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In all eukaryotic cells, origins of DNA replication are characterized
by the binding of the origin recognition complex (ORC). How ORC
is positioned to sites where replication initiates is unknown,
because metazoan ORC binds DNA without apparent sequence
specificity. Thus, additional factors might be involved in ORC
positioning. Our experiments indicate that a family member of the
high-mobility group proteins, HMGA1a, can specifically target ORC
to DNA. Coimmunoprecipitations and imaging studies demon-
strate that HMGA1a interacts with different ORC subunits in vitro
and in vivo. This interaction occurs mainly in AT-rich heterochro-
matic regions to which HMGA1a localizes. Fusion proteins of
HMGA1a and the DNA-binding domain of the viral factor EBNA1 or
the prokaryotic tetracycline repressor, TetR, can recruit ORC to
cognate operator sites forming functional origins of DNA replica-
tion. When HMGA1a is targeted to plasmid DNA, the prereplicative
complex is assembled during G and the amount of ORC correlates
with the local concentration of HMGA1a. Nascent-strand abun-
dance assays demonstrate that DNA replication initiates at or near
HMGA1a-rich sites. Our experiments indicate that chromatin pro-
teins can target ORC to DNA, suggesting they might specify origins
of DNA replication in metazoan cells.
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Eukaryotic cells duplicate their genomes with remarkable
precision and in a timely coordinated fashion. The process of
DNA replication initiates at multiple origins of replication,
which are recognized by the heterohexameric origin recognition
complex (ORC), consisting of Orcl-6 (1). Human ORC is a
dynamic cell cycle-regulated complex and can be regarded as an
interactive platform for the assembly of the prereplicative com-
plex (preRC), consisting of Orcl-6, Cdtl, Cdc6, and the
MCM2-7 complex (1). The assembly of preRCs licenses origins
for replication initiation. The human ORC subunits Orc2-5 form
a stable core complex, whereas the association of the largest
subunit Orcl is cell-cycle-regulated (1). Biochemical studies
indicate that the smallest subunit Orc6 is only loosely attached,
and the existence of a hexameric holocomplex has only recently
been postulated in human cells (2). ORC and most other
proteins involved in initiation of DNA replication are conserved
among eukaryotes, but specification of origins in mammalian
cells remains elusive and is controversially discussed (3, 4).
How metazoan ORC recognizes origins is unknown, because
ORC does not bind to DNA sequence specifically (3-5). The
positioning of ORC at origins might be determined by veiled
DNA sequence motifs, local chromatin structures, or accessory
targeting factors such as AIF-C, Trf2, Ku80, or EBNA1, which
can specify sites of ORC binding (6-10), and recently a direct
role of Myc in replication initiation has been suggested (11). In
Schizosaccharomyces pombe (Sp), origins contain large stretches
of AT-rich sequences, and SpORC is recruited to these origins
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via the SpOrc4 subunit. It contains a unique N-terminal exten-
sion with nine AT-hook motifs, which meditate origin binding
(12). In metazoan cells, AT-hook motifs are a hallmark of the
HMGA family of high-mobility group (HMG) proteins. One
member, HMGA1a, binds with high specificity to the minor
groove of AT tracks and induces conformational changes (13).
It is known as a structural nonhistone chromatin constituent that
competes and antagonizes histone H1-mediated repression of
genes (14), thus contributing to cell proliferation (15-17). How-
ever, no direct role in origin definition or DNA replication has
been ascribed to HMGA proteins.

In this study, we describe a functional interaction between
HMGA1la and ORC. Targeting HMGA1a to specific sites on
plasmid DNA recruits ORC and generates artificial origins of
DNA replication. Replication initiates at or in close vicinity of
HMGA1a-rich sites, and preRCs form at these loci during the G,
phase of the cell cycle. We demonstrate that HMGAla and ORC
directly interact in vivo and in vitro. An HMGAla variant with
mutated AT-hook motifs and competition experiments with
Hoechst 33342 both indicate that this interaction occurs mainly
in AT-rich chromatin domains. Our data suggest that genuine
chromatin proteins might contribute to the specification of
chromosomal origins of DNA replication and their recognition
by ORC at the molecular level.

Results

HMGA1a Supports Replication When Targeted to Plasmid DNA. Study-
ing mammalian origins of DNA replication in the context of
chromosomal DNA is difficult because of the scarcity of trac-
table model systems. Therefore, we concentrated on plasmid
models, which can be addressed genetically and biochemically.
We took advantage of the latent origin of Epstein—Barr virus
(EBV), oriP. It mediates extrachromosomal replication of EBV
genomes and has a modular bipartite structure. The family of
repeats (FR) binds the EBV-encoded protein EBNA1 (Fig. 14)
and tethers oriP to chromatin mediating replication-independent
nuclear retention and long-term plasmid stability. The dyad
symmetry element (DS) acts as a bona fide eukaryotic replication
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Fig. 1. HMGA1a supports plasmid replication and interacts with ORC. (A)

Design of the transacting factors HMGA1a:EBNA1-DBD and EBNA1. HMGA1a
(green) was fused to the DNA binding and dimerization domain (EBNA1-DBD,
gray) and nuclear localization signal (black) of EBNA1. AT hooks are depicted
in blue, HMGA1a'’s acidic domain in orange. The N-terminus of EBNA1 con-
tains two linking domains [light red and green (LR1 and LR2)]. Each LR
comprises a Gly-Arg-repeat. HEK293 cells (293) and derivatives, expressing
either EBNA1 (EBNA1) or HMGA1a fused to EBNA1-DBD (HMGA1a:EBNA1-
DBD), were transfected with the oriP plasmid shown. After selection, low-
molecular-weight DNA was isolated and digested with Dpnl. E. coli DH10B
cells were electroporated with 500 ng of DNA, and ampicillin-resistant colo-
nies of three independent experiments were counted. Mean and standard
deviations are provided. (B) HMGA1a interacts with ORC subunits. For affinity
purification experiments, HMGA1a:EBNA1-DBD with a C-terminal Strep-tagl!
was stably introduced in HEK293 cells. Pull-down experiments with nuclear
protein of 2 X 107 cells indicate an interaction of HMGA1a:EBNA1-DBD and
different ORC subunits (lane 6). Western blots of nuclear extracts of different
cell numbers are shown in lanes 1-3. An Orc2-specific antibody was used to
coprecipitate HVIGA1a:EBNA1-DBD from 2 X 107 cellsin lanes 8-10, which was
detected with an EBNA1-specific antibody. Protein G Sepharose beads were
eluted with 5% N-Lauroylsarcosine, which preferentially released
HMGA1:EBNA1-DBD but not Orc2 as shown in lane 8. Remaining Orc2 was
eluted with Laemmli buffer (IP; lane 9). The unbound fraction of the protein
lysate is shown in lane 10 (unbd). An isotype antibody did not precipitate
HMGA1a:EBNA1 (lane 7). (C) Endogenous Orc6 and HMGA1a coprecipitate
(Left) and interact directly in the absence of DNA (Right). Nuclear extracts of
2 X 107 HeLa cells were precipitated with an HMIGA1a-specific rabbit antibody
or an isotype control. The former coprecipitated Orc6 (Left). Nuclear extracts
of 2 X 10% and 2 X 10° cells are shown for comparison. In pull-down experi-
ments, recombinant His-tagged Orc6 (purified from Baculovirus-infected in-
sect cells) was coprecipitated with bacterially expressed and highly purified
Strep-tagged HMGA1a protein (10 g each) immobilized to Strep-Tactin (IBA)
(Right). Ten and one nanograms of recombinant Orc6 protein samples are
shown for comparison.

origin (18). Deleting DS results in a replication-defective oriP
mutant, indicating that EBNA1, when bound to FR, does not
contribute to oriP replication (19). The transactivation domain
of EBNAL can be functionally substituted by HMGA1a (Fig. 14)
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and HMGA1la:EBNA1-DBD confers replication competence of
oriP plasmids (20, 21) and EBV genomes (22). Thus, we asked
whether HMGATla could recruit ORC to DNA and thereby
contribute to the molecular definition of a replication origin.
Transient replication assays with an oriP reporter were per-
formed in two HEK293 cell lines, which express EBNAL or
HMGA1la:EBNA1-DBD (Fig. 14). Two to three weeks after
transfection and selection, low-molecular-weight DNA was iso-
lated and digested with Dpnl to frequently cleave nonreplicated
plasmid DNA, which had retained the dam methylation pattern
acquired in the prokaryotic host. Escherichia coli cells were
transformed with 500 ng of DNA, and ampicillin-resistant
colonies were determined. Similar colony numbers were ob-
tained with DNA from cells expressing EBNA1 or
HMGA1a:EBNA1-DBD (Fig. 14). Parental HEK293 cells or
HEK?293 cells expressing the DNA-binding domain of EBNAL,
only, did not give rise to colonies (data not shown), confirming
the function of HMGALIa in this system (20). ChIP experiments
in synchronized HEK293 derivatives [supporting information
(SI) Fig. 5] clearly indicated that HMGAla:EBNA1-DBD me-
diates DNA replication of oriP in an ORC-dependent manner in
synchrony with the cell cycle as expected (18).

HMGA1a and ORC Associate. The replication functions of EBNAL1
depend on the interaction between this viral protein and ORC
(7, 9). To assess whether HMGA1la:EBNA1-DBD interacted
with ORC, we generated a HEK293 cell line with a Strep-tagged
version of HMGA1la:EBNA1-DBD. Pull-down experiments in-
dicated that it coprecipitated the four ORC subunits Orcl, 2, 4,
and 6 (Fig. 1B, lane 6), suggesting that HMGA 1a interacts with
the entire ORC holocomplex. Albeit the interaction between
HMGA1la:DBD-Strep and different ORC subunits was weak, it
depended on HMGA1a, because the DNA-binding domain of
EBNAL1 alone, EBNA1-DBD, did not precipitate ORC subunits
(data not shown). Conversely, an Orc2-specific antibody copre-
cipitated HMGAla:EBNA1 (Fig. 1B, lane 8). Endogenous
HMGAL1a interacts with the Orc6 component of ORC (Fig. 1C
Left and SI Fig. 6), as shown by coimmunoprecipitation with an
HMGA1la-specific antibody but not an isotype control. Pull-
down experiments with recombinant HMGA1la and Orc6 pro-
teins indicate this interaction is direct and independent of DNA
(Fig. 1C Right). Despite the relatively weak coprecipitation of
ORC and HMGA1la:EBNA1-DBD, transient replication (Fig.
1A4) and ChIP experiments (SI Fig. 5) provided clear evidence
that the HMGAIla fusion could mediate specific binding of
ORC, generating a functional origin of DNA replication.

HMGA1a and ORC Interact in AT-Rich Heterochromatin in Living Cells.
To explore the character of the HMGA1la-ORC interaction in
living cells, we used bimolecular fluorescent complementation
(BiFC), which visualizes protein—protein interactions (23).
HMGA1la was fused to the C-terminal fragment of YFP and
YFP’s N-terminal part to different ORC subunits. We observed
fluorescence complementation in living and fixed cells in the
combination of HMGA1la and Orcl and HMGAL1 and Orc6 (Fig.
2A4 and SI Fig. 7) but not with other ORC subunits (SI Table 1).
Seventy percent of Orcl:HMGAla BiFC-positive cells and
73.9% of Orc6:HMGAI1la BiFC-positive cells displayed interac-
tions at the nuclear periphery and perinucleolar regions (Fig. 24
a and b; for detailed numbers and intensity profiles, see SI Fig.
8). In living cells, the BiFC efficiencies between HMGA1la and
Orcl or Orc6 were 32.5% and 84.8%, respectively (Fig. 2A4).
Orcl is cell cycle-regulated and becomes unstable after entry
into S phase, which might explain the lower efficiency of the
Orcl:HMGAI1la BiFC complex.

Our coimmunoprecipitation experiments indicated that
HMGA 1a interacts with ORC. To validate whether fluorescence
complementation between Orc components and HMGAla
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Fig. 2. BiFC analysis and colocalization of HMGA1a and Orc2. Fluorescence
images of HepG2 cells expressing the indicated proteins were acquired 24 h
after DNA transfection. (A) Analysis of interaction of HMGA1a with Orc1 and
Orc6. HMGA1a fused to the N-terminal domain of YFP was cotransfected with
Orc1 (/) and Orc6 (/1) linked to the C-terminal fragment of YFP. (//[) An HMGA1a
variant with mutated AT-hooks (R3xG) was cotransfected with the Orc6-BiFC
construct. To calculate BiFC efficiencies, cells were cotransfected with BiFC
vectors and an mRFP-expression vector. For example, for Orc1, 32.5% of all
cotransfected cells (n = 151) showed BiFC and 70% of BiFC-positive cells
showed the depicted pattern. For intensity profiles, see SI Figs. 8 and 9.
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(Figs. 1 B and C and 2A) is representative for this interaction,
we investigated the localization of the core component Orc2 in
relation to an HMGA1la-eGFP fusion in HepG2 cells. Consistent
with our BiFC assays (Fig. 2A4), a significant colocalization of
HMGA1la-eGFP with endogenous Orc2 was observed in pe-
rinucleolar regions (Fig. 2B; SI Fig. 94). We also asked whether
HMGA1a might direct the localization of ORC via HMGA1la’s
AT-hook domains, which mediate its preference for AT-rich
regions. We used an HMGA1la mutant, HMGA1la(R3xG), in
which glycines replaced the arginines (R28G, R69G, and R86G)
of the AT-hook consensus motifs (GRP). This HMGAla mutant
shows a diffuse nuclear localization pattern (16). HeG2 cells
expressing Orc6 and HMGA1a(R3xG)-BiFC proteins (93.6%)
showed fluorescence complementation, and most Orc6/
HMGA1a complexes were now found in nucleoli (Fig. 2 Ac; SI
Fig. 8), indicating that HMGA1la can alter the localization of
Orc6. All BiFC cells analyzed displayed a healthy morphology,
and the diameter of the nucleoli of transfected cells was similar
to those of untransfected cells (SI Fig. 8c).

HMGAIla preferentially binds through its AT-hooks to the
minor groove of AT-rich sequences and can be displaced by
several dyes binding to DNA (13). In living cells, Hoechst 33342
competed with the prevalent binding of HMGA1a/Orc6 com-
plexes to AT-rich domains in a time-dependent manner (Fig. 2C
a and b). The intensity profiles of the BiFC complexes were
unaltered when the cells were incubated with Hoechst 33342 for
1 min, but HMGA1a/Orc6 relocated to the nucleoli after 10 min
(SI Fig. 9 B and C). The prominent nucleolar localization of the
HMGA1a/Orc6 complex after competition with this dye is most
likely mediated by interactions of Orc6 with components of the
ribosome biogenesis pathway (24) (M. Rohrmoser and A.W.T.,
unpublished data). Cotransfecting the heterochromatin protein
HP1a-mRFP revealed that HMGA1a/Orc6 partially colocalizes
with HP1« (Fig. 2C and SI Fig. 9D for intensity profiles). This
observation further indicates that the interactions of HMGAIla
and ORC-subunits occur mainly in AT-rich heterochromatic
domains but not in the entire heterochromatin. In summary, our
data suggested that HMGA1la’s AT-hook domains mediate the
preferred heterochromatic positioning of the ORC/HMGA1la
complex, but the integrity of this complex is independent of
HMGA1a’s subnuclear localization.

It is likely that nuclear factors other than HMGA1a can also
determine ORC localization and specify replication origins,
because immunofluorescence experiments with Orc2 and
HMGA1la-eGFP clearly showed Orc2 localization beyond
HMGA1a rich domains (25, 26). These results suggested that a
certain molecular ratio between HMGA1la and ORC proteins
might determine ORC localization to AT-rich heterochromatic
regions. To analyze the targeting functions of HMGAIa, we first
monitored the localization of ORC via BiFC between Orc6/Orc4
and Orc6/OrcS. The diffuse nuclear distribution is characteristic
for interphase nuclei in Orc6/Orc4 and Orc6/Orc5 BiFC-

(B) Colocalization of Orc2 and HMGA1a-eGFP was visualized in fixed HepG2
cells by immunofluorescence using an Orc2-specific antibody. HMGA1a-eGFP
and Orc2 colocalize especially in perinucleolar regions (arrows). (C) HMGA1a
and Orc6 BiFC experiments in the presence of 5 ug/ml Hoechst 33342 incu-
bated for 1 (a) and 10 min (b). (Scale bars: 10 um.) (c) Signal complexes of
HMGA1a/Orc6 BiFC- and HP1a-mRFP partially overlap. Orc6 and HMGA1a-
BiFC plasmids were cotransfected with an HP1a-mRFP expression plasmid (see
also Sl Fig. 9D). To increase contrast, the yellow BiFC signal was changed to
green. (D) Orc4/Orc6 and Orc5/Orc6 BIFC-signals altered after overexpression
of HMGA1a-mRFP. Orc4/Orc6 (a) and Orc5/0Orc6 were cotransfected into
HepG2-cells. Cotransfection of the indicated BiFC-plasmids (a’ and b’) and
HMGA1a-mRFP (a’’ and b'’) resulted in a significant relocalization of ORC(a’"’
and b'"’). In A-C, Left shows interference contrast figures of the transfected
cells. (Scale bars: 10 um.)
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experiments (Fig. 2D a and b) (26). Altering the molecular ratio
between ORC after overexpression of HMGAla-mRFP caused
relocation of the diffuse BiFC patterns of Orc4/Orc6 and
Orc5/Orc6 resulting in colocalization with HMGAla-mRFP
(Fig. 2D a''' and b'""). It thus appeared that HMGAIla could
target ORC to AT-rich chromatin regions. Moreover, and
consistent with our observations in Fig. 1C, the BiFC experi-
ments confirmed Orc6 as an integral part of the human origin
recognition complex in living cells.

HMGA1a-Dependent Replication of Extrachromosomal Plasmids. The
HMGAI1a/ORC interaction could also point to nonreplicative
functions of ORC, such as heterochromatin formation (27), but the
potential role of HMGA1a in the definition of replication origins
is of immediate interest. HMGA1la-specific and ChIP grade anti-
bodies are not available for analysis of endogenous HMGA1la at
chromosomal origins. Therefore, we asked whether HMGAIla
might be sufficient to target ORC to DNA creating a functional
origin of DNA replication in a plasmid model system. HMGAla was
fused to the single-chain tetracycline repressor sc7etR to form the
chimericscTetR:HMGAIa gene. scTetR:HMGA1a and, as a control,
the scTetR gene alone were stably introduced in HEK293/EBNA1*
cells (Fig. 34) (28). Both HEK293 cell lines, EBNA1*/scTetR ™" and
EBNAT1*/scTetR:HMGAla™, were transfected with three reporter
plasmids: a wild-type oriP control plasmid (oriP) or two test
plasmids with four retO sites (FRV'tetO*) or 32 ftetO sites (FRV.
tetO%?) to create clusters of binding sites with different density for
scTetR:HMGA1la (Fig. 3B; SI Table 2). In all tetO reporter
plasmids, EBNA1-binding sites within FR confer nuclear retention
of plasmid DNA molecules only, but no DNA replication. Both
FR*'tetO plasmids did not replicate in EBNA1"/scTetR *-cells as
expected, indicating that the fetracycline-repressor scTetR does not
confer a functional replicator/initiator interaction (Fig. 3C). Simi-
larly, an oriP-mutant with a deleted DS element (FRV'tetO%) was
replication-deficient in 293/EBNA1" cells (SI Fig. 10B). Under
selection the FR*'tetO* and FR"'tetO32-plasmids stably replicated
in EBNA1"/scTetR:HMGAla* HEK293 cells similar to oriP (Fig.
3C) according to the once-per-cell cycle rule as assessed in Me-
selson-Stahl experiments (data not shown). Under nonselective
conditions, both #etO plasmids were relatively unstable. Doxycyclin,
which prevents binding of scTetR:HMGA1a to tetO motifs (data
not shown), further diminished their copy numbers in contrast to
oriP (Fig. 3C).

Pull-down and imaging experiments (Figs. 1C and 2) suggested
an interaction between HMGA1la and ORC subunits. To assess
this observation for scTetR:HMGA1a, we performed coimmu-
noprecipitations with nuclear extracts of scTetR:HMGA1la* and
control scTetR*-HEK293 cell lines. Orc2- and Orc6-specific
antibodies coprecipitated scTetR:HMGAla but not scTetR
alone (SI Fig. 6). Previous experiments with recombinant human
ORC largely consisted of Orc subunits 1-5 but lacked the weakly
associated Orc6 (29). Orc2-specific antibody coprecipitated re-
producibly the Orcl and Orc6 subunits, verifying the existence
of an ORC holocomplex (2).

Replication Efficacy and ORC Binding Correlate with the Local Density
of HMGA1a. In comparison to FR¥'tetO%2, the FR¥'tetO* plasmid
showed a relatively low copy number (Fig. 3C), indicating that
additional tetO sites might increase the replication efficacy in a
dose-dependent manner. Two, four, and eight DS-like fetO
elements were integrated into reporter plasmids (Fig. 44; SI
Table 2). Each member of this plasmid family was separately
transfected into EBNA1*/scTetR:HMGAla*-HEK293 cells,
which were selected for 2-3 weeks. All plasmids were maintained
episomally and the different signal intensities correlated with the
number of fetO motifs (Fig. 4B).

To assess whether scTetR:HMGA1a could target ORC spe-
cifically to tetO motifs, ChIP was performed. Drug-selected
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Fig.3. HMGA1a mediates conditional DNA replication. (A) scTetR:HMGA1a
consists of a single-chain (sc) dimer of the DNA-binding domain of the tetra-
cycline repressor (TetR; red) fused via an artificial linker [(SG4)s, yellow] to the
entire HMGA1a coding sequence. HEK293 cells (lanes 1 and 3) and a derivative
expressing both EBNA1 (lane 2) and scTetR:HMGA1a (lane 4) were analyzed
with EBNA1- and TetR-specific antibodies in Western blots. HEK293 cells
expressing scTetR:HMGA1a (lane 6) and scTetR (lane 7) were analyzed with a
TetR-specific antibody. (B) OriP has a bipartite structure: FR is an array of 20
high-affinity-EBNA1-binding sites (black circles); DS encompasses two pairs of
EBNA1-binding sites (black circles). Four tet-operator sites (tetO?, red circles)
replace DS in FRWtetO?* FR"tetO32 contains eight tetO-clusters. (C) Reporter
plasmids were transfected into EBNA1*/scTetR*- (Left) or EBNA1*/
scTetR:HMGA1a*-HEK293 cells (Right) and selected for 2-3 weeks (sel.) Low-
molecular-weight DNA was prepared and digested with Dpnl and Hindlll. The
radioactive probe used in the Southern blot hybridizations recognized a DNA
fragment of 3.5 kbp (black arrowhead). A background signal appears at 2.5
kbp (open arrowhead). Addition of doxycyclin (+; 2 ng/ml) without hygro-
mycin selection caused a modest reduction in copy number of the FR"'tetO
plasmids at the indicated time points (7 and 13 days). The drug did not affect
the copy number of the oriP control plasmid, as indicated by the relative signal
intensities in percent.

EBNA1*/scTetR:HMGAla*-HEK293 cells carrying the four
different tetO plasmids or the oriP control plasmid (Fig. 44)
were cross-linked, and the fragmented chromatin was subjected
to immunoprecipitations using a human Orc3-specific antibody
and an appropriately matched Ig control. The association of
Orc3 at or near the fetO motifs was compared by quantitative
PCR to that at distal reference sites (see map in Fig. 4C). As
expected, oriP showed reproducible enrichment of Orc3 at the
tetO proximal PCR fragment in relation to two distal control
sites (Fig. 4C). Similar results were obtained with an Orc2-
specific antibody (data not shown). The abundance of ORC
components correlated directly with the number of fezO motifs
and led to a higher replication efficacy of the test plasmids.
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Fig. 4. Multiple tetO sites increase the copy number of scTetR:HMGA1a-
dependent plasmids and recruit ORC to the origin of DNA replication in a
dose-dependent manner. (A) Different reporter plasmids with one (FRWttetO?),
two (FR"ttetO8), four (FR"'tetO'®), and eight (FR"ttetO32) arrays of tetO*motifs.
(B) EBNA1*/scTetR:HMGA1a"-HEK293 cells were transfected with the indicated
plasmid and replication was assessed as described in Fig. 3. (C) ChIP analysis
indicates site-specific ORC binding. For each experiment, 500-ug chromatin of
HEK?293 cells stably transfected with the indicated plasmids was used. The loca-
tion of the primer pairs is designated: DS is in close proximity to the tetO array,
control primer pairs 1 and 2 are located 1.4 kbp downstream and 2.0 kbp
upstream of the tetO sites, respectively. The heights of the columns indicate the
relative enrichment (mean values and standard deviation of three experiments)
on a logarithmic scale expressed as the difference between PCR values (Cp)
obtained with the Orc3-specific antibody vs. controls obtained with preimmune
serum (IgG). (D) High local concentration of HMGA1a promote site-specific
initiation. A pEPI-based plasmid (pEPI-tetO%; Left) encompassing an array of 20
tetOsites. Nascent-strand analysis was performed in HCT116 cells and a derivative
expressing scTetR:HMGA1a. Nascent DNA was purified from parental HCT116
cells (green bars) and scTetR:HMGA1a* HCT116 (red bars) stably transfected with
pEPI-tetO2°. DNA was quantified by real-time PCR 2 weeks after transfection. The
histogram shows the relative ratio of three different primer sets. The primer pair
polyA was arbitrarily set to one.

HMGA1a Specifies Replication Origins. Efficient targeting of
HMGA1la to DNA correlated with efficient corecruitment of
ORC (Fig. 4C). This result also suggested that a certain numbers
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of DNA-bound HMGA1a molecules could generate a strong and
dominant replication origin. To test this hypothesis, we made use
of the pEPI plasmid (30, 31). pEPI consists of several genetic
elements including a promoter element and a scaffold/matrix
attachment region (S/MAR) as part of the transcribed region
(Fig. 4D). These elements ensure extrachromosomal mainte-
nance and once-per-cell-cycle replication in an ORC-dependent
manner (30, 31). pEPI does not contain a dedicated origin, but
DNA replication initiates in a sequence-independent manner
from multiple sites (31). We introduced an array of 20 fetO sites
into a nontranscribed region of pEPI (Fig. 4D). The resulting
plasmid pEPI-tetO? was introduced in parental HCT116 cells
and a derivative expressing scTetR:HMGA1a. Replication start
sites were determined by nascent strand analysis after G418
selection. In parental HCT116 cells, pEPI-tetO? did not show
any locus-specific preference of nascent strand plasmid DNA
(green bars, Fig. 4D), as expected (31). pEPI-tetO?° exhibited a
5-fold abundance of nascent-strand DNAs near the integrated
tetO sites relative to reference sites in cells expressing
scTetR:HMGA1a, only (compare red and green bars, Fig. 4D).
These data indicated that high local concentrations of HMGA1la
not only recruit ORC in a site-specific manner but also form a
dominant origin in a replication system with otherwise multiple,
apparently sequence-independent initiation sites.

Discussion

HMGA1a fused to the DNA-binding and dimerization domains
of EBNAL1 or TetR targets ORC to the cognate operator sites
generating functional origins of DNA replication. ORC binding
and replication competence did not rely on the plasmid back-
ground or an oriP-like configuration of tetO sites, because an
array of tetO sites integrated into the pEPI-vector generated a
dominant and site-specific origin (Fig. 4D). This study is not the
first example that origins can be specified on plasmid DNAs (32,
33). However, a direct interaction between ORC and a chro-
matin constituent like HMGAI1a in vivo, and a possible contri-
bution to origin formation has not been described before.

Our in vivo and in vitro data indicate a direct interaction
between HMGAla and ORC subunits, corroborating
HMGAI1a’s interaction with the ORC holocomplex. Coimmu-
noprecipitation experiments with tagged and endogenous pro-
teins point to a transient interaction between HMGAla and
Orc6 (Figs. 1 and 2). Orc6 is biochemically less tightly associated
with other ORC subunits but is essential for ORC DNA binding
in Drosophila (34). A higher local concentration of HMGAla at
a given site might stabilize this interaction leading to a more
efficient recruitment of ORC and thus increased replication
efficiency (Fig. 4). Assuming that HMGA1a is also involved in
cellular DNA replication, only a subset of chromosomal AT-sites
might become competent for HMGAla-mediated ORC binding
and DNA replication when HMGAla is present at high local
density. Our BiFC experiments indicate that these sites are
preferentially located in AT-rich heterochromatin domains.

HMGAIla is a multifunctional chromatin protein. Our data
suggest now that it plays a role in recruiting ORC to AT-rich
heterochromatin domains. All members of the HMGA protein
family have been described as architectural transcription factors,
and several studies link HMGA proteins to cell proliferation.
Overexpression of HMGAla can transcriptionally up-regulate
cell cycle and growth regulators, i.e., cyclin A, p38 MAPK or
N-myc (17). In addition, steady-state protein levels of HMGAla
are elevated in cancer cells with high proliferative potential (16)
but decreased in differentiated cells. In contrast, deletion of one
Hmga allele results in a pygmy phenotype in mice (15), and the
expression of antisense RNA or a dominant-negative HMGAla
variant diminishes proliferation of tumor cells (17). Our own
results suggest an additional nontranscriptional function of
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HMGA1a in proliferation control, on the basis of chromosomal
DNA replication.

A connection between ORC and heterochromatin is well
documented and seems to be conserved throughout evolution.
For example, SCORC is essential for silencing the HMR-loci (35,
36), and mutations in the Orc2 subunit of Drosophila reduce the
ability to spread heterochromatin (37). Therefore, Leatherwood
and Vas hypothesized that heterochromatin might require ad-
ditional ORC to replicate these tightly condensed regions (38).
In analogy to the S. pombe Orc4 subunit, our data suggest a
cofactor model in which HMGA 1a recruits ORC to certain sites
in heterochromatin to form functional origins of DNA replica-
tion in metazoan cell DNA. Further experiments shall reveal
whether HMGA1a is instrumental in replicating chromosomal
origins.

Materials and Methods

DNA Transfection, Plasmid Rescue, and Southern Blotting. Plasmid DNAs were
transfected with Polyfect into HEK293 cells and derivatives, which were
selected with 100 pg/ml hygromycin, 250 pg/ml puromycin, or 200 pg/ml
neomycin. Five hundred nanograms of low-molecular-weight DNA was di-
gested with Dpnl and electroporated into E. coli DH10B, which were selected
with ampicillin. For Southern blotting, 6 g of DNA was separated, transferred
onto nylon membranes (Amersham), and probed with a radiolabeled pro-
karyotic probe. Signals were quantified with the Imager FLA-5100 (Fuji).

ChIP and Real-Time PCR Analysis. ChIP experiments were performed as de-
scribed (9). Nuclei (1 X 107) were isolated, cross-linked with formaldehyde for
10 min at 37°C, washed, and lysed by adding N-laurylsarcosine (2% final
concentration). After washing, the chromatin was resuspended in 2 ml of TE
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buffer (10 mM Tris, pH 8.0; 1 mM EDTA) and sonicated. Five hundred micro-
grams of nucleoprotein was immunoprecipitated with 10 pug of polyclonal
(Orc2, Orc3, and Mcm7) or monoclonal (EBNA1) antibodies in 50 mM Tris, 150
mM NacCl, 0.5 mM EDTA, and 0.5% Nonidet P-40 (NET). Coprecipitated DNA
was isolated and purified, and quantitative real-time PCR was performed as
described (9). Primer pairs are listed in SI Table 3.

Immunofluorescence and Live-Cell Microscopy. Fluorescence complementation
(23) was analyzed with a Leica TCS-SP2/AOBS instrument 22-26 h after trans-
fection of 1 ug of the indicated expression plasmids. For immunocolocaliza-
tions, cells were fixed in 2% formaldehyde/PBS, washed, and permeabilized.
Antibodies to detect HA- and Flag-tags were used as described in S/ Text; DNA
was visualized with 5 ug/ml Hoechst 33342.

Coimmunoprecipitation Assays and Western Blot. Chromatin-bound proteins
were isolated by high salt extraction from 2.5 X 107 cells and incubated with
5-10 pg of antibodies coupled to protein A or G Sepharose. Bound proteins
were eluted, separated on SDS/PAGE, blotted, and detected with the indi-
cated antibodies.

Nascent-Strand Analysis. Nascent DNA of HCT116 cells transfected with pEPI-
tetO2% was analyzed as described (39).
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