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We isolated a strain of human mycoplasma that promotes lympho-
magenesis in SCID mice, pointing to a p53-dependent mechanism
similar to lymphomagenesis in uninfected p53−/− SCID mice. Addi-
tionally, mycoplasma infection in vitro reduces p53 activity. Immu-
noprecipitation of p53 in mycoplasma-infected cells identified
several mycoplasma proteins, including DnaK, a member of the
Hsp70 chaperon family. We focused on DnaK because of its ability
to interact with proteins. We demonstrate that mycoplasma DnaK
interacts with and reduces the activities of human proteins involved
in critical cellular pathways, including DNA-PK and PARP1, which are
required for efficient DNA repair, and binds to USP10 (a key
p53 regulator), impairing p53-dependent anticancer functions. This
also reduced the efficacy of anticancer drugs that depend on p53 to
exert their effect. mycoplasma was detected early in the infected
mice, but only low copy numbers of mycoplasma DnaK DNA se-
quences were found in some primary and secondary tumors, point-
ing toward a hit-and-run/hide mechanism of transformation.
Uninfected bystander cells took up exogenous DnaK, suggesting
a possible paracrine function in promoting malignant transforma-
tion, over and above cells infected with the mycoplasma. Phylo-
genetic amino acid analysis shows that other bacteria associated
with human cancers have similar DnaKs, consistent with a com-
mon mechanism of cellular transformation mediated through dis-
ruption of DNA-repair mechanisms, as well as p53 dysregulation,
that also results in cancer-drug resistance. This suggests that the
oncogenic properties of certain bacteria are DnaK-mediated.
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About 20% of human cancers are caused by known infectious
agents (1–3). Some, such as human T cell leukemia virus-1

(HTLV-1) and human papilloma virus (HPV), encode an oncogene,
transforming cells directly. Others, although not directly transforming,
encode genes which interfere with cellular regulatory mechanisms,
such as the CagA protein of Helicobacter pylori (4, 5) and the
NS5A protein of Hepatitis C virus (HCV) (6, 7), both antagonizing
the p53 pathway. In another mechanism the microbe does not infect
the cell which becomes transformed but alters the microenvironment
(3) to favor DNA damage or inappropriate survival of nearby
cells (e.g., HIV-1 and, again, HCV and H. pylori) (8–10). In
recent years, studies of the composition of the human microbiome
and the distribution of the microbiota have elucidated an array of
complex interactions between prokaryotes and their hosts (11). A
recent example is the association between Fusobacterium nucleatum
and colorectal cancer (12–15). However, precise bacterial pathogen–
cancer relationships and the mechanisms involved inducing neoplasia
remain largely elusive, although several bacteria, by establishing
persistent infections, can alter host cell cycles, affect apoptotic
pathways, and stimulate the production of inflammatory substances

linked to DNA damage, thus potentially promoting abnormal cell
growth and transformation.
Some mycoplasmas are particularly suspicious bacteria for

involvement in oncogenesis. Although most are extracellular,
some invade eukaryotic cells (16) and have been associated
with some human cancers, including non-Hodgkin’s lymphoma
(NHL) (17), prostate cancer (18), and oral cell carcinoma (19) in
HIV-seropositive subjects. In addition, it has been shown that
persistent infection with Mycoplasma penetrans in a chemically
immunosuppressed mouse model results in lower p53 and
p21 expression in gastric mucosal cells (20). Moreover, in vitro
infection of Mycoplasma fermentans subtype incognitus induces
chromosomal alterations in both human prostate and murine
embryonic cell lines, resulting in phenotypic changes leading to
the acquisition of malignant properties in mouse and human
cells, including loss of anchorage dependency and the ability to
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interfering with important pathways related to both DNA-
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very low copy number of DNA sequences of mycoplasma DnaK
were found in some tumors of the infected mice. Other tumor-
associated bacteria carry a similar DnaK protein. Our data
suggest a common mechanism whereby bacteria can be in-
volved in cellular transformation and resistance to anticancer
drugs by a hit-and-hide/run mechanism.
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form colonies in soft agar and tumorigenicity in nude mice (21–
23). Finally, the infection of different human cell lines (fibro-
blast, embryonic kidney, breast cancer, colorectal carcinoma)
and mouse fibroblasts with several mycoplasmas (M. fermentans,
Mycoplasma arginini, Mycoplasma hominis, and Mycoplasma
arthritidis) inhibits p53 activity, and these mycoplasmas cooperate
with Ras in oncogenic transformation, although the responsible
bacterial protein has not been identified (24). Although their role
remains unclear and controversial, and to date no direct carci-
nogenic role for any mycoplasma has been demonstrated in vivo,
these findings are consistent with the notion that mycoplasmas
may facilitate tumorigenesis and in some cases be directly involved
in one or more stages of tumor causation.

Results
Mycoplasma Induces Lymphoma in Vivo. Given the frequent de-
tection of M. fermentans in HIV-1–seropositive subjects (25) and
its reported association with AIDS-related NHL (17), we eval-
uated the tumorigenicity of this mycoplasma in the context of
immune deficiency. We used a strain of M. fermentans isolated at
the Institute of Human Virology (IHV) from an HIV-1+ cell line,
about 0.5–1.5% different in nucleotide sequence from the my-
coplasma prototypes (SI Appendix, Materials and Methods and
Fig. S1 A–C). This mycoplasma strain was used to infect a SCID
mouse model. The SCID phenotype (Prkdc−/−) results from a
defect in DNA repair caused by the lack of DNA-dependent
protein kinase (DNA-PK). B and T cells do not mature be-
cause of the inability to recombine Ig and T cell receptor chains,
respectively (26). The inability to join dsDNA hampers the
ability of these lymphocytes to progress through the cell cycle
and eventually leads to their p53-dependent apoptosis (27, 28).
Consequently, these animals are deficient in B and T cells al-
though some immature cells develop, particularly in the T cell
lineage. Indeed, about 40–60% of SCIDprkdc−/− mice develop
T cell lymphoma at 32–48 wk of age. SCIDprkdc−/− mice carrying
an additional p53−/− mutation develop T cell lymphomas at a
faster rate (more than 90% by about 14 wk of age) (29), in-
dicating that p53 provides a protective effect. Given both the
association of mycoplasma with human tumors in vivo and the
effect of mycoplasma on p53 in vitro (24), we infected nonobese
diabetic (NOD)/SCID and CB17.SCID mice with our isolates ofM.
fermentans to test the hypothesis that this mycoplasma would ac-
celerate lymphomagenesis by interacting with p53 in vivo. If this
hypothesis were correct, we would expect transformed T cells to
appear soon after infection. As a negative control, we used
NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice, also known as “NOD/SCID-
γ” (NSG) mice, which do not express the PRKDC gene or the X-
linked IL-2Rγ gene (30). These animals very rarely develop spon-
taneous T cell lymphoma even after sublethal irradiation, most
likely because the lack of a functional IL-2 receptor further ham-
pers T cell proliferation. Uninfected controls and infected NSG
mice did not develop tumors during the time of the experiment
(Fig. 1A). However, enlarged spleens, thymuses, and lymph
nodes were apparent in the SCID mice as early as 8 wk following
M. fermentans infection (Fig. 1 B and C). Histochemical analyses
showed lymphoid cells infiltrating the organs of infected animals
(Fig. 1D and SI Appendix, Fig. S2 A–F). To verify that the in-
filtrating lymphocytes causing organ enlargement were transformed,
aliquots of single-cell suspensions from an enlarged lymph node of
an M. fermentans-infected animal were injected i.p. into young (∼6-
wk-old) NOD/SCID mice. Extranodal tumors were detected as
early as 2 wk after injection. Secondary tumor cells were pheno-
typically characterized by flow cytometry. These cells were CD4+/
CD8+ CD3high and CD4+/CD8+ CD3, showing the same phe-
notype as the cells detected in uninfected mice that developed
spontaneous lymphomas at about 38–40 wk of age (SI Ap-
pendix, Fig. S3 A–C). Thus, the tumor cells appeared much
earlier in the life span of the mycoplasma-infected animals,

indicating the occurrence of a transforming event(s) soon
after mycoplasma infection (Fig. 1A). PCR analysis showed
the presence of a very low copy number of mycoplasma DNA
sequences in enlarged spleens and lymph nodes of infected
mice and in secondary tumors composed of transformed cells
originating from infected mice (SI Appendix, Table S1).
Our data are consistent with an anticipated lymphomagenesis

induced by a reduction of p53 activity, similar to that previously
described in SCIDprkdc−/− mice carrying an additional p53−/− muta-
tion (29). Together with the presence of mycoplasma DNA se-
quences in some primary and secondary tumors, they indicate that
cellular transformation most likely originated through a hit- and-
hide/run infectious process. Our data are also consistent with two
previous reports, one showing the reduction of p53 and p21 poten-
tially facilitating malignant transformation in a chemically immuno-
suppressed mouse model infected by mycoplasma (20), and the
other showing in vitro that infection of several rodent and hu-
man cell lines with M. fermentans, M. arginini, M. hominis, and
M. arthritidis suppressed the transcriptional activity of p53 (24). This
impairment resulted in lack of transcription of p21 following treat-
ment with 5-fluorouracil (5-FU), a thymidilate synthase inhibitor that
causes DNA damage and eventually results in the activation of p53.
Damaged cells proliferated and did not undergo apoptosis at the
same rate as uninfected cells, raising the possibility that transforming
events could accumulate in these cells (24). The mycoplasma pro-
tein(s) responsible for the effect were not identified.

Mycoplasma DnaK Binds USP10 and Impairs p53-Dependent Functions.
To identify which M. fermentans protein is responsible for re-
ducing p53 activities, pull-down experiments were conducted on
mycoplasma-infected HCT116 cells (a colorectal carcinoma cell
line) using an anti-p53 monoclonal antibody. Following infection,
recovered products were characterized by HPLC MS and micro-
sequencing (SI Appendix, Materials and Methods and Table S2).
Several mycoplasma-specific proteins were identified, including
DnaK, which is the prokaryotic heat shock protein Hsp70, a stress-
induced protein. Eukaryotic organisms express several slightly
different Hsp70 proteins when subjected to stressful conditions,
and the overexpression of some increases the transformation of
several human cell types (31, 32). Suppression of Hsp70 expres-
sion by antisense Hsp70 cDNA inhibits tumor cell proliferation
and induces apoptosis (33).
While bacterial DnaK proteins form a family with diversity of

amino acid sequences, they are a central hub in prokaryotic
protein-interaction networks (34). For instance, DnaK from
Escherichia coli interacts with human and murine p53 (35–38)
and increases p53 activity, although the meaning of these inter-
actions is not clear (39).
To analyze the effect of mycoplasma DnaK on p53-dependent

cellular pathways, HCT116 cells transfected with codon-optimized
DnaK (SI Appendix, Fig. S4) were treated with Nutlin-3, which re-
leases active p53 from its natural ligand and inhibitor MDM2
(Mouse double minute-2) (40). The expression of p53, p21, Bax
(Bcl-2–associated X protein), and PUMA (P53 up-regulated mod-
ulator of apoptosis) was then analyzed up to 16 h after transfection.
Reduced levels of p21, Bax, and PUMA were observed when
DnaK-transfected HCT116 cells were treated with Nutlin, as com-
pared with control cells (Fig. 2A), indicating that mycoplasma DnaK
was impairing p53 functions. Of note, when the same experiments
were performed to investigate the effect of E. coli DnaK, we
observed the opposite effect, i.e., an increase in p53 activity (SI
Appendix, Fig. S5), as also previously reported by others (39).
p21 is a cyclin-dependent kinase inhibitor that is transcription-

ally up-regulated by p53 in response to DNA damage, hypoxia,
and nucleotide pool perturbation, leading to inhibition of retino-
blastoma phosphorylation and cell-cycle arrest at the G1-to-S
transition (41). We therefore investigated whether the previously
observed reduced amounts of p53 and p21 (Fig. 2A) correlated
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with changes in the cell cycle. As expected, a marked increase in
cells leaving G1 was observed in HCT cells treated with Nutlin and
then transfected with mycoplasma DnaK (Fig. 2B).
These data indicate that resistance to anticancer drugs that

work at least in part by p53 activation may occur with infection
with some mycoplasmas. To test this hypothesis, we infected cells
treated with two drugs currently used in cancer treatment: 5-FU
and Nutlin. As expected, mycoplasma infection resulted in re-
sistance to these anticancer drugs (Fig. 2C).
However, we failed to verify a direct interaction between p53

and transfected DnaK from M. fermentans. This suggests that
DnaK may reduce p53 activity by binding to p53 with low affinity
or that it binds to a regulatory protein(s) complex that includes
p53. Consequently, we determined the cellular proteins interacting
with DnaK by performing a pull-down experiment of DnaK-
transfected cells. Several proteins were identified (Table 1).

USP10 (ubiquitin carboxyl-terminal hydrolase protein-10) is one
of the most important regulators of p53. By removing conjugated
ubiquitin from target proteins, including p53, USP10 increases
p53 stability in unstressed cells. This process is very important
during the DNA-damage response, when USP10 translocates to the
nucleus and deubiquitinates p53, stabilizing it and thus regulating its
response to DNA damage (42). We first confirmed the interaction
between DnaK and USP10 by immunoprecipitation studies (Fig.
3A). Next, we performed immunoblotting studies of cells treated
with 5-FU and cotransfected with two vectors, one expressing
USP10 and the other expressing DnaK. The presence of DnaK
dramatically increased the amount of ubiquitinated p53 (Fig. 3B),
indicating that p53 is less stable in the presence of DnaK. Finally, to
verify this effect on the stability of p53, cells treated with 5-FU and
cycloheximide, a protein-synthesis inhibitor, were transfected with
DnaK, and the p53 levels were measured over a short period of time
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Fig. 1. Mycoplasma infection induces tumorigenesis in SCID mice. (A) Mycoplasma infection in SCID mice. An inverted Kaplan–Meyer formula was used to
generate a plot of the time to tumor development. CB17.SCID (n = 18) and NOD/SCID (n = 12) mice were infected with a strain of M. fermentans isolated at
the IHV. The experiments were carried out for about 19–20 wk after infection, until the animals reached an age of about 27 wk. Of the 30 infected animals, 12
(eight CB17.SCID and four NOD/SCID) mice developed tumors by 27 wk of age, starting at about 8 wk after infection. The CB17.SCID animals belonged to a
colony maintained in our animal facility under pathogen-free conditions. NOD/SCID and NSG mice were obtained from the Jackson Laboratory. Young
animals (about 6 wk old) were infected by i.p. injection with mycoplasma (107 pfu). Tumor development was observed in animals infected with mycoplasma
grown in either aerobic or anaerobic conditions. As early as 7 wk post infection the spleen and lymph nodes were enlarged in animals infected with my-
coplasma. In some animals tumor cells colonized the vestigial thymic area, and necropsy showed an enlarged tumor mass. About 30% of the animals died of
wasting within 30 wk of infection. Age-matched uninfected CB17.SCID (n = 9) and NOD/SCID (n = 9) animals were kept in adjacent cages as controls. Control,
uninfected CB17.SCID mice had a lifespan of about 40–50 wk, and NOD/SCID mice had a lifespan of 38–45 wk. Only one CB17.SCID mouse developed a
spontaneous tumor at about 26 wk of age. Spontaneous T cell lymphoma was observed in more than 40% of both the CB17.SCID animals and the NOD/SCID
animals after 33 wk of age. As a further control, we used NSG mice, which are resistant to lymphoma development even after sublethal irradiation treatment.
None of the infected NSG animals (n = 8) developed tumors during the time of the experiment. In some experiments (n = 10 mice) we also used the prototype
M. fermentans PG18 grown under standard conditions. Seven animals died of wasting within 30 wk after infection, and none of the remaining animals
developed lymphoma. Eight animals were injected with nonviable mycoplasma, and none developed lymphoma up to 28 wk of age (see also Materials and
Methods). (B) Splenomegaly and enlarged lymph nodes in mycoplasma-infected mice that developed tumors. Spleens from mycoplasma-infected animals and
uninfected animals were collected and compared to determine size increase. Uninfected spleens showed very little variation in size and were considered as
references in comparing the size of spleen from infected animals. (C) Analysis of spleens from a total of seven infected animals and five uninfected animals.
Error bars indicate SD. *P < 0.01; Student’s t test. (D) Tumor infiltration of mycoplasma-infected mice. (1) Image of an H&E-stained section of a peripheral
lymph node showing increased cellularity of tumor infiltration. (Magnification; 10×.) Increased vascularity is indicated by numerous slits. (2) Image of an H&E-
stained section of tumor infiltration of a peripheral lymph node. (Magnification; 20×.) Note the prominent follicular hyperplasia with a poorly defined
medullar zone. (3) Image of an H&E-stained section of the spleen with prominent red pulp showing increased cellularity of tumor infiltration. (Magnification;
10×.) Increased vascularity is indicated by numerous slits. (4) Image of an H&E-stained of a spleen with a tumor infiltration. (Magnification; 10×.)
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(4 h). The half-life of p53 was decreased in cells treated with 5-FU
and transfected with DnaK as compared with the mock-transfected
cells (Fig. 3C). Taken together, our results indicate that DnaK
binding to USP10 prevents its deubiquitinating activity, thus re-
ducing p53 stability and its anticancer functions and the cellular
response to some anticancer drugs.

Mycoplasma DnaK Hampers Activity of PARP1, a Critical Protein
Involved in DNA Repair. Another important protein listed in Table
1 is poly-ADP ribose polymerase-1 (PARP1), one of the most
studied members of the family of PARP proteins. PARP1 is in-
volved in the recognition and subsequent repair of DNA lesions
(43–45). Following the interaction with damaged DNA, PARP1
activity is increased dramatically, resulting in PARylation of sev-
eral proteins, including itself, histones, topoisomerase 1 (TOP1),
DNA-PK, and others (46). This causes the recruitment to the
damaged site of factors involved in double- and single-strand
break repair, base-excision repair, and nucleotide excision repair
(47–49). Failure to repair DNA damage properly usually results in

apoptosis to avoid the accumulation of DNA damage that ulti-
mately could lead to cellular transformation.
We first verified that DnaK could immunoprecipitate PARP1

(Fig. 4A). Next, we wanted to evaluate the effect of DnaK on the
catalytic activity of PARP1. A colorimetric assay was used to
measure the inhibitory effect of DnaK on PARP1’s ability to
PARylate histone immobilized on plates. A sharp decrease in
histone PARylation was observed in the presence of DnaK, in-
dicating that it hampered PARP1 catalytic activity (Fig. 4B). We
also confirmed immunoprecipitation by DnaK of another pro-
tein important for DNA repair, DNA-PKCS, the catalytic subunit
of DNA-PK (Fig. 4C). Recruited to the site of damage by the
heterodimer KU70/80 and forming a complex with other pro-
teins, DNA-PKCS is required for nonhomologous end joining in
both dsDNA repair and V(D)J recombination (50, 51). For ef-
fective and proper functioning, the spatial and temporal ar-
rangement of these important multiprotein complexes must be
very tightly controlled and regulated. The interaction of DnaK
with two proteins important for the recognition of DNA damage
and repair, resulting in decreased PARP1 catalytic activity, would
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Fig. 2. DnaK negatively affects p53 activities, and mycoplasma infection reduces the effect of anticancer drugs. (A) DnaK reduces p53-associated activity in
HCT116 cells. Levels of p53, p21, Bax, and PUMA proteins were analyzed in control and vector- and DnaK-transfected cells at different time points (2, 8, and
16 h). DnaK expression was verified using the anti-V5 antibody. β-act, β-actin; D, DMSO; DnaK, DnaK transfected; M, medium; N, Nutlin; NT, not transfected;
VT, vector transfected. Band intensity was measured by densitometric analysis. Numbers above bands indicate the fold increase above the level of Nutlin-
treated DnaK-transfected cells, normalized for the levels of β-actin. (B) DnaK increases cell-cycle progression. HCT116 cells were transfected with a DnaK-
expressing vector and subsequently analyzed for cell-cycle progression. Data were collected 16–24 h after transfection. Results represent the mean and SDs of
five different experiments. *P < 0.02; **P < 0.05; Fisher’s exact t test. (C) Mycoplasma infection reduces the effect of the chemotherapeutic drugs 5-FU and
Nutlin. HCT116 cells were infected with mycoplasma. Results are expressed as percent cell viability over control (uninfected cells in medium alone were
considered as 100%). Mean difference is shown. *P < 0.001 calculated using Poisson regression.

Table 1. DnaK binds to proteins involved in critical cell pathways

Cellular proteins interacting with DnaK (immunoprecipitation analysis) Protein function

PARP1 DNA repair
DNA-PKcs DNA repair
USP10 Deubiquinitates and regulates p53 stability
DNAJA1 (HSP40 family) HSP70 activator

Proteins found to immunoprecipitate with DnaK are listed. Proteins analyzed but found not to immunoprecipitate are BRCA2,
HSP90b1, p53, HSP70, KU86, SP1, DDB1, ING1, DNAJA2, and DNAJB1.
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likely lead to apoptosis or to the accumulation of DNA damage,
thereby increasing the probability of cellular transformation (52).
Mice lacking PARP1 exhibit high levels of sister chromatid ex-
change (53, 54) and increased chromosome aberrations, including
fusions, breaks, and telomere shortening (55), and double-mutant
DNA-PK/PARP-deficient mice develop T cell lymphomas at high
frequency (56).
The chaperone activity of HSP70/DnaK is controlled by cycles

of ATP binding and hydrolysis (57). Although DnaK itself is a weak
ATPase, its interaction with the cochaperone DNAJ proteins
(members of the HSP40 family) increases ATPase activity, promotes
binding with target proteins, and accelerates the protein-folding
activity of HSP70/DnaK (58). To determine whether intracellular
mycoplasma DnaK has possible chaperone activity, we verified its
binding with a human DNAJ protein, DNAJ1A1, previously iden-
tified in protein sequencing of DnaK-bound cellular proteins (Table
1). Immunoprecipitation studies confirmed that DnaK is able to
bind human DNAJ1A1 (Fig. 4D). This could indeed indicate that,
once in the intracellular compartments, bacterial DnaK becomes
functionally active by exploiting the cellular cochaperone DNAJA1.
This suggests that DnaK negatively affects eukaryotic proteins by
three possible mechanisms: (i) direct binding of the proteins and thus
hampering their ability to form proper functional complexes; (ii) di-
rect binding and improperly folding of the target proteins, thus ren-
dering them inactive and/or targeting them for degradation; and (iii)
binding to complex(es) of proteins and altering their effectiveness.

Exogenous Mycoplasma DnaK Is Taken Up by Bystander Cells. Bacteria
can translocate proteins into eukaryotic cells either by attaching to
the outside of the cellular membrane or by invading the cell (59,
60). In addition, prokaryotic and eukaryotic membrane-localized
HSP70 proteins may be released into the surrounding microen-
vironment and then translocate into the cytoplasm of nearby cells

(61–65). Given these properties of HSP70 proteins, we tested the
ability of exogenous mycoplasma DnaK to be taken up by by-
stander cells. A recombinant protein, DnaK-V5, was constructed
and added to HCT116 cells. After 24 h, exogenous mycoplasma
DnaK-V5 was localized in several cellular compartments, in-
cluding cytoplasm, the perinuclear membrane, and nucleus (Fig. 5
A and B). These results expand our knowledge from previously
published data (64) about the ability of certain cells to bind and
internalize HSP70s. The cellular uptake of DnaK-V5 was visual-
ized using the Z-stacks option, in which the gallery of images
shows the clear presence of the protein inside the cells (Fig. 5 A
and B). The lower image in the right corner of Fig. 5 A and B is a
3D presentation based on the collected Z-stacks of corresponding
gallery of images. Two negative controls that were imaged under
the same conditions are presented in Fig. 5 C and D. In conclu-
sion, our data demonstrate that exogenous mycoplasma DnaK is
taken up by uninfected cells, and this uptake may result in the
impairment of pathways relevant for critical cellular functions,
thereby altering the control of cell growth in uninfected cells.

Amino Acid Analysis Reveals Similarities Among Bacterial DnaKs
Associated with Human Cancers. Several bacteria have been associ-
ated with certain human cancers. The most notable is the association
of H. pylori with gastric cancer (66). Others are F. nucleatum, mainly
associated with colorectal cancer (12–14), Chlamydia trachomatis,
associated with cervical cancer (67–69), and some mycoplasma as-
sociated with NHL (17), prostate cancer (18), and oral cell carcinoma
(19). The mechanisms of cellular transformation are largely un-
known, although at least one has been proposed for H. pylori,
whereby the CagA protein alters the p53 pathways (4). We note that,
in common with mycoplasma, these bacteria have the ability to
invade cells and, like H. pylori, disseminate key proteins into the
cellular cytoplasm and thus possibly transform the cell. Given the
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oncogenic properties of mycoplasma DnaK, we compared the
DnaKs from cancer-associated bacteria to highlight any similarities
that might potentially play a role in mechanisms of cellular trans-
formation. Available amino acid sequences of DnaKs were aligned,
and Mega 7.0.20 software (70) was used to create a phylogenetic
tree (Fig. 6). We note that the mycoplasma DnaK amino acid se-
quence is strikingly close to those of H. pylori, F. nucleatum, and
C. trachomatis, bacteria consistently associated with different types
of human cancers. Conversely, all these DnaKs are phylogenetically
distinct from E. coli DnaK, which does not decrease p53 functions
(Fig. 6) (35–39). Thus it appears that other bacteria able to es-
tablish intracellular infection and associated with cancers carry a
DnaK that is likely able to interact, to varying degrees, with cellular
proteins implicated in critical cellular pathways and thereby can
contribute to cellular transformation events and possibly reduce the
effect of anticancer drugs through the same mechanism(s) as
mycoplasma DnaK.

Discussion
A growing number of bacteria have been associated with human
cancers. While thus farH. pylori is the only bacterium for which clear
epidemiological data support a causal association (66) and for which
a detailed molecular mechanism is now proposed (4), studies of
other bacteria, including F. nucleatum (12–14), C. trachomatis (67–
69) and mycoplasmas (17–23), strongly support their role as leading
candidates with oncogenic properties. While the accumulation of
DNA damage and the hampering of p53 activity play a major role in
driving transformation, the molecular mechanisms whereby these
bacteria dysregulate cellular pathways are largely unknown.
We show here that a specific strain of mycoplasma DnaK

promotes lymphomagenesis in a murine in vivo model. These
animals (Prkdc−/−) have a defect in a DNA-repair gene, DNA-PK,
and the mice ultimately develop spontaneous T cell lymphoma

(26, 27). Previous studies have shown that SCIDprkdc−/− mice with
an additional p53−/− mutation develop T cell lymphomas earlier
(29) and that this model is suitable for detecting oncogenic agents
affecting DNA repair and p53 activities (28). According to our
data, mycoplasma DnaK infection causes a series of events leading
to cell transformation at a faster rate. Our data are in accordance
with previous in vitro and in vivo studies that highlighted the
oncogenic properties of mycoplasma DnaK (20–24), although the
precise molecular mechanism(s) has not been identified. We show
here that DnaK, a bacterial chaperone protein belonging to the
HSP70 family, interacts with several human proteins, namely
USP10, PARP1, and DNA-PKCS, involved in important cellular
pathways. Based on our data, we hypothesize that the presence of
bacterial DnaK protein inside the cell, interacting and hampering
the function of cellular proteins critical for an effective DNA re-
pair (PARP1 and DNA-PKC), could lead to the accumulation of
DNA damage. At the same time, the interaction of DnaK with
USP10 reduces p53 activity, preventing its anticancer effective-
ness. Reducing the efficacy of these two cellular pathways, which
are critical for the detection, repair, and prevention of DNA
damage propagation, would greatly increase the chances of cel-
lular transformation following DNA breaks and chromosomal
rearrangements caused by ionizing agents, chemicals, and factors
present in the microenvironment (3). It would be of interest to
study the possible interaction(s) of DnaK with components of the
DNA mismatch repair system, since errors originating from
spontaneous mutations constitute a great proportion of trans-
formation events (71).
The mycoplasma DnaK DNA sequence was also found at a

very low copy number in some of the primary and secondary
tumor samples, pointing to a hit-and-hide/run mechanism of
cellular transformation following bacterial infection. According
to this hypothesis, once the cell is invaded, the expression of
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DnaK would lead to cellular transformation (hit). At this point,
only a few copies of the bacterium’s DNA can be found in the
tumor (hide), or the bacterium may not leave any trace of its
presence (run). DnaK could exert these negative effects both in
infected cells and in nearby uninfected cells, once this bacterial
protein is released by the infected cells and taken up by the nearby
cells. We speculate that, once in the cytoplasm, DnaK could
hamper a number of cellular pathways, perhaps even in the ab-
sence of continued bacterial infection. We also compared DnaK
amino acid sequences among several bacteria frequently associated
with human cancers. The similarities of these DnaKs suggest
the possibility of a broad mechanism of tumorigenesis which
involves DnaK.
Our data may be clinically relevant for several reasons. First,

several human cancers result, at least in part, from events leading
to failures in DNA repair, which may be heightened by the pres-
ence of certain DnaK proteins in the cell. This would indicate that
the origin of cancers might involve bacteria more frequently than
currently appreciated. Second, it is conceivable that the DnaK of
some bacteria could counteract the efficacy of compounds such as
5-FU or Nutlin used in the treatment of some cancers, which
depend upon increased p53 activity for their activity. It is thus
obviously of biological interest and potential therapeutic relevance
to verify these findings in broader studies in humans and to un-
derstand the physical basis and the mechanism(s) responsible for
reduced activities and levels of critical cellular pathways.

Materials and Methods
Animals.All animal experiments were approved by the University ofMaryland
School of Medicine Institutional Animal Care and Use Committee. Female
NOD/SCID and NOD/SCID-γ (NSG) mice were obtained from the Jackson
Laboratory. The mice are designated as “Prkd scid/J.” These mice carry

several mutations that affect the immune system. Female CB17.SCID mice
belonged to a colony maintained in our animal facility under pathogen-free
conditions. At about 6 wk of age, 30 animals were injected with the my-
coplasma strains isolated at the IHV (107 pfu per animal in 500 μL of 1× PBS)
as described in SI Appendix. Additionally, 10 animals were injected with the
M. fermentans PG18 strain, and 8 animals were injected with an aliquot of
nonviable mycoplasma. (Mycoplasma was heat-inactivated at 60 °C for 2 h,
and nonviability was determined after retesting the same aliquots and
verifying lack of growth.) Both CB17.SCID and NOD/SCID mice develop thy-
mic lymphomas at a very high rate (more than 40%) at around 8 mo of age.
We kept 18 uninfected animals as controls to verify the development of
spontaneous lymphoma. As a further control, we injected eight NSG mice,

E. coli
F. nucleatum

H. pylori

C. trachomatis

Mycoplasmas

0.2 bss

Fig. 6. Phylogenetic analysis of bacterial DnaKs. Published bacterial amino
acid DnaK sequences were used to construct this tree using MEGA
7.02.20 software (SI Appendix, ref. 3). In addition to DnaKs from several strains
of E. coli, other DnaKs from intracellular pathogens currently associated with
some human cancers are indicated. bss, base substitutions per site.

A B

C D

Fig. 5. Intracellular uptake of exogenous DnaK-V5 by mycoplasma-free HCT116 cells. Confocal images of exogenous DnaK-V5 protein of M. fermentans in
HCT116 cells treated or not treated with DnaK-V5 protein. The figures show the collected Z-stacks of the corresponding gallery of images, each presenting a
0.5-μm-thick slide. A mouse monoclonal antibody, anti-V5, was used for primary labeling, and a FITC fluoresce-labeled antibody was used for secondary
labeling. (A) Nuclear localization. (B) Perinuclear localization. (C) Primary and secondary antibodies alone without DnaK-V5 protein. (D) Negative control: no
antibodies and no protein. DAPI staining was used for nuclei detection. Insets in the lower right corners of A and B show a corresponding constructed 3D
presentation of the protein uptake. (Scale bars: 5 μm in A and B; 20 μm in C and D.)
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which rarely develop spontaneous lymphomas. All animals were kept in Micro-
Isolator caging systems under a controlled barrier system to avoid any con-
tamination. A control group was injected with sterile water and housed under
the same conditions. At necropsy, all tissues were collected and placed in 10%
formalin and later were processed, stained with H&E, and reviewed by
a pathologist blindly.

At the end of 3–6 wk we noted that the majority (7/10) of the NOD/SCID
animals injected with PG18 suffered from pronounced weight loss and
emaciation. Necropsy examination of the animals showed severe wasting
and some mottling of the kidney. Histological examination showed acute to
chronic inflammation in the lungs, kidney, liver, and joints. Some animals
displayed little to no sickness until about 12 wk of age, at which time they
displayed some weight loss and the slow development of dyspnea (difficult
breathing). On gross examination, the thymus area in some animals was
enlarged with a tumor-like homogenous mass taking up a large portion of
the chest cavity, and there was enlargement of the spleen, liver, and lymph
nodes in the mesentery and peripheral areas. Histologically, the tumor mass
was a homogenous lymphoblastic infiltration with highly mitotic figures
(Fig. 1D and SI Appendix, Fig. S2 A–F). Tumor invasion included the spleen,
lymph nodes, kidneys, and brain. There was no tumor development in the
NSG mice or the control mice. The eight animals injected with aliquots of
nonviable Mycoplasma failed to develop tumors by 28 wk of age.

Western Blot Analysis. For Western blot analysis, cell monolayers were de-
tached by scraping, washed in cold PBS, and solubilized in RIPA lysis buffer
(Sigma) in the presence of protease inhibitors (Sigma). The amount of
extracted protein was measured by the Bradford assay (Bio-Rad). Thirty
micrograms of protein was resolved by SDS/PAGE, transferred to PVDF
membrane (Bio-Rad), and probed with anti-p53 (Santa Cruz), anti-p21
(Abcam), anti-Bax (Cell Signaling), anti-PUMA (Calbiochem), anti-V5 (Invi-
trogen), and anti–β-actin (Cell Signaling) antibodies. Blots were incubated
with a secondary HRP-conjugated antibody (Santa Cruz), developed using an
ECL chemiluminescent substrate kit (Amersham Bioscience), and exposed to
Kodak X-ray film.

Immunoprecipitation. For the immunoprecipitation experiments, detailed
protocol and reagents are provided in SI Appendix, Materials and Methods.

HPLC Analysis and Sequencing of Proteins. Following immunoprecipitation,
the gel pieces from the band were each cut into three slices, transferred to a
siliconized tube, and washed in 200 μL of 50%methanol. The gel pieces were
dehydrated in acetonitrile, rehydrated in 30 μL of 10 mM dithiothreitol in
0.1 M ammonium bicarbonate and were reduced at RT for 0.5 h. The DTT
solution was removed, and the sample was alkylated in 30 μL of 50 mM
iodoacetamide in 0.1 M ammonium bicarbonate at RT for 0.5 h. The reagent
was removed, and the gel pieces were dehydrated in 100 μL of acetonitrile.
The acetonitrile was removed, and the gel pieces were rehydrated in 100 μL
of 0.1 M ammonium bicarbonate. The pieces were dehydrated in 100 μL of
acetonitrile, the acetonitrile was removed, and the pieces were dried com-
pletely by vacuum centrifugation. The gel pieces were rehydrated in 20 ng/μL
trypsin in 50 mM ammonium bicarbonate on ice for 30 min. Any excess
enzyme solution was removed, and 20 μL of 50 mM ammonium bicarbonate
added. The sample was digested overnight at 37 °C, and the peptides that
formed were extracted from the polyacrylamide in a 100-μL aliquot of 50%
acetonitrile/5% formic acid. This extract was evaporated to 15 μL for
MS analysis.

The LC-MS system consisted of a Thermo Electron Velos Orbitrap ETD mass
spectrometer system with an Easy Spray ion source connected to a Thermo
3-μm C18 Easy Spray column (through precolumn). Seven microliters of the
extract was injected, and the peptides were eluted from the column by an
acetonitrile/0.1 M acetic acid gradient at a flow rate of 0.25 μL/min over 1.6 h
(three bands per sample). The nanospray ion source was operated at 1.9 kV.
The digest was analyzed using the rapid switching capability of the in-
strument acquiring a full-scan mass spectrum to determine peptide molec-
ular weights followed by product ion spectra (20) to determine the amino
acid sequence in sequential scans. This mode of analysis produces ∼90,000
MS/MS spectra of ions ranging in abundance over several orders of magni-
tude. Not all MS/MS spectra are derived from peptides. The data were an-
alyzed by database searching using the Sequest search algorithm.

Cell-Culture Experiments and Cell-Viability Assay. HCT116 cells (a colon carci-
noma cell line) were obtained from ATCC. Cells were maintained in McCoy’s
5A medium (Invitrogen) supplemented with 10% FBS. For the cell-viability
assay HCT116 mycoplasma-infected cells or transfected cells were plated in
96-well plates at a density of 15,000 cells/cm2. Treatments were performed

on the day of plating, and cells were harvested 48 h later. The LIVE/DEAD
Viability/Cytotoxicity Kit (Invitrogen) was used to determine cell viability,
following the manufacturer’s instructions. In all experiments cell viability
was calculated as a percentage relative to the control cultures. For infection
experiments, HCT116 cells were infected with MF-I1 grown in aerobic con-
ditions, 106 pfu per 106 cells. After 48 h cells were plated in 96-well plates at
a density of 5,000 cells per well for the cell-viability assay or in 75 cm2 at a
density of 150,000 cells/cm2 for protein analysis. On the day of plating, cells
were treated with 20 μM 5-FU or 10 μM Nutlin-3 or a corresponding volume
of DMSO as control. In some experiments cells were treated with 10 μM 5-FU
or 5 μM Nutlin-3. Cells were harvested after 48 h for the cell-viability assay
and after 16 h for protein assays. For experiments with mycoplasma DnaK,
semiconfluent cell monolayers were first transfected with DnaK or with the
vector control and then were plated at the density described above. For
time-course experiments, transfected cells, vector-treated control cells, and
nontransfected control cells were plated at a density of 150,000 cells/cm2,
treated with 20 μM Nutlin-3 or DMSO (vol/vol), and collected after 2, 8, 16,
and 24 h.

Transfection. HCT116 cells were transiently transfected with the plasmid DNA
using Lipofectamine 2000 (Invitrogen) following the manufacturer’s pro-
tocol. Briefly, 25 μg of plasmid DNA containing the insert or without the
insert (control) was added to Lipofectamine suspended in reduced serum
medium (OptiMEM; Invitrogen) and then was added to subconfluent cul-
tures of HCT116 p53+/+ and HCT116 p53−/− cells and incubated overnight
at 37 °C in the presence of OptiMEM medium. Transfected cells were
trypsinized and replated for subsequent experiments.

Cell-Cycle Analysis. Transfected HTC116 cells were plated in six-well culture
plates in the presence of serum-free McCoy’s medium and incubated at 37 °C
to allow cell-cycle synchronization. After overnight serum starvation, serum
was added to the cells at a final concentration of 5% (vol/vol) with or
without treatment with different concentrations (100, 10, and 1 μM) of
Nutlin-3 (Sigma) or control DMSO, and cells were incubated for 0, 2, 8, 16, or
24 h. Following incubation, cells were collected by trypsinization, washed
with ice-cold PBS, and used for staining with propidium iodide following the
protocol described previously, with minor modifications (72). Briefly, washed
cells were fixed with ice-cold 70% ethanol overnight at 4 °C. Fixed cells were
washed again and resuspended in PBS containing 10 μg/mL propidium io-
dide (Sigma) and 20 μg/mL bovine RNase A (Roche Applied Sciences) in a
37 °C water bath for 45 min and were analyzed by flow cytometry. The cell-
cycle status of cells was analyzed using FlowJo software (FlowJo).

ELISA-Based Assay for Detection of PARP1 Activity. The ability of DnaK to
inhibit PARP1 enzyme activity was assessed using Trevigen’s HT Universal
Colorimetric PARP1 Assay Kit, following the manufacturer’s instructions.
Different concentrations of PARP1 were incubated with 10 μg of DnaK-
V5 protein, as indicated, for 30 min on ice. The same units of PARP1 without
DnaK-V5 and the highest amount of PARP1 were used with 10 μg of BSA as
negative controls. A sample without enzyme was used as black control. The
samples were then loaded in duplicate into a 96-well histone-coated plate
and were incubated in the presence of biotinylated NAD and activated DNA
for 1 h at 37 °C. The wells then were incubated first with HRP-Streptavidin
(Sigma-Aldrich) for 1 h at room temperature and then with a colorimetric
substrate, following two washes with 1× PBS+0.1% Triton X-100 and two
washes with 1× PBS. Finally, the absorbance was measured with a 96-well
plate reader with a 450-nm filter.

In Vitro Ubiquitination Assay. Ubiquitination of p53 was detected as de-
scribed previously (73). Briefly, HCT116 cells were transiently transfected
with DnaK-V5 or control vector, Flag-p53, and HA-ubiquitin expression plas-
mids. After 48 h the cells were treated for 5 h with 20 μM MG132 (Millipore)
and then were lysed under non-denaturating conditions (Cell Signaling).
Ubiquitin aldehyde (R&D) was added to the lysate to a final concentration of
1 μM. Lysates were precleared with 50 μL of protein G Dynabeads (Thermo
Fisher) for 1 h at 4 °C with a rotator at 20 rpm. Anti-Flag antibody (Sigma
Aldrich) was used to immunoprecipitate ubiquitinated p53 proteins, and mouse
IgG1 (Sigma) was used as a control. Immunoprecipitated samples were resolved
by SDS/PAGE (12% gel from Novex) and analyzed by Western blotting with
anti-HA and anti-Flag (both from Sigma). To ensure correct protein expression
and loading, input samples were immunoblotted with anti-V5 (Abcam), anti-
Flag, anti–β-actin (Cell Signaling), and anti-HA. pcDNA3 flag p53 (Addgene
plasmid no. 10838) was obtained from Thomas Roberts, Dana–Farber Cancer
Institute, Harvard Medical School, Boston; pRK5-HA-Ubiquitin-WT (Addgene
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plasmid no. 17608) was obtained from Ted Dawson, Johns Hopkins University,
School of Medicine, Baltimore.

Cell Culturing and Immunofluorescent Labeling for Detection of DnaK-V5
Cellular Uptake. For the immunofluorescence analysis, samples were pre-
pared as follows. HCT116 cells (1 × 104 cells per well cultured in McCoy
medium supplemented with 10% FBS, L-glutamine, and 1%, penicillin/
streptomycin 1%) were seeded in a four-well polylysine-coated chambered
coverglass (Thermo Fisher Scientific) and were treated with DnaK-V5 protein
(80 μg/mL) for 24 h. Negative controls were not treated with DnaK-V5. After
washing, cells were fixed with 4% paraformaldehyde for 15 min at 37 °C,
washed with 1× PBS, permeabilized with 0.1% Triton X-100 in 1× PBS for
15 min at RT, washed again, and blocked with 1% BSA and 10% serum from
the species. The secondary antibody was raised in normal goat serum in 1×
PBS for 60 min at RT. Primary labeling used a mouse monoclonal antibody
directed against the V5 tag of the recombinant DnaK protein from M. fer-
mentans. Cells were incubated in a humid chamber at RT with a 1:200 di-
lution of the primary antibody, anti-Mycoplasma-DnaK-V5 (V5 Tag mouse
monoclonal antibody; Thermo Fisher Scientific) for 2 h. After three washes in
PBS, cells were then incubated with a 1:1,000 dilution of fluorescent dye-
labeled secondary antibody (goat anti-mouse IgG FITC; Thermo Fisher Sci-
entific) for 45 min at RT in the dark. Finally, cells were washed three times in
PBS, and PBS was added before immunofluorescence analysis. To demon-
strate antibody specificity, primary mouse Isotype control monoclonal anti-
body (Thermo Fisher Scientific) and IgG fluorescein-conjugated secondary
antibody were used as negative control. DAPI staining (Sigma) was used for
nuclei detection.

PCR Analysis. Tissues were disrupted and homogenized using a rotor-stator
homogenizer, and total DNA was extracted with the DNeasy Blood and
Tissue Kit (Qiagen). Fifty nanograms of DNA were subjected to real-time PCR
using the iQ SYBR Green Supermix Kit (Bio-Rad) with the ABI PRISM
5700 sequence detection system. All reactions were run in triplicate. Primers
were selected using the National Center for Biotechnology Information/primer-
Blast program (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and were
synthesized by Sigma-Aldrich: Insertion sequence (PCR was performedwith the
following protocol: incubation at 95 °C for 5 min, 35 cycles of 30 s at 95 °C, 30 s
at 60 °C, and 45 s at 72 °C): forward 5′-TCCCTTTCTTGACATGCTTTG-3′ and re-
verse 5′-CGCCTAATTTAAGAATGGTTGG-3′, yielding a PCR product of 167 bp;
DnaK 368–462 (PCR was performed with the following protocol: incubation at
95 °C for 5 min, 35 cycles of 30 s at 95 °C, 30 s at 69 °C, and 30 s at 72 °C):
forward 5′-ACAATGCACAACGTGAAGCCACA-3′ and reverse 5′-TGCTAAAG-
CAGCAGCAGTAGGTTCG-3′, yielding a PCR product of 94 bp; DnaK 367–716
(PCR was performed with the following protocol: incubation at 95 °C for 5 min,
35 cycles of 30 s at 95 °C, 30 s at 62 °C, and 45 s at 72 °C): forward 5′-
GACAATGCACAACGTGAAGC-3′ and reverse 5′-TCAGCAGCAGCTTTTAGACG-3′,
yielding a PCR product of 350 bp; DnaK 367–954 (PCR was performed with the
following protocol: incubation at 95 °C for 5 min, 35 cycles of 30 s at 95 °C, 30 s
at 62 °C, and 45 s at 72 °C): forward 5′-GACAATGCACAACGTGAAGC-3′ and
reverse 5′-ACGTGTTGAACCACCAACAA-3′, yielding a PCR product of 587 bp;

DnaK 688–1069 (PCR was performed with the following protocol: incubation
at 95 °C for 5 min, 35 cycles of 30 s at 95 °C, 30 s at 62 °C, and 30 s at 72 °C):
forward 5′-GCAATGGCTCGTCTAAAAGC-3′ and reverse 5′-CTGCAAGAA-
CAGCACCTTGA-3′, yielding a product of 381 bp; DnaK 1037–1508 (PCR was
performed with the following protocol: incubation at 95 °C for 5 min,
35 cycles of 30 s at 95 °C, 30 s at 70 °C, and 30 s at 72 °C): forward 5′-
TGGGTGCTGCAATTCAAGGTGC-3′ and reverse 5′-GCACGTTTTGCATCAGCTT-
CACG-3′, yielding a product of 471 bp; R1 (123) (PCR was performed with the
following protocol: incubation at 95 °C for 5 min, 35 cycles of 30 s at 95 °C,
30 s at 61 °C, and 30 s at 72 °C): forward 5′-TCGCAACTCTAGATGCAGGAT-3′
and reverse 5′-AAACGAGTTGCTTGTTCTGCT-3′, yielding a product of 106 bp;
R2 (1164) (PCR was performed with the following protocol: incubation at 95 °C
for 5 min, 35 cycles of 30 s at 94 °C, 30 s at 65 °C, and 45 s at 72 °C): forward 5′-
ACGGCTTTTCCGTTTTTGTCTT-3′ and reverse 5′-TGCATCCATGAACCGTATCCA-
3′, yielding a product of 106 bp; R3 (100) (PCR was performed with the fol-
lowing protocol: incubation at 95 °C for 5 min, 35 cycles of 30 s at 94 °C, 30 s at
61 °C, and 45 s at 72 °C): forward 5′-AGCAATGGCTTTTGGTGATGC-3′ and re-
verse 5′-TGCATTGGACAGGCAAACGA-3′, yielding a product of 532 bp; R4 (95)
(PCR was performed with the following protocol: incubation at 95 °C for
5 min, 35 cycles of 30 s at 94 °C, 30 s at 61.5 °C, and 45 s at 72 °C): forward 5′-
AGATGGGACATTAGACGGGA-3′ and reverse 5′-TCGCGAGGACTTACCAACAT-
3′, yielding a product of 816 bp.

For cloning, PCR was performed with the same set of primers and con-
ditions, and the number of cycles was increased to 41. Bands were cloned into
the PCRII TOPO plasmid (Thermo Fisher Scientific), according to the manu-
facturer’s protocol and were sequenced to confirm identity with the tar-
geted mycoplasma sequence.

Statistical Analysis. Time to developing lymphomas was performed using
inverted Kaplan–Meier (KM) estimates with the log-rank test. KM at-risk
time was calculated based on a follow-up of 20 wk after injection; mice
that died were censored at the time of death. Differences in the proportions
or percentages were tested using Fisher’s exact test. Differences in the
means were tested using Student’s t test. All statistical tests were two-sided.
Poisson regression was used to calculate statistical significance in Fig. 2C.
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