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Most epigenetic studies assess methylation of 5'-CpG-3' sites but recent evidence indicates that non-CpG cytosine
methylation occurs at high levels in humans and other species. This is most prevalent at 5'-CHG-3', where H = A, C
or T, and it preferentially occurs at 5-CpA-3' and 5'-CpT-3' sites. With the goal of facilitating the detection of non-
CpG methylation, the restriction endonucleases ApeKl, Bbvl, EcoP15l, Fnu4HI, Mwol and Tsel were assessed for their
sensitivity to 5-methylcytosine at GpCpA, GpCpT, GpCpC or GpCpG sites, where methylation is catalyzed by the DNA
5-cytosine 5'-GpC-3' methyltransferase M.CviPl. We tested a variety of sequences including various plasmid-based
sites, a cloned disease-associated (CAG)83+(CTG)83 repeat and in vitro synthesized tracts of only (CAG)500+(CTG)500
or (CAG)800+(CTG)800. The repeat tracts are enriched for the preferred CpA and CpT motifs. We found that none
of the tested enzymes can cleave their recognition sequences when they are 5'-GpC-3' methylated. A genomic site
known to convert its non-CpG methylation levels upon C2C12 differentiation was confirmed through the use of these
enzymes. These enzymes can be useful in rapidly and easily determining the most common non-CpG methylation
status in various sequence contexts, as well as at expansions of (CAG)n+(CTG)n repeat tracts associated with diseases

like myotonic dystrophy and Huntington disease.

Introduction

DNA methylation has important roles in genetic regulation,
development and disease etiology.! In several neurological,
neurodegenerative and neuromuscular diseases, characterized
by the high instability of gene-specific repeat tracts,>? the pres-
ence of aberrant 5'-CpG-3' methylation flanking the unstable
repeat has been reported. For example, aberrant CpG methyla-
tion within the expanded CGG repeats and flanking sequences is
observed in several rare fragile site diseases like fragile X mental
retardation FRAXA, FRAXE, FRAXF, FRAX10A, FRAXI11B,
FRA12A and FRAXA16A and associated with gene silencing.>*
For myotonic dystrophy (DM1), Friedreich’s ataxia (FRDA) and
Huntington disease (HD) involving the non-CpG repeat motifs
(CTG)n, (GAA)n and (CAG)n, respectively, acquisition of CpG
methylation profiles has been observed adjacent to the mutated
repeat alleles.?>!!

Most studies of DNA methylation assess 5-CpG-3' but

recent evidence indicates that non-CpG cytosine methylation

occurs at high levels in humans and other species,'? this being
most prevalent at 5-CpA-3" and 5'-CpT-3', which are pres-
ent in the disease-associated repeats (CAG)n and (CTG)n.
Human cells show abundant DNA methylation in non-CG
contexts (meCHG and meCHH, where H = A, C or T), which
comprises ~25% of all methylated cytosines in the genome.'
Notably, a genome-wide study found that methylation levels
were higher for CHG than CHH, and preferentially found
more often at CAG than at CTG."? This preference supports
previous gene-specific observations.>?' Interestingly, the
CAG/CTG site preference of non-CpG methylation matches
the sequence preference of some mammalian DNA methyl-
transferases.””** Non-CpG methylation has typically been
assessed using bisulfite sequencing, a method with which most
labs are not familiar.

The presence of non-CpG methylation deserves further
attention. It is noteworthy that non-CpG methylation has been
reported in genes containing CNG trinucleotide repeat tracts,
although only in non-expanded samples.”® An easy assay to
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Figure 1. Plasmid pKH11, harboring numerous plasmid-based restric-

tion sites and a DM1 sequence with (CTG), repeats. For restriction site
details see Supplemental Figure S1. For cloning details see Materials

and Methods.

rapidly assess non-CpG methylation at any site, including tri-
nucleotide repeats, is not currently available.

Here, we assessed the influence of non-CpG methylation
(5'-GpC-3' context) on the activity of six restriction endonucle-
ases: FnudHI (5'-GC!NGC-3"), Tsel (5-G'CWGC-3"), Mwol
(5-GCNNNNN!NNGC-3'), EcoP151 (5-CAGCAG(N) .'-3"),
Bbol (5-GCAGC(N),-3") and ApeKI (5-G'CWGC-3"). Each

of these enzymes recognizes sites that can harbor or overlap
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with the preferred non-CpG methylatable sites CpA and CpT,
including the repeat (CAG)n*(CTG)n recognition motifs.
Cytosine methylation at GpC sites in the CAGCAG and
CTGCTG tracts conforms to the preferred non-CpG sites
5-CpApG-3" and 5-CpIpG-3".12 (CTG)n and (CAG)n tracts
are the most common repeat sequences associated with a class
of neurodegenerative and neuromuscular diseases®® ApeKI,
Bbvl and EcoP151 have shown no sensitivity to CpG methyla-
tion.” In contrast, Fru4HI has been reported to be sensitive
to overlapping CpG methylation,”?® while Mwol and Tsel are
sensitive to some combinations of overlapping 5-CpG methyla-
tion.”® However, nothing is known about the 5-methylcytosine
sensitivity of any of these enzymes outside the CpG context.
Two approaches were followed in order to analyze differential
GpC methylation status in vitro: (1) digestion of the pKHI1
DNA, a plasmid containing various forms of each of the restric-
tion sites as well as a cloned (CAG)83¢(CTG)83 repeat and
DM1 flanking sequences (Fig. 1); (2) digestion of in vitro syn-
thesized DNA tracts containing only (CAG)500¢(CTG)500
or (CAG)800+(CTG)800 repeat units. All 5-GpC-3' sites
were methylated on the cytosine residues using the methylase
M.CviPl (a DNA 5-cytosine methyltransferase), which has
specificity for 5-GpC-3"%

Results
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All enzymes tested were sensitive to pre-

Tsel  ApeKl methylation at 5'-GpC-3' sites. Figure 2
-+ -+ shows the results from plasmid pKH11-
9 10 11 12 (CTG)83 digestions, before and after

methylase treatment. Lanes 1, 3, 5, 7,
9 and 11 reflect the DNA restriction
fragment profiles in absence of meth-
ylation. Patterns of digestion products
are representative of the expected com-
plete digestion for Fnu4HI, Tsel, Mwol,
ApeKI and Bbyl as shown by the pre-
dicted cleavage profiles (left parts in
Sup. Fig. S1). EcoP151 requires the
presence of two inversely oriented
5'-CAGCAG recognition sites for effi-
cient DNA cleavage, where sites can be
separated by as much as 3.5 kb.? EcoP151
digestion of the pKHI11 plasmid con-
taining a (CAG)83 tract yielded a smear
of products (Fig. 2 and lane 5) cutting
at overlapping sites within the repeat
track and the unique plasmid-based site
(Sup. Fig. S1). Lanes 2, 4, 6, 8, 10

and 12 show the total cleavage inhi-

bition under presence of 5-GpC-3'
methylation, including through the

2% agarose gels. The marker was the 100 bp ladder.

Figure 2. Restriction of plasmid pKH11 prior to (odd lanes) and following (even lanes) methylation of
5'-GpC-3'sites by the DNA 5-cytosine methyl-transferase M.CviPl (Materials and Methods). pKH11 was
digested with Fnu4HI, Bbvl, EcoP151, Mwol, Tsel or ApeKl and products resolved by electrophoresis on

(CTG)83 repeat tract, for all six restric-
tion endonucleases tested. Digestion
with BamHI (unique cleavage site
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in the pKHI11 plasmid) prior to or
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following EcoP151 digestion, showed the expected A
linearized 3,798 bp fragment, indicating that resis-
tance to EcoP151 was in fact due to GpC methylation
(data not shown). For all enzymes except EcoP15],
the cleavage of DNAs containing only long CTG/
CAG tracks was sensitive to GpC methylation
(Fig. 3). In the absence of GpC methylation, com-
plete cleavage of the DNA repeat fragment is observed
(Fnu4HI, in part A, lanes 2 and 4; Muwol, Bbul,
Tsel and Apekl in B). In contrast, the presence of
GpC methylation on the 800 repeat DNA fragment
completely inhibited cleavage by these five enzymes
(Fig. 3 and lane 4 in A; + lanes in B). The exception
was EcoP151 which, in the absence of a CTGCTG
sequence in the opposite orientation on these pure-
CAGCAG repeat DNAs, could not cleave prior nor
after GpC methylation (Fig. 3B).

800 CTG

MeCTG 500 CTG

FnudHl - + - +

ladder 1 2 3 4

800 CTG (2400 bp)
500 CTG (1500 bp)

We then tested the utility of two of these enzymes B
to detect non-CpG methylation at a genomic locus
known to display non-CpG methylation. We used
the C2C12 mouse muscle cell line to examine non-
CpG methylation at a mammalian endogenous
locus. Previous studies have shown that methyla-
tion of non-CpG cytosine in the myogenin (Myog)
5'-flanking region is dependent on the differentiation
state of these cells.* Genomic DNA samples from
differentiated and undifferentiated C2C12 cells

Bbvl  Mwol Tsel ApeKl

-+ -+

EcoP15l

el —800 CTG
(2400 bp)

| |1 e

were subjected to restriction digestion by ApeKI or

Tsel. After PCR amplification, the relative amount
of undigested Myog 5'-flanking region was higher in
undifferentiated C2C12 cells than in differentiated
cells (Fig. 4). This result suggests that these enzymes
are capable of assessing non-CpG methylation status

Figure 3. (A) As a negative internal control, in vitro synthesized (CAG)800+(CTG)800
DNA (MATERIALS & METHODS) were completely methylated at all 5'-GpC-3' sites by
DNA 5-cytosine methyl-transferase M.CviPI (indicated by +) and mixed at equimolar
amounts with in vitro synthesized (CAG)500+(CTG)500 DNA that were mock-treated
with M.CviPl GpC methylase (indicated by -). These DNA mixtures were restriction
digested with Fnu4HI and products resolved by electrophoresis on 1% agarose

in a genomic DNA.

Discussion

The cytosine methylation sensitivities in non-CpG

gels. The 100 bp ladder was loaded in the leftmost lane. (B) In vitro synthesized
(CAG)800+(CTG)800 DNA was mock-treated with GpC methylase (-) or methylated
(+) at all GpC sites. The DNA was restriction digested with Bbvl, Mwol, Tsel, ApeKl or
EcoP15! and products resolved by electrophoresis on 1% agarose gels. DNA marker
has been loaded in the leftmost lanes.

contexts determined by this method can be applied

directly to epigenetic studies of various sequences,

including those involved in human diseases. The use of any of the
six restriction endonucleases (Fru4HI, Tsel, Mwol, Bbvl, ApeKl
and EcoP15]) tested here provides an excellent method to deter-
mine if high levels of methylation may exist in various sequence
contexts, including the CTG*CAG tracts of various diseases or
other loci. Such non-CpG methylation may correlate with the
already detected presence of CpG methylation close to expanded
repeat tracts.'"*% The use of EcoP15I would be helpful only for
those CTG/CAG loci that have adjacent CTG sites in the oppo-
site orientations within 3.5 kb, as previously noted for the HD*
or DML loci (www.ncbi.nlm.nih.gov/pubmed, DMPK GenelD:
1760). The approach may be particularly useful for methyla-
tion detection through long expanded repeat tracts, as observed
in DMI (>80-6,550 repeats), since methylation analysis by
bisulfite and sequencing will only be applicable to those short
repeat tracts that can be PCR amplified across (£300-500 bp).

418

Epigenetics

Assessing GpC methylation in genomic samples by the restric-
tion endonuclease(s) approach presented here can also be applied
to specific restriction sites outside of repetitive tracts.

We report the sensitivity of various enzymes to non-CpG
methylation, specifically assessing the effect of 5-methylcytosine
at GpCpA, GpCpT, GpCpC or GpCpG sites, where methyla-
tion is executed by the GpC 5-cytosine methylase. In either the
(CTG)n or (CAG)n repeats, a GpC site appears and the C that
is methylated is followed by a T or an A. This is the case in the
most frequent non-CpG sites recently reported to be methylated,
CpT and CpA. In addition, these sites are located in the preferred
CHG context.'* We also show that the methylation status of many
plasmid-based non-CpG sites that are outside of the (CAG)n
or (CTG)n repeat context can also be assessed (Fig. S1). The
method we present reveals new properties of a series of restric-
tion enzymes that now permits the analysis of a relatively newly

Volume 6 Issue 4
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Figure 4. (A) Diagram showing the site of non-CpG methylation in myo-
genin promoter region. The target non-CpG site is shown in bold. The
box indicates the recognition site for ApeKl and Tsel. Arrows indicate
primer positions. (B) PCR products of Myog 5'-flanking and Scn4a exon
6 regions after digestion with ApeKl or Tsel. (C) Relative amount of PCR
products of Myog 5'-flanking region from undifferentiated (white bar)
or differentiated (gray bar) C2C12 DNA. DNA digestion and PCR were
performed in triplicate.

recognized form of epigenetic DNA modification, non-CpG
DNA methylation. This method is timely, as the biological signif-
icance of non-CpG methylation has only just become apparent.?
The enzymatic sensitivities that we reveal match the predomi-
nant non-CpG methylation marks reported by Lister et al. for
the human genome."? Specifically meCpA and meCpT, which are
part of the trinucleotides (CAG)n and (CTG)n and the other
non-repeat sites we assessed. A wide variety of sequences recog-
nized by the series of restriction enzymes are sensitive to GpC
methylation. This supports the potential utility of this method
for the wide community of epigenetic researchers. We modestly
suggest that commercial providers of these restriction enzymes
include a comment on their sensitivity to non-CpG sites, as this
information would be very valuable to many researchers study-
ing these sequences. Now all labs, even those that have not set-
up bisulfite sequencing, can rapidly and easily assess non-CpG
methylation at a variety of sites using any of the enzymes that we
have showed to be methyl-sensitive.

Materials and Methods

Plasmid pKH11 was constructed by cloning a 615 bp fragment of
the DM locus containing 83 CTG repeats (plus 142 bp human
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flanking sequence upstream and 224 bp downstream), including
the flanking CTCF binding sites from patient fetal fibroblasts in
pCRScript-Amp (Stratagene). A 219 nt fragment containing the
SV40 sequence (viral position 5210/5211) was cloned as a blunted
Xbal fragment into the downstream blunted Sapl site.

The (CAG)500+(CTG)500 or (CAG)800°
(CTG)800 DNAs were created by in vitro synthesis using $29
DNA polymerase-mediated rolling circle amplification, as previ-
ously described in reference 30.

All enzymes if not otherwise specified, are from New England
Biolabs Inc., and reactions performed as described. Briefly,
methylation DNAs at all 5-GpC-3' sites by the DNA 5-cyto-
sine methyl-transferase M.CviPl, in 1x GC Reaction Buffer
(50 mM Tris-HCI, 50 mM NaCl, 10 mM Dithiothreitol, pH
8.5 at 25°C, supplemented with 160 wM S-adenosylmethionine),
as described in reference 29. As per Xu et al. we adopted the
use of Haelll to detect completion of GpmeC methylation;
they and others have found that Hzelll cleaves GGCC but not
GGmeCC sequences.”? Restriction digestions were performed
as described. Briefly, ApeKI digests were in NEBuffer #3 at 75°C,
Bbul digests were in NEBuffer #2 at 37°C, EcoP151 digests were
in NEBuffer #3 at 37°C, Fnu4HI digests were in NEBuffer #4
at 37°C, Mwol digests were in NEBuffer #3 at 60°C and Tsel
digests were in NEBuffer #4 at 65°C.

Restriction digested DNAs were resolved on 1-2% agarose
gels, in 1x TAE buffer (0.04 M Tris-acetate, 0.001 M EDTA, pH
8.5) and electrophoresed under 75 V for -1 hour. Products were
visualized with ethidium bromide staining and UV light.

C2C12 mouse muscle cell line was cultured in DMEM
(Gibco) supplemented with 10% FBS, 100 units/ml penicillin
and 100 mg/ml streptomycin. For differentiation, C2C12 cells
were cultured for five days in DMEM (Gibco) supplemented with
1% FBS and the antibiotics. Genomic DNA was extracted from
undifferentiated or differentiated C2C12 cells using the Gentra
Puregene Cell Kit (Qiagen), and then digested by ApeKI or Tsel.
After heat inactivation or removal of enzymes, the myogenin
(Myog) 5' flanking region was amplified for 33 cycles using prim-
ers 5"-TGT TCCCTT CCT GCCCTG TC-3'and 5-AGG CCG
TCG GCT GTAATT TG-3". As a standard for semi-quantitative
analysis, Scn4a exon 6 region, which possesses no recognition sites
for these enzymes, was also amplified for 30 cycles using primers
5-CCATGAATGACA CCAACACCAC-3'and 5“TCCCTT
CGT CAT TGA TGT AGG C-3'. PCR products were analyzed
on agarose gels followed by SYBR Green I (Invitrogen) staining
using ImageQuant software (Molecular Dynamics).
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Note

Supplemental materials can be found at:
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