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The mouse fpgs gene uses two distantly placed promoters to produce functionally distinct isozymes in a
tissue-specific pattern. We queried how the P1 and P2 promoters were differentially controlled. DNA methyl-
ation of the CpG-sparse P1 promoter occurred only in tissues not initiating transcription at this site. The P2
promoter, which was embedded in a CpG island, appeared open to transcription in all tissues by several
criteria, including lack of DNA methylation, yet was used only in dividing tissues. The patterns of histone
modifications over the two promoters were very different: over P1, histone activation marks (acetylated histones
H3 and H4 and H3 trimethylated at K4) reflected transcriptional activity and apparently reinforced the effects
of hypomethylated CpGs; over P2, these marks were present in tissues whether P2 was active, inactive, or
engaged in assembly of futile initiation complexes. Since P1 transcriptional activity coexisted with silencing of
P2, we sought the mechanism of this transcriptional interference. We found RNA polymerase II, phosphory-
lated in a pattern consistent with transcriptional elongation, and only minimal levels of initiation factors over
P2 in liver. We concluded that mouse fpgs uses DNA methylation to control tissue-specific expression from a

CpG-sparse promoter, which is dominant over a downstream promoter masked by promoter occlusion.

In mammals, circulating folates are monoglutamate forms,
which are best viewed as the transport forms of this vitamin
(12, 54). After passage into peripheral cells, folates are con-
verted to poly-y-glutamate derivatives by the enzyme folylpoly-
v-glutamate synthetase (FPGS) (5, 52, 60). Without this met-
abolic trapping mechanism, mammalian cells die for lack of the
end products of folate metabolism (48). FPGS is also necessary
for the action of most antifolates (16, 63), and point mutations
in FPGS are a common mechanism for tumor cell resistance to
these drugs (51, 75). The distribution of FPGS in tissues of the
mouse follows two patterns: it is found in all normal tissues
with a dividing cell compartment, such as bone marrow and
small intestine as well as tumors, and it is expressed in two
differentiated tissues, liver and kidney (4, 21, 70). The enzyme
made in dividing cells results from transcription exclusively
from a promoter located immediately adjacent to the body of
the gene, with subsequent maturation of a transcript contain-
ing sequences from exons 1 to 15 (69). A second isozyme is
made in liver and kidney as the result of transcription from a
promoter located ca. 10 kb upstream; the mature mRNA for
this isozyme links sequences from two upstream exons (Ala
and Alb) to exons 2 to 15, splicing out exon 1 in the process
(62, 70). The two isozymes differ only in the sequence of the
most N-terminal peptide, but the enzyme in dividing cells is
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tightly regulated by feedback inhibition by folate polygluta-
mates, whereas that in liver and kidney is much less sensitive to
feedback control (1). Thus, the mouse has evolved a dual
promoter transcriptional mechanism to ensure the tissue-spe-
cific production of two similar enzymes: one spares the mouse
from loss of folates during cellular turnover, and the other
allows the storage of higher levels of folates in liver and
kidney (1).

The tissue specificity of mammalian gene expression is de-
termined by the levels of frans-acting factors, as well as by
epigenetic events that allow both the long-term control and the
flexibility required by development. Both sets of factors are
programmed in the germ line for precise gene expression in
every cell in the organism. Two major epigenetic mechanisms
in mammals are methylation of cytosines in CpG dinucleotides
and posttranslational modifications (PTMs) of histone H3 and
H4 tails (6). This “histone code” (30, 57) and DNA methyl-
ation are thought to act coordinately (6, 36). The role of CpG
methylation in gene silencing has been extensively studied, and
some patterns have become evident (32, 38). The CpG dinu-
cleotide occurs in human DNA at frequencies far less than
expected, but regions of genomic DNA containing relatively
high densities of CpGs (CpG islands) are very often associated
with the 5" regions of mammalian genes (10, 42, 66). The CpG
islands associated with the promoter regions of housekeeping
or broadly expressed genes are typically unmethylated (7, 9).
For some CpG island promoters that have a tissue-specific
pattern of expression, the CpG islands remain unmethylated in
tissues in which the gene is transcriptionally silent, as well as in
tissues in which the gene is transcriptionally active (10, 11, 33,
50, 58, 73). Results based on the technique of restriction land-
mark genome scanning indicated that about 5% of mouse
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genes contained CpG islands which were methylated in a tis-
sue-specific manner, and, for several of these cases, DNA
methylation correlated with tissue-specific gene silencing (65).
While there are only a few reports of DNA methylation ap-
parently causative of tissue-specific silencing in normal tissues
(24), such methylation-specific silencing has been commonly
observed following derangement of DNA methylation during
neoplastic transformation and tumor progression (31). The
role of CpG methylation in the control of gene expression in
the ~40% of human genes that do not contain CpG islands is
less well defined (2, 32). Although it is commonly thought that
tissue-specific DNA modification patterns are responsible for
tissue-specific gene expression, there is little direct evidence
linking DNA methylation at CpG-poor promoters with tran-
scriptional repression (32). Recently, high-resolution bisulfite
sequencing of regions of human chromosomes 6, 20, and 22
revealed a proportion of CpG-sparse promoters whose meth-
ylation status reflected transcriptional repression (18). Inter-
estingly, the P1 promoter in the mouse fpgs gene lies in a
region characterized by a sparse distribution of CpG dinucle-
otides, while the P2 promoter lies in a CpG island, so that the
tissue-specific transcription of the fpgs gene involves coordina-
tion of events at both types of promoters.

In this study, we investigated how the two promoters of the
mouse fpgs gene are controlled to accomplish this pattern of
tissue-specific expression. We conclude that the upstream
CpG-sparse promoter is made accessible or inaccessible by
coordinated DNA and histone modifications but that tissue
specificity of initiation at the downstream CpG island pro-
moter is independent of DNA methylation. From detailed
chromatin immunoprecipitation (ChIP) mapping studies
across the length of the 20-kb mouse fpgs gene, we found
patterns of histone H3 and H4 acetylation and trimethylation
of histone H3 at lysine 4 (H3K4me3) that reflected DNA
hypomethylation but not necessarily transcriptional activity.
We present evidence that elongating RNA polymerase II
(RNAPII) complexes accumulate over the nucleosome-de-
pleted P2 promoter sequences in mouse liver, limiting the
assembly of transcriptional initiation complexes at P2. Hence,
mouse fpgs represents an example of transcriptional interfer-
ence in an endogenous gene.

MATERIALS AND METHODS

Isolation of the mouse fpgs locus from a 129/Sv bacterial artificial chromo-
some (BAC) library. The mouse genomic 129/Sv Down-to-the-Well BAC Library
(Incyte Biologicals) was screened by PCR using primers spanning fpgs intron 13
(5'-CCAACGTGACAGAGGTTTCATCC-3' and 5'-TTGGAGCTAGCGTGT
TTCTCAGC-3"). A BAC clone containing 150 to 175 kb of mouse genomic
sequence was isolated that included the entire fpgs locus. HindIII and BglII
fragments that hybridized with exons Ala/Alb and exon 1 cDNA probes were
subcloned into pGEM (Promega). Further restriction digest analysis, Southern
blotting, and sequencing determined the location of the exon Ala/Alb or exon
1 sequences within the subclones. Two HindIII fragments of 8.5 kb and 7 kb were
identified that contained the exon Ala/Alb and the exon 1 regions, respectively
(Fig. 1A). Subsequent direct sequencing of the BAC clone demonstrated that
these HindIII fragments were contiguous.

Mapping of transcriptional start sites. To map the transcriptional start sites of
exons Ala/Alb and exon 1 by RNase protection assays (RPAs), plasmid clones
containing the genomic sequences upstream of exons Ala/Alb (P1) and exon 1
(P2) were used to generate riboprobes and standard RNAs by in vitro transcrip-
tion. The P1 probe construct was created by amplifying the exon Ala/Alb cDNA
sequence, using primers 5'-CTGGACTGTGCACAGGATG-3" and 5'-GGAGG
CAGTCTTAGCTTCGTAAGC-3', and cloning the PCR product into pCRII
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(Invitrogen). The cDNA clone was digested at an ApalLl site in exon Ala and an
EcoRV site in the vector. The 4.1-kb linearized cDNA and vector sequence was
isolated for subsequent ligation to the promoter sequence. A genomic fpgs clone
subcloned as above from the 129/Sv BAC was digested with ApaLI and EcoRV
to isolate a 127-bp fragment of P1 sequence and exon Ala sequence. This 127-bp
fragment was ligated to the 4.1-kb ApaLLI/EcoRV fragment to link the promoter
and cDNA, without the intervening intron sequence between exons Ala and
Alb. Transcripts containing exon 1 were detected using a construct created by
amplifying the genomic sequence upstream of and including exon 1 (5'-CTCG
GATTGGTGGGTCTTAGG-3" and 5'-CTGATACTCCATGCCCGGC-3") and
ligating the PCR product into pCRII. The P1 and P2 constructs were linearized
with EcoRV and BsaHI, respectively, and the riboprobe RNA transcripts were
generated using [y->’P]JUTP (Perkin Elmer) and either SP6 or T7 RNA poly-
merase. The sense complements of the P1 and the P2 probes were in vitro
transcribed and hybridized to the labeled riboprobes for use as standards for the
mobility of a single molecular species that perfectly matches the probe. The
riboprobes were hybridized to mouse liver and L1210 mRNA as previously
described (70). Primary L1210 leukemia cells that had never been placed in
culture were used in some experiments; they were obtained from DBA-2 mice
carrying the tumor as an intraperitoneal implant.

DNase I hypersensitivity assays. L1210 cells (1 X 10%) were pelleted, washed
with phosphate-buffered saline, and resuspended in lysis buffer (10 mM Tris-Cl,
pH 7.4, 10 mM NaCl, 3 mM MgCl,, 0.5% Igepal, 0.15 mM spermine, and 0.5 mM
spermidine). The nuclei were pelleted (284 X g for 10 min at 4°C), washed, and
resuspended in 1 ml of DNase I digestion buffer (1 mM CaCl,, 10 mM Tris-Cl,
pH 7.4, 15 mM NaCl, 60 mM KClI, 0.15 mM spermine, 0.5 mM spermidine) to
which 0 to 18 pg/ml DNase I (grade DN-EP; Sigma Chemical Co.; dissolved in
20 mM Tris-Cl, pH 7.5, and 1 mM MgCl,) was added. The DNase I digestion (5
min at 25°C) was quenched with stop buffer (10 mM EDTA and 1 mM EGTA),
and 1% sodium dodecyl sulfate. The samples were digested with 75 ug of
proteinase K at 37°C overnight, the genomic DNA was isolated by organic
extractions (phenol [pH 7.6]-chloroform [1:1] and chloroform), and the RNA
was degraded with RNase A (20 ug; 2 h at 37°C). The extractions were repeated,
and the samples were precipitated and resuspended in H,O. The samples were
digested with HindIII overnight, and the DNA concentration of each sample was
determined. Ten micrograms of each sample was run on 0.5% agarose gels and
transferred to nylon membranes. PCR-generated sequences from the 5’ ends of
the exon Ala and exon 1 HindIIl fragments were random-primed with
[y-*?P]dATP and [y->*P]dCTP (Perkin Elmer) and used to probe the mem-
branes.

Primary mouse tissues (liver, kidney, and brain) were excised and homoge-
nized in buffer A (15 mM Tris-Cl, pH 7.6, 60 mM KCI, 15 mM NaCl, 2 mM
EDTA, 0.5 mM EGTA, 0.5 mM spermidine, 0.15 mM spermine) in a Dounce
homogenizer to reduce the activity of native DNases. Single-cell suspensions
were washed with buffer A and lysed in buffer A plus 0.5% Igepal. Nuclei were
washed in buffer A and resuspended in buffer A plus 3 mM CaCl, and 75 mM
NacCl, to which DNase I was added. The remaining steps were followed as above.

ChIP-histone modifications. The ChIP procedure was adapted from previ-
ously described methods (14, 40). Briefly, L1210 cells (2 X 10° to 3 X 10° cells
per immunoprecipitation) or 300 mg of diced liver or brain tissue was fixed in 1%
HCHO at 25°C. Liver and brain samples were washed in phosphate-buffered
saline and dispersed into a single-cell suspension in a Dounce homogenizer and
passed through sterile gauze to remove tissue clumps. Cells were washed, lysed
in a 25 mM Tris buffer, pH 7.5 (containing 150 mM NaCl, 5 mM EDTA, 1%
Triton X-100, 0.1% sodium dodecyl sulfate, and 0.5% sodium deoxycholate), and
sonicated using a bath sonicator (Diagenode) until 100- to 300-bp DNA frag-
ments were obtained as visualized on an agarose gel. Sonicated lysates were
precleared for 1 h at 4°C in a 50% lysis buffer-protein G-Sepharose bead (Am-
ersham Biosciences) slurry previously blocked with 0.05 mg/ml sonicated lambda
DNA and 0.05 mg/ml bovine serum albumin. The lysates were rotated at 4°C
overnight with 5 pg of antibodies against the following: total histone H3 (ab1791;
Abcam), monomethyl-H3K27 (H3K27mel) (item 07448; Upstate), dimethyl-
H3K27 (H3K27me2) (07452; Upstate), H3K27me3 (07449; Upstate), H3K9me3
(07442; Upstate), H3K4me3 (07473; Upstate), acetyl-H3 (H3Ac) (06599; Up-
state), H4Ac (06598; Upstate), H3K9Ac (07352; Upstate), and immunoglobulin
G (IgG) (12-371; Upstate). Ten micrograms of antibody against H3K36me3
(ab9050; Abcam) was also used. Protein-DNA complexes were eluted from the
beads and cross-links were reversed at 65°C. The immunoprecipitated DNA was
precipitated with ethanol and resuspended in Tris-EDTA (TE) buffer; 1 wl of
each dissolved sample was added to PCRs. PCR primer pairs amplified regions
of genomic DNA every 1.5 to 2.0 kb across the length of the fpgs gene. Real-time
PCR quantitations of immunoprecipitated DNA and total input DNA were
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FIG. 1. Transcriptional start site mapping over the two mouse fpgs promoters. (A) Map of the mouse fpgs locus showing the placement of exons
Ala, Alb, and 1 (filled boxes) on two contiguous HindIII fragments. (B) Determination of the transcriptional start sites of the P1 and P2 promoters
by RPA performed with mRNA from DBA-2 mouse liver, L1210 cultured cells, and L1210 primary (1°) leukemia cells. The first and last lanes show
end-labeled DNA molecular weight markers. Four RNA standards were generated to allow the precise size determination of the protected
fragments in the data lanes: in standard lanes 1 and 3 are protected fragments of 285 nt and 206 nt, respectively, from the hybridization of the P1
and P2 probes with an in vitro transcribed sense complement of each probe. To standard lane 2 was added a protected fragment of 173 nt,
representing the sequence of exons Ala and Alb from nt —53 to nt +120 (relative to the first translational start site in exon Alb); in standard
lane 4 is a protected fragment of 120 nt, representing the sequence of exon 1 from nt +19 to nt +138 (relative to the first translational start site
in exon 1). Arrows in the lower diagram indicate the location of transcriptional start sites mapped in the figure; major (bold) and minor
transcriptional start sites located within exons Ala and Alb and exon 1 sequences are noted.

performed as previously described (14), except 0.1% of the supernatant from the
no-antibody adsorption reaction was used as input DNA.

Methylation-specific endonuclease mapping. Mouse liver, brain, kidney, and
L1210 genomic DNA (60 pg) were digested with Hpall (30 U/ug) at 37°C
overnight. Half of the DNA was then digested with MspI (2 U/ng) overnight.
Digests were analyzed by Southern blotting using 5 pg of DNA/lane and exons
Ala or exon 1 cDNA sequences as probes.

Bisulfite sequencing. Mouse tissue and L1210 genomic DNA (10 pg) were
digested with HindIII at 37°C overnight and chemically deaminated as previously
described (49). Two-microgram aliquots of the digests were heat denatured
(95°C for 10 min) and subsequently chemically denatured (0.32 M NaOH at 50°C
for 15 min). Fifty microliters of 2% low-melting-point agarose was added to each
sample, and 10-pl drops were added to chilled mineral oil. The solidified agarose
beads were transferred to 0.5 ml of freshly made bisulfite reaction mixture (5 M
Na,S,0s, pH 5.0, 0.58 mM hydroquinone) and incubated at 50°C for 4 h pro-
tected from light. The beads were washed six times with 1 ml of TE buffer for 10
min at room temperature and incubated with 0.2 M NaOH at 37°C for 30 min,
followed by three washes with TE buffer. The beads were then added directly to
PCR mixtures with sense and antisense primers designed without CpG dinucle-
otides and chosen to amplify the bisulfite-modified sequence of the top strand.
The PCR products were reamplified using nested primers. The resulting prod-
ucts were separated by agarose gel electrophoresis, and the gel-isolated products

were cloned into pCRII (Invitrogen). Ten clones were sequenced for each PCR-
amplified region.

ChIP-RNAPII and transcription factor studies. The ChIP protocol used to
study the histone PTMs was applied to study the distribution of RNAPII over
smaller, overlapping segments of the fpgs promoters and the distribution of
transcription factors near P2. Cross-linked DNA fragments were sonicated down
to 100 to 300 bp. Lysates were rotated at 4°C overnight with 8 ug of anti-RNAPII
(05-623; Upstate), 4 pg of anti-IgG (12-371; Upstate), or 5 pg of antibodies
against phosphoserine 5 peptide from RNAPII (ab5131; Abcam), phosphoserine
2 peptide from RNAPII (ab5095; Abcam), TATA-binding protein (TBP) (sc-
273; Santa Cruz), TAFIIp250 (sc-17134; Santa Cruz), TFIIB (sc-225; Santa
Cruz), negative elongation factor A (NELF-A) (sc-23599; Santa Cruz), or SP1
(sc-59; Santa Cruz). The antibody used to recognize total RNAPII binds both
phosphorylated and unphosphorylated forms of the C-terminal domain (CTD)
repeated peptide, according to the manufacturer. The specificities of the anti-
bodies against RNAPII phosphorylated serine 5 CTD peptide and phosphory-
lated serine 2 CTD peptide were determined by incubating L1210 cell lysates and
each antibody with increasing amounts of the serine 2 phosphopeptide (ab12793;
Abcam), serine-5 phosphopeptide (18488; Abcam), and unphosphorylated CTD
peptide (12795; Abcam) under our ChIP conditions (see Fig. S3 in the supple-
mental material). Increasing levels of each phosphopeptide progressively
blocked the ChIP signal using antibody against that phosphopeptide, but the
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other phosphopeptide or the unphosphorylated CTD peptide was ineffective
even at 10 pg per immunoprecipitation. The P1 fpgs promoter region was divided
into five segments, using primers that amplified nucleotides —379 to —119, —126
to 30, 7 to 153, 121 to 288, and 287 to 449 relative to the upstream transcriptional
start site. The P2 fpgs promoter was divided into six fragments amplifying nu-
cleotides —698 to —469, —475 to —333, —340 to —167, —194 to —52, —83 to 165,
and 59 to 232 relative to the transcriptional start site.

RESULTS

Mapping of the transcriptional start sites at the P1 and P2
promoters. RPAs were used to define the transcriptional start
sites at the P1 and P2 promoters of the mouse fpgs gene. Using
mRNA from L1210 cells to protect a probe for the P2 region,
multiple minor start sites were detected upstream of the first
ATG in exon 1 (Fig. 1B, right panel), a profile very similar to
that previously found with the equivalent human fpgs promoter
(22). In contrast, fpgs transcripts that use P2 were not detected
in mouse liver by these RPAs (Fig. 1B). This agrees with a
previous report (70) that the P2 promoter was heavily used in
mouse dividing tissues and tumors but that a very low percent-
age (< 5%) of fpgs transcripts in mouse liver initiated at P2.
The multiple start sites at P2 in mouse L1210 cells were not
unexpected, since P2 is a TATA-less promoter.

Two major transcriptional start sites were found in the fpgs
P1 promoter (Fig. 1B, left panel). This promoter was heavily
used in liver, but was not used in L1210 leukemic cells prop-
agated either in culture or as an in vivo tumor (Fig. 1B). The
distribution of start sites in mouse liver fell almost exclusively
in what was previously defined as exon Ala by cDNA cloning
(60) and 5’ rapid amplification of cDNA ends (69) experi-
ments.

Mapping of chromatin structure near the two fpgs promot-
ers. The accessibility of the fpgs promoter regions to proteins
was determined from cleavage patterns in genomic DNA after
exposure of intact nuclei to DNase 1. At low levels of DNase I
digestion, the full-length 8.5-kb HindIII fragment hybridized to
the probe for the P1 region but, with increasing amounts of
DNase I, a smaller fragment (4.4 kb) was detected in DNA
extracted from renal and hepatic nuclei (Fig. 2A, left panels).
This band was not seen in DNA extracted from mouse L1210
leukemia cells and mouse bone marrow, two dividing cell types
that do not utilize the P1 promoter, nor was it observed in
DNA from brain nuclei, which do not transcribe the fpgs gene
from either promoter. When the P2 region was examined using
a probe from the downstream HindIII fragment, a DNase
hypersensitivity site was detected in all the tissues examined,
i.e.,, L1210 cells, bone marrow, liver, kidney, and brain (Fig.
2A, right panels). The DNase hypersensitivity sites found for
each promoter mapped to positions about 130 to 150 bp up-
stream of the transcriptional start sites defined as diagrammed
in Fig. 1B. This implied that the chromatin configuration 130
to 150 bp upstream of P1 allowed access to this region in only
those tissues that utilize this promoter (liver and kidney) but
that the chromatin encompassing the P2 promoter was acces-
sible in all tissues studied, whether or not this promoter was
transcriptionally active.

The density of nucleosomes over the entire 20-kb fpgs locus
was examined by ChIP using antibodies against histone H3.
Previous studies have mapped histone H3 density over the
length of a highly expressed human gene transcribed from a
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single promoter (72). In that study, the ChIP signal for total
histone H3 reached a minimum over the promoter region,
representing a low density of nucleosomes immediately before
the transcriptional start site (72). The pattern of histone H3
decorating the span of the fpgs gene was more complex (Fig.
2B). The density of histone H3 reached a local minimum over
the P2 promoter in L1210 cells, mouse liver, and brain and
colocalized with the DNase hypersensitivity site mapped to this
P2 region in these tissues (Fig. 2A and B). Somewhat surpris-
ingly, a similar histone H3 local minimum was not seen in liver
over the P1 region, in spite of the DNase hypersensitivity site
over that region (Fig. 2B). Overall, the amount of histone H3
decorating the fpgs gene in mouse liver increased continuously
over the span of the gene, with a notable minimum over P2.
Interestingly, the histone H3 pattern in all three tissues was
quite similar in spite of the differences in transcriptional activ-
ity at P1 and P2 among them (Fig. 2B).

Histone acetylation concurs with transcriptional initiation
over P1 but not over P2. Previous studies in Saccharomyces
cerevisiae and human cells indicate that active promoters have
substantial acetylation of lysines in the N-terminal peptides of
histones H3 and H4 (45, 55). When we probed the histones
decorating the entire length of the fpgs gene, including seg-
ments containing P1 and P2 promoters, by ChIP using anti-
bodies against H3Ac and H4Ac, we found a higher level of
complexity in leukemic cells, liver, and brain (Fig. 3). As ex-
pected, abundant acetylation of both H3 and H4 was detected
in mouse liver over P1 (Fig. 3B), but in L1210 cells, the nu-
cleosomes over this region were not enriched in H3Ac and
H4Ac (Fig. 3A). H3 and H4 acetylation was also a character-
istic in nucleosomes over P2 in L1210, which initiates at this
promoter (Fig. 3A). The regions of DNA over which H3 and
H4 were acetylated extended substantially downstream of P1 in
liver and on both sides of P2 in L1210 cells. Interestingly, H3
and H4 acetylation was also found over P2 in mouse liver (Fig.
3B), although the span of genomic DNA over which histone
acetylation was found over P2 in liver was much narrower than
seen in L1210 cells. This difference was repeatable and was
seen with an antibody to H3K9Ac as well as the H3Ac and
H4Ac antibodies shown in Fig. 3. Remarkably, in mouse brain,
the pattern of H3 and H4 acetylation was almost identical to
that in L1210 cells (Fig. 3C). Since histone acetylation is
thought to mark an open promoter, finding H3 and H4 acet-
ylation over P2 in mouse liver and brain raises the question of
why P2 is not actively firing in these tissues. Clearly, a lack of
transcriptional initiation at P2 in liver was not due to the
absence of H3Ac and H4Ac in regional nucleosomes.

DNA cytosine methylation near the P1 and P2 promoters.
The distribution of CpG dinucleotides in the regions of mouse
DNA surrounding the two fpgs promoters differed significantly.
The P1 promoter was in a region in which CpG dinucleotides
were sparsely represented (19 dinucleotides distributed over
the region from —650 to +900 nucleotides [nt], relative to the
first transcriptional start site), whereas the P2 promoter was
embedded in a CpG island (%GC, 58.9; observed CpG/ex-
pected CpG, 0.71, distributed over the 1,000 nt centered on the
first transcriptional start site), as defined previously (67). Initial
experiments using Hpall, which is methylation sensitive, and
Mspl, which cleaves at the same site as Hpall (CCGG) regard-
less of cytosine methylation, suggested a tissue-specific differ-
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FIG. 3. Distribution of H3Ac and H4Ac along the fpgs locus in
mouse tissues expressing transcript from P1 or P2. Chromatin from
L1210 leukemia cells (A), mouse liver (B), and mouse brain (C) was
cross-linked, sonicated, and immunoprecipitated with either an anti-
body against H3Ac, H4Ac, or a nonspecific IgG (open symbols). The
content of DNA for various segments of the fpgs locus was determined
by real-time PCR as described in the legend of Fig. 2B. The positions
of the two DNase hypersensitivity sites are shown as the cross-hatched
bars. «, anti.

ence in CpG methylation at P1 and little or no difference at P2
(see Fig. S1 in the supplemental material). Bisulfite sequencing
demonstrated strikingly different patterns over the two fpgs
promoters (Fig. 4). DNA from mouse liver showed an under-
methylated state over P1, whereas L1210 cells, bone marrow,
and brain DNA had virtually quantitative methylation at each
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CpG over this same region. In striking contrast, the CpG island
surrounding P2 was completely unmethylated in all tissues
studied, including normal and neoplastic tissues in which the
P2 promoter was transcriptionally active (L1210 cells and mar-
row); liver, in which transcripts initiating at P2 were barely
detectable; and brain, in which the entire fpgs gene was tran-
scriptionally inactive (Table 1). Interestingly, the P2 promoter
showed an unmethylated state starting from the position pre-
viously found to contain transcription factor binding sites con-
trolling this promoter (17, 61) and continuing until just before
the second exon. We note that, over the differentially methyl-
ated P1, H3 and H4 acetylation correlates with transcriptional
activity but, over the unmethylated CpG island-P2 promoter
region, H3 and H4 acetylation and transcriptional activity were
independent. It is known that methyl-CpGs recruit specific
binding proteins that, in turn, recruit histone deacetylases (34),
but the acetylation at P2 suggests that CpG islands or nucleo-
somes around CpG islands recruit histone acetyltransferases.

Histone H3 methylation marks over P1 and P2. In an effort
to understand the differential control of P1 and P2 in different
tissues, we compared the patterns of histone H3 methylation
over the length of the fpgs gene in liver and leukemic cells with
the pattern expected at an expressed, single promoter (72).
H3K4me3 formed a distinct peak beginning over P1 in liver
and P2 in L1210 cells; these peaks continued for 3 to 4 kb after
the transcriptional initiation site (Fig. SA and B). This would
concur with the observation that H3K4me3 marks the 5’ ends
of many active genes in yeast (55) and human cells (45). In-
terestingly, a second smaller peak of H3K4me3 was found over
P2 in mouse liver (Fig. 5B). To understand this second peak
over P2 in mouse liver, the distribution of H3K4me3 was stud-
ied in mouse brain, where both promoters are silent (Fig. 5C).
The pattern was exactly the same as that seen in L1210 cells, in
spite of the fact that transcription at P2 was high in L1210 and
undetectable in mouse brain (Table 1). Hence, whereas the
H3K4me3 mark over the P1 promoter exactly concurs with
transcriptional activity, there is no such relationship over the
CpG island-embedded P2. The inactive P2 in liver was clearly
in a different chromatin context than the inactive P2 in brain.

Methylation of H3K9 and H3K27 have been correlated with
repression of transcription in yeast and mammalian cells (64)
and, more recently, H3K27mel and H3K9me3 have been
found in the coding regions of mammalian genes (71). When
we scanned the entire length of the fpgs gene in mouse liver
and leukemic cells for H3K9me3, this modification was not
detected (data not shown). Interestingly, H3K9me2 was not
present over P1 or P2 in liver or L1210, but both H3K9me?2 and
H3K9me3 were found over the silenced globin promoter in
liver and L1210 cells (see Fig. S2 in the supplemental mate-
rial). H3K27mel was present across the fpgs gene in both liver
and L1210 cells (Fig. 5D and E), in agreement with recent
studies that indicate H3K27mel as a marker of actively ex-
pressing genes in euchromatin (72); however, this mark was
also abundant over the fpgs locus in brain (Fig. SF). The min-
imum of H3K27mel found at P2 in all three tissues colocalized
with the DNase hypersensitivity site in this region (Fig. 5D, E,
and F). The H3K27me3 level was low across the span of this
gene in all three tissues studied. Interestingly, H3K27me2
reached a discernible peak between the two promoters in
L1210 cells. The loss of this ChIP signal in L1210 cells after P2
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may indicate either the absence of H3K27me?2 at nucleosomes
decorating the active downstream region in leukemic cells, or
it might indicate the presence of a second PTM across this
region that masks the epitope recognized by the H3K27me2
antibody, e.g., phosphorylated H3 at S28.

Methylation of histone H3 at K36 in yeast has been linked to
regions of transcriptional elongation and was shown to partic-
ipate in the recruitment of the histone deacetylase Rpd3 down-
stream of the promoter (15, 35, 37). The subsequent absence of
H3Ac groups in the transcribed region appears to suppress
transcriptional initiation at downstream cryptic promoters in
yeast (15, 35). Hence, H3K36me3 would be a probable candi-
date for the suppression of activation of P2 in mouse liver. We
mapped the abundance of H3K36me3 across the fpgs gene to
determine whether the spatial distribution of this PTM down
the fpgs locus would suggest such a causal role (Fig. 6). This did
not seem to be the case, since H3K36me3 was present through-
out the body of the fpgs gene, except for a distinct minimum at
P2 in both liver and L1210 cells (Fig. 6A), in fact coincident
with the peak of H3Ac and H4Ac in both tissues. The level of
H3K36me3 near P2 was lower than could be explained by the
decreased level of total H3 over this region, as best evidenced
by the ratio of ChIP signal for H3K36me3 to total H3 (Fig.
6B). The density of H3K36me3 then built up toward the 3’ end

TABLE 1. Quantitative reverse transcription-PCR determination of
FPGS expression from P1 and P2 in mouse L1210 cells,
liver, and brain?

Amt of FPGS in the indicated promoter region
(pg of mRNA = SD)

Tissue type
P1 P2
L1210 <0.0001 0.15 = 0.014
Liver 0.21 = 0.0054 0.001 = 0.0001
Brain <0.0001 <0.0001

“Total RNA (5 mg) was reverse transcribed using Superscript III in a total
volume of 20 pl, and 1 wl was used in real-time PCR assays using primers specific
for exons Ala/Alb to exon 3 (P1) or exon 1 to exon 3 (P2). Standard curves for
quantitation were constructed using plasmids carrying cDNAs corresponding to
the products of transcription from P1 and P2, respectively.

of the fpgs gene in both tissues, similar to the higher distribu-
tion of this mark toward the 3’ end of other yeast and mam-
malian genes (3, 55, 72). Hence, we could conclude that
H3K36me3 was not directly involved in tissue-specific suppres-
sion of transcriptional initiation at P2 because its level was low
across this region in mouse liver. The H3K36me3 level was
quite low across the body of the fpgs gene in brain from +3 to
+15 kb, consistent with the transcriptional inactivity of fpgs in
this tissue and the role of H3K36me3 in transcriptional elon-
gation (15, 35).

Overall, several aspects of the pattern of histone modifica-
tions over P2 in liver were intriguing: an anomalous second
peak of H4Ac, H3Ac, and H3K4me3 and a distinct minimum
of H3K36me3 beyond what was expected of the depleted nu-
cleosome density over this region. In an effort to understand
these patterns, we focused our attention on the components of
the transcriptional complexes present across P2 in liver.

RNAPII has a bimodal distribution pattern along the fpgs
gene in mouse liver. We used ChIP experiments to map the
occupancy of RNAPII at intervals along the 20-kb fpgs gene
and found striking differences between the patterns seen in
mouse liver and leukemic cells (Fig. 7A). In L1210 cells, there
was a single segment of DNA that coprecipitated with
RNAPII, namely, that centered on the transcriptional start site
at P2. In liver, surprisingly, there were two peaks, one centered
on P1 and a second higher peak beginning at P2. Notably, the
occupancy of RNAPII continued past P2 in liver and was
spread over a larger region than the peak over the initiating
promoters, P2 in L1210 cells or P1 in liver.

The residence of RNAPII over the two promoters was fine
mapped using five PCR fragments covering 828 bp of the P1
promoter and six fragments over 938 bp of the P2 promoter;
extensive sonication was used to limit DNA fragments to
100 to 300 bp. The RNAPII level over P1 was very low in
L1210 cells but was still present at a level significantly higher
than the IgG controls across this region (Fig. 7B, left graph).
In striking contrast, RNAPII occupancy was much greater in
mouse liver near P1 fragments, peaking immediately 3’ of
the transcriptional start site. The same pattern was seen for
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FIG. 5. Distribution of histone H3 methylated at lysines 4 or 27 along the fpgs locus in mouse tissues expressing transcript from P1 (liver), P2
(L1210), or from neither promoter (brain). Chromatin from L1210 cells (A and D), mouse liver (B and E), and mouse brain (C and F) was
cross-linked, sonicated, and immunoprecipitated with either an antibody against H3K4me3 (A, B, and C) or against H3K27mel, H3K27me2, or
H3K27me3 (D, E, and F). Closed symbols are defined on panel A for panels A, B, and C and on panel D for panels D, E, and F. For each
immunoprecipitation, a separate nonspecific IgG control was used (open symbols); in panels D, E, and F, IgG data were plotted on the more
sensitive ordinate. The content of DNA for various segments of the fpgs locus was determined by real-time PCR as described in the legend of Fig.
2B. The positions of the two DNase hypersensitivity sites are shown as the crosshatched bars.

L1210 cells near the P2 promoter as seen in liver near P1:
polymerase occupancy peaked at or slightly after the tran-
scriptional initiation site (Fig. 7B, right graph). However, in
mouse liver, RNAPII was resident over the entire P2 region,
increasing before the DNase I hypersensitivity site defined
in Fig. 2 and remaining high over the P2 transcriptional start
site and substantially downstream. Given that transcripts in
mouse liver that initiate from P2 were not detectable (70)
(Table 1), it was most likely that the RNAPII over the P2
promoter represented enzyme incorporated into elongation
complexes that had originated at P1.

The CTD of RNAPII over P2 is phosphorylated at serine 2
in liver. It has been shown that phosphorylation of serine 5
residues in the repeated YSPTSPS peptide heptad in the CTD
of RNAPII is present throughout transit of a gene but is
maximal on RNAPII in an initiation complex (25, 39). Phos-
phorylation of serine 2 in this motif accumulates as the elon-
gation complex travels through a transcribed sequence and is
highest over the cleavage/polyadenylation signal (25, 39). We
followed phosphorylation of the CTD of RNAPII at serine 5
and serine 2 over the P2 fpgs promoter as an index of whether
the RNAPII detected there was binding in a futile initiation
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FIG. 6. Distribution of H3K36me3 along the fpgs locus in mouse
tissues. (A) Chromatin from mouse liver, mouse brain, and mouse
L1210 leukemia cells was cross-linked, sonicated, and immunoprecipi-
tated with either an antibody against H3K36me3 or IgG (open sym-
bols). The content of DNA for various segments of the fpgs locus was
determined by real-time PCR as described in the legend of Fig. 2B.
The positions of the two DNase hypersensitivity sites are shown as the
crosshatched bars. (B) The ratio of ChIP signal for H3K36me3 to that
for total histone H3. The amount of H3K36me3 is expressed as a ratio
of the ChIP signal for total histone H3 to determine whether the
minimum in the H3K36me3 signal seen in panel A reflects total H3
density or a lack of methylation at H3K36 on the regional nucleo-
somes.

complex or was engaged in elongating a transcript initiated
upstream. The phosphorylation of RNAPII over these frag-
ments in L1210 cells (Fig. 8A) was taken as representative of
the pattern in an initiation complex: serine 5 phosphorylation
per molecule of RNAPII was highest near nt + 1, the transcrip-
tional start site, while serine 2 phosphorylation was lower and
proportional to the level of RNAPII throughout this region.
The distribution of RNAPII across P2 was also detectable in
mouse brain (Fig. 8C), in agreement with a recent tiling study
across regions of the human genome that indicated that even
inactive promoters are usually attempting to load initiation
complexes (27) (see Discussion). As in L1210 cells, the RNA-
PII present across the brain P2 was phosphorylated at serine 5
to a higher degree and serine 2 phosphorylation was minimal,
indicating that these complexes were indeed futile initiation
complexes. The phosphorylation of RNAPII detected over this
region was quite different in mouse liver (Fig. 8B): serine 5
phosphorylation per molecule of enzyme was much lower than

MoL. CELL. BIOL.

that seen in L1210 cells and brain throughout this region, while
serine 2 phosphorylation was quite high, and, interestingly,
reached a peak over the fragment that included nt +1. We
interpreted this as direct evidence that the RNAPII detected
over P2 in liver was a component of an actively transcribing
elongation complex.

Evidence that elongating RNAPII over P2 blocks assembly
of transcriptional initiation complexes in liver. Transcription
from the mouse fpgs P2 promoter has been shown to depend
on several Spl sites (17). A typical Spl-driven promoter in-
volves binding of TBP to Sp1 with subsequent recruitment of
other components of the preinitiation complex (PIC) (44). We
assessed the binding of components of the PIC to fpgs P2. As
shown in Fig. 9, in L1210 cells and mouse brain, Sp1 and TBP
were loaded onto the region of DNA immediately upstream of
the transcriptional initiation site characterized by the DNase
hypersensitivity site (nt —200) as did TFIIB, TAFIIp250, and
the NELF-A protein. These proteins persisted on the P2 locus
past the point of initiation (nt +200) (data not shown). In
striking contrast, the Sp1 level was very low at nt —200 in liver,
and TBP was not detectable. Levels of TAF250 and NELF-A
were also very low. We concluded that the binding of several
proteins needed for assembly of a successful PIC was being
actively prevented at P2 in liver. This is consistent with a
promoter interference mechanism whereby the elongating
RNAPII complexes initiating at P1 were physically occluding
the DNA over the P2 region in liver.

DISCUSSION

The mouse fpgs gene is transcribed from two alternative
promoters, one of which (P2) drives transcription in normal
dividing cells types and in tumors while the other (P1) controls
transcription predominantly in two differentiated tissues, liver
and kidney. We sought to explain how these two promoters are
regulated in a virtually black and white manner, that is, tissues
using P2 never initiate at P1, and tissues that initiate at P1 have
a very limited, although detectable, usage of P2. Our analysis
leads to the conclusion that activity at P1 correlates with the
presence or absence of CpG methylation, making fpgs one of
the few known cases in which methylation inversely correlates
with expression in nonneoplastic tissues at a CpG-sparse pro-
moter. In contrast, CpG methylation did not play a role in
tissue-specific initiation from P2. A fairly exhaustive analysis of
some of the most studied histone PTMs showed patterns across
the span of this 20-kb gene only partly predictable from pre-
vious studies. However, the real surprise in our results is that
RNAPII does not seem to have access to P2 for transcriptional
initiation when P1 is active, despite the open chromatin context
and lack of CpG methylation in the P2 region. Hence, mouse
fpgs is a clear case of transcriptional interference in an endog-
enous mammalian gene.

We questioned whether the two promoters of the mouse fpgs
gene were being differentially activated or differentially re-
pressed. The CpG dinucleotides of the P1 promoter were
methylated in tissues in which P1 was silent, but, surprisingly,
regional P1 nucleosomes were not methylated at H3K9, a
common repressive PTM. Lysine 9 methylation of H3 is tightly
linked to DNA methylation and transcriptional repression in
some systems, particularly in Neurospora (23, 68), which has
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FIG. 7. Residency of RNAPII over fragments of the two mouse fpgs promoters in mouse liver and L1210 cells. (A) The amount of DNA from
regions spaced along the fpgs gene immunoprecipitated by an antibody to RNAPII was quantitated by real-time PCR as described in the legend
of Fig. 2B. The position of P1 is plotted at 0 kb and P2 is at 10 kb on the abscissa. In panel B, the DNA regions immediately surrounding P1 and
P2 were fine mapped by ChIP using the same antibody. Nonspecific binding was determined by immunoprecipitation with IgG in liver (open
triangles) and L1210 (open circles). The primer set plotted at 0 in panel A is also plotted at 0 for the P1 graph in panel B. The primer set plotted
at 10 kb in panel A is plotted at O for the P2 graph in panel B. Data are plotted in panel B at the midpoint of each amplified region.

led to the proposal that DNA methylation is targeted to genes
that have been silenced by other mechanisms (8). Methyl-
CpGs are binding sites for proteins which, in turn, serve as
scaffolds for the recruitment of histone deacetylases (34, 53)
and chromatin remodeling complexes (28) associated with
transcriptional silencing. In the absence of the expected re-
pressive histone H3K9 modification over P1, our results sug-
gest that DNA methylation is the prime determinant of tissue-
specific chromatin condensation and repression of the P1
promoter. Our analysis of epigenetic marks over the active P1
promoter in mouse liver showed several histone PTMs associ-
ated with active genes, i.e., H3Ac, H4Ac, and H3K4me3, co-
incident with hypomethylation of regional CpG dinucleotides.
We concluded that, in adult dividing tissues of the mouse, the
P1 fpgs promoter was locked in a transcriptionally inactive
configuration by DNA methylation without the expected coin-
cident H3K9me2 and H3K9me3 and that transcriptional activ-
ity at P1 in liver was reinforced by a series of histone PTMs
commonly associated with transcriptional activity. Although it
is difficult to separate out cause and effect in vivo without
causing a primary change to perturb the system, the precedent
literature suggests that the histone PTMs associated with tran-
scriptional initiation are present because of the presence of
RNAPII initiation complexes rather than being causative of

transcriptional initiation. This interpretation is supported by
previous studies in yeast, which demonstrated the recruitment
of enzymes that add the H3K4me3, H4Ac, and H3Ac marks by
the serine 5-phosphorylated CTD of RNAPII and by transcrip-
tion factors during assembly of initiation complexes (43). Fur-
ther support for this concept was furnished by recent studies by
Cedar and his colleagues, who showed that genetic deletion of
DNA methylation in mouse embryonic fibroblasts caused re-
expression of a number of genes and also resulted in the
appearance of H3 and H4 acetylation and H3K4 methylation
over their promoters (41).

The P2 region was devoid of DNA methylation in all tissues
studied whether or not this promoter was used to initiate
transcription (Fig. 4). This makes the P2 fpgs promoter similar
to the several housekeeping genes with CpG islands in and
around their promoters that are not differentially methylated
in expressing and nonexpressing tissues (2, 33). It should be
noted that the P2 region of the fpgs gene is in a very different
context in tissues which use P1 and in those which do not: in
the latter, P2 is a fairly simple promoter, akin to the CpG
island promoter of a housekeeping gene; in the former, P2 is in
the middle of a 20-kb gene. With this perspective, it is inter-
esting that the histone PTMs near P2 show quite distinct pat-
terns in different tissues. In either a tissue in which P2 was
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FIG. 8. Phosphorylation of RNAPII at serine 2 and 5 detected over
fragments of the P2 fpgs promoter. ChIP walking studies were per-
formed using an antibody against RNAPII (pan-RNAPII), antibodies
raised against the CTD heptad (YSPTSPS) repeat of RNAPII phos-
phorylated (P) at serine 2 and serine 5, and an antibody raised against
IgG as a nonspecific control. Five or six fragments were amplified over
the P1 and P2 fpgs promoters, respectively. Quantitation was per-
formed using real-time PCR as described in the legend of Fig. 2B. The
data points were plotted at the midpoint of each amplified region.
Symbols for all panels are according to panel A. «, anti.

exclusively used (L1210 cells) or one in which the entire fpgs
locus was silent (brain), there was a broad peak of H3Ac and
H4Ac centered on the hypersensitivity site at this promoter,
but there was a much more compact peak of these acetylated
nucleosomes over P2 in liver. Likewise, a substantial peak of
H3K4me3 centers on P2 in L1210 and brain, but a distinctly
smaller peak was found over this same region in liver. Previous
genome-wide mapping studies have found H3Ac, H4Ac, and
H3K4me?2 over CpG island promoters whether they were ac-
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FIG. 9. Presence of transcription factors over the mouse fpgs P2
promoter in L1210 cells, liver, and brain. ChIP analysis was performed
using antibodies directed against the sequence-specific transcription
factor Spl and general transcription factors TFIIB, TBP, TAFp250,
and the NELF-A protein. Quantitation was performed by real-time
PCR using primers at —379 and —119 relative to the P2 transcriptional
start site.

tive or silent (59, 74). Both P1 and P2 of the mouse fpgs gene
would have scored positive for histone acetylation in such
studies, but the data of Fig. 3 suggest that the cause or the
effects of these modifications over P2 in liver and L1210 are
different. In a very important recent paper (27), a genome-
wide analysis of human embryonic stem cells found that the
promoters of most protein-encoding genes were associated
with nucleosomes containing H3K4me3 and H3Ac and were
also bound to RNAPII, while only a fraction of these transcrip-
tionally primed promoters produced mature full-length tran-
scripts. That study also described a subset of genes that were
excluded from assembly of futile transcriptional initiation com-
plexes. In our study, we have found an example of each type of
promoter: P2, at which transcriptional complexes form and
result in mature transcript in L1210 cells but form futile com-
plexes in mouse brain, and P1, which only allows the assembly
of initiation complexes in tissues generating mature transcript
from this promoter. The difference between these two is that
P1 appears to be controlled by DNA methylation, and P2 is
not; perhaps DNA methylation was also the distinguishing
characteristic in the whole genome study of Guenther et al.
(27).

We conclude that the silencing of P2 in mouse brain and
mouse liver represents different phenomena; in brain, P2 and
P1 are completely silenced whereas in liver low levels of initi-
ation can be detected from P2. The fact that futile complexes
assemble at P2 in brain makes it more likely that the absence
of such complexes at P2 in liver is due to an active exclusion
process.

In mouse liver, there were abundant transcripts from the fpgs
gene, all initiating at the P1 promoter (Fig. 1B). Hence, a
mechanism was in place to prevent the assembly of RNAPII
with the requisite initiation factors at the P2 promoter, in spite
of active traverse of transcriptional elongation complexes
through this region of genomic DNA. How was this happen-
ing? Literature precedent suggested a promoter interference
mechanism whereby activity at the P1 promoter prevents tran-
scriptional initiation at the P2 promoter (19, 20, 26, 47, 56). In
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higher eukaryotes, this method of transcriptional repression
has been described in the unr and N-ras genes, which are
arranged in tandem; transcription of the unr gene interferes
with initiation at the N-ras promoter which is spaced only 150
nt downstream of the unr termination signal (13). Similarly,
deletion of an embryonic B-like globin gene, Ey, caused the
activation of a second B-like globin gene, Bho, which is located
immediately downstream of the deleted gene (29). However,
the mouse fpgs gene represents an interesting case in which
transcriptional interference is used to coordinate two poten-
tially active promoters, spaced a fairly large distance (10 kb)
apart. Our analysis of the P2 promoter in liver indicates that
RNAPII elongation complexes are residing over an extended
length of the fpgs genomic locus, covering the nucleosome-
deficient DNase-hypersensitive region before P2 and continu-
ing downstream, physically occluding initiation at P2. Occlu-
sion mechanisms have been proposed to involve the decreased
binding of transcription factors, such as Sp1, or through steric
obstruction of DNA binding regions required for transcription
factor interactions (26, 29, 46). We concluded that the mouse
fpgs gene represents an example of this mechanism. It is inter-
esting that polymerase accumulation occurs exactly coincident
with the start of the unmethylated P2 CpG island, suggesting
that it is the presence of such a domain or some factor re-
cruited to this sequence that slows polymerase transit.

Overall, we conclude that the mouse fpgs gene uses at least
two mechanisms, epigenetic marking of the P1 promoter and
occlusion of the P2 promoter, to ensure that each of two
isoforms of FPGS are expressed as needed in dividing and
select differentiated tissues. We are currently creating a mouse
in which the P1 mouse fpgs promoter is deleted by homologous
recombination to determine whether and why this mechanism
is requisite for the survival of rodents.
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