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We have studied the nuclear distribution of the non-histone
HMG-I protein by indirect immunofluorescence in several
human and murine somatic cell lines and in growing mouse
oocytes. We show that HMG-I, a high mobility-group
protein which interacts in vitro with the minor groove of
AT-rich B-DNA, is found exclusively in the nucleus and that
this localization corresponds to a complex distribution. By
comparing the HMG-I-dependent fluorescence signal with
the chromatin density determined by Hoechst 33342 or
propidium iodide staining, we present evidence for the
existence of three HMG-I sub-populations whose
contribution to the total fluorescence can be determined
using a newly developed quantitative co-localization image
analysis program: foci that correspond to regions of

heterochromatin, intense dots located within decondensed
chromatin, and a more diffuse component extending
throughout the nucleoplasm. In addition, we show that
these sub-populations differ in their sensitivity to nuclease
digestion and in vivo displacement by the minor-groove
binder Hoechst 33342. Finally, double immunolabeling of
RNA polymerase II-dependent transcription and HMG-I
shows that the intense dots are not correlated with sites of
high transcriptional activity. We discuss the possibility that
these three sub-populations reflect distinct and separable
biological functions of the HMG-I protein.

Key words: HMG-I, Co-localization software, Image analysis,
Nuclear compartment
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INTRODUCTION

The high mobility-group (HMG) proteins are a group of sma
highly charged non-histone chromosomal proteins, which c
be sub-divided in three families: HMG-1/-2, HMG-14/-17 an
HMG-I(Y) (for review see Bustin and Reeves, 1996). Althoug
their structure and DNA binding properties have be
characterized quite well, their function is less understood. I
generally admitted that they act as ‘architectural’ compone
that influence different levels of chromatin structure (Bust
and Reeves, 1996). The mammalian HMG-I(Y) fami
comprises three members: HMG-I (107 amino acids, 11
kDa), HMG-Y (96 amino acids, 10.6 kDa), derived from
HMG-I by an internal deletion of 11 amino acids, and HMG
IC coded by another gene. All three proteins bind AT-rich DN
through specific binding domains, termed ‘AT hooks’ (Reev
and Nissen, 1990). In vitro studies have shown that HMG
interacts with the minor groove of AT-rich sequences in 
DNA requiring 5 to 6 consecutive dA.dT base pairs (Reev
and Nissen, 1990; Radic et al., 1992; Strauss and Varshav
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1984). Such sequences are particularly abundant in cert
satellite DNA repeats and in scaffold-associated regio
(SARs) (Zhao et al., 1993). In fact, HMG-I was first isolate
on the basis of its interaction with AT-rich regions of gree
monkey satellite DNA (Strauss and Varshavsky, 1984) and w
suggested to play a role in the phasing of nucleosomes. It w
also shown to bind quite avidly to SARs in vitro, where 
antagonizes efficiently histone H1 binding and furthe
assembly into flanking sequences (Zhao et al., 1993; Käs et
1989; Izaurralde et al., 1989). HMG-I could then be an efficie
competitor of H1-mediated general repression of transcripti
(Käs et al., 1993; Zhao et al., 1993). However, the
experiments were performed in vitro in a non-nucleosom
DNA context and the in vivo biological relevance of thes
findings remains to be established.

HMG-I has also been shown to interact directly with th
promoter regions of a limited number of genes such 
interferon-β (IFN-β) (Thanos and Maniatis, 1992), the α-chain
of the interleukin-2 (IL-2) receptor (John et al., 1995)
interleukine-4 (IL-4) (Klein-Hessling et al., 1996), E-selectin
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(Ghersa et al., 1997). In addition HMG-I is involved in th
activation of the latency-active promoter 2 of Herpes Simp
virus by facilitating the binding of Sp1 (French et al., 1996
In these cases, HMG-I seems to act as an architectural fa
required for the proper binding of specific transcription facto
through binding-induced modifications of DNA bendin
(Falvo et al., 1995; Thanos and Maniatis, 1995), and/or throu
direct protein/protein interactions (John et al., 1995; Leger
al., 1995).

These observations suggest that the specific interaction
HMG-I with AT-rich DNA might support distinct functions
depending on the chromatin contexts in which the protein 
be found. While HMG-I has been shown to localize to G/Q- a
C-bands of human and mouse mitotic chromosomes (Disne
al., 1989; Saitoh and Laemmli, 1994), only a few studies h
dealt with the localization of the protein in interphase nuc
(Disney et al., 1989; Thompson et al., 1995). We theref
undertook a study of the nuclear distribution of endogeno
HMG-I protein in mouse somatic or germinal cells and in hum
somatic cells, with the aim of distinguishing between differe
sub-nuclear populations that might be related to the differ
proposed functions of HMG-I. Using a newly developed ima
analysis program, we show that HMG-I accumulates in th
different sub-nuclear domains characterized by differe
reactivities to nucleases and competition by Hoechst 33342.
analyze the possible correlation between these sub-popula
and sites of active transcription.

MATERIALS AND METHODS

Cell culture and treatments
Human HeLa cells, human fibroblasts (1BR) and mouse fibrobla
(3T3) were cultured in Dulbecco’s MEM supplemented with L
glutamine and 10% fetal calf serum (HeLa and 1BR) or new-born c
serum (3T3). For immunofluorescence detection of HMG-I, cells w
grown on coverslips to sub-confluence for about 24 hours. Mo
oocytes from sixteen-day-old mice (genotype C57/CBA) we
collected as described (Debey et al., 1993) and kept at 37°C in
medium before being fixed and processed.

Transcription sites were detected by incorporation of modifi
RNA precursors (Wansink et al., 1993). Cells grown to sub-conflue
on Cellocate plates were micro-injected in the cytoplasm with BrU
(100 mM diluted in 2 mM Pipes, pH 7.4, 140 mM KCl) using a Zei
AIS (automated injection system) equipped with a Sutter P
capillary puller. Approximately 80 cells were microinjected withi
15-30 minutes. In the case of oocytes, BrUTP (same concentratio
above) was micro-injected using an Eppendorf micro-injector a
Narishige micromanipulators, as already described (Bouniol et 
1995). Cells and oocytes were then incubated in their respec
specific culture medium from 10 to 30 minutes, before being fix
and processed as described below.

HMG-I protein and antibodies
Recombinant human HMG-I protein was produced in Escherichia coli
and purified by HPLC (Elton and Reeves, 1986). A polyclon
antibody against HMG-I was obtained from rabbits immunized w
purified HMG-I (Eurogentec, Belgium). High-titer serum fraction
were affinity-purified against HMG-I protein bound to activate
CNBr-Sepharose (Pharmacia). Eluted fractions were tested 
western blotting of nuclear extracts prepared from HeLa cells.

Immunofluorescence labeling
Different protocols of fixation-permeabilization were used for soma
e
lex
).
ctor
rs
g
gh

 et

 of

can
nd
y et
ave
lei
ore
us
an
nt
ent
ge
ree
nt

 We
tions

sts
-
alf

ere
use
re
 M2

ed
nce
TP
ss
87
n
n as
nd
al.,
tive
ed

al
ith
s
d
by

tic

cells: (1) fixation by paraformaldehyde (PFA; 4%, 15 minutes, roo
temperature) in phosphate buffer (PBS) and permeabilization eit
by Triton X-100 (0.1%, 15 minutes, room temperature), or NP4
(0.1%, 10 minutes, 4°C); (2) fixation-permeabilization in
ethanol/acetone (1/1, v/v) for 5 minutes at 4°C. Human hepatic c
(HEp-2) purchased from Sanofi Diagnostics Pasteur were alre
fixed with acetone at 4°C. Oocytes were fixed with 2% PFA for 2
minutes and permeabilized with 0.2% Triton X-100 for 15 minutes
room temperature.

The immunolabeling protocol was the same for somatic cells a
oocytes, except that oocytes were manipulated using mo
micropipettes, as already described (Debey et al., 1993). Fixed 
permeabilized cells were first blocked for at least 1 hour in PB
containing 2% bovine serum albumin (BSA), before being incubat
at 4°C overnight with the purified rabbit anti-HMG-I serum (se
above) used at a 1/100 dilution, and 1 hour at room temperature w
the secondary antibody (an anti-rabbit IgG(H+L) antibody conjugat
to fluorescein (FITC) or lissamine-rhodamine (LRSC), Jacks
Immuno Research, used at a 1/100 dilution). They were th
counterstained for 30 minutes in 2 µg/ml Hoechst 33342 (HO) or 2
µg/ml propidium iodide (PI). In the latter case, a further digestion 
1 mg/ml RNAse at 37°C for 30 minutes was performed. Each s
was followed by thorough rinses in PBS. Cells were then postfixed
2% PFA in PBS for 15 minutes and, after washing, coverslips we
mounted in Citifluor.

In depletion experiments, 50 to 200 µg of the purified protein were
mixed with 1 µl of the purified antibody, diluted to 100 µl in PBS
supplemented with 2% BSA and incubated for 7 hours at 4°C bef
being centrifuged for 30 minutes in an airfuge. The resultin
supernatant was then used as above for immunofluorescence stu

Immunodetection of BrU incorporated into nascent RNAs wa
performed as already described (Wansink et al., 1993; Bouniol et
1995) by incubating cells overnight at 4°C with a mouse monoclon
anti-BrdU antibody, which also recognizes BrU (Calta
Laboratories, 1/500 dilution). The secondary antibody was 
fluorescein-conjugated anti-mouse IgG(H+L) (Jackson Immu
Research), used at a 1/200 dilution for 1 hour. In the case of dou
labeling experiments (HMG-I and transcription), incubations we
performed simultaneously with both primary antibodies, followe
by the secondary antibodies.

DNAse I and micrococcal nuclease treatments
RNAse-free-DNAse I and micrococcal nuclease (MNase) we
purchased from Sigma. Concentrated solutions of RNAse-fre
DNAse I (1 mg/ml or 520 units/ml) and MNase (100 units/ml) wer
prepared in a 0.125 N HCl solution containing 50% glycerol and 
PBS, respectively. After fixation-permeabilization in ethanol/aceton
cells were rinsed for 10 minutes in PBS containing 0.5 m
phenylmethylsulfonyl fluoride (PMSF) before being treated for 15 
30 minutes at 37°C with different concentrations of RNAse-fre
DNAse I or MNase in PBS containing 0.5 mM PMSF and 5 mM
MgCl2 or 1 mM CaCl2, respectively. After rinsing twice with PBS,
nucleases were inactivated by incubating cells for 10 minutes at 4
in a solution of 20 mM EDTA.

Preincubation of live cells and oocytes with Hoechst
33342
3T3 or HeLa cells, grown on coverslips during 24 hours, we
incubated for 1 hour in the presence of Hoechst 33342 (HO; 1, 5
10 µg/ml) in culture medium without serum, then rinsed, fixed wit
ethanol/acetone and immunolabeled for HMG-I as above. Mou
oocytes were incubated with 5, 10 and 20 µg/ml HO for 1 hour at
37°C in M2 medium. To control for variations among individuals
oocytes from one mouse were separated into two sets, one con
(without HO) and the other incubated with HO. Two experiments we
performed for each HO concentration. Oocytes were then rinsed, fi
and processed for immunolabeling as above.
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Fluorescence microscopy
Observations were performed on a Zeiss inverted microsc
(Axiovert 35) equipped with Zeiss fluorescence filter sets or with
filter wheel. We used a Zeiss Plan Neofluar ×100 oil immersion
objective (NA=1.30) to visualize the distribution of HMG-I or a Zeis
×20 objective (NA=0.5) for quantification of the total fluorescenc
intensity, respectively. Image acquisition and processing w
performed either with an intensified video camera (type 4336, Lh
Electronique) coupled to a digital Sapphire system (Quan
Consultants) as previously described (Debey et al., 1993), or wit
CCD camera (Photometrics type KAF 1400, 12-bit dynamic rang
cooled to 10°C and coupled to the IPLAB Spectrum Imagin
software. In the latter case, one pixel of an image (658×517 pixels)
recorded with a ×100 objective corresponds to a 0.133 µm × 0.133
µm square. Using a filter wheel for the excitation light and a trip
band dichroic mirror and filter set for emitted light, images fro
double fluorescent beads taken at two different wavelengths diffe
at most by a translation of 1 pixel.

Images were acquired after stabilization of the excitation merc
lamp. They were corrected for heterogeneities in the illumination a
camera sensitivity by a shading correction, using black and wh
images captured with the same objective. Confocal imag
microscopy was performed on a Zeiss LSM-310 confocal la
scanning microscope with a Zeiss Plan Neofluar ×63 oil immersion
objective (NA=1.4), using excitation wavelengths of 488 an
543 nm.

Image analysis
For quantitative measurements of the integrated fluorescence (HM
I immunolabeling or HO) emitted by each nucleus, images we
recorded with the ×20 objective after a 2 hour stabilization of th
mercury lamp. For HMG-I images, the mean intensity of th
cytoplasmic area (background) was subtracted from the whole ima
This was not necessary in the case of HO as the backgro
fluorescence due to free HO was undetectable. A mask defining
outlines of all nuclei from a given field was then defined b
thresholding the HO image and applied on the corresponding HM
I image. The fluorescence intensity emitted by each individual nucl
was measured at the two wavelengths using the IPLAB software. D
were saved in a file for statistical analysis. Precision on the m
intensity value is expressed through the standard error of the m
(P=99%). As fluorescence gives only relative intensity value
intensities were compared only among images taken within a 4 h
interval.

To study the spatial distribution of two labeled macromolecules (
example HMG-I and chromatin or HMG-I and nascent RNAs
images were recorded at the two selected wavelengths with the ×100
objective and corrected for spatial heterogeneities as described ab
Analysis was performed using the Co-localization Image Analy
program from the SPIMAC (‘Spectral Imaging on Macintosh
software developed by A. Viari and J. P. Ballini following a metho
previously proposed by Taneja et al. (1992) and by Demandoix 
Davoust (1995). The software provides a 2-D histogram, similar
the one used in flow cytometry, where x and y coordinates represent
the gray levels of the same pixel in the two images, respectively.x and
y values are normalized relative to the highest gray level in ea
image, which is set to a value of 100. Note that, due to t
normalization, intensity values on the 2-D histograms from tw
different cells cannot be compared. In addition, each point of 
histogram is assigned a color on a scale representing the numb
pixels with the same pair of gray levels. Different sub-populations c
then be identified as different regions of the 2-D histogram, depend
on the relative intensities of the two fluorescent probes, and can
delineated by thresholding or by drawing a rectangle or a polygon
the 2-D histogram. Pixels belonging to a given sub-population c
then be localized interactively on each of the two initial images. T
SPIMAC software also calculates the pixel number of any selec
ope
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region of the histogram, as well as the integrated and mean intensi
of these pixels in each image.

RESULTS

HMG-I localizes to distinct nuclear sites that
correspond to different levels of chromatin
condensation
The rabbit polyclonal serum used in our studies was rais
against recombinant human HMG-I and purified by affinity
chromatography against the immobilized purified protein. Th
antibody reacts highly specifically with HMG-I, as shown by
western blots of nuclear HeLa cells extracts (Fig. 1A). A
unknown 120 kDa protein is also detected by the antibody, b
this cross-reactive band disappears upon a 5-fold dilution 
the antibody.

We used a suitable dilution of this antibody for
immunofluorescence studies in HeLa and 3T3 cells (Fig. 1
E) as well as in 1BR and HEp-2 tissue-culture cells (data n
shown). In all cases, the antibody revealed an exclusive
nuclear localization of HMG-I. No labeling was observed in
control experiments performed without incubation with th
primary antibody, or following incubation with the pre-
immune serum (data not shown). We verified in eac
experiment the absence of light leak-through from one chann
to another and that the HMG-I labeling pattern did not depe
on the fixation/permeabilization protocol used. Finally
depletion of the serum by preincubation with purified HMG-
led to the almost complete disappearance of nuclear label
(Fig. 1F and G). While a large increase in contrast reveals
residual nuclear signal in the form of small dots, its intensi
is comparable to that of the cytoplasmic background (data n
shown). Therefore, the immunofluorescence signal we dete
is indeed due to a highly specific reaction with nuclear HMG
I protein.

Visual observations of the immunolocalization of HMG-I
with respect to DNA (stained with Hoechst 33342, HO o
propidium iodide, PI), reveal that the HMG-I signal can b
subdivided into three components. As shown in Fig. 2, the
correspond to relatively intense extranucleolar small do
(about 0.3 µm in diameter) scattered in areas of low HO (o
PI) fluorescence intensity, larger foci that coincide with
chromocenters of high HO (PI) fluorescence and a continuo
labeling of the whole nuclear area. These components, wh
are most easily distinguished in 3T3 cells and somewhat le
so in HeLa cells (Fig. 2, compare A,B and C,D), are als
observed in 1BR and HEp-2 cells (data now shown).

Using the SPIMAC software described in Materials an
Methods, the distribution of HMG-I with respect to HO
intensity was analyzed more precisely on HMG-I/HO 2-D
histograms where x and y coordinates represent normalized
HMG-I and HO fluorescence intensity levels, respectively. Th
2-D histograms presented in Fig. 3 are derived from the HMG
I and HO images of the 3T3 and HeLa cells shown in Fig. 
The three nuclear HMG-I sub-populations described above a
evidenced as three different regions of the 2-D histograms: t
first region is represented by pixels of high HMG-I and low
HO fluorescence intensities, concentrated along one (
sometimes two) horizontal line(s) (Fig. 3A, upper rows). O
the HMG-I image, the pixels of this region correspond to th
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Fig. 2. A representative distribution of chromatin (A,C) and HMG-I
protein (B,D) in the nucleus of a 3T3 cell (A,B) and of a HeLa cell
(C,D). Cells were immunolabeled as above. In addition to a
continuous diffuse labeling pattern, discrete small dots (arrow) and
larger foci co-localized with condensed chromatin (arrowheads) can
also be observed. Bar, 5 µm.

Fig. 1. Detection of HMG-I/Y in HeLa cells by western blotting and
indirect immunofluorescence. (A) Western blots of nuclear extract
from HeLa cells using pooled fractions of the affinity-purified serum
raised against HMG-I. Serum dilutions were 1:100, 1:500 in lanes
and 2, respectively. The serum only detects 2 bands: HMG-I and,
the lowest dilution only, an unknown protein of 120 kDa. (B to E)
The immunofluorescence pattern of HMG-I in 3T3 cells (C) and in
HeLa cells (E), using the same serum and the corresponding stai
with Hoechst 33342 (3T3 in B and HeLa in D). HMG-I labeling is
concentrated in the nucleus. The HMG-I fluorescence pattern
detected in a 3T3 cell after treatment with the serum depleted by
preincubation with purified HMG-I is shown in G and can be
compared to a control immunofluorescence staining (F) obtained
with the same imaging parameters.
small dots described above, which therefore seem to be loc
in nuclear regions of uniformly low HO intensity. The secon
region of the 2-D histogram represents pixels of mediu
HMG-I and intense HO fluorescence (B, middle rows), with
linear correlation between the two signals. When selected,
corresponding pixels of the HMG-I image are those of the fo
Therefore, in contrast to the small dots, the intensity of 
HMG-I signal in the foci is proportional to the DNA labeling
The continuous HMG-I staining pattern appears as a third s
population where HO and HMG-I intensities are aga
proportional (C, lower rows).

The SPIMAC software also provides quantitative data on 
relative area and fluorescence intensity corresponding to e
sub-population. For example, in 3T3 cells, the integrat
ated
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intensities of the HMG-I dots, foci and continuous stainin
pattern account for 6-7, 9-19 and 70-86% of the total nucle
intensity and represent 1-3, 6-14 and 82-92% of the to
number of stained pixels in the nucleus, respectively.

We also examined the distribution of HMG-I in two othe
human somatic cell lines. While the HMG-I immunolabelin
pattern detected in transformed HEp-2 hepatocytes and 1
fibroblasts was similar to that in HeLa and 3T3 cells, we not
variations in the number and intensity of the HMG-I dots. F
instance, dots, which are very numerous in HEp-2 cells, 
less abundant in 1BR cells and, in both cases, appear m
intense than in HeLa or 3T3 cells (data not shown). Althou
the number of dots appears lower in 1BR cells than in 3
cells, they occupy a similar area (about 2% of the nuclear pi
number) indicating that their average size is increased.
addition, the integrated HMG-I intensity of the dots which, i
3T3 cells, represents 6% of the total nuclear fluorescen
increases to 15% in 1BR cells (standard error of the mean 0
and 6.8%, respectively, P=99%).

Confocal images (∆z=0.3 µm) of 3T3 and HeLa cells stained
with propidium iodide (PI) and analyzed with the SPIMAC
program showed a similar HMG-I distribution. A
representative image of a 3T3 cell is shown in Fig. 4, togeth
with the corresponding 2-D histogram. Analysis of the HMG
I signal with respect to PI fluorescence showed a simi
subdivision into three sub-populations. As PI intercalat
between the DNA base pairs without sequence specificity,
fluorescence intensity is directly proportional to the local DN
concentration. Therefore, the PI signal can be taken 
reflecting the local density, or condensation state, of chroma
As results obtained by conventional and confocal microsco
are qualitatively similar, subsequent studies were perform

s
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 at

ning
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Fig. 3. Comparative SPIMAC analysis of the spatial distribution of HMG-I protein and chromatin in the nuclei of the 3T3 cell (left panel) and
of the HeLa cell (right panel) shown in Fig. 2. In each panel, the columns representing Hoechst staining, HMG-I immunolabeling and the
corresponding SPIMAC 2-D histograms are marked HO, HMG-I and SPIMAC, respectively. The x,y coordinates of each point in the 2-D
histograms correspond to the normalized fluorescence intensity levels of the same pixel in the HMG-I and HO images, respectively. In each 2-D
histogram, the two white lines separate low-intensity HO and HMG-I pixels located in the cytoplasm (bottom left) from higher-intensity pixels
in the nucleus. The color scale on the left side (increasing from blue to red) is related to the pixel fluorescence intensity in the images, or the
number of pixels of intensities x,y in the 2-D histograms. For each nucleus, three distinct nuclear sub-populations are delineated on the 2-D
histograms by red rectangles (rows labeled A and B) or by a polygon (rows labeled C). The corresponding pixels appear in black on the HO and
HMG-I images of the same row.

Fig. 4. Confocal section of a 3T3 cell nucleus stained with
propidium iodide for chromatin (A) and with an FITC-
conjugated secondary antibody for HMG-I (B). As in the case of
images obtained by conventional microscopy, three HMG-I sub-
populations can be evidenced from the SPIMAC 2-D histograms
corresponding, respectively, to dots (1), foci (2) and to the
continuous staining pattern (3).
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Fig. 5. A representative spatial distribution of
chromatin and HMG-I in the germinal vesicle of a
mouse oocyte. The corresponding SPIMAC 2-D
histogram displays the same HMG-I distribution into
three distinct sub-populations as in somatic cells.

Fig. 6. Influence of DNAse I treatment on HO and HMG-I
fluorescence levels (A,B) and on the sub-nuclear distribution of
HMG-I (C,D) in 3T3 nuclei. Fixed and permeabilized cells were
incubated with 0.5 and 1.0 µg/ml DNAse I for 15 minutes (A), or for
15 and 30 minutes with 5 µg/ml DNAse I (B). Cells were then
immunolabeled as above and nuclear HO and HMG-I fluorescence
intensities were measured using a mask defined by thresholding the
HO image as described in Materials and Methods. Each point
represents the average of 50 to 170 cells. Results are expressed as a
percentage of fluorescence intensity of control G1 cells without
DNAse I treatment. For DNAse-treated samples, the HO intensity
was averaged over all nuclei analyzed to compensate for the
heterogeneity in digestion from cell to cell. Vertical bars correspond
to the standard error of the mean (P=99%). A comparison of the
SPIMAC 2-D histograms of a control cell (C) and of a cell treated
with 5 µg/ml DNAse I for 15 minutes (D) shows the decreased
staining of the HMG-I foci and of the continuous component and the
persistence of the sub-population consisting of dots (yellow
rectangle) after nuclease digestion. Note that the intensity values in C
and D are derived from separate normalizations and cannot be
compared.
using conventional microscopy, which is more sensitive th
confocal microscopy.

We studied next the distribution of HMG-I in oocytes from
16-day-old mice. HMG-I was excluded from the nucleolu
which is already round and rather compact at that stage
growth (Borsuk et al., 1996). Significantly, three su
populations similar to those observed in somatic cells can
distinguished in the extranucleolar space of the oocy
(Fig. 5).

In summary, indirect immunofluorescence labeling reve
the existence of three distinct HMG-I populations in nucle
Although variations do exist, these sub-populations of HMG
are consistently observed in all cell types studied and app
associated with different states of chromatin condensati
This discrete sub-nuclear localization pattern can be clea
evidenced by SPIMAC analysis, thus illustrating some of t
advantages of this new program: the ability to discriminate
an objective basis between different sub-populations and
provide precise relationships between the intensities of t
fluorescent labels. These possibilities have been used in
experiments described below.

Nuclear HMG-I sites disappear progressively and
selectively following treatment by DNAse I and
micrococcal nuclease
The three HMG-I sub-populations described above appea
be associated with regions of chromatin that differ in their le
of condensation or in DNA density. Such a distribution mig
be accompanied by a selective sensitivity to nucleases. 
tested this possibility by performing controlled digestions wi
DNAse I or micrococcal nuclease. Fixed and permeabiliz
cells were incubated with DNAse I (0.5 to 5 µg/ml) for 15 or
30 minutes and the total HO and HMG-I fluorescence intens
of individual nuclei (50 to 170 depending on the condition
was measured as described in Materials and Methods.

Comparison of the mean values HO and HMG-I intensit
with those of control undigested G1 cells are reported in F
6 for 3T3 cells. The mean value of the HMG-I immunolabelin
intensity decreased rapidly to 63 and 40% of the controls u
a 15-minute digestion by 0.5 and 1 µg/ml DNAse I,
respectively. HO intensity remained essentially unchang
(Fig. 6A), indicating that the DNA was only mildly digeste
under these conditions. Increasing the incubation time from
to 30 minutes, as shown in Fig. 6B for 5 µg/ml DNAse I, led
to a further decrease of the HMG-I and HO fluorescen
signals, but which was again more rapid for HMG-I than f
HO. The HMG-I signal also decreased faster than H
fluorescence in HeLa cells, although the overall effect w
smaller than in 3T3 cells: after a 30-minute digestion with
an

s,
 of

µg/ml DNAse I, the mean DNA staining was only reduced t
77% and HMG-I labeling to 50% of their respective levels i
untreated control cells (data not shown).

We then analyzed whether DNAse I digestion affects the



3557HMG-I sub-nuclear distribution

e,
al
s
a
ci,
as
s

e

s
e
r

ves
HMG-I sub-populations equally. On images recorded with t
×100 objective, we observed a progressive and highly spec
modification of the spatial distribution of HMG-I in nuclei a
a function of DNAse I digestion. Although we observed som
variations in the effect of DNAse I from cell to cell, a 15 to 3
minute incubation with 5 µg/ml of DNAse I resulted in the
selective disappearance of two sub-populations, the diff
continuous staining pattern and the foci co-localized w
regions of condensed chromatin: only the high-intensity HM
I dots remained visible in the nuclei of most cells. This 
illustrated by the HMG-I/HO 2-D histogram of a 3T3 ce
shown in Fig. 6D, where practically only bright dot
concentrated on a horizontal line in the selected area of
histogram remain after digestion (compare with Fig. 6C
Except for these dots, the residual fluorescence intensity in
nucleus is only slightly higher than in the cytoplasm. A 3
minute digestion with 10 µg/ml DNAse I led to the complete
disappearance of nuclear HMG-I labeling in all cells (data n
shown).

We observed a similar progressive decrease of the nuc
er
ld
n

Fig. 7. Influence of the preincubation of living cells with Hoechst
33342 (HO) on HMG-I fluorescence levels (A,B,C) and on the sub
nuclear distribution of HMG-I (D,E). Living 3T3 cells (A), HeLa
cells (B) or oocytes (C) were preincubated for 1 hour in the prese
of HO in culture medium without serum, and then processed as
above for immunolabeling. Quantification of the nuclear HMG-I
fluorescence was performed using a mask defined on the HO ima
The ordinate R represents the nuclear HMG-I fluorescence expre
as the percentage of the intensity in control cells without HO
preincubation (note that scales are different in the three diagrams
200 to 380 cells were analyzed for each experimental point. For
oocytes, two different experiments were performed and 8 to 20
oocytes used for each experimental point. Vertical bars correspon
the standard error of the mean (P=99%). SPIMAC 2-D histogram
are shown for a control HeLa cell (D) and for a HeLa cell treated
with 5.0 µg/ml HO for 1 hour (E). The intensity of the HMG-I signa
corresponding to the foci decreases to a uniformly low value (red
rectangle) while HMG-I dots persist after treatment (yellow
rectangle). As in Fig. 5, absolute intensity values in the 2-D
histograms in D and E cannot be compared.
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HMG-I immunolabeling signal in 3T3 cells treated with
increasing concentrations of micrococcal nuclease (MNas
0.005 to 0.05 units/ml). Note that, in this case, the differenti
effect on the different HMG-I sub-populations was not a
apparent as with DNAse I: a mild MNase digestion led to 
simultaneous decrease in the intensity of both dots and fo
but the dots persisted with a consistently higher contrast 
compared to the foci when the MNase concentration wa
increased (data not shown).

The HMG-I sub-populations are differentially
displaced by preincubation of living cells with
Hoechst 33342
One possible explanation for the selective modification of th
nuclear distribution of HMG-I as a function of nuclease
digestion is that the three sub-populations of HMG-I molecule
are more or less tightly associated with DNA. If this were th
case, they should be differentially affected by competition fo
DNA binding. As HMG-I has been shown to compete in vitro
with drugs that specifically bind the minor groove of AT-rich
sequences, such as Hoechst 33256 and distamycin A (Ree
and Nissen, 1990; Radic et al., 1992), we tested next wheth
Hoechst 33342 (HO, an analog of Hoechst 33256) cou
displace HMG-I molecules from their nuclear binding sites i
living cells.

In the following experiments, living cells were preincubated
-
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Fig. 8. Relative distribution of nascent RNAs and HMG-I protein in a
HeLa cell nucleus. Cells grown on coverslips were microinjected
with BrUTP, incubated 15 minutes and then processed as above for
immunolabeling. (A) HO image. (B) Nascent RNAs were detected
using a mouse monoclonal anti-BrdU antibody and a fluorescein-
conjugated secondary antibody. (C) HMG-I was detected using a
lissamine-rhodamine-conjugated secondary antibody. (D) A 2-D
histogram of the relative distribution of transcription sites and HMG-
I protein in the same cell. The white lines separate the pixels of the
cytoplasm from those of the nucleus and the red lines isolate a sub-
population corresponding to dots with high HMG-I fluorescence
intensity. Pixels of HMG-I dots isolated on the 2-D histogram do not
co-localize with sites of high accumulation of nascent RNAs (E).
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C. Amirand and others
with different concentrations of HO (1, 5 or 10 µg/ml), before
being fixed and immunolabeled. Preliminary experimen
showed that, at these concentrations, the nuclear HO inten
reached a plateau after 45 minutes of incubation and rema
stable for at least 120 minutes. We therefore chose a 1 h
incubation time for these experiments.

When averaged over several optical fields, the mean t
fluorescence intensity of HMG-I labeling (measured with a ×20
objective) decreased following incubation with increasing H
concentrations. Fig. 7 shows plots of R values (the ratio of 
mean HMG-I fluorescence intensity in treated cells to that
controls without HO) as a function of HO concentration 
different cell lines. In 3T3 cells, R reached 82% at 1 µg/ml HO
and decreased to 70% at 10 µg/ml (Fig. 7A). The effect of HO
was less important in HeLa cells as R only decreased to 9
after a 1 hour incubation in 10 µg/ml HO (Fig. 7B). Higher
concentrations of HO were found to be toxic to somatic ce
and could not be tested. Again, similar results were obser
in germinal cells: HMG-I was very efficiently displaced by HO
in oocytes, with R decreasing to 60% and 20% at 10 and
µg/ml HO, respectively (Fig. 7C).

As was the case for DNAse I digestion, the differe
nuclear sub-populations of HMG-I accumulation sites we
differently affected by preincubation with HO. The foc
corresponding to condensed chromatin, and, to a low
extent, the diffuse component were selectively displaced
the HO concentrations used (Fig. 7D and E). Note that th
two sub-populations are also the most sensitive to nucle
digestion. In contrast, the intense HMG-I dots resistant
nuclease digestion appeared unaffected, as evidenced 
the HMG-I/HO 2-D histogram of a HeLa cell shown in Fig
7E. A similar preferential disappearance of the foci and of 
diffuse signal was also observed in growing oocytes, wh
only HMG-I dots remained visible after incubation with HO
(data not shown).

The most intense nuclear sites of HMG-I
accumulation (dots) are not correlated with the most
active transcription sites
As previous results have shown that, by selectively binding
SARs, HMG-I might relieve in vitro histone H1-mediate
transcriptional repression and that HMG-I is enriched in a s
fraction of transcriptionally active chromatin (Zhao et a
1993), we then asked whether HMG-I accumulation sites co
be correlated in situ with sites of active transcriptio
Transcription sites were detected by visualizing Br
incorporated into nascent RNA chains after micro-injection
BrUTP, as shown in Fig. 8B in the case of a HeLa cell. In bo
HeLa and 3T3 cells, nascent RNAs generally appear in a m
or less punctate pattern in the nucleoplasm and in nucle
Transcription foci are generally brighter in the nucleoli than
the nucleoplasm. All the nucleoli within an individual cell ar
not always systematically labeled. In the nucleoplasm, 
punctate pattern is superimposed over a more unifo
fluorescence signal.

In the 2-D histogram of a HeLa cell shown in Fig. 8D, th
bright nucleolar RNA polymerase I-dependent transcripti
sites correspond to regions of low HMG-I intensity. In th
case, there is no correlation between HMG
immunofluorescence intensity and the level of Br
incorporation. A second region of this 2-D histogram
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delineated by the red rectangle, is formed by pixels of highe
HMG-I intensity. This region extends over a medium range o
transcription intensity. Visualization of the corresponding
pixels on the transcription image (Fig. 8E) shows that they a
scattered throughout the nucleoplasm. They correspond to 
previously defined dots (compare C and E). The 2-D histogra
(Fig. 8D) shows that there is no linear correlation in this su
population between the intensities of the HMG-I and BrU
imunofluorescence signals, i.e. the concentrations of HMG
and incorporated BrU. The remaining part of the 2-D
histogram represents pixels that correspond to HMG-I and B
signals of medium intensities. This is by far the most abunda
population which, on HMG-I images, corresponds to th
previously defined foci and to the continuous fluorescenc
pattern. In this region, points are more or less clustered alo
a straight line, suggesting a broad linear correlation betwe
HMG-I and BrU concentration.

Similar experiments performed in oocytes led to slightl
different observations. As HMG-I labeling and transcription
sites are essentially restricted to the extranucleolar space
these cells (Fig. 5 and unpublished results), the RNA/HMG
2-D histogram can be decomposed into two regions only. 
the first region, the vast majority of the points are concentrat
along a straight line, indicating a broad correlation betwee
HMG-I and BrU intensities. The second region is composed 
a smaller number of points characterized by a high HMG
signal coupled to a moderate BrU signal, with no correlatio
between them (data not shown). As in the case of somatic ce
this last region corresponds to the intense dots localized 
areas of low chromatin density.

DISCUSSION

This work reports new results concerning the sub-nucle
distribution of HMG-I protein in human and murine cells,
obtained with an original image analysis program developed
our laboratory, which allows a pixel-by-pixel analysis of the
relationship between two independent fluorescence images
the same cell. Compared to an exclusively visual analysis, t
SPIMAC software provides objective and semi-quantitativ
tools for the study of: (1) the distribution of a protein with
respect to other nuclear components (in this study, chroma
or transcription sites); (2) its possible correlation with thes
components; (3) the definition of different sub-populations an
their respective contribution to the overall signal; and (4
possible modifications of this pattern in response to variou
treatments (DNA digestion and competition with HO). Anothe
advantage of this software is that it takes into account all t
stained pixels, particularly those of low intensity. One mus
however, bear in mind that any fluorescence-based analy
suffers from two main limitations: first, the resolution of
optical microscopes (even when confocal) only allows th
analysis of correlations on a scale that is considerably grea
than molecular distances. Second, comparison of fluorescen
intensities between various sub-domains is only indicative 
factors other than the protein concentration, such as, f
example, protein environment and accessibility to the antibod
may influence the fluorescence intensity.

We have used the SPIMAC program to perform a detaile
analysis of the distribution of HMG-I in different cell types,
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using an affinity-purified serum that recognizes the prote
highly specifically. An unknown 120 kDa protein als
detected in nuclear extracts from HeLa cells when lo
dilutions of the antibody are used most likely corresponds
another AT hook-containing protein, as a similar 120 kD
band is also detected by other sera raised against HMG-
well as against a synthetic AT-hook peptide (unpublish
results). This cross-reactivity does not affect o
interpretation of the results as this protein is no long
detected upon serum dilution (Fig. 1A) and the specificity 
the serum for HMG-I is further confirmed by results of th
depletion experiment shown in Fig. 1G.

In all cells studied (somatic and germinal), HMG-I i
exclusively located in the nucleus. We show here that t
localization results from a complex distribution into intensive
labeled dots and foci that are scattered over a diffuse netw
of lower fluorescence intensity extending throughout the wh
nucleoplasm. The dots and foci most likely correspond to 
punctate pattern previously observed by immunofluoresce
in mouse Friend and human K562 erythroleukemia ce
(Disney et al., 1989) and in mouse embryos and fe
fibroblasts (Thompson et al., 1995). In that respect, HMG
distribution revealed by immunofluorescence resembles 
complex (often punctate) distribution of several other nucle
proteins. For example non-DNA-bound factors involved in pr
mRNA processing, such as snRNPs (Carmo-Fonseca et
1991) and the splicing factors SC35 (Spector et al., 1991)
U2AF65 (Gama-Carvalho et al., 1997), but also Pol 
(Bregman et al., 1995; Zeng et al., 1997), are detected
discrete ‘speckles’ superimposed on a more diffuse compon
of lower intensity. Other transcription activators such 
glucocorticoid receptors also accumulate in discrete nucl
foci (van Steensel et al., 1995).

The SPIMAC co-localization software provides addition
quantitative information on this distribution: the mos
intensely labeled structures in 3T3 cells (small dots and lar
foci) represent on average only about 1-3% and 6-14% of 
total number of pixels and 6-7% and 9-19% of the to
fluorescence intensity, respectively. In contrast, the diffus
distributed HMG-I sub-population occupies most (82-92%
of the pixels and, although of low mean intensity, accoun
for 70-86% of the total fluorescence intensity. A simila
situation is encountered in the case of the distribution 
SC35: using another image analysis approach, Fay et
(1997) showed that the intense ‘speckles’ contribute only
relatively minor part (20-30%) of the total SC35
immunofluorescence signal.

The comparison between HO (or PI) and HMG-I imag
shows that foci coincide perfectly with heterochromatin
chromocenters, particularly numerous and well defined 
mouse fibroblasts (Blau et al., 1983). Further analysis of th
foci with the SPIMAC program indicates that HMG-
immunofluorescence labeling and HO (or PI) intensity a
linearly correlated in these chromocenters. It is therefo
tempting to speculate that the foci represent in situ binding
HMG-I on AT-rich satellite repeats clustered in regions 
heterochromatin such as centromeres or telomeres. Ind
HMG-I was first characterized on the basis of its speci
binding to a 172 bp repeat of monkey α-satellite DNA
(Levinger and Varshavsky, 1982a,b; Strauss and Varshav
1984) and was later localized to G/Q- and C-bands as wel
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at telomeric and centromeric regions of human and mou
chromosomes (Disney et al., 1989).

On an HO/HMG-I 2-D histogram, the region correspondin
to the diffuse HMG-I sub-population shows a less clea
proportionality between HMG-I and HO intensities. We
suggest that this population, which is associated with le
condensed chromatin, represents HMG-I bound to random
spaced AT-rich sequences in the genome, including disper
satellite DNA sequences, SARs (Zhao et al., 1993) a
possibly, the regulatory elements of certain genes (Thanos 
Maniatis, 1992; John et al., 1995; Klein-Hessling et al., 199
Ghersa et al., 1997).

In both somatic and germinal cells, the foci and, to a low
extent, the diffuse component share two specific propertie
they are particularly sensitive to mild treatments with DNAs
I or MNase and they are preferentially displaced by pr
incubation of living cells with HO before fixation-
permeabilization and immunolabeling. This strongly sugges
that these two sub-populations correspond to DNA-boun
HMG-I molecules since Hoechst 33342 (HO) specificall
binds the minor groove of AT-rich DNA, as does its paren
compound, Hoechst 33256, which was previously shown 
compete with HMG-I for binding in vitro to mouse satellite
DNA (Radic et al., 1992; Reeves and Nissen, 1990). T
HMG-I foci localized in heterochromatin completely disappea
under conditions where only about 30% of DNA is degrade
This unexpected result suggests that DNA regions bound 
this HMG-I sub-population remain accessible to nucleases, a
are therefore not deeply buried within condensed chromat.
Further studies will allow us to analyze in more detail th
degree of folding and/or accessibility of the chromati
associated with this HMG-I population.

The third sub-population of HMG-I revealed in this stud
corresponds to small dispersed dots. Their high fluorescen
intensity suggests that they correspond to a locally lar
accumulation of HMG-I molecules. It was therefore quit
surprising to find that they do not correspond to high DN
concentrations, but are instead associated with areas of 
local DNA density or of decondensed chromatin. In additio
this density is quite similar for all dots, suggesting that the
reside in a rather uniform chromatin environment. This 
particularly obvious in oocytes, where chromatin i
heterogeneously dispersed within the wide nuclear volume.

Our finding that dots are displaced neither by mild nuclea
digestion nor by HO leaves open the question of the nature
this sub-population: (i) dots could represent high molecul
mass complexes of HMG-I molecules tightly bound to specifi
DNA sites and/or associated with particular chromati
conformations less accessible to nucleases and HO; 
alternatively this population might not be bound to DNA
corresponding instead to extrachromosomal accumulati
sites. Their disappearance upon more advanced DNA digest
could be due to the overall disruption of nuclear architectur
As such, these hypothetical extrachromosomal HMG
accumulation sites would be considerably more sensitive 
nucleases than the SC35 speckles localized with
interchromatin granules and perichromatin fibrils, which we
previously shown to be resistant to extensive digestion 
DNAse I (100 µg/ml for 2 hours at 25°C) (Spector et al., 1991)
This observation would then favor the hypothesis that HMG
dots are indeed DNA-bound.
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To study further the possible functionalities associat
with the different HMG-I sub-populations described in th
study, we also analyzed their correlation with transcripti
sites revealed through BrU incorporation. In agreement w
the results of other studies (Zheng et al., 1997; Fay et 
1997), we found that Pol II-dependent transcription sites 
distributed as a more or less continuous meshwork over
with more intense punctuations. In a double-labeli
experiment, the transcription meshwork and the diffus
localized HMG-I sub-population were found to be co
localized. However, given the resolution of the optic
microscope, the two signals will necessarily overlap a
these results do not unambiguously establish a 
localization of transcription sites and HMG-I at th
molecular level. A more definitive conclusion is tha
extranucleolar HMG-I dots do not correspond to sites 
particularly active transcription and that, in these dots, HM
I intensity is not correlated to BrU incorporation, i.e. to th
rate of RNA synthesis. These observations apply to b
interphase somatic cells and growing mouse oocytes arre
in prophase. The finding that dots are not associated w
strong transcription sites suggests that they do not repre
SAR-bound HMG-I molecules, as could anticipated fro
previous studies showing that, at these sites, HMG
dependent displacement of histone H1 would lead 
derepression of transcription (Zhao et al., 1993).

Alternatively, whether bound to DNA or not, the HMG-
dots could represent storage or recycling sites. Current vi
on the compartmentalization of eukaryotic nuclei sugg
that the speckles revealed by immunofluorescence detec
of certain nuclear proteins actually represent local a
dynamic accumulations of these proteins, not necessa
attached to fixed structures, but fluctuating as a function
nuclear activity (Mistell et al., 1997; Zeng et al., 199
Singer and Green, 1997). This also holds for DNA-bindi
proteins such as Pol II. In that respect, it is of interest to n
that dots are more scarce and larger in 1BR cells, which h
a slower growth rate and are presumably metabolically l
active. This would parallel the decrease in number a
increase in size of SC35 and Pol II speckles wh
transcriptional activity decreases (Bregman et al., 1995; Z
et al., 1997; O’Keefe et al., 1994). Similarly, a reduction 
the size of nuclear HMG-I punctuations was previous
reported in fetal fibroblasts treated with trichostatin A,
histone deacetylase inhibitor which generally increas
transcriptional activity (Thompson et al., 1995). Th
suggests that the distribution of HMG-I in the nucleus can
modulated as a function of the cellular proliferation a
differentiation state. The availability of the imaging too
described in this report will allow us to address th
possibility in future studies*.

We thank Roger Fischer for his assistance in microinjection of ce
Pierre Adenot for his help in confocal microscopy and Danie
Chassoux for advices in cell culture. We are indebted to Chris
Bouniol-Baly for fruitfull discussions and careful reading of th
manuscript.

*In the process of revision of the present paper, a brief report by A. M. Martelli et al. 
published in J. Histochem. Cytochem.(46, July 1998, 863-864) on the immunolocalizatio
of HMG-I(Y) in HeLa and 3T3 cells. The results of the authors are basically consis
with ours.
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