer advantages over nuclear 
transfer ES cell–mediated gene therapy with respect to ethical 
problems, as well as providing a genetic match with the patient 
and so decreasing the likelihood of immunorejection.

Homologous recombination has been used for the gene resto-
ration of various genetic defects in ES or iPS cells using one’s own 
genetic information.8,9 However, gene defects with unknown sites 
of mutation and those involving large deletions cannot be restored 
by homologous recombination.10 Duchenne muscular dystrophy 
(DMD) is caused by dysfunction of the dystrophin gene.11–15 As 
some DMD patients show a large deletion in the DMD gene, 
these defects cannot be restored by homologous recombination 
or exon-skipping approaches. Although several vectors have been 
developed for DMD gene therapy, no episomal vector containing 
the entire dystrophin genomic region has been reported, due to 
the extremely large size of this region (2.4 megabases).16 Human 
artificial chromosome (HAC) offers several advantages as gene 
therapy vector, including stable episomal maintenance that avoids 
insertional mutations and the ability to carry large gene inserts 
including the associated regulatory elements.17–23 We therefore 
recently developed a HAC vector containing an entire dystrophin 
genome for DMD gene therapy.21 In this study, we established 
a HAC-mediated genomic transfer system as a paradigm for 
the treatment of a genetic disorder such as DMD by combining 
patient-derived iPS cells with a HAC vector containing the  normal 
version of a defective gene.

RESULTS
Characterization of iPS cells from mdx mice
First, we attempted genetic correction of iPS cells derived from 
mdx mouse, as a model for DMD (Figure 1 ). The mdx-iPS cells 
were induced from mdx mouse embryonic fibroblasts by retro-
viral infection of the three factors including Klf4, Sox2, and Oct4. 
Transduced fibroblasts from the mdx mice gave rise to ES cell–
like colonies, and these colonies were isolated based on mor-
phological criteria. Most mdx-iPS cells were positive for ES cell 
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Human artificial chromosome (HAC) has several advantages as a gene therapy vector, including stable 
episomal maintenance that avoids insertional mutations and the ability to carry large gene inserts 
including the regula- tory elements. Induced pluripotent stem (iPS) cells have great potential for gene 
therapy, as such cells can be generated from the individual’s own tissues, and when reintroduced can 
contribute to the specialized function of any tissue. 
As a proof of concept, we show herein the complete correction of a genetic deficiency in iPS cells 
derived from Duchenne muscular dystrophy (DMD) model (mdx) mice and a human DMD patient 
using a HAC with a complete genomic dystrophin sequence (DYS-HAC). Deletion or mutation of 
dystrophin in iPS cells was corrected by transferring the DYS-HAC via microcell-mediated 
chromosome transfer (MMCT). DMD patient- and mdx-specific iPS cells with the DYS- HAC gave 
rise to differentiation of three germ layers in the teratoma, and human dystrophin expression was 
detected in muscle-like tissues. Furthermore, chimeric mice from mdx-iPS (DYS-HAC) cells were 
produced and DYS-HAC was detected in all tissues examined, with tissue-specific expression of 
dystrophin. Therefore, the combination of patient-specific iPS cells and HAC- containing defective 
genes represents a powerful tool for gene and cell therapies.
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markers, displayed a normal karyotype, and generated  teratoma 
and  chimeras (Supplementary Figure S1). Two randomly selected 
clones were used for the following experiments.

Correction of mdx-iPS cells with DYS-HAC
We have previously developed a novel HAC vector containing full-
length genomic dystrophin, which was designated as DYS-HAC.21 
This DYS-HAC, which contains a visualization marker gene GFP 
and suicide gene TK, was transferred to the two independent mdx-
iPS clones via microcell-mediated chromosome transfer (MMCT). 
Eight GFP+ clones were selected and examined in the following 
experiments (Figure 2a). PCR analysis using primers for the detec-
tion of the DYS-HAC showed that six of the eight clones contained 
the intact dystrophin region in the HAC (Figure 2b). Reverse 
transcription (RT)-PCR analysis showed expression of dystro-
phin from the DYS-HAC was detected in six clones with the intact 
genomic dystrophin, whereas enhanced green fluorescent protein 
(EGFP) was expressed in all the clones examined (Figure 2d). 
Fluorescence in situ hybridization (FISH) analyses showed that 
the DYS-HAC was present as an individual chromosome in the 
mdx-iPS cells (Figure 2c). These results show that the DYS-HAC 
can be transferred to mouse iPS cells at a comparable efficiency 
to that in mouse ES cells.21 To test the stemness of the iPS cells, 
RT-PCR analyses using primers for ES cell–specific genes were 
performed (Figure 2d). Endogenous Rex1, Nanog, Oct4, and Sox2 
were expressed in all mdx-iPS (DYS-HAC) cells, comparable to 

the parent mdx-iPS cells and Nanog-iPS cells  generated  previously 
with four Yamanaka’s factors, including c-Myc. Exogenous expres-
sions of Klf4, Sox2, and Oct4 in most mdx-iPS (DYS-HAC) cells 
were lower than those of parent mdx-iPS cells, suggesting that 
expression of transgenes was more or less silenced after MMCT.

To determine whether the mdx-iPS (DYS-HAC) cells have 
the ability to differentiate into all three embryonic germ layers 
(endoderm, mesoderm, and ectoderm), cells were subcutaneously 
injected into nude mice. Transplanted mdx-iPS (DYS-HAC) gave 
rise to typical teratomas (n = 10), and GFP+ tissues were detected 
in these teratomas (Supplementary Figure S2a,b). Histological 
analyses showed that tumors contained all three embryonic 
germ layers (Supplementary Figure S2c). FISH analyses showed 
that DYS-HAC was detected in 90% of cells in tumor tissues 
(Supplementary Figure S2d). Immunohistochemical analyses 
detected the expression of human dystrophin in muscle-like tissues 
of teratomas derived from mdx-iPS (DYS-HAC) cells, but not in 
those derived from mdx-iPS cells (Figure 2e). These data suggest 
that loss of dystrophin expression in mdx-derived muscle tissue 
was restored by transferring the DYS-HAC into mdx-iPS cells.

Expression in tissues from chimeric mice  
with DYS-HAC
In order to determine developmental potential and expression 
of the transferred human dystrophin in various tissues, chimeric 
mice were produced from mdx-iPS (DYS-HAC) (Supplementary 
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Figure 1 Schematic diagram of the HAC vector system for iPS cell–mediated gene therapy. Human dystrophin gene was cloned into a human 
chromosome 21–derived HAC vector using a combination of Cre-loxP-mediated chromosomal translocation and telomere-directed chromosomal 
truncation (Step 1, blue background). In Step 2 (pink background), mdx mice- or DMD patient–derived iPS cells were genetically restored by trans-
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markers, displayed a normal karyotype, and generated  teratoma 
and  chimeras (Supplementary Figure S1). Two randomly selected 
clones were used for the following experiments.

Correction of mdx-iPS cells with DYS-HAC
We have previously developed a novel HAC vector containing full-
length genomic dystrophin, which was designated as DYS-HAC.21 
This DYS-HAC, which contains a visualization marker gene GFP 
and suicide gene TK, was transferred to the two independent mdx-
iPS clones via microcell-mediated chromosome transfer (MMCT). 
Eight GFP+ clones were selected and examined in the following 
experiments (Figure 2a). PCR analysis using primers for the detec-
tion of the DYS-HAC showed that six of the eight clones contained 
the intact dystrophin region in the HAC (Figure 2b). Reverse 
transcription (RT)-PCR analysis showed expression of dystro-
phin from the DYS-HAC was detected in six clones with the intact 
genomic dystrophin, whereas enhanced green fluorescent protein 
(EGFP) was expressed in all the clones examined (Figure 2d). 
Fluorescence in situ hybridization (FISH) analyses showed that 
the DYS-HAC was present as an individual chromosome in the 
mdx-iPS cells (Figure 2c). These results show that the DYS-HAC 
can be transferred to mouse iPS cells at a comparable efficiency 
to that in mouse ES cells.21 To test the stemness of the iPS cells, 
RT-PCR analyses using primers for ES cell–specific genes were 
performed (Figure 2d). Endogenous Rex1, Nanog, Oct4, and Sox2 
were expressed in all mdx-iPS (DYS-HAC) cells, comparable to 

the parent mdx-iPS cells and Nanog-iPS cells  generated  previously 
with four Yamanaka’s factors, including c-Myc. Exogenous expres-
sions of Klf4, Sox2, and Oct4 in most mdx-iPS (DYS-HAC) cells 
were lower than those of parent mdx-iPS cells, suggesting that 
expression of transgenes was more or less silenced after MMCT.

To determine whether the mdx-iPS (DYS-HAC) cells have 
the ability to differentiate into all three embryonic germ layers 
(endoderm, mesoderm, and ectoderm), cells were subcutaneously 
injected into nude mice. Transplanted mdx-iPS (DYS-HAC) gave 
rise to typical teratomas (n = 10), and GFP+ tissues were detected 
in these teratomas (Supplementary Figure S2a,b). Histological 
analyses showed that tumors contained all three embryonic 
germ layers (Supplementary Figure S2c). FISH analyses showed 
that DYS-HAC was detected in 90% of cells in tumor tissues 
(Supplementary Figure S2d). Immunohistochemical analyses 
detected the expression of human dystrophin in muscle-like tissues 
of teratomas derived from mdx-iPS (DYS-HAC) cells, but not in 
those derived from mdx-iPS cells (Figure 2e). These data suggest 
that loss of dystrophin expression in mdx-derived muscle tissue 
was restored by transferring the DYS-HAC into mdx-iPS cells.

Expression in tissues from chimeric mice  
with DYS-HAC
In order to determine developmental potential and expression 
of the transferred human dystrophin in various tissues, chimeric 
mice were produced from mdx-iPS (DYS-HAC) (Supplementary 
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fer of the DYS-HAC vector. The DYS-HAC was transferred to mdx-iPS cells directly. However, the DYS-HAC was transferred to DMD patient–derived 
fibroblasts via MMCT, as we failed to directly transfer the HAC into human iPS cells, then DMD-fibroblasts (DYS-HAC) were induced into iPS cells. 
Inability of MMCT into human iPS and embryonic stem cells is an unsolved issue. In Step 3 (green background), differentiation to muscle cells in vivo 
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iPS from mdx mice and correction of mdx defciency 
with DYS-HAC

The mdx-iPS cells were induced from mdx mouse 
embryonic fibroblasts by retroviral infection of the three 
factors including Klf4, Sox2, and Oct4. Transduced 
fibroblasts from the mdx mice gave rise to ES cell– like 
colonies, and these colonies were isolated based on mor-
phological criteria

also been shown to be dispensable for reprogramming human
cells [26], we generated a humanized version of the
STEMCCA-RedLight-loxP vector by similarly replacing
cMYC with mCherry in the hSTEMCCA vector. As in previ-
ous reports, the absence of cMYC diminished the overall effi-
ciency of reprogramming and extended the time required to
detect reprogrammed colonies to at least 6 weeks postinfection
(data not shown). We found three factor reprogramming with
this approach to be unreliable, however, as dermal fibroblasts
obtained from two different adults failed to produce any colo-
nies even after 8 weeks postinfection with hSTEMCCA-Red-
Light-loxP despite >90% transduction efficiency monitored by
mCherry transduction. In contrast, the same fibroblasts from
these two individuals yielded >100 colonies within 4 weeks of
reprogramming with the four-factor hSTEMCCA-loxP vector.
Consequently, we used a known GSK3 inhibitor (BIO) that has
been suggested to enhance the efficiency of reprogramming

[27]. Indeed, the presence of BIO allowed for the generation of
iPSC using the hSTEMCCA-RedLight-loxP vector with an effi-
ciency of !0.01%. However, we noted the mCherry fluoro-
chrome, which was easily visible during the first 3 weeks of
reprogramming, became undetectable by fluorescence micros-
copy in seven of seven picked iPSC clones within two passages
(Fig. 2A). Absence of mCherry expression following reprog-
ramming of human cells was confirmed by fluorescence-acti-
vated cell sorting (FACS), suggesting some degree of silencing
of the lentiviral vector (Fig. 2B), a result that sharply contrasted
with our previous observation that the STEMCCA-RedLight-
loxP vector is not silenced in mouse iPSC [22]. As a result of
the observation that lentiviral silencing followed human reprog-
ramming, the application of the mCherry-containing vector to
visually monitor vector cre-excision in human cells was not
possible. Thus, in all subsequent studies, we elected to employ
only the four-factor hSTEMCCA-loxP vector.

Figure 1. Human induced pluripotent stem cell (iPSC) generation using a humanized, floxed single lentiviral stem cell cassette (hSTEMCCA-
loxP). (A): Vector schematic illustrating the polycistronic lentiviral backbone encoding either four reprogramming factors or three factors plus
mCherry. A loxP site inserted in the viral 30LTR is duplicated to the 50LTR during viral infection and reverse transcription. The resulting floxed vec-
tor integrated in the host mammalian genome can then be excised on exposure to Cre recombinase. (B): Representative micrographs of HFF in cul-
ture (left panel) and reprogrammed human iPSC colonies (right panel). Multiple alkaline phosphatase positive colonies are observed 30 days after
reprogramming 50,000 human fibroblasts with the hSTEMCCA-loxP virus. (C, D): Characterization of four independent iPSC clones, generated
with either four factor or three factor hSTEMCCA-loxP, showing expression by reverse transcription polymerase chain reaction (C) and immuno-
staining (D) of typical pluripotent stem cell markers. (E): Representative normal 46XY karyotype of HFF-derived iPSC clone. (F): Southern blot of
BamHI digested genomic DNA from representative HFF-derived iPSC clones, probed against WPRE, demonstrates a single viral integration in all
clones. Scale bars ¼ 200 lm (B); 250 lm (D). Abbreviations: CMYC, cellular myelocytomatosis oncogene; dU3, deleted U3 region of viral LTR;
EF1a, elongation factor 1 alpha constitutive promoter; hESC, H9 human embryonic stem cell; HFF, human foreskin fibroblasts; hiPS, human induced
pluripotent stem cell; HIV, human immunodeficiency virus; hSTEMCCA, humanized version of the single lentiviral ‘‘stem cell cassette’’; IRES, in-
ternal ribosome entry site; LTR, long terminal repeats; PRE, post-transcriptional regulatory element; PSI, packaging signal; RT, reverse transcription;
SSEA, stage-specific embryonic antigen; WPRE, Woodchuck hepatitis virus post-transcriptional regulatory element.
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Figure S2e). Chimeras with various forms of coat-color  chimerism 
were obtained, and GFP+ chimeric mice were used for the follow-
ing analyses. The EGFP gene driven by the CAG promoter on the 
DYS-HAC was expressed in all tissues examined (Figure 3a), sug-
gesting that DYS-HAC was stably maintained in vivo. To investi-
gate whether the tissue-specific isoform of the human dystrophin 
on the DYS-HAC was expressed, total RNAs from various tissues 
of the chimeras were analyzed by RT-PCR using three pairs of spe-
cific primers to detect human dystrophin tissue-specific transcripts. 
Isoforms Dp427I and Dp427m were expressed in chimeric heart 
and skeletal muscle, and Dp140 was expressed in chimeric brain, 
comparable to the human expression profile (Figure 3b). FISH anal-
yses showed that the DYS-HAC was detected in 50% of cells at least 
in the brain, liver, kidney, spleen, and skeletal muscle (Figure 3c). 
This detection correlated with coat-color  chimerism, and the DYS-
HAC was present as an individual chromosome in chimeric tail 
fibroblasts (Supplementary Figure S2e,f). Immunohistochemical 
analysis using a human dystrophin– specific antibody showed 

human dystrophin  protein localized at the  sarcolemmal membrane 
in skeletal muscle (Figure 3d). These results suggest that isoforms 
of human dystrophin on the DYS-HAC were expressed in a tissue-
specific manner, and the human dystrophin protein was localized 
at the correct locus in iPS-derived chimeric skeletal muscle. These 
data were consistent with the results from our previous study using 
chimeric mice from normal mouse ES cells with the DYS-HAC.21

Correction of DMD-iPS cells with DYS-HAC
Next, we attempted genetic correction of iPS cells derived from 
a DMD patient (Figure 1). We chose a DMD patient with dele-
tion of exons 4–43 for iPS cell induction because a large dele-
tion of this type cannot be corrected even using homologous 
recombination or other conventional vectors. The DYS-HAC was 
transferred to DMD patient–derived fibroblasts via MMCT, as we 
failed to directly transfer the HAC into human iPS or human ES 
cells due to the difficulty of cloning colonies derived from single 
cell following transfection or MMCT, which is an unsolved issue. 
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Figure 2 Characterization of mdx-iPS with DYS-HAC. (a) Morphology of mdx-MEF, mdx-iPS, and mdx-iPS (DYS-HAC) cells. Phase-contrast (left 
panel) and GFP-fluorescence (right panel) micrographs are shown. (b) Genomic PCR analyses for detecting DYS-HAC in mdx-iPS cells. (c) FISH 
analyses for mdx-iPS (DYS-HAC) cells. An arrow indicates the DYS-HAC and the inset shows an enlarged image of the DYS-HAC. (d) RT-PCR analyses 
of ES cell–marker genes, four exogenous transcription factors, and human dystrophin. EGFP and Nat1 were used as internal controls. Primers for 
DYS 6L/6R, 7L/7R, and 8L/8R detected the isoform of dystrophin expressed in ES and iPS cells. (e) Immunohistochemical analyses of dystrophin in 
muscle-like tissues of each teratoma. Immunodetection of mouse and human dystrophin (left panel), immunodetection of human-specific dystrophin 
(middle panel), and GFP micrography (right panel) are shown. The insets show enlarged images of immunohistochemistry. Nanog-iPS- and mdx-iPS-
derived teratomas were used as positive and negative controls, respectively. CHO, Chinese hamster ovary; EGFP, enhanced green fluorescent protein; 
GFP, green fluorescent protein; HAC, human artificial chromosome; iPS, induced pluripotent stem cells; MEF, mouse embryonic fibroblast.

(a) Morphology of mdx-MEF, mdx-iPS,
and mdx-iPS (DYS-HAC) cells. Phase-
contrast (left panel) and GFP-fluorescence
(right panel) micrographs are shown

Microcells mediated gene transfer (MMCT) of DYS-HAC in mdx-iPS 

(b) Genomic PCR analyses for
detecting DYS-HAC in mdx-iPS cells.

(c) FISH analyses for mdx-iPS (DYS-
HAC) cells. An arrow indicates the
DYS-HAC and the inset shows an
enlarged image of the DYS-HAC.



Expression of human dystrophin in muscle-like tissues of teratomas derived from 
mdx-iPS (DYS-HAC) cells, but not in those derived from mdx-iPS cells 
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Figure S2e). Chimeras with various forms of coat-color  chimerism 
were obtained, and GFP+ chimeric mice were used for the follow-
ing analyses. The EGFP gene driven by the CAG promoter on the 
DYS-HAC was expressed in all tissues examined (Figure 3a), sug-
gesting that DYS-HAC was stably maintained in vivo. To investi-
gate whether the tissue-specific isoform of the human dystrophin 
on the DYS-HAC was expressed, total RNAs from various tissues 
of the chimeras were analyzed by RT-PCR using three pairs of spe-
cific primers to detect human dystrophin tissue-specific transcripts. 
Isoforms Dp427I and Dp427m were expressed in chimeric heart 
and skeletal muscle, and Dp140 was expressed in chimeric brain, 
comparable to the human expression profile (Figure 3b). FISH anal-
yses showed that the DYS-HAC was detected in 50% of cells at least 
in the brain, liver, kidney, spleen, and skeletal muscle (Figure 3c). 
This detection correlated with coat-color  chimerism, and the DYS-
HAC was present as an individual chromosome in chimeric tail 
fibroblasts (Supplementary Figure S2e,f). Immunohistochemical 
analysis using a human dystrophin– specific antibody showed 

human dystrophin  protein localized at the  sarcolemmal membrane 
in skeletal muscle (Figure 3d). These results suggest that isoforms 
of human dystrophin on the DYS-HAC were expressed in a tissue-
specific manner, and the human dystrophin protein was localized 
at the correct locus in iPS-derived chimeric skeletal muscle. These 
data were consistent with the results from our previous study using 
chimeric mice from normal mouse ES cells with the DYS-HAC.21

Correction of DMD-iPS cells with DYS-HAC
Next, we attempted genetic correction of iPS cells derived from 
a DMD patient (Figure 1). We chose a DMD patient with dele-
tion of exons 4–43 for iPS cell induction because a large dele-
tion of this type cannot be corrected even using homologous 
recombination or other conventional vectors. The DYS-HAC was 
transferred to DMD patient–derived fibroblasts via MMCT, as we 
failed to directly transfer the HAC into human iPS or human ES 
cells due to the difficulty of cloning colonies derived from single 
cell following transfection or MMCT, which is an unsolved issue. 
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Figure 2 Characterization of mdx-iPS with DYS-HAC. (a) Morphology of mdx-MEF, mdx-iPS, and mdx-iPS (DYS-HAC) cells. Phase-contrast (left 
panel) and GFP-fluorescence (right panel) micrographs are shown. (b) Genomic PCR analyses for detecting DYS-HAC in mdx-iPS cells. (c) FISH 
analyses for mdx-iPS (DYS-HAC) cells. An arrow indicates the DYS-HAC and the inset shows an enlarged image of the DYS-HAC. (d) RT-PCR analyses 
of ES cell–marker genes, four exogenous transcription factors, and human dystrophin. EGFP and Nat1 were used as internal controls. Primers for 
DYS 6L/6R, 7L/7R, and 8L/8R detected the isoform of dystrophin expressed in ES and iPS cells. (e) Immunohistochemical analyses of dystrophin in 
muscle-like tissues of each teratoma. Immunodetection of mouse and human dystrophin (left panel), immunodetection of human-specific dystrophin 
(middle panel), and GFP micrography (right panel) are shown. The insets show enlarged images of immunohistochemistry. Nanog-iPS- and mdx-iPS-
derived teratomas were used as positive and negative controls, respectively. CHO, Chinese hamster ovary; EGFP, enhanced green fluorescent protein; 
GFP, green fluorescent protein; HAC, human artificial chromosome; iPS, induced pluripotent stem cells; MEF, mouse embryonic fibroblast.

(e) Immunohistochemical analyses of dystrophin in muscle-like tissues of each teratoma. Immunodetection of 
mouse and human dystrophin (left panel), immunodetection of human-specific dystrophin (middle panel), and 
GFP micrography (right panel) are shown. The insets show enlarged images of immunohistochemistry. Nanog-
iPS- and mdx-iPS- derived teratomas were used as positive and negative controls, respectively. 

Molecular Therapy  vol. 18 no. 2 feb. 2010 387

© The American Society of Gene & Cell Therapy
Genetic Correction of iPS Cells From DMD

markers, displayed a normal karyotype, and generated  teratoma 
and  chimeras (Supplementary Figure S1). Two randomly selected 
clones were used for the following experiments.

Correction of mdx-iPS cells with DYS-HAC
We have previously developed a novel HAC vector containing full-
length genomic dystrophin, which was designated as DYS-HAC.21 
This DYS-HAC, which contains a visualization marker gene GFP 
and suicide gene TK, was transferred to the two independent mdx-
iPS clones via microcell-mediated chromosome transfer (MMCT). 
Eight GFP+ clones were selected and examined in the following 
experiments (Figure 2a). PCR analysis using primers for the detec-
tion of the DYS-HAC showed that six of the eight clones contained 
the intact dystrophin region in the HAC (Figure 2b). Reverse 
transcription (RT)-PCR analysis showed expression of dystro-
phin from the DYS-HAC was detected in six clones with the intact 
genomic dystrophin, whereas enhanced green fluorescent protein 
(EGFP) was expressed in all the clones examined (Figure 2d). 
Fluorescence in situ hybridization (FISH) analyses showed that 
the DYS-HAC was present as an individual chromosome in the 
mdx-iPS cells (Figure 2c). These results show that the DYS-HAC 
can be transferred to mouse iPS cells at a comparable efficiency 
to that in mouse ES cells.21 To test the stemness of the iPS cells, 
RT-PCR analyses using primers for ES cell–specific genes were 
performed (Figure 2d). Endogenous Rex1, Nanog, Oct4, and Sox2 
were expressed in all mdx-iPS (DYS-HAC) cells, comparable to 

the parent mdx-iPS cells and Nanog-iPS cells  generated  previously 
with four Yamanaka’s factors, including c-Myc. Exogenous expres-
sions of Klf4, Sox2, and Oct4 in most mdx-iPS (DYS-HAC) cells 
were lower than those of parent mdx-iPS cells, suggesting that 
expression of transgenes was more or less silenced after MMCT.

To determine whether the mdx-iPS (DYS-HAC) cells have 
the ability to differentiate into all three embryonic germ layers 
(endoderm, mesoderm, and ectoderm), cells were subcutaneously 
injected into nude mice. Transplanted mdx-iPS (DYS-HAC) gave 
rise to typical teratomas (n = 10), and GFP+ tissues were detected 
in these teratomas (Supplementary Figure S2a,b). Histological 
analyses showed that tumors contained all three embryonic 
germ layers (Supplementary Figure S2c). FISH analyses showed 
that DYS-HAC was detected in 90% of cells in tumor tissues 
(Supplementary Figure S2d). Immunohistochemical analyses 
detected the expression of human dystrophin in muscle-like tissues 
of teratomas derived from mdx-iPS (DYS-HAC) cells, but not in 
those derived from mdx-iPS cells (Figure 2e). These data suggest 
that loss of dystrophin expression in mdx-derived muscle tissue 
was restored by transferring the DYS-HAC into mdx-iPS cells.

Expression in tissues from chimeric mice  
with DYS-HAC
In order to determine developmental potential and expression 
of the transferred human dystrophin in various tissues, chimeric 
mice were produced from mdx-iPS (DYS-HAC) (Supplementary 
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Figure 1 Schematic diagram of the HAC vector system for iPS cell–mediated gene therapy. Human dystrophin gene was cloned into a human 
chromosome 21–derived HAC vector using a combination of Cre-loxP-mediated chromosomal translocation and telomere-directed chromosomal 
truncation (Step 1, blue background). In Step 2 (pink background), mdx mice- or DMD patient–derived iPS cells were genetically restored by trans-
fer of the DYS-HAC vector. The DYS-HAC was transferred to mdx-iPS cells directly. However, the DYS-HAC was transferred to DMD patient–derived 
fibroblasts via MMCT, as we failed to directly transfer the HAC into human iPS cells, then DMD-fibroblasts (DYS-HAC) were induced into iPS cells. 
Inability of MMCT into human iPS and embryonic stem cells is an unsolved issue. In Step 3 (green background), differentiation to muscle cells in vivo 
(teratoma formation) and expression of human dystrophin in muscle cells were confirmed. Step 4 represents the future and final goal of the trans-
plantation of genetically corrected autologous cells by elegant differentiation and implantation technologies to come in a near future (dotted line). 
DMD, Duchenne muscular dystrophy; HAC, human artificial chromosome; iPS, induced pluripotent stem cells; Mb, megabase; MMCT, microcell-
mediated chromosome transfer.
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markers, displayed a normal karyotype, and generated  teratoma 
and  chimeras (Supplementary Figure S1). Two randomly selected 
clones were used for the following experiments.

Correction of mdx-iPS cells with DYS-HAC
We have previously developed a novel HAC vector containing full-
length genomic dystrophin, which was designated as DYS-HAC.21 
This DYS-HAC, which contains a visualization marker gene GFP 
and suicide gene TK, was transferred to the two independent mdx-
iPS clones via microcell-mediated chromosome transfer (MMCT). 
Eight GFP+ clones were selected and examined in the following 
experiments (Figure 2a). PCR analysis using primers for the detec-
tion of the DYS-HAC showed that six of the eight clones contained 
the intact dystrophin region in the HAC (Figure 2b). Reverse 
transcription (RT)-PCR analysis showed expression of dystro-
phin from the DYS-HAC was detected in six clones with the intact 
genomic dystrophin, whereas enhanced green fluorescent protein 
(EGFP) was expressed in all the clones examined (Figure 2d). 
Fluorescence in situ hybridization (FISH) analyses showed that 
the DYS-HAC was present as an individual chromosome in the 
mdx-iPS cells (Figure 2c). These results show that the DYS-HAC 
can be transferred to mouse iPS cells at a comparable efficiency 
to that in mouse ES cells.21 To test the stemness of the iPS cells, 
RT-PCR analyses using primers for ES cell–specific genes were 
performed (Figure 2d). Endogenous Rex1, Nanog, Oct4, and Sox2 
were expressed in all mdx-iPS (DYS-HAC) cells, comparable to 

the parent mdx-iPS cells and Nanog-iPS cells  generated  previously 
with four Yamanaka’s factors, including c-Myc. Exogenous expres-
sions of Klf4, Sox2, and Oct4 in most mdx-iPS (DYS-HAC) cells 
were lower than those of parent mdx-iPS cells, suggesting that 
expression of transgenes was more or less silenced after MMCT.

To determine whether the mdx-iPS (DYS-HAC) cells have 
the ability to differentiate into all three embryonic germ layers 
(endoderm, mesoderm, and ectoderm), cells were subcutaneously 
injected into nude mice. Transplanted mdx-iPS (DYS-HAC) gave 
rise to typical teratomas (n = 10), and GFP+ tissues were detected 
in these teratomas (Supplementary Figure S2a,b). Histological 
analyses showed that tumors contained all three embryonic 
germ layers (Supplementary Figure S2c). FISH analyses showed 
that DYS-HAC was detected in 90% of cells in tumor tissues 
(Supplementary Figure S2d). Immunohistochemical analyses 
detected the expression of human dystrophin in muscle-like tissues 
of teratomas derived from mdx-iPS (DYS-HAC) cells, but not in 
those derived from mdx-iPS cells (Figure 2e). These data suggest 
that loss of dystrophin expression in mdx-derived muscle tissue 
was restored by transferring the DYS-HAC into mdx-iPS cells.

Expression in tissues from chimeric mice  
with DYS-HAC
In order to determine developmental potential and expression 
of the transferred human dystrophin in various tissues, chimeric 
mice were produced from mdx-iPS (DYS-HAC) (Supplementary 
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The DYS-HAC was successfully transferred to DMD-fibroblasts, 
as shown by PCR and multiplex PCR analyses (Figure 4a and 
Supplementary Figure S3a). FISH analyses showed that the 
DYS-HAC was present as an individual chromosome in DMD 
patient–derived fibroblasts (data not shown). The iPS cells were 
generated from the DMD-fibroblasts with the DYS-HAC using a 
combination of lenti viral infection with mouse Slc7a1 and retro-
viral infection with KLF4, SOX2, OCT4, and c-MYC, as reported 
previously.6 Thirty GFP+ and human ES–like DMD-iPS (DYS-
HAC) cells derived from three independent DMD-fibroblast 
(DYS-HAC) clones were selected, and randomly selected nine 
clones were analyzed in the following experiments. To test the 
stemness of iPS cells, RT-PCR analyses using primers for ES cell–
specific genes were performed (Figure 4c). Endogenous REX1, 
NANOG, OCT4, and SOX2 were differentially expressed in iPS 
cells. Exogenous OCT4, KLF4, SOX2, and c-MYC were expressed 
in some iPS cells. These findings show that DMD-iPS (DYS-
HAC) cells were comparable to DMD-iPS and normal human 
iPS cells. PCR and multiplex PCR analyses showed that the DYS-
HAC was maintained in all examined iPS cells, comparable to 
parent DMD-fibroblast (DYS-HAC) clones (Supplementary 

Figure S3a,b). FISH analyses showed that the DYS-HAC was 
present as an individual chromosome in the DMD-iPS (DYS-
HAC) cells (Figure 4d). To examine mitotic stability of the DYS-
HAC in DMD-iPS (DYS-HAC) cells, iPS cells were cultured for 
about 4 months without selection. FISH analyses revealed that 
the DYS-HAC was independently and stably maintained in 
DMD-iPS (DYS-HAC) cells (Figure 4e). These data suggest that 
the DYS-HAC could be maintained stably during iPS generation 
and even after long-term culture in vitro.

To determine whether DMD-iPS (DYS-HAC) cells could 
differentiate into all three embryonic germ layers, cells were 
injected into testes of severe combined immunodeficiency mice. 
Transplanted DMD-iPS (DYS-HAC) gave rise to typical terato-
mas (n = 12), and GFP+ tissues were detected in these teratomas 
(Supplementary Figure S4a). Histological analyses revealed all 
three embryonic germ layers in all teratomas (Supplementary 
Figure S4b). FISH analyses showed that the DYS-HAC was 
detected in 90% of cells in tumor tissues (Supplementary 
Figure S4c). Immunohistochemical analysis showed expression 
of human dystrophin in muscle-like tissues of teratomas derived 
from DMD-iPS (DYS-HAC) cells, but not in those derived from 
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The DYS-HAC was successfully transferred to DMD-fibroblasts, 
as shown by PCR and multiplex PCR analyses (Figure 4a and 
Supplementary Figure S3a). FISH analyses showed that the 
DYS-HAC was present as an individual chromosome in DMD 
patient–derived fibroblasts (data not shown). The iPS cells were 
generated from the DMD-fibroblasts with the DYS-HAC using a 
combination of lenti viral infection with mouse Slc7a1 and retro-
viral infection with KLF4, SOX2, OCT4, and c-MYC, as reported 
previously.6 Thirty GFP+ and human ES–like DMD-iPS (DYS-
HAC) cells derived from three independent DMD-fibroblast 
(DYS-HAC) clones were selected, and randomly selected nine 
clones were analyzed in the following experiments. To test the 
stemness of iPS cells, RT-PCR analyses using primers for ES cell–
specific genes were performed (Figure 4c). Endogenous REX1, 
NANOG, OCT4, and SOX2 were differentially expressed in iPS 
cells. Exogenous OCT4, KLF4, SOX2, and c-MYC were expressed 
in some iPS cells. These findings show that DMD-iPS (DYS-
HAC) cells were comparable to DMD-iPS and normal human 
iPS cells. PCR and multiplex PCR analyses showed that the DYS-
HAC was maintained in all examined iPS cells, comparable to 
parent DMD-fibroblast (DYS-HAC) clones (Supplementary 

Figure S3a,b). FISH analyses showed that the DYS-HAC was 
present as an individual chromosome in the DMD-iPS (DYS-
HAC) cells (Figure 4d). To examine mitotic stability of the DYS-
HAC in DMD-iPS (DYS-HAC) cells, iPS cells were cultured for 
about 4 months without selection. FISH analyses revealed that 
the DYS-HAC was independently and stably maintained in 
DMD-iPS (DYS-HAC) cells (Figure 4e). These data suggest that 
the DYS-HAC could be maintained stably during iPS generation 
and even after long-term culture in vitro.

To determine whether DMD-iPS (DYS-HAC) cells could 
differentiate into all three embryonic germ layers, cells were 
injected into testes of severe combined immunodeficiency mice. 
Transplanted DMD-iPS (DYS-HAC) gave rise to typical terato-
mas (n = 12), and GFP+ tissues were detected in these teratomas 
(Supplementary Figure S4a). Histological analyses revealed all 
three embryonic germ layers in all teratomas (Supplementary 
Figure S4b). FISH analyses showed that the DYS-HAC was 
detected in 90% of cells in tumor tissues (Supplementary 
Figure S4c). Immunohistochemical analysis showed expression 
of human dystrophin in muscle-like tissues of teratomas derived 
from DMD-iPS (DYS-HAC) cells, but not in those derived from 
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The DYS-HAC was successfully transferred to DMD-fibroblasts, 
as shown by PCR and multiplex PCR analyses (Figure 4a and 
Supplementary Figure S3a). FISH analyses showed that the 
DYS-HAC was present as an individual chromosome in DMD 
patient–derived fibroblasts (data not shown). The iPS cells were 
generated from the DMD-fibroblasts with the DYS-HAC using a 
combination of lenti viral infection with mouse Slc7a1 and retro-
viral infection with KLF4, SOX2, OCT4, and c-MYC, as reported 
previously.6 Thirty GFP+ and human ES–like DMD-iPS (DYS-
HAC) cells derived from three independent DMD-fibroblast 
(DYS-HAC) clones were selected, and randomly selected nine 
clones were analyzed in the following experiments. To test the 
stemness of iPS cells, RT-PCR analyses using primers for ES cell–
specific genes were performed (Figure 4c). Endogenous REX1, 
NANOG, OCT4, and SOX2 were differentially expressed in iPS 
cells. Exogenous OCT4, KLF4, SOX2, and c-MYC were expressed 
in some iPS cells. These findings show that DMD-iPS (DYS-
HAC) cells were comparable to DMD-iPS and normal human 
iPS cells. PCR and multiplex PCR analyses showed that the DYS-
HAC was maintained in all examined iPS cells, comparable to 
parent DMD-fibroblast (DYS-HAC) clones (Supplementary 

Figure S3a,b). FISH analyses showed that the DYS-HAC was 
present as an individual chromosome in the DMD-iPS (DYS-
HAC) cells (Figure 4d). To examine mitotic stability of the DYS-
HAC in DMD-iPS (DYS-HAC) cells, iPS cells were cultured for 
about 4 months without selection. FISH analyses revealed that 
the DYS-HAC was independently and stably maintained in 
DMD-iPS (DYS-HAC) cells (Figure 4e). These data suggest that 
the DYS-HAC could be maintained stably during iPS generation 
and even after long-term culture in vitro.

To determine whether DMD-iPS (DYS-HAC) cells could 
differentiate into all three embryonic germ layers, cells were 
injected into testes of severe combined immunodeficiency mice. 
Transplanted DMD-iPS (DYS-HAC) gave rise to typical terato-
mas (n = 12), and GFP+ tissues were detected in these teratomas 
(Supplementary Figure S4a). Histological analyses revealed all 
three embryonic germ layers in all teratomas (Supplementary 
Figure S4b). FISH analyses showed that the DYS-HAC was 
detected in 90% of cells in tumor tissues (Supplementary 
Figure S4c). Immunohistochemical analysis showed expression 
of human dystrophin in muscle-like tissues of teratomas derived 
from DMD-iPS (DYS-HAC) cells, but not in those derived from 
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markers, displayed a normal karyotype, and generated  teratoma 
and  chimeras (Supplementary Figure S1). Two randomly selected 
clones were used for the following experiments.

Correction of mdx-iPS cells with DYS-HAC
We have previously developed a novel HAC vector containing full-
length genomic dystrophin, which was designated as DYS-HAC.21 
This DYS-HAC, which contains a visualization marker gene GFP 
and suicide gene TK, was transferred to the two independent mdx-
iPS clones via microcell-mediated chromosome transfer (MMCT). 
Eight GFP+ clones were selected and examined in the following 
experiments (Figure 2a). PCR analysis using primers for the detec-
tion of the DYS-HAC showed that six of the eight clones contained 
the intact dystrophin region in the HAC (Figure 2b). Reverse 
transcription (RT)-PCR analysis showed expression of dystro-
phin from the DYS-HAC was detected in six clones with the intact 
genomic dystrophin, whereas enhanced green fluorescent protein 
(EGFP) was expressed in all the clones examined (Figure 2d). 
Fluorescence in situ hybridization (FISH) analyses showed that 
the DYS-HAC was present as an individual chromosome in the 
mdx-iPS cells (Figure 2c). These results show that the DYS-HAC 
can be transferred to mouse iPS cells at a comparable efficiency 
to that in mouse ES cells.21 To test the stemness of the iPS cells, 
RT-PCR analyses using primers for ES cell–specific genes were 
performed (Figure 2d). Endogenous Rex1, Nanog, Oct4, and Sox2 
were expressed in all mdx-iPS (DYS-HAC) cells, comparable to 

the parent mdx-iPS cells and Nanog-iPS cells  generated  previously 
with four Yamanaka’s factors, including c-Myc. Exogenous expres-
sions of Klf4, Sox2, and Oct4 in most mdx-iPS (DYS-HAC) cells 
were lower than those of parent mdx-iPS cells, suggesting that 
expression of transgenes was more or less silenced after MMCT.

To determine whether the mdx-iPS (DYS-HAC) cells have 
the ability to differentiate into all three embryonic germ layers 
(endoderm, mesoderm, and ectoderm), cells were subcutaneously 
injected into nude mice. Transplanted mdx-iPS (DYS-HAC) gave 
rise to typical teratomas (n = 10), and GFP+ tissues were detected 
in these teratomas (Supplementary Figure S2a,b). Histological 
analyses showed that tumors contained all three embryonic 
germ layers (Supplementary Figure S2c). FISH analyses showed 
that DYS-HAC was detected in 90% of cells in tumor tissues 
(Supplementary Figure S2d). Immunohistochemical analyses 
detected the expression of human dystrophin in muscle-like tissues 
of teratomas derived from mdx-iPS (DYS-HAC) cells, but not in 
those derived from mdx-iPS cells (Figure 2e). These data suggest 
that loss of dystrophin expression in mdx-derived muscle tissue 
was restored by transferring the DYS-HAC into mdx-iPS cells.

Expression in tissues from chimeric mice  
with DYS-HAC
In order to determine developmental potential and expression 
of the transferred human dystrophin in various tissues, chimeric 
mice were produced from mdx-iPS (DYS-HAC) (Supplementary 
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fer of the DYS-HAC vector. The DYS-HAC was transferred to mdx-iPS cells directly. However, the DYS-HAC was transferred to DMD patient–derived 
fibroblasts via MMCT, as we failed to directly transfer the HAC into human iPS cells, then DMD-fibroblasts (DYS-HAC) were induced into iPS cells. 
Inability of MMCT into human iPS and embryonic stem cells is an unsolved issue. In Step 3 (green background), differentiation to muscle cells in vivo 
(teratoma formation) and expression of human dystrophin in muscle cells were confirmed. Step 4 represents the future and final goal of the trans-
plantation of genetically corrected autologous cells by elegant differentiation and implantation technologies to come in a near future (dotted line). 
DMD, Duchenne muscular dystrophy; HAC, human artificial chromosome; iPS, induced pluripotent stem cells; Mb, megabase; MMCT, microcell-
mediated chromosome transfer.



correction of DMD-fibrobalst cells with DYS-HAC
correction of iPS cells derived from a DMD patient DMD with deletion of exons 4–43.
A large deletion of this type cannot be corrected even using homologous recombination or other 
conventional vectors. 
The DYS-HAC was transferred to DMD patient–derived fibroblasts via MMCT, as they failed to 
directly transfer the HAC into human iPS or human ES cells. 
The DYS-HAC was successfully transferred to DMD-fibroblasts, as shown by PCR and multiplex 
PCR analyses 
FISH analyses showed that the DYS-HAC was present as an individual chromosome in DMD 
patient–derived fibroblasts 
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DMD-iPS cells (Figure 4f). These data were comparable to the 
results of the mdx-iPS (DYS-HAC) experiments mentioned above. 
These data suggest that loss of dystrophin expression in DMD-
derived muscle tissue was restored by transferring the DYS-HAC 
into DMD-iPS cells.

DISCUSSION
Previously, mouse iPS cells derived from sickle cell anemia have 
been corrected using the homologous recombination approach, 
with the model mice treated using iPS-derived hematopoietic 
progenitors.9 Most recently, Fanconi anemia patient–derived iPS 
cells were corrected using the viral vector, and the iPS cells could 
give rise to hematopoietic progenitors of the myeloid and eryth-
roid lineages, showing the correction of the disease phenotype.24 
However, genetic restoration by the homologous recombination 
and gene transfer using the conventional vectors, including viral 
and plasmid vector, cannot be applied in DMD patients with large 
deletions in the gene. The present results have shown the first 
complete genetic correction of a human genetic disorder, DMD 
with deletion of exon 4–43, using a novel HAC as an episomal 

vector. As Kimura et al. recently reported myogenic conversion 
from fibroblasts by transducing the inducible myogenic regulator, 
MyoD, the DMD-fibroblast (DYS-HAC) developed in this study 
may also represent a source for gene therapy.25

To the best of our knowledge, iPS cells have been generated 
from human primary fibroblast populations, but not from cloned 
cells.6 In this study, we could generate patient-derived genetically 
corrected iPS cells even from fibroblasts cloned after MMCT. 
Although several dystrophin isoforms cannot be expressed using 
previously reported vector systems, our HAC vector system con-
taining an entire genomic dystrophin enabled isoform expres-
sions in iPS-derived various tissues with the DYS-HAC in a 
tissue- specific manner. As the integrating viral vectors were used 
for iPS generation in this study, however, iPS induction using a 
nonintegrating vector system, protein introduction system, or 
chemical small molecules may be needed for safe gene therapy.26–33 
The HAC vector may also be a promising tool for safe iPS genera-
tion: the HAC is a nonintegrating vector, and the elimination of 
a HAC, with a conditional centromere, from the cells can also be 
performed.34
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Figure 4 Characterization of DMD-iPS with DYS-HAC. (a) Genomic multiplex PCR analyses for detecting the dystrophin genome on the DYS-HAC 
in DMD-fibroblast cells. Red lines show exons deleted in the DMD-fibroblast. (b) Morphology of DMD-fibroblasts, DMD-fibroblasts (DYS-HAC), and 
DMD-iPS (DYS-HAC) cells. Phase-contrast (top panel) and fluorescence (bottom panel) micrographs are shown. (c) RT-PCR analyses of embryonic 
stem cell–marker genes and four transcription factors. (d) FISH analyses for DMD-iPS (DYS-HAC) cells. An arrow indicates the DYS-HAC and the inset 
shows an enlarged image of the DYS-HAC. (e) Mitotic stability of the DYS-HAC in DMD-iPS (DYS-HAC) cells. (f) Immunohistochemical analyses of 
dystrophin in muscle-like tissues of each teratoma. HE staining (left panel), immunodetection of dystrophin (middle panel), and GFP micrography 
(right panel) are shown. The insets show enlarged images of immunohistochemistry. CHO, Chinese hamster ovary; DMD, Duchenne muscular dys-
trophy; GFP, green fluorescent protein; HAC, human artificial chromosome; HE, hematoxylin and eosin; iPS, induced pluripotent stem cells; PDL, 
population doubling.
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DMD-iPS cells (Figure 4f). These data were comparable to the 
results of the mdx-iPS (DYS-HAC) experiments mentioned above. 
These data suggest that loss of dystrophin expression in DMD-
derived muscle tissue was restored by transferring the DYS-HAC 
into DMD-iPS cells.

DISCUSSION
Previously, mouse iPS cells derived from sickle cell anemia have 
been corrected using the homologous recombination approach, 
with the model mice treated using iPS-derived hematopoietic 
progenitors.9 Most recently, Fanconi anemia patient–derived iPS 
cells were corrected using the viral vector, and the iPS cells could 
give rise to hematopoietic progenitors of the myeloid and eryth-
roid lineages, showing the correction of the disease phenotype.24 
However, genetic restoration by the homologous recombination 
and gene transfer using the conventional vectors, including viral 
and plasmid vector, cannot be applied in DMD patients with large 
deletions in the gene. The present results have shown the first 
complete genetic correction of a human genetic disorder, DMD 
with deletion of exon 4–43, using a novel HAC as an episomal 

vector. As Kimura et al. recently reported myogenic conversion 
from fibroblasts by transducing the inducible myogenic regulator, 
MyoD, the DMD-fibroblast (DYS-HAC) developed in this study 
may also represent a source for gene therapy.25

To the best of our knowledge, iPS cells have been generated 
from human primary fibroblast populations, but not from cloned 
cells.6 In this study, we could generate patient-derived genetically 
corrected iPS cells even from fibroblasts cloned after MMCT. 
Although several dystrophin isoforms cannot be expressed using 
previously reported vector systems, our HAC vector system con-
taining an entire genomic dystrophin enabled isoform expres-
sions in iPS-derived various tissues with the DYS-HAC in a 
tissue- specific manner. As the integrating viral vectors were used 
for iPS generation in this study, however, iPS induction using a 
nonintegrating vector system, protein introduction system, or 
chemical small molecules may be needed for safe gene therapy.26–33 
The HAC vector may also be a promising tool for safe iPS genera-
tion: the HAC is a nonintegrating vector, and the elimination of 
a HAC, with a conditional centromere, from the cells can also be 
performed.34
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Figure 4 Characterization of DMD-iPS with DYS-HAC. (a) Genomic multiplex PCR analyses for detecting the dystrophin genome on the DYS-HAC 
in DMD-fibroblast cells. Red lines show exons deleted in the DMD-fibroblast. (b) Morphology of DMD-fibroblasts, DMD-fibroblasts (DYS-HAC), and 
DMD-iPS (DYS-HAC) cells. Phase-contrast (top panel) and fluorescence (bottom panel) micrographs are shown. (c) RT-PCR analyses of embryonic 
stem cell–marker genes and four transcription factors. (d) FISH analyses for DMD-iPS (DYS-HAC) cells. An arrow indicates the DYS-HAC and the inset 
shows an enlarged image of the DYS-HAC. (e) Mitotic stability of the DYS-HAC in DMD-iPS (DYS-HAC) cells. (f) Immunohistochemical analyses of 
dystrophin in muscle-like tissues of each teratoma. HE staining (left panel), immunodetection of dystrophin (middle panel), and GFP micrography 
(right panel) are shown. The insets show enlarged images of immunohistochemistry. CHO, Chinese hamster ovary; DMD, Duchenne muscular dys-
trophy; GFP, green fluorescent protein; HAC, human artificial chromosome; HE, hematoxylin and eosin; iPS, induced pluripotent stem cells; PDL, 
population doubling.

(a) Genomic multiplex PCR analyses for detecting the 
dystrophin genome on the DYS-HAC in DMD-fibroblast 
cells. Red lines show exons deleted in the DMD-fibroblast. 

(b) Morphology of DMD-fibroblasts, DMD-fibroblasts 
(DYS-HAC), and DMD-iPS (DYS-HAC) cells. Phase-
contrast (top panel) and fluorescence (bottom panel) 
micrographs are shown.



DMD-iPS (DYS-HAC) 
The iPS cells were generated from the DMD-fibroblasts with the DYS-HAC using a combination of 
lentiviral infection with mouse Slc7a1 and retro- viral infection with KLF4, SOX2, OCT4, and c-MYC.
PCR and multiplex PCR analyses showed that the DYS- HAC was maintained in all examined iPS cells, 
comparable to parent DMD-fibroblast (DYS-HAC) clones. FISH analyses showed that the DYS-HAC 
was present as an individual chromosome in the DMD-iPS (DYS- HAC) cells. iPS cells were cultured 
for about 4 months without selection. FISH analyses revealed that the DYS-HAC was independently and 
stably maintained in DMD-iPS (DYS-HAC) cells 
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DMD-iPS cells (Figure 4f). These data were comparable to the 
results of the mdx-iPS (DYS-HAC) experiments mentioned above. 
These data suggest that loss of dystrophin expression in DMD-
derived muscle tissue was restored by transferring the DYS-HAC 
into DMD-iPS cells.

DISCUSSION
Previously, mouse iPS cells derived from sickle cell anemia have 
been corrected using the homologous recombination approach, 
with the model mice treated using iPS-derived hematopoietic 
progenitors.9 Most recently, Fanconi anemia patient–derived iPS 
cells were corrected using the viral vector, and the iPS cells could 
give rise to hematopoietic progenitors of the myeloid and eryth-
roid lineages, showing the correction of the disease phenotype.24 
However, genetic restoration by the homologous recombination 
and gene transfer using the conventional vectors, including viral 
and plasmid vector, cannot be applied in DMD patients with large 
deletions in the gene. The present results have shown the first 
complete genetic correction of a human genetic disorder, DMD 
with deletion of exon 4–43, using a novel HAC as an episomal 

vector. As Kimura et al. recently reported myogenic conversion 
from fibroblasts by transducing the inducible myogenic regulator, 
MyoD, the DMD-fibroblast (DYS-HAC) developed in this study 
may also represent a source for gene therapy.25

To the best of our knowledge, iPS cells have been generated 
from human primary fibroblast populations, but not from cloned 
cells.6 In this study, we could generate patient-derived genetically 
corrected iPS cells even from fibroblasts cloned after MMCT. 
Although several dystrophin isoforms cannot be expressed using 
previously reported vector systems, our HAC vector system con-
taining an entire genomic dystrophin enabled isoform expres-
sions in iPS-derived various tissues with the DYS-HAC in a 
tissue- specific manner. As the integrating viral vectors were used 
for iPS generation in this study, however, iPS induction using a 
nonintegrating vector system, protein introduction system, or 
chemical small molecules may be needed for safe gene therapy.26–33 
The HAC vector may also be a promising tool for safe iPS genera-
tion: the HAC is a nonintegrating vector, and the elimination of 
a HAC, with a conditional centromere, from the cells can also be 
performed.34
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Figure 4 Characterization of DMD-iPS with DYS-HAC. (a) Genomic multiplex PCR analyses for detecting the dystrophin genome on the DYS-HAC 
in DMD-fibroblast cells. Red lines show exons deleted in the DMD-fibroblast. (b) Morphology of DMD-fibroblasts, DMD-fibroblasts (DYS-HAC), and 
DMD-iPS (DYS-HAC) cells. Phase-contrast (top panel) and fluorescence (bottom panel) micrographs are shown. (c) RT-PCR analyses of embryonic 
stem cell–marker genes and four transcription factors. (d) FISH analyses for DMD-iPS (DYS-HAC) cells. An arrow indicates the DYS-HAC and the inset 
shows an enlarged image of the DYS-HAC. (e) Mitotic stability of the DYS-HAC in DMD-iPS (DYS-HAC) cells. (f) Immunohistochemical analyses of 
dystrophin in muscle-like tissues of each teratoma. HE staining (left panel), immunodetection of dystrophin (middle panel), and GFP micrography 
(right panel) are shown. The insets show enlarged images of immunohistochemistry. CHO, Chinese hamster ovary; DMD, Duchenne muscular dys-
trophy; GFP, green fluorescent protein; HAC, human artificial chromosome; HE, hematoxylin and eosin; iPS, induced pluripotent stem cells; PDL, 
population doubling.

(d) FISH analyses for DMD-iPS (DYS-HAC) cells. 
An arrow indicates the DYS-HAC and the inset 
shows an enlarged image of the DYS-HAC. 

(e) Mitotic stability of the DYS-HAC in DMD-iPS 
(DYS-HAC) cells. 



human dystrophin in muscle-like tissues of teratomas derived 
from DMD-iPS (DYS-HAC)
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DMD-iPS cells (Figure 4f). These data were comparable to the 
results of the mdx-iPS (DYS-HAC) experiments mentioned above. 
These data suggest that loss of dystrophin expression in DMD-
derived muscle tissue was restored by transferring the DYS-HAC 
into DMD-iPS cells.

DISCUSSION
Previously, mouse iPS cells derived from sickle cell anemia have 
been corrected using the homologous recombination approach, 
with the model mice treated using iPS-derived hematopoietic 
progenitors.9 Most recently, Fanconi anemia patient–derived iPS 
cells were corrected using the viral vector, and the iPS cells could 
give rise to hematopoietic progenitors of the myeloid and eryth-
roid lineages, showing the correction of the disease phenotype.24 
However, genetic restoration by the homologous recombination 
and gene transfer using the conventional vectors, including viral 
and plasmid vector, cannot be applied in DMD patients with large 
deletions in the gene. The present results have shown the first 
complete genetic correction of a human genetic disorder, DMD 
with deletion of exon 4–43, using a novel HAC as an episomal 

vector. As Kimura et al. recently reported myogenic conversion 
from fibroblasts by transducing the inducible myogenic regulator, 
MyoD, the DMD-fibroblast (DYS-HAC) developed in this study 
may also represent a source for gene therapy.25

To the best of our knowledge, iPS cells have been generated 
from human primary fibroblast populations, but not from cloned 
cells.6 In this study, we could generate patient-derived genetically 
corrected iPS cells even from fibroblasts cloned after MMCT. 
Although several dystrophin isoforms cannot be expressed using 
previously reported vector systems, our HAC vector system con-
taining an entire genomic dystrophin enabled isoform expres-
sions in iPS-derived various tissues with the DYS-HAC in a 
tissue- specific manner. As the integrating viral vectors were used 
for iPS generation in this study, however, iPS induction using a 
nonintegrating vector system, protein introduction system, or 
chemical small molecules may be needed for safe gene therapy.26–33 
The HAC vector may also be a promising tool for safe iPS genera-
tion: the HAC is a nonintegrating vector, and the elimination of 
a HAC, with a conditional centromere, from the cells can also be 
performed.34
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Figure 4 Characterization of DMD-iPS with DYS-HAC. (a) Genomic multiplex PCR analyses for detecting the dystrophin genome on the DYS-HAC 
in DMD-fibroblast cells. Red lines show exons deleted in the DMD-fibroblast. (b) Morphology of DMD-fibroblasts, DMD-fibroblasts (DYS-HAC), and 
DMD-iPS (DYS-HAC) cells. Phase-contrast (top panel) and fluorescence (bottom panel) micrographs are shown. (c) RT-PCR analyses of embryonic 
stem cell–marker genes and four transcription factors. (d) FISH analyses for DMD-iPS (DYS-HAC) cells. An arrow indicates the DYS-HAC and the inset 
shows an enlarged image of the DYS-HAC. (e) Mitotic stability of the DYS-HAC in DMD-iPS (DYS-HAC) cells. (f) Immunohistochemical analyses of 
dystrophin in muscle-like tissues of each teratoma. HE staining (left panel), immunodetection of dystrophin (middle panel), and GFP micrography 
(right panel) are shown. The insets show enlarged images of immunohistochemistry. CHO, Chinese hamster ovary; DMD, Duchenne muscular dys-
trophy; GFP, green fluorescent protein; HAC, human artificial chromosome; HE, hematoxylin and eosin; iPS, induced pluripotent stem cells; PDL, 
population doubling.

(f) Immunohistochemical analyses of dystrophin in muscle-like tissues of 
each teratoma. HE staining (left panel), immunodetection of dystrophin 
(middle panel), and GFP micrography (right panel) are shown. The insets 
show enlarged images of immunohistochemistry. 
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markers, displayed a normal karyotype, and generated  teratoma 
and  chimeras (Supplementary Figure S1). Two randomly selected 
clones were used for the following experiments.

Correction of mdx-iPS cells with DYS-HAC
We have previously developed a novel HAC vector containing full-
length genomic dystrophin, which was designated as DYS-HAC.21 
This DYS-HAC, which contains a visualization marker gene GFP 
and suicide gene TK, was transferred to the two independent mdx-
iPS clones via microcell-mediated chromosome transfer (MMCT). 
Eight GFP+ clones were selected and examined in the following 
experiments (Figure 2a). PCR analysis using primers for the detec-
tion of the DYS-HAC showed that six of the eight clones contained 
the intact dystrophin region in the HAC (Figure 2b). Reverse 
transcription (RT)-PCR analysis showed expression of dystro-
phin from the DYS-HAC was detected in six clones with the intact 
genomic dystrophin, whereas enhanced green fluorescent protein 
(EGFP) was expressed in all the clones examined (Figure 2d). 
Fluorescence in situ hybridization (FISH) analyses showed that 
the DYS-HAC was present as an individual chromosome in the 
mdx-iPS cells (Figure 2c). These results show that the DYS-HAC 
can be transferred to mouse iPS cells at a comparable efficiency 
to that in mouse ES cells.21 To test the stemness of the iPS cells, 
RT-PCR analyses using primers for ES cell–specific genes were 
performed (Figure 2d). Endogenous Rex1, Nanog, Oct4, and Sox2 
were expressed in all mdx-iPS (DYS-HAC) cells, comparable to 

the parent mdx-iPS cells and Nanog-iPS cells  generated  previously 
with four Yamanaka’s factors, including c-Myc. Exogenous expres-
sions of Klf4, Sox2, and Oct4 in most mdx-iPS (DYS-HAC) cells 
were lower than those of parent mdx-iPS cells, suggesting that 
expression of transgenes was more or less silenced after MMCT.

To determine whether the mdx-iPS (DYS-HAC) cells have 
the ability to differentiate into all three embryonic germ layers 
(endoderm, mesoderm, and ectoderm), cells were subcutaneously 
injected into nude mice. Transplanted mdx-iPS (DYS-HAC) gave 
rise to typical teratomas (n = 10), and GFP+ tissues were detected 
in these teratomas (Supplementary Figure S2a,b). Histological 
analyses showed that tumors contained all three embryonic 
germ layers (Supplementary Figure S2c). FISH analyses showed 
that DYS-HAC was detected in 90% of cells in tumor tissues 
(Supplementary Figure S2d). Immunohistochemical analyses 
detected the expression of human dystrophin in muscle-like tissues 
of teratomas derived from mdx-iPS (DYS-HAC) cells, but not in 
those derived from mdx-iPS cells (Figure 2e). These data suggest 
that loss of dystrophin expression in mdx-derived muscle tissue 
was restored by transferring the DYS-HAC into mdx-iPS cells.

Expression in tissues from chimeric mice  
with DYS-HAC
In order to determine developmental potential and expression 
of the transferred human dystrophin in various tissues, chimeric 
mice were produced from mdx-iPS (DYS-HAC) (Supplementary 
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markers, displayed a normal karyotype, and generated  teratoma 
and  chimeras (Supplementary Figure S1). Two randomly selected 
clones were used for the following experiments.

Correction of mdx-iPS cells with DYS-HAC
We have previously developed a novel HAC vector containing full-
length genomic dystrophin, which was designated as DYS-HAC.21 
This DYS-HAC, which contains a visualization marker gene GFP 
and suicide gene TK, was transferred to the two independent mdx-
iPS clones via microcell-mediated chromosome transfer (MMCT). 
Eight GFP+ clones were selected and examined in the following 
experiments (Figure 2a). PCR analysis using primers for the detec-
tion of the DYS-HAC showed that six of the eight clones contained 
the intact dystrophin region in the HAC (Figure 2b). Reverse 
transcription (RT)-PCR analysis showed expression of dystro-
phin from the DYS-HAC was detected in six clones with the intact 
genomic dystrophin, whereas enhanced green fluorescent protein 
(EGFP) was expressed in all the clones examined (Figure 2d). 
Fluorescence in situ hybridization (FISH) analyses showed that 
the DYS-HAC was present as an individual chromosome in the 
mdx-iPS cells (Figure 2c). These results show that the DYS-HAC 
can be transferred to mouse iPS cells at a comparable efficiency 
to that in mouse ES cells.21 To test the stemness of the iPS cells, 
RT-PCR analyses using primers for ES cell–specific genes were 
performed (Figure 2d). Endogenous Rex1, Nanog, Oct4, and Sox2 
were expressed in all mdx-iPS (DYS-HAC) cells, comparable to 

the parent mdx-iPS cells and Nanog-iPS cells  generated  previously 
with four Yamanaka’s factors, including c-Myc. Exogenous expres-
sions of Klf4, Sox2, and Oct4 in most mdx-iPS (DYS-HAC) cells 
were lower than those of parent mdx-iPS cells, suggesting that 
expression of transgenes was more or less silenced after MMCT.

To determine whether the mdx-iPS (DYS-HAC) cells have 
the ability to differentiate into all three embryonic germ layers 
(endoderm, mesoderm, and ectoderm), cells were subcutaneously 
injected into nude mice. Transplanted mdx-iPS (DYS-HAC) gave 
rise to typical teratomas (n = 10), and GFP+ tissues were detected 
in these teratomas (Supplementary Figure S2a,b). Histological 
analyses showed that tumors contained all three embryonic 
germ layers (Supplementary Figure S2c). FISH analyses showed 
that DYS-HAC was detected in 90% of cells in tumor tissues 
(Supplementary Figure S2d). Immunohistochemical analyses 
detected the expression of human dystrophin in muscle-like tissues 
of teratomas derived from mdx-iPS (DYS-HAC) cells, but not in 
those derived from mdx-iPS cells (Figure 2e). These data suggest 
that loss of dystrophin expression in mdx-derived muscle tissue 
was restored by transferring the DYS-HAC into mdx-iPS cells.
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iPS cells combined with HAC vector system may open a 
way to more sophisticated DMD gene therapies. 

Genetic correction of patient-specific iPS cells by MMCT of the DYS-HAC, efficient differentiation 
from iPS cells into muscle stem cells in vitro, and transplantation of genetically corrected autologous 
cells into the same patient are needed for the gene therapy of DMD.

Molecular Therapy  vol. 18 no. 2 feb. 2010 387

© The American Society of Gene & Cell Therapy
Genetic Correction of iPS Cells From DMD

markers, displayed a normal karyotype, and generated  teratoma 
and  chimeras (Supplementary Figure S1). Two randomly selected 
clones were used for the following experiments.

Correction of mdx-iPS cells with DYS-HAC
We have previously developed a novel HAC vector containing full-
length genomic dystrophin, which was designated as DYS-HAC.21 
This DYS-HAC, which contains a visualization marker gene GFP 
and suicide gene TK, was transferred to the two independent mdx-
iPS clones via microcell-mediated chromosome transfer (MMCT). 
Eight GFP+ clones were selected and examined in the following 
experiments (Figure 2a). PCR analysis using primers for the detec-
tion of the DYS-HAC showed that six of the eight clones contained 
the intact dystrophin region in the HAC (Figure 2b). Reverse 
transcription (RT)-PCR analysis showed expression of dystro-
phin from the DYS-HAC was detected in six clones with the intact 
genomic dystrophin, whereas enhanced green fluorescent protein 
(EGFP) was expressed in all the clones examined (Figure 2d). 
Fluorescence in situ hybridization (FISH) analyses showed that 
the DYS-HAC was present as an individual chromosome in the 
mdx-iPS cells (Figure 2c). These results show that the DYS-HAC 
can be transferred to mouse iPS cells at a comparable efficiency 
to that in mouse ES cells.21 To test the stemness of the iPS cells, 
RT-PCR analyses using primers for ES cell–specific genes were 
performed (Figure 2d). Endogenous Rex1, Nanog, Oct4, and Sox2 
were expressed in all mdx-iPS (DYS-HAC) cells, comparable to 

the parent mdx-iPS cells and Nanog-iPS cells  generated  previously 
with four Yamanaka’s factors, including c-Myc. Exogenous expres-
sions of Klf4, Sox2, and Oct4 in most mdx-iPS (DYS-HAC) cells 
were lower than those of parent mdx-iPS cells, suggesting that 
expression of transgenes was more or less silenced after MMCT.

To determine whether the mdx-iPS (DYS-HAC) cells have 
the ability to differentiate into all three embryonic germ layers 
(endoderm, mesoderm, and ectoderm), cells were subcutaneously 
injected into nude mice. Transplanted mdx-iPS (DYS-HAC) gave 
rise to typical teratomas (n = 10), and GFP+ tissues were detected 
in these teratomas (Supplementary Figure S2a,b). Histological 
analyses showed that tumors contained all three embryonic 
germ layers (Supplementary Figure S2c). FISH analyses showed 
that DYS-HAC was detected in 90% of cells in tumor tissues 
(Supplementary Figure S2d). Immunohistochemical analyses 
detected the expression of human dystrophin in muscle-like tissues 
of teratomas derived from mdx-iPS (DYS-HAC) cells, but not in 
those derived from mdx-iPS cells (Figure 2e). These data suggest 
that loss of dystrophin expression in mdx-derived muscle tissue 
was restored by transferring the DYS-HAC into mdx-iPS cells.

Expression in tissues from chimeric mice  
with DYS-HAC
In order to determine developmental potential and expression 
of the transferred human dystrophin in various tissues, chimeric 
mice were produced from mdx-iPS (DYS-HAC) (Supplementary 

DMD patientStep 1

Step 2

Step 4

Step 4

Step 3
DYS-HAC

vectorHuman
chromosome X

Telomere
seeding

Telomere
IoxP
Dystrophin (2.4 Mb)

mdx mice
(DMD model mice)

Fibroblasts
with genetic defect

Fibroblasts
with genetic defect

Transplantation of genetically
corrected autologous cells

Transplantation of genetically
corrected autologous cells

Chromosome
transfer
(MMCT)

Chromosome
transfer
(MMCT)

Induction of iPS cells
with defined factors

Induction of iPS cells
with defined factors

Differentiation
to muscle stem
cells in vitro

Teratoma
formation

1. Differentiation
to muscle cells
2. Expression of
human dystrophin

Genetically corrected iPS cells

Genetically corrected fibroblasts

iPS cells
with genetic defect

Human
chromosome 21

HAC vector
Chromosomal
translocation

with Cre

Figure 1 Schematic diagram of the HAC vector system for iPS cell–mediated gene therapy. Human dystrophin gene was cloned into a human 
chromosome 21–derived HAC vector using a combination of Cre-loxP-mediated chromosomal translocation and telomere-directed chromosomal 
truncation (Step 1, blue background). In Step 2 (pink background), mdx mice- or DMD patient–derived iPS cells were genetically restored by trans-
fer of the DYS-HAC vector. The DYS-HAC was transferred to mdx-iPS cells directly. However, the DYS-HAC was transferred to DMD patient–derived 
fibroblasts via MMCT, as we failed to directly transfer the HAC into human iPS cells, then DMD-fibroblasts (DYS-HAC) were induced into iPS cells. 
Inability of MMCT into human iPS and embryonic stem cells is an unsolved issue. In Step 3 (green background), differentiation to muscle cells in vivo 
(teratoma formation) and expression of human dystrophin in muscle cells were confirmed. Step 4 represents the future and final goal of the trans-
plantation of genetically corrected autologous cells by elegant differentiation and implantation technologies to come in a near future (dotted line). 
DMD, Duchenne muscular dystrophy; HAC, human artificial chromosome; iPS, induced pluripotent stem cells; Mb, megabase; MMCT, microcell-
mediated chromosome transfer.



consultare
 Current Gene Therapy, 2007, 7, 000-000 1 

    1566-5232/07 $50.00+.00 © 2007 Bentham Science Publishers Ltd. 

Genomic Context Vectors and Artificial Chromosomes for Cystic Fibrosis 
Gene Therapy 

M. Conese1,2*, A.C. Boyd3 , S. Di Gioia1,3, C. Auriche4 and F. Ascenzioni4 

1Institute for Experimental Treatment of Cystic Fibrosis, H.S. Raffaele, Milano, Italy; 2Department of Biomedical Sci-
ences, University of Foggia, Foggia, Italy; 3Medical Genetics Section, Molecular Medicine Centre, University of Edin-
burgh, Western General Hospital, Edinburgh, UK;  4Department of Cell Biology and Development, University of Rome 
“La Sapienza”, Rome, Italy 

Abstract: Cystic fibrosis (CF) is caused by mutations of the CF transmembrane conductance regulator (CFTR) gene, 
which encodes a cAMP dependent chloride channel whose expression is finely tuned in space and time. Gene therapy ap-
proaches to CF lung disease have demonstrated partial efficacy and short-lived CFTR expression in the airways. Draw-
backs in the use of classical gene transfer vectors include immune response to viral proteins or to unmethylated CpG mo-
tifs contained in bacterially-derived vector DNA, and shut-off of viral promoters. 

These limitations could be overcome by providing stable maintenance and expression of the CFTR gene inside the defec-
tive cells. This strategy makes use of large fragments of DNA of various sizes containing the CFTR transgene and its 
relevant regulatory regions, (genomic context vectors [GCVs], reaching ultimate complexity in the form of an artificial 
chromosome [AC]) as vector for the transgene. Appropriate regulation in space and time would be achieved by the pres-
ence of the endogenous promoter and other control elements, while retention in daughter cells could be ensured by the 
presence of sequences which guarantee episomal replication.  

In this review, we describe recent advances in GCVs and ACs and the technology underlying their construction. These 
vectors have been shown to be suitable for delivery and expression of therapeutically relevant genes, including CFTR. 
The major issue which now limits their routine use is delivery inefficiency. Once this issue is resolved, we will be closer 
to achieving the goal of regulated gene therapy for CF. 

Keywords: Genomic context vectors, artificial chromosome, pulmonary disease, adeno-associated virus, lentivirus, airway 
epithelium, host defences.  

INTRODUCTION 

 Cystic Fibrosis (CF, OMIM# 219700) is the most com-
mon life-shortening autosomal recessive disorder in Cauca-
sian populations and its clinical symptoms are the conse-
quence of mutations in the CF transmembrane conductance 
regulator (CFTR) gene on chromosome 7q31.2. The gene, 
and the corresponding mRNA, are both relatively large, the 
gene spanning 250 kb and the mRNA 6.5 kb, of which 4440 
bases is amino acid coding sequence. The gene consists of a 
TATA-less promoter and 27 exons.  
 The CFTR gene encodes a transmembrane glycoprotein 
of 1480 amino acids and has a calculated molecular mass of 
168 kDa [Riordan et al. 1989]. CFTR resides on the apical 
membrane of epithelial cells lining the airways, biliary tree, 
intestines, vas deferens, sweat ducts and pancreatic ducts 
[Tsui 1995]. CFTR is a member of the ATP binding cassette 
family of transporters, although uniquely it is formed of five 
domains: two membrane spanning domains each composed 
of six subunits; two nucleotide binding domains; and a cyto- 
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plasmic regulatory domain. The membrane spanning do-
mains appear to contribute to the formation of a chloride 
channel pore, since mutation of specific residues within the 
first membrane spanning domain alters the anion selectivity 
of the channel [Rich et al. 1990; Welsh and Smith 1993]. 
The nucleotide binding domain of CFTR is responsible for 
the binding and hydrolysis of ATP and provides the energy 
necessary for channel activity [Tsui 1995]. The regulatory 
domain modulates the channel activity of CFTR and can 
have both inhibitory and stimulatory effects [Rich and 
Berger 1993]. 
 Although over 1200 mutations and 200 polymorphisms 
in the gene have been described so far, one mutation, �F508, 
predominates in Caucasian population (Kerem et al., 1989). 
This three base pair deletion results in the absence of pheny-
lalanine at residue 508 of the CFTR protein and is present in 
approximately 70 percent of defective CFTR alleles and in 
90 percent of patients. 
 Different classes of gene mutation leading to CFTR de-
fects have been identified: absence of synthesis (class I); 
defective protein maturation and premature degradation 
(class II), to which �F508 belongs; disordered regulation, 
such as diminished ATP binding and hydrolysis (class III); 
defective chloride conductance or channel gating (class IV); 
a reduced number of CFTR transcripts due to a promoter or 
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