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Largely Mediate “Privileged” Gene Expression
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We examined the molecular determinants for sustained high-level expression of “privileged” genes, defined as
the 0.03% most highly expressed genes within any specific cell. We identified histone modifications by chroma-
tin immunoprecipitation analyses on Keratin 8, the most highly expressed gene in the human breast cancer cell
line, MCF-7, based on serial analysis of gene expression. Quantitative comparisons to the “normal” counterpart
cell line, MCF-10A, expressing 350-fold lower levels of Keratin 8 and other breast cancer cell lines expressing
higher levels were performed using real-time PCR. Extraordinarily high levels of trimethyl histone H3 lysine 4
(H3K4) were found primarily in the first intron of the Keratin 8 gene stretching from 400 to 2000 bp downstream
from the promoter in all breast cancer cells lines but not in MCF-10A cells. The highest levels of histone H3K4
trimethylation in MCF-7 cells ranged from 70% to 80% over input within 1200 bp of this region. Knockdown
of mixed-lineage leukemia (MLL), the specific methyltransferase for histone H3K4, with MLL-specific siRNA
decreased histone H3K4 trimethylation on the Keratin 8 gene and decreased Keratin 8 mRNA levels. Histone
H3K4 trimethylation mediates approximately 86% of the elevated, sustained expression of the Keratin 8 gene in
MCF-7 cells.

Key words: Histone modifications; H3K4 trimethylation; Gene expression; SAGE;
Mixed-lineage leukemia (MLL)

INTRODUCTION mRNA transcripts per cell. Generally, cell nuclear
components serve to keep gene expression “in check”
and do not allow continued high expression of anyWe are interested in determining the mechanism(s)

for expression of the most highly expressed genes particular gene. Therefore, the word privileged seems
appropriate to describe this phenomenon. We wishthat are apparently not shut down in specific cells.

Each of the 0.03% most highly expressed genes pro- to investigate the mechanism(s) by which privileged
genes escape the tight surveillance. To date, gene ex-duces approximately 2% of the total 300,000–

400,000 mRNA transcripts present in a human cell pression has simply been defined as active or inactive
when correlated to the identification of histone modi-(26). We call this extraordinarily high level of sus-

tained gene expression “privileged.” Surprisingly, the fications. However, an enormous dynamic range ex-
ists for gene expression ranging from 1× to 10,000×,privileged genes together produce about 20% of the

total mRNA transcripts on average, setting these and therefore we investigated the mechanism for
gene expression at the highest dynamic range.genes apart as a distinct class of genes. In contrast,

the vast majority of genes produce fewer than 10 A majority of genes are kept repressed, and several
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mechanisms for gene silencing have been reported. its components to privileged gene expression, we ex-
amined histone modifications on the Keratin 8 geneThe heterochromatin protein 1 (HP1) plays a major

role in gene repression and is broadly conserved in including acetylations and methylations. We chose a
highly quantitative approach using real-time PCR toeukaryotes with the exception of yeast (7). HP1 pri-

marily associates with pericentric heterochromatin evaluate the results of our chromatin immunoprecipi-
tation (ChIP) assays. Several laboratories have dem-and is essential for repression of heterochromatic

genes. However, it can also be found at euchromatin onstrated histone acetylation and trimethylation of
histone H3K4 associated with active gene expressionsites where it promotes gene repression often in asso-

ciation with histone H3K9 methylation (7,17,24). (20,21). The results of our work reported here com-
plement that of prior publications regarding trimethy-However, HP1 can also repress genes in the absence

of histone H3K9 methylation (7) in a context-depen- lation of histone H3K4 associated with active gene
expression (1,19,21); however, our work provides thedent manner. In other highly coordinated gene regula-

tory systems (e.g., nuclear receptors) gene expression first detailed quantitative assessment of the specific
contribution of histone modifications to privilegedis shut down by specific corepressors (13).

Serial Analyses of Gene Expression (SAGE) has gene expression.
provided a method to precisely quantify the number
of mRNA transcripts produced by genes in specific
cells (26). Furthermore, the National Cancer Institute MATERIALS AND METHODS
(NCI) has generated SAGE databases for several can-

Cell Culture
cer cell lines and tissues and their normal counter-
parts. We have interests in human MCF-7 breast can- The cell lines were purchased from the American

Type Culture Collection (Manassas, VA) and cul-cer cells and found that the Keratin 8 gene is the most
highly expressed gene in MCF-7 cells with 12,622 tured at 37°C with 5% CO2. MCF-7 cells were cul-

tured in DMEM/F12 with 2 mM L-glutamine andmRNA transcripts per million transcripts reported in
the NCI SAGE database (12). Furthermore, the Kera- 10% fetal bovine serum (FBS). MCF-10A cells were

cultured in DMEM/F12 with 0.1 µg/ml cholera toxin,tin 8 gene was expressed at far lower levels in normal
human mammary epithelium and normal human lu- 0.5 µg/ml hydrocortisone, 10 µg/ml bovine insulin,

20 ng/ml EGF, and 5% horse serum. SK-BR-3 cellsminal epithelial cells. Therefore, the privileged gene
pool may also differ in diseased versus normal cells, were cultured in McCoy’s 5a medium (modified)

with 1.5 mM L-glutamine, 2.2 g/L sodium bicarbon-and the Keratin 8 gene appears to be aberrantly ex-
pressed in several breast cancer cells. Keratin 8 plays ate, and 10% FBS. T-47D cells were cultured in

RPMI-1640 medium with 2 mM L-glutamine, 1.5 g/an important role in several invasive breast cancers.
Keratin 8 is a member of the intermediate filament L sodium bicarbonate, 4.5 g/L glucose, 10 mM

HEPES, 1 mM sodium pyruvate, 10 µg/ml bovinegene family and is found on the surface of breast can-
cer cells, including MCF-7 cells (4,10). Keratin 8 is insulin, and 10% FBS.
the major plasminogen receptor that is required for
accelerated activation of cell-associated plasminogen Antibodies
by tissue-type plasminogen activator (5,10,11), which

Anti-acetyl histone H4, anti-acetyl histone H2B,
is important for cellular migration, including tumor

anti-dimethyl histone H3 K9, anti-acetyl histone H3
invasion and metastasis (8,9). Keratin 8 has also been

K9, normal rabbit IgG, and anti-MLLc were pur-
used as a diagnostic marker for invasive breast carci-

chased from Upstate Ltd. (Lake Placid, NY). Anti-
noma (25) and node-positive metastases (2,3). Re-

trimethyl K4 histone H3 was purchased from Abcam
cently, Keratin 8 has also been found in the nucleus

(Cambridge, MA). Anti-β-actin was purchased from
and is colocalized with nuclear proteins containing

Sigma (St. Louis, MO).
O-linked N-acetylglucosamine residues including
Epitope H, hnRNPs, G and A1, c-myc, RNA pol II,

Mixed-Lineage Leukemia (MLL) Knockdown
and its transcription factors in breast cancer cells and

in Human Cells
biopsy material from infiltrating ductal breast carci-
nomas and fibroadenomas (6). However, the role of Three human MLL siRNA duplexes (#107890,

#107891, and #107892) were purchased from Am-nuclear Keratin 8 has not been identified. Interest-
ingly, the glyceraldehyde-3-phosphate dehydrogenase bion (Austin, TX). Cells were transfected with an

siRNA pool consisting of three siRNA duplexes by(GAPDH) gene is also a privileged gene in MCF-7
cells and is the seventh most highly expressed gene using siPORT Amine Transfection Agent (Ambion)

according to the manufacturer’s instructions. Cells(12).
To understand the contribution of chromatin and were harvested 72 h after transfection and used for
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experiments. Silencer Negative Control siRNA (Am- deoxycholate and protease inhibitors). Sonication
was performed on ice using a Fisher model 60 Sonicbion) was used for control transfections.
Dismembrator (Fisher, Pittsburgh, PA) 10 times for
15 s each at 40% output (output power in the rangeReal-Time Quantitative RT-PCR
of about 7–11 W) with microtip to achieve chromatin

Primers were designed using the Primer Express
fragments enriched for 500 bp in size followed by

2.0 software. The primers for the human keratin 8
centrifugation at 15,000 × g for 20 min at 4°C. Super-

mRNA are: sense, 5′-ATC AGC TCC TCG AGC
natants were collected and divided into three aliquots

TTC TC-3′; antisense, 5′-GGC TCT GGT TGA CCG
with equal volume: one aliquot served as an input

TAA CT-3′. The primers for the human mixed lin-
sample, the second aliquot used the experimental an-

eage leukemia (MLL) mRNA are: sense, 5′-GGA
tibody, and the third aliquot used the negative control

AGT CAA GCA AGC AGG TC-3′; antisense, 5′-
antibody. After preimmunoprecipitation clearing with

TGC TTT TTC TTG GGC TCA CT-3′. The primers
the control antibody and protein A at 4°C, immuno-

for housekeeping gene human β-actin are: sense, 5′-
precipitation was carried out with 4 µg of antibody

CTG GAA CGG TGA AGG TGA CA-3′; antisense,
at 4°C overnight with rotation. After immunoprecipi-

5′-AAG GGA CTT CCT GTA ACA ATG CA-3′.
tation, 35 µl 50% slurry of protein A beads was

Total RNA was extracted from the cells with Trizol
added and incubated at 4°C with rotation for 1 h and

(Invitrogen, Carlsbad, CA) according to the manufac-
followed by brief centrifugation. The precipitates

turer’s protocol and treated with DNase I (Invitrogen).
were washed once with RIPA buffer (50 mM Tris-

One microgram of total RNA was used for reverse
HCl, pH 8.0, 150 mM NaCl, 1 mM EDTA, 1% NP40,

transcription. The mRNAs were reverse-transcribed
0.1% SDS, 0.5% deoxycholate), once with high salt

into cDNAs with an iScript cDNA synthesis kit (Bio-
buffer (50 mM Tris-HCl, pH 8.0, 500 mM NaCl, 1

Rad, Hercules, CA) containing mixture of oligo(dT)
mM EDTA, 1% NP40, 0.1% SDS, 0.5% deoxycho-

and random primers. Real-time PCR was performed
late), and once with LiCl buffer (50 mM Tris-HCl,

using an ABI PRISM 7900HT Sequence Detection
pH 8.0, 250 mM LiCl, 1 mM EDTA, 1% NP40, 0.5%

System (Applied Biosystems, Foster City, CA) with
deoxycholate). Then the precipitates were washed

a DyNAmo HS SYBR Green qPCR kit (Finnzymes,
again with TE buffer twice for 10 min each. The im-

Espoo, Finland, supplied by New England BioLabs)
mune complexes and the input were treated with 50

with the program running for 40 cycles at 95°C for µg/ml RNase A at 37°C for 30 min and then with
15 s and 60°C for 1 min. The PCR efficiency for the

0.25 mg/ml Proteinase K for 4 h at 37°C. After the
primers was examined by serially diluting the cDNA

samples were heated at 65°C for at least 6 h to re-
templates. PCR-specific products were determined as

verse the cross-link, DNA was extracted by phenol/
a clear single peak, at the melting curves, of >80°C.

chloroform solution and precipitated with ethanol.
The specificity of primers was also confirmed as a

The recovered DNA was resuspended in 50 µl of
single band with the correctly amplified fragment

H2O, and 0.5 µl was used for real-time PCR. We de-
size through agarose. Each gene mRNA level was

signed a series of primers to amplify the regions
acquired from the value of the threshold cycle (CT) within the 5′ Keratin 8 gene locus (Table 1) from
of the real-time PCR as related to that for β-actin

1098 bp upstream of TATA box to 2103 bp down-
using the formula 2∆CT (∆CT = β-actin CT − gene of

stream of TATA box. Primers were designed with
interest CT). Primer Express 2.0 software (Applied Biosystems).

The amount of genomic DNA coprecipitated with an-
Chromatin Immunoprecipitation (ChIP) Assay

tibody was calculated as a percent input the following
way: % input = 2∆CT × 100 [∆CT = CT(input) − CTIn brief, �2 × 108 cells were used per ChIP assay.

Cells were cross-linked with 1% formaldehyde for 10 (ChIP)]. Normal Rabbit IgG served as the negative
control in the assay.min at room temperature and the cross-linking reac-

tion was stopped by 0.1 M glycine. Cells were har-
vested by scraping and a brief centrifugation. Cell Western Blot
pellets were washed twice with ice-cold phosphate-
buffered saline (PBS), once with solution 1 (10 mM Cells were lysed in protein lysis buffer (25 mM

Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA, 1%HEPES, pH 7.5, 10 mM EDTA, 0.5 mM EGTA,
0.75% Triton X-100), and once with solution 2 (10 NP40, 0.1% SDS, 0.5% deoxycholate, 1 mM NaF, 1

mM Na3VO4, protease inhibitors) for 30 min on ice.mM HEPES, pH 7.5, 200 mM NaCl, 1 mM EDTA,
0.5 mM EGTA). Cell pellets were resuspended in ly- Forty micrograms of protein samples was subjected

to 4–12% SDS-PAGE and electrophoretically trans-sis buffer (25 mM Tris-HCl, pH 7.5, 150 mM NaCl,
5 mM EDTA, 1% Triton X-100, 0.1% SDS, 0.5% ferred to nitrocellulose membrane. The membrane
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was blocked in 3% nonfat milk in TBS-T (50 mM study differences in histone modifications on the Ker-
atin 8 gene.Tris-HCI, pH 7.5, 150 mM NaCl, 0.05% Tween 20)

for 1 h at room temperature. After incubation with
primary antibody in TBS-T containing 3% milk over- Trimethylation of Histone H3K4 on the Keratin 8

Gene in MCF-7 Versus MCF-10A Cellsnight at 4°C, the membrane was washed extensively
with TBS-T and then incubated with secondary anti-

Results generated from our ChIP assays using the
mouse horseradish peroxidase-conjugated antibody

anti-trimethyl histone H3K4 antibody followed by
(Sigma) for 1 h at room temperature. After extensive

real-time PCR with primers spanning from 1.1 kb up-
washes with TBS-T, the membrane was visualized

stream and 2.1 kb downstream of the Keratin 8 start
with ECL plus reagents (Amersham Biosciences, Pis-

site of transcription are presented in Figure 2. Num-
cataway, NJ) according to the manufacturer’s instruc-

bers along the x-axis indicate the location along the
tions.

5′ end of the Keratin 8 gene with “+12” designating
the start site of transcription (Table 1). Trimethyla-
tion of histone H3K4 on the Keratin 8 gene was com-

RESULTS
pared in MCF-7 versus MCF-10A cells. Histone
H3K4 trimethylation was higher in MCF-7 cells andComparisons of Keratin 8 mRNA Levels in Different

Cell Lines was exceptionally high in regions spanning +406 to
+2013, downstream of the Keratin 8 promoter. The

Real-time reverse transcriptase (RT) PCR was per-
highest levels reached 80% over input. Prior to this

formed to quantitatively compare levels of Keratin 8
study, the highest level of histone H3K4 trimethyla-

mRNAs isolated from human breast cancer cell lines
tion reported on an active gene was approximately

including MCF-7, SK-BR-3, and T-47D and the
20% over input (21). Furthermore, elevated histone

“normal” counterpart breast epithelial cell line, MCF-
H3K4 trimethylation was found only in short, scat-

10A. MCF-10A cells are often used as the near nor-
tered regions at the start site and sites downstream

mal control cell line because they are human mam-
of the start site of transcription of the active genes

mary gland cells that have a normal or near-normal
examined (21). No widespread, high levels of histone

karyotype (23). MCF-7 cells are human breast adeno-
H3K4 trimethylation were reported. Interestingly, for

carcinoma cells that make tumors in immune-defi-
the Keratin 8 gene in MCF-7 cells, the highest levels

cient mice in response to estrogen. Our results
of histone H3K4 trimethylation were far downstream

showed that MCF-7 cells had about 350-fold higher
of the Keratin 8 gene start site of transcription com-

levels of Keratin 8 mRNA compared to MCF-10A
pared to the start site that showed histone H3K4 tri-

cells (Fig. 1). T-47D and SK-BR-3 breast cancer cells
methylation levels at 10% over input (Fig. 2, from

had approximately 325-fold and 260-fold greater lev- −94/+25).
els of Keratin 8 mRNA, respectively, compared to
MCF-10A cells. Based on data presented in Figure 1,

Comparisons of Other Histone Modifications on the
we predicted that these cell lines would be useful to

Keratin 8 Gene in MCF-7 Versus MCF-10A Cells

We examined histone acetylations (Fig. 3A–C)
that are associated with active gene expression and
histone H3K9 dimethylation that is associated with
gene repression (Fig. 3D). No obvious pattern differ-
ence between MCF-7 and MCF-10A Keratin 8 genes
was observed for histone H4 acetylation (Fig. 3A).
Surprisingly, the MCF-10A Keratin 8 gene showed
slightly elevated levels of acetylation at 13 regions
upstream and downstream of the promoter, whereas
the MCF-7 Keratin 8 gene showed slight elevations
in histone H4 acetylation in only four regions. In ad-
dition, the MCF-10A Keratin 8 gene showed more
regions with minor elevations in histone H2B acetyl-

Figure 1. Keratin 8 mRNA levels in MCF-7, SK-BR-3, T-47D,
ation compared to that in MCF-7 cells (Fig. 3B). Lev-and MCF-10A cells. The expression levels of Keratin 8 mRNA

were quantified by real-time RT-PCR and normalized to the house- els of histone H3K9 acetylation were the highest,
keeping gene β-actin. Results are expressed as the ratio relative to reaching 25% over input, for the Keratin 8 gene in
Keratin 8 mRNA level in MCF-10A cells. All data are presented

MCF-7 cells (Fig. 3C). However, histone H3K9 ace-as the means ± SD of three independent experiments. *p < 0.01
versus MCF-10A by Student’s t-test. tylation in MCF-10A Keratin 8 was only diminished
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Figure 2. Histone H3 K4 trimethylation within the Keratin 8 gene in MCF-7 and MCF-10A cells. ChIP assays were performed with anti-
trimethyl K4 Histone H3. The amount of precipitated DNA was quantified relative to input as described in Materials and Methods. The data
are presented as the means ± SD of two independent experiments. The initiation site of TATA box is designated at +1.

about twofold in eight regions and fourfold in one In summary (Fig. 3F), in the 5′ end of the first
intron of Keratin 8 gene in MCF-7 cells, the trimethy-short region of 138 bp (+1659 to +1797), whereas

acetylation levels were significantly higher in MCF- lated histone H3K4 modification was approximately
3–5-fold, 15–40-fold, and 30–80-fold higher than10A Keratin 8 in four regions (Fig. 3C). Both MCF-

7 and MCF-10A Keratin 8 genes showed high levels acetylated histone H3K9, acetylated histone H4, and
acetylated histone H2B, respectively. The highestof histone H3K9 acetylation mainly in the region

downstream of the transcription start site, mostly in levels of all histone modifications, those above 12%
over input, were found only in this intron region andthe first intron, +406 to +2103, the same region that

showed even greater levels of trimethylated histone not in the region approximately 1100 bp upstream
to 420 bp downstream of the Keratin 8 start site ofH3K4 in the MCF-7 Keratin 8 gene. Although no

obvious pattern difference was detected between the transcription. At the Keratin 8 promoter, the trimeth-
ylated histone H3K4 level was fourfold higher inKeratin 8 gene in MCF-7 versus MCF-10A cells with

respect to histone H3K9 acetylation, these data sug- MCF-7 versus MCF-10A cells, about 12% versus 3%
over input. Surprisingly, all histone acetylations weregest that perhaps this acetylation may be necessary

but not sufficient to mediate privileged gene expres- higher at the Keratin 8 gene promoter in MCF-10A
versus MCF-7 cells; 3% versus 1% over input forsion.

Data generated from ChIP assays using the anti- acetylated histone H4 and acetylated histone H2B,
and 7% versus 3% over input for acetylated histonedimethyl histone H3K9 antibody showed no obvious

pattern difference for this histone modification on the H3K9.
Keratin 8 genes in either MCF-7 or MCF-10A cells.
These data suggest that histone H3K9 dimethylation

Trimethylation of Histone H3K4 in Other Breastis not associated with the low levels of Keratin 8 ex-
Cancer Cell Linespression in MCF-10A cells. Our negative control data

(Fig. 3E) using normal rabbit IgG show no back-
We investigated other breast cancer cell lines, SK-ground in the detection of histone modifications on

BR-3 and T-47D, which showed high levels of Kera-the Keratin 8 genes in MCF-7 and MCF-10A cells.
tin 8 mRNA (Fig. 1). The Keratin 8 genes in both
cell lines showed highly elevated, widespread histone
H3K4 trimethylation in the same first intron regionTABLE 1

5′ KERATIN 8 GENOMIC REGION as that in MCF-7, +406 to +2013 (Fig. 4A, B). The
highest levels of this modification were about 85%

Genomic Site (#) Region of 5′ Keratin 8 Gene and 60% over input for SK-BR-3 and T-47D Keratin
8 genes, respectively. These data support those in+1 TATA box start site

+12 5′ end of Keratin 8 mRNA Figure 2 showing that highly elevated levels of Kera-
+107 First codon start for the Keratin 8 protein tin 8 mRNA are associated with widespread, excep-
+431 Intron 1—5′ end tionally high levels of histone H3K4 trimethylation
+3015 Intron 1—3′ end

far downstream of the promoter.
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Figure 3. Histone modifications within the Keratin 8 gene locus in MCF-7 and MCF-10A cells. ChIP assays were performed with anti-
acetyl histone H4 (A), anti-acetyl histone H2B (B), anti-acetyl histone H3 K9 (C), or anti-dimethyl histone H3 K9 (D).
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Figure 3. Continued. Normal Rabbit IgG served as the negative control (E). The amount of precipitated DNA was quantified relative to
input as described in Materials and Methods. All data are presented as the means ± SD of two independent experiments. The initiation site
of TATA box is designated at +1. (F) Summary and comparison of the histone modifications examined on the Keratin 8 gene in MCF-7
cells.

Knockdown of MLL Substantially Decreases Keratin Our results also showed large decreases in Keratin
8 mRNA levels in MCF-7, SK-BR-3, and T-47D8 mRNA Levels in the Breast Cancer Cell Lines
cells associated with MLL knockdown (Fig. 5C).

The C-terminal SET domain of the MLL protein
These decreases were detected and quantified by real-

family is a specific histone methyltransferase that
time RT-PCR on mRNA from cell lines transfected

methylates only histone H3K4 (14,16). Furthermore,
with MLL siRNA or control siRNA. Keratin 8

MLL associates with some transcriptionally active
mRNA levels were decreased by 74%, 68%, and 72%

genes (15) and regulates gene expression at the stage
in MCF-7, SK-BR-3, and T-47D cells, respectively.

of elongation (15,22). Most likely, MLL travels with
Typically, siRNA does not knockdown gene expres-

RNA pol II during transcription elongation (22). To
sion by 100%. Therefore, if MLL siRNA knockdown

quantify the contribution of the histone H3K4 tri-
in MCF-7 cells was 100% effective, we predict that

methylation to the expression of the Keratin 8 gene
the Keratin 8 mRNA levels would be reduced by

in MCF-7 cells, we performed knockdown experi-
86%.

ments of MLL using siRNAs. All cell lines studied
had similar levels of MLL mRNA and protein (Fig.

Knockdown of MLL Decreases Histone H3K4
5). In all cell lines, MLL mRNA levels were de-

Trimethylation of the Keratin 8 Gene
creased between 87% and 83% (Fig. 5A) in response

in all Cell Lines
to transfection with MLL siRNA. MLL was knocked
down by 86% in MCF-7 cells. These knockdown re- To support data presented in Figure 5, we con-

firmed that knockdown of MLL did significantly re-sults were further supported by Western blot analyses
to detect MLL protein in all cell lines transfected duce histone H3K4 trimethylation levels in all Kera-

tin 8 regions in all cell lines (Fig. 6A–D). Thiswith MLL siRNA (+) or with unrelated control
siRNA (−) (Fig. 5B). histone modification was obviously most greatly re-
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Figure 4. Histone H3 K4 trimethylation within the Keratin 8 gene in SK-BR-3 and T-47D cells. ChIP assays were performed with anti-
trimethyl K4 histone H3 in SK-BR-3 cells (A) or in T-47D cells (B). The amount of precipitated DNA was quantified relative to input as
described in Materials and Methods. The data are presented as the means ± SD of two independent experiments. The initiation site of TATA
box is designated at +1.

duced in the region from +406 to +2103 where the quantitative MLL knockdown experiments, we esti-
mated that approximately 86% of the Keratin 8 privi-histone H3K4 trimethylation levels are extraordi-

narily high in cell lines treated with control siRNA. leged gene expression observed in MCF-7 cells is
contributed by histone H3K4 trimethylation. MLL
regulates gene expression at the elongation stage by

DISCUSSION
an unknown mechanism, and experiments performed
in null MLL knockout cells showed that RNA pol IIWe investigated and extensively quantified the role

of histone modifications in privileged gene expres- seemed to be stalled on MLL responsive genes (15,
22). Although these published studies suggest that se-sion. We used the Keratin 8 gene as a model system,

which is the gene that has the highest sustained ex- quence-specific transcription factors may exist that
recruit MLL to MLL target genes, our present workpression in MCF-7 cells. We found extremely high

levels of histone H3K4 trimethylation throughout 1.6 comparing MCF-10A to human breast cancer cells
demonstrates that sequence specificity is not suffi-kb of the 5′ end of the first intron located about 400

bp downstream of the Keratin 8 promoter. Histone cient. Instead, recruitment of MLL to genes is also
cell type specific, and, therefore, is not dependent onacetylations, commonly associated with active gene

expression, and histone H3K9 dimethylation associ- gene-specific sequences alone. Further work on the
MLL complex found at the Keratin 8 gene in MCF-ated with gene repression, showed no outstanding dif-

ferences between the Keratin 8 genes in MCF-7 cells 7 cells could substantially contribute to understand-
ing how histone H3K4 trimethylation contributes toversus the control MCF-10A cells that have about

350-fold reduced levels of Keratin 8 mRNA. Through the most highly efficient transcription elongation.
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elevated levels of histone H3K4 trimethylation, up to
80% over input, in a long stretch downstream of the
promoter for the Keratin 8 gene in MCF-7 cells.
Work from other groups involving tightly focused
ChIP assays have demonstrated loci of histone H3K4
methylation associated with active gene expression
and separated by boundaries to prevent gene inactiva-
tion associated with histone H3K9 methylation (18,
27). In the chicken β-globin gene, insulator elements
are the barriers that separate this gene locus from
neighboring genes (27), and thus is not affected by
surrounding chromosomal silencing. The insulator el-
ements perform this function by constitutively re-
cruiting histone H3K4 methylation and histone ace-
tylation in order to prevent propagation of condensed
chromatin. In fission yeast, the mating-type locus
consists of heterochromatic and euchromatic regions
that are separated by boundary elements consisting of
two inverted repeats (18). Histone H3K9 methylation
and the Swi6 protein are localized to repressed gene
expression in heterochromatin (18). Conversely, his-
tone H3K4 methylation is present on active genes in
the euchromatic region.

Our identification of highly elevated levels of his-
tone H3K4 trimethylation downstream of the Keratin
8 promoter supports transcription elongation as the
key contributor to the ability of privileged genes to
produce the highest levels of gene expression. Further
understanding of highly efficient transcription elon-
gation would be useful. Perhaps the Keratin 8 gene
in MCF-7 cells produces a far greater number of full-
length transcripts than all other genes in those cells.
Production of far more full-length transcripts couldFigure 5. Effect of MLL knockdown on Keratin 8 mRNA levels
be mediated by factors that bind to or associate within MCF-7, SK-BR-3, T-47D, and MCF-10A cells. Cells were

transfected with MLL siRNA (+) or with control siRNA (−) and trimethylated histone H3K4 downstream of the pro-
harvested 72 h after transfection. (A) Treatment with MLL siRNA

moter. These factors could assist in RNA pol II tran-results in a decrease of MLL mRNA levels compared to controls.
scription elongation and ensure completion of mRNAResults are expressed as the percent ratio relative to Keratin 8

mRNA level in control cells. All data are presented as the means transcription. Higher levels of transcription reinitia-
± SD of three independent experiments. (B) Treatment with MLL

tion at the Keratin 8 promoter in MCF-7 cells maysiRNA results in a decrease of MLLc protein levels compared to
also be enhanced by histone H3K4 trimethylation andcontrols. Whole cell lysate was subjected to Western blotting using

anti-MLLc antibody. β-Actin served as the loading control. (C) could contribute to privileged gene expression. No
Analyses of the effect of MLL knockdown on Keratin 8 mRNA

outstanding pattern differences in histone modifica-levels. Results are expressed as the ratio relative to the Keratin 8
tions were noted upstream of the Keratin 8 promotersmRNA level in control MCF-10A cells. All data are presented as

the means ± SD of three independent experiments. *p < 0.0001 in MCF-7 versus MCF-10A. Apparently, a higher or-
versus control by Student’s t-test.

der of histone modifications exists within this model
system in which histone H3K4 trimethylation far
downstream of the promoter dictates the vast major-
ity of privileged gene expression.MLL has been shown to specifically associate with

only a few transcriptionally active promoters (15).
Furthermore, somewhat elevated levels of histone
H3K4 trimethylation have been found associated ACKNOWLEDGMENT
with active gene expression, up to approximately
20% over input, in short regions around and down- We thank David D. Roberts, National Cancer Insti-

tute, NIH, Bethesda, MD for review of the manu-stream of promoters for genes that are turned on and
off during development (21). We have found further script and for helpful advice.
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Figure 6. Effect of MLL knockdown on Histone H3 K4 trimethylation within the Keratin 8 gene. MCF-7 (A), SK-BR-3 (B), T-47D (C),
and MCF-10A (D) cells were transfected with MLL siRNA or unrelated control siRNA and used for ChIP assays 72 h after transfection.
The amount of precipitated DNA was quantified relative to input as described in Materials and Methods. All data are presented as the means
± SD of two independent experiments. The initiation site of TATA box is designated at +1.
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