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5. INTRODUCTION 

The goal of this research is to establish a protocol to isolate transcriptionally active 

chromatin from human breast cancer cells. The strategy of this protocol exploits features 

of transcriptionally active chromatin. Once this objective is completed, we will design a 

"next generation" representational difference analysis (RDA) protocol that uses 

transcriptionally active DNA. As transcribed chromatin is associated with highly acetylated 

histones [1-5] (see Fig. 1), we exploited this feature of active chromatin using a chromatin 

immunoprecipitation (ChlPs) technique [4,6-8]. Before embarking with the ChlPs 

procedure, it was important to understand the dynamics of histone acetylation in breast 

cancer cells, and the effect of estradiol on these processes. Current information shows that 

estradiol administration to hormone dependent breast cancer cells significantly reduces 

the level of acetylated histones [9]. A reduction in acetylated histone levels may 

compromise the success of isolating transcribed chromatin from hormone dependent 

breast cancer cells. However, recent evidence shows that estrogen receptor (ER)- 

estradiol recruits coactivators with histone acetyltransferase activity [4,10-13]. As rates 

of histone acetylation and deacetylation in human breast cancer cells have not yet been 

reported, we did an in depth analysis of the dynamics of histone acetylation in hormone 

dependent (T47D5) and hormone independent (MDA MB 231) breast cancer cell lines. 

We also re-evaluated the effect of estradiol on histone acetylation. Lastly, the ChlPs 

protocol was used to isolate transcriptionally active DNA from T47D5 and MDA MB 231 

cells. 
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6. BODY OF REPORT 

A. EXPERIMENTAL METHODS 

i. Cell Culture (Task 1 under specific aim 1 and 2) 

Human breast cancer cell lines T47D5 (ER positive and estrogen dependent) and MDA 

MB 231 (ER negative and estrogen independent) were grown in DMEM (GIBCO BRL) 

medium supplemented with 5% fetal bovine serum, penicillin (100 units/ml), streptomycin 

(100 mg/ml), and 5% glucose. For the ligand treatment experiment, cells were grown in 

phenol red free DMEM containing 7% charcoal stripped FBS (Fetal Bovine Serum) for 

three days. All cells were grown in a 37°C humidified incubator with 5% C02. Different 

passages of T47D5 and MDA MB 231 cells were continually grown and used in the 

experiments. 

ii. Pulse-Chase Labelling Cells for Study of Historie Acetylation 

For analysis of the rate of histone acetylation, cells were grown in 150 mm2 dishes until a 

confluence of 70 to 80% was reached. The medium was removed and cells were washed 

with pre-warmed PBS. The cells were grown in the same medium containing cycloheximide 

(1 Ong/rnl) for 30 minutes. Cycloheximide was present throughout the labelling period. The 

cells were incubated at 37°C for an indicated time with fresh medium containing [3H]- 

acetate, 0.1 mCi/ml (specific activity 9.9 to 16.1 Ci/mmol). After labelling, the cells were 

washed twice with DMEM containing 10 mM sodium butyrate, a histone deacetylase 

(HDAC) inhibitor, and 0.1 mM non-radioactive acetate. The cells were chased in the same 

buffer at 37°C for various times. 

In some experiments, to study of the effect of estradiol on histone acetylation, two 

groups of T47D5 cells were grown in estrogen-free medium, consisting of phenol red free 

DMEM (GIBCO), 7% charcoal stripped FBS, penicillin (100 units/ml), streptomycin (100 

mg/ml), and 5% glucose. After three days incubation, T47D5 cells were grown in the same 

medium containing cycloheximide (10 ng/ml) for 30 minutes. One group of cells was 

incubated in the same medium containing cycloheximide (10 ng/ml) and [3H] acetate in the 

presence of 10"6 to 10"8 M estradiol and ethanol vehicle for 15 minutes. Another group of 

cells was labelled under the same conditions except ethanol (solvent of estradiol) and not 



Dr. James R. Davie 

estradiol was included. After labelling, the cells were washed twice with PBS, and 

incubated in the same medium containing 10 mM sodium butyrate and 0.1 mM non- 

radioactive acetate for various times. The cells were washed and harvested. 

iii. Pulse-Chase Labelling Cells for Study of Histone Deacetylation 

Two groups of T47D5 cells were grown in estrogen-free medium for at least three days. 

After two washes with PBS, T47D5 cells were grown in the same medium containing 

cycloheximide (10 |ig/ml) for 30 minutes. One group of cells was incubated for 120 minutes 

in the same medium containing 10 mM butyrate, cycloheximide (10 ng/ml) and [3H] acetate 

in the presence of 10"8 M estradiol and ethanol vehicle. Another group of cells was labelled 

under the same conditions except with vehicle alone. After labelling, the cells were washed 

three times with PBS, and incubated in the same medium without sodium butyrate and 

radioactive acetate, and with or without estradiol for various times. The cells were then 

washed and harvested. 

iv. Ligand Treatment of Cells 

Two groups of T47D5 cells were grown for three days in estrogen-free medium, which 

consisted of red phenol free DMEM and 7% charcoal stripped fetal bovine serum. Before 

labelling, the cells were treated with cycloheximide for 30 minutes. Each group of cells 

was grown on three dishes. All cells were labelled with 0.1 mCi/ml [3H] acetate in the same 

medium, with or without estradiol and with or without sodium butyrate. The three dishes 

from the first group of cells were incubated without sodium butyrate and treated with either 

estradiol (10"8 M or 10"6 M) or ethanol vehicle. The three dishes of the second group of 

cells were incubated in a manner similar to the first group except in the presence of 10 mM 

sodium butyrate. After labelling for 20 minutes, the cells were washed and harvested. 

v. Extraction of Histones, Electrophoresis, Fluorography and Western Blotting 

The histones were extracted with 0.4 N sulphuric acid as described [14]. Electrophoresis 

of proteins was performed using SDS (sodium dodecyl sulfate) -15% polyacrylamide and 

AUT (Acetic acid-Urea-Triton X 100) -15% polyacrylamide gels as described [15]. After 
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electrophoresis, the gels were stained with Coomassie blue and treated with EnHance 

(NEN). The Coomassie blue stained gels and resulting fluorographic films were scanned 

and analysed with a 1D image, master system (PDI). Western blotting analysis was 

carried out as described previously [15]. Anti-acetylated H3 antibodies (from Upstate 

Biotechnology) were used in this experiment. 

vi. Chromatin Immunoprecipitation (ChlPs) (Task 2 under specific aims 1 and 2) 

Immunoprecipitation of chromatin fragments with highly acetylated histones was performed 

using an antibody that preferentially recognises acetylated histone H3. The cells were 

grown to approximately 80% confluence and then washed twice with PBS. Histones were 

cross-linked to DNA by incubation of cells in PBS containing 1% formaldehyde for 8 

minutes at 37°C. The cross-linked cells were then washed twice with cold PBS containing 

proteinase inhibitors (1mM phenylmethylsulfonyl fluoride (PMSF), 1 ng/ml leupeptin, 1 

ng/ml aprotinin) and harvested. 1x 106 cells were resuspended in 1 ml of Lysis buffer (1% 

SDS, 10 mM EDTA, 50 mM Tris-HCI, pH 8.1) and incubated on ice for 10 minutes. The 

cell lysate was sonicated with 4 sets of 10 second pulses. Under these conditions, the 

DNA fragment length ranges from 200 to 2000 base pairs, with an average size of 500 

base pairs. After a brief centrifugation, the supernatant was diluted to 1 A26o/ml with 

Dilution Buffer (0.01% SDS, 1.1% Triton X-100,1.2 mM EDTA, 16.7 mM Tris-HCI, pH 8.1, 

167mMNaCI). 

In a pre-clearing step, eighty \i\ of protein A-agarose slurry pre-treated with salmon 

sperm DNA (Upstate Biotechnology) was added to 1 ml of cell lysate (1 A26o), and 

incubated at 4°C for 30 minutes with agitation. After a brief centrifugation, the supernatant 

was transferred to a fresh tube, and 5 \i\ of anti-acetyl histone H3 antibody (Upstate 

Biotechnology) was added. A tube not containing antibody was used as the control. After 

incubation at 4°C for 16 to 18 hours with rotation, 60 \i\ of protein A-agarose slurry pre- 

treated with salmon sperm DNA (Upstate Biotechnology) was added to each tube and 

incubated at 4°C for one hour with agitation. The beads were collected by centrifugation 

(immunoprecipitate). The immunoprecipitate was washed sequentially with low salt buffer 

(0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI, pH 8.1, 150 mM NaCI), high 
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salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI, pH 8.1, 500 mM 

NaCI), LiCI buffer (0.25 M LiCI, 1% NP-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris- 

HCI, pH 8.1), and twice with TE buffer (10 mM Tris-HCI, pH 8.0, 1 mM EDTA). For each 

wash, 1 ml buffer was added, and the tubes were agitated at 4°C for 5 minutes, then the 

beads were collected by centrifugation. Histone-DNA complexes were eluted by adding 

250 \x\ of Elution buffer (1 % SDS, 0.1 M NaHC03) to the beads. The tubes were incubated 

and rotated at room temperature for 15 minutes. The beads were collected by 

centrifugation, and the supernatant was transferred to a fresh tube. The elution step was 

repeated once, and the supematants were combined. 

DNA cross-links were reversed by adding 25 \x\ of 4 M NaCI to the 0.5 ml eluate, 

and incubating the tube contents at 65°C for 4 hours. The eluate was treated with 

proteinase K (10 ng/ml) in 10 mM EDTA, 40 mM Tris-HCI (pH 6.5) at 55°C for 1 hour. DNA 

was extracted with phenol / chloroform, precipitated with ethanol, and resuspended in TE. 

vii. Slot Blot Analysis and DNA Probes (Task 3 under specific aim 1) 

The cloned DNA used in the slot blotting analysis were pATS2, which contains the human 

c-myc exon 2 and exon 3 (obtained from Dr. B.Shiu, University of Manitoba); Rh10, which 

contains the human apolipoprotein B 5' MAR (matrix attachment region) sequence (from 

Dr. G. Delcuve, Cangene); Rh32, which contains the human apolipoprotein B 3' MAR 

sequence (from Dr. G.Delcuve); pHußw5, which contains the human ß-globin intron 2 (from 

Dr. Groudine, Seattle); pGHER5, which contains the human ER exon 3 (from Dr. L. 

Murphy, University of Manitoba); pGHER12, which contains the human ER exon 7 (from 

Dr. L. Murphy), pBSER .which contains the cDNA of human ER a (from Dr. L. Murphy); 

pG6PD, which contains the cDNA of rat G6PD (from Dr. A. Yoshika, Ohio). One ng of DNA 

fragment was denatured and loaded on the nylon membrane Hybond-N+ (Amersham). 

After UV cross-linking, the membranes were hybridised with the labelled probes. 

DNA fragments obtained from ChIP procedure described in method (vi) were 

labelled with a-^P-dCTP by random priming using RadPrime DNA labelling System (BRL). 

Slot blotting and hybridisation were performed as described [16]. 
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viii. Preparation of Antibodies against Acetylated Histone H3 and H4 

A peptide (TAR[K*]STGG[K*]APR[K*]QLAT[K*]AAC) corresponding to amino acid 6 to 25 

of mammalian histone H3 with acetylated lysine residues ([K*]) and a peptide 

(SGRG[K*]GG[K*]GLG[K*]GGA[K*]RHRKC) corresponding to amino acid 1 to 20 of 

mammalian histone H4 with acetylated lysine residues ([K*]) were synthesised. The 

peptide of corresponding to amino acid 4 to 25 of mammalian H2B is 

A[K*]SAPAPK[K*]GS[K*]KAVT[K*]TQK[K*]DC was synthesised. Equal amounts of peptide 

and Keyhole Limpet Hemocyanin (KLH) (Pierce) were incubated at 24°C for 2 hours with 

agitation. The conjugated peptide-KLH was dialysed against de-ionised H20 at 4°C 

overnight. The KLH-peptides were injected into the rabbits. The immune-serum was 

collected after a few weeks. 

B. ASSUMPTIONS 

Our original goals of year 2 of this project were to isolate transcriptionally active chromatin 

from T47D5 and MDA MB 231 cells, and to perform RDA with "active" DNA from the two 

cell lines. To accomplish the first task, we used the ChlPs method to isolate 

transcriptionally active chromatin. Before proceeding with this task, we analysed for the 

first time the dynamics of histone acetylation in human breast cancer cells. 

We had two hypotheses when initiating these studies. First, as estrogen bound ER 

recruits co-activators with HAT activity, we proposed that histone acetylation would be 

increased when hormone dependent breast cancer cells were cultured under estrogen 

replete conditions. Second, as transcriptionally active chromatin is associated with highly 

acetylated H3, we proposed that the ChlPs technology with anti-acetylated H3 antibodies 

would allow the isolation of transcriptionally active chromatin. Acetylated, transcriptionally 

active chromatin attached to the nuclear matrix would be isolated by this protocol. 

10 
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C. RESULTS AND DISCUSSION 

i. Histone Acetylation in Human Breast Cancer Cells 

a. Effect of estradiol on histone acetylation in T47D5 cells 

To determine the effect of estradiol (E2) on histone acetylation, T47D5 cells (ER positive 

and hormone dependent) grown under estrogen deplete and replete conditions were 

incubated with [3H] acetate to label acetylated histones. Two groups of T47D5 cells were 

grown for three days in estrogen-free medium, which consisted of phenol red free DMEM 

and charcoal stripped fetal bovine serum. To prevent incorporation of radiolabel into newly 

synthesised proteins, protein synthesis was inhibited with cycloheximide, which was added 

to the culture medium 30 minutes before addition of radiolabel. Cells were labelled with 

0.1 mCi/ml of [3H] acetate in the same medium in the presence or absence of estradiol and 

with or without sodium butyrate for 20 minutes. The Coomassie blue stained gel and 

fluorographicfilm are shown in Fig. 2. Comparing lane 1 with lane 2 and 3 (Fig. 2B), it is 

clear that estradiol does not depress histone acetylation. In 10"8 M E2 treated cells (lane 

2) as well as in lO^M E2 treated cells (lane 3) the highly acetylated H4 and H3 isoforms 

(that is, tri- and tetra-acetylated isoforms) increased. After scanning the fluorogram, the 

ratio of the level of highly acetylated histone isoforms to total H4 was calculated (Table I, 

values are from three different experiments). The percentage of acetylated H4 that is highly 

acetylated H4 (H4-Ac4 and H4-Ac3) is approximately 9% for cells incubated without E2, 

but about 12.5% for cells grown with E2. The increase in highly acetylated histone 

isoforms in E2 treated cells was also observed with histones H3 and H2B. The highly 

acetylated H3 isoforms (H3.2-Ac3 and H3.2-Ac4) is 18% of acetylated H3 in control cells 

grown without E2, while the level of highly acetylated H3 isoforms increased to 23% in E2 

treated cells. In E2-treated cells, the percentage of acetylated H2B that was highly 

acetylated (H2B-Ac3 and H2B-Ac4) increased to 17%, while being 15% in cells grown 

without E2. These observations are markedly different from that of Giambiagi et al. [9]; 

these authors reported that 10"8 M E2 reduced the levels of acetylated H2A, H2B and H3 

and acetylated H4 by 56% and 30%, respectively. 

The increase of histone acetylation of H3 and H4 with E2 may be due to increase 

the rate of acetylation and/or decrease the rate of deacetylation.   Cells grown under 

11 
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estrogen replete and deplete conditions were incubated with [3H] acetate and sodium 

butyrate to inhibit HDAC activity. It was observed that when HDAC activity was inhibited, 

cells grown under estrogen deplete conditions (Fig.2 lane 4) attained similar or higher 

levels of hyperacetylated H3 and H4 isoforms as cells grown under estrogen replete 

conditions (Fig. 2 lanes 5 and 6) (Table I). This result suggests that estradiol does not 

affect the rate of acetylation, but does affect the rate of deacetylation, with estradiol 

decreasing the rate of deacetylation. 

b. Rate of histone acetylation in T47D5 cells 

Finding that estradiol increased the level of acetylated histones, we determined the rates 

of histone acetylation and deacetylation and the influence of estradiol on these rates in 

T47D5 cells. To determine rates of acetylation, T47D5 breast cancer cells were pulse- 

labelled with [3H] acetate for 5 or 15 minutes. After labelling, the cells were washed and 

incubated at 37°C in medium containing sodium butyrate and cold acetate for various 

times, chasing label into higher acetylated histone isoforms. This protocol allows us to 

measure the rates of histone acetylation [17,18]. It should be noted that the cells grown 

in a medium that consists of DMEM with phenol red and FBS, which contains hormones 

and growth factors. The histones were isolated and electrophoretically resolved on AUT 

polyacrylamide gels. The gel was stained with Coomassie blue and the labelled acetylated 

histone isoforms were detected by fluorography. 

Long (15 cm) AUT polyacrylamide gels were used in this experiment to achieve 

higher resolution of the acetylated histone isoforms. H4 is the easiest histone to analyse 

for histone acetylation rate as the acetylated isoforms of this histone are well separated. 

Fig. 3 shows the histone pattern of the Coomassie blue stained gels (A, C) and 

fluorograms (B, D). As expected, the level of hyperacetylated H4, H3 and H2B increased 

and monoacetylated forms of the histones decreased as the time of incubation with sodium 

butyrate progressed. The amount of unacetylated H4 was determined by Image scanning 

of a Coomassie blue stained gel. The percentages of acetylated H4 and H3 in the total H4 

and H3 in the different cells were calculated and plotted (shown in Fig. 4A). Approximately 

60 to 70% of H4 and H3 was acetylated in human breast cancer T47D5 cells, but less than 

12 
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50% of H4 and H3 was acetylated in chicken erythrocytes. 

A population of the acetylated histones is engaged in metabolically active 

acetylation, while the remainder is "frozen" at various acetylation states. To determine the 

percentage of histones that are being rapidly acetylated, the percentage of unacetylated 

H4 in the total H4 remaining was plotted as a function of time that the cells were incubated 

with sodium butyrate (Fig. 4B). In T47D5 cells about 10% of H4 is rapidly acetylated. The 

bulk of the H4 that is engaged in metabolically active acetylation is acetylated at a slow 

rate. 

The intensities of histone H4, H3, and H2B isoforms in the fluorographic films were 

scanned. Fig. 5 shows the plots of the ratio of monoacetylated H4, H3 and H2B isoforms 

to the total H4, H3 and H2B. In the presence of butyrate, the reduction in the percentage 

of radiolabel in monoacetylated H4 (H4-Ac1) measures the rate of acetylation. Fig. 5 

shows that for each histone two rates of acetylation were observed. 

The rate of acetylation (ti/2) was calculated as the time for the level of the 

radiolabel led monoacetylated isoform to decrease to one-half of the initial value.  The 

following formula is applied to determine rate of acetylation: 

In No/N = kt 

t1/2=0.693/k 

("No" is the original radioactivity, "N" is the changed radioactivity, "In" is natural log 

function," t" is period of time). 

Two rates of histone H4 acetylation were observed, a fast rate with \V2= 8 minutes 

and a slow rate with t1/2 = 200 to 350 minutes. Histone H3.2, an H3 variant that migrates 

faster than the other H3 variants, had a fast rate of acetylation (t1/2 = 8 minutes) and a slow 

rate of acetylation (t1/2 = 400 minutes). The two acetylated rates of H2B had t1/2 = 10 

minutes and 350 minutes. These rates of acetylation are comparable to those observed 

in rat hepatoma cells, human fibroblasts and avian erythrocytes [17-19]. 

In summary, there are two populations of metabolically active acetylated histones 

in T47D5 cells. One population of radiolabelled, monoacetylated H4, H2B and H3 had tm 

= 8 to 10 minutes, while the other population had a t1/2 = 300 to 400 minutes. 

Approximately 10% of H4 and H3 was engaged in rapid acetylation. 

13 
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c. Effect of estradiol on the rate of histone acetylation in T47D5 cells 

Does estradiol affect the rate of histone acetylation in T47D5 cells? To address this 

question we performed the pulse chase experiment presented in the previous section with 

T47D5 cells grown under estrogen replete (lO^M E2) and deplete conditions. The cells 

were labelled with [3H] acetate at 37°C for 15 minutes, and chased in the same medium 

containing 10 mM butyrate with E2 or with ethanol for various times. Electrophoresis and 

fluorography were performed as described before. The Coomassie blue stained gels and 

the fluorograms of the acetylated histones isolated from the cells are shown in Fig. 6. The 

bands were scanned and plotted as described above, and rates of acetylation calculated 

(Fig. 7). The fast rate of acetylation of monoacetylated H4 was similar in cells grown in the 

presence or absence of estradiol (ti/2 = 8 minutes versus 6 to 8 minutes, respectively). 

Also the slow rates of acetylation of monoacetylated H4 were similar for cells grown under 

estrogen replete and deplete conditions (t1/2 = 380 minutes versus 320 minutes, 

respectively). These results show that estradiol does not affect the rates of histone 

acetylation in T47D5 cells. 

d. Effect of estradiol on histone deacetylation in T47D5 cells 

To determine the effect of estradiol on histone deacetylation, cells grown under estrogen 

deplete or replete conditions were labelled with [3H] acetate in the presence of sodium 

butyrate for 120 minutes. Cells were incubated in absence of sodium butyrate with lO^M 

E2 or with vehicle alone to allow deacetylation. The histones were analysed by 

electrophoresis and fluorography. The fluorograms and Coomassie blue stained gels are 

shown in Fig. 8. The fluorograms were scanned, and the intensity of the hyperacetylated 

isoform of H4 (H4-Ac4) was plotted against time of incubation (Fig. 9). The rate of 

deacetylation was rapid, with the intensity of hyperacetylated H4 decreasing significantly 

after 20 minutes following the removal of sodium butyrate (see Fig. 9). For E2 or vehicle 

treated cells, the deacetylation rate of H4-Ac4 was t1/2 = 6 minutes. However, in the 

presence of E2, two rates of deacetylation of H4-Ac4 were apparent, while only one rate, 

the rapid rate, was observed for H4-Ac4 in cells grown without E2. Further, the rates of 

deacetylation of the core histones H2A, H2B, H3 and H4 were more rapid in cells grown 
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under estrogen deplete conditions than in cells grown under estrogen replete conditions 

(Fig. 8). This study is currently being repeated to find if the rate of histone deacetylation 

is reproducibly diminished in estradiol treated cells. 

e. Histone acetylation in MDA MB 231 cells 

Histone acetylation in MDA MB 231 (ER negative and hormone independent) breast 

cancer cells was also analysed. To determine the rate of acetylation in MDA MB 231 cells, 

the cells were grown in the normal medium as described in section C.i.b. The Coomassie 

blue stained gels and fluorograms are shown in Fig. 10. After scanning the Coomassie 

blue stained gels, the percentage of histones engaged in metabolically active acetylation 

was determined. Fig. 4 shows that approximately 70% of histone H4 is acetylated, and 

about 10% of the H4 is rapidly acetylated. These values are similar to those for histone 

H4 of T47D5 cells. 

Analyses of the data from the pulse chase experiments revealed two rates of 

histone acetylation of radiolabelled monoacetylated H4, H2B, and H3 in the MDA MB 231 

cells (Fig. 11). For monoacetylated H4 the rapid rate had a ti/2 = 8 minutes, while the slow 

rate of acetylation had a ti/2= 150 to 250 minutes. The monoacetylated H3.2 had a rapid 

rate (t1/2=12 minutes) and slow rate of acetylation (ti/2= 120 minutes). For H2B-Ac1 two 

rates of acetylation were observed (t1/2 = 6 minutes and ti/2 = 160 minutes). 

ii. Chromatin Immunoprecipitation (ChlPs) to Isolate Transcriptionally Active DNA 

The ChlPs approach with anti-acetylated H3 antibodies is based on the assumption that 

highly acetylated H3 is bound to transcriptionally active chromatin. In the past year, we 

have applied this method to fractionate chromatin fragments isolated from T47D5 and MDA 

MB 231 cells. 

In brief, human breast cancer cells were incubated with formaldehyde to cross-link 

histones to DNA. After removing formaldehyde, the cells were lysed and the chromatin 

fragmented by sonication. Antibodies, which recognise acetylated H3, were used to 

immunoprecipitate chromatin fragments with acetylated H3. The DNA fragments from 

ChlPs fractions were isolated, and radiolabelled to probe DNA applied to slot blots. 
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Cloned DNA fragments, containing known active and inactive sequences in human breast 

cancer cells, were blotted onto nylon membranes. 

In previous experiments, we had determined optimum conditions for cross-linking 

with formaldehyde. We chose to incubate cells with 1% formaldehyde at 24°C for 8 

minutes. We determined sonication conditions to achieve an average chromatin fragment 

length of 500 base pairs. Lysed cells at 1 A26o/ml were kept cold in presence of proteinase 

inhibitors and sonicated 4 times with 10 second pulses. 

After cross-link reversal, DNA isolated from the ChlPs fractions consisted of the 

eluted, immunoprecipitated fraction and unbound fraction. Radiolabelled DNA from these 

fractions was hybridised with various genomic human DNA sequences. The human 

genomic c-myc fragment, including exon 2 and exon 3, is a transcriptionally active DNA. 

Human ERa cDNA, exon 3 (5' upstream sequence), and exon 7 (3' downstream sequence) 

are expressed DNA sequences in ER+ cells, but not in ER- cells. The human 

apolipoprotein B gene 5' and 3' MAR sequences and human ß-globin intron 3 sequence 

are not expressed in either cell line. The housekeeping gene G6PD cDNA should be 

expressed in both cell lines. The same amount of DNA fragments was blotted in each slot, 

and equal radioactivity of the probes (107 cpm) was used in the hybridisation buffers. Fig. 

12A shows that in T47D5 cells, the immunoprecipitated DNA probe hybridised strongly to 

c-myc genomic DNA and ER a exon3, but not to apolipoprotein B MARs. These results 

were encouraging and indicated that this procedure could isolate transcriptionally active 

chromatin. 

The ChlPs protocol was next applied to fractionate chromatin of MDA MB 231 cells. 

In slot blot experiments, we were disappointed to find strong hybridization to ER a exon3 

in addition to c-myc DNA (Fig. 12B). Contrary to our results with T47D5 cells, this result 

showed that the ChlPs protocol with anti-acetylated H3 antibodies was not specifically 

isolating transcriptionally chromatin. 

We believe that the failure of the protocol to isolate transcriptionally active 

chromatin is a problem with reagents and perhaps in specific technical aspects of the 

protocol. The non-specific binding of protein and DNA by protein A agarose beads has 

been a problem. Different protocols have recently been published in which the cell lysate 
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is pretreated with salmon sperm DNA [20]. We will explore these various protocols. 

Technical improvements in ChlPs procedure may also improve specificity of the ChlPs 

protocol. We recently learned that DNA and proteins may bind to plastic microcentrifuge 

tubes. We will take the necessary steps to prevent plastic bound proteins and/or DNA 

from contaminating the immunoprecipitated chromatin. 

The specificity of the antibody is of paramount importance in the success of 

immunoprecipitation procedure. The antibody against acetylated H3 is commercially 

available (from Upstate Biotechnology) and was used in this experiment (Fig. 12). 

Western blotting analysis was used to test the specificity of antibody. An AUT 

polyacrylamide gel with total histones from chicken erythrocyte was transferred to 

nitrocellulose membranes. The membrane was immunochemically stained using the anti- 

acetylated H3 antibody (Upstate, lot # 17300 and lot # 17777). Fig. 13A shows the 

antibody (lot # 17300) specifically immunostained acetylated H3 isoforms. However, 

antibody (lot # 17777) immunostained histones H3 and H1, showing that this antibody, 

which we were using in our ChlPs protocol, was not specific (Fig. 13B). 

A recent publication suggests that anti-acetylated H4 antibodies will be a superior 

to anti-acetylated H3 antibodies in the isolation of transcriptionally active chromatin [20]. 

In addition to using commercially available antibodies, we have initiated the production of 

antibodies to highly acetylated H3, H4 and H2B. Commercially available antibodies to 

acetylated H3 were manufactured to H3 acetylated at two sites. We believe that 

antibodies recognising maximally acetylated H3 will improve the ChlPs protocol. 
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D. RECOMMENDATIONS 

Progress made this past year has focused on the dynamics of histone acetylation and the 

isolation of transcriptionally active, acetylated chromatin from T47D5 and MDA MB 231 

cells. Although we have deviated from our original SOW, we now have a new appreciation 

of dynamic histone acetylation in human breast cancer cells. We have identified problems 

with the ChlPs protocol, and we are taking the necessary measures to resolve these 

problems. In deciding if the ChlPs protocol has high fidelity in the isolation of 

transcriptionally active chromatin, we will test the immunoprecipitated DNA with PCR 

primers to DNA sequences expressed in T47D5 or MDA MB 231 cells [20]. We will then 

apply the PCR-Select Subtract protocol to isolate differentially expressed DNA from these 

cells. We have confidence that these measures will place the research back on schedule 

as outlined in our SOW. 

7. KEY RESEARCH ACCOMPLISHMENTS 

- ER+, hormone dependent (T47D5) and ER-, hormone independent (MDA MB 231) 

breast cancer cells have two rates of histone acetylation. 

- One population of histones, which comprises approximately 10% of the histones, is 

rapidly hyperacetylated (t % = 6 to 10 minutes for monoacetylated H4, H3 and H2B). 

- The bulk of the core histones is slowly acetylated (t % = 200 to 300 minutes for 

monoacetylated H4, H3 and H2B). 

- Rapidly hyperacetylated H4 is rapidly deacetylated (t1/2 = 6 minutes for 

tetraacetylated H4) 

- Histone acetylation is increased by estradiol in T47D5 hormone dependent breast 

cancer cells. 

- Estradiol does not affect the rates of acetylation in T47D5 cells. 

- Estradiol decreases the rate of histone deacetylation in T47D5 cells. 
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8. REPORTABLE OUTCOMES 

A. MANUSCRIPTS, ABSTRACTS, PRESENTATIONS 

Spencer VA, Coutts AS, Samuel SK, Murphy LC, Davie JR: Estrogen regulates the 

association of intermediate filament proteins with nuclear DNA in human breast cancer 

cells. J.Biol.Chem. 273:29093-29097, 1998 

Davie JR, Samuel SK, Spencer VA, Holth LT, Chadee DN, Peltier CP, Sun J-M, Chen HY, 

Wright JA: Organization of chromatin in cancer cells: role of signalling pathways. 

Biochem.Cell Biol. in press: 1999 

Davie JR, Spencer VA: Control of histone modifications. J.Cell Biochem. in press: 1999 

Spencer VA, Davie JR: Role of covalent modifications of histones in regulating gene 

expression. Gene in press: 1999 

B. EMPLOYMENT OR RESEARCH OPPORTUNITIES APPLIED FOR AND/OR 

RECEIVED BASED ON EXPERIENCE/TRAINING SUPPORTED BY THIS AWARD 

Virginia Spencer, a Ph.D. candidate, supported by this award was successful in obtaining 

a studentship from Manitoba Health Research Council, Cancer Research Society, Inc. and 

the prestigious National Cancer Institute of Canada. Virginia decided to take the National 

Cancer Institute of Canada studentship award. 

9. CONCLUSIONS 

There is an intimate relationship between transcription and histone acetylation. Enzymes 

catalyzing histone acetylation, histone acetyltransferase and histone deacetylase, are 

transcriptional coactivators and repressors, respectively [4,12,13]. Histone acetylation of 

a gene locus is initiated by the recruitment of a histone acetyltransferase/coactivator by 

transcription factors bound to the gene's promoter or enhancer [1,21]. 

Estrogens and antiestrogens regulate the transcription of target genes in hormone 

dependent breast cancer cells by binding to a ligand-dependent transcription factor, the 

estrogen receptor (ER). Coactivators and corepressors interact with ER in a ligand 

dependent manner. ER coactivators often have histone acetyltransferase (HAT) activity, 
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while ER corepressors often have histone deacetylase (HDAC) activity [10-12]. Thus, ER 

can recruit multiprotein complexes containing either HAT or HDAC activities. It has been 

proposed that transcription activators (e.g., ER-estradiol) recruit HAT complexes, which 

in turn acetylate histones, forming a transcriptionally permissive chromatin structure [1,22]. 

Alternatively, repressors (e.g., ER-hydroxytamoxifen, which we have shown binds to the 

SinAP30 component of the HDAC complex) recruit HDAC complexes which in turn 

deacetylate histones, forming a repressive chromatin structure [1,23]. These models 

suggest that control of histone acetylation has a central role in hormone signalling. 

We have determined the kinetics of histone acetylation in hormone dependent and 

hormone independent breast cancer cells. One population of core histones is 

characterised by rapid hyperacetylation (t1/2 = 8 minutes for monoacetylated H4) and rapid 

deacetylation (t1/2 = 6 minutes). Only a small percentage (10%) of the histones are 

involved in this rapidly reversible and extensive acetylation. These dynamically acetylated 

core histones are thought to be bound principally to transcriptionally active DNA [24-26]. 

Another population of histones, which includes the bulk of the core histones, is slowly 

acetylated with t1/2 = 150 to 300 minutes for monoacetylated H4. 

We made the novel observation that estradiol increases the steady state level of 

histone acetylation in hormone dependent T47D5 breast cancer cells. Estradiol increased 

the steady state level of histone acetylation by decreasing the rate of histone 

deacetylation. The rapid rate of histone acetylation was not affected by estradiol. We 

propose that the addition of estradiol to T47D5 cells grown under estrogen deplete 

conditions alters the balance of histone acetyltransferases and histone deacetylases at 

transcriptionally active chromatin sites by preventing the recruitment of histone 

deacetylases. 
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11. APPENDICES 

A. ACRONYM AND SYMBOL DEFINITION 

ER 

RDA 

EDTA 

PCR 

FBS 

SDS 

AUT PAGE 

G6PD 

E2 

SinAP30 

MAR 

Ac3 

Ac4 

ChlPs 

HAT 

HD AC 

DMEM 

PBS 

PMSF 

TE 

KLH 

estrogen receptor 

representational difference analysis 

[ethylenebis(oxyethylenenitrio]tetraaceticacid 

polymerase chain reaction 

fetal bovine serum 

sodium dodecyl sulphate 

Acetic acid-Urea-Triton X100 polyacrylamide gel 

glucose-6-phosphate dehydrogenase gene 

estradiol 

Sin3 associated protein 30 

matrix attachment region 

triacetylated histone isoform 

tetraacetylated histone isoform 

chromatin immunoprecipitation 

histone acetyltransferase 

histone deacetylase 

Dulbecco's modified Eagle medium 

phosphate buffered saline 

phenylmethylsulfonyl fluoride 

10 mM Tris-HCI, pH 8.0, 1 mM EDTA 

keyhole limpet hemocyanin 
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Fig. 1. Sites of reversible acetylation on the core histories. The core histories are 

reversibly acetylated at specific lysine residues in their amino-terminal domains. Ac, P, Me, 

and Ub show the sites of reversible acetylation, phosphorylation, methylation, and 

ubiquitination, respectively. The N-terminal and C-terminal histone tails and the globular 

regions, which are depicted as shadowed circles, of the histones are shown. HAT, histone 

acetyltransferase; HDAC, histone deacetylase. 
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Fig. 2. Effect of estradiol on histone acetylation in human breast cancer T47D5 cells, 

which are ER positive and hormone dependent. The cells were grown in phenol red free 

DMEM medium containing 7% charcoal stripped FBS for three days, incubated in the 

presence or absence of estradiol (E2) with or without 10 mM sodium butyrate (Na.B). 

Panel A is Coomassie blue stained AUT gel (40 ng of protein in each lane). Panel B is 

fluorographic film. The acetylated isoforms of histone H4 are indicated. 0,1, 2, 3, and 4 

correspond to un-, mono-, di-, tri-, and tetra-acetylated isoforms of H4, respectively. 
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Fig. 3. Kinetics of histone acetylation in T47D5 cells. T47D5 cells were pulse-labelled with 

[3H] acetate for 5 minutes (A, B) and 15 minutes (C, D) and then chased for 0, 5,10, 20, 

30, 60, 120, 240 minutes in the presence of 10 mM sodium butyrate. The histones were 

extracted and electrophoresed on a Triton-Acetate-Urea gel (40 \xg in each lane). After 

Coomassie blue staining, the gel was prepared for fluorography. Panels A, C are 

Coomassie-stained gels; panels B, D are fluorograms of gels in A and B, respectively. The 

acetylated isoforms of histone H4 are indicated. 0,1,2, 3, and 4 correspond to un-, mono- 

, di-, tri-, and tetra-acetylated isoforms of H4, respectively. 
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Fig. 4. Determination of loss of unacetylated parental H4 as a function of chase time with 

the histone deacetylase inhibitor, sodium butyrate. The percentages of total H4 and H3 

that were acetylated in T47D5 and MDA MB 231 cells and chicken mature erythrocyte (ch- 

ME) were determined by scanning the Coomassie blue stained gels (Fig. 3 A, lane 1; 

Fig. 10 A, lane 1) (panel A). The proportion of H4 represented by unacetylated H4 was 

determined by scanning the Coomassie blue stained gels (Fig. 3 A, lane 1; Fig. 10 A, lane 

1). The percentage of total H4 that was unacetylated was plotted as a function of butyrate 

chase time (panel B). The proportion of total H4 that was unacetylated at zero time was 

set at 100. 
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Fig. 5. Analysis of rates of histone acetylation in T47D5 cells. The proportions of total 

radiolabelled H4, H2B and H3 associated with monoacetylated forms were determined by 

scanning the fluorograms shown in Fig. 3. Two populations of acetylated histones were 

present. The proportion of labelled monoacetylated isoforms (H4-Ac1, H3-Ac1 and H2B- 

Ac1) present in total H4, H3 and H2B at zero time was arbitrarily set at 100. The rapid rate 

of acetylation was determined using the data obtained from the 0 to 20 minutes butyrate 

chase period, while the slower rate of acetylation was determined using data from the 60 

to 240 minutes butyrate chase period. 
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Fig. 6. Effect of estradiol on the rate of histone acetylation in T47D5 cells. T47D5 cells 

were incubated for 20 minutes in estrogen-free medium containing [3H] acetate with 10"6 

M E2 (A, B) or without E2 (C, D). After labelling, cells were chased in the same medium 

except with unlabelled acetate and 10 mM sodium butyrate. The cells were harvested at 

0, 5,10, 20, 30, 60, 120, and 240 minutes. Panel A and C are Coomassie stained AUT 

gels (40 \ig of protein in each lane); panel B and D are the corresponding fluorographic 

films. 0,1, 2, 3, and 4 correspond to un-, mono-, di-, tri-, and tetra-acetylated isoforms of 

H4, respectively. 
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Fig. 7. Effect of estradiol on the rate of histone acetylation in T47D5 cells. The 

proportions of total radiolabelled H4 associated with monoacetylated forms (H4-Ac1) were 

determined from scanning of the fluorograms shown in Fig. 6, and plotted as function of 

chase time in the absence of E2 (panel A) and in the presence of lO^M E2 (panel B). The 

proportion of H4-Ac1 label present in total H4 at zero time was arbitrarily set at 100. The 

rapid rate of histone acetylation was determined using the data obtained from 0 to 20 

minute chase period, while the slower rate of hsitone acetylation was determined using the 

data from 60 to 240 minute chase period. 
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Fig. 8. Effect of estradiol on histone deacetylation in T47D5 cells. Cells were grown in 

the estrogen-free DMEM and labelled with [3H] acetate in the presence of 10 mM sodium 

butyrate in the absence of E2 (A, B) or presence of 10"* M E2 (C, D) for 120 minutes. Cells 

were washed three times with PBS and further incubated for 0, 5,10, 20,30, 60,120, and 

240 minutes in the same medium without butyrate and with or without E2. Panels A and 

C are Coomassie stained AUT gel (40 ng of protein in each lane); panels B and D are the 

corresponding fluorographic films. 0,1, 2, 3, and 4 correspond to un-, mono-, di-, tri-, and 

tetra-acetylated isoforms of H4, respectively. 
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Fig. 9. Analysis of the rates of histone deacetylation in T47D5 cells. The area under the 

curve for H4-Ac4 was determined from scanning of the fluorographic films shown in Fig. 

8, and this value was plotted as function of chase time in the absence of butyrate of E2 

and in the presence or absence of 10"* M E2. The amount of labelled H4-Ac4 present at 

zero time was arbitrarily set at 100. 
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Fig. 10. Kinetics of histone acetylation in MDA MB 231 cells. The cells were pulse- 

labelled with [3H] acetate for 5 minutes (A, B) and 15 minutes (C, D), and then 10 mM 

sodium butyrate chased for 0, 5,10, 20, 30, 60,120, and 240 minutes. Panels A and C are 

Coomassie-stained gels (40 ng of protein in each lane); panels B and D are the 

corresponding fluorographic films. The acetylated isoforms of histone H4 are indicated. 

0, 1, 2, 3, and 4 correspond to un-, mono-, di-, tri-, and tetra-acetylated isoforms of H4, 

respectively. 
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Fig. 11. Analysis of the rate of histone acetylation in MDA MB 231 cells. The proportions 

of total radiolabelled H4, H2B and H3 associated with monoacetylated forms were 

determined by scanning the fluorograms shown in Fig. 10D. Two populations of acetylated 

histones were present. The proportion of labelled monoacetylated isoforms (H4-Ac1, H3- 

Ac1 and H2B-Ac1) present in total H4, H3 and H2B at zero time was arbitrarily set at 100. 

The rapid rate of acetylation was determined using the data obtained from the 0 to 20 

minutes butyrate chase period, while the slower rate of acetylation was determined using 

data from the 60 to 240 minutes butyrate chase period. 
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Fig. 12. Southern slot blot analysis of DNA fragments from chromatin fractions isolated 

by ChlPs. T47D5 cells (panel A) and MDA MB 231 cells (panel B) were cross-linked with 

formaldehyde and then lysed. The lysed cells were sonicated, and immunoprecipitated 

with antibodies against acetylated H3. The immunoprecipitated fraction (IP) and unbound 

fraction (UB) DNA were labelled with 32P-a-dCTP and hybridised to DNA slot blotted 

membranes. One \ig of DNA from exon 2 and exon 3 of human c-myc gene, cDNA of 

human ERa, exon 3 sequence (GHER5) and exon 7 sequence (GHER12) of human ERa, 

5' MAR and 3' MAR of human apolipoprotein A1 gene, intron 2 of human ß-globin, and 

cDNA of rat G6PD gene were blotted on the nitrocellulose membrane, and hybridised with 

DNA probes (2 x 106 dpm/ml). 
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Fig. 13. Western blotting to test specificity of anti-acetylated H3 antibodies. 20 |ig of 

total histones from chicken erythrocytes were loaded in each lane on AUT PAGE. The 

antibodies (Upstate Biotechnology) from different batches (lot # 17300 in Panel A and 

lot # 17777 in Panel B) were used to test the specificity of antibodies. 
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Table I. Distribution of Labelled Acetylated Histones in Estradiol and Butyrate Treated 

T47D5 Cells (n=3) 

H4 H2B H3 
H4.1 H4.2 H4.3 H4.4 H2B.1 H2B.2 H2B.3/H2B.4 H3.2.1 H3.2.2   H3.2.3/H3.2.4 

M 57.3 34.0 7.4 1.7 57.7 27.3 15.0 26.0 56.0 18.0 

NaB 
/E2 +/-6.1 +/-6.5 +/-2.4 +/-0.6 +/-9J +/-3.5 +/-7.3 +/-1.4 +/-2.8 +/-1.4 

+ 53.3 34.3 9.4 3.2 50.0 33.3 17.0 26.0 51.5 23.0 
lO^M 
E2 +/-8.3 +/-7.5 +/-3.4 +/-1.5 +/-13 +/-8.1 +/-5.5 +/-2.8 +/-0.7 +/-1.4 

+ 22.0 37.0 25.0 15.8 40.7 35.0 23.7 17.0 57.0 26.8 
10 mM 
Na.B +/-1 +/-6.2 +/-2 +/-5.6 +/-4.1 +/-1 +/-5.5 +/-0.2 +/-0.15 +/-0.3 

+ 23.3 38.1 24.8 12.7 41.0 31.3 28.0 18.0 67.0 15.5 
NaB 
/E2 +/-5.1 +/-4.2 +/-1.4 +/-0.6 

+/-7.9 +/-5.5 +/-12.7 +/-5.6 +/-4.2 +/-2.1 
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In a previous study we showed that the levels of the 
intermediate filament proteins, cytokeratins 8, 18, and 
19, in the nuclear matrix-intermediate filament (NM-IF) 
fraction from the hormone-dependent and estrogen re- 
ceptor (ER)-positive human breast cancer cell line 
T-47D5 were regulated by estrogens. In contrast, estro- 
gens did not regulate the cytokeratins in the NM-IF 
fraction of the hormone-independent and ER-positive 
cell line, T5-PRF. In this study, human breast cancer 
cells were treated with cis-diamminedichloroplatinum 
to cross-link protein to nuclear DNA in situ, and pro- 
teins bound to DNA were isolated. We show that cyto- 
keratins 8, 18, and 19 of T-47D5 and T5-PRF were asso- 
ciated with nuclear DNA in situ. The levels of the 
cytokeratins 8, 18, and 19 bound to nuclear DNA or as- 
sociated with the cytoskeleton of T-47D5 human breast 
cancer cells decreased when estrogens were depleted or 
the pure antiestrogen ICI 164,384 was added. In con- 
trast, the cytokeratin levels associated with nuclear 
DNA or cytoskeleton were not significantly affected by 
estrogen withdrawal or antiestrogen administration in 
T5-PRF cells. These observations suggest that estrogen 
regulates the organization of nuclear DNA by rearrange- 
ment of the cytokeratin filament network in hormone- 
dependent, ER-positive human breast cancer cells and 
that this regulation is lost in hormone-independent, ER- 
positive breast cancer cells. 

The nuclear matrix (NM),1 cytoskeleton (CSK), and extracel- 
lular matrix form the tissue matrix system, a mechanically 
continuous skeletal network thought to govern nuclear shape 
and function (1-3). The NM consists of a nuclear pore-lamina 
complex, residual nucleoli, and internal matrix (4). The NM is 
an RNA-protein structure that has a role in the organization 
and function of nuclear DNA (5, 6). The chromatin fiber is 
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from the U. S. Army Medical Research and Materiel Command Breast 
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in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. 
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§ Medical Research Council of Canada Scientist. 
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correspondence should be addressed: Dept. of Biochemistry and Molec- 
ular Biology, Faculty of Medicine, University of Manitoba, 770 Banna- 
tyne Ave., Winnipeg, Manitoba R3E OW3, Canada. Tel.: 204-789-3215; 
Fax: 204-789-3900; E-mail: Davie@cc.umanitoba.ca. 

1 The abbreviations used are: NM, nuclear matrix; CSK, cytoskeleton; 
MAR, matrix-attachment region; NM-IF, nuclear matrix-intermediate 
filament; ER, estrogen receptor; cis-DDP, ci's-diamminedichloroplati- 
num; DMEM, Dulbecco's modified Eagle's medium; FCS, fetal calf se- 
rum; hnRNP, heterogeneous nuclear ribonucleoprotein. 

organized into loop domains by the association of DNA se- 
quences, called matrix-attachment regions (MARs), located at 
the base of the loop with NM proteins (4, 7). Transcribing 
chromatin is also attached to the nuclear matrix by multiple 
dynamic attachment sites thought to be mediated by NM- 
bound transcription factors and histone-modifying enzymes 
(8-11). 

In eukaryotic cells, the CSK is composed of actin-containing 
microfilaments, tubulin-containing microtubules, and interme- 
diate filaments, which may be composed of keratins and vimen- 
tin (12). The NM is physically associated with the CSK through 
its associations with intermediate filaments, major proteins of 
the CSK (5, 13-15). In epithelial cells and in well and poorly 
differentiated carcinoma cells, cytokeratins 8, 18, and 19 are 
the major proteins of intermediate filaments (16). 

Intermediate filaments are dynamic structures that may 
transmit signals from the extracellular matrix to the nucleus 
(13, 14, 16, 17). In an analysis of the NM-IF (nuclear matrix 
with associated intermediate filaments) fraction of T-47D5 hu- 
man breast cancer cells (ER-positive and hormone-dependent), 
we identified the principal NM-IF proteins as cytokeratins 8, 
18, and 19 (18). Estrogens regulated the levels of these cyto- 
keratins in the NM-IF fraction of T-47D5 cells. When cells were 
grown in estrogen-depleted conditions, cytokeratin levels in 
NM-IF declined, but when estrogen was added back to the 
media, cytokeratin levels increased. In a hormone-indepen- 
dent, ER-positive human breast cancer cell line (T5-PRF), cy- 
tokeratins in the NM-IF were maintained at high levels regard- 
less of whether the cells were grown in the presence or absence 
of estrogens (18). Furthermore, the pure antiestrogen, ICI 
164,384, significantly reduced the NM-IF levels of cytokeratins 
8, 18, and 19 in T-47D5 cells grown in estrogen-replete condi- 
tions, while having no effect on NM-IF levels of these proteins 
in the T5-PRF cell line. 

There is both in situ and in vitro evidence that intermediate 
filaments bind to nuclear DNA (19-21). In vitro binding studies 
show that the intermediate filament protein vimentin selec- 
tively binds DNA sequences that are MARs, that are recog- 
nized by transcription factors, or that have structural proper- 
ties important in recombination and gene expression (19). 

In the identification of NM proteins bound to nuclear DNA in 
situ, the cross-linker cis-diamminedichloroplatinum (cz's-DDP) 
has become particularly useful (11, 22, 23). Incubation of cells 
or nuclei with cz's-DDP results in the cross-linking of protein to 
DNA in situ. Most proteins cross-linked to DNA with cz's-DDP 
are nuclear matrix proteins, and the DNA cross-linked to pro- 
tein is enriched in MAR sequences (21, 22, 24-27). Lamins, 
components of the nuclear pore-lamina, are cross-linked in situ 
to nuclear DNA consistent with in vitro data suggesting that 
these proteins are involved in the organization of nuclear DNA 
(26, 27). 
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In this study, we incubated human breast cancer cell lines, 
T-47D5 and T5-PRF, with cis-DDP to find if cytokeratins were 
bound to nuclear DNA in situ. We demonstrate that cytokera- 
tins 8, 18, and 19 are attached to nuclear DNA in T-47D5 and 
T5-PRF cells. Further, we show that the interaction between 
cytokeratins and nuclear DNA is regulated by estrogens in 
hormone-dependent T-47D5 but not in the hormone-indepen- 
dent T5-PRF cell line. These results support the idea that 
intermediate filaments are involved in the organization of nu- 

clear DNA. 

EXPERIMENTAL PROCEDURES 

Cell Culture—The human breast carcinoma cell lines T-47D5 (28) 
and T5-PRF (18) were used. All cell lines were maintained at 37 °C 
(humidified atmosphere, 5% C(y95% air) on 150 X 20-mm tissue 
culture dishes (Nunc) in culture medium containing Dulbecco's modi- 
fied Eagle's medium (DMEM, Life Technologies, Inc.) supplemented 
with 1% (v/v) L-glutamine (stock solution concentration, 200 IM), 1% 
(v/v) glucose (stock solution concentration, 30% w/v), 1% (v/v) penicillin/ 
streptomycin (stock solution concentrations, 10,000 units/ml and 10,000 
Hg/ml, respectively), and 5% (v/v) fetal calf serum (FCS, Life Technol- 
ogies, Inc.) except for T5-PRF, which were maintained in medium 
containing Dulbecco's modified Eagle's medium-phenol red free (Sig- 
ma), 5% (v/v) twice charcoal-stripped FCS and supplemented as men- 
tioned above (5% CS) (18). T-47D5 cells acutely depleted of estrogen 
were grown in 5% CS for one passage, whereas T5-PRF cells were 
routinely passaged in 5% CS. Cells were passaged at 70-80% conflu- 
ence using Earle's EDTA solution and set up in 100-mm dishes for 
experiments. For estrogen and antiestrogen treatments, the T-47D5 or 
T5-PRF cells were cultured for 72 h in the presence of 10 nM estradiol 
with or without 1 /AM ICI 164,384 or the ethanol vehicle. Following 
treatments, cells were removed from the plates (confluence about 80%) 
with a rubber policeman and frozen as pellets containing 1 X 107 cells 
at -70 °C. 

Isolation of Nuclear Matrix Proteins—Nuclear matrices were pre- 
pared according to methodologies previously reported (29). 

Cytokeratin Extraction—Cytoskeletal protein-enriched fractions 
were isolated according to the method of Sommers and colleagues (30). 
Cells were suspended in 4 °C Triton-high salt buffer (20 mM Tris-HCl, 
pH 7.4, 0.6 M KC1, 1% Triton X-100, 1 mM phenylmethylsulfonyl fluo- 
ride), incubated on ice for 20 min, and then centrifuged at 10,000 X g for 
20 min. The pellet was then resuspended in the same Triton-high salt 
buffer, incubated on ice for 20 min, and centrifuged once more. The 
pellet of insoluble proteins was resuspended in 8 M urea. 

Purification of Proteins Cross-linked to DNA—DNA-protein cross- 
linking was performed as described previously (31). Human breast 
cancer cells were harvested from plates, and the cell pellet (1 X 106 

cells/ml) was resuspended in Hanks' solution in which NaCl was sub- 
stituted with sodium acetate at the same concentration and containing 
either 1 or 3 mM cis-DDP (31). The cells were incubated at 37 °C for 2 h. 
Following this incubation, cells were treated with lysis buffer (5 M urea, 
2 M guanidine HC1, 2 M NaCl, and 0.2 M potassium phosphate, pH 7.5), 
and then hydroxylapatite (4 g per 20 A260 units of lysate, Bio-Rad) was 
added. The hydroxylapatite resin was washed with lysis buffer to re- 
move RNA and proteins not cross-linked to DNA. To reverse the cross- 
linking, the hydroxylapatite resin was incubated in lysis buffer that had 
1 M thiourea instead of 5 M urea. The proteins were released from 
hydroxylapatite, whereas the DNA remained bound. The released pro- 
teins were dialyzed overnight against double distilled water and then 
lyophilized. The lyophilized protein preparation was resuspended in 8 M 
urea. 

After protein isolation, a linear range of cytokeratin protein staining 
versus protein amount was established by resolving increasing amounts 
of NM-IF protein on a SDS gel. The gel was then stained with 0.04% 
Serva Blue G (Serva) and subjected to scanning densitometry. The 
density of each cytokeratin band on the SDS gel was determined using 
the Quantity One™ version 2.7 software (PDI, Kingston Station, NY). 
This software eliminated any background interference with cytokeratin 
band intensity. From this, it was concluded that 10 /ig of DNA-cross- 
linked protein fell within the linear range for Serva Blue G staining. 
Thus, a sample load of 10 /xg of DNA-cross-linked protein was applied 
to the SDS gel, and the density of each cytokeratin band was deter- 
mined. Density values for the cytokeratin bands in each T-47D5 cell 
treatment and in the untreated T5-PRF cell line cultured in the absence 
of estrogen were related to the density values of cytokeratin bands in 
the untreated T-47D5 cell line grown continuously in DMEM supple- 

mented with 5% FCS medium. This was accomplished by dividing the 
density value of each cytokeratin in the T5-PRF or T-47D5 treatment 
samples by the density value of the respective cytokeratin in the un- 
treated T-47D5 cell line. Similarly, density values for cytokeratins of 
T5-PRF cells exposed to ICI or estrogen were related to levels expressed 
in the untreated T5-PRF cell line. 

Two-dimensional Gel Electrophoresis—Two-dimensional gel electro- 
phoresis was performed as described previously (29). Gels were stained 
using the Amersham Pharmacia Biotech silver stain kit (Uppsala, 
Sweden) for protein detection. The gels were then dried between sheets 
of gel-drying film (Promega Corp., Madison, WD at room temperature. 
The silver-stained two-dimensional gel patterns were scanned using a 
PDI 3250E densitometer (PDI, Kingston Station, NY), and the data 
were analyzed using the Image Master System (Amersham Pharmacia 
Biotech, Uppsala, Sweden). All studies were carried out using at least 
three preparations from each cell line. 

RESULTS 

Levels of cis-DDP DNA-Cross-linked Cytokeratins 8, 18, and 
19 Are Influenced by Estrogen and Antiestrogen in a Hormone- 
dependent Human Breast Cancer Cell Line—Our previous 
study showed that the levels of cytokeratins in the NM-IF 
fraction of T-47D5 cells were regulated by estradiol (18). To 
determine whether the interaction between cytokeratins and 
nuclear DNA was regulated by estradiol, the effect of estradiol 
withdrawal and re-addition on cytokeratin-DNA interaction 
was investigated. T-47D5 cells grown in the absence (one pas- 
sage) or presence of estradiol were incubated with cis-DDP, and 
the proteins cross-linked to DNA were isolated. The cross- 
linked proteins were electrophoretically resolved on two-di- 
mensional (Fig. 1) and one-dimensional SDS-polyacrylamide 
gels (Fig. 2A). A comparison of Fig. IS with Fig. 1A shows that 
when cells were grown in the absence of estradiol, there was a 
reduction in the relative amounts of cytokeratins 8, 18, and 19 
bound to nuclear DNA. The addition of estradiol to cells grown 
in the absence of estradiol for one passage had a dramatic effect 
on the amount of cytokeratins binding to nuclear DNA in situ, 
with the levels of cytokeratins 8, 18, and 19 showing marked 
increases in abundance (Fig. 1C). Inspection of the two-dimen- 
sional gel patterns showed that cytokeratins 8 and 19 did not 
co-migrate with other proteins with an identical molecular 
weight. This situation did not apply to cytokeratin 18, which 
co-migrated with other proteins. However, the two-dimensional 
gel showed that the levels of cytokeratin 18 followed a similar 
trend to levels displayed in the one-dimensional gel. The cyto- 
keratins were not the only DNA-binding proteins whose levels 
were affected when cells were grown in the presence or absence 
of estrogen. However, not all cis-DDP cross-linked DNA-bind- 
ing proteins were responsive to estrogen; for example, the 
levels of nuclear matrix proteins NMP-5, NMP-6, and hnRNP 
K were similar in the three preparations. 

The proteins cross-linked to nuclear DNA of cells incubated 
with or without estradiol were resolved on SDS-polyacrylamide 
gels (Fig. 2A), and the relative levels of the cytokeratins were 
determined by densitometric scanning of the Coomassie Blue- 
stained gels (see "Experimental Procedures"). The abundance 
of DNA-bound cytokeratins 8, 18, and 19 in cells grown in the 
absence of estrogen was reduced to levels of 0.60 ± 0.08, 0.64 ± 
0.02, and 0.59 ± 0.11 (n = 3), respectively (Fig. 2B), of the cells 
grown in the presence of estrogen. When estrogen was added 
back to the media of the cells cultured in the absence of estro- 
gen, the levels of the DNA-attached cytokeratins 8, 18, and 19 
rebounded to levels higher than those found in T-47D5 cells 
cultured in the presence of estrogens (1.95 ± 0.22, 1.59 ± 0.22, 
and 1.61 ± 0.17, n = 3, respectively) (Fig. 2B). The proteins 
shown in Figs. 1 and 2 were from cells cross-linked with 3 and 
1 mM cis-DDP, respectively. The relative levels of DNA-bound 
cytokeratin in cells grown with and without estrogens and 
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FIG. 1. Two-dimensional gel patterns of proteins cross-linked to DNA by cis-DDP in T-47D5 human breast cancer cells cultured in 
estrogen-replete and estrogen-depleted conditions. Cells were cross-linked with 3 nui cis-DDP, and 20 /Ag of protein cross-linked to DNA was 
electrophoretically resolved on two-dimensional gels. The gels were stained with silver. A, T-47D5 cells cultured in DMEM supplemented with 5% 
FCS (see "Experimental Procedures"); B, T-47D5 cells grown without estrogens for one passage (5% CS); C, T-47D5 cells were grown in the absence 
of estrogen for one passage and then cultured in the presence of 10 nM estrogen for 72 h. K8, K18, and K19 identify the cytokeratins 8, 18, and 19, 
respectively. Two nuclear matrix proteins used as internal standards are shown as NMP5 and NMP6. hK designates hnRNP K. Each panel 
represents only the portion of the two-dimensional gel containing proteins within a molecular mass range of 30-80 kDa and a pi range of 4.3-5.7. 
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FIG. 2. Effect of estrogen and antiestrogens on levels of cytokeratins cross-linked to DNA by cis-DDP in T-47D5 human breast 
cancer cells. Cells were cross-linked with 1 mM cis-DDP, and 10 /Ag of protein cross-linked to DNA was electrophoretically resolved on a 
SDS-polyacrylamide gel. The gel was stained with Serva Blue. A: lane 1, T-47D5 cells cultured in DMEM supplemented with 5% FCS (see 
"Experimental Procedures"); lane 2, T-47D5 cells grown without estrogens for one passage (5% CS); lane 3, T-47D5 cells were grown in the absence 
of estrogen for one passage and then cultured in the presence of 10 nM estrogen for 72 h. B, fold increase of cytokeratins 8, 18, and 19 in T-47D5 
cells grown without estrogen for one passage and in T-47D5 cells grown in the absence of estrogen for one passage and then cultured in the presence 
of 10 nM estrogen for 72 h. Values are expressed relative to levels observed in the T-47D5 cell line grown continuously in DMEM supplemented 
with 5% FCS. C: lane 1, T-47D5 cells cultured in the presence of estrogen (10 nM) for 72 h; lane 2, T-47D5 cells cultured in the presence of estrogen 
(10 nM) and ICI 164,384 (1 /AM) for 72 h. The position of the molecular weight standards (in thousands) is shown on the left side of the gel. K8, K18, 
and K19 identify the cytokeratins 8, 18, and 19, respectively. 

treated with 3 HIM cis-DDP yielded similar results to those 
treated with 1 mM cis-DDP. 

Treatment of T-47D5 cells with the antiestrogen ICI 164,384 
reduced the amount of cytokeratins associated with the NM-IF 
fraction (18). The addition of ICI 164,384 had the same effect on 
the amount of cytokeratin interacting with nuclear DNA, with 
the amount of DNA-cross-linked cytokeratins 8, 18, and 19 
being reduced to low levels (Fig. 2C). 

Levels of cis-DDP DNA-Cross-linked Cytokeratins 8, 18, and 
19 Are Not Influenced by Estrogen or Antiestrogen in an ER- 
positive, Hormone-independent Human Breast Cancer Cell 
Line—The growth of the T5-PRF cell line (ER positive) is non- 
responsive to estrogen, and its sensitivity to ICI 164,384 is less 
than that of T-47D5 cells (18). The NM-IF preparations from 
these cells had high amounts of cytokeratins 8, 18, and 19, 
regardless of whether the cells were grown in the presence or 
absence of estradiol (18). To determine whether the interaction 
between cytokeratins and DNA was nonresponsive to estrogen, 
proteins cross-linked to nuclear DNA in T5-PRF cells grown in 
the presence or absence of estrogen were isolated and analyzed 
by gel electrophoresis. The levels of DNA-bound cytokeratins 8, 

18, and 19 in T5-PRF cells grown in the absence of estrogens 
were greater than those of DNA-bound cytokeratins of T-47D5 
cells grown with estrogen (2.87 ± 0.9, 2.0 ± 0.41, 1.93 ± 0.16, 
n = 3, respectively) (Fig. 3, A and B). Incubation of T5-PRF 
cells with estrogen or ICI 164,384 in the presence of estrogen 
did not significantly alter the levels of cis-DDP DNA-cross- 
linked cytokeratins 8, 18, and 19 (Fig. 3). 

Estrogen Affects the Cellular Levels of Cytokeratins in 
T-47D5 but Not T5-PRF Human Breast Cancer Cells—To de- 
termine whether estrogen affected the cellular levels of cyto- 
keratins in hormone-responsive breast cancer cells, a high-salt 
Triton-insoluble cellular fraction, which contains 95% of the 
total cellular cytokeratins (32), was isolated from T-47D5 and 
T5-PRF cells grown in the presence or absence of estrogen. Fig. 
4 shows the two-dimensional gel patterns of the cytoskeletal 
protein-enriched fractions. This fraction from T-47D5 cells 
grown in the presence of estradiol had a much greater level of 
cytokeratins 8, 18, and (to a lesser extent) 19 than that from 
cells grown in the absence of estradiol. Treatment of T-47D5 
cells with the antiestrogen ICI 164,384 in the presence of 
estrogen resulted in a major reduction in total cellular levels of 
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FIG 3 Effect of estrogen and antiestrogens on levels of cytokeratins cross-linked to DNA by cis-DDP in T5-PRF human breast 
cancer cells. A and B, cells were cross-linked with 1 mM cw-DDP. Ten W of protein cross-linked to DNA was electrophoretica ly resolved on a 
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cells cultured in the presence of 10 nM estrogen for 72 h. B: lane 1, T5-PRF cells cultured in the presence of estrogen (10 nM) for 72 h; lane 2 T5-PRF 
cells cultured in the presence of estrogen (10 nM) and ICI 164,384 (1 ,IM) for 72 h. The position of the molecular weight standards (m thousands) 
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FIG. 4. Effect of estrogens on cytokeratin levels in T-47D5 and 
T5-PRF human breast cancer cells. High-salt Triton-insoluble pro- 
teins were isolated from T-47D5 and T5-PRF human breast cancer cells 
cultured in estrogen-replete and estrogen-depleted conditions. The pro- 
teins (15 /xg) were electrophoretically resolved on two-dimensional gels. 
The gels were stained with silver. A, T-47D5 cells grown without estro- 
gens for one passage (5% CS); B, T-47D5 cells were grown in the 
absence of estrogen for one passage and then cultured in the presence 
of estrogen (10 nM) for 72 h; C, T5-PRF cells cultured in the absence of 
estrogen (5% CS); D, T5-PRF cells continuously grown in the absence of 
estrogen were cultured in the presence of estrogen (10 nM) for 72 h. K8, 
K18, and K19 identify the cytokeratins 8, 18, and 19, respectively. 

cytokeratins (data not shown). In contrast, the levels of cyto- 
keratins in the cytoskeletal protein-enriched fractions from 
T5-PRF cells grown with or without estradiol (and ICI 164,384; 
data not shown) were similar (Fig. 4). The levels of other major 
proteins in the T-47D5 or T5-PRF preparations were not af- 
fected in cells grown in the presence or absence of estradiol. 
Thus, the effect of estradiol in T-47D5 cells did not globally 
affect other cytoskeletal proteins. 

DISCUSSION 

Nuclear matrix proteins have a key role in the organization 
of nuclear DNA into loop domains. Several MAE-binding 
proteins have been identified by in vitro methods, but few 
have been shown to bind to nuclear DNA in situ. Recently, 
Göhring and Fackelmayer (33) presented evidence that 
SAF-A, a MAR-binding protein, was associated with DNA in 
situ. The cross-linking agent used was formaldehyde, which 
can cross-link protein to DNA. However, formaldehyde will 
also cross-link protein to protein; thus, indirect cross-linking 
between protein and DNA may occur (34). cis-DDP cross- 
links DNA to protein (cross-link distance, 4 Ä) (21). This 
cross-linker preferentially cross-links nuclear matrix pro- 
teins to MAR DNA, making this reagent particularly useful 
in the identification of nuclear matrix proteins involved in 
the organization of nuclear DNA (11). 

Our results extend the original observations of Hnilica and 
colleagues (21, 35), who reported that cis-DDP cross-linked 
cytokeratins to nuclear DNA in Novikoff hepatoma cells. Cy- 
tokeratins 8, 18, and 19 are among the most prominent pro- 
teins cross-linked to DNA with cis-DDP in situ in ER-positive 
T-47D5 and T5-PRF human breast cancer cells. Comparable 
results were obtained when this analysis was done with a 
variety of ER-positive breast cancer cells lines, including 
MCF-7, T-47D, and ZR-75 (data not shown). Cytokeratins 8,18, 
and 19 remained the most prominent proteins cross-linked to 
DNA of ER-positive breast cancer cells incubated with a range 
of cis-DDP concentrations (35 /u,M to 3 mM for 2 h, data not 
shown). Similarly, Hnilica and colleagues (21) observed that 
cytokeratins were the major proteins cross-linked to DNA 
when Novikoff hepatoma-bearing rats were injected with low 
dosages of cis-DDP. The cytokeratins are also cross-linked to 
DNA with cis-DDP in ER-negative human breast cancer cells 
(MDA MB 231) (data not shown), although the abundance of 
cytokeratins 8 and 18 is less than that seen with the ER- 
positive cell lines. The lower levels of cytokeratins cross-linked 
to DNA in the MDA MB 231 cells reflect the lower expression 
of these cytoskeletal proteins in this cell line (36, 37). 

Although cytokeratins lack a nuclear localization signal, 
these proteins appear to be associated with the nuclear lamina 
(5, 14). Intermediate filaments are thought to penetrate the 
double nuclear membrane and are part of the nuclear periph- 
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ery lamina (19, 20). Further studies by Maniotis et al. (1) 
showed that the intermediate filament network was sufficient 
to transmit mechanical stress to the nucleus. It is of interest to 
note that following the treatment of HeLa cells with cis-DDP 
(200 jiiM for 4 h), most platinum was seen in nucleoli and as 
patches located on the inner side of the double nuclear mem- 
brane and in the nucleoplasm (38). It is possible that cis-DDP 
is cross-linking cytokeratins that are interacting with nuclear 
DNA located at the inner side of the nuclear membrane. The 
ability of cis-DDP to cross-link cytokeratins to DNA suggests 
that these intermediate filament proteins are MAR-binding 
proteins involved in the organization of nuclear DNA. 

Estrogen regulates the cytoskeletal levels of cytokeratins 
and the interaction between cytokeratins and nuclear DNA in 
ER-positive, hormone-dependent breast cancer cells. The re- 
moval of estrogen or the introduction of an estrogen antagonist 
(ICI 164,384) results in decreased levels of intermediate fila- 
ments composed of cytokeratins and a corresponding decline in 
cytokeratins associated with the nuclear matrix and binding to 
nuclear DNA (18) (this study). Rearrangement of the keratin 
intermediate filaments (called tonofilaments) in MCF-7 (ER- 
positive, hormone-dependent) human breast cancer cells was 
observed when cells were deprived of estrogens or treated with 
antiestrogens (39). Further, in agreement with our observa- 
tions, the latter study observed that administration of estrogen 
increased the keratin filamentous network in the breast cancer 
cells. It is also expected that a reorganization of chromatin will 
accompany this rearrangement of the tonofilaments. In con- 
trast, an ER-positive human breast cancer cell line, T5-PRF, 
that has acquired the ability to grow normally in a medium 
greatly depleted of estrogens had higher amounts of cytokera- 
tins associated with the cytoskeleton, nuclear matrix, and DNA 
than did the parent cell line cultured with estrogen. Regardless 
of the presence or absence of estradiol or the administration of 
an antiestrogen, the cytokeratin interaction with nuclear DNA 
was not affected. Thus, the T5-PRF cell line has lost the capac- 
ity of estrogen to regulate cytokeratin interaction with nuclear 
DNA. The organization of nuclear DNA mediated by cytokera- 
tins will be maintained in these cells regardless of whether 
estrogen is present or absent. These observations are particu- 
larly important in breast cancer, as progression of breast epi- 
thelial cells to malignancy is accompanied by increased expres- 
sion of cytokeratins 8 and 18 (36). 

Nuclear matrix proteins are informative biomarkers in anal- 
ysis of many types of cancer (40). During the preparation of 
nuclear matrix proteins, intermediate filaments are often re- 
moved (29). Our study and those of Hnilica and colleagues (21, 
27) show that cytokeratins are nuclear matrix proteins associ- 
ated with nuclear DNA. These observations argue that inform- 
ative nuclear matrix proteins may be lost during previously 
used protocols for the preparation of nuclear matrix proteins. 
Thus, the characterization of nuclear matrix proteins and pro- 
teins cross-linked to DNA by cis-DDP in situ, which are pri- 
marily nuclear matrix proteins, are two complementary ap- 

proaches that can be used to identify nuclear matrix proteins 
that are informative in cancer diagnosis. 
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Chromatln structure and histone 
modifications 

The basic repeating unit of chromatin is the nucleosome 
which consists of 140 bp of DNA wrapped around a histone 
Setter et al. 1997). Thelhistone cgamer -tarns 
two each of the core histones H2A, H2B, H3, anflMB*, uw 
core histones of the octamer are arranged as a (H3-H4fc 
tetramer and two H2A-H2B dixners positioned on bothsides 
of the tetramer. The core histones have \«^J^T 
with a basic N-tenninal unstructured dm a gtobular do- 
main organized by the histone fold, and a C^erauaal un- 
^mrrured tau (Fie. 1). The N-tenninal tails of the core 
SSSÄSBÄ from the nucleosome at about every 

20 bn are not involved in maintaining the stnictundiinteg- 
rity of t nucleosome (Luger et al. 1997; Rhodes 1997)^A 
fifth class of histone, the HI histones, binds to the DNA 
frinte nucleosomes together and to core histones. HI has a 
SteWure consisting of a «^^f^f0^ 
ErichN-andC-terminaldomains Theglobulardornain 
bX to one linker DNA strand as it exits or enters the 
Seosome and to nucleosomal DNA near Ae dgd ««of 
symmetry of the nucleosome (Zhou et al.1998VThe HI to- 
STS a group of several subtypes that drffer m ammo 
acid sequence (Parseghian et al. 1994). 

The HI histones and the N-tenninal domains of the core 
hisses stabihze the^higher «to**^*^ 
fiber (Van Holde and Zlatanova 1996; Hansen iw/)- ine 
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capacity of these histoncs to compact the chromatin fiber is 
reversibly controlled by multiple postsynthetic modifications. 
Aroino acids located in the N- and C-terminal tails of the HI 
histones are susceptible to phosphorylation and poly(ADP- 
ribosyl)ation. The N-terminal domains of the core histones 
are modified by acetylation, methylation, phosphorylation, 
and ADP-ribosylation, while the C-terminal domains of his- 
tones H2A and H2B can be ubiquitinated (Davie and Chadee 
1998) (Fig 1). Although there has been considerable interest 
in bistone acetylation and the enzymes catalyzing this revers- 
ible process, it is important to note mat a dynamically acety- 
lated bistone (e.g-, H3) may also be phosphorylated and 
methylated (Davie 1998). 

It has been proposed that the N-terminal tails undergo an 
induced folding when in contact with other proteins or 
DNA. Such inter- and intra-fiber interactions of the core 
bistone tails would be involved in stabilizing the higher or- 
der folding of chromatin. Modification of the tails would in- 
terfere with folding of the N-terminal tail and interactions 
with proteins and (or) DNA, destabilizing higher order 
chromatin organization (Garcia-Ramirez et al. 1995; Hansen 
et al 1998). Modification of the N-terminal tails of the core 
histones may also alter their interactions with architectural 
proteins (Tjian and Maniatis 1994). For example, acetylation 
of the N-terminal tails may disrupt interacuons with 
nonhistone chromosomal proteins (Edmondson et al. 1996; 
Palaparti et al. 1997; Trieschmann ct al. 1998; Parkhurst 
1998; Nightingale et al. 1998). 

The chromatin fiber is organized into loops where the 
DNA (the matrix attachment region (MAR)) at the base of 
the loop is bound to nuclear matrix F<*«ns (Davie 1995; 
Samuel et al. 1998; de Belle et al. 1998) (Fig. 2). A 
chromatin loop may contain one or several genes. A compar- 
ison of the DNA sequences of MARs shows that they do not 
share extensive sequence homology; however, MAR-DNA 
sequences have high bending potential and may act as topo- 
logical sinks (Bode et al. 1996; Benharo et al. 1997). 

Iranscrlptionally active chromatin 
Chromatin loops containing expressed genes have a 

decondensed configuration that is sensitive to DNase I di- 
gestion, while loops with repressed genes have a condensed 
structure (Fig. 2). Extended chromatin loops with 
decondensed (30-nm fiber) regions, which are presumably 
transcribed, have been observed in Gl phase nuclei of Chi- 
nese Hamster Ovary cells (Belmont and Bruce 1994). Inter- 
estingly, these decondensed chromatin regions were often 
found near interchromatin granule clusters (IGCs), 
ribonucleoprotein structures that serve as storage «tec Jor 
splicing and transcription factors (Hendzel et al. 1998; 
Misteli and Spector 1998). Highly transcribed g^es are lo- 
cated near IGCs (Misteli and Spector 1998), and highly, dy- 
namically acetylated histones are associated with the 
chromatin positioned near these structures (Hendzel et al. 
1998} 

Transcribing chromatin is selectively bound to the nuclear 
matrix (Davie 1997; Stein et al. 1997). Multiple dynamic 
MARs attach transcribed chromatin regions to the nuclear 
matrix (see inset in Fig. 2); these MARs are different from 

those found at the base of loops (Davie 1997). Nuclear 
matrix proteins, including nuclear matrix-bound transcription 
factors (e.g., YY1 and AML), the transcription machinery, 
and histone-modifying enzymes (e.g., histone acetyl- 
transferases and deacetylases) are thought to mediate the dy- 
namic attachments between transcriptionally active chromatin 
and the nuclear matrix (Davie 1997; Jackson 1997; Stein et al. 
1997; McNeil et al. 1998). 

Signalling pathways and the organization 
and function of chromatin 

Both mechanical and chemical signalling pathways are in- 
volved in transmitting information from the cell's exterior to 
chromatin. The mechanical signalling pathway consists of the 
tissue matrix system that links together the three-dimensional 
skeletal networks, the extracellular matrix, cytoskeleton and 
nuclear matrix (Penman 1995; Maniotis et al. 1997). The dy- 
namic tissue matrix system governs cell and nuclear shape. 
The mechanical signalling pathway has a role in controlling 
cell cycle progression and gene expression (Chen et al. 1997; 
Huang et al. 1998; Myers et al. 1998). Chemical signalling 
pathways, such as the Ras/roitogen-activated protein kinase 
(Ras/MAPK) pathway, can stimulate the activity of kinases 
that modify transcription factors, nonhistone chromosomal 
proteins, and histones (Mahadevan et al. 1991; Chadee et al. 
1995- Wasylyk et al. 1998). Activation of the Ras/MAPK 
pathway results in the alteration of chromatin structure and 
gene expression. The tissue matrix and chemical signalling 
pathways are not independent and one signalling pathway 
can affect the other (Reszka et al. 1995; Yujiri et al. 1998; 
Aplin and Juliano 1999). We are interested in how these sig- 
nalling pathways alter the organization and structure of 
chromatin of malignant cells. 

Chromatin and nuclear structure of 
oncogene-transformed mouse fibroblasts 

We have observed two features of nuclear organization in 
oncogene-transformed mouse fibroblasts. First, oncogene- 
transformed mouse fibroblasts with a high metastatic poten- 
tial have an altered nuclear morphology (Fischer et al. 
1998). Second, oncogene-transformed mouse fibroblasts 
have a relaxed chromatin structure (Laitinen et al. 1990; 
Chadee et al. 1995). 

The extent of changes in nuclear morphology ot onco- 
gene-transformed mouse fibroblasts correlated with their 
metastatic potential (Fischer et al. 1998). It should be noted 
that pathologists have long used aberrant appearing nuclei as 
a diagnostic marker for cancer. Since the nuclear matrix has 
a role in nuclear shape, we were interested in how the pro- 
files of nuclear matrix proteins changed with the metastatic 
potential of oncogene-transformed cells. Two sets of cell 
lines were used. The first set was derived from  10T/> 
fibroblasts (Egan et al. 1987a). These lines were transfected 
with H-ras and the transformed foci gave nse to the eel 
lines CIRAS-1, -2, -3. Using criteria such as experimental 
metastasis assays, tumour latency, anchorage-independent 
erowth and frequency of spontaneous metastasis (Samuel et 
al 1992 1993) it was determined that CIRAS-1 was poorly 
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metastatic, CIRAS-2 had intermediate metastatic• P™P^«' 
^TciRAS-3 was highly metastatic. The second panel of 
Su lmSwas l£*Atom NIH 3T3 fibroblasts transfected 
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ÄÄL ife* derived fibroblast cell lin«. From toM 
was detennined that 3T3M,/was P^^^t 

ft™, the noorlv metastatic cell hnes (CIRAS-1, m-raj) 
gÜTÄTw^. Clearly these da* suggest yjg 
is a unique nuclear matrix profile for each stege of^mal g 
iiyVgardless of transformation agent. Further the major 
X2£ In nuclear matrix proteins patterns observed in 
oSSe-^formed cells 3ft high metastatic potenual 
correlated with altered nuclear morphology. 

5X- and «^transformed mouse fibroblasts ha«less 
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Äse Sl^^sfbrmed with oncogenes, the prod- 
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was similar for all oncogene-transformed cells analyzed and 
™earS£ be independent of the cell's metastatic potential, 
wS wa? deteS by experimental metastasis assays 
ÄTal 199lrChade; et aTl999). It was hypodiesized 
SÄ peästent activation of the MAP kmase pathway-m 
Sese ceSTmay have altered the cyclin E-associatcd HI 
SSe actiSy resulting in the observed increase m 
Smorylation of Hl (Chadee et al. 1995) (Fig. 3^ 
r,w,ia/ts lacking the tumour suppressor Rb also exhibit an 

structure and deregulation of CDK2 may be «recuy in 
vo?vT(H«U etTl996). Activation of the fas/MAPK 
nalhwav also results in the activation of a currently umdenti- 
fiÄonl £ kinase, resulting in the phosphorylation of 
HrSadevan et al. 1991). HI and H3 phosphorylation 
^ISes hieher order chromatin structure. Therefore, HI 
Sro^ÄÄ may lead to *£-«£?.£ 
SnA testing in access to transcription &«ors jd 
tr?* removal of blocks in elongation (Davie and Uiaaee 
SwflE netresult of the relaxation of chromatin structure 
could be aberrant gene expression. 

We found that phosphorylaüon of histone Bio »«»» 
fZbla^waideSendent upon transcription and rephcaüon 
2SS SSone^lb phoSborylation ^^£^ 

SSation *^*J^^2Ä£ 
chrom^n. Hlb is the mouse HI subtype with the most highly 
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Fte. 3 The Ras/MAPK signalling pathway. MAPWCa^MAP kinas* (MAPK) are also called MEK and ERK, respectively. For more 
S&S SKSÄLS; a gri site to visit i, http^«—^ 

RA5 / WIAFK SIGNALLING HAT HWAY 

NUCLEUS 

EüftK* 
MAPK 

Other S*r/Thr E™^^ 
kinoes ««ors 
RSK12        HM    cJJfC 

HistoneH3 J,*«,* 
Kitiase cyclm E-CDIvZ 

phosphorylated isoforms (Lennox et al. 1982). Increased 
phosphorylation of Hlb in comparison to normal lung tissues 
has been observed in mouse Lewis lung carcinoma (Lennox 
et al 1982) Based upon the results of Jerzroanowsla and 
Cole (1992), we proposed that the uanscripdon » Kg"J°? 
processes were required to expose Hlb to the cyclm E-CDK2 
ESchadee eTal. 1997). Once phosphorylated, Hlb would 
contribute to the relaxation of the transcribed chromatm fiber. 

Mechanical signalling pathways and 
organization of nuclear DMA In human 
breast canoer cells 

Intermediate filaments extend from the nucleus to the 
plasma membrane (Georgatos and Maison 1996)^nd are en- 
meshed with and penetrate the nuclear lamina (Ward et ah 
1984- Nickerson et al. 1990; Penman 1995; Wang et al. 
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1996). Intermediate filaments are associated with nuclear 
DNA in vivo (Ward et al. 1984; Olinski et al. 1987), and in 
vitro studies provide evidence that intermediate maments 
have DNA sequence preferences (Wang et al. 1996). It is 
conceivable that intermediate filaments communicate signals 
from the extracellular matrix to nuclear DNA, resulting in 
changes in chromatin organization and perhaps function. 
Studies by Maniotis et al. (1997) demonstrated that the inter- 
mediate filament network was sufficient to transmit mechan- 
ical stress to the nucleus. 

It has been proposed that the filament ends of the interme- 
diate filaments associate with DNA at the nuclear lamina 
(Ward et al. 1984). In support of this idea, transmission elec- 
tron micrographs show intermediate filaments uniting with 
Sear laSa (Capco et al. 1982). Further, immuno- 
localization studies show that intermediate filaments are lo- 
cated throughout the cytoplasm and surrounding nuclei of 
breast cancer cells (Sapino et al. 1986). It is mterestmg.to 
note that one of the primary targets of cisplatin m HeLa cells 
is the inner side of the nuclear double membrane (Khan and 
Sadler 1978). 

Recently, we presented evidence that the intermediate fila- 
ment proteins cytokeratins K8, K18, and K19 are associated 
with nuclear DNA of human breast cancer cells (Spencer et 
al   1998) These studies were done with the cross-linking 
aeent m-diamminedichloroplatuium (cisplatin), an agent 
that preferentially cross-links nuclear matrix proteins: to 
MAR DNA in situ (Ferraro et al. 1992; Holth et al. 1998). 
We found that the levels of cytokeratins associated with nu- 
clear DNA and the nuclear matrix were drastically reduced 
in an estrogen receptor (ER)-positive, hormone-dependent 
breast cancer cell line grown in acutely estrogen-depleted 
conditions, while treatment of these estrogen-starved cells 
with estrogen restored cytokeratin interactions with nuclear 
DNA (CoL et al. 1996; Spencer et al. 1998). This study 
also showed that cells chronically depleted of estrogen de- 
veloped a hormone-independent phenotype and had greater 
levels of cytokeratins K8, Kl 8, and K19 assorted with nu- 
clear DNA and nuclear matrix compared to levels observed 
i„ the control cell line grown in the presence of estrogen 
(Coutts et al. 1996; Spencer et al. 1998). These studies show 
that the interactions between intermediate filaments and nu- 
clear DNA are regulated by estrogens in hormone-dependent 
breast cancer cells, but this regulation is lost in hormone- 
independent, ER-positive breast cancer cells. In hormone- 
dependent cells, estrogen-regulated interactions between in- 
termediate filaments and nuclear DNA could manipulate the 
organization of chromatin. . 

As discussed previously, the nuclear matrix has a role in 
determining nuclear morphology and organization, of 
chromatin. Pathologists routinely use altered nuclear mor- 
ohology as a marker for breast cancer. Further, several stud- 
ies have shown that nuclear matrix proteins may serve as 
informative biomarkers in the diagnosis and prognosis of 
cancer (for review see Replogle-Schwab et al. 1996, 
SpSito et al. 1996; Hughes and Cohen 1999). Therefore, 
it was of interest to us to identify nuclear matrix proteins 
that could be used as diagnostic and prognostic indicators 
for breast cancer. In a recent study in our laboratory, the 
two-dimensional gel patterns of nuclear matrix proteins of a 
variety of human breast cancer cell lines that were either 

\j3 t< ^      Biochem. Cell Biol. Vol. 77, 1999 

ER-Dositive and hormone-dependent or ER-negative and 
hormone-mdependent® analyzed. MCF-10A1 a sponta- 
neously immortalised human breast epithelial cell line was 
used as a control (Samuel et al. 19976). Specific breast can- 
cer nuclear matrix proteins exclusive to ER status were iden- 
tified We refer to these proteins as nuclear matrix proteins 
in breast cancer (NMBCs), using the nomenclature proposed 
by Pienta and colleagues (Khanuja et al. 1993). Five 
NMBCs exclusive to ER+ cell lines and one NMBC exclu- 
sive to the ER- cell lines were identified (Samuel et al. 
19976) As we are interested in the diagnostic and prognos- 
tic potential of these proteins in human breast cancer we 
then looked at tumour tissue samples. Using ER+ and ER- 
human breast tumours, we were able to confirm the presence 
of NMBCs 1-5 in ER+ human breast tumours and NMBC fe- 
in ER- tumours (Samuel et al. 19976). 

Using the cross-linking agent cisplatin, we found that 
most, but not all, abundant nuclear matrix bound proteins 
are also bound to DNA in situ (Davie et al. 1998; Samuel et 
al 1998) We are currently using this cross-linking agent to 
identify informative breast cancer nuclear matrix proteins 
that are associated with nuclear DNA in situ. 

Transcription factors and the nuclear 
matrix 

Transcription factors are associated with the nuclear ma- 
trix (Davie 1997; Stein et al. 1997). Recent studies have 
identified nuclear matrix targeting sequences for several 
transcription factors, including ™'/MU ER, and £t-l 
(Stenoien et al. 1998; Zeng et al. 1998; McNeil et al. 1998; 
Mancini et al. 1999). It has been proposed that the nuclear 
matrix recruits transcription factors, facilitating the* interac- 
tion with regulatory DNA elements (Zeng et al. 1998). We 
applied the cisplatin cross-linking procedure to investigate 
whether nuclear matrix-associated transcription factors were 
bound to nuclear matrix attached DNA in situ m ER+, hor- 
mone-dependent MCF-7 human breast cancer cells (Samuel 
et al 1998) The nuclear matrix-associated transcription fac- 
tors studied' were: ER, a transcription factor essential to the 
proliferation  of hormone-dependent breast  cancer cells; 
bnRNP K, a single-strand DNA-binding transcription factor; 
and HET/SAF-B, a MAR-bmding protein that acts asa 
represser of hsp27 gene expression (Oesterreich et al. 1997). 
We found that these nuclear matrix-bound transcription lac- 
tors were cross-linked to MAR DNA in situ. J* contrast, a 
nuclear matrix protein, SRml60, involved in RNA splicing 
(Blencowe et al. 1998) was not cross-linked to DNA (Sam- 
uel et al  1998). These observations provide the first direct 
evidence that nuclear matrix bound transcription factors are 
also bound to MARs in situ. Further, the results provide evi- 
dence that the nuclear matrix is not simply a storage site for 
inactive transcription factors. Clearly, the nuclear matrix- 
associated transcription factors are functional m the sense 
that they are bound to nuclear DNA sequences. 

Histone deacetylase, gene repression and 
cancer 

Mammalian   histone   deacetylases,   H£AC1,   HDAC2, 
HDAcTand  the  recently  reported   HDA  (Verdel  and 
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Khochbin 1999), are components of large »^P^Xi 
«leves rDavie and Chadee 1998). For example, mammalian 
föTcnSTroAO« in large multipxotein complex« 
confining mSin3, N-CoR, or SMRT (compressors). SAJ>18, 
SSSnS>AD48 RbAp46, and c-Ski (Nomura et al. 1999). 
le^Le^ÄeTOAC complex to a specific regulatory 
Se^rTSs in repression of gene expression. Repression 
mlToccur  by   one  of several   mechanisms,   including 
dSUSon of hSones resulting in a -den^omaün 
structure, deacetylation of nonhistone c^°.son^P^ 
rtranscription factors, and disrupuon of. *»«*»* 
preinitiation complex (Davie and Chadee 1998> S^sig- 
„alling pathways regulate the «crujtmen   o^ the.HDAC 
wrepressor complex to specific loci. The Sm3A N-COK 
HTMCU complex, for example, is recruited by urJ ganded 

helix-zipper proteins (Davie and Chadee 1998). 
To,Wormed cells have elevated levels of DNA 5- 
methylcytosinc transferee. Fos txansformaton <^re- 
versed by inhibiting the activity of DNA S-methylcytosme 

TS- JOT*eTal. 1998). In some situations, however, in- 

»on of methylated promoters (Cameron et al. lW)^ 
such loci, dense CpG island methylation appears to be domi- 
nant in silencing. Alternatively, these regions may not be as- 
Sa£d with histone acetyltransfemses, which would 
Sytt ^hies when histone deacetylase activity is 

iDhSntly, a new HDAC complex, called NuRD, consisting 
t\JV£P   MTA2 rttiehly related to metastasis-associated 

ptÄl^ 

Äation if cnroLin templates by NuRD varied from 
no stimulation to about Arnold. 

Oncoproteins, PML-RARa, ^^ .™TV , M 1(Suke. FTO expressed in acute promyelocytic and myeloid leuice- 
^VSSrtSMKT (N-CoR)-mSin3A-HDACl complexes 
51 ÄÄÄ Hieben 1998; «gjijt^ 
i ÖOQ t ,7ti*rWh et al 1998). The recruitment of HDAC1 is 

Nakajima et al. 1998; Saunders et al. 1999). 

Histone deacetylase and organization of 
nuclear DNA 

In our studies  investigating ^.f«^ 
associated transcription factors were bound to^nuclear ma 
SSSeTSS?!« situ in MCF-7 human brea* cancer 
cells, we found that HDAC1 was bound to MARs in situ 

(Samuel et al. 1998). Further, using the cross-linking agent 
SEE. we observed that chicken nuclear matnx bound 
HDAcTwi associated with MAR DNA in GO phase 
SJSd Zs (Sun et al. 1999). These results sug^ that 
HDAC1 is associated with MARs at the base of loops. A 
P^ble mechanism for the recruimient of HDAC ItoMARs 
I through the attachment region binding protem (**&)> » 
nuclear Matrix-associated MAR-binding P~^n. Strathng 
and colleagues found that ARBP is homologous to MeCP2 
S/eSel   «   al.   1997).   Thus,   MARs   associated   with 
APBPMeCP2 could recruit the HDAC1 complex to die 
b^ of chromatin loops (Fig. 2). The recruitment ofthe 
HDAC multiprotein complex to the base of chromatm loops 
w££S po^ibilitiL in chromatin «**«£**»» 
Robinson and colleagues reported that at the boundaries of 
Z DNase Sensitive, transcripüonally competent ß-globm 
cLmatin domain of chicken erythrocytes *»?»J™*J 
chanee in the acetylation state of the histones (Hebbes et al 
WTteßSSn chromatin domain is associatedwrfh 
Sy acetylaSd histones, while histones at the boundary 
areooorlyacetylated. Several studies have shown, thattiie 
boundaries of DNase 1 sensitive domain co-map with MARs 
Sfe 1%5)   The association of nuclear matrix-bound 
Kl with MARs would provide a ^echamsml,y wluch 
the   histones   at   the   boundanes   of   the   domam   are 

^Ädtes have shown that HDAC1 is associateI with 
avian and human nuclear matrices (Samuel et al. 1998, j5un 
ST 1999) Besides ARBP/MeCP2. there are several other 
nucleiSix-associated transcription **°« ^SlaT 

^S^^^^citS^ 
S*0 re of»SS?i» de-mi« bow mescal 
and chemical signalling pathways affect the «^ >"£« 
and activity of HDAC1. A recent study gives us a glimpseof 
me Xof histone deacetylase in nuclear organization and 
cell function (Lehevre et al. 1998). These authors showed 
£ Stion of histone deacetylase activity m ume-Uke 
Si formed from human mammary ^f^jf*d*e 
rented the nuclear organization of NuMA and altered tne 
Ä ptno^pe aTTdenccd by the loss of endogenous 
basement membrane. 

Summary and future directions 
We have come to appreciate the compartmen^ization of 

the cwLnts within fte interphase «^Jg™*™*» 
Thigluy organized environment Specific nuclear domains 

™«ic information are assefb,1!i. °   •-TlMS^S 
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pathways affect the structural organization of the nucleus. 
In malignant cells these signalling pathways are deregulated, 
perturbing nuclear architecture (Nickerson 1998; Boudreau 
and Bissell 1998). Alterations in nuclear matrix and 
chromatin structure can result in aberrant gene expression 
and genetic instability (Pienta and Ward 1994; Nickerson 
1998). Cancer-Specific nuclear matrix proteins hold promise 
as biomarkers in the diagnosis and prognosis of cancer 
(Hughes and Cohen 1999). Development of drugs that target 
nuclear matrix proteins or inhibit chromatin modifying en- 
zymes, some of which are downstream targets of the signal- 
ling pathways, is a promising approach in the treatment of 
canoer (Nickerson 1998; Fenrick and Hieben 1998; Warrell 
et al. 1998). Thus, it is an important goal to identify and 
characterize histone-modifying enzymes (e.g., histone H3 
kinase) that are activated by signalling pathways. 

Acknowledgements 
This research was supported by grants from the Medical 

Research Council of Canada (MT-9186, RO-15183), Mani- 
toba Health Research Council, and U.S. Army Medical and 
Materiel Command Breast Canoer Research Program 
(#DAM17-97-l-7175), and the Canoer Research Society, 
Inc. The award of a Manitoba Health Research Council 
Studentship to D.N.C., a Medical Research Council of Can- 
ada Senior Scientist to J.RD., and a Postdoctoral Research 
Grant (#DAM 17-96-1-6269) to L.T.H. are also gratefully ac- 
knowledged. 

References 
Aplin, A.E., and Juliano, R.L. 1999. Intcgrin and cytoskelctal regu- 

lation of growth factor signaling to the MAP kinase pathway. J. 
Cell Sei. 112: 695-706. 

Bakin, AV., and Curran, T. 1999. Role of DNA 5-racthylcytosine 
transferasc in cell transformation by fos. Science (Washington, 
D.C.), 283: 387-390. 

Belmont, AS., and Bruce, K. 1994. Visualization of Gl chromo- 
somes: a folded, twisted, superooiled chromonema model of 
interphase chromatid structure. J. Cell Biol. 127: 287-302. 

Beaham, C, Kohwi-Shigematsu, T., and Bode, J. 1997. Stress- 
induced duplex DNA destabilization in scaffold/matrix attach- 
ment regions. J. Mol. Biol. 274: 181-196. 

Blencowe, B.J., Issner, R., Nickerson, J.A., and Sharp, P.A. 199S. 
A coactivator of pre-mRNA splicing Genes Dev. 12:996-1009. 

Bode, J., Stengcrt-Iber. M., Kay, V., Schlake, T., and Dietz- 
Pfeilstetter, A. 1996. Scaffold/matrix-attached regions: topologi- 
cal switches with multiple regulatory functions. Crit. Rev. 
Eukaryot Gene Expr. 6; 115-138. 

Boudreau, N., and Bissell, M.J. 1998. Extracellular matrix signal- 
ing: integration of form and function in normal and malignant 
cells. Curr. Opin. Cell Biol. 10: 640-646. 

Brehto, A., Miska, EA., McCance, D.J., Reid, J.L., Bannister, 
A.J., and Kouzarides, T. 1998. Retinoblastoma protein recruits 
histone deacetylase to repress transcription. Nature (London), 
391: 597-601. 

Cameron, E.E., Bachman, K.E., Myohanen, S., Herman, J.G., and 
Baylin. S.B. 1999. Synergy of demethylation and histone 
deacetylase inhibition in the re- expression of genes silenced in 
cancer. Nat. Genet. 21: 103-107. 

eft 

*& ) 

Capco, D.G., Wan, K.M., and Penman, S. 1982. The nuclear ma- 
trix: three-dimensional architecture and protein composition. 
Cell, 29: 847-858. 

Carpinito, CA., Stadler, W.M., Briggman, J.V., Chodak, G.W., 
Church, P.A., Lamm, D.L., Lange, PH., Messing, E.M., Pasciak, 
RJM., Reservitz, G.B., Ross, R.N., Rukstalis, D.B., Sarosdy, 
M.F., Soloway, M.S., Thiel, RP, Vogelrang, N., and Hayden, 
C.L. 1996. Urinary nuclear matrix protein as a marker for transi- 
tional cell carcinoma of the urinary tract. J. Urol. 156: 1280- 
1285. 

Chadee, D.N., Taylor, W.R., Hurta, R.A.R., Allis, CD., Wright, .      . 
i.A., and Davie, JR. 1995. Increased phosphorylation of histone  J^ßW^^^ 
HI in mouse fibroblasts transformed with oncogencs or consti- ' 
tutively active mitogen-actviated protein kinase kinase. J. Biol. 
Chem. 270: 20 098 - 20 105. 

Chadee, D.N., Allis, CD., Wright, J.A., and Davie, J.R. 1997. 
Histone Hlb phosphorylation is dependent upon ongoing tran- 
scription and replication in normal and ras-transformed mouse 
fibroblasts. J. Biol. Chem. 272: 8113-8116. . —-/ 

Chadee, D.N./Al5^U.,>Wrighj[TjELan^ 
creased ser-10 phosphorylation of histone m inTnltoge3*< 
stimulated and oncogene-nansformed mouse fibroblasts. J. Bi°k  • 
Chem. submitted. ^- Up4ßT^.   I Y J?bSSlhlQ\ 

Chen, C.S., Mrksich, M., Hu&g, S., Whitesides. G*M., and Ingber, 
D.E. 1997. Geometric control of cell life and death. Science 
(Washington, D.C.), 276: 1425-1428. 

Courts, AS., Davie, J.R., Dotzlaw, H., and Murphy, L.C 1996. Es- 
trogen regulation of nuclear matrix-intermediate filament proteins 
in human breast cancer cells. J. Cell. Biochem. 63: 174-184. 

Davie, J.R.  1995. The nuclear matrix and the regulation of 
chromatin organization and function. Int. Rev. Cytol. 162A: 
191-250. 

Davie, J.R. 1997. Nuclear matrix, dynamic histone acetylation and 
transcriptionally active chromatin. Mol. Biol. Rep. 24: 197-207. 

Davie, J.R. 1998. Covalent modifications of histories: expression 
from chromatin templates. Curr. Opin. Genet. Dev. 8: 173-178. 

Davie, J.R, and Chadee, DX 1998. Regulation and regulatory param- 
eters of histone modifications. J. Cell. Biochem 30/31: 203-213. 

Davie, J.R.. Samuel, S., Spencer. V, Bajno, L., Sun, J.-M., Chen, 
H.Y., and Holth, L.T. 1998. Nuclear matrix:application to diag- 
nosis of cancer and role in transcription and modulation of 
chromatin structure. Gene Ther. Mol. Biol. 1: 509-528. 

de Belle, I., Cai, S., and Kohwi-Shigematsu, T. 1998. The genomic 
sequences bound to special AT-rich sequence-binding protein 1 
(SATB1) in vivo in Jurkat T cells are tightly associated with the 
nuclear matrix at the bases of the chromatin loops. J. Cell Biol. 
141: 335-348. 

Edmondson, D.G., Smith, M.M., and Roth, S.Y. 1996. Repression 
domain of the yeast global repressor Tupl interacts directly with 
histones H3 and H4. Genes Dev. 10: 1247-1259. 

Egan, S.E., McClarry, G.A., Jarolim, L., Wright, J.A., Spiro, I., 
Hager. G., and Greenberg, A.H. 1987a. Expression of H-ras cor- 
relates with metastatic potential: evidence for direct regulation 
of the metastatic phenotype in 10T1/2 and NTH 3T3 cells. Mol. 
Cell Biol. 7: 830-837. 

Egan, S.E., Wright, J.A., Jarolim, L., Yanagihara, K., Bassin, R.H., 
and Greenberg, AH. 1987*. Transformation by oncogenes en- 
coding protein kinases induces the metastatic phenotype. Sci- 
ence (Washington, D.C.), 238: 202-205. 

Fenrick, R., and Hiebert, S.W. 1998. Role of histone deacetylases 
in acute leukemia. J. Cell Biochem. Suppl. 30-31: 194-202. 

Ferraro, A„ Grandi, P., Eufemi, M., Altieri, F., and Turano, C. 
1992.   Crosslinking   of nuclear  proteins  to   DNA  by  cis- 

O 1999 NRC Canada 

PROOF/EPREUVE 



JUL 29 '99 11=18 FR NRC RESEARCH PRESS  613 952 7656 TO 12047872190 P.13/18 

Review / Synthese 

diamminedicbloroplatinum in intact cells. Involvement of nu- 
clear matrix proteins. FEBS Lett. 307: 383-385. 

Fischer, A.H., Chadce, D.N., Wright, J.A., Gansler, T.S., and 
Davie, J.R. 1998. Ras-associated nuclear structural change 
appears functionally significant and independent of the mitotic 
signaling pathway. J. Cell. Biochem. 70: 130-140. 

Garcia-Ramirez, M., Rocchini, C, and Ausio, J. 1995. Modulation 
of chromatin folding by histone acetylation. J. Biol. Chem. 270: 
17 923-17 928. 

Georgatos, S.D., and Maison, C. 1996. Integration of intermediate 
filaments into cellular organelles. Int Rev. Cytol. 164: 91-138. 

Grignani, F., De Matteis, S., Nervi, C, Toroassoni, L, Gelmetti, 
V. Cioce, M., FaneUi, M-, Ruthardt, M., Ferrara, F.F., Zamir, I., 
Seiser, C, Lazar, MA, Minuoci, S., and Pelicci, RG. 1998. Fu- 
sion proteins of the retinoic acid receptor-alpha recruit histone 
deacetylase in promyelocytic leukaemia. Nature (London), 391: 

815-818. ..       . . 
Hansen, J C 1997. The core histone amino-termim: combinatorial 

interaction domains that link chromatin structure with function. 
Chemuacts: Biochem. Mol. Biol. 10: 56-69. 

Hansen, J.C., Tse, C, and Wolffe, A.P. 1998. Structure and func- 
tion of the core histone N-termini: more than meets the eye. 
Biochemistry, 37: 17 637 - 17 641. 

Hebbes, T.R., Clayton, AJL, Thome, A.W., and Crane-Robinson, 
C 1994- Core histone hyperacetylation co-maps with general- 
ized DNase I sensitivity in the chicken ß-globin chromosomal 
domain. EMBO J. 13: 1823-1830. 

Hendzel, MJ., Kruhlak, MJ., and Bazett-Jones, DP. 1998. Organi- 
zation of highly acetylated chromatin around sites of heteroge- 
neous nuclear RNA accumulation. MoL Bid. Cell, 9:2491-2507 

Herrera, R.E., Chen, F., and Weinberg, R.A.  1996. Increased 
histone HI phosphorylation and relaxed chromatin structure m 
/»-deficient fibre-blasts.  Proc. Natl.  Acad.  Sei. U.S.A. 93. 
11510-11515. jc 

Hodges, M., Tissot, C, Howe, K-, Grimwade, D., and Freemont 
P.S.    1998.    Structure,    organization,    and    dynamics    ot 
promyelocytic leukemia protein nuclear bodies. Am. J. Hum. 
Genet 63: 297-304. 

Hohn, LT., Chadee, D.N., Spencer, VA., Samuel, S.K., Sameck, 
JJL and Davie, J.R. 1998. Chromatin, nuclear matrix and the 
cytoskeleton: role of cell structure in neoplastic transformation. 
Int. J. Oncol. 13: 827-837. 

Huang, S., Chen, C.S., and Ingber, DJJ. 1998. Control of cychn 
Dl   p27(Kipl), and cell cycle progression in human capüJary 
endothelial cells by cell shape and cytoskeletal tension. Mol. 
Biol. Cell 9: 3179-3193. 

Hughes, J.H., and Cohen, M.B. 1999. Nuclear matrix proteins and 
their potential applications to diagnostic pathology. Am. J. Um. 
P3thol. Ill: 267-274. 

Jackson   DA   1997. Chromatin domains and nuclear compart- 
ments: establishing sites of gene expression in eukaryotic nu- 
clei. Mol. Biol. Rep. 24: 209-220. 

Jackson, D.A., Iborra, F.J., Manders, E.M.M., and Cook, P.R. 
1998 Numbers and organization of RNA polymerases, nascent 
transcripts, and transcription units in HeLa nuclei. Mol. Biol. 

Cell, 9: 1523-1536. ,,_,., .   t 
Jerzmanowski, A., and Cole, RD. 1992. Partial displacement of 

histone Hi from chromatin is required before it can be 
phosphorylated by mitotic HI kinase in vitro. J. Biol. Chem. 

267: 8514-S520. 
Jones, P.L., Veenstra, G.J., Wade, P.A., Vermaak, D., Kiss. S.U., 

Undsberger, N., Stxouboul«, J., and Wolffe, A.P. 1998. Methyl- 
ated DNA and MeCP2 recruit histone deacetylase to repress 
transcription. Nat. Genet 19: 187-191. 

Khan M.U., and Sadler, P.J. 1978. Distribution of a platinum anti- 
tumour drug in HeLa cells by analytical electron microscopy. 
Chem. Biol. Interact 21: 227-232. 

Khanuja, P.S., Lehr, J.E., Soule, H.D., Gehani, S.K., Noto, A.C., 
Choudhury, S, Chen, R-, and Pienta, K.J. 1993. Nuclear matrix 
proteins in normal and breast cancer cells. Cancer Res. 53: 
3394-3398. 

Laitinen, J., Sistonen, L., Alitalo, K, and Holtta. E. 1990. c-Ha-ras 
(val 12) oncogene-transformed NIH-3T3 fibroblasts display 
more   decondensed  nucleosomal   organization   than   normal 
fibroblasts. J. Cell. Biol. Ill: 9-17. 

Lelievre, SA., Weaver, V.M., Nickerson, JA, Larabell, CA., 
Bhaumik, A., Petersen, O.W., and Bissell, M.J. 1998. Tissue 
phenotype depends  on  reciprocal  interactions  between  the 
extracellular matrix and the structural organization of the nu- 
cleus. Proc. Nad. Acad. Sei. U.S.A. 95: 14 711 - 14 716. 

Lennox, R.W., Oshima, R.G., and Cohen, L.H. 1982. The HI his- 
tones and their interphase phosphorylated states in differentiated 
and    undifferentiated    cell    lines    derived    from    murine 
teratocarcinoroas. J. Biol. Chem. 257: 5183-5189. 

Lin, R.J., Nagy, L., Inoue, S., Shao, W, Miller, W.H., Jr., and Ev- 
ans, RM. 1998. Role of the histone deacetylase complex in 
acute promyelocytic leukaemia. Nature (London), 391: 811-814. 

Luger, K-, Mader, A.W., Richmond, R.K., Sargent, DJF., and Rich- 
mond, T.J. 1997. Crystal structure of the nucleosome core parti- 
cle at'2.8 A resolution. Nature (London), 389: 251-260. 

Luo, RX., Postigo, A.A., and Dean, D.C. 199S. Rb »J«je«with 
histone deacetylase to repress transcription. Cell, 92; 463-473. 

Lutterbach, B., Westendorf, JJ„ Linggi, B., Patten, A, Montwa, 
M   Davie, J.R-, Huynh, K., Bardwell, V.J., Lavinsky, R.M., 
Roscnfeld, M.G., Seto, E, and Hiebert, S.W. 1998 ETO a tar- 
cet of the t(8;21) in acute leukemia, interacts with the N-COK. 
and mSin3 corepressors. Mol. Cell. Biol. 18: 7176-7184 

Maenaghi-Jaulin, L., Groisman, R, Naguibneva, L, Robin, P., Lora», 
S  Le Villain, J.P., Troalen, F., Trouche, D., and Harel-BeUan, A. 
1998. Retinoblastoma protein represses transcription by recruiting 
* histone deacetylase. Nature (London), 391: 601-605. 

Mahadcvan, L.C., Willis, A.C., and Barratt, MJ. 1991. Rapid 
histone H3 phosphorylation in response to growth actors, 
phorbol esters, okadaic acid, and protein synthesis inhibitors. 

Cell, 65: 775-783. 
Mancini, MA., Shan, B., Nickerson. J.A., Penman, S., and Lee, 

W-H  1994. The retinoblastoma gene product is a cell cycle- 
dependent, nuclear matrix-associated protein. Proc. Natl. Acad. 
Sei. U.S.A. 91: 418-422. 

Mancini, M.G.. Liu, B, Sharp, Z.D., and Mancini, MA. 1999. 
Subnuclear partitioning and functional regulation of the Pit-l 
transcription factor. J- Cell Biochem. 72: 322-338. 

Maniotis, A.J., Chen, C.S., and Ingber, D.E. 1997. Demonstrant 
of mechanical connections between integrins, cytoskeleton fila- 
ments, and nucleoplasm that stabilize nuclear structure. Proc. 
Natl. Acad. Sei. U.S.A. 94: 849-854. 

McNeil, S., Gou, B., Stein, J.L.. Lian, J.B., Bushmeyer, S., Seto, 
E   Atchison, ML., Penman, S., van Wijnen, AJ-, and Stem, 
G S 1998 Targeting of the YY1 transcription factor to the nu- 
clcolus and the nuclear matrix in situ: the C-terminus is a pnnci- 
pal determinant for nuclear trafficking. J. Cell. Biochem. 68: 

500-510. .    .       , 
Misteli T., and Spector, D.L. 1998. The cellular organization of 

gene expression. Curr. Opin. Cell Biol. 10: 323-331. 
Myers CA., Schmidhauser, C, Mellentin-Michelotu, J., Fragoso, 

G.'Roskelley, CD., Casperson, G.. Mossi, R.. Pujuguet, P 
Hager, G., and Bissell, MJ. 1998. Characterization of BCE-1, a 
mmscriptional enhancer regulated by prolactin and extracellular 

© 1999 NRC Canada 

PROOF/EPREUVE 



JUL 29 '99 11=18 FR NRC RESEARCH PRES5  613 952 7656 TO 12047872190 P.14/18 

10 Biochem. Cell Biol. Vol. 77, 1999 

matrix and modulated by the state of historic acetylation. Mol. 
Cell. Biol. 18: 2184-2195. 

Nakajima, H., Kim, Y.B., Tcrano, H., Yoshida, M., and Horinouchi, 
S. 1998. FR901228, a potent antitumor antibiotic, is a novel 
histone deacetylase inhibitor. Exp. Cell Res. 2*1: 126-133. 

Nan, X., Ng, H.H.. Johnson, C.A., Laherty, CD., Turner, B.M., 
Eisenman, R.N., and Bird, A. 1998. Transcriptional repression 
by the methyl-CpG-binding protein MeCP2 involves a histone 
deacetylase complex. Nature (London), 393: 386-389. 

Nickerson, JA. 1998. Nuclear dreams: the malignant alteration of 
nuclear architecture. J. Cell Biochem. 70: 172-180. 

Nickerson, JA., Krockmalnic, G., He, D.C., and Penman, S. 1990. 
Immunolocalization is three dimensions: immunogold staining of 
cytoskeletal and nuclear matrix proteins in resinless electron mi- 
croscopy sections. Proc. Natl. Acad. Sei. U.S.A. 87:2259-2263. 

Nightingale, K.P., Wellinger, R.E., Sogo, J.M., and Becker, P.B. 
1998. Histone acetylation facilitates RNA polymerase H tran- 
scription of the drosophila hsp26 ßene in chromatin. EMBO J. 
17: 2865-2876. 

Nomura, T., Khan, M.M., Kaul, S.C., Dong, H.D., Wadhwa, R., 
Colmenares, C, Kohno, I., and Ishii, S. 1999. Ski is a compo- 
nent of the histone deacetylase complex required for 
transcriptional repression by mad and thyroid hormone receptor. 
Genes Dev. 13: 412-423. 

Oesterreich, S., Lee, A.V., Sullivan, T.M., Samuel, S.K., Davie, 
J.R., and Fuqua, SAW. 1997. A novel nuclear matrix protein 
HET binds to and influences activity of the HSP27 promoter. J. 
Cell. Biochem. 67: 275-286. 

Olinskj, R., Wedrychowski, A., Schmidt, W.N., Briggs, R.C., and 
Hnilica, L.S. 1987. In vivo DNA-protein cross-linking by eis- and 
trans- dianiminedichloToplatinum(II). Cancer Res. 47: 201-205. 

Palaparti, A., Baratt, A., and Stifani, S. 1997. The 
Groucho/transducin-like enhancer of split rxanscriptional 
repressors interact with the genetically defined amino-terminal 
silencing domain of histone H3. J. Biol. Chem. 272: 26 604 - 
26 610. 

Parkhurst, S.M. 1998. Groucho: making its Marx as a 
transcriptional co-repressor. Trends. Genet. 14: 130-132. 

Parseghian, M.H., Henschen, AH., Krieglstein, KG., and 
Hamkalo, B_A 1994. A proposal for a coherent mammalian 
histone HI nomenclature correlated with amino acid sequences. 
Protein Sei. 3: 575-587. 

Penman, S. 1995. Rethinking cell structure. Proc. Natl. Acad. Sei. 
U.S.A 92: 5251-5257. 

Pienta, K.J., and Ward, W.S. 1994. An unstable nuclear matrix may 
contribute to genetic instability. Med. Hypotheses, 42: 45-52. 

Replogle-Schwab, T.S., Pienta, KJ., and Getzenborg, R.H. 1996. 
The utilization of nuclear matrix proteins for cancer diagnosis. 
Crit. Rev. Eukaryot. Gene Expr. 6: 103-113. 

Reszka, A.A., Seger, R., Diltz, CD., Krebs, E.G., and Fischer, 
EJH. 1995. Association of mitogen-activated protein kinase with 
the microtubule cytoskeleton. Proc. Natl. Acad. Sei. U.S.A. 92: 
8881-8885. 

Rhodes, D. 1997. Chromatin structure. The nucleosome core all 
wrapped up. Nature (London), 389: 231-233. 

Richon, V.M., Emiliani, S., Verdin, E., Webb, Y., Breslow, R., 
Rifkind, RA, and Marks, P.A. 1998. A class of hybrid polar in- 
ducers of transformed cell differentiation inhibits histone 
deacetylases. Proc. Natl. Acad. Sei. U.S.A. 95: 3003-3007. 

Samuel, S.K., Hurts, R.A., Kondaiah, P., Khalil, N., Turley, E.A, 
Wright, J.A., and Greenberg, A.H. 1992. Autocrine induction of 
tumour protease production and invasion by a metallothionein 
regulated TGF-3, (Ser 223, 225). EMBO J. 11: 1599-1605. 

Samuel, S.K., Hurta, R.A., Spearman, MA, Turley, E.A., Wright, 

JA, and Greenberg. A.H. 1993. TGF-ft stimulation of cell lo- 
comotion utilizes the hyaluronan receptor RHAMM and 
Hyaluronan. J. Cell Biol. 123: 749-758. 

Samuel, SX, Minish, T.M., and Davie, J.R. 1997<j. Altered nu- 
clear matrix protein profiles in oncogene transformed fibroblasts 
exhibiting high metastatic potential. Cancer Res. 57:147-151. 

Samuel, S.K., Minish, T.M., and Davie, J.R. 1997A. Nuclear matrix 
proteins in well and poorly differentiated human breast cancer 
cell lines. J. Cell. Biochem. 66: 9-15. 

Samuel, S.K., Spencer, VA, Bajno, L., Sun, J.-M., Holth, L.T., 
Oesterreich, S., and Davie, J.R. 1998. In situ cross-cinking by 
cisplatin of nuclear matrix-bound transcription factors to nuclear 
DNA of human breast cancer cells. Cancer Res. 58: 3004-3008. 

Sapino, A., Pietribiasi, F., Bussolati, G., and Marchisio, P.C. 1986. 
Estrogen- and tamoxifen-induced rearrangement of cytoskeletal 
and adhesion structures in breast cancer MCF-7 cells. Cancer 
Res. 46: 2526-2531. 

Saunders, N., Dicker, A., Popa, C, Jones, S., and Dahler, A. 1999. 
Histone deacetylase inhibitors as potential anti-skin cancer 
agents. Cancer Res. 59: 399^04. 

Schul, W., de Jong. L., and van Driel, R. 1998. Nuclear neigh- 
bours: the spatial and functional organization of genes and nu- 
clear domains. J. Cell Biochem. 70: 159-171. 

Spencer, V.A., Courts, A.S., Samuel, S.K., Murphy, L.C., and 
Davie, J.R 1998. Estrogen regulates the association of interme- 
diate filament proteins with nuclear DNA in human breast can- 
cer cells. J. Biol. Chem. 273: 29 093 - 29 097. 

Stein, G.S., Lian, J.B., van Wijnen. A.J., and Stein, J.L. 1997. The 
osteocalcin gene: a model for multiple parameters of skeletal- 
specific transcriptional control. Mol. Biol. Rep. 24: 185-196. 

Stenoien, D., Sharp, Z.D., Smith, CX., and Mancini, M.A. 1998. oo« C<5">q 
Functional subnuclear partitioning of transcription factors. J. Oo.JlSi 
Cell Biochem. 70: 213-221. ,    Sl'rl- 

Sun, J.-M., Chen, H.Y., Moniwa, M., Samuel, S., and Davie, J.R. / 
1999. Purification and characterization of chicken arythrocytc/     £ 
histone deacetylase 1. Biochemistry. 4&puNft. «y.     Uji* Uo rC   ) T 

Taylor, W.R., Chadee, D.N, Allis, CD., Wright, JA., and Davie, lV..p6ff4^ 
1995. Fibroblasts transformed by combinations of ras, myc and' 
mutant p53 exhibit increased phosphorylation of histone HI that is 
independent of metastatic potential. FEBS Lett 377: 51-53. 

Tjian, R., and Maniatis, T. 1994. Transcriptional activation: A 
complex puzzle with few easy pieces. Cell. 77: 5-8. 

Tong, J.K., Hassig, CA., Schnitzler, G.R., Kingston, R.E., and 
Schreiber, S.L. 1998. Chromatin deacetylation by an ATP- 
dependent nucleosome remodelling complex. Nature (London), 
395: 917-921. 

Trieschmann, L., Martin, B., and Bustin, M. 1998. The chromatin 
unfolding domain of chromosomal protein HMG-14 targets the 
N-terminal tail of histone H3 in nuclcosomes. Proc. Natl. Acad. 
Sei. U.S.A. 95: 5468-5473. 

Van Holde, K, and Zlatanova, J. 1996. What determines the fold- 
ing of the chromatin fiber? Proc. Natl. Acad. Sei. U.S.A. 93: 
10 548- 10 555. 

Vcrdel, A., and Khochbin, S. 1999. Identification of a new family 
of higher eukaryotic histone deacetylases. Coordinate expres- 
sion of differentiation-dependent chromatin modifiers. J. Biol. 
Chem. 274: 2440-2445. 

Wade. P.A., Jones, PL., Vermaak, D., and Wolffe, A.P. 1998. A 
multiple subunit Mi-2 histone deacetylase from Xenopus laevis 
cofractionates with an associated Snf2 superfamily ATPase. 
Curr. Biol. 8: 843-846. 

Wang, X., Tolstonog, G., Shocman, R.L., and Traub, P. 1996. Se- 
lective binding of specific mouse genomic DNA fragments by 
mouse vimentm filaments in vitro. DNA Cell Biol. 15:209-225. 

© 1999 NRC Canada 

PROOF/EPREUVE 



JUL 29 '99 11=19 FR NRC RESERRCH PRESS  613 952 7656 TO 12047872190 P.15/18 

Review / Synthese 

Ward, W.S., Schmidt, W.N., Schmidt, CA., and Hnilica, L.S. 19S4. 
Association of cytokeratin p39 with DNA in intact Novikoff 
hepatoma cells, Proc. Natl. Acad. Sei. U.S.A. 81: 419^23. 

Watrell, Jr., R.P., He, L.Z., Riehen, V.. Calleja, E., and Pandolfi, 
P.P. 1998. Therapeutic targeting of transcription in acute 
promyelocytic leukemia by use of an inhibitor of histonc 
deacetylase. J. Natl. Cancer Inst. 90: 1621-1625. 

Wasylyk, B., Hagman, J., and Gutierrez-Hartmann, A. 1998. Ets 
transcription factors: nuclear effectors of the Ras-MAP- kiaase 
signaling pathway. Trends. Biochem. Sei. 23: 213-216. 

Wei, X., Samarabandu, J., Devdhar, R.S., Siegel, A.J., Acharya, R., 
and Berezney, R. 1998. Segregation of transcription and replica- 
tion sites into higher order domains. Science (Washington, D.C), 
281: 1502-1506. 

Weitzel, J.M., Buhrmester, H., and Stratling, W.H. 1997. Chicken 
MAR-binding protein ARBP is homologous to rat methyl-CpG- 
binding protein MeCP2. Mol. Cell Biol. 17: 5656-5666. 

Xue, Y., Wong, J., Moreno, G.T., Young, M.K., Cote, J., and Wang, 
W. 1998. NURD, a novel complex with both ATP-dependent 
chromatin- remodeling and histone deacetylase activities. Mol. 
Cell, 2: 851-861. 

Yang, W.M., Yao, Y.L., Sun, J.M., Davic, J.R., and Seto, E. 1997. 

11 

Isolation and characterization of cDN As corresponding to an ad- 
ditional member of the human histone deacetylase gene family. 
J. Biol. Chem. 272: 28 001 - 28 007. 

Yujiri, T., Sather, S., Fanger, G.R., and Johnson, G.L. 1998. Role 
of MEKK1 in cell survival and activation of JNK and ERK. 
pathways defined by targeted gene disruption. Science (Wash- 
ington, D.C), 282: 1911-1914. 

Zeng C McNeil, S-, Pockwinse, S., Nickerson, J., Shopland, L., 
Lawrence, J.B., Penman, S., Hiebert, S., Lian, J.B., van Wijncn, 
A.J., Stein, J.L., and Stein, G.S. 1998. Intranuclear targeting of 
AML/CBFalpha regulatory fectors to nuclear matrix-associated 
transcriptional domains. Proc. Nat). Acad. Sei. U.S.A. 95: 1585- 

1589 
Zhang, Y, LeRoy, G, Seelig, HJ?., Lane, W.S., and Reinberg, D. 

1998. The dermatomyositis-specific autoantigen Mi2 is a com- 
ponent of a complex containing histone deacetylase and 
oucleosome remodeling activities. Cell, 95: 279-289. 

Zhou, Y.B., Gerchman, S.E., Ramakrishnan, V, Travers, A., and 
Muyldermans, S. 1998. Position and orientation of the globular 
domain of linker histone H5 on the nucleosome. Nature (Lon- 
don), 395: 402-405. 

C 1999 NRC Ctnada 



JUL 2S '99 11=19 FR NRC RESEARCH PRESS  613 952 7656 TO 12047872190     P. 16/18 

O044F1.EPS 

Cyclin E/CDK2 
Kinase PP1   ty 

<a  ©  ®    ® 
_      T   ft i-A    ~^\^*r*     169      „««- 

7     15 17     35  Vy^y   1 
N-EHENC.C^WH1VE<J4    151     169      185       222 

+ 

HDAC^HATA PP1 \\ j«^ 

9 1U 2728T..«Yuf.u5 97 10QV 1°9-N 

1 
5  S 

12   8    K'® 
1   5     8    12 15xJL Me   * —K-K'Ac 
feK^-K-fc"" Ac AcAc 
®Ac   Ac   Ac 

Ac    Ac 
Ac Acy>K— KN Ac     PolyADPribose 

Figure   1 



JUL 29 '99 11=19 FR NRC RESEARCH PRESS  613 952 7656 TO 12047872190 P.17/18 

O044F2.EPS 

ACTIVE CHROMATIN LOOP 

TRANSCRIPTION      <&   HDAC Complex 
FACTORS ^ 

HAT      g 
Complex 

NUCLEAR 
MATRIX 

ARBP (MeCP2) 
HDAC1 Complex 

■  NUCLEOSOME 

INACTIVE 
CHROMATIN 

LOOP 

NUCLEAR 
MATRIX 

HET 
(SAF-B) 

Figure   2 



JUL 29 '99 li:i9 FR NRC RESEARCH PRESS  613 952 7656 TO 12047872190     P.18/18 

O044F3.EPS 

RAS / MAPK SIGNALLING PATHWAY 

RTK 

Grb2 Sos 
\MEK, 

MAPKK 

NUCLEUS 
ERK, 
MAPK 

Other Ser/Thr Transcription 
kinases Factors 
RSK1,2 Elk-1    c-Myc 

Histone H3 ▼ 
Kinase cyclin E-CDK2 

Figure   3 

** TOTAL PAGE.18 ** 



CONTROL OF HISTONE MODIFICATIONS 

James R. Davie and Virginia A. Spencer 

Manitoba Institute of Cell Biology and the Department of Biochemistry and Medical 
Genetics, University of Manitoba, Winnipeg, Manitoba, R3E 0V9 CANADA 

Address for Correspondence: 
Dr. J.R. Davie 
Manitoba Institute of Cell Biology 
University of Manitoba 
Winnipeg, MB, R3E OV9 
Tel.# (204)-787-2391 
Fax#(204)-787-2190 
E-mail: Davie(3>cc.umanitoba.ca 
Web site: http://www.umanitoba.ca/faculties/medicine/biochem/labs/davie/ 

/ 



Abstract 

A role for histone modifications in transcription processes and the remodeling of chromatin 

structure has been established. In this review, we highlight the recent advances made in studies on 

histone acetyltransferases, histone deacetylases, histone kinases, and protein phosphatases and their 

roles in transcriptional activation and repression. Coactivators with histone acetyltransferase activity 

stimulate transcription, while corepressors with histone deacetylase activity repress transcription. 

Families of histone acetyltransferases and deacetylases have been identified. We have learned that 

their substrates are not limited to histones, but also include transcription factors and architectural 

proteins. Studies on the composition of multiprotein complexes with histone acetyltransferase or 

histone deacetylase have revealed mechanisms by which these complexes are recruited to specific 

genomic sites that are transcriptionally active, silenced, or being repaired. A new and exciting 

development, which will be presented in this review, is the role of signal transduction pathways in the 

phosphorylation of histone H3 and the expression of immediate-early genes. 

Key words: histone acetylation and phosphorylation, coactivators, corepressors, transcriptional 

activation and repression, histone acetyltransferase, histone deacetylase, histone kinase, protein 

phosphatase 
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THE NUCLEOSOME AND HISTONE TAILS 

The nucleosome core particle consists of a histone octamer core around which 146 base pairs 

of DNA are wrapped. The core histones are arranged as a (H3-H4)2 tetramer and two H2A-H2B 

dimers positioned on both sides of the tetramer. The core histones have a similar structure with a 

basic N terminal domain, a globular domain organized by the histone fold, and a C terminal tail (Fig. 

1). The histone fold domains of the core histones mediate histone-histone and histone-DNA 

interactions, while their N terminal tails, which emerge from the core particle in all directions, are 

involved in the genesis of a spectrum of chromatin structural states [Luger and Richmond, 1998]. 

Richmond and colleagues observed that the N terminal tail of H4 (K16 to N25) binds to the 

H2A-H2B dimer of a neighbouring nucleosome. This interaction would contribute to the folding of 

the chromatin fiber, and may be involved in nucleosome positioning [Luger and Richmond, 1998]. 

Non-histone chromosomal proteins interact with N terminal tails of H3 and/or H4 to form a 

transcriptionally competent or repressive chromatin structure. For example, HMG-14 and -17 

proteins binds to the N terminal tail of H3 and unfold the higher order chromatin fiber, facilitating 

transcription [Trieschmann et al., 1998]. In another situation, the H3 and H4 N terminal tails bind 

to the yeast fr<ms-acting repressors, Sir3 and Sir4, leading to the formation of a transcriptionally 

repressed chromatin domain [Luger and Richmond, 1998]. It has been proposed that the N terminal 

tails undergo an induced folding when in contact with other proteins or DNA [Hansen et al., 1998]. 

HISTONE MODIFICATIONS 

The core histones tails are susceptible to a wide range of post-synthetic modifications, 

including acetylation, phosphorylation, methylation, ubiquitination, glycosylation, and ADP- 

ribosylation (Fig. 1). Most modifications occur on the N terminal basic tail domain with histone 
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ubiquitination being the exception. In the following sections, we will review the recent developments 

in histone acetylation and phosphorylation and their roles in gene expression. 

HISTONE ACETYLATION 

The core histones are reversibly acetylated at specific lysine residues located in the N terminal 

tail domains (Fig. 1). With the exception of H2A, the core histones are acetylated at four to five sites. 

Thus, a nucleosome has 26 sites of acetylation. Histone acetylation can be a dynamic process; 

however, rates of acetylation/deacetylation vary throughout the genome. Some regions are 

associated with nucleosomes undergoing very rapid high levels of acetylation and very rapid 

deacetylation. Approximately 15% of the core histones of hepatoma tissue culture cells undergo this 

type of dynamic acetylation. Other chromatin regions have their histones acetylated and deacetylated 

at much slower rates, and some regions are associated with histones that are frozen in low or non- 

acetylated states [for review see Davie and Chadee, 1998]. 

Histone acetylation remodels chromatin. Acetylation of the histone tails disrupts higher order 

chromatin folding, promotes the solubility of chromatin at physiological ionic strength, and maintains 

the unfolded structure of the transcribed nucleosome [Spencer and Davie, 1999]. Recent studies 

show that nucleosomes do not have to be maximally acetylated to prevent higher order chromatin 

folding. Acetylation to 46% of maximal site occupancy is sufficient to prevent higher order folding 

and stimulation of transcription by RNA polymerase III [Tse et al., 1998]. It has been proposed that 

acetylation of core histone tails interferes with folding of the N terminal tail and interactions with 

proteins and/or DNA, thereby destabilizing higher order chromatin organization [Hansen et al., 1998]. 

These combined effects of histone acetylation on the destabilization of chromatin structure facilitate 

transcription.    Oscillations in the expression (that is, dynamic activation and inactivation of 
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transcription) of genes that are in a DNase I sensitive chromatin configuration has been attributed to 

dynamic histone acetylation [Feng et al., 1999]. 

Histone acetylation can affect the interaction of non-histone chromosomal proteins with 

chromatin in at least two ways. First, histone acetylation facilitates the interaction of transcription 

factors with nucleosomal DNA [Workman and Kingston, 1998]. Partial acetylation of the core 

histone tails is sufficient to expose nucleosomal DNA for transcription factor binding without 

displacement of the N terminal tail domains from DNA. Secondly, acetylation may modulate the 

interactions of proteins binding to the N terminal tail domain. 

The en2ymes catalyzing reversible histone acetylation are histone acetyltransferases (HAT) 

and deacetylases (HDAC). In the past several years, we have come to appreciate that proteins with 

HAT activity are coactivators, while proteins with HDAC activity are corepressors. 

HISTONE ACETYLTRANSFERASES AND GENE ACTIVATION 

A number of transcriptional coactivators have histone acetyltransferase (HAT) activity (Table 

1). Characterization of these coactivators has solidified the mechanistic connections between histone 

acetylation and gene expression. 

Yeast Gcn5, a transcriptional coactivator with HAT activity, was among the first HATs to 

be characterized [for review see Davie and Chadee, 1998; Kouzarides, 1999; Spencer and Davie, 

1999]. Since the discovery that the transcriptional activator, Gcn5, had HAT activity, many other 

coactivators with HAT activity have been identified, including PCAF, CBP/p300, Esal, Nu A4, 

steroid receptor coactivators, and most recently Elp3 [Wittschieben et al., 1999]. 

The solution and crystal structures of the HAT domain ofTetrahymena Gcn5, yeast Gcn5 and 

PCAF have recently been reported [Clements et al., 1999; Lin et al., 1999; Trievel et al., 1999]. 

/ 



Analyses of structural and functional properties of mutants revealed that glutamate-173 in yeast Gcn5 

and glutamate-570 in PCAF are essential residues in catalysis [Tanner et al., 1999; Trievel et al., 

1999]. It is thought that the structural and functional properties of the catalytic domains of other 

HATs will be similar. The crystal structure of another domain commonly found in HATs, referred 

to as the bromodomain, has been presented [Dhalluin et al., 1999]. Interestingly, this domain in Gcn5 

and PCAF interacts with the N terminus of H3 and H4 and may be involved in targeting these 

coactivators to chromatin [Dhalluin et al., 1999; Ornaghi et al., 1999]. The bromodomain of human 

Gcn5 binds also to the DNA-dependent protein kinase. The recruited kinase phosphorylates Gcn5, 

inhibiting HAT activity [Berger, 1999]. 

The substrate specificities of the HATs differ (Table I). Further, many of the HATs are in 

multiprotein complexes, and the substrate specificity of the HAT will vary depending on whether the 

enzyme is free or in a complex [for review see Berger, 1999; Spencer and Davie, 1999]. For 

example, yeast Gcn5 acetylates free H3, but inefficiently acetylates histones in nucleosomes. Yeast 

Gcn5 will efficiently acetylate histones in nucleosomes only when it is in high molecular weight multi- 

protein complexes, called SAGA (Spt-Ada-Gcn5-acetyltransferase) (1.8 MDa) and Ada (0.8 MDa) 

[Berger, 1999] (Table I). There is a longer form of Gcn5 (Gcn5-L) in mammalian cells, which is 

present in a SAGA-like complex, called STAGA, and in a complex called TFTC (TATA-binding 

protein-free TAFu-containing complex [Brand et al., 1999]. 

The acetyltransferase activity of several HATs is not limited to histones (Table I). PCAF 

acetylates the non-histone chromosomal protein HMG-17 [Herrera et al., 1999]. Acetylation of 

HMG-17 reduces the protein's binding affinity to the nucleosome. CBP/p300 is a coactivator with 

HAT activity capable of acetylating the four core histones in nucleosomes and a variety of 

transcription factors (Table 1). For example, CBP acetylates p53 and GATA-1 and potentiates the 
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activities of these transcription factors [Berger, 1999]. 

Transcription factors may recruit one or more HATs. Transcriptional activators with an 

acidic activation domain (e.g., VP16) or helix-loop-helix proteins with the LDFS motif (e.g., yeast 

transcription factor Rtg3) recruit SAGA [Ikeda et al., 1999; Massari et al., 1999]. VP16, however, 

appears to recruit several HATs in situ including Gcn5, PCAF and CBP/p300 [Tumbar et al., 1999]. 

CBP/p300 is an integrator of multiple signaling pathways [for review see Davie and Chadee, 1998]. 

Transcription factors, including hormone receptors, CREB, and fos-jun, loaded onto promoters or 

enhancers bind directly or indirectly to CBP/p300. Further, CBP is a component of the RNA 

polymerase II holoenzyme. The steroid receptor coactivators SRC-1 and ACTR (and related proteins 

RAC3, AIB1, and TRAM-1) bind to a variety of nuclear receptors in a ligand-dependent manner. 

These coactivators associate with CBP/p300 and PCAF. Thus, a ligand-activated nuclear receptor 

could recruit multiple coactivators with HAT activity (e.g., Tip60, SRC-1, CBP and PCAF) [for 

review see Brady et al., 1999; Spencer and Davie, 1999] (Fig. 2). 

ROLE OF HATS IN TRANSCRIPTION 

Coactivator multiprotein complexes with HAT activity can stimulate transcription at several 

levels, including stimulating the formation of the preinitiation complex and by remodeling chromatin 

[Berger, 1999; Ikeda et al., 1999; Liu et al., 1999; Madisen et al., 1998](Fig. 2).  Several lines of 

evidence support the view that recruited coactivators with HAT activity acetylate surrounding 

histones in nucleosomes, leading to the destabilization of higher order chromatin structure and 

stimulation of transcription [Ikeda et al., 1999; Kouzarides, 1999]. However, it has been questioned 

whether the histones are the bona fide in vivo substrates of some HATs.  Some HATs may affect 

transcription by acetylating transcription factors. 
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Acetylation of chromatin components can activate or repress transcription. The activity of 

the IFN-ß enhanceosome is regulated, in part, by acetylation. The enhanceosome consists of NF-KB, 

IRF1, ATF2/c-Jun and HMGI(Y), an essential architectural protein involved in the stereospecific 

assembly of this complex. Once assembled, the complex effectively recruits CBP, which then 

acetylates H3 and H4 in neighbouring nucleosomes. This, in turn, results in the remodeling of 

chromatin and the recruitment of the RNA polymerase II holoen2yme [Parekh and Maniatis, 1999]. 

The net result is the turning on of IFN-ß gene expression. However, CBP can also acetylate HMG- 

I(Y) at a site important in DNA binding. The result of HMG-I(Y) acetylation is disruption of the 

enhanceosome and the turning off of IFN-ß gene expression [Munshi et al., 1998]. 

HISTONE DEACETYLASE (HDAC) AND GENE REPRESSION 

In contrast to HATs, recruitment of HDACs can lead to repression. It is important to note, 

however, that chromatin regions engaged in transcription are associated with dynamically acetylated 

histones [for review see Davie and Chadee, 1998]. Thus, both HATs and HDACs are recruited to 

these regions. When the balance of activity of these two enzymes favours deacetylation, the 

chromatin region will take on a repressive higher order structure. 

The HDACs have been categorized into two classes. The first class consists of yeast histone 

deacetylases Rpd3, Hosl and Hos2 and mammalian HDACs, HDAC1, HDAC2 (the mammalian 

homologue of yeast RPD3) and HDAC3 [for review see Davie and Chadee, 1998]. Class 2 consists 

of yeast Hdal and mammalian HDAC4, HDAC5 and HDAC6 [Grozinger et al., 1999]. Mammalian 

HDAC1 and HDAC2 are in large multiprotein complexes, e.g., mSin3A and NuRD. The mSin3A 

complex contains mSin3, N-CoR or SMRT (corepressors), SAP 18, Sap30, RbAp48, RbAp46, and 

c-Ski [Nomura et al., 1999].   Another complex called NuRD (nucleosome remodelling histone 
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deacetylase complex) consists of N-CoR, MTA2 (highly related to metastasis-associated protein 

MTA1), Mi2, RbAP46/48 and MBD2 (methyl-CpG-binding domain-containing protein), and has both 

ATP-dependent chromatin remodeling and HDAC activities [Zhang et al., 1999]. HDAC3 and the 

class II HDACs are not found in the mSin3 A and NuRD complexes [Grozinger et al., 1999]. 

Class I and class II HDACs can deacetylate the four core histones. However, substrate 

preference is regulated by components of the multiprotein complexes. For example, free avian 

HDAC1 preferentially deacetylates H3, but not nucleosomal H3. HDAC1 in a multiprotein complex 

associated with the nuclear matrix preferentially deacetylates free H2B and will deacetylate histones 

in nucleosomes [Sun et al., 1999]. 

HDAC or HDAC complexes are recruited to specific genomic sites by transcription factors 

(repressors). HDAC1, 2 and 3 bind to YY1, while Rb and E2F form a complex with HDAC1 [for 

review see Davie and Chadee, 1998; Kouzarides, 1999]. The methyl-CpG-binding protein 2 

(MeCP2) recruits the mSin3A complex, and the methyl-CpG-binding domain-containing protein 

(MBD2) binds to the NURD complex, providing mechanisms for coupling DNA methylation and 

histone deacetylation in gene silencing [Zhang et al., 1999]. Several signal transduction pathways 

regulate the recruitment of the HDAC corepressor complex to specific loci. The Sin3A-N-CoR- 

HDAC1, 2 complex, for example, is recruited by unliganded nuclear receptors and the Mad family 

of basic helix-loop-helix-zipper proteins [Davie and Chadee, 1998; Kouzarides, 1999]. 

Recently BRCA1 was shown to bind to RbAp46, RBAp48, HDAC1 and HDAC2, suggesting 

that BRCA1 may be a component of one or more of the HDAC 1/2 multiprotein complexes. BRCA1 

functions as a transcriptional coactivator that associates with the RNA polymerase II holoenzyme, 

and is also involved in transcription-coupled DNA repair [Abbott et al., 1999]. Thus, BRCA1 may 

recruit HDAC complexes to sites of transcription and repair. 

/ 



ROLE OF HDACS IN TRANSCRIPTION 

HDAC has a principal role in transcription repression [for review see Davie and Chadee, 

1998]. Once recruited to a specific promoter, HDAC deacetylates histones in nucleosomes, leading 

to the condensation of chromatin [Kouzarides, 1999]. However, acetylated HMG proteins and 

transcription factors may also be targets of the HDAC activity. 

The HDAC corepressor complex can also repress transcription by mechanisms that do not 

require deacetylation. N-CoR and mSin3A of the HDAC complex interacts with components of the 

preinitiation complex. Thus, the HDAC complex may interfere with the generation of a functional 

initiation complex (Fig. 2). 

CHIPS AND MAPPING OF ACETYLATED HISTONES 

The mapping of histone acetylation to particular regions of the genome by the chromosomal 

histone immunoprecipitation (CHIPs) assay has become a valuable experimental approach for 

understanding the role of this histone modification in transcription. The CHIPs assay involves the 

isolation of DNA regions associated with modified histones by immunoprecipitation with antibodies 

recognizing specifically modified histone isoforms [reviewed in Spencer and Davie, 1999]. Using this 

approach, researchers have discovered that transcriptionally active DNA regions are associated with 

greater levels of highly acetylated histones compared to inactive DNA regions [reviewed in Crane- 

Robinson et al., 1999; Spencer and Davie, 1999]. Thus, histone acetylation appears to play an 

important role in the transcriptional process. 

More recently, CHIPs studies fine-mapping highly acetylated H3 and H4 isoforms to specific 

regions within a gene show that the promoter region of a transcriptionally active gene is associated 

with more highly acetylated H3 and/or H4, than coding regions and regions upstream of the promoter 
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[Krebs et al., 1999; Parekh and Maniatis, 1999]. Furthermore, this hyperacetylation appears to take 

place over a limited range of DNA only within the promoter region. However, in contrast to these 

observations, we showed that histone hyperacetylation is required to maintain the transcriptionally 

active nucleosome in an open conformation for transcriptional elongation [Walia et al., 1998]. In 

addition, CHIPs studies using an antibody recognizing all acetylated histones isoforms show that 

highly acetylated histones are not restricted to the promoter region of transcriptionally active genes 

[Crane-Robinson et al., 1999; Madisen et al., 1998]. This provides evidence for an uneven 

distribution of acetylated histone isoforms within a gene [Madisen et al., 1998], and, therefore, 

suggests that the promoter-targeted histone acetylation observed in the former studies may be a result 

of the H3 and H4 specificity of the antibodies used. Such antibodies would not have been able to 

detect other acetylated core histones such as H2B [Spencer and Davie, 1999]. 

HISTONE PHOSPHORYLATION 

The core histones and histone HI undergo phosphorylation on specific serine and threonine 

residues. Phosphorylation of HI and H3 is cell cycle dependent with the highest level of 

phosphorylation of these histones occurring in M-phase. HI is phosphorylated on Ser/Thr residues 

on the N terminal and C terminal domains of the molecule, while H3 is phosphorylated on Ser/Thr 

residues on its N terminal domain (Fig. 1). The latest developments in H3 phosphorylation will be 

discussed. 

Phosphorylation of H3 has been implicated in the establishment of transcriptional competence 

of immediate-early response genes. H3 is rapidly phosphorylated when the Ras-mitogen activated 

protein kinase (MAPK) pathway of serum starved cells is stimulated with growth factors and phorbol 

esters. H3 phosphorylation is concurrent with the transcriptional activation of the early response 
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genes c-fos and c-jun [Chadee et al., 1999]. Recently, we demonstrated that the newly 

phosphorylated H3 is located in numerous small foci scattered throughout the interphase nuclei; the 

foci were found outside condensed chromatin regions [Chadee et al., 1999]. Highly acetylated H3 

is also observed in similarly positioned numerous small foci, which agrees with the observation that 

H3 phosphorylation is restricted to a small fraction of H3 histones that are dynamically highly 

acetylated [Hendzel et al., 1998]. Using CHEPs, we provided direct evidence that the newly 

phosphorylated H3 is associated with induced c-fos and c-myc genes [Chadee et al., 1999] (Fig. 3). 

The c-fos gene is transcribed in quiescent cells; however, elongation of the gene is blocked 

approximately 100 nucleotides from the site of initiation. Stimulation of the Ras-MAPK pathway 

results in the release of this block in elongation. It is possible that phosphorylation and likely, 

acetylation of H3 associated with the c-fos gene allows the chromatin fiber to be less compact, 

favouring elongation. Consistent with this hypothesis, the c-fos chromatin becomes more DNase I 

sensitive following activation of the Ras-MAPK pathway [Chadee et al., 1999]. As the H3 tail 

contributes to the folding and inter-association of chromatin fibers, modification of the H3 tail by 

acetylation and phosphorylation may destabilize higher order compaction of the chromatin fiber and 

contribute to maintaining the unfolded structure of the transcribing nucleosome (Fig. 3). 

The steady state level of H3 phosphorylation is dependent upon a balance of phosphatase and 

kinase activities in the cell. Protein phosphatase 1 appears to be the H3 phosphatase [Chadee et al., 

1999]. Allis and colleagues have presented evidence that the activity of Rsk2, a member of the 

pp90nk kinases, is required for the mitogen stimulated phosphorylation of H3 [Sassone-Corsi et al., 

1999]. Coffin-Lowry patients have a mutation in the Rsk-2 gene. Fibroblasts from these patients do 

not exhibit EGF- or TPA-stimulated phosphorylation of H3 and, interestingly, growth factor-induced 

expression of the c-fos gene is severely impaired.  However, Mahadevan and colleagues recently 
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reported that MSK1 may be the H3 kinase [Thomson et al., 1999]. Both Rsk2 (MAPKAP kinase-lß) 

and MSK1 are members of a subfamily of MAPK-activated protein kinases, which have two distinct 

protein kinase domains [Deak et al., 1998]. 

Persistent activation of the Ras-MAPK signalling pathway results in elevated levels of 

phosphorylated H3 in oncogene-transformed mouse fibroblasts. The remodelling of chomatin 

structures resulting from increased H3 phosphorylation may contribute to aberrant gene expression 

[Chadee et al., 1999]. 

FUTURE DIRECTIONS 

In the past few years, genetic and biochemical approaches have shown the mechanistic 

connections between histone acetylation and the transcription process. However, it also evident that 

reversible acetylation of non-histone chromosomal proteins has a role in transcriptional activation and 

repression of genes. To clarify the contributions of HATs and HDACs in gene expression, the bona 

fide substrates of HATs and HDACs will have to be determined. Also, to appreciate the role of 

acetylated histone isoforms in remodelling chromatin, we need to understand the position and role 

of the core histone tails in chromatin and to identify proteins binding to the tails. We are beginning 

to appreciate the role of histone modifications other than histone acetylation. More needs to be 

known about the enzymes catalyzing modifications other than acetylation. Histones associated with 

transcribed chromatin are modified by several types of modifications (e.g., H3 is phosphorylated and 

acetylated). How the enzymes catalyzing these modifications are jointly recruited to specific sites in 

three dimensional nuclear space needs to be determined. 

/ 

13 



ACKNOWLEDGEMENTS 

Our research was supported by grants from the Medical Research Council of Canada (MT-9186, RO- 

15183), Manitoba Health Research Council, and U.S. Army Medical and Materiel Command Breast 

Cancer Research Program (#DAM17-97-l-7175), and the Cancer Research Society, Inc. A Medical 

Research Council of Canada Senior Scientist to J.R.D. is gratefully acknowledged. 

/ 

14 



REFERENCES 

Abbott DW, Thompson ME, Robinson-Benion C, Tomlinson G, Jensen RA, Holt JT (1999): BRCA1 
expression restores radiation resistance in BRCA1- defective cancer cells through 
enhancement of transcription- coupled DNA repair. J Biol Chem 274:18808-18812. 

Berger SL (1999): Gene activation by histone and factor acetyltransferases. Curr Opin Cell Biol 
11:336-341. 

Brady ME, Ozanne DM, Gaughan L, Waite I, Cook S, Neal DE, Robson CN (1999): Tip60 is a 
nuclear hormone receptor coactivator. J Biol Chem 274:17599-17604. 

Brand M, Yamamoto K, Staub A Tora L (1999): Identification of TATA-binding protein-free 
TAFII-containing complex subunits suggests a role in nucleosome acetylation and signal 
transduction. J Biol Chem 274:18285-18289. 

Chadee DN, Allis CD, Wright JA Davie JR (1999): Increased ser-10 phosphorylation of histone H3 
in mitogen- stimulated and oncogene-transformed mouse fibroblasts. J Biol Chem 274:24914- 
24920. 

Clements A Rpjas JR, Trievel RC, Wang L, Berger SL, Marmorstein R (1999): Crystal structure of 
the histone acetyltransferase domain of the human PCAF transcriptional regulator bound to 
coenzyme A EMBO J 18:3521-3532. 

Crane-Robinson C, Myers FA Hebbes TR, Clayton AL, Thome AW (1999): Chromatin 
immunoprecipitation assays in acetylation mapping of higher eukaryotes. Methods Enzymol 
304:533-547. 

Davie JR, Chadee DN (1998): Regulation and regulatory parameters of histone modifications. J Cell 
Biochem 30/31:203-213. 

DeakM, Clifton AD, Lucocq LM, Alessi DR (1998): Mitogen- and stress-activated protein kinase-1 
(MSK1) is directly activated by MAPK and SAPK2/p38, and may mediate activation of 
CREB. EMBO J 17:4426-4441. 

Dhalluin C, Carlson JE, Zeng L, He C, Aggarwal AK, Zhou MM (1999): Structure and ligand of a 
histone acetyltransferase bromodomain. Nature 399:491-496. 

Feng YQ, Alami R, Bouhassira EE (1999): Enhancer-dependent transcriptional oscillations in mouse 
erythroleukemia cells. Mol Cell Biol 19:4907-4917. 

Grozinger CM, Hassig CA Schreiber SL (1999): Three proteins define a class of human histone 
deacetylases related to yeast Hdalp. Proc Natl Acad Sei U S A 96:4868-4873. 

Hansen JC, Tse C, Wolffe AP (1998): Structure and function of the core histone N-termini: more 
than meets the eye. Biochemistry 37:17637-17641. 

/ 

15 



Hendzel MJ, Kruhlak MJ, Bazett-Jones DP (1998): Organization of highly acetylated chromatin 
around sites of heterogeneous nuclear RNA accumulation. Mol Biol Cell 9:2491-2507. 

Herrera JE, Sakaguchi K, Bergel M, Trieschmann L, Nakatani Y, Bustin M (1999): Specific 
acetylation of chromosomal protein HMG-17 by PCAF alters its interaction with 
nucleosomes. Mol Cell Biol 19:3466-3473. 

Ikeda K, Steger DJ, Eberharter A, Workman JL (1999): Activation domain-specific and general 
transcription stimulation by native histone acetyltransferase complexes. Mol Cell Biol 19:855- 
863. 

Kouzarides T (1999): Histone acetylases and deacetylases in cell proliferation. Curr Opin Genet Dev 
9:40-48. 

Krebs JE, Kuo MH, Allis CD, Peterson CL (1999): Cell cycle-regulated histone acetylation required 
for expression of the yeast HO gene. Genes Dev 13:1412-1421. 

Lin Y, Fletcher CM, Zhou J, Allis CD, Wagner G (1999): Solution structure of the catalytic domain 
of GCN5 histone acetyltransferase bound to coenzyme A. Nature 400:86-89. 

Liu Z, Wong J, Tsai SY, Tsai MJ, O'Malley BW (1999): Steroid receptor coactivator-1 (SRC-1) 
enhances ligand-dependent and receptor-dependent cell-free transcription of chromatin. Proc 
Natl Acad Sei U S A 96:9485-9490. 

Luger K, Richmond TJ (1998): The histone tails of the nucleosome. Curr Opin Genet Dev 8:140-146. 

Madisen L, Krumm A, Hebbes TR, Groudine M (1998): The immunoglobulin heavy chain locus 
control region increases histone acetylation along linked c-myc genes. Mol Cell Biol 18:6281- 
6292. 

Massari ME, Grant PA, Pray-Grant MG, Berger SL, Workman JL, Murre C (1999): A conserved 
motif present in a class of helix-loop-helix proteins activates transcription by direct 
recruitment of the SAGA complex. Mol Cell 4:63-73. 

Munshi N, Merika M, Yie J, Senger K, Chen G, Thanos D (1998): Acetylation of HMG I(Y) by CBP 
turns offlFN beta expression by disrupting the enhanceosome. Mol Cell 2:457-467. 

Nomura T, Khan MM, Kaul SC, Dong HD, Wadhwa R, Colmenares C, Kohno I, Ishii S (1999): Ski 
is a component of the histone deacetylase complex required for transcriptional repression by 
mad and thyroid hormone receptor. Genes Dev 13:412-423. 

Ornaghi P, Ballario P, Lena AM, Gonzalez A Filetici P (1999): The bromodomain of Gcn5p interacts 
in vitro with specific residues in the N terminus of histone H4. J Mol Biol 287:1-7. 

Parekh BS, Maniatis T (1999): Virus infection leads to localized hyperacetylation of histones H3 and 
H4 at the JEN-beta promoter. Mol Cell 3:125-129. 

/ 

16 



Sassone-Corsi P, Mizzeh CA, Cheung P, Crosio C, Monaco L, Jacquot S, Hanauer A, Mis CD 
(1999): Requirement of Rsk-2 for epidermal growth factor-activated phosphorylation of 
histoneH3. Science 285:886-891. 

Spencer VA, Davie JR (1999): Role of covalent modifications of histones in regulating gene 
expression. Gene in press. 

Sun J-M, Chen HY, Moniwa M, Samuel S, Davie JR (1999): Purification and characterization of 
chicken erythrocyte histone deacetylase 1. Biochemistry 38:5939-5947. 

Tanner KG, Trievel RC, Kuo MH, Howard RM, Berger SL, Allis CD, Marmorstein R, Denu JM 
(1999): Catalytic mechanism and function of invariant glutamic acid 173 from the histone 
acetyltransferase GCN5 transcriptional coactivator. J Biol Chem 274:18157-18160. 

Thomson S, Clayton AL, Hazzalin CA, Rose S, Barratt MJ, Mahadevan LC (1999): The nucleosomal 
response associated with immediate-early gene induction is mediated via alternative MAP 
kinase cascades: MSK1 as a potential histone H3/HMG-14 kinase. EMBO J in press. 

Trieschmann L, Martin B, Bustin M (1998): The chromatin unfolding domain of chromosomal protein 
HMG-14 targets the N-terminal tail of histone H3 in nucleosomes. Proc Natl Acad Sei USA 
95:5468-5473. 

Trievel RC, Rojas JR, Sterner DE, Venkataramani RN, Wang L, Zhou J, Allis CD, Berger SL, 
Marmorstein R (1999): Crystal structure and mechanism of histone acetylation of the yeast 
GCN5 transcriptional coactivator. Proc Natl Acad Sei U S A 96:8931-8936. 

Tse C, Sera T, Wolffe AP, Hansen JC (1998): Disruption of higher order folding by core histone 
acetylation dramatically enhances transcription of nucleosomal arrays by RNA polymerase IJJ. 
Mol Cell Biol 18:4629-4638. 

Tumbar T, Sudlow G, Belmont AS (1999): Large-scale chromatin unfolding and remodeling induced 
by VP16 acidic activation domain. J Cell Biol 145:1341-1354. 

Walia H, Chen HY, Sun J-M, Holth LT, Davie JR (1998): Histone acetylation is required to maintain 
the unfolded nucleosome structure associated with transcribing DNA. J Biol Chem 
273:14516-24522. 

Wittschieben BO, Otero G, de Bizemont T, Fellows J, Erdjument-Bromage H, Ohba R, Li Y, Allis 
CD, Tempst P, Svejstrup JQ (1999): A novel histone acetyltransferase is an integral subunit 
of elongating RNA polymerase II holoenzyme. Mol Cell 4:123-128. 

Workman JL, Kingston RE (1998): Alteration of nucleosome structure as a mechanism of 
transcriptional regulation. Annu Rev Biochem 67:545-579. 

Zhang Y, Ng HH, Erdjument-Bromage H, Tempst P, Bird A, Reinberg D (1999): Analysis of the 
NuRD subunits reveals a histone deacetylase core complex and a connection with DNA 
methylation. Genes Dev 13:1924-1935. 

/ 

17 



Table 1. Histone acetyltransferases and their substrates. 

HAT A (organism; proteins in 
complex) 
Gcn5 (yeast, human, 
Drosophila) 

Ada (yeast; Gcn5 and Ada 
proteins) 

SAGA (yeast; Gcn5, Ada and 
Spt proteins, TAFns, and Tra- 
1, a homolog of the TRRAP) 

STAGA (human; Gcn5-L, 
Spt3,TAFn31) 

TFTC (mammlian; Gcn5-L, 
hAda3, hSpt3, hTRAPP, 
TAFiiS 

PCAF (human; human 
counterparts of yeast ADA 
proteins, Spt proteins, human 
TAFns,andPAF400,a400 
kDa protein almost identical to 
TRRAP) 

Esal (yeast) 

NuA4 (yeast, Esal) 

NuA3 (yeast) 
CBP/p300 (human) 

TAFn250 (human, 

Drosophila, yeast) 

Tip60 (human) 

Elp3 (yeast, elongating RNA 
polymerase II holoenzyme) 
SRC-1 (human) 

ACTR (human) 

Free Histone or other Substrate 

H3>H4 
(K14ofH3,K8,16ofH4) 

H3>H4 

H3 

H3>H4, TFIIF, TFIIE 

H4>H3>H2A, (K5>K8,12,16 of H4; 
K14ofH3;K5ofH2A 

H3,H4>H2A,H2B, (K5,8,12,16 of 
H4) TFIIF, TFIIE , p53,EKLF 
H3>H4, (K14 of H3), TFIIE 

H4>H3>H2A 

H4,H3,H2A,H2B 

H3>H4 
(K9.K14 of H3) 
H3,H4>H2B 

7 

Nucleosomal 
Histone Substrate 

H3,H2B 

H3>H2B 

H3 

H3 

H4,H2A 

H3 
H3.H4, H2A, H2B 

Not known 

H3,H4,H2A,H2B 

H3>H4 
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For references see Historie Acetyltransferase Page at 
http://www.mdanderson.org/~qenedev/Bone/hathome.html and [Brand et al., 1999; Spencer 
and Davie, 1999; Wittschieben et al., 1999] 
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FIGURE LEGENDS 

Fig. 1. Sites of post-synthetic modifications on the histones. The structures of the core histones 

H2A, H2B, H3, and H4 and the sites of modification are shown. The lengths of the N terminal tail 

domains vary from 16 to 44 amino acids (H3, 44 amino acids; H4, 26 amino acids; H2B, 32 amino 

acids; H2A, 16 amino acids). The modifications shown are acetylation (Ac), phosphorylation (P), 

ubiquitination (Ub), and methylation (Me). The enzymes catalyzing reversible acetylation and 

phosphorylation are shown (HAT, histone acetyltransferase; HDAC, histone deacetylase; PP1, protein 

phosphatase). 

Fig. 2. Ligand-dependent recruitment of coactivators or copressors by estrogen receptor. The model 

shows estrogen receptor (ER) bound to a nucleosome. When ER is associated with estradiol, ER 

recruits several coactivators (CBP, PCAF, ACTR) that have histone acetyltransferase activity. The 

recruited coactivator will acetylate nucleosomal histones and/or transcription factors and will aid in 

the formation of the preinitiation complex. The net result is stimulation of transcription. However, 

when the ER is associated with hydroxytamoxifen (OH TAM), the ER recruits the Sin3 A histone 

deacetylase (HDAC) complex. The corepressor complex will deacetylate histones and transcription 

factors and prevent the formation of a preinitiation complex. The net result is repression of 

transcription. 

Fig. 3. The Ras/MAPK signalling pathway and the phosphorylation of H3. Stimulation of the 

Ras/MAPK pathway by EGF or TPA results in the activation of ERK and then Rsk-2 and Mskl. In 

this model Rsk2 and/or Mspl phosphorylate H3 associated with immediate-early response genes like 
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c-fos. As the H3 that is being phoshorylated is engaged in dynamic acetylation, complexes with 

histone acetyltransferases (HAT) or histone deacetylases (HDAC) would be recruited to these 

regions. To      learn      more      about      the      Ras/MAPK      pathway      see 

http://kinase.oci.utoronto.ca/signallinqmap.html. 
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Abstract 

DNA is organized into a hierarchy of structures, resulting in the level of compaction 

required to pack 2 m of DNA into a nucleus with a diameter of 10 jim. The orderly packaging of 

DNA in the nucleus plays an important role in the functional aspects of gene regulation. A small 

percentage of chromatin is made available to transcription factors and the transcription 

machinery, while the remainder of the genome is in a state that is essentially invisible to the 

RNA polymerases. Modification of histones has a key role in altering chromatin higher order 

structure and function. In this review, we will present the latest developments in the study of 

histone modifications (ubiquitination, acetylation, methylation, and phosphorylation) and the 

enzymes involved in these processes. 
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1. Introduction 

1.1. Chromatin organization 

Nuclear DNA exists as a hierarchy of chromatin structures, resulting in compaction of the 

nuclear DNA about 10,000-fold. The basic repeating structural unit in chromatin is the 

nucleosome. In 1997, Timothy Richmond and colleagues solved the crystal structure of the 

nucleosome core particle to a resolution of 2.8 Ä (Luger et al., 1997). The nucleosome core 

particle consists of a histone octamer core around which 146 base pairs of DNA are wrapped. 

The core histones are arranged as a (H3-H4)2 tetramer and two H2A-H2B dimers positioned on 

both sides of the tetramer. The core histones have a similar structure with a basic N terminal 

domain, a globular domain organized by the histone fold, and a C terminal tail (Fig. 1). The 

histone fold domains of the four core histones mediate histone-histone and histone-DNA 

interactions (Luger et al., 1997). 

The nucleosomes are joined by linker DNA, which is of varying length. A fifth class of 

histone, the HI histones or linker histones, binds to the linker DNA and to core histones. HI has 

a tripartite structure consisting of a central globular core and lysine rich N- and C-terminal 

domains. The globular domain binds to one linker DNA strand as it exits or enters the 

nucleosome and to nucleosomal DNA near the dyad axis of symmetry of the nucleosome (Zhou 

et al., 1998). HI stabilizes the higher order compaction of chromatin. 
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1.2. Historie tails 

The N-terminal tails of the core histones, which emerge from the core particle in all directions, 

are not involved in maintaining the structural integrity of the nucleosome (Luger et al., 1997). 

However, the tails are essential for condensation of chromatin. The lengths of the N terminal tail 

domains vary from 16 to 44 amino acids (H3, 44 amino acids; H4, 26 amino acids; H2B, 32 

amino acids; H2A, 16 amino acids). 

Analyses of chromatin fibers by scanning force microscopy and studies of the fibers 

hydrodynamic and electrophoretic behaviour as a function of ionic strength has identified a 

spectrum of chromatin structural states, including unfolded, moderately folded and extensively 

folded conformations (Fletcher and Hansen, 1996; Zlatanova et al., 1998). The core histone tails 

are involved in the genesis of these chromatin structural states. At low ionic strength the 

chromatin fibers appear as irregular, three-dimensional structures (Zlatanova et al., 1998). The 

globular domain of HI and either the HI tails or the H3 tail domain are needed to stabilize this 

three-dimensional arrangement of nucleosomes (Zlatanova et al., 1998). The tails of the other 

core histones cannot substitute for the H3 tail. It is thought that the length of the H3 tails and 

their location of exit from the nucleosome enable the H3 tails to contribute to the three- 

dimensional structure of chromatin (Zlatanova et al., 1998). 

Biophysical studies have provided information on the roles'of the individual core histone 

tails in condensing chromatin (Tse and Hansen, 1997; Moore and Ausio, 1997). In the absence 

of HI, the tails of H3 and H4 are required for the formation of the moderately folded chromatin 

conformation, while all core histone tails are required to mediate extensive chromatin folding at 

physiological ionic strength.   Either H2A and H2B tails or H3 and H4 tails are needed for 
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interfiber interactions, which result in oligomerization, to occur at physiological ionic strength 

(Tse and Hansen, 1997). 

The core histone N terminal tails are available for interaction with other histones and 

non-histone chromosomal proteins. Richmond and colleagues observed that the N terminal tail 

of H4 (K16 to N25) binds to the H2A-H2B dimer of a neighbouring nucleosome; this interaction 

would contribute to the folding of the chromatin fiber, and it may be involved in nucleosome 

positioning (Lenfant et al., 1996; Luger et al., 1997). This region of yeast H4 also has an 

important role in telomeric silencing (Fisher-Adams and Grunstein, 1995). Non-histone 

chromosomal proteins may interact with N terminal tails of H3 and/or H4 to form a 

transcriptionally competent or repressive chromatin structure. HMG-14 and -17 proteins bind to 

nucleosomes and unfold the higher order chromatin fiber, facilitating transcription. The C 

terminal domain of HMG-14, which is involved in chromatin unfolding, binds to the N terminal 

tail of H3 (amino acid residues 20 to 50) (Trieschmann et al., 1998). In yeast, the H3 and H4 N 

terminal tails bind to the fraws-acting repressors, Sir3 and Sir4, leading to the formation of a 

transcriptionally repressed chromatin domain (Grunstein, 1998). The N terminal tails of yeast 

H3 and H4 also bind to the global repressor Ssn6/Tupl (Edmondson et al., 1996). Drosophila 

Groucho and its mammalian homologs, the transducin-like Enhancer of split proteins, are 

transcriptional repressors that bind to the N terminal tail of H3 (Palaparti et at., 1997; Parkhurst, 

1998; Fisher and Caudy, 1998). 

It has been proposed that the N terminal tails undergo an induced folding when in contact 

with other proteins or DNA. In the nucleosome core particle, half of the residues in the H3 and 

H4 N terminal tails adopt a a helical structure when bound to nucleosomal DNA (Baneres et al., 

1997). 
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2. Histone modifications 

The core histones tails are susceptible to a wide range of post-synthetic modifications, 

including acetylation, phosphorylation, methylation, ubiquitination, glycosylation, and ADP- 

ribosylation (Fig. 1). Most modifications occur on the N terminal basic tail domain, with histone 

ubiquitination being the exception. In the following sections we will review histone 

ubiquitination, acetylation, methylation, and phosphorylation and their roles in gene expression. 

3. Histone ubiquitination 

Histones H2A, H2B, H3 and their variant forms are reversibly ubiquitinated. The 

carboxyl end of ubiquitin, a highly conserved 76 amino acid protein, is attached to the s-amino 

group of lysine (K119 in H2A; K120 in H2B). In multicellular eukaryotes, H2A is typically 

ubiquitinated to a greater extent than H2B (approximately 10% of H2A versus about 1-2% of 

H2B). H2A, H2B and their variants are also polyubiquitinated, with H2A having the greater 

levels of polyubiquitinated isoforms. The major arrangement of ubiquitin in polyubiquitinated 

histone H2A is a chain of ubiquitin molecules joined to each other by isopeptide bonds to a 

ubiquitin molecule that is attached to the s-amino group of Kl 19 of H2A. 

Ubiquitinated H2B and to a lesser extent ubiquitinated H2A are associated with 

transcriptionally active DNA. Ubiquitination of H2B is the only core histone modification that is 

dependent upon ongoing transcription (Davie and Murphy, 1990). The C terminal sequence of 

H2B, but not H2A is buried in the nucleosome (Luger et al., 1997). It is thought that the process 

of transcription disrupts nucleosome structure, exposing the C terminus of H2B to the enzymes 



catalyzing the addition of ubiquitin (Davie and Murphy, 1990; Sathyanarayana et al., 1999). The 

introduction of ubiquitinated H2B into the nucleosome may result in an alteration in nucleosome 

and/or higher order chromatin structure. The tyrosine residue of H2B positioned next to the site 

of ubiquitination interacts with H2A N terminal tail (residues 17 to 20) just before it exits the 

nucleosome (Luger et al., 1997). H2B ubiquitination would likely interfere with this interaction. 

4. Histone acetylation 

4.1. Historie acetylation and chromatin structure 

The core histones are reversibly acetylated at specific lysine residues located in the N 

terminal tail domains (Fig. 1). With the exception of H2A, the core histones are acetylated at 

four to five sites. Thus, a nucleosome has 26 sites of acetylation. 

Alterations at all levels of chromatin structure are invoked by acetylation of the core 

histones. Acetylation of the histone tails disrupts higher order chromatin folding (Garcia- 

Ramirez et al., 1995), promotes the solubility of chromatin at physiological ionic strength, and 

maintains the unfolded structure of the transcribed nucleosome (Walia et al., 1998). Analysis of 

chromatin fibers enriched in transcribed genes and acetylated histones revealed that these 

chromatin fibers underwent compaction but not oligomerization as the concentration of NaCl 

was raised to 150 mM (Ridsdale et al., 1990; Leuba et al., 1995). Recent studies show that 

nucleosomes do not have to be maximally acetylated to prevent higher order chromatin folding. 

Hansen and colleagues demonstrated that acetylation to 46% of maximal site occupancy was 

sufficient to prevent higher order folding and stimulation of transcription by RNA polymerase III 
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(Tse et al., 1998). It has been proposed that acetylation of core histone tails interferes with 

folding of the N terminal tail and interactions with proteins and/or DNA, thereby destabilizing 

higher order chromatin organization (Hansen et al., 1998). These combined effects of histone 

acetylation on the destabilization of chromatin structure facilitate transcription (Tse et al., 1998; 

Nightingale et al., 1998). 

Histone acetylation can affect the interaction of non-histone chromosomal proteins with 

chromatin in at least two ways. First, histone acetylation facilitates the interaction of 

transcription factors with nucleosomal DNA (Workman and Kingston, 1998). Partial acetylation 

of the core histone tails is sufficient to expose nucleosomal DNA for transcription factor binding 

without displacement of the N terminal tail domains from DNA (Puig et al., 1998; Mutskov et 

al., 1998). Secondly, for proteins that interact with the N terminal tail domain, acetylation may 

modulate these interactions. For example, acetylation disrupts interactions between the tail 

domain and the repressor Tupl (Edmondson et al., 1996). 

4.2. Dynamic histone acetylation 

Histone acetylation is a dynamic process. Acetylation occurs at more than one rate, as 

does the subsequent deacetylation. In mammalian cells, one population of core histones is 

characterized by rapid hyperacetylation (t'/z = 7 min for monoacetylated histone H4) and rapid 

deacetylation (tVS = 3 to 7 min). This highly dynamic acetylation-deacetylation is limited to 

15% (hepatoma tissue culture cells) of the core histones. A second population is acetylated (Wi 

= 200 to 300 min for monoacetylated H4) and deacetylated at a slower rate (tVi = 30 min) (for 

review see Davie, 1997). 
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The enzymes catalyzing reversible histone acetylation are histone acetyltransferases 

(HAT) and deacetylases (HDAC). In the past several years, we have come to appreciate that 

proteins with HAT activity are coactivators, while proteins with HDAC activity are corepressors. 

4.3. Histone acetyltransferases and gene activation 

A number of transcriptional coactivators have been shown to have HAT activity (Table 

1). Characterization of these coactivators has solidified the mechanistic connections between 

histone acetylation and gene expression. 

4.3.1. Gcn5 

Yeast Gcn5, a transcriptional coactivator with HAT activity, was among the first HATs 

to be characterized (for review see Davie and Chadee, 1998). Yeast Gcn5 acetylates free H3, 

and, in a restrictive range of NaCl (50 mM) or MgCl2 (2 mM), Gcn5 will monoacetylate H3 

(K14) in condensed nucleosome arrays (Tse et al., 1998). However, the efficiency of 

polynucleosome acetylation is less than that of free histones. When Gcn5 is in high molecular 

weight multi-protein complexes, it will efficiently acetylate histones in nucleosomes (Utley et 

al., 1998; Grant et al., 1999). Two of the complexes, SAGA (1.8 MDa) and Ada (0.8 MDa) 

contain Ada3 and Ada2 which binds to yeast Gcn5. The SAGA (Spt-Ada-Gcn5- 

acetyltransferase) complex contains Spt proteins, TAFns, and Tra-1, a homolog of the TRRAP 

(human transformation/transcription domain-associated protein) (Grant et al., 1998b). TRRAP is 

an ATM (ataxia telangiectasia mutated)-related protein member.   Recruitment of SAGA by 
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transcriptional activators with an acidic activation domain results in localized acetylation of 

nucleosomal substrates in vivo and in vitro (Grant et al., 1998a; Ikeda et al., 1999; Kuo et al., 

1998). Importantly, the transcriptional stimulatory activity of the recruited SAGA complex is 

dependent upon its HAT activity (Grant et al., 1998a). 

In mammalian cells, differentially spliced forms of Gcn5 transcripts generate different 

Gcn5 isoforms (Smith et al., 1998a; Xu et al., 1998). A 98 kDa long form of mammalian Gcn5 

has an N terminal extension not found in yeast Gcn5. The presence of the N terminal extension, 

however, does not change the substrate specificity towards free histones, but it does enable the 

HAT to acetylate nucleosomal H3 (Xu et al., 1998). The N terminal extension is similar to that 

of PCAF; both proteins bind to CBP and p300, which also have HAT activity. 

4.3.2. PCAF 

The C terminal domain of human PCAF, a nuclear HAT, is similar to yeast Gcn5. The N 

terminal domain of PCAF and metazoan Gcn5 proteins is not found in fungal, plant and 

protozoan Gcn5 (Smith et al., 1998a; Xu et al., 1998). The N terminal domain of PCAF 

associates with other coactivators with HAT activity, e.g., CBP/p300 and ACTR. Similar to 

yeast SAGA human PCAF is in large multiprotein complexes consisting of human counterparts 

of yeast ADA proteins, Spt proteins, and human TAFns (Ogryzko et al., 1998). Among the 

twenty proteins that make up the PCAF complex is PAF400, a 400 kDa protein almost identical 

to TRRAP (Vassilev et al., 1998). PAF400 may have a role in regulating p53 activity following 

DNA damage. In response to DNA damage by ultraviolet light, PCAF acetylates the C terminus 

of p53, resulting in enhanced sequence-specific DNA-binding of p53 (Sakaguchi et al., 1998; Liu 
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et al., 1999). Independent of CBP, the PCAF complex can be directly recruited by several 

factors, including NF-Y (CCAAT-binding factor), nuclear hormone receptors, and the viral 

oncoprotein E1A (Blanco et al., 1998; Jin and Scotto, 1998, for review see Davie and Chadee, 

1998). 

PCAF acetylates free and to a lesser extent nucleosome associated HMG-17 (Herrera et 

al., 1999). Acetylation of HMG-17 reduces the protein's binding affinity to the nucleosome. 

Further, the presence of HMG-17 or HMG-14, which is not a substrate for PCAF, on a 

nucleosome dampened the ability of PCAF to acetylate nucleosomal H3. It appears that the 

interaction of the C terminal domain of the HMG proteins with the N terminal tail of H3 blocks 

PCAF access to the histone. 

4.3.3. CBP/p300 

CBP/p300 is a coactivator with HAT activity capable of acetylating the four core histones 

in nucleosomes and a variety of transcription factors (Table 1). For example, CBP acetylates 

p53 and GATA-1 and potentiates the activities of these transcription factors (Liu et al., 1999; 

Hung et al., 1999). As with Gcn5, the HAT activity of CBP is directly involved in stimulating 

transcription (Martinez-Balbas et al., 1998). Proteins binding to the HAT domain may regulate 

CBP's activity. For example, Twist binds to the HAT domains of p300 and PCAF, inhibiting 

their HAT activities (Hamamori et al., 1999). Twist is a basic helix-turn helix protein that 

negatively regulates differentiation of multiple cell lineages. 

CBP is an integrator of multiple signaling pathways (for review see Davie and Chadee, 

1998).   Transcription factors, including hormone receptors, CREB, and fos-jun, loaded onto 
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promoters or enhancers bind directly or indirectly to CBP/p300, recruiting a coactivator with 

HAT activity. Further, CBP is a component of the RNA polymerase II holoenzyme. 

4.3.4. NuA4 andEsal 

Esal (essential SAS2-related acetyltransferase; the ESA1 gene is essential for yeast 

growth) and Tip60 (Tat interacting protein 60) are members of the MYST family of proteins 

(named after founding members, MOZ, YBF2/SAS3, SAS2, and Tip60). Esal and Tip60 are 

HATs with similar substrate specificities (Smith et al., 1998b). Neither protein can acetylate 

chromatin substrates. However, yeast Esal is the catalytic unit of a multiprotein complex NuA4 

that acetylates nucleosomal H2A and H4 (see Table 1) (Ohba et al., 1999). Similar to other 

HATs, NuA4 is associated with Tral (Grant et al., 1998b). Yeast NuA4 complex can be 

recruited by Gcn4 and the VP16 activation domain (Utley et al., 1998). 

A HAT with similar properties to yeast Nu A4 (about 1.3 MDa) was isolated from 

Tetrahymena. One difference, however, is that the Tetrahymena HAT (80 lcDa) appears to exist 

as a single protein or as a small multiprotein complex (Ohba et al., 1999). 

4.3.5. Steroid Receptor Coactivators 

The steroid receptor coactivators SRC-1 and ACTR bind to a variety of nuclear receptors 

in a ligand-dependent manner. These coactivators associate with CBP/p300 and PCAF. Both 

SRC-1 and ACTR (and related proteins RAC3, AIB1, and TRAM-1) have HAT activity. Thus, a 

ligand-activated nuclear receptor could recruit multiple coactivators with HAT activity (e.g., 

/ 

12 



Tip60, SRC-1, CBP and PCAF) (for review see Davie and Chadee, 1998; Brady et al., 1999). 

4.4. Role of HA TS in transcription 

It has been proposed that the recruited coactivator(s) with HAT activity acetylates 

surrounding histones in nucleosomes, leading to the destabilization of higher order chromatin 

structure. However, it has been questioned whether the histones are the bona fide in vivo 

substrates for some HATs as several of these enzymes can acetylate non-histone chromosomal 

proteins (Table 1). Studies with yeast and Tetrahymena HATs provide evidence that histone 

acetylation has a role in the transcription process. Yeast HATs (SAGA Nu A4, Nu A3, Ada) and 

Tetrahymena NuA4 facilitate transcription in vitro from nucleosomal, but not naked, DNA 

templates containing a minimal adenovirus E4 with five GAL4-binding sites or the HTV-1 

enhancer/promoter region (Utley et al., 1998; Steger et al., 1998; Ohba et al., 1999; Ikeda et al., 

1999). Importantly, the HAT stimulation was only observed when acetyl CoA was present. 

The recruited HAT stimulates transcription from a chromatin template by several 

mechanisms. A HAT(s) recruited by a promoter-bound activator might result in localized 

acetylation of histone and non-histone chromosomal proteins, while recruitment of a HAT by an 

enhancer- or locus control region-bound activator might result in widespread acetylation. 

Studies have shown that H4 acetylation of chromatin templates by Nu A4 stimulates transcription 

(Ikeda et al., 1999). Further, components of the HAT complex might facilitate formation of the 

pre-initiation complex. The net result of these activities is stimulation of transcriptional initiation 

and/or elongation (Kraus and Kadonaga, 1998; Madisen et al., 1998; Ikeda et al., 1999). 
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Acetylation of chromatin components can activate or repress transcription. The activity 

of the IFNß enhanceosome is regulated, in part, by acetylation. The enhanceosome consists of 

NF-KB, IRF1, ATF2/c-Jun and HMGI(Y), an essential architectural protein involved in the 

stereospecific assembly of this complex. Once assembled, the complex effectively recruits CBP 

(Merika et al., 1998; Kim et al., 1998). IRF-1, c-Jun, and the p65 subunit of NF-KB interact with 

different regions of CBP. CBP acetylates H3 and H4 in neighbouring nucleosomes, resulting in 

the remodeling of chromatin, and contributes to the recruitment of the RNA polymerase II 

holoenzyme (Parekh and Maniatis, 1999). The net result is the turning on of IFNß gene 

expression. However, CBP can also acetylate HMG-I(Y) at a site important in DNA binding. 

The result of HMG-I(Y) acetylation is disruption of the enhanceosome and the turning off of 

IFNß gene expression (Munshi et al., 1998). 

4.5. Historie deacetylase (HDAC) and gene repression 

In contrast to HATs, recruitment of HD ACs can lead to repression. It is important to 

note, however, that chromatin regions engaged in transcription are associated with dynamically 

acetylated histones (for review see Davie and Chadee, 1998). Thus, both HATs and HD ACs are 

recruited to these regions. When the balance of activity of these two enzymes favours 

deacetylation, the chromatin region will take on a repressive higher order structure. 

The HD ACs have been categorized into two classes. The first class consists of yeast 

histone deacetylases Rpd3, Hosl and Hos2 and mammalian HDACs, HDAC1, HDAC2 (the 

mammalian homologue of yeast RPD3) and HDAC3 (for review see Davie and Chadee, 1998). 

Class 2 consists of yeast Hdal and mammalian HDAC4 (HDAC-A), HDAC5 (mHDAl, NY- 
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CO-9, HDAC-B) and HDAC6 (mHDA2) (Verdel and Khochbin, 1999; Fischle et al., 1999; 

Grozinger et al., 1999). 

Mammalian HDAC1 and HDAC2, but not HDAC3, are in large multiprotein complexes, 

e.g., mSin3A and NuRD. The mSin3A complex contains mSin3, N-CoR or SMRT 

(corepressors), SAP18, Sap30, RbAp48, RbAp46, and c-Ski (Nomura et al., 1999). Another 

complex called NuRD (nucleosome remodelling histone deacetylase complex) consists of N- 

CoR, MTA2 (highly related to metastasis-associated protein MTA1), Mi2, and RbAP46/48. 

HDAC3 and the class II HDACs are not found in the mSin3 A and NuRD complexes (Grozinger 

et al., 1999). However, HDAC4 and HDAC5 bind to HDAC3 (Grozinger et al., 1999). 

Class I and class II histone deacetylases can deacetylate the four core histones. However, 

substrate preference is regulated by components of the multiprotein complexes. For example, 

free avian HDAC1 preferentially deacetylates H3, but not nucleosomal H3. HDAC1 in a 

multiprotein complex associated with the nuclear matrix preferentially deacetylates free H2B and 

will deacetylate histones in nucleosomes (Sun et al., 1999). NuRD has both ATP-dependent 

chromatin remodeling and histone deacetylase activities (Tong et al., 1998; Wade et al., 1998; 

Zhang et al., 1998; Xue et al., 1998). ATP stimulation of deacetylation of chromatin templates 

by NuRD varied from no stimulation to about 3-fold. 

HDAC or HDAC complexes are recruited to specific genomic sites by transcription 

factors (repressors). HDAC1, 2 and 3 bind to YY1, while Rb and E2F form a complex with 

HDAC1 (for review see Davie and Chadee, 1998; Kouzarides, 1999). The methyl-CpG-binding 

protein 2 (MeCP2) recruits the mSin3A complex, providing a mechanism for coupling DNA 

methylation and histone deacetylation in gene silencing (Ng and Bird, 1999). Several signal 

transduction pathways regulate the recruitment of the HDAC corepressor complex to specific 
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loci. The Sin3A-N-CoR-HDACl, 2 complex, for example, is recruited by unliganded nuclear 

receptors and the Mad family of basic helix-loop-helix-zipper proteins (Davie and Chadee, 1998; 

Kouzarides, 1999). 

4.6. Role ofHDACs in transcription 

HD AC has a principal role in transcription repression. Targeting HDAC1 or 2 to a 

promoter by fusing HD AC to a DNA-binding domain (e.g., Gal4 DNA-binding domain) results 

in transcriptional repression of the targeted reporter gene in transient transfection assays (for 

review see Davie and Chadee, 1998). The popular model has the recruited HDAC deacetylating 

histones in nucleosomes, leading to the condensation of chromatin. In support of this model, it 

has been shown that recruitment of Rb-HDACl to a promoter or of Gal4 fusion proteins (e.g., 

Gal4-Ikaros, Gal4-Aiolos) that recruit HDAC complexes to a promoter of a transgene resulted in 

deacetylation of the H3 associated with the promoter (Luo et al., 1998; Koipally et al., 1999). 

However, acetylated HMG proteins and transcription factors may also be targets of the HDAC 

activity. 

The HDAC corepressor complex can also repress transcription by mechanisms that do 

not require deacetylation. N-CoR of the HDAC complex interacts with TAFn32, TAFn70 and 

TFim, and SMRT and mSin3A can bind to TFIIB (Muscat et al., 1998). Thus, the HDAC 

complex may interfere with the generation of a functional initiation complex. 
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4.7. CHIPs and mapping of acetylated histones 

To further understand the role of histone modifications in transcription, researchers have 

developed the chromatin immunoprecipitation (CHIPs) assay. This approach involves 

formaldehyde fixation of cells and then isolation of regions.of DNA associated with modified 

histones by immunoprecipitation with antibodies recognizing specifically modified histone 

isoforms. The CHIPs assay has allowed the precision mapping of modified histones along 

specific regions of the genome. Using the CHIPs assay with an antibody that recognises the 8- 

acetyllysine residues of all acetylated core histones, Crane-Robinson and colleagues mapped the 

distribution of acetylated histones along the chicken ß-globin domain. They observed that highly 

acetylated histones were associated with the erythrocyte DNase I-sensitive ß-globin domain, 

which includes transcriptionally active and competent DNA regions (Hebbes et al., 1994). The 

end of the domain was marked by a transition to nucleosomes with poorly acetylated histones. 

Based on this study, it was concluded that the role of histone acetylation is to maintain an open 

chromatin structure that facilitates transcription factor access to target DNA sequences. 

However, the broad specificity of the antibody made it impossible to determine the contribution 

of the acetylated isoforms of each core histone in modulating higher order chromatin. 

In light of this, antibodies specifically directed against different H3 and H4 acetylated 

isoforms were produced (Braunstein et al., 1993; O'Neill and Turner, 1995; Braunstein et al., 

1996). In particular, most CHIP studies performed to date use an antibody to Tetrahymena H4 

acetylated at K4, K7, Kll, and K15 (Braunstein et al., 1993), antibodies that recognize 

mammalian H4 acetylated at lysines K4, K8, K12, or K16 (Turner et al., 1989), and an antibody 

to H3 acetylated at K9 and K14 (Kadosh and Struhl, 1998).    The CHIP approach with these 
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antibodies has lead to the following observations. The transcriptionally silenced regions in the 

yeast genome are associated with low levels of highly acetylated H3 and H4 (Braunstein et al., 

1993; Braunstein et al., 1996). Transcriptionally active, somatic 5 S ribosomal genes in Xenopus 

laevis are associated with highly acetylated H4, while transcriptionally inactive oocyte 5 S 

ribosomal genes are complexed with hypoacetylated H4 (Howe et al., 1998). The 5* end of the 

FMR1 gene, a gene that when mutated results in fragile X mental retardation, is associated with 

acetylated H3 and H4, while the 5' end from the mutated FMR1 gene is less acetylated (Coffee et 

al., 1999). Acetylation of H4 has been linked to signalling pathways that regulate transcription. 

High acetylation of H4 positioned along a reporter gene is induced by extracellular signals such 

as growth factors and stress (Alberts et al., 1998). The evidence accumulated by the CHIPs 

assay combined with genetic approaches to mutate transcriptional coactivators with HAT activity 

(e.g., see Kuo et al., 1998) provides convincing evidence that histone acetylation is directly and 

more actively involved in the transcription process than previously postulated. 

In an effort to further define the involvement of histone acetylation in transcription, 

several studies have used the CHOPS approach to fine-map the distribution of highly acetylated 

H3 and H4 along transcriptionally active DNA regions (Kadosh and Struhl, 1998; Parekh and 

Maniatis, 1999; Krebs et al., 1999; Kuo et al., 1998; Madisen et al., 1998). Most studies find that 

the promoter region of a transcriptionally active gene is associated with highly acetylated H3 

and/or H4, while the coding regions and regions upstream of the promoter are depleted in highly 

acetylated histones (Kadosh and Struhl, 1998; Parekh and Maniotis, 1999; Krebs et al., 1999). 

Based on these studies, it is thought that HATs and HDACs undergo a targeted recruitment to the 

promoter where they alter the acetylation status of a limited number of nucleosomes positioned 

on the promoter and cause a localized perturbation in chromatin structure that enables 
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transcription factors to gain access to their target DNA sequences. It has been shown that when 

the yeast Sin3-Rpd3 histone deacetylase complex is recruited to a repressed promoter, histone 

deacetylation occurs over a 1-2 nucleosome range (Kadosh and Struhl, 1998). Similarly, 

transcriptional activation of the human interferon-ß gene by viral infection induces a high level 

of H3 and H4 acetylation of 2-3 nucleosomes along the promoter region (Parekh and Maniatis, 

1999). Furthermore, the yeast Gcn5 HAT complex has been shown to acetylate H3 and H4 

within a 1 kb region in the HO gene promoter (Krebs et al., 1999). 

Although the evidence for promoter targeting of HAT and HD AC activity is strong, 

conflicting data exist to suggest that HATs and HDACs are recruited to both the promoter and 

coding regions of a transcriptionally active gene. First, a recent study performed in our 

laboratory showed that histone hyperacetylation is required to maintain the transcriptionally 

active nucleosome in an open conformation for transcriptional elongation (Walia et al., 1998). 

Second, studies performed by Crane-Robinson and colleagues (Hebbes et al., 1994) and 

Groudine colleagues (Madisen et al., 1998) show that highly acetylated histones are not 

restricted to the promoter region of the transcriptionally active ß-globin gene or to the promoter 

region of genes responsive to the HS 124 enhancer, respectively. However, both studies used 

antibodies recognizing all acetylated histones isoforms, suggesting that the distribution of 

acetylated histone isoforms within a gene may not be uniform (Madisen et al., 1998). Thus, in 

the previous studies showing promoter-targeted histone acetylation/deacetylation, acetylation of 

other core histones (e.g., H2B) would have gone undetected. 
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5. Histone methylation 

The core histones H2B, H3 and H4 are modified by methylation. With the exception of 

plants, H4 is methylated at K20 (Van Holde, 1988; Waterborg et al., 1995). K20 of mammalian 

H4 is 70-100% methylated at this site. H3 may be methylated at K4, K9, K27, and K36, but the 

site utilisation varies. Mammalian H3 is typically methylated at K9 and K27, being modified to 

35 and 70-100%, respectively (Van Holde, 1988). Chick H3 is methylated at K9, K27 and K36 

to 20,100 and 20%, respectively. 

Acetylated isoforms of H3 and H4 are often the targets of ongoing methylation (Hendzel 

and Davie, 1989; Annunziato et al., 1995). In chicken immature erythrocytes, rapidly acetylated 

and deacetylated H3 and H4 are selectively methylated, while in Hela cells dynamically 

acetylated H3, but not H4, is methylated (Hendzel and Davie, 1991; Annunziato et al., 1995). 

H4 that is slowly acetylated and deacetylated is methylated in HeLa (Annunziato et al., 1995). 

The processes of histone methylation and dynamic acetylation are not directly coupled; neither 

modification predisposes histone H3 or H4 to the other. The association of dynamically 

acetylated histones with transcribed chromatin suggests that methylated H3 and in some cases, 

methylated H4 are bound to transcriptionally active DNA (Hendzel and Davie, 1989; Annunziato 

et al., 1995). 

Histone methylation is a relatively stable modification with a slow turnover rate. 

However, there is evidence of methyl group turnover for HeLa H3 (Annunziato et al., 1995). It 

remains to be shown if this histone demethylase activity is present exclusively in transformed 

and not in normal cells. Very little is known about histone methyltransferases. Histone-lysine 

methyltransferase is a chromatin-bound enzyme that catalyzes the addition of methyl groups onto 
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the e-amino groups of chromatin-bound H3 and H4 (Hendzel and Davie, 1989). 

6. HISTONE PHOSPHORYLATION 

The core histones and histone HI undergo phosphorylation on specific serine and 

threonine residues. Phosphorylation of HI and H3 is cell cycle dependent with the highest level 

of phosphorylation of these histones occurring in M-phase. HI is phosphorylated on Ser/Thr 

residues on the N terminal and C terminal domains of the molecule (Fig. 2), while H3 is 

phosphorylated on Ser/Thr residues on its N terminal domain (Van Holde, 1988) (Fig. 1). 

Several studies show an involvement of HI phosphorylation in gene transcription. 

Inactivation of the MMTV promoter is associated with dephosphorylation of HI, and 

reactivation of the promoter is associated with rephosphorylation of HI (Lee and Archer, 1998). 

Mouse Hlb phosphorylation is dependent upon ongoing transcription and replication processes 

(Davie and Chadee, 1998). This modification is unique in its dependence on transcription and 

replication. 

Phosphorylation of H3 has been implicated in the establishment of transcriptional 

competence of early response genes. H3 is rapidly phosphorylated when the Ras-mitogen 

activated protein kinase (MAPK) pathway of serum starved cells is stimulated with growth 

factors and phorbol esters. H3 phosphorylation is concurrent with the transcriptional activation 

of the early response genes c-fos and c-jun (Mahadevan et al., 1991). Further, this H3 

phosphorylation is restricted to a small fraction of H3 histones that are dynamically highly 

acetylated (Barratt et al., 1994). Recently, we demonstrated that the newly phosphorylated H3 is 

located with chromatin that is not highly condensed.   Through the application of a chromatin 
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immunoprecipitation procedure with an antibody that specifically recognizes phosphorylated 

(Ser-10) H3, we provided direct evidence that phosphorylated H3 is associated with induced c- 

fos and c-myc genes (Chadee et al., 1999). 

The c-fos gene is transcribed in quiescent cells; however, elongation of the gene is 

blocked approximately 100 nucleotides from the site of initiation (Pinaud and Mirkovitch, 1998). 

Stimulation of the Ras-MAPK pathway results in the release of this block in elongation. It is 

possible that phosphorylation and likely, acetylation of H3 associated with the c-fos gene allows 

the chromatin fiber to be less compact, favouring elongation. Consistent with this hypothesis, 

the c-fos chromatin becomes more DNase I sensitive following activation of the Ras-MAPK 

pathway (Feng and Villeponteau, 1992). As the H3 tail contributes to the folding and inter- 

association of chromatin fibers, modification of the H3 tail by acetylation and phosphorylation 

may destabilize higher order compaction of the chromatin fiber and contribute to maintaining the 

unfolded structure of the transcribing nucleosome (Krajewski and Becker, 1998). 

6.1. HI and HS kinases and phosphatases 

./The growth associated HI kinases (cyclin-dependent kinases (CDKs)) and cAMP and 

cGMP dependent kinases phosphorylate HI in vitro (Van Holde, 1988). The CDKs are involved 

in the cell cycle dependent phosphorylation of HI (for review see Davie and Chadee, 1998). 

Phosphorylation of H3 has been correlated with PKA (cAMP-dependent protein kinase A) 

activity. Treatment of thymocytes with gliotoxin, which induces apoptosis, is accompanied by 

phosphorylation of H3 and DNA fragmentation. When apoptosis is inhibited by genistein (which 

also inhibits PKA), H3 phosphorylation is inhibited (Waring et al., 1997).   PKA-dependent 
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phosphorylation of H3 (Ser-10) also occurs during FSH-stimulated differentiation of granulosa 

cells (DeManno et al., 1999). For phosphorylation of H3 (Ser-10) that occurs in response to 

stimulation of the Ras-MAPK pathway, Allis and colleagues have evidence that the activity of 

Rsk2, a member of the pp90rslc kinases, is required (Wei et al., 1999). The state of 

phosphorylation of a protein is dependent upon a balance of phosphatase and kinase activities in 

the cell. Protein phosphatase 1 appears to be the HI and H3 phosphatase (Davie and Chadee, 

1998; Chadee et al., 1999). 

7. Concluding Remarks 

In the past few years, genetic and biochemical approaches have shown the mechanistic 

connections between histone acetylation and the transcription process. However, it also evident 

that reversible acetylation of non-histone chromosomal proteins has a role in transcriptional 

activation and repression of genes. To clarify the contributions of HATs and HDACs in gene 

expression, the bona fide substrates of HATs and HDACs will have to be determined. Also, to 

appreciate the role of acetylated histone isoforms and non-histone chromosomal proteins in 

transcription, new antibodies will have to be generated such that fine mapping studies of the 

location of these modified proteins along specific genes will be possible. Further, our knowledge 

of the genomic location of ubiquitinated, methylated and phosphorylated histone isoforms is 

limited, and we look forward to the CHIP approach being applied to seek this information. 

Lastly, histones associated with transcribed chromatin are modified by several types of 

modifications (e.g., H3 is phosphorylated and acetylated).  More needs to be known about the 
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enzymes catalyzing modifications other than acetylation. As well, how these enzymes are jointly 

recruited to specific sites in three dimensional nuclear space needs to be determined. 
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Table 1. Historie acetyltransferases and their substrates (for references see (Grant et al., 1999; 

Herrera et al., 1999; Xu et al., 1998; Sakaguchi et al., 1998; Schütz et al., 1999; Zhang and 

Bieker, 1998; Ohba et al., 1999; Kimura and Horikoshi, 1998; see also see Histone 

Acetyltransferase Page at http://www. mdanderson.org/~genedev/Bone/hathome.htmiy 

HAT A (organism) Free Histone or other Substrate Nucleosomal 
Histone Substrate 

Gcn5 (yeast) H3>H4 
(K9,14,18 ofH3,K8,16ofH4) 

Gcn5 (mammalian long   H3 (K14)>H4 (K8) 
form, 98 kDa) 

Ada (yeast) 

NuA4 (yeast, 
Tetrahymena) 

H3 (K14,18) 

H3 (K14) 

H3»H4 

H3 (K14>18),H2B 

H4.H2A 
H4(K5,8,12,16),H2A(K5,9) 

Esal (yeast) 

SAGA (yeast) 

NuA3 (yeast) 

PCAF (human) 

CBP/p300 (human) 

SRC-1 (human) 

ACTR (human) 

Tip60 (human) 

TAFTT250 (human, 

Drosophila, yeast) 

H4>H3>H2A, (K5>K8,12,16 of H4; 
K14ofH3;K5ofH2A 

H3 (K14>18>9=23) 

H3>H4, TFIIF, TFIIEß (K52), 
HMG-17 (K2), PCAF, p53 (K320) 

H3,H4>H2A,H2B, (K5,8,12,16 of 
H4) TFIIF, TFIIE, p53 
(K382),EKLF, GATA-1 

H3>H4 
(K9,K14 of H3) 

H3,H4>H2B 

H4>H3>H2AH4 (K5,8,12,16), H3 
(K14), H2A (K5) 

H3>H4, (K14 of H3), TFIIE 

H3>H2B 
(H3, K14>18>9=23) 
H3 

H3 (K14)» H4 (K8) 

H3,H4, H2A, H2B 
H3(K14,18>23),H4 
(K5,8>12),H2A(K5),H2B 
(K12,15>5,20) 

H3,H4,H2A,H2B 

H3>H4 
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Figure Legends 

Fig. 1. Sites of post-synthetic modifications on the histones. The structures of the H2A-H2B 

dimers, (H3-H4)2 tetramers, and the sites of modification are shown. The modifications shown 

are acetylation (Ac), methylation (Me), phosphorylation (P), and ubiquitination (Ub). The 

enzymes catalyzing reversible acetylation and phosphorylation are shown (HAT, histone 

acetyltransferase; HD AC, histone deacetylase; PP1, protein phosphatase 1). 

Fig. 2. Sites of phosphorylation on mouse histone Hlb. The enzymes catalyzing reversible 

phosphorylation (CDK2, cyclin-dependent protein kinase 2; PP1, protein phosphatase 1). 
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