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Aberrant DNA methylation is frequently observed in disease, including many cancer types, yet the underlying
mechanisms remain unclear. Because germline and somatic mutations in the genes that are responsible for DNA
methylation are infrequent in malignancies, additional mechanisms must be considered. Mycoplasmas spp., including
Mycoplasma hyorhinis, efficiently colonize human cells and may serve as a vehicle for delivery of enzymatically active
microbial proteins into the intracellular milieu. Here, we performed, for the first time, genome-wide and individual gene
mapping of methylation marks generated by the M. hyorhinis CG- and GATC-specific DNA cytosine methyltransferases
(MTases) in human cells. Our results demonstrated that, upon expression in human cells, MTases readily translocated to
the cell nucleus. In the nucleus, MTases selectively and efficiently methylated the host genome at the DNA sequence
sites free from pre-existing endogenous methylation, including those in a variety of cancer-associated genes. We also
established that mycoplasma is widespread in colorectal cancers, suggesting that either the infection contributed to
malignancy onset or, alternatively, that tumors provide a favorable environment for mycoplasma growth. In the human
genome, »11% of GATC sites overlap with CGs (e.g., CGATmCG); therefore, the methylated status of these sites can be
perpetuated by human DNMT1. Based on these results, we now suggest that the GATC-specific methylation represents
a novel type of infection-specific epigenetic mark that originates in human cells with a previous exposure to infection.
Overall, our findings unveil an entirely new panorama of interactions between the human microbiome and epigenome
with a potential impact in disease etiology.

Introduction

The biology of human disease is no longer focused exclusively
on human cells. A variety of microbiomes co-exist in the human
body, playing fundamental roles in health and disease.1 The
human microbiome contributes to cell metabolism, regulation of
signaling pathways, inflammation, and immune responses. Fur-
thermore, bacteria such as mycoplasma colonize and invade
human cells, thereby reducing their susceptibility to immune
defense and antibiotic treatment.2-5

Mycoplasmas (class Mollicutes) are the smallest self-replicating
organisms. There are over 200 species of mycoplasma, distin-
guished from other bacteria by their minute size, limited genome,
and lack of a cell wall. Mycoplasmas depend on host cells for sur-
vival and are parasitic microbes. In humans, mycoplasmas

frequently populate mucosal surfaces of respiratory and urogeni-
tal tracts, mammary glands, and joints, often persisting as long-
term asymptomatic infections3 that are likely to promote chronic
aberrant states in infected tissues.

Although the role of mycoplasma infections in pathologies,
including carcinogenesis, remains a matter of debate,6 evi-
dence of mycoplasma presence in prostate, renal, gastric,
colon, esophageal, lung, breast, ovarian, and melanoma
tumors suggests the co-existence of mycoplasmas and
tumors.7-9 Invasive bacteria, including Mycoplasmas and Myco-
bacteria, can induce reprogramming of somatic cells10 and
oncogenic cell transformation, resulting in dysregulation of
cancer-specific genes, including RAS and MYC oncogenes
and p53 tumor suppressor.8,11-13 However, the molecular
mechanisms that provide evidence on how mycoplasmas can
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modulate, genetically or epigenetically, host cell pathways
remain understudied.

To this end, a common pattern observed in cancers suggests
that somatic epigenetic alterations precede pro-oncogenic muta-
tions, and that the abnormal epigenome affects the frequency of
occurrence of subsequent genetic alterations that drive tumorigene-
sis.14-17 Recent genome-wide data also imply that epigenetic
anomalies can be a key factor in cancer onset and progression. 18-22

DNA methylation, an essential element in transcriptional reg-
ulation, 23 is one of a few major epigenetic mechanisms. DNA
methylation causes the conversion of cytosine to 5-methylcyto-
sine (5mC) in the context of CG-dinucleotides. In humans, this
conversion is catalyzed by DNA (cytosine-5-)-methyltransferase
1, 3A, and 3B (DNMT1, DNMT3A, and DNMT3B). CG
dinucleotides are sparsely distributed in the human genome com-
pared to other dinucleotide combinations. A higher than
expected number of CGs is observed within »1 kb CpG islands
(CPGIs), which are typically associated with the gene promoters.

Aberrant global and gene-specific DNA hypo- and hyper-
methylation was reported in multiple cancer types 24-26; however,
the molecular mechanisms involved in aberrant hypermethyla-
tion onset remain insufficiently understood. 27,28 Surprisingly,
germline and somatic mutations in genes that are responsible for
DNA methylation are infrequent in malignancies 27 [COSMIC
database (http://cancer.sanger.ac.uk)]. As a result, we believe that
additional mechanisms that may affect the human cell epigenome
must be considered.

Here, we examined whether microbial MTases cause aberrant
DNA hypermethylation in human cells. We expressed the Myco-
plasma hyorhinis CG- and GATC-specific MTases in human cells
and then demonstrated that these enzymes translocated to the
cell nucleus, efficiently conferred a high degree of methylation on
the human genome and stimulated certain pro-oncogenic and
proliferation pathways in human cells. Because M. hyorhinis effi-
ciently colonize human cells, the internalized bacteria may serve
as a vehicle for delivery of enzymatically active MTases into the
intracellular milieu. We also established that mycoplasma is
widespread in colorectal cancers suggesting that tumors provide a
favorable environment for mycoplasma growth that may facilitate
further dissemination. Overall, our findings provide mechanistic
clues as to how bacterial enzymes may affect the epigenetic con-
trol of human genes and, as a result, may alter cancer susceptibil-
ity in the patients with the persistent mycoplasma infections.

Materials and Methods

Reagents
All reagents were obtained from Fisher Scientific unless other-

wise indicated. A murine monoclonal antibody to the V5 epitope
and a secondary goat anti-mouse AlexaFluor 594 antibody were
obtained from Life Technologies.

Cell culture
Cell culture media were obtained from Life Technologies

unless otherwise indicated. Cell cultures were maintained at

37�C and 5% CO2. Human HT1080 fibrosarcoma was grown
in DMEM supplemented with 10% fetal bovine serum (FBS).
Human transformed first trimester extravillous HTR8/SVNeo
trophoblasts29 were grown in RPMI-1640 supplemented with
5% FBS.

Cloning
Human codon optimized and UGA codon corrected M. hyor-

hinis 1191-bp Mhy1, 1239-bp Mhy2 and 1221-bp Mhy3 cDNAs
were synthesized (Genewiz) based on the predicted amino acid
sequence of Mhy1 (GenBank AEX13846), Mhy2 (GenBank
AEX13880) and Mhy3 (GenBank AEX14156) (Table 1).
cDNAs were amplified by PCR using the respective forward and
reverse primers (0.2 mM each) (Table 2) and Q5 High-Fidelity
DNA Polymerase (New England Biolabs). For protein expression
in E. coli and human cells, the respective PCR products were
inserted into the pET101/V5-His-TOPO (pET101/Mhy1,
pET101/Mhy2, and pET101/Mhy3 constructs) and pEF6/V5-
His-TOPO (pEF6/Mhy1, pEF6/Mhy2, and pEF6/Mhy3 con-
structs) vectors (Life Technologies), respectively. Plasmid DNA
was purified using a HiSpeed Plasmid Maxi Column (Qiagen).
All constructs were verified by DNA sequencing.

Cell transfection
Cells were seeded in wells of a 24 well plate and incubated for

16 h to reach 70% confluency. Cells were transfected with the
linearized plasmid DNA using Lipofectamine LTX (Life Tech-
nologies). In 48 h post-transfection, cells were seeded in 10 cm
dish. Blasticidin-resistant clones were selected in medium supple-
mented with 5 mg/ml blasticidin S (Life Technologies).

Methylation-interference assay
Digestion of genomic DNA (1 mg) with MspI, HpaII, MboI

and Sau3AI was conducted in 100 ml reactions (New England
Biolabs). Digested DNA was separated on 1% agarose gel and
visualized by ethidium bromide.

Methylation-specific PCR
PCR was performed in 50 ml reactions consisting of Standard

Taq Reaction buffer, Taq DNA polymerase (New England Biol-
abs), dNTPs (200 mM each), bisulfite converted DNAs (50 ng),
and the forward and reverse primers (0.5 mM each) specific for
either unmethylated and methylated DNA (Table 3). PCR prod-
ucts were separated on 2% agarose gel, visualized by ethidium
bromide, extracted from a gel and sequenced.

Bisulfite sequencing
Genomic DNA was purified from cultured human cells using

the genomic DNA purification system (Zymo Research). The
bisulfite DNA conversion was performed using the EZ DNA
Methylation-Lightning system (Zymo Research). DNA frag-
ments were amplified by PCR in 50 ml reactions using EpiMark
Hot Start Taq DNA Polymerase (New England Biolabs), dNTPs
(200 mM each), bisulfite converted DNA template (10-50 ng),
and the forward and reverse primers (0.5 mM each) (Table 3).
Primers were designed using MethPrimer.30 PCR products were
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purified, inserted into the pMiniT vector (New England Biolabs)
and transformed into 10-b E. coli cells. Individual positive E. coli
clones were randomly picked and their DNA inserts were
sequenced.

MTase sequence specificity
E. coli BL21(DE3) cells were transformed using the pET101/

Mhy1, pET101/Mhy2 and pET101/Mhy3 constructs. Trans-
formed cells were diluted in 10 ml Lennox broth supplemented
with 100 mg/ml ampicillin and grown at 37�C on a shaker at
150 rpm. In 16 h cultures were diluted at a 1:20 ratio (v/v) in
the Lennox broth-100 mg/ml ampicillin medium and grown to
reach OD600 D 0.7. IPTG (1 mM) was then added and cells
were grown at 18�C for an additional 12 h. Cells were collected
by centrifugation, plasmid DNAs were isolated using a Zippy
plasmid purification system (Zymo Research). Bisulfite sequenc-
ing was performed as described in the “Bisulfite Sequencing” sub-
section above using the primers specific to the pET101 plasmid
(Table 3).

MeDIP-Seq and bioinformatics analysis
Genomic DNA was fragmented to an average size of 200 bp

using a S-4000 sonicator (Misonix). DNA fragments were end-
repaired, A-tailed and ligated with custom adapters (Illumina).
Methylated DNA was immunoprecipitated using the Methyl-
ated-DNA IP system (Zymo Research). Both methylated and
non-methylated DNAs were subjected to PCR enrichment using

adapter-specific primers (Illumina). DNA was sequenced using a
HiSeq 1000 Sequencer (Illumina) with 57 £ 106–151 £ 106

reads/sample. Sequence reads were trimmed. Low quality reads
were filtered out. Reads were mapped to the human reference
genome (assembly 37.3) and read coverage was calculated at
every genomic position using our custom software (Fofanov,
unpublished). Reads with low quality mapping were excluded.
MeDIP-seq data were deposited to the NCBI Sequence Reads
Archive (BioProject ID 233511). Genome-wide MeDIP profiles
of methylation marks were generated using our custom software
(Chernov, unpublished). Circular histograms of MeDIP profiles
were generated using Circos. 31 MeDIP profiles at the individual
gene loci were visualized using the Integrative Genomic viewer.32

In situ immunofluorescent microscopy
Cells were seeded in wells of a Lab-Tek II CC2 glass chamber

(Nalge Nunc) and grown to reach 70% confluency. Cells were
fixed for 10 min in 4% paraformaldehyde at 25�C,

Table 2. Oligonucleotide primers for cloning of M. hyorhinisMTases

PCR product Primers pair (5’-3’ sequence)

Mhy1 CACCATGAATAAGAAGATCAAGGTG
AAATTCCTCCTTAATCTCGAGAATC

Mhy2 CACCATGAAGTACTATAAGATTTCCGAGATCG
CTTCTGGCCGAACTTCTTTTTG

Mhy3 CACCATGGTGGAGAAGCAGCTCA
GTTGACCTTGTTCCAGATCTTCAG

Table 1. Amino acid sequences of M. hyorhinisMTases

MTase GenBank ID Amino acid sequence

Mhy1 AEX13846 MNKKIKVFEVFAGIGSQFKALKNIEKSLDIEVESLGLIEWYLDAIISYQKIHLYKSKKV NVSIELMLSQLQSLTLSKDSKSPVSKNYFM
KQNEEKLNNYYQYLLPFINTITNPNQDKKFYTDINKVQIIPKDIDIFTYSFPCQDLSQQGNQLGIQDNTRSGLLLQVKRILKQNQDRLPKTLLM
ENVKSLTNKKFMSQFEDWIKFLETLGYNSSWKVLNSTDFGSSQNRERVFMVSKLNNKPFKWPLKIKHNNDLSRILESNFQPTAQILELTSK
IKEKGITEFKTTTNNISKAFIKNWSNFNSENYIYNNKGFGPTLTASGANSRLKFYFKNKDIFRYINAYESFKYMGFSSKDVDKILETNLVSENKI

IFMAGNSISVEVLEYIFKNLILEIKEEF
Mhy2 AEX13880 MKYYKISEIAKLESVSQKFIRKEIAKKSLISTKQNNKCLILDSHYQDWKLSYKKEASSNKKIGKIEEKVQFIDVLKEMNKLDGWNSNYKNGYKFI

DLFSGAGGLSCDLVMAGFEPIASVEIMPDAVETYVYNFQNRKKKEELIETRDIRDVKVKEELYNKFKDTDIDLIVGGFPCQGFSMAGNRVV
DDPRNSLYLEMLEIVKNLQPKFVLMENVQGLRTMLNGQVEQKIINDYKNIGYQINVTTLNSADYEVAQTRKRVIFIANKINKINYFPKPILQQ
KEYKTLGECIEKYMYLEENKEINHIFTKHSKEMQERIKNTPEGQSVYKNYSDGWKKSPWNEPSCTIKENHGGVNIHPKLPRVLTPRELAA

LQSFPDDFIFKGSKKWQLVQIGNAVPPLLAKAIGFAIKKKFGQK
Mhy3 AEX14156 MVEKQLKKIKVVELFAGVGGFRLGFERTSKLFKTIWANQWEPNKTKQWAFDCYTKHFGNSDNHVNEDIANVIDQVPEHDLLVGGFPCQD

YSVARTKAEGIKGKKGVLWWSILKIIQKRHPNFILLENVDRLIKSPANQRGRDFGIMLKSLDNEGYNVEWRIIDASDYGFVQRRKRVFIFAY
KKELTQIINKEQNQENILIKDGFFASEFLVESQCKKTNKSDILKNYSNLVDVSNNFSFSFYNSGSMINGNILTLDLVAKSTKKPSFLKDVIEKE
EVDSKFFINDNYQKFSYLKGAKKIERTKPNGKKYTYSEGTMIFPDDLNKPARTMLTSEGSVNRSTHVIEDYVTKNLRILTPLETERINGFDDN

TNTGMPERFRYFCMGNALIVPVIEKIAKQILKIWNKVN

Table 3. Oligonucleotide primers for bisulfite sequencing

Target Primers pair (50-30 sequence)

pET101 1 ATTGATTGGTTTTAATTTTTGGAGT
AAATAACCTTCCCCATTATAATTCTTC

2 AATGGGGAAGGTTATTTAGTTT
TAAATTAACTCACTCATTAAACACC

3 GTTATTTTTTGATTTTGTGGATAAT
AAAAACCTCTAACACATACAACTCC

4 GAGTTGTATGTGTTAGAGGTTTTTAT
CCCTAAATAATTTTTCTCTAATCCC

5 TTAGTGTAGGTAGTTTTTATAGTAATGGTA
AAAAAAAATCAATTCAAAATAATAAATATA

MMP-2 U GGTGGTTATATGTATTGAGTTAGTGA
ACTCTTTATCCATTTTAAAAACAAC

M GCGGTTATACGTATCGAGTTAGC
ACTCTTTATCCGTTTTAAAAACGAC

AKT3 TTTTGAAATTTAGTAGGTGTTTTGAG
GTAAAACGACGGCCAGTTAGGTGTTTTGAGGTAATATTTTGG

AAAACTTAAAAATTCCCAACCTCTT
ID1 AGGGATTTTTAGTTGGAGTTGAATT

CTTTTTCCAAACTCCTTAAACACC
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permeabilized for 5 min in 0.25% Triton X-100, and blocked
for 1 h in 2% BSA at 25�C. Cells were incubated for 1 h with
the V5 antibody followed by incubation for 30 min with the
goat anti-mouse AlexaFluor 594 antibody at 25�C. Cells were
mounted on slides using the Prolong Gold reagent (Life Technol-
ogies) containing 40,6-diamidino-2-phenylindole (DAPI). Con-
focal microscopy was conducted using a LSM 710 NLO Zeiss
Multiphoton Laser Point scanning confocal microscope
equipped with a multi-photon Mai-Tai laser HB - DeepSee sys-
tem (690–1024 nm). Images were acquired using ZEN software
(Zeiss).

Transcriptome analysis
Total RNA was purified using a Direct-zol RNA purification

system (Zymo Research) and quantified with a Nanodrop ND-
1000 spectrophotometer (Thermo Scientific). RNA integrity was
determined using an Experion electrophoresis system (Bio-Rad).
RNA (500 ng) was labeled using a RNA Amplification system
(Illumina). Labeled RNA (750 ng) was hybridized for 16–18 h
at 58�C to HumanHT-12v4 Expression BeadChip slides (Illu-
mina). Slides were washed, developed using Fluorolink Streptavi-
din-Cy3 reagent (GE Healthcare), and scanned using a
BeadArray Reader (Illumina). The fluorescence intensity data
were processed using Feature Extraction software (Agilent). Bio-
informatics analysis was performed using GeneSpring GX (Agi-
lent) and the data with P > 0.05 were excluded. Our
transcriptome data were deposited to the Gene Expression
Omnibus (accession number GSE53853). Functional clustering
was conducted using Ingenuity Pathway Analyses (Qiagen). The
association of genes with biological functions and canonical path-
ways was based on the respective p-values that were calculated
using the right-tailed Fisher exact test as previously described.33

Heat map diagrams were generated using GenePattern.34

Detection of mycoplasma in colorectal cancer specimens
Unselected primary colorectal cancer and corresponding non-

tumoral tissues were obtained through the Cooperative Human
Tissue Network (CHTN) from 751 patients who had undergone
curative surgery in various hospitals, including Philadelphia, Ten-
nessee, Ohio and Alabama between 1985 and 2004. Clinical
information included age at diagnosis, gender, race, tumor loca-
tion, and surgical stage; and pathology data that included grade of
differentiation. Sanford-Burnham Institutional Review Board
approval was obtained for this work. The study was performed
according to the ethical guidelines of the Declaration of Helsinki.
Colorectal tumor and normal colon specimens were collected dur-
ing the surgical procedures, immediately frozen in liquid nitrogen
and stored at ¡80�C. Genomic DNA was isolated from the
tumor and matching normal adjacent tissues as previously
described. 35,36 DNA concentration and integrity were determined
using a Qubit fluorometer (Life Technologies) and gel electropho-
resis on 1% agarose gel, respectively. Quantitative real-time PCR
was carried out in 10 ml reactions containing 200 mM forward
and reverse primers specific to the rRNA gene [50- GGGAG-
CAAACAGGATTAGATACCCT-30 and 50-TGCAC-
CATCTGTCACTCTGTTAACCTC-30, respectively37], 50 ng of

template DNA and SYBR Green I Master Mix (Roche). Real-
time PCR was performed using a LightCycler 480 PCR cycler
(Roche) as follows: 10 min denaturation at 95�C, followed by 40
cycles of 10 s at 95�C and 30 s at 60�C. DNA from HepG2 cells
infected with M. hyorhinis and uninfected HepG2 cells were used
as the positive and negative controls, respectively. Cycle threshold
(Ct) values were calculated using LightCycler 480 SW software.
PCR products were separated on 2% agarose gel and visualized by
ethidium bromide. PCR products were ligated into the pSC-A-
amp/kan vector (Agilent) and used to transform E. coli cells. Posi-
tive clones were analyzed by DNA sequencing. The identity of
mycoplasma species was determined using BLAST (NCBI). The
specimens were classified as mycoplasma positive if the query
DNA exhibited both over 98% identity to DNA of mycoplasma,
and the corresponding Ct below 35.

Results

Cloning ofM. hyorhinisMTases
Based on the presence of conserved motifs, we identified 3

previously uncharacterized MTase genes located at positions
42823-44016, 94325-95566, and 475074-476297 bp in M.
hyorhinis GDL chromosome (Fig. 1). 38 We refer to the encoded
proteins as Mhy1, Mhy2, and Mhy3 (Tables 1 and 2). To facili-
tate the uninterrupted translation of Mhy1, Mhy2, and Mhy3 in
E. coli and human cells, we employed synthetic gene constructs
that replaced amber UGA codons (Trp in Mycoplasmas) with
UGG (Trp) and altered codon usage.

Specificity of mycoplasma MTases
To identify the sequence specificity of MTases, we employed

E. coli BL21(DE3) cells, which lack the intrinsic cytosine-specific
dcm methylation. Following transformation of E. coli cells with
the recombinant Mhy1, Mhy2, and Mhy3, we analyzed plasmid
DNA methylation (Fig. 2A). Using bisulfite sequencing
(Table 3), we determined that Mhy1 incorporated 5mCs exclu-
sively within the mCG sequence context. Mhy2 methylated DNA
at the (G/A)mCATG(C/T) and mCG DNA sites and, therefore,
exhibited the properties of the multi-specific DNA MTases. 39

Remarkably, Mhy2 methylated in a random manner only a frac-
tion of the available CG sites. This is in contrast to Mhy1 that
methylated all CGs in the DNA substrate. Lastly, Mhy3 incorpo-
rated 5 mC exclusively within the GATmC context. However,
the GATmC-specific Mhy3 could also methylate mCGs if its
GATC recognition sequence overlaps with the CG dinucleotides
in the DNA substrate (e.g., CGATmCG). Thus, all 3 MTases
were capable of generating methylated mCG sites that are canoni-
cal epigenetic marks in humans.

Expressed mycoplasma MTases translocated into human
nuclei

To determine the effect of mycoplasma MTases in human
cells, we transfected HT1080 fibrosarcoma cells and extravillous
HTR8/SVNeo trophoblasts with Mhy1, Mhy2, and Mhy3, and
generated HT1080/Mhy1, HT1080/Mhy2, HT1080/Mhy3, and
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HTR8/Mhy1, and HTR8/Mhy3 cells, respectively. As a control,
we used cells transfected with b-galactosidase/lacZ (HT1080/
mock and HTR8/mock cells). Strikingly, we observed that the
V5-tagged Mhy1 protein was transported into the nucleus and
largely associated with the condensed chromatin in HT1080/
Mhy1 cells (Fig. 2B). Consistently, in HTR8/Mhy1 cells, the
Mhy1-specific immunostaining was detected primarily in the
nucleus. Mhy2 also accumulated in the nucleus and the perinu-
clear space in HT1080/Mhy2 cells. Likewise, Mhy3 was readily
transported to the nucleus in both HT1080/Mhy3 and HTR8/
Mhy3 cells. By contrast, the control V5-tagged b-galactosidase
was localized in the cytoplasm.

Mycoplasma MTases exhibited DNA methylation activity in
human cells

To determine if Mhy1 and Mhy2 methylated human DNA, we
digested genomic DNA from HT1080/Mhy1, HT1080/Mhy2,

and HT1080/mock cells using HpaII endonuclease. HpaII cleaves
only the unmethylated 50-CCGG-30 sites. Genomic DNA from
HT1080/Mhy1 and HT1080/Mhy2 cells was significantly pro-
tected from HpaII while HT1080/mock DNA was cleaved by
HpaII (Fig. 2C). Similarly, Mhy3 protected HT1080/Mhy3 DNA
from Sau3AI because Sau3AI cleaves 5’-GATC-3’ but not the 5’-
GATmC-3’ sequence. In turn, HT1080/Mhy1, HT1080/Mhy2,
HT1080/Mhy3 and HT1080/mock DNAs were readily cleaved by
MspI and MboI, methylation-insensitive isoschizomers of HpaII
and Sau3AI, respectively. These data suggested that expressed
mycoplasma MTases caused methylation of the respective target
sites in the human genome.

To test these observations further, we analyzed methylation of
the CPGI in theMMP2 gene promoter region in HT1080/Mhy1
versus HT1080/mock cells. MMP2 is a member of the matrix
metalloprotease family involved in extracellular matrix degrada-
tion in disease, especially in cancer. We previously demonstrated

Figure 1. M. hyorhinis MTases. (A) conserved motifs in M. hyorhinis MTases. The amino acid sequence alignment of M. hyorhinis Mhy1, Mhy2 and Mhy3,
Mfe1 from M. fermentans, Uur1 from Ureaplasma urealyticus and Mpe1 from M. penetrans. Conserved motifs are indicated by numbers. A consensus
sequence is shown at the bottom. (B) MTase loci in M. hyorhinis genomes. Positions of the Mhy1 (40.5–46.5 kb), Mhy2 (92–98 kb), and Mhy3 (472.5–
480 kb) genes in M. hyorhinis chromosome. Genes are: dnaJ, chaperone protein; mnmA, tRNA-specific 2-thiouridylase; Mhy1, CG-specific MTase;
MYM_0038, hypothetical protein; nox, NADH oxidase; MYM_0074, hypothetical protein; lepA, GTP-binding protein; Mhy2, CG-specific MTase; MYM_0077,
hypothetical protein; MYM_0078, ATP-binding ABC transporter; MYM_0384, putative endonuclease or phosphatase; MYM_0385, glutamyl aminopepti-
dase; Mhy3, GATC-specific MTase; MYM_0387, hypothetical protein; hsdS-3 and hsdS-4, type I DNA MTases. Genes are shown as solid color bars. The direc-
tion of transcription is indicated by arrows. Putative MTase and endonuclease genes are red and blue, respectively. Other genes are green.
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that MMP2 is regulated by
methylation of a respective
CPGI.40 The methylation-
specific PCR analysis
clearly indicated that in
HT1080/Mhy1 cells meth-
ylation of the MMP2
CPGI was increased com-
pared to HT1080/mock
cells (Fig. 2D). These
results proved that Mhy1
effectively targeted a func-
tionally-relevant CPGI
region of an epigenetically-
controlled human gene.

Mycoplasma MTases
altered the epigenetic
landscape in human cells

Next, we examined the
genome-wide distribution
of methylation that was
introduced by Mhy1,
Mhy2, and Mhy3 in the
human genome. To obtain
high-resolution methyla-
tion profiles, we employed
methylated DNA immu-
noprecipitation – sequenc-
ing (MeDIP-seq) of DNA
from HT1080/Mhy1,
HT1080/Mhy2, and
HT1080/Mhy3 cells. The
MeDIP profile of pre-exist-
ing intrinsic methylation
was determined using
HT1080/mock cells. The
mapping of methylation
incorporated by myco-
plasma MTases was per-
formed by comparing
MeDIP profiles in
HT1080/Mhy1, HT1080/
Mhy2, and HT1080/Mhy3
cells vs. HT1080/mock
cells. The results presented
in a circular histogram
illustrate that the CG and
GATC methylation marks
correlated well with the
distribution of CG and
GATC sites in human
chromosomes (Figs. 3A
and S1). The Mhy1-spe-
cific methylation was pre-
dominant in the CPGIs

Figure 2. Mycoplasma MTases translocate to the human cell nuclei and methylate the human genome. (A) substrate
specificity of Mhy1 (mCG), Mhy2 (mCG and AmCATGT), and Mhy3 (GATmC). Bisulfite DNA sequencing chromatograms
of DNA substrates are shown. Stars indicate 5 mC. (B) confocal images of HT1080/Mhy1, HT1080/Mhy2, HT1080/
Mhy3, HTR8/Mhy1, HTR8/Mhy3, and HTR8/mock cells. Upper left panel shows the condensed chromatin in a single
HT1080/Mhy1 cell. Red, the V5 immunostaining. Blue, DAPI. (C) DNA Methylation-interference assay. HT1080/Mhy1,
HT1080/Mhy2, HT1080/Mhy3 and HT1080/mock genomic DNA was digested using HpaII, MspI (a methylation-insensi-
tive isoschizomer of HpaII), Sau3AI and MboI (a methylation-insensitive isoschizomer of Sau3AI). (D) methylation-spe-
cific PCR of a CPGI promoter region of the MMP2 gene in HT1080/Mhy1 and HT1080/mock cells. PCR products
specific to methylated (M) and unmethylated (U) DNA are shown.
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with a high CG frequency.
An even distribution of
the Mhy3-specific methyl-
ation was consistent with
the uniform distribution
of GATC sites in the
human genome.

Relative to HT1080/
mock cells, a total num-
ber of methylated CG
and GATC sites increased
>1.8-fold, >1.15-fold,
and >2.7-fold in
HT1080/Mhy1, HT1080/
Mhy2, and HT1080/
Mhy3 cells, respectively
(Fig. 3B). Because meth-
ylation introduced by
Mhy2 in the HT1080/
Mhy2 genome was low,
we analyzed further only
HT1080/Mhy1 and
Ht1080/Mhy3 cells. In
genic regions, including
exons and introns, we
recorded a 1.9-fold and
2.4-fold increase in CG/
Mhy1 and GATC/Mhy3
methylation, respectively
(Fig. 3C). As expected,
Mhy1, but not Mhy3, pre-
dominantly methylated
the CG-rich genomic
regions (Fig. 3D). All
together, these results sug-
gested that both CG/
Mhy1- and GATC/Mhy3-
specific methylation effi-
ciently targeted the
human DNA sites that
were unmethylated by
human DNMTs.

Epigenetic contribution of GATC-specific methylation
Approximately 7.1 £ 106 GATC sites with an average fre-

quency of »2.25 sites/kb are present in human non-repetitive
DNA sequences. Most GATC sites are uniformly distributed.
However, we identified 2,023 regions in the genome in which
GATC sites clustered with a frequency of >10 sites/kb. These
GATC clusters are within or in the vicinity of »1,000 genes,
including cancer-associated TGFB1, AKT3, ID1, SMARCA4,
and EPHB1. In the human genome, approximately 11% of
GATC sites overlap with CGs (e.g., CGATmCG); therefore, the
methylated status of the overlapping sites can be perpetuated by
DNMT1. We believe that GATC sites represent an important

epigenetic reservoir that can be targeted by Mhy3 in the human
genome.

Gene loci methylated byMhy1 andMhy3
To test our MeDIP-seq results at the individual gene level,

we analyzed a 2.5 kb region of the AKT3 gene. This region
encompasses 9 CG and 17 GATC sites. According to
MeDIP, there were one and 2 marks in HT1080/mock and
HT1080/Mhy1 cells, respectively, while there were 7 methyla-
tion marks in HT1080/Mhy3 cells. Bisulfite sequencing con-
firmed that all 4 GATC sites existing in a 218 bp AKT3 sub-
region were methylated in HT1080/Mhy3 cells while no

Figure 3. Genome-wide methylation induced by mycoplasma MTases. (A) circular histogram representation of DNA
methylation induced by Mhy1 (red), Mhy2 (green), and Mhy3 (blue) in HT1080/Mhy1, HT1080/Mhy2, and HT1080/
Mhy3 cells, respectively. For simplicity, the MeDIP profile of human chromosome 1 is shown. The data for human
chromosomes 2–22, Y and X are in Figure S3A-O. Histogram bar heights are calculated as logarithms of a number of
the individual methylation marks within a 100 kb window (see Extended Experimental Procedures). Gray histograms
correspond to methylation in HT1080/mock cells. Orange and light blue histograms indicate relative density of CG
and GATC sites within a 100 kb window, respectively. (B-D) bars show the methylation level in HT1080/Mhy1 (red),
HT1080/Mhy2 (green), HT1080/Mhy3 (blue), and HT1080/mock cells (gray). Methylation was individually calculated for
all non-repetitive genomic sequences (B), genic regions (C), and CPGI regions (D). The percentages were calculated
relative to HT1080/mock cells (gray bars D 100%).
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methylation was detected in HT1080/mock and HT1080/
Mhy1 cells (Fig. 4A). These results demonstrated that myco-
plasma MTases were capable of altering the methylation pat-
terns at positions that were unmethylated by human
DNMTs.

Similarly, we analyzed a 2.5 kb region near a promoter/exon 1 of
the ID1 gene. This CG- and GATC-dense region contains 157 CG
and 10 GATC sites. MeDIP revealed 4 methylation marks in this
2.5 kb region in HT1080/Mhy3 cells compared to zero in
HT1080/mock and HT1080/Mhy1 cells (Fig. 4B). Bisulfite

sequencing of a 213 bp ID1 sub-region with 21 CG and 3 GATC
sites confirmed complete GATC-specific methylation in HT1080/
Mhy3 cells. All 21 CGs were unmethylated in HT1080/Mhy3 and
HT1080/mock cells. Furthermore, according to MeDIP there were
47 and 71 methylation marks within the entire 27.5 kb MMP2
gene in HT1080/mock and HT1080/Mhy1 cells, respectively
(Fig. 4C). Bisulfite sequencing of a 221 bp MMP2 promoter sub-
region demonstrated that all 22 CG sites (100%) were methylated
in HT1080/Mhy1 cells while only 14 CG sites were methylated in
HT1080/mock cells (Fig. 4D). Taken together, MeDIP, bisulfite

Figure 4. Methylation of AKT3, ID1, and MMP2 genes. (A) methylation of the AKT3 gene locus. Top, the AKT3 gene locus with exons indicated as vertical
bars. Middle, MeDIP profiles. Solid color bars indicate the genomic position and MeDIP coverage of individual CG- and GATC-methylation marks in
HT1080/mock (gray), HT1080/Mhy1 (red) and HT1080/Mhy3 (blue) in a 2.5 kb GATC cluster of the AKT3 gene (positions 243977.5–243980 kb on chromo-
some 1). Bottom, bisulfite sequencing chromatogram of a 218 bp sub-region with 4 GATC sites methylated in HT1080/Mhy3 cells. Arrows indicate 5 mC.
(B) methylation of the ID1 gene. Top, bisulfite sequencing chromatogram of a 213 bp sub-region in the promoter of the ID1 gene locus in HT1080/Mhy1
and HT1080/Mhy3 cells. The converted and original genomic sequences are shown under chromatograms. Middle, MeDIP profiles. Solid blue bars indi-
cate the genomic position and MeDIP coverage of the individual GATC-methylation marks in HT1080/Mhy3 cells in a 2.5 kb ID1 gene promoter (positions
30192–30194.5 kb on chromosome 20). No GATC methylation was recorded in HT1080/Mhy1 and HT1080/mock cells. Bottom, ID1 gene locus with exons
(solid black bars) and CPGIs (purple bars). (C-D) methylation of theMMP2 gene. C, MeDIP profiles of a 27.5 kbMMP2 gene locus in HT1080/Mhy3, HT1080/
Mhy1 and HT1080/mock cells. Solid color bars indicate the genomic position and MeDIP coverage of the individual CG- and GATC-methylation marks in
HT1080/mock (gray), HT1080/Mhy1 (red) and HT1080/Mhy3 (blue) cells. CPGIs, purple rectangles. Genomic coordinates are shown at the panel bottom.
(D) bisulfite sequencing diagrams of a 221 bp sub-region (indicated by a red arrow in panel C) in the CPGI promoter (purple bar) of the first exon (solid
black bar) of the MMP2 gene in HT1080/Mhy1 and HT1080/mock cells. Stars and arrows indicate 5 mC.
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sequencing and methyla-
tion-sensitive PCR indi-
cated that Mhy1 and,
especially, Mhy3, efficiently
methylated human geno-
mic DNA.

Hypermethylation of
cancer-specific genes

To determine whether
cancer-specific genes were
affected by Mhy1 and
Mhy3, we analyzed meth-
ylation of genes frequently
mutated in cancers (www.
broadinstitute.org/ccle).
Based on MeDIP, Mhy1
and, especially, Mhy3,
increased DNA methyla-
tion in 76 cancer-specific
genes (Fig. 5A). More
genes were targeted by
Mhy3 as compared to
Mhy1. This can be
explained by the absence
of the pre-existing GATC
methylation in HT1080
fibrosarcoma. In agree-
ment, we identified a sig-
nificant increase in
GATC-specific methyla-
tion in important cancer-
specific genes, including
ADAMTS2, APC, BRCA2,
KRAS, MSH3, PTEN,
RAD50, SMAD4,
TGFBR2, TP53, and
VEGFC (Fig. 5A). We
estimated, for example,
that methylation of the
APC tumor suppressor
increased »1.4-fold and
»2.8-fold in HT1080/
Mhy1 and HT1080/Mhy3
cells, respectively
(Fig. 5B). Methylation of
the SMAD4 tumor sup-
pressor gene increased
»1.9-fold and »4.4-fold
in HT1080/Mhy1 and
HT1080/Mhy3 cells,
respectively (Fig. 5B).
However, we also identi-
fied that promoter regions of certain cancer-specific genes,
including MYC, JUN, and TGFB1, were not efficiently targeted
byMhy1 andMhy3 (Fig. 5B).

Because we did not observe any significant effect of Mhy1 and
Mhy3 on the proliferation of HT1080/Mhy1 and HT1080/
Mhy3 cells, respectively, we suspected that the actively

Figure 5. Methylation of cancer-specific genes. (A) heatmap of the CG- and GATC-methylation in 76 cancer-specific
genes in HT1080/Mhy1, HT1080/Mhy3 and HT1080/mock cells. Red and blue correspond to the high and the low
methylation levels according to MeDIP, respectively. (B) MeDIP profiles of the selected gene loci. Solid color bars indi-
cate the genomic position and MeDIP coverage of the individual CG- and GATC-methylation marks in HT1080/mock
(gray), HT1080/Mhy1 (red) and HT1080/Mhy3 (blue) cells in the APC, SMAD4, MYC, JUN, and TGFB1 gene loci. Solid
bars indicate exons (black) and CPGIs (purple). Chromosomal coordinates are shown at the bottom of the diagrams.
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transcribed genes were less susceptible to methylation by myco-
plasma MTases. In agreement, expression levels of only a limited
number of genes were affected in HT1080/Mhy1 and HT1080/
Mhy3 cells relative to HT1080/mock cells. Thus, only 7 and 9
genes were up- and down-regulated in HT1080/Mhy1 cells ver-
sus HT1080/mock cells, respectively (Fig. 6A). In HT1080/
Mhy3 cells, 13 genes were upregulated and 2 genes were downre-
gulated vs. HT1080/mock cells. Functional clustering of the dif-
ferentially expressed genes revealed activation of the cellular
immune response and inflammatory pathways via upregulation
of IL-17, CCL2, and IL8 genes (Fig. 6B).

Activation of proliferation-specific pathways in GATC-
methylated trophoblasts

We focused our further analysis on non-cancerous first trimes-
ter extravillous HTR8/SVneo trophoblasts. These non-malignant
cells exhibit progenitor-like plasticity. 41 Expressed Mhy1 and
Mhy3 were both trafficked into the trophoblast nucleus (Fig. 2B)
and introduced genome-wide CG- and GATC-specific methyla-
tion in multiple gene loci (confirmed by bisulfite sequencing;
data not shown).

The transcriptome analysis demonstrated that the expression
levels of 250 genes (109 upregulated and 141 downregulated)
and 143 genes (85 upregulated and 58 downregulated) were
affected in HTR8/Mhy1 and HTR8/Mhy3 cells, respectively, ver-
sus HTR8/mock cells (Figs. 6C and 7A). Functional clustering
analysis identified that cellular development, growth, prolifera-
tion, survival, and mobility, and inflammatory and immune
response pathways were affected in HTR8/Mhy1 cells (Fig. 6C,
D). Upregulation of S100A10, DKK1, CXCL12, and ITGB4 and
downregulation of ABTB1, CEBPB, and HES1 contributed to
the activation of proliferation-specific pathways in HTR8/Mhy1
cells.

Importantly, we observed upregulation of the multiple cancer-
specific genes, including theMYC and JUN proto-oncogenes and
the ATF3, KLF6, DKK1, IGFBP5, and RCAN1 transcription fac-
tors, in HTR8/Mhy3 cells (Fig. 7A). As a result, major cellular
functions including cell death, survival, growth, and proliferation
appeared to be impacted (Fig. 7B,C). In addition, cancer-specific
pathways, such as WNT/b-catenin, toll-like receptor, TNFR2,
glioblastoma multiforme, p53, and stem cell pluripotency, appar-
ently were affected because of GATC/Mhy3 methylation in
trophoblasts (Fig. 7B).

Mycoplasma infections are widespread in human colorectal
cancers

To support a putative association of mycoplasma with cancer,
we analyzed 71 paired colorectal tumor and matching normal tis-
sue specimens for the presence of mycoplasma DNA. We
employed quantitative real-time PCR using primers specific to
conserved regions of the rRNA gene. The resulting 270 bp PCR
product was sequenced to determine the taxonomic identity of
the species (Fig. 8). We detected mycoplasma DNA in 50 cases
(70.4%). Only 21 cases were negative for mycoplasma in our
CRC cohort. Notably, »20% of all detected mycoplasma species
were identified as M. hyorhinis. Most frequently, we detected

mycoplasma in both the tumor and matching normal specimens
(Table 4). In several cases, however, mycoplasma was recorded in
normal tissue, but not in tumors. It is possible that mycoplasma
infections arise in normal colonic epithelium. Because of the
aberrant CG and especially GATC methylation marks inserted
by mycoplasma methyltransferases in the normal cell genome, a
subset of normal epithelium may then be driven toward onco-
genic transformation. Our data also indicate that the myco-
plasma GATC-specific Mhy3 is fully functional in the
mycoplasma-infected human cells, thus supporting a potential
impact of the bacterial enzymes on the epigenetic landscape in
humans and, ultimately, tumor development (Chernov et al.,
submitted for publication elsewhere).

Alternatively, mycoplasmas adapted for survival in tumor cells
may spread to neighboring “normal” adjacent tissue. Our data
do not exclude that secondary mycoplasma infections appeared
after tumors have already progressed. A high percentage of myco-
plasma-positive tumors together with our demonstration of the
potential impact by mycoplasma MTases on the epigenetic land-
scape support the potential role of mycoplasma in cancer
etiology.

Discussion

Bacteria of the endogenous flora in the human body outnum-
ber human cells by at least one order of magnitude. A plethora of
symbiotic and pathogenic bacteria in different body habitats
form the microbiome, which is now considered an essential com-
ponent of human biology, evolution, health, and disease. 1 Host
cells can potentially affect the microbiome via genetic variations,
immune-mediated stress, or accessibility of essential metabolites.
Conversely, host adaptation of the intracellular pathogenic
microorganisms can adversely influence normal cell functions.
This may be greater likelihood for species that engage in chronic
infections by invading cells and avoidance of immune recogni-
tion and activation. The diminutive size of Mycoplasma genomes
(0.58 Mb-1.2 Mb) suggests that parasitism of host cells is com-
monplace as compensation for lost metabolic potential.

Previous studies that have expressed bacterial DNA methyl-
transferases in eukaryotic cells, e.g., the dam adenine DNA meth-
yltransferase gene from E. coli in Drosophila42 and Plasmodium
falciparum,43 roughly probed chromatin structure in vivo. In con-
trast to these earlier studies with E. coli dam methyltransferases,
we generated the first evidence that the mycoplasma CG-specific
Mhy1 and Mhy2, and GATC-specific Mhy3 MTases established
aberrant genome-wide methylation and significantly altered the
epigenetic landscape in human cells. We demonstrated that
MTases from the intracellular parasite, such as M. hyorhinis,
readily translocated to the human cell nucleus. In the nucleus,
mycobacterial enzymes selectively and effectively methylated
cytosines within the respective CG and GATC sites in human
genomic DNA. We yet lack direct experimental evidence that
MTase nuclear trafficking also takes place in human cells natu-
rally infected by M. hyorhinis. However, reports by others indi-
cated that M. genitalium proteins, including cytadhesins P140
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Figure 6. Transcriptome analysis in fibrosarcoma and trophoblasts. (A) top regulated genes in HT1080/Mhy1, HT1080/Mhy3 relative to HT1080/mock
cells. Up- and downregulated genes are in red and green, respectively. (B) affected functional (blue) and canonical pathways (orange) in HT1080/Mhy1
and HT1080/Mhy3 cells identified by the functional clustering analysis. The pathways with P � 0.05 are shown. (C) top up- (red) and down- (green) regu-
lated genes in HRT8/Mhy1 cells relative to HRT8/mock cells. (D) affected disease (blue) and canonical pathways (orange) in HRT8/Mhy1 cells. Only path-
ways with P � 0.05 are shown.
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and P110, and EF-Tu elon-
gation factor, were readily
trafficked into the human
cell nucleus after only a few
hours post-infection, 5 thus
supporting the potential role
of MTases in the host cell
epigenome aberrations.

Our MeDIP profiles
established that in agreement
with an average frequency of
»2.25 GATC sites/kb in
humans the Mhy3-induced
GATC-specific hypermethy-
lation was evenly distributed
in human genome. GATC/
Mhy3-specific hypermethyla-
tion was readily detected in
the cancer-specific genes
such as APC, TP53, BRCA2,
KRAS, PTEN, SMAD4, and
VEGFC. Despite generally
even distribution of GATC
in the human genome, we
identified over 1000 clusters
with a high GATC density
(�10 GATC sites/kb).

These clusters are localized in the vicinity of multiple genes,
including ID1. In trophoblasts, ID1 is a transcriptionally active
gene characterized by the absence of the CG methylation in its
promoter-associated CPGI. Upon expression of Mhy3, we
recorded methylation of all available GATC sites, but not the
CG sites, in the ID1 gene promoter. The GATC methylation
correlated with the transcriptional downregulation of ID1.
Therefore, we propose that methylation of GATC sites and, espe-
cially, GATC clusters, represents a novel type of infection-depen-
dent epigenetic mark.

Normally, methylation at GATC sites does not occur in
human cells. It is likely that transient GATC methylation in
human cells emerges in the course of M. hyorhinis infection.

Figure 7. Activation of the
cancer-specific pathways in
trophoblasts. (A) top up- and
down-regulated genes in
HRT8/Mhy3 cells relative to
HTR8/mock cells. (B) affected
disease (blue) and canonical
pathways (orange) in HRT8/
Mhy3 cells. The pathways with
P � 0.05 are shown. (C) prolif-
eration specific regulatory net-
work in HTR8/Mhy3 cells.
Directly interacting molecules
are connected by arrows. Up-
and downregulated genes are
in red and green, respectively.

Figure 8. Detection of mycoplasma in colorectal cancer specimens. A
270 bp PCR product specific to the mycoplasma rRNA gene was ampli-
fied from the total DNA isolated from colorectal cancer tumor (T) and
matching normal (N) specimens (negative cases Cs661 and Cs694, and
positive cases Cs544 and Cs583). DNA size markers and the myco-
plasma-positive (HepG2 cells infected with M. hyorhinis) and negative
(uninfected HepG2 cells and H2O) controls are shown.
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Table 4. Mycoplasma infection in colorectal tumors and matching normal tissue specimens. The presence (C) or absence (¡) of mycoplasma was in the
samples was analyzed by quantitative real-time PCR and then confirmed by DNA sequencing. Gender: female, F; male, M. Race: Asian, A; African-American,
B; Caucasians, W. Tumor localization: proximal (p) or distal (d) colon. Tumor differentiation: poor, P; moderate, M; well-differentiated, W. Tumor staging is
based on the Dukes classification system. ND, not determined; UN, unknown

Case Normal Tumor Gender Age at diagnosis Race Location Differentiation Stage

38 C C F 72 B p WM C
54 C C F 34 W p P D
62 C C M 62 W p M B
92 C C M 37 W d M B
193 ND C F 68 W d M B
336 C C F 75 B p WM B
402 C C M 50 UN d M C
407 C C M 68 UN d M C
408 C C F 78 UN p M B
414 C C M 77 B d M A
418 C C F 70 UN p M C
446 C C F 87 UN p M B
458 ND C M 54 W p W B
480 ND C M 74 W p W B
482 C C F 46 B p W C
491 ND C F 67 UN d M B
498 C C F 92 A p M D
504 ND C F 76 W p P B
506 ND C M 77 W p M C
522 C C F 66 W p M D
526 ¡ C M 73 W p M D
527 C C M 49 B d M B
536 C C F 61 B p UN O
538 C C F 88 W p M C
544 C C F 66 W p M B
557 C C M 65 W p UN D
583 ND C M 51 W p M B
584 C C M 69 W d UN C
590 C C F 76 W p M C
595 C C M 84 W p UN B
603 ¡ C M 37 UN p M B
605 ¡ C M 39 W d M D
608 C C M 57 W d M B
609 C C M 56 W p M C
610 ¡ C M 60 W d M B
612 C C M 79 W p UN C
613 ¡ C F 45 W p P A
634 C C M 85 W p M/P B
656 C C F 64 W p M C
662 C C M 92 W p M C
664 ND C F 88 W d M C
672 C C F 60 W p M B
692 ND C M 78 B p MP B
694 C C M 62 W d M C
700 C C F 76 W p M B
703 C C F 67 W p P C
707 C C F 75 W p UN B
726 C C M 73 W d M D
729 C C M 74 W UN UN M
733 C C M 64 W d/p W/M C
55 ND ¡ M 68 B d WM B
89 C ¡ M 39 W p UN A
199 ¡ ¡ M 61 UN d M A
267 ¡ ¡ F 68 B UN UN M
413 ND ¡ F 61 UN p M B
447 ND ¡ M 72 W d M D
455 C ¡ M 37 B p MP B

(Continued on next page)
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However, at GATC sites overlapping with CGs (e.g., 5’-
CGATmCG-3’), methylation will likely be perpetuated by the
CG-specific human DNMT1 independently from Mhy3. We esti-
mate that »7.8 £ 105 GATC sites overlapping with CGs exist in
human non-repetitive DNA. These overlapping sites represent a
significant reservoir for long-term aberrant methylation that can
persist in the human genome following exposure to M. hyorhinis.

Based on our transcriptome data, the upregulation of ATF3,
KLF6, DKK1, RCAN1, IGFBP5, RND3, DUSP1, JUN, and
MYC, and the downregulation of the ID1 gene was observed in
trophoblasts expressing Mhy3. Taken together, these affected
genes regulate cell signaling pathways, including WNT/b-cate-
nin, toll-like receptor, TNFR2, glioblastoma multiforme, stem
cell pluripotency, and p53. Activation of these pathways is related
to pre-malignancy. Our results agree well with the existing
reports by others who studied the infected human cell transcrip-
tome. 8,10-13,44,45

In contrast with non-cancerous cells, in fibrosarcoma cells
aberrant CG/GATC methylation affected a limited number of
genes, predominantly the immune response genes. Presumably,
pre-existing epigenetic and genetic abnormalities mitigated the
effect of methylation by Mhy1 and Mhy3 in cancerous HT1080
cells. It is also tempting to hypothesize that relative to normal
cells cancer cells better tolerate epigenetic aberrations, and, there-
fore, tumors may represent a reservoir for long-term survival and
propagation of mycoplasmas. In agreement, we detected the pres-
ence of mycoplasma DNAs in 70.4% of the 71 colorectal cancer
cases we examined. M. hyorhinis was detected in »20% of the
mycoplasma-positive tumors. Additionally, there is growing evi-
dence that mycoplasma is also present in other cancer types.7-9

Thus, it is possible to envision scenarios in which mycoplasma
infections play an important etiological role in cancer or other
diseases, in which epigenetic alterations take place. Alternatively,
but not exclusively, the infection-driven epigenetic alterations
potentially contribute to the disease progression, especially if

such exogenous microbiome-related methylation is better toler-
ated by a pathological cell phenotype.

Strikingly, both M. hyorhinis Mhy1 and Mhy2 recognized CG
sites and, thus, contributed to the human intrinsic CG methyla-
tion that is normally mediated by DNMTs. Other mycoplasma
strains also possess CG-specific MTases.46 This suggests that the
CG-specific methylation may be a significant factor for bacterial
survival and host adaptation. Importantly, in normal human
cells, the methylation of CG sites is strictly controlled in a devel-
opmental manner and unregulated CG hypermethylation is dele-
terious to the cell.47 We estimated that in Mhy1-expressing
fibrosarcoma cells a number of methylation marks in the non-
repetitive DNA regions increased >1.8-fold and that these marks
were predominant in the CPGI regions. Evidence based on both
MeDIP profiles and bisulfite sequencing suggested that partially
methylated CPGIs of multiple genes became fully methylated in
fibrosarcoma cells. Complete methylation of all available CGs in
a partially methylated MMP2 CPGI promoter region confirmed
this conclusion. However, we also observed that certain actively
transcribed genes, including ID1, MYC, JUN, and TGFB1,
escaped CG-specific hypermethylation by Mhy1 in fibrosarcoma.
These findings suggested that efficiently transcribed genes were
largely protected from hypermethylation byMhy1.

We acknowledge that methylation we observed in the cells
with the enforced expression of mycoplasma MTases represents a
non-physiologic scenario. We anticipate that a considerably
lower methylation level may exist in human cells infected by
mycoplasma naturally. Also, because Mhy1 and Mhy2 target CG
sites, distinguishing such sites from the intrinsic methylation by
DNMTs impose a challenge, especially in highly heterogeneous
patient DNA specimens.

We anticipate that cytosines aberrantly methylated by M.
hyorhinisMTases could be identified in tumors exposed to myco-
plasma infection. However, long-term maintenance of these
methylated cytosines will be compromised if the infection was

Table 4. Mycoplasma infection in colorectal tumors and matching normal tissue specimens. The presence (C) or absence (¡) of mycoplasma was in the
samples was analyzed by quantitative real-time PCR and then confirmed by DNA sequencing. Gender: female, F; male, M. Race: Asian, A; African-American,
B; Caucasians, W. Tumor localization: proximal (p) or distal (d) colon. Tumor differentiation: poor, P; moderate, M; well-differentiated, W. Tumor staging is
based on the Dukes classification system. ND, not determined; UN, unknown (Continued)

Case Normal Tumor Gender Age at diagnosis Race Location Differentiation Stage

485 ND ¡ F 81 B p W B
486 C ¡ M 75 UN p M B
492 ND ¡ F 45 W d WM B
514 C ¡ F 72 W p M D
523 ND ¡ F 80 W d M B
525 ¡ ¡ M 60 B p M B
535 ND ¡ M 69 W d M D
611 ¡ ¡ F 86 W p P C
661 ¡ ¡ M 67 B d M A
677 ¡ ¡ F 71 W p P B
691 ¡ ¡ F 53 W p MP C
728 C ¡ F 84 UN p M B
730 ¡ ¡ F 56 UN p M D
739 ¡ ¡ F 75 W d M C
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cleared. An overlap of GATC with CGs permits the long-term
maintenance of aberrant methylation by endogenous DNMT1.
We hypothesize that this “molecular archeology” detection of
putative methylation marks in human DNA specimens could
serve as an indicator of current or pre-existing mycoplasma expo-
sures and serve for predictive, diagnostic, and therapeutic pur-
poses. Because we did not expect the phenomenon to be
restricted to the 3 mycoplasma MTases studied here, our findings
unveil a potential new panorama of crosstalk between the human
microbiome and epigenome.
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