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DNA methylation within the promoter region of hu-
man LINE1 (L1) transposable elements is important
for maintaining transcriptional inactivation and for
inhibiting L1 transposition. Determining methylation
patterns on the complementary strands of repeated
sequences is difficult using standard bisulfite methyl-
ation analysis. Evolutionary changes in each repeat
and the variations between cells or alleles of the same
repeat lead to a heterogeneous population of se-
quences. Potential sequence biases can arise during
analyses that are different for the converted sense and
antisense strands. These problems can be avoided with
hairpin-bisulfite PCR, a double-stranded PCR method
in which complementary strands of individual mole-
cules are attached by a hairpin linker ligated to
genomic DNA. Using human L1 elements to study
methylation of repeated sequences, (i) we distinguish
valid L1 sequences from redundant and contaminant
sequences by applying the powerful new method of
molecular barcodes, (ii) we resolve a controversy on
the level of hemimethylation of L1 sequences in fetal
fibroblasts in favor of relatively little hemimethyla-
tion, (iii) we report that human L1 sequences in differ-
ent cell types also have primarily concordant CpG
methylation patterns on complementary strands, and
(iv) we provide evidence that non-CpG cytosines
within the regions analyzed are rarely methylated.

Methylation of CpG dyads within the promoter region of
human LINE1 (L1)1 transposable elements is important for
maintaining transcriptional inactivation and for inhibiting
L1 transposition (1–3). Identifying the various states of cy-
tosine methylation in human L1 promoter sequences is thus
potentially useful in understanding L1 stability. Methylation
states of CpG/CpG dyads are expected usually to be concord-
ant, i.e. fully methylated or fully unmethylated. Methylated
cytosines on the parent strand usually give rise to methyl-
ated cytosines on the daughter strand, and unmethylated
cytosines on the parent strand usually give rise to unmethy-
lated cytosines on the daughter strand because of the prop-
erties of DNA methyltransferases during DNA replication

(4–6). CpG dyads that are discordant in methylation, i.e.
hemimethylated, are expected to occur at low to moderate
frequencies (5, 7–9) with the exception of regions undergoing
transcriptional silencing or reactivation and transiently dur-
ing DNA replication (10–13). Contrary to this expectation, L1
sequences in human fetal fibroblast cultures were reported to
be much more methylated on the sense strand than on the
antisense strand (11), which would imply high levels of hemi-
methylation. Estimating methylation patterns on the comple-
mentary strands of repeated sequences can, however, be
difficult using conventional bisulfite methylation analysis
because few if any of the sampled sense and antisense strand
sequences are likely to be derived from the same repeat in the
same cell. Even sequences that have an apparent match are
likely to be derived from different loci that either had iden-
tical sequence in the region examined prior to conversion or a
match because of the sequence degeneration caused by bisul-
fite conversion. Estimating methylation patterns on the com-
plementary strands of L1s using conventional analysis of
sense and antisense strands also may be confounded by dif-
ferential biases during PCR amplification and bacterial clon-
ing. For example, the primers used for the sense strand might
preferentially amplify methylated sequences from a small
subclass of L1 sequences, whereas the antisense primers
might amplify a different subclass of L1s that are more
hypomethylated.

To overcome these inherent limitations of conventional bisul-
fite methylation analysis for determining methylation patterns
on both strands of L1 repeat elements, we have used a double-
strand PCR method, “hairpin-bisulfite PCR” (9). With this ap-
proach, the limitations of single-strand PCR can be avoided.
Strand biases do not occur because both strands are linked
prior to PCR amplification. Bisulfite-converted cytosines can be
distinguished from evolutionary C-to-T transitions in L1 se-
quences by the presence, in the former class, of a guanine on
the complementary strand, and information from the exact
complementary strands of an individual allele is preserved,
allowing allele and cell variation to be studied (9).

Our initial hairpin-bisulfite PCR data on L1 sequences using
DNAs from two adult human fibroblast lines revealed levels of
hemimethylated CpG dyads that were somewhat higher (14.1
and 10.0%, respectively) than levels observed for a single-copy
gene, FMR1, in lymphocytes (6.4%) (9) but considerably lower
than the 50–80% hemimethylation levels inferred from other
published data (11). We now present additional data on the
concordance of methylation at CpG dyads within the promoter
region of human L1 sequences. Our data (i) distinguish valid
from redundant and contaminant sequences by introducing, for
repeated sequences, a powerful new method using molecular
barcodes, (ii) resolve the controversy on the level of hemimethy-
lation of L1 sequences in fetal fibroblasts, (iii) present data on

* This work was supported by National Institutes of Health Grants
GM 53805, HD 02274, and HD 16659. The costs of publication of this
article were defrayed in part by the payment of page charges. This
article must therefore be hereby marked “advertisement” in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

§ To whom correspondence may be addressed: Dept. of Biology, Uni-
versity of Washington, Box 351800, Seattle, WA 98195. Tel.: 206-616-
9385; Fax: 206-543-3041; E-mail: afb4@u.washington.edu (A. F. B.) or
cdlaird@u.washington.edu (C. D. L.).

¶ Present address: Dept. of Biological Sciences, Stanford University,
Stanford, CA 94305.

1 The abbreviation used is: L1, LINE1.

THE JOURNAL OF BIOLOGICAL CHEMISTRY Vol. 280, No. 15, Issue of April 15, pp. 14413–14419, 2005
© 2005 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in U.S.A.

This paper is available on line at http://www.jbc.org 14413



the concordance of CpG methylation on complementary strands
in L1 sequences from other human cell types, and (iv) assess
the methylation status of non-CpG cytosines within the
regions analyzed.

MATERIALS AND METHODS

DNA was isolated from GM04522 fetal fibroblasts that originated
from a 16-week-old female fetus and were provided to us as passage 8
cells (Coriell Cell Repositories, Camden, NJ). Additional DNA samples
from the Laird laboratory included those isolated from male peripheral
blood leukocytes (A102) after red blood cell lysis (14), from sperm (A47)
using dithiothreitol, proteinase K, phenol, and chloroform (15), and
from a female lymphoblastoid line (A54) established by Epstein-Barr
transformation of peripheral lymphocytes. DNA methylation data pre-
sented previously (9) are from a normal adult female fibroblast line
(81-58A) obtained from Dr. George Martin (Department of Pathology,
University of Washington) and from a normal male fibroblast line
transformed with human telomerase reverse transcription (82-6) ob-
tained from Dr. Peter Rabinovitch (Department of Pathology, Univer-
sity of Washington). Fibroblast tissue cultures were maintained in
AmnioMAXTM-C100 (Invitrogen) at 37 °C in a 5% CO2 atmosphere. The
transfer of cells was accomplished with trypsin-EDTA (Invitrogen).
Purification of tissue culture DNA was performed using Qiagen genom-
ic-tip 20/G. Approximately 2–3 cell doublings occurred between succes-
sive cell passages.

We examined L1 CpG and non-CpG methylation within a 104-bp
promoter region of human L1 sequences, a region that contains nine
CpG sites corresponding to those between nucleotides 219 and 323 as
reported by Woodcock et al. (11). A more limited set of data from a
variety of cell types was obtained for a 118-bp promoter region of L1,
focusing on the possibility of non-CpG methylation between nucleotides
328 and 446.

We used hairpin-bisulfite PCR to assess methylation status on both
strands of individual DNA molecules (9) with the following modifica-
tions. 2–5 �g of genomic DNA were cleaved by 25 units of restriction
endonuclease BsmA1 for 1 h at 55 °C. For samples of fetal fibroblasts,
a molecular-barcoded hairpin linker, either 5�-PO4-ACCAAGCGAT-
GCGTTDDDDDDDCGAGCATCGCT-3� or 5�-PO4-ACCAAGCGATGC-
DDDDDDDGCATCGCT-3� in which D represents random incorpora-
tion of A, G, or T (for review see Ref. 16) was ligated to BsmAI-cleaved
genomic DNA for 15 min at 20 °C using 400 units of New England
Biolabs T4 DNA ligase in 20 �l with 1� ligation buffer. For DNA
samples other than fetal fibroblasts, ligation of hairpin linkers 5�-PO4-
ACCAAGCGATGCGTTCGAGCATCGCT-3� or 5�-PO4-TGCTAGCGAT-
GCGGTTGAGCATCGCT-3� for the 104- and 118-bp regions, respec-
tively, to BsmAI-cleaved genomic DNA was for 15 min at 20 °C using
400 units of New England Biolabs T4 DNA ligase in 20 �l with 1�
ligation buffer.

Bisulfite-conversion cycling conditions were as follows. Hairpin-li-
gated DNA was denatured in 0.3 M NaOH for 20 min and then heated
to 100 °C for 2 min before the addition of 3.4 M sodium bisulfite and 1
mM hydroquinone. The reaction mixture was incubated at 99.9 °C for 1
min followed by 10 cycles of 55 °C for 15 min and 99 °C for 1 min 30 s.
Cycling was completed at 55 °C for 1 h and 10 °C for 9 h. A detailed
schematic representation of the hairpin-bisulfite PCR method is shown
by Laird et al. (see Fig. 2 and supporting Fig. 6 in Ref. 9). Post-bisulfite
PCR conditions, TOPO TA cloning reactions, and sequencing of all of
the samples were carried out as described previously (9) with the
exception of the 118-bp region of the promoter for which PCR primers
5�-CTCCACCCAATTC(A/G)AACTTCCC-3� and 5�-CTAACTTTGGGTA-
ATGG(C/T)GGG(C/T)G-3� were used and optimized with Failsafe buffer
F (Epicenter). We also routinely clean the underside of the PCR ma-
chine lid with DNA Zap (Ambion). We have confirmed through barcod-
ing that this procedure reduces contamination substantially.

The cytosine to uracil conversion efficiency based on non-CpG sites
was generally high. Only sequences with �98.2% conversion (�1 un-
converted non-CpG cytosine per sequence) were included in our analy-
sis except as described in the next paragraph. The average frequencies
of converted non-CpG cytosines in the sequences used for our analysis
were 99.4 and 99.8% for the 104- and 118-bp regions, respectively.
Sequences with one or more hemimethylated CpG dyads from the
104-bp region had an equally high level of non-CpG conversion effi-
ciency (99.5%) compared with the mean, indicating that hemimethylated
dyads are intrinsic to the DNA analyzed and are not a consequence of
incomplete conversion of unmethylated CpG dyads. To provide approxi-
mately equal representation of data from each of the four passages of fetal
fibroblasts analyzed, here we include data from the first 15 well-converted

sequences obtained from each passage with the exception of passage 22
from which only 12 well-converted sequences were recovered.

To search for possible non-CpG cytosine methylation in the 118-bp
region, we also analyzed 14 L1 sequences from human sperm DNA
that were chosen because of their lower conversion efficiency. These
lower levels of conversion are not often observed with our normal
protocol but were generated in some experiments by using fewer
denaturation steps or by moving the denaturation steps to the end of
the bisulfite procedure.

RESULTS

The analysis presented here for methylation patterns of L1
sequences in fibroblasts expands on our previous study (9) in
several important ways. To provide the highest level of confi-
dence in methylation data, we labeled hairpin-bisulfite PCR
products from fetal fibroblasts with molecular barcodes (16).
Molecular barcoding allows us to tag genomic sequences at the
time of hairpin-linker ligation. The complementary strands of
individual DNA molecules, thus, carry this identification
through bisulfite conversion, PCR, cloning, and sequencing. We
were also able to detect PCR redundancy and contamination,
problems often associated with bisulfite conversion (17) and
other PCR applications using limiting template (16). The fetal
fibroblast data presented here illustrate such barcodes (Fig. 1).
For example, only one nucleotide is different between any two
pairs of hypermethylated sequences AB257, AB261, and
AB287. Such small differences can arise from subtle differences
in methylation patterns among different repeats or from errors
during PCR amplification of a single allele. In this example, we
can conclude that all three sequences are of independent
genomic origins because each sequence has a different seven-
nucleotide molecular barcode in the hairpin region (Fig. 1).
Unmethylated sequences AB307 and AB313 are identical in
having no CpG methylation. They, thus, lack the distinctive
information provided by partial methylation patterns. We can
conclude that these unmethylated sequences also have inde-
pendent genomic origins because of their different barcodes
within the hairpins.

The use of DNAs from passages of fetal rather than adult
fibroblasts permits a more direct comparison of our data with
those of Woodcock et al. (11). To investigate whether or not cell
passage alters methylation patterns, we sampled fetal fibro-
blasts at several points throughout 14 passages beyond the
initial passage 8 cells. In this data set of methylation patterns
from fetal fibroblast L1s, complementary CpG dinucleotides on
sense and antisense strands were usually concordant in their
methylation status. For example, the ten illustrated sequences
have a total of 81 CpG dyads that are conserved relative to the
consensus human sequence (11). Of these 81 dyads, 47 (58.0%)
were fully methylated, 27 (33.3%) were fully unmethylated,
and 7 (8.6%) were hemimethylated. Thus, 91.3% CpG dyads
were concordant in their methylation status (Fig. 1). Our larger
data set of 57 L1 sequences from fetal fibroblast DNA, repre-
senting 471 consensus CpG dyads, showed a similar high level
of methylation concordance (91.7%) and low level of hemi-
methylation (8.3%).

We analyzed nine of the 22 CpG consensus sites within the
L1 promoter (11). For these nine sites, the methylation per-
centages ranged from 69 to 90% in fetal fibroblast sequences
and the two complementary strands had approximately equal
levels of methylation (Fig. 2A). The levels of sense-strand and
antisense-strand methylation were highly correlated at these
nine sites (r2 � 0.78). In contrast to our data presented here,
methylation levels of L1 sequences from fetal fibroblasts were
reported by Woodcock et al. (11) to be very different between
strands. Our analysis of their data indicates that sense-strand
methylation averaged 99.4% and that antisense-strand meth-
ylation averaged 40% for these CpG sites in their sequences
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(Fig. 2B). Such discordance in the levels of strand methylation
would, if correct, imply high levels of hemimethylation. To
search for possible explanations for these differences, we asked
whether or not the passaging of fetal fibroblasts in cell culture
significantly altered the level of hemimethylation. No system-
atic differences in the levels of hemimethylation were observed
for DNA from cell passages 10, 14, 17, and 22 (Fig. 3). The
percentages of CpG dyads hemimethylated in L1 sequences
from these four passages were 9.5, 8.5, 7.4, and 7.5%, respec-
tively, values that are not significantly different from the av-
erage of 8.3% (p � 0.50).

Site-specific differences in symmetry of methylation do, how-
ever, exist in L1 sequences from human fibroblasts. The high-
est average level of hemimethylation that we observed in fetal
fibroblasts was 16% for site 3, whereas the data in Ref. 11
indicate a value at this site that was 3-fold higher or 50%
(Fig. 3). The levels of hemimethylation were markedly lower
than those reported in Ref. 11 with the exception of site 6 for
which a low level of hemimethylation is consistent between
both studies (Fig. 3).

We also analyzed DNAs from peripheral blood leukocytes,
lymphoblastoid cells, sperm, and previously established adult
fibroblasts (9). Unlike fetal fibroblast DNAs, these other DNAs
did not have molecular barcodes incorporated within the hair-
pin linker. Each sequence included in our analysis did, how-

ever, have a unique methylation pattern (for example, see
Fig. 3 in Ref 9), providing confidence that contamination and
limited-template redundancy did not bias these data. DNAs
from these other tissues and cell types had levels of hemi-
methylation ranging from 4.8 to 20.8% (Table I).

Our hairpin-bisulfite PCR data on L1 sequences also provide
an opportunity to assess the methylation status of cytosines
that are not within CpG dinucleotides. For the 104-bp region,
we confirm the observation of Woodcock et al. (11) that non-
CpG cytosines are well-converted and therefore unmethylated
in DNA from fetal fibroblasts (11). In this region, we observed
seven unconverted non-CpG cytosines in 57 well-converted se-
quences (�98.2% conversion of non-CpG cytosines) with no site
represented more than once (Fig. 4A). We conclude that meth-
ylation of non-CpG cytosines in this region is rare.

We were also interested in the possibility of non-CpG cyto-
sine methylation in the 118-bp promoter region. This region
includes two non-CpG cytosines on the sense strand at nucle-
otide positions 432 and 436 that were reported to be non-
converted and hence possibly methylated in most clones ana-
lyzed by conventional bisulfite conversion and PCR (11). We
analyzed 64 well-converted sequences (�98.6% conversion of
non-CpG cytosines) that include these two nucleotides from a
variety of cell types. We observed eight unconverted non-CpG
cytosines distributed throughout the region with only one site

FIG. 1. Methylation of a 104-bp L1 promoter sequence in DNAs from fetal fibroblast passages 10, 14, and 22 using barcoded
hairpin-bisulfite PCR. Methylation states were inferred using barcoded hairpin-bisulfite PCR as described under “Materials and Methods.” As
illustrated and labeled for the top sequence AB258, methylated CpG dyads (M) are indicated in black, unmethylated CpG dyads (U) are boxed,
hemimethylated CpG dyads (H) are black on the methylated strand and boxed on the unmethylated complementary strand, evolutionary
divergence (ed) within consensus CpG dyads is indicated in gray, and evolutionary divergence not within CpG dyads is indicated by “�.” The
hairpin linker on the right is boxed, and bases shaded within the linker represent the seven-nucleotide barcode. For the first eight sequences,
evolutionary divergences within consensus CpG dyads are G/C3A/T transitions. In examples of divergence, information on the complementary
strands of individual DNA duplexes distinguishes evolutionary changes from PCR errors (9). Identification number and conversion efficiency of
each sequence are listed on the left. Only two non-converted non-CpG cytosines (asterisk) were observed in the first eight sequences. Only
sequences with �98.2% conversion of non-CpG cytosines (representing zero or one non-conversion event per sequence) were used for analysis.
Dashes within the sequence indicate sequencing errors resulting from uncalled bases. The first four analyzed sequences from passage 10 (top four)
and passage 22 (next four) are shown here. Additionally, two fully unmethylated sequences from passage 14 were observed (bottom two). Distinctive
barcodes indicate that these 10 sequences were derived from different genomic L1s. For example, sequence AB307 had a barcode of 5�-AATGGCA-3�
and sequence AB313 had a barcode of 5�-TTAGGGT-3�. For the former barcode, the C is either a PCR error (because cytosines were not included
in the barcodes (16)) or the C represents a low level of error during synthesis of the barcoded linker. One unconverted non-CpG cytosine (asterisk)
was observed in the last sequence.
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(nucleotide 401) represented more than once. None of these
eight unconverted cytosines was at site 432 or 436 (Fig. 4B). We
also examined 14 L1 sequences of this region from human
sperm DNA that were chosen for analysis because of their
lower levels of conversion efficiency (90–98% conversion, see
“Materials and Methods” for the basis of these lower conversion
efficiencies). 50 unconverted non-CpG cytosines were observed
in these 14 sequences, occurring most often in the region with
three closely spaced CpGs. Only one non-conversion event was

observed at site 432. None was observed at site 436 (Fig. 4C).
We conclude that methylation of non-CpG cytosines is rare in
this region of the human L1 promoter, including at nucleotides
432 and 436.

DISCUSSION

In our initial study of methylation of human L1 sequences
using hairpin-bisulfite PCR, we analyzed CpG methylation in
the published human L1 consensus sequence (11), focusing on

FIG. 2. Average percent methylation on sense and antisense strands at nine different sites within a 104-bp region of the L1
promoter. A, DNA from four passages of human fetal fibroblasts amplified by barcoded hairpin-bisulfite PCR. 15 sequences from passages 10, 14,
and 17 were analyzed. 12 sequences were analyzed for passage 22. In these sequences, the number of CpG dyads that are evolutionarily conserved
relative to the consensus from Ref. 11 are 126, 129, 123, and 93, respectively. Average methylation values for the nine sites on sense-strand (f)
and antisense-strand (Œ) sequences were 80.4 and 81.3%, respectively. B, methylation levels reported by Woodcock et al. (11) for these nine sites.
These data were obtained by independent PCR of sense and antisense strands and were estimated from Fig. 3 of Ref. 11.
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a 104-bp promoter region (9). We reported that hemimethyla-
tion averaged 12.1% of CpG dyads for two different adult fibro-
blast lines. Here we apply new methods and present more
extensive data expanding on questions of hemimethylation
within the 104-bp promoter region of human L1s from fetal
fibroblasts. We also address the question of non-CpG methyl-
ation within the 104-bp region and within an adjacent 118-bp
region of the human L1 promoter.

Technical Aspects of Hairpin-Bisulfite PCR and Distinguish-
ing Valid L1 Sequences from Redundant and Contaminant
Sequences Using Molecular Barcodes—We can be confident
that the sense- and antisense-strand methylation patterns pre-
sented here represent information from a single allele and
locus, even when a sequence is repeated many times in the
human genome as is the case for L1 sequences. The hairpin-
bisulfite PCR technology provides information on methylation
patterns on the complementary strands of individual DNA
molecules. The complementary strands remain attached via
the hairpin linker throughout the bisulfite conversion and

PCR amplification, cloning, and sequencing steps. Thus, this
method eliminates the problems of biases in sense and anti-
sense methylation analysis because both strands are amplified
in a single step (Fig. 1).

Two technical considerations reinforce the conclusion that
the inferred methylation patterns from our hairpin-bisulfite
methylation analyses, including the hemimethylated dyads,
are an accurate reflection of patterns on both strands of indi-
vidual L1 sequences. As described under “Materials and Meth-
ods,” the frequency of hemimethylated dyads is considerably
higher than expected from inefficient bisulfite conversion. Ad-
ditionally, sequences that are the likely result of cross-over
PCR are extremely rare. If template switching were to occur
during PCR amplification, we would observe sequences in
which the sense and antisense strands were not precisely com-
plementary because of the sequence divergence among mem-
bers of the L1 family. In our initial publication (9) on hairpin-
bisulfite PCR, we reported that no case of detectable cross-over
PCR had been observed in �200 analyzed L1 sequences. Our
most recent analysis of 636 L1 sequences that met our criteria
for efficient bisulfite conversion revealed four sequences that
were probably the result of cross-over PCR. These four se-
quences were not included in further analyses. We conclude
that the rate of cross-over PCR among analyzed L1 sequences
is somewhat �1/100 sequences. Thus, the frequencies of hemi-
methylated dyads reported here are unlikely to be significantly
inflated by problems of inefficient bisulfite conversion or cross-
over PCR.

The fetal fibroblast sequences presented here (Fig. 1) have
unique barcodes, thus verifying that they are appropriately
amplified sequences rather than re-amplified products or con-
taminants. We introduced molecular barcodes for hairpin-
bisulfite PCR of a single-copy gene, FMR1, to distinguish valid
sequences from redundant examples of an allele that had pre-
viously been obtained as well as from contaminant sequences
(16). Similar use of molecular barcodes is reported here for the
family of repeated L1 elements. The molecular barcodes have
in most cases identified valid sequences that also had distinc-
tive methylation patterns. Contamination from previous PCR

FIG. 3. Percent hemimethylation of L1 promoter sites within a 104-bp region in DNA from four passages of human fetal fibroblasts.
Fibroblasts from a 16-week female fetus obtained from Coriell Cell Repository were cultured as described under “Materials and Methods.” An
estimated 2–3 cell doublings occurred between successive passages with DNA from passage 10 (�) representing the earliest sample and DNA from
passage 22 (�) representing the last sample from these cells. Hemimethylation data for DNA from intermediate passages 14 (f) and 17 (Œ) are
also shown as well as the average hemimethylation value (boldface line) for the combined data. The percent of hemimethylation at the same nine
CpG sites estimated from Fig. 3 of Woodcock et al. (11) is displayed for comparison (● ).

TABLE I
Percent CpG hemimethylation of a 104-bp L1 promoter region

in human DNAs
Percent hemimethylation in human DNAs from different cell types

using hairpin-bisulfite PCR of a 104-bp CpG-rich region within the L1
promoter. Fetal fibroblast samples had molecular barcodes. 12–17 se-
quences were analyzed for each sample. Percent hemimethylated dyads
was calculated by dividing the number of hemimethylated CpG dyads
by the total number of consensus sequence dyads (Ref. 11) among the
sequences from an individual sample.

DNA sample
Number

informative
CpG dyads
(sequences)

Percent
hemimethylated

CpG dyads

Male adult fibroblast line (82-6 hTERT) 120 (17) 10.0
Female adult fibroblast line (81-58A) 128 (16) 14.1
Male leukocyte DNA (A102) 120 (17) 20.8
Sperm (A47) 125 (13) 4.8
Female lymphoblastoid DNA (A54) 99 (15) 6.1
Fetal fibroblast passage 10 126 (15) 9.5
Fetal fibroblast passage 14 129 (15) 8.5
Fetal fibroblast passage 17 123 (15) 7.4
Fetal fibroblast passage 22 93 (12) 7.5
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reactions is identified by redundant matching barcodes in PCR
products and, in most cases, by the identity of the inferred
methylation pattern. For completely methylated or unmethyl-
ated sequences, however, the molecular barcodes are indispen-
sable in determining whether a sequence is from an L1 allele
not previously sampled. This information is crucial for accurate
quantification of various methylation states among alleles and
cells, as exemplified in Fig. 1, and described more fully
under “Results.”

Levels of Hemimethylation in L1 Sequences from Fetal Fibro-
blasts in Cell Culture—The most frequently recovered L1 se-
quences from fetal fibroblasts were densely methylated with
primarily concordant methylation patterns at consensus CpG
dyads (Fig. 1). From our larger data set of 471 CpG dyads (57
L1 sequences) from fetal fibroblast DNA, 91.7% (n � 432) were
concordantly methylated and 8.3% (n � 39) were hemimethyl-
ated. Among these 57 sequences, only two (3.5%) were observed
that did not fit the pattern of hypermethylation. Distinctive
barcodes indicated that these two sequences were derived from
different genomic L1s (Fig. 1). CpG dyads in these two se-
quences were strikingly concordant in their methylation status
in that all of the dyads were fully unmethylated. Site-specific
variations in methylation were observed in fetal fibroblast L1s,
but the two complementary strands had approximately equal
and highly correlated levels of methylation (Fig. 2A). Thus, we
observe primarily concordant methylation in both hypermethy-
lated and hypomethylated L1 sequences and low levels of hemi-
methylation at all of the nine CpG sites analyzed.

Our data on levels of hemimethylation in L1 sequences of
fetal fibroblasts conflict with data reported by Woodcock et al.
(11). These authors analyzed the methylation patterns of sense
and antisense strands independently using bisulfite conversion
and concluded that there were large differences between strand
methylation. Specifically, Fig. 3 in Ref. 11 indicates that sense-

strand methylation in their analyzed sequences was close to
100%, whereas antisense-strand methylation averaged �40%
(see Fig. 2B). If correct, these data would indicate that most of
the CpG sites in this region (59%) were hemimethylated. In
contrast, our data indicate that sense- and antisense-strand
methylation in this region are highly concordant with an aver-
age level of hemimethylation of only 8.3% (Fig. 2A). The levels
of hemimethylation in L1s from these fetal fibroblasts were not
significantly different between samples from the four passages.
Thus, it seems unlikely that different stages of passaging of
fetal fibroblasts in tissue culture would explain these different
estimates of L1 hemimethylation (Fig. 3).

The validity of conclusions drawn from the independent
analysis of the two complementary strands of DNA relies on
the assumption that the independent PCR amplification and
cloning of the complementary strands is unbiased and that the
separate amplifications of sense and antisense strands draw
from the same population of previously double-stranded mole-
cules. This assumption is not always valid. Warnecke et al.
(18), for example, provided evidence of strand bias for the
retinoblastoma tumor suppressor gene when using single-
strand PCR. Further studies indicated that unmethylated T-
rich DNA had been amplified preferentially, thus leading to a
PCR bias and to an inaccurate estimate of methylation (19).
Variations in methylation among individual L1 elements, in-
cluding a low percentage of hypomethylated alleles (Fig. 1),
provide ample opportunities for observing apparent strand dif-
ference under conditions of strand-biased PCR. Efforts to con-
trol for methylated versus unmethylated bias using cloned se-
quences (11) may not be sufficient within the context of single-
strand DNA amplification of repeated sequences that vary in
sequence as well as methylation status.

Methylation of L1 Sequences from Different Cell Types—We
asked whether or not levels of hemimethylation of CpG dyads

FIG. 4. Hairpin-bisulfite conversion of non-CpG cytosines in L1 promoter regions. A, conversion of non-CpG cytosines in the 104-bp
region from 57 well-converted (�98.2%) fetal fibroblast DNA sequences. We observed only seven unconverted non-CpG cytosines (asterisk) of the
possible 3249 opportunities for non-conversion. All seven events were at sites represented only once. Potentially methylated CpG sites from the
consensus are black, and the hairpin linker is boxed on the right. B, conversion of non-CpG cytosines in the 118-bp region from 64 well converted
(�98.6%) DNA sequences from a variety of human cell types. This region includes two non-CpG cytosines (nucleotides 432 and 436, boxed on upper
strand) that were previously reported to be consistently unconverted and hence possibly methylated (11). We observed only eight unconverted
non-CpG cytosines (asterisk) of the possible 4736 opportunities for non-conversion. Only one site was represented more than once. None of the eight
unconverted cytosines was at site 432 or 436. Of these 64 sequences, 33 are from adult fibroblasts, 16 are from adult blood leukocytes, and 15 are
from an established lymphoblastoid line. Potentially methylated CpG sites from the consensus are black, and the hairpin linker is boxed on the
left. C, conversion of non-CpG cytosines in the 118-bp region from 14 less-well converted (90–98%) human sperm DNA sequences. Lower levels of
conversion in these sequences were created experimentally as described under “Materials and Methods.” 50 unconverted non-CpG cytosines
(asterisk) were observed. Only one non-conversion event was observed at site 432. None was observed at site 436.
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in L1s from different cell types are comparable with those that
we observe from cultured fetal fibroblasts. L1 sequences from
DNAs of other human cells had levels of hemimethylation that
spanned the average observed for fetal fibroblasts ranging from
4.8% in sperm to 20.8% in a leukocyte sample. Although these
hemimethylation values show considerable variation, none ap-
proaches the high level implicit in data from Woodcock et
al. (11).

Methylation Status of Non-CpG Cytosines in the L1 Pro-
moter—Methylated cytosines that are not within CpG contexts
are occasionally reported (11). Consistent methylation at such
non-CpG cytosines, if verified, would be interesting in part
because the mechanism of methylation inheritance would be
different from that for CpG methylation, which depends on the
symmetry of CpG/CpG dyads (4–6). For the 104-bp region of
the human L1 promoter, we confirmed the observation of
Woodcock et al. (11) that non-CpG cytosines in this region are
rarely, if ever, methylated in human fetal fibroblasts (Fig. 4A).

These authors (11) did, however, report that two non-CpG
cytosines within the 118-bp region at nucleotides 432 and 436
of the human L1 promoter are consistently unconverted and
hence are possibly methylated. We find no support for this
conclusion in our hairpin-bisulfite PCR data. In 64 well-con-
verted sequences (�98.6% conversion), from two adult fibro-
blast lines, leukocytes, and lymphoblastoid cells, we found that
these two cytosines were always converted and hence unmethy-
lated (Fig. 4B). To explore the possibility that we missed non-
CpG cytosine methylation by selecting only well-converted se-
quences, we examined a small number of less-well converted L1
sequences from human sperm DNA. In 14 sequences with
90–98% conversion of non-CpG cytosines, only one instance of
non-conversion at site 432 was observed for these two sites
(Fig. 4C). Other unconverted cytosines in these poorly con-
verted sequences occurred most often in the region with three
closely spaced CpGs (Fig. 4C). Regions with high CG content,
especially when hypermethylated, are refractory to denatur-
ation, which will inhibit bisulfite conversion (17). Although our
data on these two cytosines were not from fetal fibroblasts,
DNAs from two adult fibroblasts lines and from two other cell
types were examined. It is possible that L1s in fetal fibroblasts
are different from other L1s, but we consider it more likely that
incomplete conversion at these sites and subsequent PCR re-
dundancy explain the previous conclusion of methylation of
several specific non-CpG cytosines (11). Therefore, we conclude
that non-CpG cytosines in these regions are rarely, if ever,
methylated including at nucleotides 432 and 436.

Concluding Remarks—For human L1 promoter sequences,

our results resolve a controversy in the literature. Our data are
consistent with high levels of concordant CpG methylation on
complementary strands, hence with low levels of hemimethy-
lation inferred by Hansen (3) and Laird et al. (9), and are
inconsistent with high levels of hemimethylation reported by
Woodcock et al. (11). Data from a variety of cell types, including
cultured fetal fibroblasts, support this conclusion. We also re-
port that two non-CpG cytosines within the L1 promoter re-
ported by Woodcock et al. (11) to remain unconverted during
bisulfite conversion are routinely converted in our hairpin-
bisulfite PCR procedure in DNAs from different cell types. We
conclude that these and all of the other non-CpG cytosines in
the regions analyzed are rarely, if ever, methylated. The meth-
ods of analysis used here for L1 sequences are applicable to
other repeated sequences for which methylation analyses on
complementary strands are especially difficult. The application
of these experimental approaches will likely provide insights
into the origins and consequences of variations in methylation
patterns.
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