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ABSTRACT

Recent evidence points to homeotic proteins as
actors in the crosstalk between development
and DNA replication. The present work demon-
strates that HOXC13, previously identified as a
new member of human DNA replicative complexes,
is a stable component of early replicating chromatin
in living cells: it displays a slow nuclear dynamics
due to its anchoring to the DNA minor groove via
the arginine-5 residue of the homeodomain.
HOXC13 binds in vivo to the lamin B2 origin in
a cell-cycle-dependent manner consistent with
origin function; the interaction maps with nucleotide
precision within the replicative complex. HOXC13
displays in vitro affinity for other replicative
complex proteins; it interacts also in vivo
with the same proteins in a cell-cycle-dependent
fashion. Chromatin-structure modifying treatments,
disturbing origin function, reduce also HOXC13-
origin interaction. The described interactions are
not restricted to a single origin nor to a single
homeotic protein (also HOXC10 binds the lamin
B2 origin in vivo). Thus, HOX complexes prob-
ably contribute in a general, structure-dependent
manner, to origin identification and assembly of
replicative complexes thereon, in presence of
specific chromatin configurations.

INTRODUCTION

The search for proteins participating in the regulation of
human DNA replication recently led to the identification
of homeotic proteins as members of the replication
complexes (RCs) of several origins. The first indication
came from a yeast mono-hybrid screen for human
proteins with affinity for the lamin B2 origin (1). This
study identified three proteins: HOXA13, HOXC10 and
HOXC13, codified by the corresponding orthologs of the
abdominal-B genes of Drosophila. The HOXCI10 and
HOXC13 proteins were shown to bind the same origin
both in vivo (CAT assay) and in vitro. The HOXC10
protein is degraded early in mitosis by the ubiquitin
pathway (2); mutations of two destruction boxes assure
its permanence and delay the metaphase to anaphase tran-
sition. Fluorescent derivatives of HOXCI13 co-localize
only with early S replication foci (3) thanks to the
homeodomain. Chromatin immuno-precipitation (ChIP)
showed that HOXC13 binds the lamin B2 origin in asyn-
chronous cultures but not in GO cells, in agreement with
the absence of a RC therein (4). The same behavior was
observed also in the human origins close to the TOPI and
MCM4 genes. These studies suggest that the function-
correlated interaction of HOXC13 with the RCs is not
specific for one origin but may have a more general char-
acter in the origin functional cycle.

More recently, another abdominal-B  ortholog,
HOXD13 was found to interact in vivo with the lamin
B2 origin and with the TOPI, MCM4, ¢-MYC and
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FMRI origins (5); this was also confirmed for HOXA13
and HOXD11; HOXDI13 stimulates pre-RC assembly in
competition with geminin, an origin licensing inhibitor (6).

These data point to a direct intervention of homeotic
proteins in origin regulation, with no mediation by tran-
scription, previously considered as the only way through
which HOX proteins act. A direct involvement in the regu-
lation of origin activation of these proteins is not
surprising, in light of their morphogenetic (and often
proto-oncogenic) role (7), but raises questions on their
actual role in DNA-replication regulation. Accordingly,
we have explored in particular the spatial and temporal
dynamics of the interaction of HOXC13 with the replica-
tion factories and origin sequence and of the possible
interaction of this protein with other members of the
RCs. Our observations stem from the combination of
standard biochemical procedures and fluorescence tech-
niques, the latter allowing to explore dynamics and inter-
actions of proteins in living cells. We show here that
HOXCI13 is a rather stable component of chromatin,
that it binds the origins at a precise moment of the cell
cycle, specifically associating to DNA well within the
pre-RC area, that the protein interacts with other
members of the RC in coincidence with origin activation
and that the interaction appears to be of general nature in
the context of DNA replication regulation.

MATERIALS AND METHODS

Cell culture, transfection, synchronization and TSA
treatment

U20S, T98 G, NIH3T3 and HeLa cells (ATCC) were
cultured, transfected and synchronized using standard
procedures. For TSA treatment, asynchronously growing
HeLa and T98 G cells were incubated or left untreated for
4h with 100 ng/ml TSA in complete medium.

FRAP and FLIM acquisition

FRAP experiments were performed, according to the
previously described ‘half-FRAP’ procedure (8), with
an Olympus FluoView 1000-ASW-2.0 confocal laser
scanning microscope, equipped with an incubator
chamber set to 37°C and 5% CO,. The time-domain
FLIM instrumental set up used was already described (9).

GST pull-down assay

[**S]-labelled proteins used for in vitro binding assays were
produced using the TNT Reticulocyte Lysate System
(Promega) according to the manufacturer’s instructions,
by using the corresponding pcDNA3 and pIRES vectors
as templates. The recombinant GST fusion proteins were
produced and purified from BL21 bacteria transformed
with the respective plasmids. The pull-down assay was
performed as previously described (10).

In vivo DNA footprinting

Experiments were performed using a previously described
procedure (11).

Time lapse imaging

Cells expressing E°GFP-Cdc6 and E°GFP-ORC2 (transi-
ently with low expression profile, or stably) were imaged
with the 488 nm laser line of a Leica TCS SP2 confocal
microscope, equipped with an incubator chamber set to
37°C and 5% CO, and a 40x/1.25 NA oil-immersion ob-
jective. To minimize photobleaching, images were
acquired at low power (~5uW), using 1024 x 1024 pixels
frame size, low zoom (3x) and pinhole set to 3AU. Four
to five z-sections encompassing all nucleus thickness were
imaged every 30min for 16-20h. The maximum
Z-projection of each time point was used to build up the
final movie.

Detailed protocols of cell culture, biochemical fraction-
ation, chromatin and protein immuno-precipitation, GST
pull-down assay, nascent DNA preparation, FRAP and
FLIM data analysis are reported in Supplementary Data.

RESULTS

Spatial and temporal analysis of the localization of
HOXC13 in cellular compartments

Our previous work showed that GFP-fusion variants of
HOXC13 have a speckled-like nuclear distribution, very
similar to that of their chromatin-bound endogenous
counterpart. By pulsed-BrdUrd immunofluorescence we
showed that EGFP-HOXCI13 is distributed along the
early replicating chromatin (3). We refined this observa-
tion by expressing GFP-HOXCI13 together with RFP-
PCNA, an in vivo marker of replication foci (12), in
mouse NIH3T3 cells, which show more pronounced
changes of the nuclear pattern of replication foci through-
out the S phase. GFP-HOXCI13 displayed a marked
co-localization with early-S replication foci, but this was
less evident in mid S, and was virtually completely absent
in the late-S phase (Figure 1A). This observation was con-
firmed by time-lapse experiments throughout S in cells
expressing both constructs (Supplementary Video 1).
Another indication, supporting the presence of HOXC13
at early replicating chromatin only, came from a ChIP
experiment showing that HOXCI13 does not bind a late
firing replication origin, namely the one close to the
B-globin gene (Figure 1B).

We further investigated HOXC13 dynamics within early
replicating chromatin by FRAP (Fluorescence Recovery
After Photobleaching). The mCherry-tagged constructs
depicted in Figures 2A and 3A were expressed in U20S
cells and analyzed by the ‘half-FRAP’ procedure, an
approach already used with several proteins, such as tran-
scription factors and coactivators, structural, remodeling
(8,13,14), and replication proteins (15-17). For each
analyzed cell, the fluorescence of a half of the nucleus is
bleached, and signal recovery is monitored in a subsequent
time series (Figure 2B); the resulting normalized recovery
of fluorescence intensity in the bleached area is plotted
versus time (Figures 2C and 3C). wt mCherry-HOXC13
displayed the slowest average recovery curve of all con-
structs (Figure 2C). Its recovery halftime (¢;,) quantifies
the rate at which molecules in the bleached area are
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Figure 1. HOXCI13 is present at early and not late replicating chroma-
tin. (A) EGFP-HOXC13 was co-transfected with RFP-PCNA and their
mutual localization was monitored in cells displaying three different
replication-foci patterns (early, mid and late S replication foci). The
intensity profile of green and red channels in a nuclear section
(depicted as white bar across the nuclei of Merge images) is plotted
below each Merge image. Scale bar: 5Sum. (B) The relative abundance
of sequences corresponding to the B-globin origin and to the B13
non-origin control, was evaluated by probing the extracted DNA
with sets of three serial 2-fold dilutions of the samples amplified
using specific primers for the two sequences. Set A: control DNA
extracted from T98 G cells synchronized in GO phase; set B: DNA
extracted from asynchronously growing formaldehyde cross-linked
T98G cells; set C: DNA extracted from asynchronously growing
formaldehyde cross-linked T98 G cells after IP with anti-HOXCI3
antibody.

replaced by molecules from the unbleached portion of the
nucleus and was 1, = 35-40's; within 300 s of post-bleach
observation signal recovery reached a plateau correspond-
ing to about 10% immobile fraction. These results did not
depend on the choice of the mCherry fluorophore, as the
GFP-HOXCI13 construct displayed the same dynamics
(data not shown). Such a slow diffusive behavior was
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reproducibly observed for both transient and stable
expression of mCherry-HOXC13 in cells with low-
expression profile. High-expression levels resulted in un-
certain f;, estimates and dramatically increased the
immobile fraction. On the contrary, as the protein concen-
tration decreased, both parameters reached stable values
in the same range of those obtained with stable protein
expression (Supplementary Figure S1).

The slow dynamics of wt HOXC13 was compared to the
recovery rate under the same bleaching conditions of the
NLSgy40-mCherry construct (Figure 2). The latter was
chosen as a control to monitor unspecific binding events:
we obtained #1, & 0.75s, full recovery in ~6.5s [similarly
to what previously reported for NLSgv4o-GFP (18)]. In
order to investigate whether this difference was caused
by the anchoring of the homeodomain to the nuclear
structure, we measured FRAP for an mCherry-HOXC13
mutant devoid of the homeodomain (3). We found that
upon deletion of the homeodomain and insertion of
NLSgy4 to rescue protein nuclear localization, the
dynamics was very similar to that of the NLSgy40-
mCherry control protein (¢, ~ 1s, full recovery in
~10.55s). Hence, the peculiar slow nuclear mobility of wt
HOXCI13 relies on the DNA-binding and chromatin-
interaction properties of its homeodomain.

We analyzed the dynamics of chromatin binding
by HOXCI3 by applying to the FRAP data a
simplified  diffusion-reaction =~ mathematical = model
(see Supplementary Data). The model describes the 2D
redistribution of unbleached proteins within an area
resembling a half-bleached nucleus, assuming that it is
governed both by free diffusion and by chromatin-binding
events, as demonstrated for other proteins (13,19). We
applied this model to the experiments which best fitted
the model geometry (a total of 16 out of 40 cells, selection
criteria are reported in Supplementary data, together with
the summary of the results on all cells, which does not
change the picture reported here). We estimated three par-
ameters (Figure 2D): D,,, (apparent diffusion coefficient),
Fiee (fraction of unbound protein) and K (dissociation
rate). We obtained D,,, = 5.03 + 2.08 pm?/s, a value con-
sistent with other D values calculated by FRAP for tran-
scription factors with similar molecular weight [the
diffusion coefficient is called ‘apparent’ to highlight the
fact that its value may underestimate the real nuclear D,
since it may include both unspecific/transient chromatin
interaction and free nucleoplasmic diffusion by the protein
(13)]. The obtained mean Fy.. reveals that HOXCI13 is
in equilibrium between the chromatin-bound (~60%)
and the freely diffusing/transiently interacting forms
(~40%), similarly to most nuclear factors investigated
by FRAP (8). A relatively low value for Ky
(0.009 + 0.003s~") was found that corresponds to a
mean residence time on chromatin of 110 £ 40s.

We further investigated HOXC13 nuclear mobility by
characterizing its dependence on the homeodomain—-DNA
affinity. To this end we mutated to Ala the homeodomain
residues which create crucial contacts with DNA (20,21).
Figure 3A (top construct) schematically shows our
‘HBX-helix mutant’, obtained by mutating three residues
of the third helix of the homeobox (Ile47, GIn50, Asn51,
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Figure 2. FRAP analysis of wt mCherry-HOXCI13. (A) Constructs used: (top, non-binding control) NLSgy4-mCherry, (middle) wt

mCherry-HOXCI13, and (bottom) mCherry-Deletion mutant of HOXCI3 devoid of the homeodomain. (B) Representative FRAP experiments
with the three constructs: about half of the nucleus (red square in the pre-bleach image) was bleached and time series were acquired until fluorescence
recovery reached plateau. The pre-bleach image (grey look up table) is an average of 5-10 frames acquired before bleaching; the post-bleach images
(colored look up table) are single frames corresponding to the indicated times. Scale bar: 5 um. (C) Normalized fluorescence-intensity recovery versus
time for the three analyzed constructs. The wt mCherry-HOXC13 construct was expressed either transiently (red dots) or stably (purple dots).
Removal of the homeodomain makes the mCherry-Deletion mutant signal recovery (gray dots) very similar to that of the NLSgy4o-mCherry
non-binding control (black dots). Curves are averaged from data of all analyzed cells (NLSgy4o-mCherry: n = 11, mCherry-Deletion mutant:
n =12, transient wt mCherry-HOXC13: n = 40, stable wt mCherry-HOXC13: n = 18). Standard errors values are reported on selected points.
(D) The table reports the average fitting parameters obtained applying the reaction-diffusion model described in the text. Right: representative

FRAP recovery curve for a single nucleus (blue dots) fitted using the model (red curve).

numbers correspond to the classical homeobox numer-
ation). This is also known as ‘recognition helix’: it
inserts into the DNA major groove, where these residues
provide a contact with DNA bases (Figure 3B, top panel).
Mutation of these to Ala causes abolition of
DNA-binding capacity for residues 50 and 51 (21). This
HBX-helix mutant was investigated by FRAP with the
same protocol used for wt HOXCI13: the observed
nuclear mobility of this mutant was increased more than
twice (f1, &17.5s, 98% recovery in ~160s) with respect
to the wt protein (Figure 3C). In the ‘HBX-loop mutant’
(Figure 3A, middle construct), Arg5 was mutated to Ala;
Arg5 belongs to the N-terminal loop of the homeodomain
and makes contact with the DNA minor groove
(Figure 3B, bottom panel). Crystal structure shows that
among all DNA-homeobox contacts, Arg5 forms the
strongest hydrogen bond by interacting with a thymine
base of the minor groove (20,22). ArgS mutated to Ala
causes the total abolition of DNA-binding capacity
in vitro (21). Our FRAP data revealed that this mutant
displays more than 4-fold increased mobility with respect
to the wt protein (#;,~9s, full recovery in ~100s).

We also combined the three mutations of HBX-helix
with the HBX-loop one to get the ‘HBX-combined
mutant’ (Figure 3A, bottom construct), which yielded a
5-fold mobility increase (¢1,~ 7s and full recovery in
~805s). Thus, DNA-binding ability is responsible for the
slow nuclear dynamics of the protein, and its progressive
impairment causes an up to 5-fold increased mobility as
well as the loss of immobile fraction in the observed time
range.

Based on our data a new scenario emerges for the role
of HOXC13 that veers significantly from the commonly
accepted dynamic vision of nuclear architecture and com-
partmentalization (23). In fact, a large amount of
HOXCI13 is actually bound to chromatin very stably,
with a mean residence time of the order of minutes. This
makes HOXCI13 different from most nuclear proteins, es-
pecially transcription factors, and supports the idea that,
once the protein reaches its binding sites, it forms stable
complexes and dissociates very slowly from chromatin.

The tight association of HOXCI13 to chromatin was
confirmed by biochemical fractionation analysis. We
separated the cytoplasmic fraction of asynchronous
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residue Asn51 and adenine-13 base and Van der Waals contacts (light cyan surface contour) between Ile47, adenine-13 and thymine-14 and
between GInS0 and thymine-23. Bottom panel: HBX-minor groove interaction is mediated, among others, by a hydrogen bond (black dashed
line) between Arg5S and thymine-11. (C) Normalized fluorescence-intensity recovery versus time of the three mutants (colored dot-curves). The
mCherry-Deletion mutant and the wt mCherry-HOXCI13 curves (same as Figure 2) are also reported in gray color, as a reference for 0 and
100% DNA-binding activity, respectively. All data represent mean recovery curves (+SE, reported at selected time points) obtained out of all
analyzed cells (HBX-helix mutant: n» = 38, HBX-loop mutant: n = 20, HBX-combined mutant: n = 37). (D) The soluble (top panel) and chromatin
fractions (bottom panel) of biochemically fractionated asynchronous U20S cells were investigated for the presence of endogenous HOXC13 by
Western Blot (tubulin and actin are loading controls). All fractions were compared to the HOXCI13 protein level detected in a whole-cell extract
(WCE). CYT and NUP are cytoplasmic and nucleoplasmic fractions, respectively. The chromatin fractions are identified by the NaCl concentration
used for the extraction. The first extraction step (150 mM) was performed in absence (-) or presence (+) of DNase 1.

U20S cells (24,25) from intact nuclei by low-speed centri- exclusively localized in the nucleus (3), where the protein is
fugation; the nuclear envelope was then broken and the in equilibrium between the chromatin-bound and nucleo-
nucleoplasm separated by centrifugation (26). The plasm forms as shown by FRAP. The bulk of HOXC13
residual chromatin was sequentially extracted with could be extracted from chromatin mostly at fractions

increasing NaCl concentration (150 mM to 2 M), perform- >300mM NaCl, thus confirming that this protein is
ing the first extraction step either without or with DNase indeed tightly bound to the nuclear structure. DNase

I. We then determined the presence of endogenous treatment changed significantly the extraction profile:
HOXC13 in the various fractions in comparison with a most of the protein was eluted at 150-300 mM NaCl,
whole cell extract. Figure 3D shows that almost no while the 600mM and 2M fractions were almost empty,
HOXC13 was found in the cytoplasm, while both nucleo- confirming that HOXC13 is stably bound to the nuclear
plasm and chromatin fractions contained a significant structure through its interaction with DNA. Similar ex-

amount. These data are consistent with the fact that periments performed in U20S cells expressing the
both endogenous and recombinant HOXC13 are almost fluorolabeled construct of HOXCI13 wt and the Deletion
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mutant, confirmed that the presence of the homeodomain
is essential for chromatin binding (Supplementary
Figure S2).

Thus, the interaction of HOXCI13 with chromatin in
nuclear regions corresponding to replication factories
(Figure 1A) is very tight and is mediated by the
homeodomain. If the interaction were related to origin
function, considering its absence in GO (3), we would
expect cell-cycle-related variations of the presence of the
protein on the origin, in the area occupied by the RCs.

Spatial and temporal analysis of the localization of
HOXC13 in origin DNA

T98 G cells were synchronized in Gl by release from
serum starvation, in late G1-G1/S-S with mimosine and
in G2/M with thymidine plus nocodazole. Cells in differ-
ent phases were investigated for the presence of HOXC13
on the origin by ChIP and measure of the enrichment of
the precipitated DNA in the lamin B2 origin sequence.
Figure 4A shows that the protein appears on the origin
region at the beginning of G1 and reaches a peak value at
the G1/S transition. As the cells enter S, HOXC13 leaves
the origin and returns to it only at the next G1. These
observations agree with the data of Figure 1 and
provide new insight on HOXCI13 origin binding: not
only does the protein bind specifically early-firing origins
(lamin B2 among them), but it also leaves them in the
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course of S, when the early replicating origins go out of
the foci.

Our data demonstrate the presence of HOXCI13 at a
given moment of the cell cycle in the neighborhood of
the origin, in particular on chromatin fragments of a
size ranging between 200 and 1000 bp. But we must still
establish whether the interaction of this molecule in the
lamin B2 and other origin areas involves nearby pro-
moters (like the TIMM promoter for lamin B2) rather
than directly the RC-covered sequence. Since the RC
assembled on the lamin B2 origin covers a DNA length
<100bp, we investigated whether the HOXCI13-DNA
interaction occurs within or merely close to the RC area
(4,27,28). Accordingly, the position of HOXCI3 was
explored in more detail by submitting the cross-linked,
immuno-purified DNA to dimethyl sulfate (DMS) degrad-
ation followed by ligation-mediated PCR (LM-PCR) of
the produced fragments. A clear footprint was observed
(Figure 4B) on the lower strand within nt 3910 and 3990,
that is, within the area protected by the pre-RC in G1.
This area includes also the sequence recognized in vitro by
HOXC13 (1). The large protection observed in Figure 4B
is certainly not due exclusively to this molecule: the for-
maldehyde treatment causes also protein—protein cross-
links and the footprint is most probably due to the
covalent linking of several RC members, including
HOXC13. Also, the quantitative variations in the course
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of G1 may in part reflect a greater exposure of HOXCI13
epitopes as the RC evolves rather than an actual increase
in amount of bound protein.

We can conclude that HOXCI3 assembles in
G1 together with the other pre-RC molecules on
the origin and leaves it after firing. This suggests
that it must closely interact with other members of the
pre-RC.

Interactions of HOXC13 with other RC proteins:
in vitro studies

Affinity of HOXCI3 for other members of the pre-RC
was investigated by GST pull-down and by co-immuno-
precipitation. In vitro translated [*°S]-labeled Cdc6,

1%
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bound (% Input) W
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ORCI1, MCM2 and MCM3 were challenged for their
ability to bind a GST-HOXCI13 fusion protein.
Figure 5A shows that Cdc6 and ORCI1 were specifically
retained on GST-HOXCI13 agarose beads but not on GST
beads; differently, MCM2 and MCM3 were not retained
(data not shown). A more detailed analysis of the inter-
acting moieties of HOXC13 and Cdc6 was carried out, as
reported in Figures 5B, C. Two Cdc6 fragments, one from
the N-terminal to aa 363 and the other from aa 364 to the
C terminal (Figure 5D), were immobilized on the beads
and challenged with full-length [*°>S]-HOXC13. Neither
fragment interacted significantly with HOXCI13
(Figure 5B) indicating the central portion of the protein
in its integrity as the likely interacting moiety. Conversely,

123%

Cdc6
Cyclin-
Ken docking
box  motif

TN TTTEE Full-length 1-561

Destruction Walker Leucine
box motifs  zipper

Aminoterminal 1-363

EIIIEE cCarboxyterminal 363-561

HOXC13

Homeodomain

IP

Cdcb
WB:Cdct ’ -

IgG USF1 Input

-

Full-length 1-330
Aminoterminal 1-257

Carboxyterminal 261-330

F IP

Input IgG GFP-HOXC13

werore[— @]

Figure 5. HOXC13 binds Cdc6, ORC1 and ORC2 in vitro. (A) GST or GST-HOXC13, immobilized on agarose beads were incubated with in vitro
translated [*>S]-labeled Cdc6 or ORCI. Proteins retained by extensively washed beads were loaded onto a 10% acrylamide-SDS gel. The input lanes
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the absence from the beads of the fragment of HOXCI13 Co-immuno-precipitations with an anti-Cdc6 antibody
from the N-terminal to aa 260 and the presence instead of confirmed the affinity of HOXCI13 for Cdc6 (Figure 6 E).
the fragment from aa 261 to the C-terminal, indicate Experiments with an antibody against GFP-HOXCI13

clearly the latter, containing the homeodomain, as the demonstrated also an affinity of the homeotic protein
site of interaction with Cdc6 (Figure 5C). for ORC2. Importantly, this interaction was detected
A EOGFP-Cdc6 pulsed BrdUrd

Q

=

88

§-O

3

nuclear
Cdc6

/

E°GFP-Cdc6 time-lapse imaging

B E°GFP-ORC2 pulsed BrdUrd

diffused
ORC2

aggregated
ORC2

Figure 6. Dynamics of E°GFP-Cdc6 and E°GFP-ORC2 localization at the GI/S transition. (A) Two different localizations were found for
E°GFP-Cdc6: cytoplasmic and nuclear. Pulsed BrdUrd immunofluorescence (top color-panel) shows that cells displaying cytoplasmic
E°GFP-Cdc6 localization are positively stained with BrdUrd, while cells displaying the nuclear localization (white arrow) do not incorporate
BrdUrd. Time-lapse imaging (bottom gray-scale panel) shows that nuclear E°GFP-Cdc6 is gradually exported to cytoplasm within 15h (represen-
tative time for cells with low-expression profile of the construct). (B) E°GFP-ORC2 displayed different subnuclear distributions. Pulsed BrdUrd
immunofluorescence (top color-panel) shows that cells having a diffused nuclear E°\GFP-ORC2 localization are positively stained with BrdUrd, while
cells displaying a nuclear focal structure for E°\GFP-ORC2 do not incorporate BrdUrd (white arrow). Time-lapse imaging (bottom gray-scale panel)
reveals that the big E°GFP-ORC2 nuclear foci are first disassembled into smaller ones, until a final nuclear diffused localization is reached within
13h. Scale bar: 10 um.



only when the fraction of HOXC13 tightly bound to chro-
matin was extracted (Figure 6 F).

In summary, HOXCI13 displayed a significant in vitro
affinity with three members of the RCs, namely ORCI,
ORC2 and Cdc6. Additionally we showed that this inter-
action is mediated by the HOXC13 homeodomain, at least
for Cdc6.

Interaction of HOXC13 with other RC proteins:
in vivo studies

We inquired whether the above-described protein—protein
interactions occur also in vivo, in the nuclear compart-
ments and during specific cell-cycle intervals.

We preliminarily performed an in vivo study of the
cell-cycle dynamics of the intracellular distribution of the
analyzed proteins in U20S cells. HOXC13 has an exclu-
sively nuclear localization (Figures 1A and 3D) and does
not undergo changes of intracellular distribution through-
out the cell cycle (data not shown). We found instead sig-
nificant cell-cycle-related changes of localization for the
other probed proteins (Figure 6). We observed two differ-
ent localizations (nuclear and cytoplasmic) for
E’GFP-Cdc6: cells in S (i.e. positively stained with
BrdUrd: see Figure 6A, top) displayed a cytoplasmic
E’-Cdc6 localization, in agreement with what reported
for its endogenous counterpart (10,29,30). Time-lapse
imaging of E’-Cdc6 (Figure 6A, bottom) showed that
nuclear localization precedes the cytoplasmic one, as
nuclear Cdc6 was gradually excluded to cytoplasm
within 16-20h observation, a change certainly related to
the transition from G1 to S. Hence, the G1 phase is the
only moment of the cell cycle when E°-Cdc6 is present in
the nucleus for a possible interaction with HOXC13.

The localization of E’GFP-ORC2 showed a more
pronounced cell-cycle modulation. BrdUrd immuno-
fluorescence revealed that in S cells E°GFP-ORC2 is
homogeneously diffused in the nucleus, whereas it
displays a focal distribution outside S (Figure 6B, top).
Further analysis showed that this focal organization relies
on the association with heterochromatin (Supplementary
Figure S3), similarly to endogenous ORC2 (31-33).
Time-lapse analysis showed that this focal structure is
gradually lost within 13 h: few big foci are disassembled
into smaller ones, which then dissolve until a final homo-
geneous nucleoplasmic distribution is reached (Figure 6B,
bottom and Supplementary Video 2). Thus, similarly to
endogenous ORC2, the focal structure corresponds to the
G1 distribution and precedes the homogenization of
nuclear distribution typical of S.

The ORCI1 protein (pulled down by HOXC13 in vitro,
Figure 5A) was also tested for the in vivo interaction, but it
was not possible to obtain significant observations, since
the E°GFP construct displayed peculiar localization that
hampered a clear evaluation of the results (Supplementary
Figure S4).

We then moved to the analysis of the possible inter-
action of HOXCI13 with ORC2 and Cdc6. To this
purpose, we utilized Fluorescence Resonance Energy
Transfer (FRET) to detect only short-range interactions
(<10nm). FRET was monitored as reduction of the donor
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fluorescence lifetime in the presence of a close acceptor, as
can be achieved on a pixel-by-pixel basis by Fluorescence
Lifetime Imaging Microscopy (FLIM) (34). FLIM meas-
urements were performed by using E°GFP (35) and
mCherry (36) as donor and acceptor, respectively. This
optimized FRET pair shows negligible donor/acceptor
cross-talk when compared to other FRET pairs and fea-
tures a rather long, mono-exponential donor-fluorescence
decay when excited at 403 nm (t = 3.01 ns in vivo) (9). This
allowed us to minimize the spectral bleed-through and to
simplify fitting procedures in the FLIM analysis.

E°GFP fusions of the Cdc6 and ORC2 proteins were
expressed to%ether with mCherry-HOXCI13. We also
tested an E"GFP-MCM3 fusion construct, although
MCM3 did not interact in vitro with HOXCI13, nor did
fluorolabeled MCM3 undergo significant cell-cycle related
changes of localization (data not shown).

Figure 7 reports on the left side of each panel three sets
of representative images in which fluorolabeled HOXC13
was co-expressed with E°GFP fusions of Cdc6 (A), ORC2
(B) and MCM3 (C). To obtain lifetime values, E°GFP was
excited with a pulsed 403 nm laser and fluorescence decay
was recorded and fitted in all nuclear pixels. This yielded
the distribution of the frequency of nuclear pixels versus
mean donor lifetime (). Cumulative t,, distribution
curves were obtained based on all analyzed cells express-
ing either E°GFP-Cdc6, or E°GFP-ORC2, or
E’GFP-MCM3 together with mCherry-HOXC13 (red
curves in the graphs of Figure 7A, B and C, respectively).
In the same graphs, the blue curve is the t,, distribution of
cells expressing the respective E°GFP-RC protein alone;
the black dashed area represents the negative control, i.c.
an estimate of unspecific FRET signal between donor and
acceptor when they are not actually interacting.

The graphs show that, when expressed alone, all
E’GFP-RC proteins display a similar average lifetime in
the nucleus (from 2.97 to 3.03ns, see also Table 1, first
row): these values are very close to those reported for
untagged E°GFP (9). Conversely, when co-expressed
with mCherry-HOXC13, E’GFP-Cdc6 and
E’GFP-ORC2, but not E°\GFP-MCM3, displayed a sig-
nificant 7, reduction when compared either to the donor
alone, or to the negative control curves (Figure 7 and
Table 1, second and third row). Thus, Cdc6 and ORC2
do interact with HOXC13 in living cells, in agreement with
what observed in vitro (Figure 5).

A lifetime value was calculated for all nuclear pixels of
the analyzed cells. In this way we generated donor-lifetime
maps at sub-cellular level (right side in Figure 7A, B and
C). These 1, maps are superimposed onto the correspond-
ing donor-intensity images (green channel on the left side
of Figure 7). Pseudocolors represent lifetime values: as
indicated in the calibration bar, red-shifted colors corres-
pond to lower lifetime values and indicate FRET occur-
rence. Only Cdc6 and ORC2 (Figure 7A and B) display a
red-shifted lifetime map in presence of HOXCI13, while the
lifetime map of MCM3 co-expressed with HOXCI3
(Figure 7C) retains a blue-shifted color similarly to the
maps of the donor alone (Supplementary Figure S5).
Notably, the red areas in Cdc6 and ORC?2 lifetime maps
are super-imposable to the areas of HOXC13 localization
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Figure 7. FLIM analysis of mCherry-HOXC13 interactions with E°GFP-fusions of Cdc6 (A), ORC2 (B), MCM3 (C) in living cells. Left side of each
panel: representative fluorescence-intensity images of the cells used in the FLIM study. Cells expressed both donor E’GFP (green top image) fused in
turn to Cdc6 (A), ORC2 (B), MCM3 (C), and acceptor mCherry (red bottom image) fused to HOXC13. In the middle graphs of each panel: plot of
the frequency of nuclear pixels versus the mean donor lifetime (z,,) calculated for each pixel. The blue curve represents the 7, distribution of cells
expressing the respective E°GFP-fusion of the probed protein alone. The black dashed area represents the negative control: this was obtained either
transfecting E°GFP-NLSgv4o with mCherry-HOXC13 or E°GFP-pre-RC proteins with untagged mCherry (the average of the two controls is
presented here and in Table 1). The red curve shows 1., distribution for cells co-expressing the respective E°GFP-fusion of the probed protein
with mCherry-HOXC13. All reported curves are cumulative sum-distribution data relative to all analyzed cells (Table 1); the pixel frequency is
normalized to the peak of each distribution curve. Positive in vivo interaction, is detected by FRET as a significant shift of the red curve versus lower
7, values when compared to the dashed area of the negative control, this is evident for the case of Cdc6 (A) and ORC2 (B). On the right side of each
panel: representative donor-lifetime maps in the presence of mCherry-HOXC13. Scale bar: 10 um.

(red channel on the left side of Figure 7). Thus, the inter-
action of both Cdc6 and ORC2 with HOXC13 occurs in
the same nuclear regions where the homeodomain binds to
chromatin (Figures 2 and 3). It must be mentioned that,
particularly for the case of Cdc6, some reduction of donor
lifetime could be detected in nucleoli (green/yellow color
of these subcellular structures in the lifetime maps of
Figure 7A and Supplementary Figure S5A). This does
not significantly affect the final lifetime distribution,
however, since these areas are relatively small and
excluded from HOXC13 characteristic nuclear compart-
ments (data not shown).

Moreover, by relating lifetime measurements (Figure 7)
with the cell-cycle-dependent localization of Cdc6 and

ORC2 (Figure 6), we were able to temporally define
their interaction with HOXCI13. The interaction of
HOXC13 with Cdco6 is restricted to G1, the only phase
when these proteins co-localize in the nucleus. As for the
interaction with ORC2, the lifetime distribution of
E’GFP-ORC2 co-expressed with mCherry-HOXC13
(Figure 7B, red curve) displays two distinct peaks, one
close to the negative control (~2.95ns), the other one
shifted towards lower-lifetime values (~2.82ns). We
argue that this stems from the different behavior in differ-
ent moments of the cell cycle that are simultaneously
present when the interaction is investigated in asynchron-
ous cells. In order to verify this, cells were synchronized at
the G1/S border. Resulting FLIM data are shown as a
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Table 1. Mean lifetime values (mean+SEM) obtained with FLIM analysis

Cdco ORC2 MCM3
Tm (DS) n Tm (0S) n T (DS) n
E°GFP-replicative complex protein alone 3.00 £ 0.04 49 3.03 £ 0.04 51 2.97 +0.04 46
Negative control 2.97 +£0.04 85 2.97 £ 0.04 116 2.95+0.04 76

E°GFP-replicative complex protein+mCherry-HOXC13

2.86 + 0.04 106

2.86 = 0.06 64 291 +£0.05 36

green, dashed curve in the same graph (Figure 7B). Upon
aphidicolin block, an inversion of the amplitude of the two
lifetime peaks was observed, as a consequence of an
increase of the cell population in which ORC?2 interacts
with HOXC13. Thus, the maximum of direct interaction
between these two proteins occurs in G1, before the start
of S. Considering that the homeotic protein reaches its
peak on origin DNA only at the end of GI it is not
surprising that its interaction with ORC2 and Cdc6
turns out to be maximized at this cell-cycle stage.

Thus, HOXC13 interacts in vivo with both Cdc6 and
ORC2 when bound to the origin in GI1, within the
pre-RCs, and this interaction is not restricted to one or
few origins, but appears to have a general significance in
cell-cycle transactions.

Dispensability of HOXC13 and presence of other
homeotic proteins on the lamin B2 origin

The general character of the interaction of HOXC13 with
pre-RC proteins raises two questions: does HOXC13 play
an essential role for origin function? And, in view of the
multiplicity of homeotic proteins, is the role of HOXCI13
in this process unique, or is it shared by other related
molecules?

We studied the effect of HOXCI13 depletion in both
T98G and U20S cells by either transient or stable
shRNA transfection. By FACS analysis of the cell-cycle
profiles and of BrdUrd incorporation in asynchronous or
synchronized cultures, we found that HOXCI13 depletion
did not affect either cell-cycle progression, or S phase
entry (Supplementary Figure S6). This lack of effect is
not surprising in light of the observation that in mice
the mutation of HOXCI13 alleles is compatible with life
and only causes a defect in hair morphogenesis (37);
actually, HOX-gene knock-out often gives viable
progenies (38). This is suggestive of a redundant availabil-
ity of other HOX proteins that can surrogate structurally
and functionally the missing one.

We investigated by ChIP the possible presence of other
HOX proteins on the lamin B2 origin: we tested HOXCI10
that, like HOXC13 and HOXA13, was initially identified
by mono-hybrid screen for binding the origin sequence (1).
We found a significant enrichment of the origin sequence
in the HOXCI10 immuno-precipitate (Figure 8A). These
data agree with the recent observation that also
HOXAI13 binds lamin B2 origin in vivo (together with
two other abdominal-B orthologs, HOXDI1! and
HOXD13) (5).

These data fit with the contention that HOX proteins
operate, as a rule, by binding DNA as part of a
multi-protein  complex, typically associating to other
HOX proteins and specific co-factors, like Pbx or Meisl
(39,40). The association in these multi-molecular
complexes confers the sequence-specificity for the inter-
action that is absent in isolated HOX proteins. In these
complexes, one missing HOX protein may be surrogated
by a similar one, structurally fitting the complex and
ensuring its function.

Thus, HOX proteins display an affinity in vivo for
origins and for other RC proteins, probably in the
context of a complex with each other. We may wonder
whether these complexes specify or contribute to the spe-
cification of origins, considering that in metazoan
genomes no clear common motifs were yet discovered
that confer this function. This hypothesis suffers, nonethe-
less, from the lack of consensus sequence also for the
motifs bound by different homeotic complexes. This
raises the possibility that, rather than sheer sequence, par-
ticular local chromatin configurations may actually
provide the appropriate conditions for RC assembly.

Effects of disruption of origin chromatin

In order to investigate the impact of the disruption of
chromatin organization at the origin sequence, we
induced histone hyperacetylation by treating cells with
trichostatin A (TSA), an inhibitor of histone deacetylase.
The disturbance caused by TSA is reflected in the func-
tionality of the lamin B2 origin: Figure 8B shows that TSA
reduces origin activity, as previously reported (41). This
reduced functionality is paralleled by the reduced ability
of the origin area to bind other RC members: as shown in
Figure 8C, also Cdc6 and its partner HOXCI13 cannot
bind the origin as a consequence of TSA treatment.

The TSA-induced disturbance in HOXCI13 binding
is observed also for the TOPI and MCM4 origins.
Figure 8D reports a comparison of the PCR products of
set B (non-immuno-precipitated chromatin of cycling
cells) and set C (the same, in presence of TSA) and
shows that the abundance of the three sequences
(including a non-origin control) is not significantly
changed; conversely, in the samples immuno-precipitated
with anti-HOXCI13 antibody, the ones obtained from
TSA-treated cells (set E) lose the enrichment in origin se-
quences present in the non-treated ones (set D).

Thus, an appropriate chromatin organization of the
origin area appears to be required for the formation of
an active RC. Notably, chromatin disruption does not
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Figure 8. (A) Binding of HOXCI0 to the lamin B2 origin in asynchronous T98 G cells. Chromatin was immuno-precipitated with HOXC10 antibody
or rabbit IgG as control. DNA was then analyzed by competitive PCR for the abundance of origin (B48) over non-origin sequence (B13)
(Supplementary Data). C: competitor. T: target DNA. C/T: ratio of the net intensities. Histograms report the relative enrichment of the origin
sequence over the non-origin one in the HOXCI10 IP and its control, as derived from the analysis of the PCR products shown alongside. (B) TSA
inhibition of the lamin B2 origin activity. The abundance of nascent DNA for origin (B48) and non-origin (B13) regions was measured by com-
petitive PCR analysis in cells treated or not with TSA. (C) Comparison of ChIP performed without and with TSA treatment, using HOXCI13
antibody (left) or Cdc6 antibody (right). For each ChIP experiment USFI and rabbit IgG were used as positive and negative control, respectively.
(D) Association of HOXC13 with TOP1 and MCM4 origins in vivo. PCR was performed on genomic DNA isolated from quiescent cells (G0), on
chromatin fragments from cross-linked asynchronously growing cells with and without TSA treatment (Input) and on chromatin fragments isolated
after the immuno-precipitation with HOXC13 antibody with and without TSA treatment (IP HOXC13), in serial 2-fold dilution.

affect other different protein—-DNA interactions even
if occurring in close proximity: the binding of the USF
transcription factor to the nearby promoter for the
TIMM gene (28) is unaffected by chromatin disruption
(Figure 8C).

In conclusion, the structural features of chromatin at
the origins appear to play an important role in origin
function rather independently from the detailed sequence
features.

DISCUSSION

The data reported in Figures 1-3 demonstrate that
HOXCI13 is present only in the nucleus and, at least in

interphase, over half of it is bound to early replicating
chromatin via the homeodomain, with a mean residence
time of the order of minutes. Thus, HOXC13 can be con-
sidered a stably chromatin-bound protein, with properties
intermediate between the fastly exchanging transcription
factors (8) and the almost immobile structural proteins
like histones (42), cohesin (14), CENP at centromeres
(43) or PCNA at replication foci (16). HOXCI13 distribu-
tion correlates well spatially and temporally with the sites
(replication foci) where origins are collected in Gl: the
affinity for at least three different origins [(3) and
Figure 8D] lead to infer that HOXCI13 is stably bound
to at least a good fraction of the origins, specifically the
early replicating ones, to which all the three tested origins



belong and that represent anyhow the majority. This hy-
pothesis is further confirmed by our observations that
HOXC13 does not co-localize with late S replication foci
(Figure 1A), nor does it bind a late firing replication
origin, namely the one close to the P-globin gene
(Figure 1B).

The HOXC13 protein is bound to origin chromatin, at
least for the lamin B2 origin, at a precise site within the
pre-RC (Figure 4B) at specific moments of the cell cycle
(Figure 4A), and interacts in a time-dependent way with
canonical members of the pre-RC (Figures 6 and 7).
Interaction with the origin occurs within the area pro-
tected by the pre-RC in G1, very close to the start sites
of leading strand synthesis and to the binding sites of
ORCI1, ORC2, Cdc6, topoisomerase (topo) I and topo 11
(27,44). The protein is absent from the origin in M and
appears on it at the beginning of G1, interacts with ORC2
in this phase to reach a peak at G1/S, that is the moment
when the interaction with Cdc6 can occur. As synthesis
starts, interaction of HOXCI13 with the origin and the
other RC members fades, in parallel with the transition
from this large pre-RC to a smaller and differently
organized post-RC (27). We can surmise that the
protein, although slowly exchanging with nucleoplasm,
gradually moves from origin to non-origin DNA chroma-
tin throughout S, consistently with the observation that
mid S and late S replication foci are excluded from
HOXCI13 nuclear compartments (Figure 1A and
Supplementary Video 1). Even if the data on the precise
site and time of interaction of HOXCI13 with the origin
were here referred to the lamin B2 case, we stress that the
interaction with ORC2 and Cdc6 is a global feature of the
cell.

The interaction of HOXC13 with the origins, in all prob-
ability, occurs in the context of a multi-protein homeotic
effector, containing different homeotic proteins. This con-
clusion is suggested by the observation that several
homeotic proteins, namely HOXCI13, HOXAI13,
HOXC10, HOXDI11 and HOXDI13 bind replication
origins in vivo [Figure 8A and (1,5)]; moreover, HOXC13
and HOXD13 are both involved in protein—protein inter-
actions with the pre-RC, and share an affinity for Cdc6,
while the fact that ORC2 is found to interact with
HOXC13 but not with HOXD13 could depend on the dif-
ferent experimental procedures used in the investigation
[Figures 5-7 and (5)]. In this perspective, we should also
expect that, besides HOXC13, other homeotic proteins
might display a stable interaction with chromatin.
Depletion of one of these proteins is compatible with the
continuation of the cell cycle, as evident for both HOXC13
and HOXD13 (5) proteins: probably, thanks to the redun-
dancy of homeotic protein structures, a missing protein
may be surrogated in the complex by an analogous one,
at least insofar as a relatively ‘generic’ function (marking of
a large fraction of replication origins) is required, rather
than the regulation of a specific gene. In this view, it was
not surprising to find that depletion of HOXC13 does not
alter cell cycle progression or S phase entry
(Supplementary Figure S6). The delay in initiation of
DNA synthesis in HEK293 cells reported upon HOXD13
depletion (5) could be the result of the synergistic silencing
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of several HOX members when using siRNA targeted to
highly conserved protein sequences like that of the
homeodomain; or it could be due to a possible higher
level of HOXDI13 in HEK?293 cells when compared to
the levels of HOXCI13 in U20S and T98 G cells.

A connection between the morphogenetic function of
homeotic proteins and the regulation of DNA replication
could be postulated a priori. Indeed both in the case of
development and cancer a key role of HOX proteins in
modulating cell proliferation was amply demonstrated
[reviewed by (7,45)]. Thus, which specific role can we
ascribe to the binding of HOXCI13 to a large fraction of
replication origins, in the context of the pre-RC assembly
and operation? It is tempting to hypothesize that homeotic
complexes could contribute to the specification of origins
in the genome, considering the lack of sequence consensus
in metazoan origins, apart from a relative frequency of
asymmetric A/T stretches (46). On the other hand, also
the motifs bound by homeotic complexes, when considered
for their role of transcription (positive or negative) effect-
ors, do not display any obvious consensus. This raises the
possibility that, rather than sheer sequence, particular local
topological constraints and/or specific chromatin configur-
ations may actually provide the appropriate conditions for
the assembly of the RCs. This apparent paradox stems
from the observation that interaction of the origins with
HOXC13 occurs in the absence of sequence conservation.
In fact, TOPI and M CM4 origins do not contain any motif
similar to the one bound by HOXCI13 on the lamin B2
origin in vivo or in vitro. DNA topology and chromatin
structure are closely interrelated, affect each other and
depend also on relatively long-range effects of DNA
sequence, such as the tendency to form unusual DNA
structures (triple strands, Hoogsteen structures) and to
bend the duplex. The lamin B2 origin sequence is
characterized by an intrinsic tendency to form such
unusual structures (47) and contains a bent DNA
sequence between nt 3923 and 3928. Furthermore, topo-
logical status is clearly critical for origin recognition by
ORC in yeast and Drosophila origins (48,49), while topo
I and II bind precise sites in the lamin B2 pre-RC area in
precise moments of the cell cycle, topo I being essential for
synthesis initiation (44,50). In this context, it is particularly
important to observe that both topos precisely recognize
in vitro the same origin nucleotides cleaved in vivo. Finally,
disruption of chromatin structure caused by TSA sharply
reduces origin function and disturbs the binding of RC
members like HOXC13 and Cdc6, whereas it does not
affect the binding of USF to the TIM M promoter, that is
located only 50-bp away from the right border of the RC,
and that, contrary to what happens with RC members,
remains bound throughout the cell cycle (Figure 8C).

With these considerations, how can we rationalize
the riddle of origin specification and of the role of
homeotic proteins in origin function? A possible working
hypothesis requires looking at the problem in a network,
rather than strictly deterministic, logical frame: a combin-
ation of local chromatin organization, loose but not nil
sequence specificity of the topos and of a homeotic
complex, plus other yet-to-be-identified proteins and
elements (presence of asymmetric AT-rich stretches?
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Presence of nearby sites for binding transcription factors,
like the E-box present in the close TIM M 13 promoter, to
which USF is bound as well as, possibly, cMYC? Presence
of sequences causing bends in DNA? Closeness to a
chromosome scaffold attachment site?) could synergize
in creating a chromosomal region fit for assembly of the
RC. In this view, we might hypothesize that constitutively
open-chromatin sequences may be bound preferentially by
topos, assuring a local negatively supercoiled status, or by
other proteins recognizing yet to be defined features of the
sequence, and by the homeoprotein complex that, thanks
to the interaction with the pre-RC members, facilitates the
assembly of this complex on the origin.

Homeotic proteins have a preference for AT-rich se-
quences (51) and our FRAP data indicate that most of
the HOXC13 stabilization onto DNA comes from the an-
choring of the homeodomain (Figures 2 and 3). Notably,
not all mutations that did show to completely abolish
DNA binding in vitro (21) had the same effect on our
in vivo FRAP analysis. In particular, our data rather
indicate that most of the stabilization on chromatin
depends on the interaction of an Arg residue of the
homeodomain  with the DNA minor groove.
Interestingly, N-terminal Arg residues were recently
indicated as the only residues necessary to confer specifi-
city in the DNA binding by HOX and other proteins (52);
indeed, minor groove anchoring by Arg residues seems to
constitute the basis for a new DNA recognition
mechanism used by many families of DNA-binding
proteins (53). Such recognition property may provide the
relatively loose sequence specificity contribution of HOX
complexes that could lead to precise origin specification,
in combination with other partial but converging
specificities. In this context, it is worth mentioning that,
among pre-RC proteins, HOXC13 shares some similarity
with Schizosaccharomyces pombe ORC4 (54) which was
shown to bind to the minor groove of AT-rich sequences
and thus contribute to origin specification.

We should like to propose this network/combinatorial
approach as a possible guide for solving the puzzle of
metazoan origin selection: according to this view, the
property of replication origin might emerge from a
limited number of combinations of the structural
features mentioned above, in an appropriate cellular
context, in which certain essential proteins are available.

It appears certainly stimulating to discover a connection
between an element of the DNA replication regulation and
an actor of development and differentiation (7): actually,
the HOXCI13 protein may be only the first identified of
possibly several go-betweens of the two processes.
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