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Distribution of Somatic H1 Subtypes is Non-Random on
Active vs. Inactive Chromatin II: Distribution in
Human Adult Fibroblasts
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Abstract For nearly twenty years researchers have observed changes in the histone H1 subtype content of tissues
as an organism develops into an adult. To better understand the consequences of such changes, immunofractionation of
chromatin using previously characterized antibodies speci®c for human H1 subtypes was employed in the analysis of a
®broblast cell strain derived from a 37-year-old individual. DNAs isolated from immunoprecipitates were probed for the
existence of a variety of DNA sequences. The results presented lend further support to a previously-proposed model
(Parseghian et al. [2000] Chromosome Res 8:405-424) in which transcription of a sequence is accompanied by the
selective depletion of subtypes. The data also suggest that there is more total H1 on actively transcribed sequences in
these cells as compared to fetal ®broblasts and that there is less difference in the subtype compositions of active genes vs.
inactive sequences in this strain. Speci®cally, the consequences of these changes appear to correlate with the
attenuation of the heat shock response in aging ®broblasts. In a broader context, these results could explain why there
are reductions in transcription in cells from mature tissue that approach senescence. J. Cell. Biochem. 83: 643±659,
2001. ß 2001 Wiley-Liss, Inc.
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There is evidence in the literature that there
are changes in nuclear structure and function
that correlate with cellular development and
subsequent aging. Such changes are evident at
the earliest stages of embryogenesis in higher
eukaryotes from amphibians [Dimitrov et al.,
1993] to mammals [Wiekowski et al., 1997]. For
example, the transition from maternal to zygo-
tic gene expression is accompanied by an
increased repression of replication origins and
transcriptional promoters that correlate with
shifts in histone H1 subtype content [Dimitrov
et al., 1993] and core histone deacetylation

[Wiekowski et al., 1997]. In amphibian embryos,
the transition from an oocyte-speci®c linker
histone to a family of somatic H1 subtypes
(designated H1S) [Parseghian et al., 1994a]
causes a loss of mesodermal tissue induction
[Steinbach et al., 1997]. Changes have also been
observed in the somatic H1 subtype content of
developing cells and organs well into adulthood
[e.g. Lennox and Cohen, 1983; Pina et al., 1987;
and as reviewed in Parseghian and Hamkalo,
2001], however, these changes have not been
correlated with changes in nuclear function.

Cellular aging has been correlated with
decreases in the transcriptional induction of
certain genes [e.g. Liu et al., 1989a; Luce and
Cristofalo, 1992] as well as decreases in the
overall expression of others [e.g. Wang et al.,
1997]. However, the effects of aging are not
limited to actively transcribed genes. Chaurasia
et al. [1996] report increased chromatin con-
densation of satellite DNA in liver cells of older
rats when compared to younger animals. In
addition, aging cells display changes in nuclear
morphology and a loss of mitotic activity
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generally referred to as replicative senescence
[Hay¯ick and Moorhead, 1961]. Senescence is a
dominant phenotype mediated by unknown
cellular factor(s) that inhibit(s) replication in
younger cells upon fusion with senescent cells
[Norwood et al., 1974]. Despite these observa-
tions, the mechanism(s) underlying these
changes still remain unclear. The effects of
aging on replication and transcription may
involve changes in chromatin organization.
Since histone H1 plays a critical role in the
maintenance of higher order chromatin struc-
ture [reviewed in van Holde, 1988], the general
repression of transcription [Shimamura et al.,
1989; Croston et al., 1991; Laybourn and
Kadonaga, 1991], and the inhibition of replica-
tion [Lu et al., 1997, 1998, 1999], understanding
possible changes in the H1 subtype composition
of nuclei as cells develop and age may lead to
insights into both processes.

Based on chromatin immunoprecipitations
using subtype-speci®c antibodies, we proposed
a model for the preferential depletion of sub-
types H1S-2 and H1S-4 in actively transcribed
chromatin [Parseghian et al., 2000]. In contrast,
H1S-3 is present on active and inactive chro-
matin. The depletion of speci®c subtypes on
actively transcribed chromatin may contribute
to a more open chromatin conformation that
allows access to transcription factors, as evi-
denced by Hannon et al. [1984], who observed
greater repression of RNA polymerase initia-
tion after reconstitution of H1-depleted chro-
matin with total H1 than with isolated subtypes
at identical concentrations.

In light of our recent observations [Parse-
ghian et al., 2000], the current paper analyzes
somatic H1 distributions in a karyotypically
normal diploid cell strain (GM1653) derived
from the skin ®broblasts of a 37-year-old male
[Case and Wallace, 1981]. Earlier observations
of distinct differences in subtype distributions
on active and inactive chromatin are con®rmed.
As noted above, active genes are dramatically
depleted of certain subtypes whereas inactive
sequences possess most or all subtypes. Inter-
estingly, the cells derived from adult tissue have
a reduction in these differences so that active
chromatin possesses a more heterogenous dis-
tribution of subtypes, as well as an overall
increased amount of total H1. The possibility
that such changes lead to replicative senescence
is discussed. Also, the effect of such changes on
the induction of heat shock genes are analyzed.

Results presented suggest H1 may play a role in
the mechanism of an attenuated transcriptional
response with age [as reviewed in Liu et al.,
1996].

MATERIALS AND METHODS

Cell Growth and Chromatin
Immunoprecipitation

The karyotypically normal human diploid
®broblast strain (GM1653), purchased from
the NIGMS Human Genetic Mutant Cell Repo-
sitory, was derived from the skin ®broblasts of a
37-year-old male [Case and Wallace, 1981]. Cell
growth, DNA labeling, formaldehyde crosslink-
ing, chromatin isolation, immunoprecipitation,
and analysis procedures were previously des-
cribed [Parseghian et al., 2000]. Brie¯y, cells
were grown at 378C in Dulbecco's Modi®ed
Eagle Medium (DMEM) (GibcoBRL, Gaithers-
burg, MD), and the DNA labeled at �75%
con¯uency by the addition of (methyl-3H) thy-
midine (79 Ci/mmol, Amersham, Piscataway,
NJ) at a concentration of 1 mCi/ml of media.
After 36±72 h of incubation, the tritium-
labelled chromatin was crosslinked and soni-
cated then immunoprecipitated with polyclonal
antibodies generated against one of four so-
matic H1 subtypes or with an antibody against
all of the subtypes (designated anti-total H1).
Production and characterization of the rabbit
polyclonal antibodies against the H1s has been
described previously [Parseghian et al., 1993,
1994b].

Immunoprecipitation with rabbit preimmune
antibodies was used as a control in order to
determine the amount of background signal
during PCR and slot blotting. All pre-immune
antibodies used for experimentation did not
crossreact with any H1 subtypes as veri®ed by
Western analysis (data not shown). Hence, any
background signals could be due to a low-level
crossreactivity of protein G to core histones
similar to that documented for protein A
[Hebbes et al., 1988]. Once precipitated, bound
RNA and proteins were hydrolyzed and then the
crosslinks reversed by incubation at 658C for at
least 6 h. As a second control, a batch of chro-
matin prior to immunoprecipitation was simi-
larly treated in order to have a sample of input
DNA. Equal quantities of the DNA obtained
were subsequently analyzed for the presence of
various transcriptionally active and inactive
sequences using PCR or slot blotting, such
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analyses for any sequence being repeated, with
different chromatin preparations, from 3±5
times. A third control monitored the consistency
of the PCR by the inclusion in each reaction of
0.5 pg Bluescript plasmid (Stratagene, La Jolla,
CA). A 126 bp sequence was ampli®ed using
0.5 mM of modi®ed Bluescript primers [Parse-
ghian et al., 2000]. Finally, a fourth control
involved the preparation of a polymerase chain
reaction mixture containing no template DNA
in order to check for DNA contamination from
external sources.

Several observations argue against the pos-
sibility of limiting reagent quantities in the PCR
reactions (i.e., the so-called ``Plateau Effect'')
[Innis and Gelfand, 1990]. Reactions in the
plateau phase should result in signal patterns
that are indistinguishable between active and
inactive chromatin; however, as detailed below,
ANOVA analyses statistically verify the signi®-
cant difference in signals from each class of
DNA. The possibility of a plateau effect also is
inconsistent with the heat shock data in which
reproducible shifts in signal patterns are de-
monstrated for the functional HSP90a gene. As
a further check on the validity of signal pat-
terns, the PCR results for active and inactive
chromatin were independently veri®ed in this
and the previous study by slot blot analysis
where there is no plateau effect.

DNA Probes and Primers

Plasmid pXBR-1, a human a-satellite DNA
probe,waspreviouslycharacterized [Yangetal.,
1982]. The telomeric repeat sequence was a
gift from Dr. Robert Moyzis [Moyzis et al., 1988].
Other oligonucleotide primers were gifts
from Drs. Leslie Thompson (FGFR-3), Marian
Waterman (LEF-1) and Dean Stathakis
(PSD95). Primer sequences, concentrations
and annealing temperatures are listed in
Parseghian et al. [2000].

Data Analysis

Gels (PCR) and ®lms (slot blots) were digi-
tized using the Image Store 5000 Gel Documen-
tation System (UVP, San Gabriel, CA) and
analyzed using Gelbase software (also UVP).
Digitizing allows for a pixel-by-pixel analysis of
the signal intensity from each band, hence,
intensities of the bands resulting from each of
the four subtype-speci®c immunoprecipitations
and the preimmune control were determined.
After subtraction of the preimmune signal

intensity, each of the resulting four subtype
values were totalled, and the signal intensity
percentage (SIP) for each subtype determined.
The assays employing PCR included the signal
generated from a 126 bp Bluescript band as an
internal control. In each experiment, the control
band with the least total signal intensity was
assigned a value of 100% and the remaining
control bands assigned percentage values rela-
tive to it. Comparisons of the relative intensity
of the control bands across lanes in a single
experiment were used to evaluate the consis-
tency of ampli®cation. When differences of two-
or three-fold in signal were seen for the internal
control in a single experiment, the experiment
was repeated.

The signi®cance of the signal intensity data
was statistically veri®ed by analysis of variance
(ANOVA) using the SAS software package (SAS
Institute, Cary, NC). All SIPs were categorized
according to the following parameters: H1
subtype and the transcriptional state of the
DNA being analyzed. Several omnibus and
focus tests, using combinations of the two
parameters, compared mean SIPs and deter-
mined the statistical signi®cance of their devia-
tion from an expected null hypothesis value of
25%.

RESULTS AND DISCUSSION

General Remarks

This paper focuses on GM1653, a skin ®bro-
blast strain with a normal diploid karyotype. Its
origin from a 37-year-old makes this cell strain a
suitable candidate for analyzing changes in
nuclear structure and function during develop-
ment and aging. Henceforth, it will be referred
to as the adult ®broblast line. In addition, these
cells allow us to focus exclusively on the somatic
subtypes because they lack two differentiation-
speci®c isoforms: H1o, a variant generally pre-
sent in quiescent cells, and H1a, a subtype
enriched only in testis and thymus [Burfeind
et al., 1992].

An earlier study of somatic H1 subtype dis-
tributions in fetal ®broblast cells describes the
crosslinking and immunoprecipitation strate-
gies [Parseghian et al., 2000]. The SIP (signal
intensity percentage) for each subtype was
determined by analysis of computer digitized
gels and ®lms generated during PCR and slot
blot studies, respectively. The average SIPs re-
ported here are derived from repeated analyses
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of each DNA sequence studied, and are accom-
panied by a sample gel or blot. The gels and blots
are provided as examples of the qualitative
trends observed, while the average SIPs present
the results in a semi-quantitative manner that
describes the trends. Studying the same genes
and sequences as in the fetal ®broblast study
permitted comparisons between the two cell
strains and provided a broad sampling of
expression patterns and a diversity of chromo-
somal sites in the adult ®broblasts. The tran-
scriptional state of each sequence was
con®rmed by reverse-transcriptase (RT) PCR
or northern analysis (data not shown).

The current study and its earlier companion
are driven by the following hypothesis: If H1
subtypes do possess distinct functions, then a
non-random distribution would be predicted on
different classes of DNA, such as active and
inactive genes. On the other hand, the null
hypothesis states that no signi®cant differences
in H1 subtype content should exist between
active vs. inactive regions of chromatin.
Furthermore, if the distribution of subtypes is
truly random in the nucleus, then approxi-
mately equal SIPs, of about 25%, should be
observed from each of the four subtypes,
irrespective of the DNA sequence.

Although results from different DNA sequ-
ences were generally reproducible, there is
variability inherent in the immunoprecipita-
tion assay so that, while qualitative trends are
apparent, our semi-quantitative data was sup-
plemented with statistical analysis. To address
this, all of the data was subjected to a compre-
hensive ANOVA (see below).

Distribution of Subtypes on Transcriptionally
Active Chromatin: PSD95 & c-myc

The investigation of subtype associations on
active chromatin involved constitutively-
expressed (PSD95) and inducible (c-myc) genes.
PCR analysis of the actively transcribed genes
demonstrate the greatest SIPs from subtypes
H1S-3 and H1S-1, while average SIPs due to
H1S-2 are well below 20% (Fig. 1A). Although
the pattern of subtype distributions is reminis-
cent of our previous observations, in which
active chromatin exhibited a selective depletion
of subtypes [Parseghian et al., 2000], when
these results are compared to those from fetal
®broblasts, the H1S-3 SIP is lower whereas the
H1S-1 SIP is higher. Thus, it appears that there
is a decrease in the predominance of one subtype

in active chromatin with age, resulting in a
gradual reduction in differences in the subtype
compositions of active and inactive sequences.
This modest decrease in average SIPs for H1S-3
is not necessarily a re¯ection of its greatly
reduced amount in quiescent, adult tissues as
reported by others [Lennox and Cohen, 1983;
Wang et al., 1997], since these cells are still
proliferating. In fact, H1S-3 is quite prevalent in
this cell strain, nearly equaling the quantity of
H1S-1 at about 38%.

Distribution of Subtypes on Transcriptionally
Inactive Chromatin: LEF-1, IgKC & FGFR3

Lymphoid enhancer-binding factor-1 (LEF-1)
and immunoglobulin kappa constant region
(IgKC), were used as representatives of inactive
sequences. Figure 1B shows that both genes
have average SIPs for H1S-3 that are far less
than those of active chromatin, with a greater
preponderance of signal from H1S-2 (as evi-
denced by average SIPs greater than 40%) and
to some extent from H1S-4. These results are
consistent with those obtained with fetal ®bro-
blasts. In fact, no H1S-3 appears to associate
with IgKC in GM1653 cells, further supporting
earlier observations that suggest the preferen-
tial association of the other subtypes with
inactive chromatin [Parseghian et al., 2000].

Although ®broblast growth factor receptor-3
(FGFR-3) is expressed in many ®broblast lines
[Thompson et al., 1991], it is transcriptionally
silent in the cell strains used in this and our
previous study (Fig. 5A). Therefore, the
increased association of H1S-3 was unexpected
(Fig. 1B). However, we observed induction of
FGFR-3 upon heat shock in both the fetal and
adult cell lines, indicating that it is poised
for transcription rather than irreversibly re-
pressed (Fig. 5A). The average SIP for H1S-3 is
nearly 40%, while H1S-1 and H1S-2 are nearly
25%, in both ®broblast strains despite the
difference in age of the sources. Therefore,
despite the increased heterogeneity of subtypes
present on this gene, the prevalence of H1S-3 on
a gene may be indicative of its potential to be
transcribed with additional changes in subtype
content upon transcriptional induction (see
below).

Several indirect lines of evidence suggest that
H1S-3 prevalence on a sequence may indicate a
more open chromatin conformation. For exam-
ple, in mouse ®broblasts, phosphorylated H1S-3
has been colocalized to RNA processing sites
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Fig. 1. PCR analysis. For PCR analyses,
immunoprecipitated samples of equal
amounts of DNA were ampli®ed accord-
ing to the protocol described in Parseghian
et al. [2000]. Electrophoresis of the result-
ing PCR products on a 6% acrylamide gel
was followed by ethidium bromide stain-
ing. Half a picogram of Bluescript plasmid
was included as a internal control in each
reaction, except for the negative control
lane. A pixel-by-pixel analysis of the signal
intensity from each band was conducted
by digitizing the gels. Each of the resulting
four subtype values (minus the preim-
mune's signal value) were totaled and the
signal intensity percentage (SIP) for each
determined. Each analysis was repeated,
with different chromatin preparations, 3±5
times. Average SIPs and sample gels are
shown for transcriptionally (A) active and
(B) inactive sequences. I, Input DNA; T,
anti-Total H1; 1, anti-H1s-1; 2, anti-H1s-2;
3, anti-H1s-3; 4, anti-H1s-4; P, Preimmune
antibodies; and C, negative control for
PCR.
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[Chadee et al., 1995], and H1S-3 exhibits the
greatest level of cyclin-dependent phosphoryla-
tion [Talasz et al., 1996]. In addition, with the
exception of H1S-1, H1S-3 is preferentially
poly(ADP-ribosyl)ated as compared to the other
somatic variants [Riquelme et al., 1979; D'Erme
et al., 1996].

In general, a comparison of the subtype
content for selected active and inactive
sequences reveals a more heterogenous pre-
sence of somatic subtypes on inactive chroma-
tin. However, unlike fetal ®broblasts, the
subtype content of transcriptionally inactive
DNA does not as closely approach the equal
distribution of signals for each subtype (�25%).
While both H1S-2 and to a lesser extent, H1S-4
appear to be more prevalent with inactive
regions of chromatin, the increased presence of
the former consistently correlates with tran-
scriptional inactivity: the SIPs for H1S-2 from
LEF-1 and IgKC are>40%, a larger percentage
than that seen for the same genes in fetal
®broblasts (>30%). Comparison of these to the
average SIPs for actively transcribed c-myc;
shows that the presence of H1S-2 is considerably
reduced (12%), while H1S-4 still averages
22.7%. A decrease in expression of c-myc as
these adult cells approach senescence may
account for the greater than expected value for
H1S-4.

Distribution of Subtypes on Centromeric
Satellite Repeats

Due to their high copy number, a-satellite
repeats were analyzed by slot blotting. The
distribution of SIPs on these sequences are
distinctly different when compared to results
with active chromatin (Fig. 2). That is, there are
approximately equal signal intensities for each
subtype, indicating maximum subtype hetero-
geneity in this region of the genome. A compar-
ison of these data with results from fetal
®broblasts, where the a-satellite SIPs for H1S-
3 are over 30% [Parseghian et al., 2000],
indicates that the decrease in the predominance
of H1S-3 SIPs with aging is not restricted to
active chromatin. In light of the model we
recently proposed suggesting that H1S-3 pre-
valence on a sequence may be a good indicator of
a more open chromatin conformation, one would
predict that the slightly increased subtype
heterogeneity present on the adult heterochro-
matin would contribute to a more condensed
conformation than that present on the fetal

heterochromatin. This prediction is consistent
with recent observations by Chaurasia et al.
[1996] who showed overall condensation of bulk
chromatin in aging rats, with a speci®c increase
of satellite DNA in the insoluble chromatin
fraction.

Distribution of Subtypes on Telomeric and
Subtelomeric Repeats

Contrary to the overall trends described for
chromatin, where inactive sequences have a
diverse subtype content; telomeric heterochro-
matin in adult cells displays striking differences
to both fetal telomeres, and other adult inactive
sequences. Whereas the SIP distribution of
repeats in fetal ®broblasts had the subtype
heterogeneity characteristic of inactive chro-
matin [Parseghian et al., 2000], nearly 70% of
SIPs in adult cells were concentrated in one
subtype (H1S-1, Fig. 2). Uneven loading of
immunoprecipitated DNA is an unlikely expla-

Fig. 2. Slot Blot analysis. Equal amounts of DNA from the
immunoprecipitated samples were denatured, applied to nylon
membranes and UV crosslinked according to the protocol
described in Parseghian et al. [2000]. A non-radioactive
detection system (Genius System from Boehringer) utilizing
digoxigenin-labelled probes was used to record the results on
®lm. An a-satellite DNA probe [Yang et al., 1982] and a
telomeric repeat sequence [Moyzis et al., 1988] were used for
detection of centromeric and telomeric DNA, respectively. A
pixel-by-pixel analysis of the signal intensity from each band
was conducted by digitizing the blots. Each of the resulting four
subtype values (minus the preimmune's signal value) were
totaled and the SIP for each determined. Each analysis was
repeated, with different chromatin preparations, 3±5 times.
Average SIPs and sample blots are shown. I, Input DNA; T, anti-
Total H1; 1, anti-H1s-1; 2, anti-H1s-2; 3, anti-H1s-3; 4, anti-H1s-
4; P, Preimmune antibodies.
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nation for the distinct SIP pattern seen with the
telomeric probe for several reasons. First, each
of the slot blots was the result of an independent
chromatin preparation. Second, incubation of
each blot with the telomeric probe was either
preceeded by or followed with the stripping of
probe and rehybridization with the centromeric
sequence probe, which demonstrated an equal
distribution of signal from all four subtypes
(Fig. 2). Although telomeric repeats appear to
have a lower total H1 content than inactive
chromatin in general, there appears to be a
further reduction in adult tissue (see Total H1
Content section below). Results from Bedoyan
et al. [1996] are consistent with this observa-
tion since they showed that only a minority of
telomere-sequence mononucleosomes from non-
fetal rat liver nuclei contain H1. The same group
also provided evidence for a shorter nucleosome
repeat length in telomeres compared to bulk
chromatin, a result that could be due to H1
depletion [Makarov et al., 1993]. Recently,
similar observations have been reported in the
plant Arabidopsis thaliana where the stoicho-
metry of linker histones to nucleosomes in
telomeres are signi®cantly reduced in compar-
ison to bulk chromatin [Ascenzi and Gantt,
1999].

The results for telomeric repeats appear to
contradict our model. However, the establish-
ment of a less condensed chromatin conforma-
tion could provide an opportunity for telomere-
speci®c factors to access these sequences, much
as regions of H1-depleted active chromatin
allow access to transcriptional regulatory fac-
tors. Telomere-associated factors could include
telomere-binding proteins and, possibly, pro-
teins involved in their attachment to the
nuclear envelope. Support for such a scenario
is derived from the recent characterization of
tankyrase, a poly(ADP-ribose) polymerase
(PARP), which complexes with the telomeric-
repeat binding factor TRF1 [Smith et al., 1998].
PARP activity has been correlated to the
modulation of chromatin condensation by H1
[de Murcia et al., 1986; Huletsky et al., 1989], as
well as the maintenance of telomeric stability
[d'Adda di Fagagna et al., 1999]. In fact,
preferential poly(ADP-ribosyl)ation of H1S-1
has been noted in several earlier publications
[Riquelme et al., 1979; Parseghian et al., 1994b;
D'Erme et al., 1996], rendering the predomi-
nance of H1S-1 on telomeric DNA even more
intriguing. Such modi®cations as poly(ADP-

ribosyl)ation offer a greater range of chromatin
condensation levels, allowing for re®nement of
the coarse regulation established by the H1s.

The results we see with these telomeric sequ-
ences led us to investigate the subtype composi-
tion in sub-telomeric repeats. We probed for a
speci®c 3.3 kb tandem repeat that has been
localized to subtelomeric regions 4q and 10q
[Winokur et al., 1994]. Extensive characteriza-
tion has revealed that the sequence, packaged
as heterochromatin, is immediately adjacent to
euchromatin. As a paradox, the euchromatin
adjoining most telomeres in the human genome
is more transcriptionally and recombinationally
active than other heterochromatin-linked sequ-
ences [Saccone et al., 1992]. In the case of the 3.3
kb repeat, the SIPs for H1S-3 average 40%,
while those for H1S-4 average 20% and H1S-2
exceed 25% (Fig. 1B). Reminiscent of FGFR-3,
the heterogeneity of subtypes present and the
greater H1S-3 content may be indicative of
sequences with the potential to have a more
open chromatin conformation.

Distribution of Subtypes on Genes and
Pseudogenes

The heat shock protein 90a (HSP90a) gene
family was chosen in order to compare subtype
distributions on the active and inactive copies of
the same gene. The family includes one func-
tional gene and three pseudogenes, each located
on a different chromosome [Hickey et al., 1989;
Ozawa et al., 1992; Vamvakopoulos et al., 1993].
Primers for PCR ampli®cation were designed to
distinguish between gene and pseudogenes
[Parseghian et al., 2000].

The distribution of SIPs for the pseudogenes
resembled those of centromeric heterochroma-
tinÐa quarter of the total signal was obtained
from each of the four subtypes (Fig. 3A). How-
ever, the distribution differed for the functional
gene (Fig. 3B): an overall analysis of SIP
averages shows a pattern similar to that of
actively transcribed genes with the greatest
percentages from subtypes H1S-3 (46.2%) and
H1S-1 (28.5%), and mean SIPs for H1S-2 slightly
below 20% and H1S-4 well below 10%. Interest-
ingly, PCR analysis of the functional gene using
chromatin harvested from cells at successive
increased passages showed a shift in subtype
patterns. The signal distributions appear to
evolve from a predominance of H1S-3 to an
increased presence of H1S-2 (Fig. 3B). A more
dramatic re¯ection of the shifting subtype

Somatic H1 Subtypes in Adult Fibroblasts 649



content associated with HSP90aas an organism
develops is apparent in a comparison of the SIPs
from the adult vs. fetal ®broblasts. The func-
tional gene has a predominance of signal from
H1S-3 (average SIP� 46.2%), although not
quite as high as the mean SIP for H1S-3 seen
in the fetal cells (69.1%) [Parseghian et al.,
2000]. However, a comparison of mean SIPs for
H1S-2 from the fetal (8.4%) and adult (19.4%)
cell lines indicates a nearly 2.5-fold increase in
this subtype on the functional gene in the adult
line approaching senescence.

Distribution of Subtypes on a Heat Shock
Gene Upon Induction

HSP90a was further investigated for a better
understanding of effects on the subtype com-
position of a gene upon induction. Although

constitutively expressed, transcription of
HSP90a increases during cellular stress. Inter-
estingly, the magnitude of induction appears to
decrease with age. For example, one study
determined a 22-fold increase in mRNA within
3 h of induction in early passage ®broblasts but
only a 9-fold increase occurring within 6 h in late
passage ®broblasts [Liu et al., 1989b]. In order
to investigate this further, GM1653 cells were
heat shocked by incubation at 428C for 1.5 to 2 h
followed by the standard analysis.

Heat shock of the adult ®broblast line
resulted in a signi®cant shift in subtype content
from a predominance of H1S-3 and H1S-1 in non-
stressed cells (Fig. 3B) to that of H1S-1 and H1S-
2, both�40%, in the heat-shockedcells (Fig. 4A).
The apparent increase in signal percentage
from H1S-1 after induction also was noted

Fig. 3. Analysis of HSP90a. Immunoprecipitated samples of
equal amounts of DNA were ampli®ed according to the protocol
detailed in Parseghian et al. [2000]. Electrophoresis of the
resulting PCR products on a 6% acrylamide gel was followed by
ethidium bromide staining. Half a picogram of Bluescript
plasmid was included as an internal control in each reaction,
except for the negative control lane. A pixel-by-pixel analysis of
the signal intensity from each band was conducted by digitizing
the gels. Each of the resulting four subtype values (minus the

preimmune's signal value) were totaled and the SIP for each
determined. Each analysis was repeated, with different chroma-
tin preparations, 3±5 times. Average SIPs and gels are shown
from analyses of HSP90a pseudogenes (A) and the functional
gene (B) using chromatin harvested from increasing passages of
the cell line. The number of months from initiation of cell culture
to chromatin harvest are indicated above each gel. Legend
abbreviations are identical to Figure 1.
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in fetal ®broblasts [Parseghian et al., 2000] and
was interpreted to represent additional selec-
tive removal of subtypes upon induction, speci-
®cally H1S-3, leaving a residual amount of H1S-
1 on the gene to give rise to a basal level of
chromatin condensation. A comparison of SIPs
from adult material showed a signi®cant
decrease of H1S-3 (from 46.2 to 11.2%) after
heat-shock. However, unlike fetal cells, the
apparent increase in signal from H1S-1 is not
as great due to the apparent increase in H1S-2.
The increased presence of H1S-2, reminiscent of
inactive chromatin, may correlate with a reduc-
tion in transcriptional induction in the adult
®broblast line. The results for inactive pseudo-
genes, where a more heterogenous subtype
content continues to prevail after heat shock,
are comparable for adult (Fig. 4B) and fetal cells
[Parseghian et al., 2000].

It is noteworthy that a similar remodelling of
subtypes has been observed for FGFR-3 upon
heat shock (Fig. 5). As mentioned earlier,
induction of this FGF receptor variant was
noted after heat shock in both cell strains under
study (Fig. 5A). Like HSP90a, there is a shift in
the subtype content of FGFR-3 in non-stressed
cells (Fig. 1B) to a predominance of H1S-1 and
H1S-2 in the stressed adult cell line (Fig. 5B).

Transcriptional attenuation of heat shock
genes with aging has been well-documented in
several tissues including ®broblasts [Liu et al.,

1989a], hepatocytes [Heydari et al., 1993],
lymphocytes [Jurivich et al., 1997], lung [Farg-
noli et al., 1990], and neural tissue [Brown and
Gozes, 1998]. This phenomenon has been
implicated in the declining ability of aging
organisms to maintain homeostasis under con-
ditions of environmental stress [for reviews, see
Holbrook and Udelsman, 1994; Liu et al., 1996].
A diminished heat shock response is neither due
to the proliferational state of the ®broblasts nor
to an increased degradation of HSPs in older
cells [Luce and Cristofalo, 1992].

As targets for a reduction in expression after
heat shock, researchers have focused on the
heat shock transcription factor-1 (HSF1) and its
interaction with an HSP-speci®c promotor seq-
uence, the heat shock element (HSE). A decline
in HSF1 production with aging was ruled out in
earlier studies demonstrating constant protein
levels in adrenal gland tissue from young and
old rats [Fawcett et al., 1994]. Several labora-
tories report that attenuation is due to an age-
dependent reduction in HSF1 binding to the
HSE [Choi et al., 1990; Heydari et al., 1993;
Fawcett et al., 1994]. Neither structural altera-
tions with age nor de novo synthesis of a
defective HSF1 have been found [Choi et al.,
1990]. However, it has been suggested that
either modi®cation-dependent activation is
defective (such as phosphorylation) or there is
the presence of an as yet uncharacterized

Fig. 4. PCR analysis upon Heat Shock
Induction. Average SIPs and sample gels for
the HSP90a (A) functional gene and (B)
pseudogenes after incubation of the cells at
428C for 1.5 to 2 h prior to formaldehyde
crosslinking of the chromatin. PCR ampli®ca-
tion procedures and legend abbreviations are
identical to Figure 1. The doublet banding
pattern seen in (A) was an artifact of the run.
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dominant inhibitor that interferes with HSF1
binding to the HSE [Choi et al., 1990].

Recently Jurivich et al. [1997] reported a
disruption of HSF1 binding in HeLa cell
extracts upon addition of the whole cell extracts
from heat-shocked and non heat-shocked lym-
phocytes displaying an attenuated response.
Jurivich et al. [1997] demonstrate that a
putative inhibitor is generally present in tissue
from older subjects (>75 years), is heat labile at
1008C, and is not a protease. The activity is lost
upon stimulation of lymphocytes from quies-
cence to a proliferative state, then quickly
restored within a few population doublings. It
is not inconceivable that H1 is such an inhibitor.
An extensive literature already exists describ-
ing the role of H1 in transcriptional repression

[Shimamura et al., 1989; Croston et al., 1991;
Laybourn and Kadonaga, 1991]. While the
presence of an increased variety of H1 variants
may generate a more condensed state of chro-
matin, speci®c subtypes may be responsible for
maintaining transcriptional inactivity either
individually or through interactions with other
proteins. For instance, analysis of HSP90a at
increasing cell passages lends support to this
observation by ®nding a growing preponder-
ance of H1S-2 on the functional gene at a time
when transcriptional induction begins to
attenuate (Fig. 3B). Furthermore, heat shock
induction of the very same gene in the adult
®broblast line results in the residual presence
of H1S-1 and H1S-2, in marked contrast to
induction of a fetal ®broblast line, where only

Fig. 5. Analysis of FGFR-3. A: Reverse-transcriptase PCR (RT-
PCR) analysis of FGFR-3 induction in the two cell strains
studied. RNA isolation and analysis are detailed in Parseghian
et al. [2000]. Brie¯y, total RNA was extracted from both cell
strains and transcribed by 100 U of Moloney murine leukemia
virus reverse transcriptase (M-MLV RT). The resulting single-
stranded DNA was then ampli®ed by PCR and the product
electrophoresed on a 6% acrylamide gel before visualization by
ethidium bromide staining [Parseghian et al., 2000]. Controls
include duplicate reactions with and without M-MLV RT, two

positive controls using Genomic DNA and Total RNA from
human ®broblasts, and a negative Control lacking DNA and
RNA in the reaction mixture. B: Average SIPs and a sample gel
for the FGFR-3 gene after heat shock of the adult ®broblast cells.
A pixel-by-pixel analysis of the signal intensity from each band
was conducted by digitizing the gels. Each of the resulting four
subtype values (minus the preimmune's signal value) were
totalled and the SIP for each determined. PCR ampli®cation
procedures and legend abbreviations are identical to Figure 1.
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H1S-1 is substantially detected (Fig. 6B). Hence,
the lack of H1S-2 dissociation from the DNA
sequence in aging cells correlates with the
reduction of heat shock induction.

ANOVA of SIPs

Con®rmation of the subtype SIP distribu-
tions for each DNA sequence studied required
repeated PCR or slot blot analysis. Although
blocking agents were utilized during im-
munoprecipitation to minimize the general
``stickiness'' of chromatin, occasionally unchar-
acteristic SIP distributions occurred. Therefore,
to determine the statistical signi®cance of the
differences observed in the SIP patterns of
active and inactive chromatin, a comprehensive
ANOVA was carried out by calculating the

mean SIPs for each subtype and their deviations
from the 25% benchmark of the null hypothesis
(Fig. 6).

The null hypothesis is de®ned as a lack of
signi®cant SIP differences between active and
inactive chromatin; thus, if the distribution of
H1 subtypes throughout the nucleus is random,
approximately equal signal intensities of about
25% should be observed from each of the four
subtypes, regardless of the DNA sequence
analyzed. In other words, the null hypothesis
represents a state of maximum subtype hetero-
geneity where no single H1 variant predomi-
nates. An overall analysis of differences among
SIP means for each of the four subtypes in active
and inactive chromatin, in the absence of heat
shock, produced a signi®cant F score (F� 2.63,
P� 0.0140), although this value was not as
great as the F score for fetal ®broblasts
(F� 7.52, P� 0.0001) [Parseghian et al., 2000].
The ANOVA F-test is a generalized t-test for the
difference between two means allowing one to
test the observed differences among the four
SIP averages from the active chromatin with
the four from the inactive. Graphically illus-
trating the mean SIPs demonstrates the dimin-
ished diversity of subtypes on actively
transcribed sequences (Fig. 6A). ANOVA ana-
lysis of the inactive chromatin produces a
pattern of four SIP means that fails to reject
the null hypothesis (F� 1.17, P� 0.3240). How-
ever, this is not the case for analysis of the active
chromatin, where the pattern of four SIP means
leads to a strong rejection of the null hypothesis
(F� 7.65, P� 0.0004).

This analysis was extended to chromatin
following heat shock. To verify SIP shifts seen
with HSP90a, the effects of heat shock induction
on c-myc, FGFR-3, and IgKC were also evalu-
ated using the adult and fetal ®broblast cells
(data not shown). An overall analysis of differ-
ences among SIP means for each of the four
subtypes in active and inactive chromatin
following heat shock produced signi®cant F
scores in adult (F� 6.03, P� 0.0010), as well
as fetal ®broblasts (F� 4.57, P� 0.0065). Gra-
phical representations of the fetal (Fig. 6B) and
adult (Fig. 6C) mean SIPs obtained with all of
the genes after heat shock summarize the
predominance of H1S-1 on actively transcribed
genes, the increased presence of H1S-2 on those
genes in adult ®broblasts, and the maintenance
of a diverse subtype content on inactive DNA
sequences.

Fig. 6. Comparison of the mean signal intensity percentages
observed for each subtype on active and inactive chromatin.
The mean SIPs are also compared to the 25% mark expected
with the null hypothesis and denoted by the dark line. A:
Comparison of mean SIPs from the adult ®broblast line prior to
heat shock. B: Comparison of mean SIPs from the fetal ®broblast
line following heat shock. C: Comparison of mean SIPs from the
adult ®broblast line following heat shock.
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Total H1 Content

The relative amounts of total H1 associated
with each of the DNA sequences studied were
estimated as previously described [Parseghian
et al., 2000]. Brie¯y, signal generated with anti-
total H1 for each of the sequences (minus the
preimmune signal) is calculated as a percentage
of the input DNA signal for the same sequence.
Because the input DNA signal depends on the
percentage a sequence is represented within the
genome, the signal from the anti-total H1
precipitates can be normalized in this manner,
allowing for comparisons between single and
multi-copy sequences. This normalized value
has been termed as the percentage intensity of
input signal. This semi-quantitative analysis
permits evaluation of the relative reduction in
total H1 on actively transcribed sequences. In
GM1653 ®broblasts, the average percentage
intensity for actively transcribed genes was
calculated from the set of c-myc data and was
found to be 38.5% of the input signal whereas
the average for inactive chromatin was 50.7%.
These values are greater than the respective
average percentages observed for active (11.4%)
and inactive (35%) chromatin in a fetal ®bro-
blast line (Table I), [Parseghian et al., 2000]. A
reduced H1 content in active vs. inactive
chromatin has been previously observed in
Tetrahymena [Dedon et al., 1991] and chicken
erythrocytes [Kamakaka and Thomas, 1990].
Upon exposure to heat shock, the average
percentage intensities drop for active (18.8%)
and inactive (39.7%) chromatin, indicating a
reduction in total H1 content for all sequences.
It is noteworthy that, despite this reduction, a
heterogenous distribution of subtypes remained
present on the inactive sequences (Fig. 4B). In
addition, the average percentage of intensity of

the input signals for both active and inactive
chromatin, upon heat shock, is still greater in
the adult cell line compared to the unstressed
fetal cell line. Thus, the relative amount of H1
retained on the DNA of heat-shocked adult cells
is greater than that found on unstressed fetal
cells. Although the relative signal intensities
are greater for inactive chromatin, they do not
approach 100% due to the inef®ciency inherent
in immunoprecipitation.

In light of the unexpected SIP pattern
observed on telomeres, the average percentage
of intensity of input signal was determined
solely for telomeric sequences and compared to
the results for all inactive chromatin (Table I).
The average percentage for telomeres in adult
®broblasts was 13.8%, far less than the overall
average for inactive chromatin at 50.7%. A
similar analysis of telomeric data from a fetal
®broblast line gave 29%, although not as large a
difference, it was still less than the overall
average for inactive sequences, 35% [Parse-
ghian et al., 2000].

SUPPORTING OBSERVATIONS AND
CONCLUSIONS

Figure 7 highlights our current model in light
of the observations reported here. We have
extended the earlier observations of others who
have found a partial depletion of H1 on actively
transcribed genes [Kamakaka and Thomas,
1990]. However, our published data and data
presented here show that H1 depletion is
subtype-speci®c and that there is a statistically
signi®cant difference in the subtype content of
active and inactive DNA sequences (Table II).
Although inactive chromatin contains all
subtypes, the subtype content for actively

TABLE I. Relative Presence of Total H1

Percentage intensity of input signal Active chromatin (%) Inactive chromatin (%)

Prior to heat shock...
Adult ®broblasts 38.5 50.7
Fetal ®broblasts 11.4 35

Following heat shock...
Adult ®broblasts 18.8 39.7

For telomeric sequences... Telomeres Inactive
Adult ®broblasts 13.8 50.7
Fetal ®broblasts 29 35

The relative presence of total H1 on various DNA sequences was determined by comparing the signal
intensity values from anti-total H1 immunoprecipitates (minus the pre-immune signals). In order to
account for the differences in signal from single and multi-copy sequences, the anti-total H1 values were
normalized as a percentage of the intensity from each sequence's respective input signal.
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transcribed chromatin differs signi®cantly from
a random distribution.

Despite a more heterogenous presence of
somatic subtypes on inactive vs. actively tran-
scribed sequences, adult development appears
to reduce these differences resulting in in-

creased total H1 on active chromatin (Table I).
However, this increase does not alter the
general depletion of H1 on active vs. inactive
sequences. In addition, adult active sequences
exhibit greater subtype heterogeneity com-
pared to their fetal counterparts, as evidenced

TABLE II. Relative Presence of H1 Subtypes on Various DNA Sequences

DNA sequence Relative subtype distribution

Transcriptionally active
PSD95 H1-1>H1-3>>H1-2�H1-4
c-myc H1-3>H1-1�H1-4>>H1-2
HSP90a H1-3>>H1-1>H1-2>>H1-4
HSP90a (after heat shock) H1-1�H1-2>>>H1-3�H1-4

Poised for Transcription
FGFR-3 H1-3>H1-2�H1-1>H1-4

Transcriptionally inactive
LEF-1 H1-2>>H1-4>H1-3�H1-1
IgKC H1-2>>H1-4>H1-1>>H1-3
HSP90a pseudogenes H1-2�H1-3�H1-4>H1-1
HSP90a pseudogenes (after heat shock) H1-2�H1-3>H1-4�H1-1

Centromeric heterochromatin
Centromeres H1-1�H1-2�H1-3�H1-4

Telomeric heterochromatin
3.3 kb repeat (subtelomeric) H1-3>>H1-2>H1-4>H1-1
Telomeres H1-1>>>H1-2>H1-3�H1-4

Fig. 7. Our current model of shifting somatic H1
subtype distributions in chromatin that accom-
pany development and, possibly, aging. Faded
regions illustrate subtype distribution on fetal
chromatin, while the presence of H1 variants for
the same regions in adult ®broblasts have been
encircled. Triangles representing the distribution
of subtype H1s-3 have been shaded.
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by the drop in statistical signi®cance of the
differences between the two transcriptional
states in the fetal (F� 7.52, P� 0.0001) and
adult (F� 2.63, P� 0.0140) ®broblasts. This
increase in heterogeneity and total H1 through-
out the nucleus, except at telomeres, may be
re¯ected in vivo by increased condensation of
chromatin [Chaurasia et al., 1996]. It may also
be re¯ected in the irreversible arrest of cell
proliferation, a characteristic of senescence
[Campisi, 1996]. Indirect support for such a
hypothesis was reported by Lu et al. [1997] who
observed H1 modulation of DNA replication.
Further analysis allowed them to characterize
the process as one of H1 reducing the frequency
of initiation by preventing the assembly of pre-
replication complexes at replication origin
sequences [Lu et al., 1998].

In a broader sense, such changes in the
subtype content of active chromatin can be
viewed as part of a continuum of changes in the
H1 subtype content of nuclei during develop-
mental transitions from blastula to neurula to
differentiated somatic cells. These changes
include a shift from the oocyte-speci®c H1,
known as B4, which is considerably less basic
and binds DNA less tightly than the somatic
H1s [e.g. Dimitrov et al., 1993]. The shift to
somatic H1s starts at the mid-blastula transi-
tion, is completed with the gastrula±neurula
transition, and occurs concomitantly with
decreases in DNA replication origins and
increases in the length of S-phase [Callan,
1973]. This shift in subtype content has been
correlated with increased transcriptional
repression of those genes requiring RNA poly-
merase III [Dimitrov et al., 1993] and directly
linked to a loss of mesodermal competence in
Xenopus embryos [Steinbach et al., 1997]. One
hypothesis is that, as an organism matures from
embryonic to differentiated somatic cells, the
inhibition of replication and repression of
transcription are accompanied by an increasing
condensation of chromatin due to accumulation
of somatic H1s. A further shift in content
occurring with the expression of differentia-
tion-speci®c H1s, such as H1o and H5, only
further the state of condensation in speci®c
regions of chromatin [Roche et al., 1985; Brown
et al., 1996]. In fact, several researchers have
suggested that senescense resembles the pro-
cess of terminal differentiation [Goldstein,
1990; Campisi, 1996] and others have shown
that differentiation can continue to occur in

®broblast cells that have achieved mitotic arrest
[Bayreuther et al., 1988].

Some of the observed shifts in somatic sub-
type content are supported by earlier observa-
tions with proliferating vs. quiescent cells [as
reviewed in Parseghian and Hamkalo, 2001].
For example, Lennox and Cohen [1983]
reported a decline in H1S-3 expression in non-
proliferating tissues of lung, liver, and kidney
with increasing age and PinÄa et al. [1987]
reported the gradual predominance of H1S-4 in
the nuclei of differentiating cerebral cortex
neurons that have ceased to replicate. Mean-
while, H1S-1 is reported to have the highest
turnover rates, allowing it to replace other H1s
independent of DNA synthesis [Pehrson and
Cole, 1982] and probably accounting for its
increased association with active chromatin
from adult cells compared to fetal cells [compare
Fig. 6A to 5A in Parseghian et al., 2000].

Such shifts in subtype content suggest the
existence of a mechanism for remodeling the
distribution of H1 variants. Indeed, recent
studies of H1 mobility and exchange in the
nucleus may shed light on such a mechanism.
For instance, Misteli et al. [2000] have deter-
mined a residence time of approximately 220 sec
for subtypes H1S-1 and H1o on chromatin before
their dissociation and diffusion to a new binding
site. Their appears to be two ``kinetic pools'' of
H1 within the nucleus, a mobile group and a
more static group, with the latter more pre-
valent in heterochromatin [Misteli et al., 2000].
Possible facilitators of this mobility may be
prothymosin a [Karetsou et al., 1998], NASP
[Richardson et al., 2000], or the importin b/
importin 7 heterodimer [JaÈkel et al., 1999], each
of which have been shown to bind and transport
linker histones. Whatever the mechanism, H1
mobility is not driven by ATP-dependent chro-
matin remodelling complexes, however, phos-
phorylation may be a prerequisite, although
the linker histones may not necessarily be
the target of this modi®cation [Lever et al.,
2000].

To address complications of crosslinking due
to H1 mobility, Jackson and Chalkley [1981]
demonstrated that the immediate addition of
formaldehyde to a mixture of chromatin and
naked DNA prevented exchange of H1 from the
chromatin to the DNA. We further analyzed the
ef®ciency of our ®xation process by crosslinking
and sonicating cells followed by centrifugation
of chromatin through 30 or 100 kDa Microcon
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®ltration tubes. Un®xed H1 (21 kDa) should
elute through the 30 kDa ®lter; similarly, H1
monomers and multimeric aggregates should
elute through the 100 kDa ®lter. However,
Western analysis of the elutants did not detect
H1 monomer or aggregates either by general
protein stain or immunoblotting of the mem-
brane (data not shown). Similar results were
obtained with our analysis of heat-shocked
cells. Therefore, it was concluded that the entire
nuclear H1 content was crosslinked to chroma-
tin via formaldehyde ®xation. As for the possi-
bility of H1 phosphorylation interferring with
the crosslinking process, it is highly signi®cant
that H1S-3 is present on active and inactive
chromatin. Recently, Talasz et al. [1996] de-
monstrated that H1S-3 is phosphorylated to a
greater extent during each phase of the cell
cycle than the other somatic subtypes. Yet, as
the results show, we were able to effectively
immunoprecipitate chromatin with the H1S-3
speci®c antibody. Hence, the immunofractiona-
tion procedure employed with the fetal and
adult ®broblast cell strains was neither com-
promised by phosphorylation nor H1 mobility.

Finally, shifts in subtype content could sug-
gest the preferential association of some nuclear
proteins with speci®c H1 subtypes. Hence, some
subtypes may act as ``platforms'' that attract
other nuclear proteins in much the same way
the transcriptional machinery is assembled on a
promoter. Recent evidence for such interactions
has been presented by Liu et al. [1999] who
describe the activation of DNA fragmentation
factor-40 (DFF40) in response to apoptotic
signals. DFF40 incurs DNA binding ability
and an enhanced nuclease activity upon direct
interaction with histone H1. This direct inter-
action was veri®ed by immunoprecipitation of
the complex using a monoclonal anti-H1. In
order to test the ``platform'' hypothesis, it will be
necessary to carry out Western blot analysis of
immunofractionated chromatin to search for
speci®c protein enrichments, and the Far
Western analysis of subtypes with various
nuclear proteins to determine the possibility of
subtype-speci®c interactions.
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