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SUMMARY

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

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 ll-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.

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

Key words: HMG-I, Co-localization software, Image analysis,
analysis program: foci that correspond to regions of

Nuclear compartment

INTRODUCTION 1984). Such sequences are particularly abundant in certain
satellite DNA repeats and in scaffold-associated regions
The high mobility-group (HMG) proteins are a group of small,(SARs) (Zhao et al., 1993). In fact, HMG-I was first isolated
highly charged non-histone chromosomal proteins, which caon the basis of its interaction with AT-rich regions of green
be sub-divided in three families: HMG-1/-2, HMG-14/-17 andmonkey satellite DNA (Strauss and Varshavsky, 1984) and was
HMG-I(Y) (for review see Bustin and Reeves, 1996). Althoughsuggested to play a role in the phasing of nucleosomes. It was
their structure and DNA binding properties have beeralso shown to bind quite avidly to SARs in vitro, where it
characterized quite well, their function is less understood. It iantagonizes efficiently histone H1 binding and further
generally admitted that they act as ‘architectural’ componenissembly into flanking sequences (Zhao et al., 1993; Kas et al.,
that influence different levels of chromatin structure (Bustinl989; Izaurralde et al., 1989). HMG-I could then be an efficient
and Reeves, 1996). The mammalian HMG-I(Y) familycompetitor of H1-mediated general repression of transcription
comprises three members: HMG-I (107 amino acids, 11.Kas et al, 1993; Zhao et al., 1993). However, these
kDa), HMG-Y (96 amino acids, 10.6 kDa), derived from experiments were performed in vitro in a non-nucleosomal
HMG-I by an internal deletion of 11 amino acids, and HMG-DNA context and the in vivo biological relevance of these
IC coded by another gene. All three proteins bind AT-rich DNAfindings remains to be established.

through specific binding domains, termed ‘AT hooks’ (Reeves HMG-I has also been shown to interact directly with the
and Nissen, 1990). In vitro studies have shown that HMG-promoter regions of a limited number of genes such as
interacts with the minor groove of AT-rich sequences in Binterferonf (IFN-B) (Thanos and Maniatis, 1992), thechain

DNA requiring 5 to 6 consecutive dA.dT base pairs (Reevesf the interleukin-2 (IL-2) receptor (John et al.,, 1995),
and Nissen, 1990; Radic et al., 1992; Strauss and Varshavskyterleukine-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 thecells: (1) fixation by paraformaldehyde (PFA; 4%, 15 minutes, room
activation of the latency-active promoter 2 of Herpes Simpletemperature) in phosphate buffer (PBS) and permeabilization either
virus by facilitating the binding of Sp1 (French et al., 1996)by Triton X-100 (0.1%, 15 minutes, room temperature), or NP40
In these cases, HMG-I seems to act as an architectural fact§1%. 10 minutes, 4°C); (2) fixation-permeabilization —in
required for the proper binding of specific transcription factor ﬁhéggl)/a;fﬁﬁgﬁss(e}élﬁ\é%) fSOGZHSOfrinI[r;iua;[gzOasttiiscl.:’gslig]ué:‘nV\rl]:lsaatgl:rgzgil
Erl]:rsl\ljggt §|I_?ng;;n'?#§§gs Q]%dll\;'gﬁ};?; 1(9);55';'2 d /gf?h(iglg fixed with acetone at 4°C. Oocytes were fixed with 2% PFA for 20

. ’ . . inutes and permeabilized with 0.2% Triton X-100 for 15 minutes at
direct protein/protein interactions (John et al., 1995; Leger 6om temperature.

al., 1995). The immunolabeling protocol was the same for somatic cells and
These observations suggest that the specific interaction efcytes, except that oocytes were manipulated using mouth
HMG-I with AT-rich DNA might support distinct functions micropipettes, as already described (Debey et al., 1993). Fixed and
depending on the chromatin contexts in which the protein capermeabilized cells were first blocked for at least 1 hour in PBS
be found. While HMG-I has been shown to localize to G/Q- an@ontaining 2% bovine serum albumin (BSA), before being incubated
C_bands Of human and mouse mltotlc Chromosomes (Dlsneygt 4°C 0Vern|ght Wlth the pur|f|ed I'abblt antl'HMG'I serum (See
al., 1989; Saitoh and Laemmli, 1994), only a few studies hav%bove) used at a _1/100 dllutlon_, and _1 hour at room temperature with
dealt with the localization of the protein in interphase nucle[ e secondary antibody (an anti-rabbit IgG(H+L) antibody conjugated

h ) o fluorescein (FITC) or lissamine-rhodamine (LRSC), Jackson
(Disney et al., 1989; Thompson et al., 1995). We theraorf?’nmuno Research, used at a 1/100 dilution). They were then

undertook a study of the nuclear distribution of endogenous,ynterstained for 30 minutes inu@/ml Hoechst 33342 (HO) or 2
HMG-I protein in mouse somatic or germinal cells and in humagg/mi propidium iodide (PI). In the latter case, a further digestion by
somatic cells, with the aim of distinguishing between different. mg/ml RNAse at 37°C for 30 minutes was performed. Each step
sub-nuclear populations that might be related to the differemtas followed by thorough rinses in PBS. Cells were then postfixed in
proposed functions of HMG-I. Using a newly developed image&% PFA in PBS for 15 minutes and, after washing, coverslips were
analysis program, we show that HMG-I accumulates in thregounted in Citifluor. 3 _

different sub-nuclear domains characterized by different !n depletion experiments, 50 to 20 of the purified protein were
reactivities to nucleases and competition by Hoechst 33342, ixed with 1pl of the purified antibody, diluted to 1G4 in PBS

: - ) . plemented with 2% BSA and incubated for 7 hours at 4°C before
analy?e the pOS_SIbIe Corrgla_tlon between these sub populathi'%?ng centrifuged for 30 minutes in an airfuge. The resulting
and sites of active transcription.

supernatant was then used as above for immunofluorescence studies.
Immunodetection of BrU incorporated into nascent RNAs was
performed as already described (Wansink et al., 1993; Bouniol et al.,

MATERIALS AND METHODS 1995) by incubating cells overnight at 4°C with a mouse monoclonal
anti-BrdU antibody, which also recognizes BrU (Caltag
Cell culture and treatments Laboratories, 1/500 dilution). The secondary antibody was a

Human HelLa cells, human fibroblasts (1BR) and mouse fibroblasfiuorescein-conjugated anti-mouse IgG(H+L) (Jackson Immuno
(3T3) were cultured in Dulbecco's MEM supplemented with L- Research), used at a 1/200 dilution for 1 hour. In the case of double-
glutamine and 10% fetal calf serum (HeLa and 1BR) or new-born calibeling experiments (HMG-I and transcription), incubations were
serum (3T3). For immunofluorescence detection of HMG-I, cells werperformed simultaneously with both primary antibodies, followed
grown on coverslips to sub-confluence for about 24 hours. Mousky the secondary antibodies.
oocytes from sixteen-day-old mice (genotype C57/CBA) were ]
collected as described (Debey et al., 1993) and kept at 37°C in M2NAse | and micrococcal nuclease treatments
medium before being fixed and processed. RNAse-free-DNAse | and micrococcal nuclease (MNase) were
Transcription sites were detected by incorporation of modifie¢purchased from Sigma. Concentrated solutions of RNAse-free-
RNA precursors (Wansink et al., 1993). Cells grown to sub-confluenc@NAse | (1 mg/ml or 520 units/ml) and MNase (100 units/ml) were
on Cellocate plates were micro-injected in the cytoplasm with BrUTRrepared in a 0.125 N HCI solution containing 50% glycerol and in
(100 mM diluted in 2 mM Pipes, pH 7.4, 140 mM KCI) using a ZeissPBS, respectively. After fixation-permeabilization in ethanol/acetone,
AIS (automated injection system) equipped with a Sutter P8Tells were rinsed for 10 minutes in PBS containing 0.5 mM
capillary puller. Approximately 80 cells were microinjected within phenylmethylsulfonyl fluoride (PMSF) before being treated for 15 or
15-30 minutes. In the case of oocytes, BrUTP (same concentration 88 minutes at 37°C with different concentrations of RNAse-free
above) was micro-injected using an Eppendorf micro-injector anidNAse | or MNase in PBS containing 0.5 mM PMSF and 5 mM
Narishige micromanipulators, as already described (Bouniol et alMigCl, or 1 mM CaC4, respectively. After rinsing twice with PBS,
1995). Cells and oocytes were then incubated in their respectivaicleases were inactivated by incubating cells for 10 minutes at 4°C
specific culture medium from 10 to 30 minutes, before being fixedn a solution of 20 MM EDTA.

and processed as described below. ) ] ) )
Preincubation of live cells and oocytes with Hoechst

HMG-I protein and antibodies 33342

Recombinant human HMG-| protein was producelisnherichia coli  3T3 or Hela cells, grown on coverslips during 24 hours, were
and purified by HPLC (Elton and Reeves, 1986). A polyclonalincubated for 1 hour in the presence of Hoechst 33342 (HO; 1, 5 or
antibody against HMG-I was obtained from rabbits immunized with10 pg/ml) in culture medium without serum, then rinsed, fixed with
purified HMG-I (Eurogentec, Belgium). High-titer serum fractions ethanol/acetone and immunolabeled for HMG-I as above. Mouse
were affinity-purified against HMG-I protein bound to activated oocytes were incubated with 5, 10 and2fml HO for 1 hour at
CNBr-Sepharose (Pharmacia). Eluted fractions were tested 37°C in M2 medium. To control for variations among individuals,

western blotting of nuclear extracts prepared from HelLa cells. oocytes from one mouse were separated into two sets, one control
) (without HO) and the other incubated with HO. Two experiments were
Immunofluorescence labeling performed for each HO concentration. Oocytes were then rinsed, fixed

Different protocols of fixation-permeabilization were used for somati@and processed for immunolabeling as above.
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Fluorescence microscopy region of the histogram, as well as the integrated and mean intensities
Observations were performed on a Zeiss inverted microscopdf these pixels in each image.

(Axiovert 35) equipped with Zeiss fluorescence filter sets or with a

filter wheel. We used a Zeiss Plan Neoflsd00 oil immersion

objective (NA=1.30) to visualize the distribution of HMG-I or a Zeiss RESULTS

x20 objective (NA=0.5) for quantification of the total fluorescence

intensity, respectively. Image acquisition and processing werg{MG-| localizes to distinct nuclear sites that

performed elther W|th an IntenSIfled VideO camera (type 4336, Lhe%?orrespond to dlfferent Ievels of Chromatln
Electronique) coupled to a digital Sapphire system (Quant ondensation

Consultants) as previously described (Debey et al., 1993), or with . . . .
CCD camera (Photometrics type KAF 1400, 12-bit dynamic range)! "€ rabbit polyclonal serum used in our studies was raised
cooled to 10°C and coupled to the IPLAB Spectrum Imaging2dainst recombinant human HMG-I and purified by affinity
software. In the latter case, one pixel of an image X658 pixels) chromatography against the immobilized purified protein. This
recorded with 100 objective corresponds to a 0.188 x 0.133  antibody reacts highly specifically with HMG-I, as shown by
um square. Using a filter wheel for the excitation light and a triplewestern blots of nuclear HelLa cells extracts (Fig. 1A). An
band dichroic mirror and filter set for emitted light, images fromynknown 120 kDa protein is also detected by the antibody, but

double fluorescent beads taken at two different wavelengths differaglis cross-reactive band disappears upon a 5-fold dilution of
at most by a translation of 1 pixel. the antibody.

Images were acquired after stabilization of the excitation mercury We used a suitable dilution of this antibody for

lamp. They were corrected for heterogeneities in the illumination and L .
camera sensitivity by a shading correction, using black and whitl munofluorescence studies in HelLa and 3T3 cells (Fig. 1B-

images captured with the same objective. Confocal imaging) @S Well as in 1BR and HEp-2 tissue-culture cells (data not
microscopy was performed on a Zeiss LSM-310 confocal laseshown). In all cases, the antibody revealed an exclusively
scanning microscope with a Zeiss Plan Neofk&8 oil immersion  nuclear localization of HMG-I. No labeling was observed in
objective (NA=1.4), using excitation wavelengths of 488 andcontrol experiments performed without incubation with the
543 nm. primary antibody, or following incubation with the pre-
Image analysis immune serum (data not shown). We verified in each
For quantitative measurements of the integrated fluorescence (HMfz(perlment the absence of light Ieak_-through fror_n one channel
I immunolabeling or HO) emitted by each nucleus, images wer 0 another_anq that the HMG'I I_abellng pattern did not (_jepend
recorded with the<20 objective after a 2 hour stabilization of the ON the fixation/permeabilization protocol used. Finally,
mercury lamp. For HMG-I images, the mean intensity of thedepletion of the serum by preincubation with purified HMG-I
cytoplasmic area (background) was subtracted from the whole imag€d to the almost complete disappearance of nuclear labeling
This was not necessary in the case of HO as the backgroufffig. 1F and G). While a large increase in contrast reveals a
fluorescence due to free HO was undetectable. A mask defining tihesidual nuclear signal in the form of small dots, its intensity
outlines of all nuclei from a given field was then defined byjs comparable to that of the cytoplasmic background (data not
}hreShO'C#Eg ]flhe HO image ?”d _":‘pp"e_?t Odnbthe cor:r_ezpqulr}g H’\l/'Gshown). Therefore, the immunofluorescence signal we detect
image. The fluorescence intensity emitted by each individual nucleys ; ; o ; ; _
was measured at the two wavelengths using the IPLAB software. D:ﬁltg Ipoﬂgﬁ]d due to a highly specific reaction with nuclear HMG

were saved in a file for statistical analysis. Precision on the mea Visual ob fi f the i | lizati f HMG-I
intensity value is expressed through the standard error of the mean ISsual observations of the immunolocalization o B

(P=99%). As fluorescence gives only relative intensity valuesWith respect to DNA (stained with Hoechst 33342, HO or
intensities were compared only among images taken within a 4 holopidium iodide, PI), reveal that the HMG-I signal can be
interval. subdivided into three components. As shown in Fig. 2, they
To study the spatial distribution of two labeled macromolecules (focorrespond to relatively intense extranucleolar small dots
example HMG-I and chromatin or HMG-I and nascent RNAs),(about 0.3um in diameter) scattered in areas of low HO (or
images were recorded at the two selected wavelengths witi@e  P|) fluorescence intensity, larger foci that coincide with
objective and corrected for spatial heterogeneities as described aboygromocenters of high HO (PI) fluorescence and a continuous
Analysis was performed using the Co-localization Image AnalySi?abeling of the whole nuclear area. These components, which

program from the SPIMAC (‘Spectral Imaging on Macintosh’) : . . :
software developed by A. Viari and J. P. Ballini following a mtathodare.rn(|)_|St Iiaasny”dls;t:lnngshed In 3T3A(\:eB"S agdcs%mewhat Iless
previously proposed by Taneja et al. (1992) and by Demandoix am ' M€La Cells (Fig. 2, compare A,B and C,D), are also

Davoust (1995). The software provides a 2-D histogram, similar t9Pserved in 1BR and HEp-2 cells (data now shown).
the one used in flow cytometry, wherandy coordinates represent ~ Using the SPIMAC software described in Materials and

the gray levels of the same pixel in the two images, respectnaatyl ~ Methods, the distribution of HMG-I with respect to HO

y values are normalized relative to the highest gray level in eacimtensity was analyzed more precisely on HMG-I/HO 2-D
image, which is set to a value of 100. Note that, due to thifistograms wherex andy coordinates represent normalized
normalization, intensity values on the 2-D histograms from twoHMG-I and HO fluorescence intensity levels, respectively. The
d!fferent cglls cannot be compared. In addition, egich point of the_p histograms presented in Fig. 3 are derived from the HMG-
B:iteﬁsgwﬁ 'tsh :Zi%gegaﬁ g?';r;;’Tesefgagﬁfr%ﬁfﬁg'%%;ﬁfaggr’gbfglCﬁnd HO images of the 3T3 and Hela cells shown in Fig. 2.
then be identified as different regions of the 2-D histogram, dependinlcf-h.e three nuclear HMG'I SUb'prUIatlonS descrlbed above. are
on the relative intensities of the two fluorescent probes, and can j%ﬂdenc_ed as three different regions of th? 2-D histograms: the
delineated by thresholding or by drawing a rectangle or a polygon dif St region is represented by pixels of high HMG-I and low
the 2-D histogram. Pixels belonging to a given sub-population cahlO fluorescence intensities, concentrated along one (or
then be localized interactively on each of the two initial images. Théometimes two) horizontal line(s) (Fig. 3A, upper rows). On
SPIMAC software also calculates the pixel number of any selectethe HMG-I image, the pixels of this region correspond to the
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A
1 2
P120 w—
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 HelLa 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. Barpin.
HMG-IY el =

intensities of the HMG-I dots, foci and continuous staining
pattern account for 6-7, 9-19 and 70-86% of the total nuclear
intensity and represent 1-3, 6-14 and 82-92% of the total
Fig. 1. Detection of HMG-I/Y in HeLa cells by western blotting and number of stained pixels in the nucleus, respectively.

indirect immunofluorescence. (A) Western blots of nuclear extracts ~We also examined the distribution of HMG-I in two other
from HelLa cells using pooled fractions of the affinity-purified serum human somatic cell lines. While the HMG-I immunolabeling
raised against_HMG-I. Serum dilutions were 1:100, 1:500 in lanes 1pattern detected in transformed HEp-2 hepatocytes and 1BR
and 2, respectively. The serum only detects 2 bands: HMG-I and, atfibroblasts was similar to that in HeLa and 3T3 cells, we noted
the lowest dilution only, an unknown protein of 120 kDa. (B0 E)  yyjations in the number and intensity of the HMG-I dots. For
The immunofluorescence pattern of HMG-I in 3T3 cells (C) and in instance, dots, which are very numerous in HEp-2 cells, are

Hela cells (E), using the same serum and the corresponding stainiq%SS abundant in 1BR cells and, in both cases, appear more

with Hoechst 33342 (3T3 in B and HelLa in D). HMG-I labeling is . .
concentrated in the nucleus. The HMG-I fluorescence pattern intense than in Hela or 3T3 cells (data not shown). Although

detected in a 3T3 cell after treatment with the serum depleted by  the number of dots appears lower in 1BR cells than in 3T3

preincubation with purified HMG-I is shown in G and can be cells, they occupy a similar area (about 2% of the nuclear pixel
compared to a control immunofluorescence staining (F) obtained number) indicating that their average size is increased. In
with the same imaging parameters. addition, the integrated HMG-I intensity of the dots which, in

3T3 cells, represents 6% of the total nuclear fluorescence,

increases to 15% in 1BR cells (standard error of the mean 0.5%
small dots described above, which therefore seem to be locatedd 6.8%, respectivel{y=99%).
in nuclear regions of uniformly low HO intensity. The second Confocal imagesfz=0.3um) of 3T3 and Hela cells stained
region of the 2-D histogram represents pixels of mediunwith propidium iodide (PI) and analyzed with the SPIMAC
HMG-I and intense HO fluorescence (B, middle rows), with gorogram showed a similar HMG-I distribution. A
linear correlation between the two signals. When selected, thiepresentative image of a 3T3 cell is shown in Fig. 4, together
corresponding pixels of the HMG-1 image are those of the fociwith the corresponding 2-D histogram. Analysis of the HMG-
Therefore, in contrast to the small dots, the intensity of thé signal with respect to Pl fluorescence showed a similar
HMG-I signal in the foci is proportional to the DNA labeling. subdivision into three sub-populations. As Pl intercalates
The continuous HMG-I staining pattern appears as a third subetween the DNA base pairs without sequence specificity, its
population where HO and HMG-I intensities are againfluorescence intensity is directly proportional to the local DNA
proportional (C, lower rows). concentration. Therefore, the Pl signal can be taken as

The SPIMAC software also provides quantitative data on theeflecting the local density, or condensation state, of chromatin.

relative area and fluorescence intensity corresponding to ea8ls results obtained by conventional and confocal microscopy
sub-population. For example, in 3T3 cells, the integrate@re qualitatively similar, subsequent studies were performed
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SPIMAC

HMG-|

13 HelLa

Fig. 3. Comparative SPIMAC analysis of the spatial distribution of HMG-I protein and chromatin in the nuclei of the 3T3 cell (lefinohne

of the Hela cell (right panel) shown in Fig. 2. In each panel, the columns representing Hoechst staining, HMG-I immurasidhibkng
corresponding SPIMAC 2-D histograms are marked HO, HMG-I and SPIMAC, respectiveljy tberdinates 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, réspeaativélyD
histogram, the two white lines separate low-intensity HO and HMG-I pixels located in the cytoplasm (bottom left) from tieigbigr-mxels

in the nucleus. The color scale on the left side (increasing from blue to red) is related to the pixel fluorescence ititerisigges, or the
number of pixels of intensitiesy 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 ihebtdkand
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.

HO HMG-I

using conventional microscopy, which is more sensitive thapg/ml DNAse |, the mean DNA staining was only reduced to

confocal microscopy. 77% and HMG-I labeling to 50% of their respective levels in
We studied next the distribution of HMG-I in oocytes from untreated control cells (data not shown).

16-day-old mice. HMG-I was excluded from the nucleolus, We then analyzed whether DNAse | digestion affects the 3

which is already round and rather compact at that stage of

growth (Borsuk et al., 1996). Significantly, three sub-

populations similar to those observed in somatic cells can k120

120 r .
distinguished in the extranucleolar space of the oocyte t= 15 min ] c=5 pg/mi]
(Fig. 5). 100 J100 3

In summary, indirect immunofluorescence labeling reveal @go:_\ ~ 1s0 ]
the existence of three distinct HMG-I populations in nuclei. & ¢t N ] ]
Although variations do exist, these sub-populations of HMG- 1560 - {\ < ] 60 < .
are consistently observed in all cell types studied and appe * 4} S~ 3 14 }\ ]
associated with different states of chromatin condensatiol ; ] RN ]
This discrete sub-nuclear localization pattern can be clear 2 —E-He . 12 ok, ‘{B—'
evidenced by SPIMAC analysis, thus illustrating some of ths 03...1...1...1.........‘1‘.3 o b ]
advantages of this new program: the ability to discriminate o 0 02 04 06 08 1 12 0 5 10 15 20 25 30 35

DNAse (ug/mi) time (min)

an objective basis between different sub-populations and -
provide precise relationships between the intensities of tw
fluorescent labels. These possibilities have been used in t
experiments described below.

Nuclear HMG-I sites disappear progressively and
selectively following treatment by DNAse | and
micrococcal nuclease

The three HMG-I sub-populations described above appear
be associated with regions of chromatin that differ in their leve
of condensation or in DNA density. Such a distribution might N
be accompanied by a selective sensitivity to nucleases. V HMG- | HMG- |
tested this possibility by performing controlled digestions with

DNAse | or micrococcal nuclease. Fixed and permeabilizeffig- 6. Influence of DNAse | treatment on HO and HMG-I

cells were incubated with DNAse | (0.5 tqu§/ml) for 15 or fluorescence levels (A,B) and on the sub-nuclear distribution of
30 minutes and the total HO and HMG-I fluorescence intensit! ?u%;t(e%\?v?tlhnosgi rqgcllel'/I::])I(?DdNaAnsdeF;?{)Tigtmliﬁi?egelf w(;arrtfam
of individual nuclei (50 to 170 depending on the conditions ' 1 (A),

. . . 5 and 30 minutes with 5g/ml DNAse | (B). Cells were then
was measured as described in Materials and Methods. immunolabeled as above and nuclear HO and HMG-I fluorescence

‘Comparison of the mean values HO and HMG-| intensitiegytensities were measured using a mask defined by thresholding the
with those of control undigested G1 cells are reported in Fig40 image as described in Materials and Methods. Each point
6 for 3T3 cells. The mean value of the HMG-I immunolabelingrepresents the average of 50 to 170 cells. Results are expressed as a
intensity decreased rapidly to 63 and 40% of the controls upgrercentage of fluorescence intensity of contrpt@ls without
a 15-minute digestion by 0.5 and fdg/ml DNAse |, DNAse | treatment. For DNAse-treated samples, the HO intensity
respectively. HO intensity remained essentially unchange@as averaged over all nuclei analyzed to compensate for the
(Fig. 6A), indicating that the DNA was only mildly digested heterogeneity in digestion from cell to cell. Vertlcall bars correspond
under these conditions. Increasing the incubation time from 1, Ptlhl\i :éagdgrﬁisgg:a?;;hgf gi?:t?c?r@)élI/A(S?Zr?c?g?:nczflltggate g
:g 3;10 frl]}rltnhuetl?saeacsr:arl]s?ewr(])flntfllzég.H?\}IS(;—c:pgénc;l E' gAf?l?olr’elsegencWith 5 pg/ml DNAse | for 15 minutes (D) shows the decreased

. ; . : §taining of the HMG-I foci and of the continuous component and the
signals, but which was again more rapid for HMG-I than fofersistence of the sub-population consisting of dots (yellow

HO. The HMG-I signal also decreased faster than HQectangle) after nuclease digestion. Note that the intensity values in C
fluorescence in Hela cells, although the overall effect waand D are derived from separate normalizations and cannot be
smaller than in 3T3 cells: after a 30-minute digestion with ompared.
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HMG-I sub-populations equally. On images recorded with théiMG-I immunolabeling signal in 3T3 cells treated with
x100 objective, we observed a progressive and highly specifincreasing concentrations of micrococcal nuclease (MNase,
modification of the spatial distribution of HMG-I in nuclei as 0.005 to 0.05 units/ml). Note that, in this case, the differential
a function of DNAse | digestion. Although we observed someffect on the different HMG-I sub-populations was not as
variations in the effect of DNAse | from cell to cell, a 15 to 30apparent as with DNAse I: a mild MNase digestion led to a
minute incubation with Jug/ml of DNAse | resulted in the simultaneous decrease in the intensity of both dots and foci,
selective disappearance of two sub-populations, the diffudeut the dots persisted with a consistently higher contrast as
continuous staining pattern and the foci co-localized wittcompared to the foci when the MNase concentration was
regions of condensed chromatin: only the high-intensity HMGincreased (data not shown).
| dots remained visible in the nuclei of most cells. This is ] ) )
illustrated by the HMG-I/HO 2-D histogram of a 3T3 cell The HMG-I sub-populations are differentially
shown in Fig. 6D, where practically only bright dots displaced by preincubation of living cells with
concentrated on a horizontal line in the selected area of th¢oechst 33342
histogram remain after digestion (compare with Fig. 6C)One possible explanation for the selective modification of the
Except for these dots, the residual fluorescence intensity in timeiclear distribution of HMG-1 as a function of nuclease
nucleus is only slightly higher than in the cytoplasm. A 30digestion is that the three sub-populations of HMG-I molecules
minute digestion with 1Qug/ml DNAse | led to the complete are more or less tightly associated with DNA. If this were the
disappearance of nuclear HMG-I labeling in all cells (data notase, they should be differentially affected by competition for
shown). DNA binding. As HMG-I has been shown to compete in vitro
We observed a similar progressive decrease of the nucleaith drugs that specifically bind the minor groove of AT-rich
sequences, such as Hoechst 33256 and distamycin A (Reeves
and Nissen, 1990; Radic et al., 1992), we tested next whether
Hoechst 33342 (HO, an analog of Hoechst 33256) could

~100 T 100 S—— - 100 T T T T
: 813 Hela 1 oD coyes)  displace HMG-I molecules from their nuclear binding sites in
% 9 ] living cells.
80 % « ] In the following experiments, living cells were preincubated
90 ERd N ]
70 20 1
60 A B ¢

02 a 6 B 16 12500 2 46 8 16 12 %05 G 15 30 25
HO pg/ml HO pg/ml HO pg/ml
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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 presenc

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 image.
The ordinate R represents the nuclear HMG-I fluorescence expressédy. 8. Relative distribution of nascent RNAs and HMG-I protein in a
as the percentage of the intensity in control cells without HO Hela cell nucleus. Cells grown on coverslips were microinjected
preincubation (note that scales are different in the three diagrams). with BrUTP, incubated 15 minutes and then processed as above for
200 to 380 cells were analyzed for each experimental point. For  immunolabeling. (A) HO image. (B) Nascent RNAs were detected
oocytes, two different experiments were performed and 8 to 20 using a mouse monoclonal anti-BrdU antibody and a fluorescein-
oocytes used for each experimental point. Vertical bars correspond tmnjugated secondary antibody. (C) HMG-I was detected using a
the standard error of the mean (P=99%). SPIMAC 2-D histograms lissamine-rhodamine-conjugated secondary antibody. (D) A 2-D

are shown for a control HeLa cell (D) and for a HeLa cell treated  histogram of the relative distribution of transcription sites and HMG-
with 5.0ug/ml HO for 1 hour (E). The intensity of the HMG-I signal | protein in the same cell. The white lines separate the pixels of the
corresponding to the foci decreases to a uniformly low value (red cytoplasm from those of the nucleus and the red lines isolate a sub-
rectangle) while HMG-I dots persist after treatment (yellow population corresponding to dots with high HMG-I fluorescence
rectangle). As in Fig. 5, absolute intensity values in the 2-D intensity. Pixels of HMG-I dots isolated on the 2-D histogram do not
histograms in D and E cannot be compared. co-localize with sites of high accumulation of nascent RNAs (E).

Transcription
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with different concentrations of HO (1, 5 or (1§/ml), before  delineated by the red rectangle, is formed by pixels of highest
being fixed and immunolabeled. Preliminary experiment$dMG-I intensity. This region extends over a medium range of
showed that, at these concentrations, the nuclear HO intensttanscription intensity. Visualization of the corresponding
reached a plateau after 45 minutes of incubation and remainptkels on the transcription image (Fig. 8E) shows that they are
stable for at least 120 minutes. We therefore chose a 1 haosrattered throughout the nucleoplasm. They correspond to the
incubation time for these experiments. previously defined dots (compare C and E). The 2-D histogram
When averaged over several optical fields, the mean totéFig. 8D) shows that there is no linear correlation in this sub-
fluorescence intensity of HMG-I labeling (measured wit@  population between the intensities of the HMG-I and BrU
objective) decreased following incubation with increasing HOmunofluorescence signals, i.e. the concentrations of HMG-I
concentrations. Fig. 7 shows plots of R values (the ratio of thend incorporated BrU. The remaining part of the 2-D
mean HMG-I fluorescence intensity in treated cells to that dfistogram represents pixels that correspond to HMG-1 and BrU
controls without HO) as a function of HO concentration insignals of medium intensities. This is by far the most abundant
different cell lines. In 3T3 cells, R reached 82% pyiml HO  population which, on HMG-I images, corresponds to the
and decreased to 70% atdg/ml (Fig. 7A). The effect of HO previously defined foci and to the continuous fluorescence
was less important in HelLa cells as R only decreased to 90p@attern. In this region, points are more or less clustered along
after a 1 hour incubation in 3@g/ml HO (Fig. 7B). Higher a straight line, suggesting a broad linear correlation between
concentrations of HO were found to be toxic to somatic cellsiIMG-I and BrU concentration.
and could not be tested. Again, similar results were observed Similar experiments performed in oocytes led to slightly
in germinal cells: HMG-I was very efficiently displaced by HO different observations. As HMG-I labeling and transcription
in oocytes, with R decreasing to 60% and 20% at 10 and Xjtes are essentially restricted to the extranucleolar space in
pa/ml HO, respectively (Fig. 7C). these cells (Fig. 5 and unpublished results), the RNA/HMG-I
As was the case for DNAse | digestion, the differen2-D histogram can be decomposed into two regions only. In
nuclear sub-populations of HMG-I accumulation sites werghe first region, the vast majority of the points are concentrated
differently affected by preincubation with HO. The foci, along a straight line, indicating a broad correlation between
corresponding to condensed chromatin, and, to a lowddMG-I and BrU intensities. The second region is composed of
extent, the diffuse component were selectively displaced a smaller number of points characterized by a high HMG-I
the HO concentrations used (Fig. 7D and E). Note that thesignal coupled to a moderate BrU signal, with no correlation
two sub-populations are also the most sensitive to nucleabetween them (data not shown). As in the case of somatic cells,
digestion. In contrast, the intense HMG-I dots resistant tthis last region corresponds to the intense dots localized in
nuclease digestion appeared unaffected, as evidenced frareas of low chromatin density.
the HMG-I/HO 2-D histogram of a HelLa cell shown in Fig.
7E. A similar preferential disappearance of the foci and of the
diffuse signal was also observed in growing oocytes, wherBISCUSSION
only HMG-I dots remained visible after incubation with HO

(data not shown). This work reports new results concerning the sub-nuclear
distribution of HMG-I protein in human and murine cells,
The most intense nuclear sites of HMG-I obtained with an original image analysis program developed in
accumulation (dots) are not correlated with the most our laboratory, which allows a pixel-by-pixel analysis of the
active transcription sites relationship between two independent fluorescence images of

As previous results have shown that, by selectively binding tthe same cell. Compared to an exclusively visual analysis, the
SARs, HMG-I might relieve in vitro histone H1l-mediated SPIMAC software provides objective and semi-quantitative
transcriptional repression and that HMG-I is enriched in a suliools for the study of: (1) the distribution of a protein with
fraction of transcriptionally active chromatin (Zhao et al.,respect to other nuclear components (in this study, chromatin
1993), we then asked whether HMG-I accumulation sites couldr transcription sites); (2) its possible correlation with these
be correlated in situ with sites of active transcription.components; (3) the definition of different sub-populations and
Transcription sites were detected by visualizing BrUtheir respective contribution to the overall signal; and (4)
incorporated into nascent RNA chains after micro-injection opossible modifications of this pattern in response to various
BrUTP, as shown in Fig. 8B in the case of a HeLa cell. In botlreatments (DNA digestion and competition with HO). Another
HelLa and 3T3 cells, nascent RNAs generally appear in a moeglvantage of this software is that it takes into account all the
or less punctate pattern in the nucleoplasm and in nucleobtained pixels, particularly those of low intensity. One must,
Transcription foci are generally brighter in the nucleoli than irhowever, bear in mind that any fluorescence-based analysis
the nucleoplasm. All the nucleoli within an individual cell aresuffers from two main limitations: first, the resolution of
not always systematically labeled. In the nucleoplasm, theptical microscopes (even when confocal) only allows the
punctate pattern is superimposed over a more uniforranalysis of correlations on a scale that is considerably greater
fluorescence signal. than molecular distances. Second, comparison of fluorescence
In the 2-D histogram of a HeLa cell shown in Fig. 8D, theintensities between various sub-domains is only indicative as
bright nucleolar RNA polymerase I-dependent transcriptiorfactors other than the protein concentration, such as, for
sites correspond to regions of low HMG-I intensity. In thisexample, protein environment and accessibility to the antibody,
case, there is no correlation between HMG-Imay influence the fluorescence intensity.
immunofluorescence intensity and the level of BrU We have used the SPIMAC program to perform a detailed
incorporation. A second region of this 2-D histogram,analysis of the distribution of HMG-I in different cell types,



HMG-| sub-nuclear distribution 3559

using an affinity-purified serum that recognizes the proteimt telomeric and centromeric regions of human and mouse
highly specifically. An unknown 120 kDa protein also chromosomes (Disney et al., 1989).

detected in nuclear extracts from Hela cells when low On an HO/HMG-I 2-D histogram, the region corresponding
dilutions of the antibody are used most likely corresponds tto the diffuse HMG-I sub-population shows a less clear
another AT hook-containing protein, as a similar 120 kDaoroportionality between HMG-I and HO intensities. We
band is also detected by other sera raised against HMG-I agggest that this population, which is associated with less
well as against a synthetic AT-hook peptide (unpublishedondensed chromatin, represents HMG-I bound to randomly
results). This cross-reactivity does not affect ourspaced AT-rich sequences in the genome, including dispersed
interpretation of the results as this protein is no longesatellte DNA sequences, SARs (Zhao et al., 1993) and
detected upon serum dilution (Fig. 1A) and the specificity opossibly, the regulatory elements of certain genes (Thanos and
the serum for HMG-I is further confirmed by results of theManiatis, 1992; John et al., 1995; Klein-Hessling et al., 1996;
depletion experiment shown in Fig. 1G. Ghersa et al., 1997).

In all cells studied (somatic and germinal), HMG-I is In both somatic and germinal cells, the foci and, to a lower
exclusively located in the nucleus. We show here that thiextent, the diffuse component share two specific properties:
localization results from a complex distribution into intensivelythey are particularly sensitive to mild treatments with DNAse
labeled dots and foci that are scattered over a diffuse netwotkor MNase and they are preferentially displaced by pre-
of lower fluorescence intensity extending throughout the wholacubation of living cells with HO before fixation-
nucleoplasm. The dots and foci most likely correspond to thpermeabilization and immunolabeling. This strongly suggests
punctate pattern previously observed by immunofluorescendbat these two sub-populations correspond to DNA-bound
in mouse Friend and human K562 erythroleukemia cellsiMG-I molecules since Hoechst 33342 (HO) specifically
(Disney et al., 1989) and in mouse embryos and fetdbinds the minor groove of AT-rich DNA, as does its parent
fibroblasts (Thompson et al., 1995). In that respect, HMG-tompound, Hoechst 33256, which was previously shown to
distribution revealed by immunofluorescence resembles theompete with HMG-I for binding in vitro to mouse satellite
complex (often punctate) distribution of several other nucleaDNA (Radic et al., 1992; Reeves and Nissen, 1990). The
proteins. For example non-DNA-bound factors involved in preHMG-I foci localized in heterochromatin completely disappear
MRNA processing, such as snRNPs (Carmo-Fonseca et alnder conditions where only about 30% of DNA is degraded.
1991) and the splicing factors SC35 (Spector et al., 1991) dthis unexpected result suggests that DNA regions bound by
U2AF%5 (Gama-Carvalho et al., 1997), but also Pol llthis HMG-I sub-population remain accessible to nucleases, and
(Bregman et al., 1995; Zeng et al., 1997), are detected ase therefore not deeply buried within condensed chromatin
discrete ‘speckles’ superimposed on a more diffuse componehtirther studies will allow us to analyze in more detail the
of lower intensity. Other transcription activators such aslegree of folding and/or accessibility of the chromatin
glucocorticoid receptors also accumulate in discrete nucleassociated with this HMG-I population.
foci (van Steensel et al., 1995). The third sub-population of HMG-I revealed in this study

The SPIMAC co-localization software provides additionalcorresponds to small dispersed dots. Their high fluorescence
guantitative information on this distribution: the mostintensity suggests that they correspond to a locally large
intensely labeled structures in 3T3 cells (small dots and largeaccumulation of HMG-I molecules. It was therefore quite
foci) represent on average only about 1-3% and 6-14% of theurprising to find that they do not correspond to high DNA
total number of pixels and 6-7% and 9-19% of the totatoncentrations, but are instead associated with areas of low
fluorescence intensity, respectively. In contrast, the diffuseljocal DNA density or of decondensed chromatin. In addition,
distributed HMG-I sub-population occupies most (82-92%)this density is quite similar for all dots, suggesting that they
of the pixels and, although of low mean intensity, accountseside in a rather uniform chromatin environment. This is
for 70-86% of the total fluorescence intensity. A similarparticularly obvious in oocytes, where chromatin is
situation is encountered in the case of the distribution dfieterogeneously dispersed within the wide nuclear volume.
SC35: using another image analysis approach, Fay et al.Our finding that dots are displaced neither by mild nuclease
(1997) showed that the intense ‘speckles’ contribute only digestion nor by HO leaves open the question of the nature of
relatively minor part (20-30%) of the total SC35 this sub-population: (i) dots could represent high molecular
immunofluorescence signal. mass complexes of HMG-I molecules tightly bound to specific

The comparison between HO (or PI) and HMG-I imageDNA sites and/or associated with particular chromatin
shows that foci coincide perfectly with heterochromatinicconformations less accessible to nucleases and HO; (ii)
chromocenters, particularly numerous and well defined imlternatively this population might not be bound to DNA,
mouse fibroblasts (Blau et al., 1983). Further analysis of thesmrresponding instead to extrachromosomal accumulation
foci with the SPIMAC program indicates that HMG-I sites. Their disappearance upon more advanced DNA digestion
immunofluorescence labeling and HO (or PI) intensity areould be due to the overall disruption of nuclear architecture.
linearly correlated in these chromocenters. It is therefords such, these hypothetical extrachromosomal HMG-I
tempting to speculate that the foci represent in situ binding aficcumulation sites would be considerably more sensitive to
HMG-I on AT-rich satellite repeats clustered in regions ofnucleases than the SC35 speckles localized within
heterochromatin such as centromeres or telomeres. Indeedterchromatin granules and perichromatin fibrils, which were
HMG-I was first characterized on the basis of its specifipreviously shown to be resistant to extensive digestion by
binding to a 172 bp repeat of monkeysatelite DNA  DNAse | (100ug/ml for 2 hours at 25°C) (Spector et al., 1991).
(Levinger and Varshavsky, 1982a,b; Strauss and VarshavsKyhis observation would then favor the hypothesis that HMG-I
1984) and was later localized to G/Q- and C-bands as well a®ts are indeed DNA-bound.
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