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Genomic Sequencing and Methylation Analysis by

Ligation Mediated PCR

GERD P. PFEIFER, SABINE D. STEIGERWALD, PAUL R. MUELLER,
BArRBARA WoLD, ARTHUR D. Riggs*

Genomic sequencing permits studies of in vivo DNA methylation and protein-DNA
interactions, but its use has been limited because of the complexity of the mammalian
genome. A newly developed genomic sequencing procedure in which a ligation
mediated polymerase chain reaction (PCR) is used generates high quality, reproduc-
ible sequence ladders starting with only 1 microgram of uncloned mammalian DNA
per reaction. Different sequence ladders can be created simultaneously by inclusion of
multiple primers and visualized separately by rehybridization. Relatively little radioac-
tivity is needed for hybridization and exposure times are short. Methylation patterns in
genomic DNA are readily detectable; for example, 17 CpG dinucleotides in the 5’
region of human X-linked PGK-1 (phosphoglycerate kinase 1) were found to be
methylated on an inactive human X chromosome, but unmethylated on an active X

chromosome.

ETHYLATION OF CPG DINUCLE-

otides in critical regions of many

vertebrate genes may be part of a
gene silencing mechanism involved in cell
differentiation, X chromosome inactivation,
and genomic imprinting (1, 2). Methyl-
ation-sensitive restriction endonucleases are
commonly used to determine in vivo meth-
ylation patterns, but this limits the analysis
to a small subset of all CpG dinucleotides.
Another method for methylation analysis is
genomic sequencing (3), a method that re-
tains information normally lost during clon-
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ing, such as the location of 5-methylcyto-
sines (3) and DNA-protein interactions (4).
Genomic sequencing has, however, been
difficult, requiring large amounts of radioac-
tivity and long autoradiographic exposures
(5). Primer extension has been used to sim-
plify genomic sequencing, but these proce-
dures still require the special preparation of
primers labeled to extremely high specific
activity and up to 50 ug of DNA per
sequencing lane (6).

We now describe a genomic sequencing
method in which we use a ligation mediated
polymerase chain reaction (PCR) procedure
[see figure 1 in (7)]. Briefly, step 1 of our
genomic sequencing procedure is base-spe-
cific chemical cleavage of DNA samples (8)
at cither G, G+A, T+C, or C (9), generat-
ing 5' phosphorylated molecules. Step 2 is

gene-specific primer extension of an oligo-
nucleotide (primer 1) by a DNA polymerase
to give molecules that have a blunt end on
the side opposite the primer (10). Step 3 is
the ligation of an unphosphorylated linker
to the blunt ends (11). Step 4 is the expo-
nential amplification of the linker-ligated
fragments with the use of the longer oligo-
nucleotide of the linker (as a linker-primer)
and a second gene-specific primer (primer
2) in a PCR reaction (12). After undergoing
15 to 18 amplification cycles, the DNA
fragments are separated on a sequencing gel,
transferred by electroblotting to nylon
membranes (13), and hybridized with a sin-
gle-stranded gene-specific probe (14). This
procedure works well for all bases, sensitiv-
ity is improved, and the background is
minimized by the transfer and hybridization
steps. Moreover, several different sequences
can be analyzed in a single experiment by
rehybridization of the membrane.

The human X-linked phosphoglycerate ki-
nase (PGK-1) gene is a housekeeping gene
that is subject to X inactivation. The 5’
region is a CpG-rich island (15), but, unlike
most autosomal CpG islands that are charac-
teristically unmethylated, the Hpa II sites in
the region shown (Fig. 1) are methylated on
the inactive X chromosome (16, 17).

In an experiment with HeLa cell DNA,
two different primer sets (Fig. 1, D and E)
were included simultaneously in the primer
extension and amplification reactions. The
sequence defined by primer set D was visual-
ized first (Fig. 2A) by hybridization with an
Eco RI-Dde I hybridization probe. After
stripping of the first probe from the mem-
brane and rehybridization with an Xma III-
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c1 C2
—_—_———

AATTCCAGGGGTTGGGGTTGCGCCTTTTCCAAGGCAGCCCTGGGTTTGCGCAGGGACGCG -378
GCTGCTCTGGGCGTGGTTCCGGGAAACGCAGCGGCGCCGACCCTGGGTCTCGCACATICT 318
TCACGTCCGTTCGCAGCGTCACCCGGATCTTCGCCGCTACCCTTGTGGGCCCCCCGGCGA 258

Al A2

Fig. 1. Sequence of the CpG
island containing the tPro-
moter and first exon of the
human PGK-1 gene. Ar-
rows indicate the oligonu-

CGCTTCCTGCTCCGCCCCTAAGTCGGGAAGGTTCCTTGCGGTTCGCGGCGTGCCGGACGT  -198
——

cleotide primer positions
and the direction of reading.

N D2

GACAAACGGAAGCCGCACGTCTCACTAGTACCCTCGCAGACGGACAGCGCCAGGGAGCAA -138

D1

TGGCAGCGCGCCAACCGCGATGGGCTGTGGCCAATAGCGGCTGCTCAGCAGGGCGCECCG -78

Y The asterisk indicates the
major transcription start
site. “Ini” marks the transla-
tion start point.

AGAGCAGOGGOCGGRAAGGGGCGGTGCGGGAGGOGGGGTGTGGGGCGATAGTGTEGGCCC -18

»*
TGTTCCTGCCCGCGCGGTGTTCCGCATTCTGCAAGCCTCCGGAGCGCACGTCGGCAGTCG +43

Ini

GCTCCCTCGTTGACCGAATCACCGACCTCTCTCCCCAGCTGTATTTCCAAA  ATG +98

TCG CTT TCT AAC AAG CTG ACG CTG GAC AAG CTG GAC GTT

F2 Fi

Pvu II probe, the sequence defined by prim-
er set F became visible (Fig. 2B). As shown,
both sequences could be read unambig-
uously; the correct calls would be made for a
total of 336 nucleotides, even if the se-
quence were not known.

5-Methylcytosine appears as a gap in the
cytosine ladder of a Maxam-Gilbert se-
quencing gel. To test the procedure as an
assay for methylated cytosines, we studied
human-hamster hybrid cell lines that con-
tained either an inactive or an active human
X chromosome (17). Primer set A (Fig. 1)
allowed reading of the sequence toward the
transcription start site, and the data indicate
that the human inactive X chromosome is
methylated at all 17 CpG dinucleotides in
the investigated region (Fig. 3, lane X;),
whereas the active X; chromosome is un-
methylated at the same 17 sites (Fig. 3, lane
Xa). By comparison with cloned DNA, we
found that HeLa DNA has no detectable
methylation at 52 CpG dinucleotides ana-
lyzed in the PGK-1-associated CpG-rich
island, a result consistent with this cell line
not having an inactive X chromosome.

Although the band patterns shown in
Figs. 2 and 3 are reproducible, band intensi-
ties vary from fragment to fragment within a
single lane; a few bands are weak or even
missing on short exposures. For example,
three bands in a region of about 100 nucleo-
tides are not seen in the sequence shown in

Fig. 3. Band intensity may vary because (i)

the chemical reactivity of individual bases
may differ; (ii) small effects of sequence on
amplification efficiency may play some role,
although PCR can be very quantitative and
reproducible [+4% SD through 25 cycles
(18)]; (iii) certain sequences may not be
extended to a blunt end as efficiently in
primer extension prior to ligation; (iv) the
ligation step may introduce some bias.
Overexposed autoradiograms can often be
used to obtain sequence information even
from weak bands. This is the case for most
of the sites that we have studied, such as the
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CpG site at nucleotide position —119. The
intensities of only the weak bands were
increased by increasing the time for ligation
or the temperature of the first primer exten-
sion reaction (19). Thus, the steps before the
PCR may be very efficient for strong bands.

Exponential amplification works so well
that band detection probably no longer lim-
its sensitivity. Comparing band intensities
with the standard genomic sequencing
method applied to the same PGK-1 se-
quence studied with primer set D, we esti-
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mate an amplification of 3000- to 6000-fold
after 15 PCR cycles (10 to 20% overall
efficiency). One microgram of HeLa cell
DNA per reaction gave a strong signal with
short exposures (2 hours, Fig. 2B). Howev-
er, a statistical limit should be considered.
The lowest limit of the DNA needed for
sequence analysis is a single molecule for
each band in the sequence ladder. For opti-
mum efficiency of molecule usage, there
should be one chemical cleavage per length
of sequence to be analyzed, for example one
cut per 200 nucleotides (nt). To avoid band
intensity variation of more than 10% stan-
dard deviation that is due only to statistical
sampling fluctuation, about 100 founder
molecules are needed for each band. If liga-
tion and first primer extension for an unfa-
vorable fragment is only about 10% effi-
cient, then 2 X 10° molecules (200 x
100 X 10) should give a band of invariant
intensity. This then would be a statistical
limit for experiments where visualization of
this band is important. Efforts at further
increasing the sensitivity of the method
should focus on weak bands and on the steps
that precede PCR, such as ligation and first
primer extension. Increasing ligation time
was helpful; however, attempts to increase
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Fig. 2. Genomic sequence data for the 5’ end of PGK-1 in HeLa DNA. Primer sets D and F were used
and two sequences were simultaneously amplified from 1 ug of DNA per base-specific reaction. The
amplified DNA was then split for gel analysis with the four rightmost lanes of each panel receiving 2.5
times more DNA than the first four left lanes in order to visualize the weakest bands. (A) A single-
stranded Eco RI-Dde I fragment was used as a hybridization probe to visualize the sequence defined by
primer set D. (B) Rehybridization of the nylon membrane with a single-stranded Xma III-Pvu II
fragment allowed visualization of the sequence defined by primer set F. The strong signal in all lanes at
position —436 of A corresponds to the Eco RI site at which the DNA had been cut. The sequence
corresponds to the sequence in (15), except at position —430, where there is an extra A.
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ligation efficiency by adding polyethylene
glycol (20) or hexamine cobalt (21) to the
ligation mixtures were unsuccessful. The
optimum temperature and Mg?* concentra-
tions for PCR depend on the primer and the
gene region to be studied. Optimization of
conditions was more critical for certain
primers than for others. We obtained good
sequence ladders for each of the four primer
sets in Fig. 1, even though the region is
more than 70% G+C.

Instead of directly labeling the fragments
of the sequence ladder (7), we transferred to
nylon membranes and, to visualize the se-
quence, hybridized with a single-stranded
probe located 3’ to the gene-specific prim-
ers. Transfer to membranes makes it possible
to use relatively low levels of radioactivity,
results in minimal radiation exposure to
laboratory workers, and permits analysis of
multiple sequences by rehybridization of the
membrane (Fig. 2, A and B). We do not yet
know what the limit is for simultaneous
ladder formation and sequential visualiza-
tion, but a membrane containing a sequence
ladder can be rehybridized up to 50 times
(22).

By improving the quality of the data and
by decreasing the amount of DNA needed,
genomic sequencing by ligation mediated
PCR should aid in vivo footprinting studies
(7) and studies on DNA cytosine methyl-

Fig. 3. Genomic se-

uence dara for
HeLa cell DNA and
Chinese hamster—hu-
man hybrid cell
DNA. The lanes la-
beled G, G+A,
T+C, and C show
results obtained with
2 pg of HeLa DNA
per lane. Oligonucle-
otides Al and A2
- were used as primers
and a single-stranded
Mae III-Apa I frag-
ment was the hybrid-
= ization probe. From
the bottom of the gel
to the top, the se-
quence reads the
lower strand 3’ to 5.
Also shown are C
lanes for DNA (2
ng) from hamster-
human hybrid cells
containing either an
active (X,) or an in-
active (X;) human X
chromosome. Meth-
ylated cytosines,
which appear as a
gap in the sequence
ladder, are indicated
by arrows.
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ation. The procedure also appears adequate
for sequencing unknown DNA regions adja-
cent to any known region by primer exten-
sion into the unknown region. Step by step
genomic sequencing, in which the primers
are selected from the previous sequence
determination, would avoid any cloning
procedure.

Most methylation studies to date have
used DNA 5-methylcytosine—sensitive re-
striction endonucleases such as Hpa IL
Methylation analysis with PCR after Hpa II
cleavage is more sensitive than genomic
sequencing, needing only a few molecules
(18), but the Hpa II-PCR procedure assays
only about 6% of all methylated sites. Geno-
mic sequencing allows analysis of all sites,
and we found that the inactive human X
chromosome in Chinese hamster—human
hybrid cells faithfully retains a high level
methylation at 17 CpG sites in the PGK-1
upstream region, whereas an active X chro-
mosome is unmethylated at these sites. It
has been suggested that more than 50% of
methylated cytosines are not at CpG sites
(23), and in vitro DNA methyltransferase
will occasionally methylate cytosine at other
than CpG sites (24). It is therefore of inter-
est that we have not seen methylated cyto-
sines in dinucleotide sequences other than
CpG, even in the heavily methylated inactive
X chromosome. As additional information
obtained by genomic sequencing accumu-
lates, this question about the in vivo speci-
ficity of DNA methyltransferase should be
answered.
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Isolation of Human Transcribed Sequences from
Human-Rodent Somatic Cell Hybrids

Pu Liu, RANDY LEGERSKI, MICHAEL J. SICILIANO*

A method was developed for selectively isolating genes from localized regions of the
human genome that are contained in interspecific hybrid cells. Complementary human
DNA was prepared from a human-rodent somatic cell hybrid that contained less than
1% human DNA, by using consensus 5’ intron splice sequences as primers. These
primers would select immature, unspliced messenger RNA (still retaining species-
specific repeat sequences) as templates. Screening a derived complementary DNA library
for human repeat sequences resulted in the isolation of human clones at the anticipated
frequency with characteristics expected of exons of transcribed human genes—single copy

sequences that hybridized to discrete bands on Northern (RNA) blots.

UMAN-RODENT SOMATIC CELL
thbrids are often highly reduced

for human genomic content, with
the human fraction representing <1% of the
total DNA. Regions of the human genome
may be isolated by screening DNA libraries
made from such hybrids for human-specific
repetitive sequences. Whereas this has been
an important step in reverse genetic ap-
proaches to the cloning of biomedically
important genes, subsequent identification
of the genes themselves has proven problem-
atic. Preparation of cDNA libraries from
mature mRNA produced by such cells,
though direct, is not helpful because the
repeat sequences that are needed to detect
the low percentage of clones containing
human sequences are primarily located in
introns (which are removed during RNA
message maturation) (1).

We have developed a strategy using im-
mature transcripts (hnRNA) as templates
for cDNA synthesis. Many such ¢cDNAs
would contain exon coding sequences as
well as introns with human repeat se-
quences. To enrich for cDNA transcripts of
hnRNA in a total RNA population, we
began cDNA synthesis with consensus 5’
splice sequences as primer. Such a primer
will initiate cDNA synthesis at the 5’ end of
an intron (present in hnRNA but not ma-
ture mRNA). Complementary DNA syn-
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thesis will proceed copying the adjacent 5’
exon and then into the next 5’ intron, which
may contain a repeat sequence. Cloning of
this cDNA population results in a library in
which human repetitive sequences are pres-
ent in clones representing structural gene
transcripts.

We used a human—Chinese hamster ovary

A B
HC 1 23 456 C

Fig. 1. Characterization of human
c¢DNA clones. (A and B) Southern blot
analysis of clonc H4. (C and D) South-
crn blot analyses of clones 4-6 and 4-3,
respectively. (E) Northern blot hybrid-
ized with clone 4-6. Samples used in
the study are: lane H, HeLa; lane C,
CHO; lanes 1 to 16, CHO X human
somatic cell hybrids. Hybrid samples in
lanes 3 (A and E), 11, and 16 contain
20XP3542-1-4 DNA—thc cclls from

H C 7 8 9 10 11

(CHO) cell hybrid (20XP3542-1-4) con-
taining the region of human chromosome
19q that carries markers closely linked to the
myotonic dystrophy gene (DM) (2). The
human DNA content in the hybrid was
determined to be approximately 25 Mb
(<1% of total genomic) by slot blot analysis
(3). Chromosomal mapping of human ge-
nomic DNA clones obtained from cosmid
libraries made with the hybrid DNA indi-
cates approximately one-half of the human
DNA to be from the DM region of human
chromosome 19q, with much of the remain-
der DNA from a portion of chromosome 17
(4). A cDNA library was constructed from
this line by established procedures (5) modi-
fied according to the strategy outlined
above. To selectively use hnRNA as tem-
plate, as opposed to mature mRNA, and to
enrich for coding sequences, we used hex-
amers complementary to the 5’ splice site as
primers. Because of sequence divergence of
the 5’ splice site, four hexamers were used
that represent the majority of the 5’ splice

H C 12 13 14 15 16

which the cDNA library was made. Putative human ¢cDNA-containing plasmid clones were identified
by screening the library with total human DNA. The plasmid DNA was purified, digested with Pst 1,
and scparated by agarose gel clectrophoresis. Insert bands were excised and DNA was isolated from
agarosc by the squeeze-freeze method (12). Insert DNA was labeled with a random prime labeling kit
(Amersham). For both Southern and Northern blots, probe DNAs were hybridized with a molar excess
of sheared human placental DNA to block hybridization by the repetitive region of the probe (13). The
Southern blot hybridization was performed according to Amasino (74). For the blot shown in (B), the
last two washes were done at 60°C, instead of the usual 65°C, to enhance the cross hvbridization to
CHO DNA. Gel separation of poly(A)* RNA, Northern blot transfer, and filter hybridization werc
done by standard procedures (15).
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