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Toxoplasma gondii infection has previously been described to cause dramatic changes in the host transcriptome by manipulat-
ing key regulators, including STATs, NF-�B, and microRNAs. Here, we report that Toxoplasma tachyzoites also mediate rapid
and sustained induction of another pivotal regulator of host cell transcription, c-Myc. This induction is seen in cells infected
with all three canonical types of Toxoplasma but not the closely related apicomplexan parasite Neospora caninum. Coinfection
of cells with both Toxoplasma and Neospora still results in an increase in the level of host c-Myc, showing that c-Myc is actively
upregulated by Toxoplasma infection (rather than repressed by Neospora). We further demonstrate that this upregulation may
be mediated through c-Jun N-terminal protein kinase (JNK) and is unlikely to be a nonspecific host response, as heat-killed Tox-
oplasma parasites do not induce this increase and neither do nonviable parasites inside the host cell. Finally, we show that the
induced c-Myc is active and that transcripts dependent on its function are upregulated, as predicted. Hence, c-Myc represents an
additional way in which Toxoplasma tachyzoites have evolved to specifically alter host cell functions during intracellular growth.

Toxoplasma gondii is a ubiquitous parasite that infects and re-
produces in virtually any nucleated cell of warm-blooded an-

imals. It is of great medical importance as infections in immuno-
compromised humans often lead to life-threatening disease. The
ability of Toxoplasma to replicate in a wide host range is likely
dependent on the capacity of the parasite to regulate conserved
host cell pathways via its secreted factors. For example, the se-
creted protein ROP16 regulates immunologically important host
transcription factors, STAT3 (1), STAT6 (2), and STAT5 (3),
causing profound transcriptional changes shortly after invasion.
Although many of the changes observed in infected host cells are
strain specific and are important for the differences in virulence
between the major strains of Toxoplasma (4), it is likely that there
is also remodeling of host cells that occurs independently of strain
type. Parasite effectors whose function is conserved across the
three major types of Toxoplasma (e.g., Toxoplasma protein
GRA16, which regulates the host p53 pathway [5]) have previ-
ously been identified. Such is likely an effective solution for those
instances where the same need is faced by all strains, e.g., disarm-
ing defenses common to many hosts and/or meeting a survival
challenge encountered in all cells.

We have previously reported that infection with Toxoplasma
tachyzoites specifically upregulates microRNAs that belong to
transcriptional loci miR-17�92 and miR-106b�25 (6). These
microRNAs play an important role in the cell cycle and apoptosis
of a host cell (7) and thereby likely affect the interplay between
host and parasite. It has been reported that c-Myc is a direct
transcriptional regulator of miR-17�92 and miR-106b�25
(8), and so we hypothesized that Toxoplasma induces this tran-
scriptional regulator. The possibility of c-Myc involvement in this
host-Toxoplasma interaction was supported by published results
from microarray analysis of Toxoplasma-infected human foreskin
fibroblasts (HFFs) that revealed 2- to 3-fold upregulation of c-
Myc mRNA during Toxoplasma infection (9).

c-Myc is a tightly regulated transcription factor involved in
vital cellular processes, including cell cycle progression, apoptosis,
cell differentiation, and metabolism (10–12). To achieve its func-
tion, c-Myc forms a protein complex with its binding partner Max

and regulates gene expression by binding to DNA of target genes
(10, 12). In this way, c-Myc directly regulates a large network of
host genes (it has been reported that nearly 15% of annotated
mammalian genes are transcriptionally regulated by this factor
[13]). The finding that c-Myc knockouts are embryonically lethal
(14) further demonstrates the importance of this regulator in the
biology of a cell and of the entire organism.

Here we present evidence that infection with Toxoplasma
tachyzoites leads to rapid induction of host c-Myc. This is not the
first example of such host-parasite interaction, as other transcrip-
tion factors, e.g., STATs (1–3), NF-�B (15), and SRF (16), have
previously been shown to be regulated upon infection. This phe-
notype is conserved across the three major types of Toxoplasma,
suggesting that this interaction might have an important function
in the intracellular biology of the parasite. Furthermore, we pres-
ent evidence that c-Myc is actively regulated by the parasite and is
not a result of a nonspecific immune response to infection. We
also show that the induced c-Myc is active as a transcriptional
regulator and that the genes that are known to be regulated by this
key transcription factor are specifically upregulated in Toxoplas-
ma-infected cells.

MATERIALS AND METHODS
Parasite culture and infections. Toxoplasma and Neospora tachyzoites
were propagated in human foreskin fibroblasts (HFFs) cultured in Dul-
becco’s modified Eagle medium (DMEM) supplemented with 10% heat-
inactivated fetal bovine serum (FBS), 2 mM L-glutamine, 100 U ml�1

penicillin, and 100 �g ml�1 streptomycin. Prior to infection, parasites
were scraped and lysed using a 27-gauge needle, counted using a hemo-
cytometer, and added to HFFs at a multiplicity of infection (MOI) of 1
unless otherwise stated. Time course infections were done under low-FBS
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conditions (i.e., in 0.5% FBS media) to reduce the background caused by
FBS-mediated c-Myc induction. FBS stimulation of cells for use as a pos-
itive control was done by adding fresh 20% FBS to cells for 2 h (we found
that the highest c-Myc induction due to FBS occurs around this time
point). Heat-killed parasites were prepared by incubation of parasites at
50°C for 20 min. Supernatant treatment of HFFs was done by harvesting
supernatant from a heavily infected HFF culture, filtering the supernatant
through a 0.2-�m-pore-size filter, and adding it to HFF cultures. Treat-
ment with 4-bromophenacyl bromide (4-BPB; Sigma-Aldrich) was done
by incubating parasites for 15 min with 1 �M 4-BPB at room temperature
and washing two times in phosphate-buffered saline (PBS), as previously
described (17). Analysis of c-Jun N-terminal protein kinase (JNK) inhi-
bition was done by incubating HFFs in DMEM containing 25 �M JNK
inhibitor II (CAS 129-56-6; Calbiochem).

Parasite strains and generation of mCherry-expressing Neospora.
The following strains of Toxoplasma gondii were used: RH (18), Me49
(19), CTg (20), and RH Cre mCherry (21). The Neospora strain used was
N. caninum NC-1 (22). The NC-1 mCherry strain was generated by trans-
fection of NC-1�hxgprt parasites (gift from Jon Boyle, University of Pitts-
burgh) with pTKO2c plasmid containing mCherry and HXGPRT cassettes
(23). The linearized pTKO2c plasmid was used to transfect parasites by
electroporation, and HXGPRT-positive (HXGPRT�) parasites were se-
lected using complete DMEM supplemented with mycophenolic acid
(MPA) and xanthine (XAN), as previously described (24). After succes-
sive passages in selective media, parasite clones were isolated by limiting
dilution.

Western blotting. Cell lysates were prepared at 20 h postinfection
(hpi) (unless otherwise stated), and the total protein concentration of
lysates was determined by a Bradford protein assay (Bio-Rad). Samples
containing 20 �g of protein were boiled for 5 min, separated by SDS-
PAGE, and transferred to a polyvinylidene difluoride (PVDF) membrane.
c-Myc was detected by incubation of membrane with rabbit anti-N-ter-
minal c-Myc antibody (Abcam) followed by incubation with horseradish
peroxidase (HRP)-conjugated goat anti-rabbit IgG. The levels of HRP
were detected using an ECL chemiluminescence kit (Pierce). GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) levels served as a loading
control. Membranes were stripped with stripping buffer (Thermo Scien-
tific) and stained with mouse anti-GAPDH primary antibody and second-
ary horseradish peroxidase-conjugated goat anti-mouse IgG antibody.
The levels of HRP were measured as stated above.

Immunofluorescence assay. Infected cells grown on glass coverslips
were fixed using 2.5% formaldehyde–PBS for 20 min. Samples were
washed once with PBS and blocked using 3% BSA–PBS for 1 h at room
temperature. Cells were permeabilized with 0.2% Triton X-100 –3%
BSA–PBS for 10 min at room temperature. c-Myc protein was detected
with rabbit anti-N-terminal c-Myc (Abcam) and fluorochrome (488
nm)-conjugated anti-rabbit IgG. SAG1 protein was detected by mouse
anti-SAG1 and fluorochrome (594 nm)-conjugated goat anti-mouse
IgG. Vectashield with DAPI (4=,6-diamidino-2-phenylindole) stain
(Vector Laboratories) was used to mount the coverslips on slides.
Fluorescence was detected using a fluorescence microscope, and im-
ages were analyzed using ImageJ.

Generation and infection of reporter cells. Two c-Myc reporters were
used here. The first was a vector carrying green fluorescent protein (GFP)
and luciferase (Luc) under the control of a c-Myc promoter (25), and the
second was a vector carrying the c-Myc coding region fused to GFP and
driven by a cytomegalovirus (CMV) promoter (26). These vectors were
transfected into 10T1/2 fibroblasts (ATCC) as follows. The fibroblasts
were washed with PBS and incubated in trypsin for 5 min at 37°C. After
one wash with cytomix buffer, cells were resuspended in 400 �l of cytomix
and transfected with 20 �g of reporter plasmid by electroporation. GFP�

cells were selected by fluorescence-activated cell sorting (FACS). After
three rounds of FACS enrichment, cells were grown to confluence and
infected with Toxoplasma or Neospora or mock infected under non-c-
Myc-inducing conditions (0.5% FBS– cDMEM). The same methods were

used for generating and infecting cells carrying a pCMV-GFP control
vector lacking the c-Myc coding sequence.

Flow cytometry. Cells were harvested by one wash with PBS and treat-
ment with trypsin for 5 min at 37°C. After one PBS wash, cells were
resuspended in 5% FBS–PBS and filtered using tubes with cell-strainer
caps (BD Biosciences). Fluorescence was detected by the use of a DivaVan
sorter and an Aria sorter (BD Biosciences) (Stanford FACS facility). Flow
cytometry data were analyzed using FlowJo.

Luciferase assay. Cell lysates were prepared using the reagents and
protocol from a luciferase assay system (Promega). Briefly, cells were
washed once with PBS and Promega lysis buffer was added to cover the
cells. Cells were shaken at room temperature for 15 min, and subsequent
freeze-thawing ensured complete lysis of the cells. Upon addition of the
luciferase substrate, the luminescence of each sample was measured for 10
s using a Tecan Infinite M100 luminometer (Stanford High-Throughput
Bioscience Center [HTBC] facility).

c-Myc binding ELISA. Nuclear extracts of cells were prepared and
analyzed using reagents and protocols provided with a TransAM c-Myc
DNA-binding enzyme-linked immunosorbent assay (ELISA) (Active
Motif). Binding of c-Myc to double-stranded oligonucleotides containing
a c-Myc binding sequence was detected using a primary anti-c-Myc anti-
body and an HRP-conjugated secondary antibody. After addition of HRP
substrate, colorimetric change in all wells was detected using an Epoch
microplate spectrophotometer (BioTek). Competition experiments were
done in the same way except for the addition of the appropriate oligonu-
cleotides to the nuclear extracts prior to performing the ELISA.

Generation of microarray data. RAW 264.7 (ATCC) cells were plated
in 6-well plates. When confluent, cells were infected with type I Toxo-
plasma RH parasites at an MOI of 3. At 24 h postinfection (hpi), RNA was
isolated using TRIzol reagent (Invitrogen) followed by ethanol precipita-
tion according to the manufacturer’s instructions. RNA was labeled using
a 3= IVT Express reaction, and labeled, fragmented cRNA was hybridized
to a mouse Affymetrix array (Mouse 430 2.0) according to the manufac-
turer’s protocol. Probe intensities were measured and processed into im-
age analysis (.CEL) files by the PAN Facility at Stanford University. Inten-
sity values were normalized using the RMA algorithm.

To identify enriched transcription factors, gene identifiers of genes
with fold changes higher than 1.5 and lower than �1.5 between infected
and mock-treated samples were entered into the ENCODE chromatin
immunoprecipitation sequencing (ChIP-Seq) Significance Tool (27)
(http://encodeqt.stanford.edu/hyper/). The expression of the most highly
regulated c-Myc target genes was visualized using the TM4 Microarray
Software Suite MultiExperiment Viewer (http://www.tm4.org). Ingenuity
Pathway Analysis (IPA) was performed on a data set containing the Tox-
oplasma-regulated host genes known to be under the control of c-Myc
based on prior ChIP-Seq analysis (ENCODE). Gene identifiers and cor-
responding fold-change values were uploaded, and each gene identifier
was mapped to its corresponding gene in the Ingenuity Pathways Knowl-
edge Base. Canonical Pathway Analysis, Network Analysis, and Down-
stream Effects Analysis were used to analyze the biological functions of the
Toxoplasma-regulated c-Myc target genes.

Microarray data accession number. The entire MIAME database-
compliant data set from these experiments can be found in the NCBI’s
Gene Expression Omnibus (GEO) (accession number (GSE55298).

RESULTS
Toxoplasma infection results in specific upregulation of host
c-Myc protein. To determine if c-Myc is upregulated at the pro-
tein level during Toxoplasma infection, HFFs were infected with
Toxoplasma RH (type I) tachyzoites or mock infected, and cell
lysates were prepared 20 h postinfection (hpi). Western blot anal-
ysis of such lysates revealed a dramatic increase of c-Myc protein
levels in Toxoplasma-infected cells relative to uninfected cells (Fig.
1A). The specificity of the anti-c-Myc antibody used in these stud-
ies was established by assaying cell lysates from mouse fibroblasts
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ectopically expressing c-Myc under the control of doxycycline (a
gift from Dean Felsher [28]) with and without doxycycline (Fig.
1A). To determine if this effect was present in more biologically
relevant cells, we repeated the experiments with bone marrow
macrophages and 10T1/2 fibroblasts from mice; c-Myc was
strongly upregulated in these cell lines, as well (data not shown).

To determine where in the cell the induced c-Myc resides and
whether the effect is restricted to infected cells only, immunoflu-
orescence analysis (IFA) was performed on Toxoplasma RH-in-
fected HFFs at 20 hpi. The results showed that c-Myc accumulates
in the host nucleus and that this occurred only in infected cells and
not in the neighboring, uninfected cells (Fig. 1B). Therefore, c-
Myc upregulation is not due to a soluble or trans-acting factor in
the supernatant but is specifically induced in parasite-containing
cells.

Previous work by Zeiner et al. revealed that the upregulation of a
subset of microRNAs is specific to Toxoplasma infection, as infec-

tion with a closely related apicomplexan parasite, Neospora cani-
num, does not lead to this change (6). To determine whether in-
duction of c-Myc is also specific to Toxoplasma, we infected HFFs
with either Toxoplasma (RH) or Neospora (NC-1) tachyzoites. Vi-
sual comparison using light microscopy was used to ensure that
the infected cell cultures exhibited similar levels of infection, and
immunoblotting was used to analyze the c-Myc levels 20 hpi. The
results showed that the effect is specific to Toxoplasma: Neospora
did not elicit an increase in c-Myc levels at any time tested from 0
to 48 hpi (Fig. 1A and data not shown). This result was confirmed
by IFA: c-Myc was not observed in the nucleus of cells heavily
infected with Neospora (Fig. 1B). Thus, c-Myc induction is a spe-
cific trait of Toxoplasma and not a nonspecific host cell response to
parasitic infection.

To determine the timing of the c-Myc upregulation, c-Myc
protein levels were assayed at 0, 1, 2, 4, and 6 hpi in Toxoplasma
RH- or mock-infected lysates. To avoid high background levels of

FIG 1 c-Myc levels are specifically and rapidly increased in Toxoplasma-infected cells. (A) Human foreskin fibroblasts (HFFs) were either mock infected (Mock)
or infected at an MOI of 1 with Neospora (Neo) or Toxoplasma (Toxo) tachyzoites. Cell lysates were prepared 20 h postinfection (hpi), and Western blot analysis
was performed with anti-c-Myc antibodies. Anti-GAPDH staining was used as a loading control. Cell lysates from mouse fibroblasts ectopically expressing
human c-Myc under doxycycline (DOXY) control were used as a control for antibody specificity determinations. The asterisk (*) indicates a breakdown product
of c-Myc that was variably detected in some lysates. Migration of size markers is shown to the left (sizes in kDa). (B) HFFs were infected at an MOI of 1 with either
Toxoplasma (Toxo) or Neospora (Neo) tachyzoites. Cells were examined 20 hpi for c-Myc levels by IFA using anti-c-Myc antibodies. DAPI was used to identify
the host cell nuclei. White arrowheads indicate the nuclei of parasite-infected cells. (C) HFFs were infected with Toxoplasma or mock infected. Cell lysates were
prepared at the following time points: 0, 1, 2, 4, and 6 hpi. c-Myc levels were analyzed by Western blotting as described for panel A. (D) HFFs were infected with
type I (RH), type II (Me49), or type III (CTg) Toxoplasma parasites, and cell lysates were prepared at 48 hpi and analyzed by Western blotting as described for
panel A. Anti-SAG1 was used to ensure that similar levels of infection were achieved in all samples.

Host c-Myc Upregulation by Toxoplasma gondii

April 2014 Volume 13 Number 4 ec.asm.org 485

http://ec.asm.org


c-Myc, the infection was performed under low (0.5%)-serum
conditions (growth factors within serum are known stimulators of
c-Myc [29]). Mock-infected cells showed a low level of c-Myc
upregulation at 1 and 2 hpi (likely because of the low levels of
serum present in the media transferred during infection); this
background disappeared, however, by 4 hpi (Fig. 1C). c-Myc lev-
els in Toxoplasma-infected cells relative to mock-infected cells
were markedly increased by as early as 1 hpi (Fig. 1C). Remark-
ably, this upregulation of c-Myc was sustained throughout the
time of infection, as lysates harvested at late time points (20 and 48
hpi) continued to exhibit high levels of c-Myc (Fig. 1A and D).
Thus, Toxoplasma infection leads to a rapid and sustained upregu-
lation of host c-Myc.

The three major types of Toxoplasma, referred to as types I, II,
and III, often exhibit type-specific differences in their impact on a
host cell (4, 30). These differences have been a useful tool in iden-
tifying novel, strain-specific virulence genes in Toxoplasma (31).
To determine if the c-Myc induction phenotypes differ between
the three major types, c-Myc protein levels were assessed in HFFs
infected with type I (RH), type II (Me49), or type III (CTg) para-
sites. The results (Fig. 1D) showed that c-Myc levels were in-
creased in infected host cells relative to mock-treated cells in all
three Toxoplasma strains; the slightly smaller amount of c-Myc
signal seen upon infection with the type III strain was not a repro-
ducible difference relative to infections with the other strains.
Thus, c-Myc upregulation is a phenotype common to all three of
the dominant Toxoplasma types.

Three Toxoplasma effectors have been identified that alter host
signaling pathways that could, potentially, drive the c-Myc up-
regulation: ROP16 subverts the STAT pathway (1–3), GRA15 reg-
ulates host NF-�B (15), and GRA24 activates p38 mitogen-acti-
vated protein kinase (MAPK) (32). To exclude the possibility that
c-Myc induction is a downstream effect of any of these previously
identified effectors, strains deficient in ROP16 (2), GRA15 (15),
and GRA24 (32) were assayed for the ability to induce c-Myc.
Lysates of cells infected with strains deficient in each of these loci
exhibited levels of c-Myc upregulation similar to those seen in cells
infected with the wild-type Toxoplasma strain (data not shown).
Although the known activities of ROP5 (33) do not include any
that are known to induce c-Myc, we also tested knockout strains
for this effector and again saw no difference from wild-type results
in the ability to induce c-Myc (data not shown). Thus, none of
these effectors are likely responsible for the observed induction of
c-Myc. Further evidence for this conclusion comes from the fact
that three of these effectors (GRA15, ROP5, and ROP16) are
highly polymorphic and their effects on the host cell are dramat-
ically different between the three Toxoplasma types (1, 15, 33, 34)

and yet no type-specific difference in the induction of c-Myc was
observed, as noted above.

c-Myc is actively induced by Toxoplasma. Two possible mod-
els could explain c-Myc upregulation in host cells harboring Tox-
oplasma and its absence in host cells harboring Neospora: (i) Tox-
oplasma but not Neospora actively upregulates host c-Myc, or (ii)
the mere presence of a parasite in the host cell triggers this altera-
tion in c-Myc levels, and Neospora, but not Toxoplasma, actively
suppresses this response. To discriminate between these two pos-
sibilities, HFFs were coinfected with Toxoplasma and Neospora.
Toxoplasma and Neospora are morphologically similar, so the two
parasites were distinguished using antibodies to the SAG1 Toxo-
plasma-specific surface marker. IFA of infected cells revealed that
c-Myc induction by Toxoplasma is a dominant phenotype, as this
protein was induced in all doubly infected cells (Fig. 2). These data
indicate that Toxoplasma actively induces host c-Myc rather than
c-Myc induction being a general host response to parasite inva-
sion that Neospora suppresses.

Active invasion is necessary for c-Myc induction. To deter-
mine if active parasite invasion is necessary for c-Myc upregula-
tion, HFFs were treated with heat-killed or live Toxoplasma RH
parasites. Immunoblots of cell lysates revealed that exposure to
heat-killed parasites did not result in an induction of c-Myc (Fig.
3A). This result indicates that c-Myc upregulation is a result of
active parasite invasion or processes (e.g., secreted proteins) asso-
ciated with active invasion. In addition, cells treated with super-
natant from Toxoplasma-infected cultures did not exhibit c-Myc
upregulation (Fig. 3A). Thus, c-Myc induction is not a result of
extracellularly secreted host or parasite factors (e.g., Toxoplasma
proteins secreted from dense granules prior to invasion).

The rapid c-Myc upregulation in infected host cells suggests
that c-Myc might be induced by a Toxoplasma effector secreted
into host cells early during invasion/infection; therefore, the role
of parasite rhoptry secretion in c-Myc induction was tested. To
assess this, the inhibitor 4-bromophenacyl bromide (4-BPB) was
used to partially inhibit rhoptry secretion. Treatment with this
chemical inhibitor results in a far longer time being needed for
invasion (no invasion is seen for about 4 to 6 h after treated par-
asites are added to HFF monlayer) and a block in replication of the
parasites that do eventually enter (17). Cre reporter 10T1/2 fibro-
blasts, which turn on enhanced green fluorescent protein (eGFP)
upon Cre-mediated recombination (21), were infected with a
strain of Toxoplasma RH that injects Cre recombinase fused to a
rhoptry protein (toxofilin) upon invasion (21). Prior to infection,
parasites were pretreated with 4-BPB or dimethyl sulfoxide
(DMSO) as a negative control. IFA of the cultures 20 hpi revealed
that c-Myc was not induced in the cells infected with 4-BPB-

FIG 2 Mixed infection by Toxoplasma and Neospora reveals that c-Myc is actively induced by Toxoplasma. HFFs were infected at an MOI of 1 with a mixture of
Toxoplasma and Neospora tachyzoites. c-Myc levels were examined by IFA 20 hpi using anti-c-Myc antibodies. Toxoplasma and Neospora parasites were
differentiated using antibodies to the Toxoplasma surface marker SAG1. Toxo, Toxoplasma gondii (red triangles); Neo, Neospora caninum (blue triangles).
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treated parasites (Fig. 3B) even though sufficient rhoptry protein
had been injected to turn on the eGFP reporter. Thus, either rhop-
try proteins are not involved in the induction of c-Myc or insuf-
ficient quantities are injected by 4-BPB-treated parasites within
the necessary time frame to elicit the effect. These data further
show that invasion itself is not sufficient for the induction.

Toxoplasma induces c-Myc by transcriptional upregulation.
c-Myc is a tightly regulated factor, and there are many pathways by
which a cell controls its levels and activity (35, 36). Data from a
previous microarray analysis showed that c-Myc mRNA exhibits
an �2-fold increase in Toxoplasma-infected HFFs (9). To confirm
that this effect is also occurring in other cell types, we repeated the
microarray analyses with a mouse macrophage cell line (RAW
264.7) infected for 24 h with Toxoplasma RH parasites at an MOI

of 3 and saw an �5.5-fold upregulation of c-Myc mRNA in in-
fected cells relative to mock-treated cells (Fig. 4A).

To discriminate between transcriptional activation and RNA
stabilization as a cause of the c-Myc mRNA increase, host cells
transfected with a reporter plasmid carrying GFP and luciferase
(Luc) driven by the promoter from the c-Myc gene were used (25).
This reporter has no other c-Myc gene elements, and so any up-
regulation should be a specific indication of an increase in tran-
scription. These reporter cells were infected with Toxoplasma RH
or with Neospora or were mock treated. Serum-stimulated cells
served as a positive control for the induction of c-Myc transcrip-
tion (29). Luciferase activity was measured in cell lysates at 20 hpi.
Toxoplasma-infected cells exhibited markedly increased luciferase
activity relative to mock-treated cells (nearly 2-fold and 4-fold
induction were observed for cells infected at MOIs of 0.1 and 1,
respectively), while Neospora-infected cells exhibited little if any
increase (Fig. 4B). These data suggest that transcriptional activa-
tion is at least in part responsible for the induction of c-Myc dur-
ing Toxoplasma infection.

c-Myc protein levels are stabilized during Toxoplasma infec-
tion. The demonstration of an effect on c-Myc transcription did
not preclude a posttranscriptional effect, as there is no a priori
reason why the induction could not be mediated at more than one
level. Indeed, the levels of c-Myc protein itself are known to be
regulated at several posttranscriptional steps (35, 36) and so we
examined whether c-Myc is also being regulated in this manner
during Toxoplasma infection. To do this, we used a reporter con-
taining only the coding region of c-Myc fused to GFP and driven
by a CMV promoter (26). Since this reporter does not include the
c-Myc promoter or any DNA elements known to be inducible by
c-Myc, any changes in expression detected upon Toxoplasma in-
fection should be due to processes other than transcription (i.e.,
mRNA stability, translation, and/or protein stability). A cell pop-
ulation stably expressing this reporter was infected with Toxo-
plasma RH or Neospora or was mock treated. Parasites expressing
mCherry were used here to distinguish between infected and un-
infected cells. At 20 hpi, cells were harvested and fluorescence was
analyzed by flow cytometry. The data revealed that Toxoplasma-
infected reporter cells exhibited a substantial (�8-fold) increase
in green fluorescence relative to mock-treated cells, while Neo-
spora had a far less pronounced effect (�2-fold; Fig. 5A). As ex-
pected, we did not observe an increase in green fluorescence in
Toxoplasma-infected cells carrying a pCMV-GFP reporter with-
out any c-Myc coding or promoter elements (Fig. 5A). These re-
sults indicate that, in addition to transcriptional activation of c-
Myc, Toxoplasma also appears to upregulate the expression of this
gene on a posttranscriptional level.

Regulation of protein half-life is an efficient strategy employed
by mammalian cells to control the levels of important factors, and
c-Myc has been shown to be regulated at this level (via phosphor-
ylation, acetylation, and ubiquitination) (36). Therefore, we next
tested whether the increase in c-Myc protein might be due to
decreased turnover in Toxoplasma-infected cells. Toxoplasma-in-
fected cells and FBS-stimulated cells were treated with cyclohexi-
mide (CHX) to block protein translation and, thus, production of
newly synthesized c-Myc. Cell lysates prepared at 0, 30, 60, 90,
and 120 min after CHX treatment were analyzed by immuno-
blotting. The half-life of c-Myc protein in quiescent cells has
been reported to be 20 to 30 min (37), and a similar result was
observed for the cells briefly stimulated by FBS, with a half-life

FIG 3 Active invasion is necessary but not sufficient for c-Myc induction. (A)
From left to right, HFFs were infected at an MOI of 1 with untreated (Live) or
heat-killed (HK) Toxoplasma RH parasites (Toxo), treated with supernatant
from Toxoplasma-infected culture (Sup), mock infected (Mock), or infected
with Neospora (Neo). Cell lysates were prepared at 20 hpi and subjected to
Western blot analysis of c-Myc and GAPDH levels as described for Fig. 1A. (B)
Toxoplasma RH Cre mCherry parasites were treated with DMSO (upper set of
6 panels) or 4-bromophenacyl bromide (4-BPB; lower set of 6 panels) prior to
infection. Cre reporter cells, which turn from red to green upon Cre-mediated
recombination (Koshy et al. 21), were infected at an MOI of 1. c-Myc levels
were determined by IFA 20 hpi. White arrows indicate nuclei of infected cells.
All six panels in each group show the same field, with filters to detect mCherry (red;
upper left), GFP (green; upper middle), c-Myc (white; upper right), phase (lower
left), mCherry and GFP (lower middle), or mCherry and c-Myc (lower right).
Scale bars in phase (lower left) panels indicate the distance of 10 �m.
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of �30 min (Fig. 5B). Toxoplasma infection, however, resulted in
a dramatic decrease in c-Myc protein turnover, with a half-life of
greater than 2 h. These data indicate that at least one way that
Toxoplasma infection controls c-Myc levels posttranscriptionally
is through protein stabilization.

Inhibition of JNK leads to loss of c-Myc upregulation in in-
fected cells. JNK is known to be one of the regulators of c-Myc
transcription and protein stability (36, 38–40). To test the involve-
ment of JNK in Toxoplasma-mediated c-Myc induction, HFFs
were pretreated with a specific inhibitor of JNK 30 min prior to
Toxoplasma infection or FBS treatment. Lysates of infected cells

were prepared at 5 hpi (this early time point was chosen to reduce
the possibility of off-target effects that could result in decreased
parasite growth and thereby decreased c-Myc abundance). Visual
analysis of the cells in addition to anti-SAG1 staining was used to
ensure that similar levels of infection were achieved across the
samples. Western blot analysis revealed dramatically decreased
levels of c-Myc in infected cells treated with JNK inhibitor com-
pared to the untreated infected cells (Fig. 6). As expected, FBS-
stimulated cells also exhibited a decrease of c-Myc in the presence
of the JNK inhibitor (Fig. 6). These data suggest that the JNK
signaling pathway plays a role in the induction of c-Myc by Tox-

FIG 4 c-Myc is transcriptionally regulated in Toxoplasma-infected cells. (A) RAW 264.7 macrophages were infected with Toxoplasma RH parasites at an MOI
of 3 [Toxo (24hpi)], or treated with syringe-lysed uninfected HFF cultures (Mock), in duplicate. At 24 hpi, RNA was prepared from each culture and analyzed
by hybridization to microarrays. The graph depicts the fold increase in c-Myc mRNA abundance relative to mock-treated cells. (B) Cells expressing a reporter
containing the fusion of the c-Myc promoter with a luciferase coding region (Luc) were infected with Toxoplasma (Toxo) at an MOI of 0.1 or 1 or Neospora (Neo)
at an MOI of 1 or were treated with 20% FBS (FBS) as a positive control for c-Myc induction. Infected cells were lysed 20 hpi, and lysates were analyzed for
luminescence upon addition of luciferin substrate. All values are relative to mock-infected samples. Statistical analysis was done by unpaired t test; a double
asterisk (**) indicates P � 0.005.

FIG 5 Toxoplasma infection leads to stabilization of c-Myc protein. (A) Reporter cells expressing either the c-Myc coding region fused to GFP and driven by a
CMV promoter (pCMV-c-Myc-GFP) (top panels) or the pCMV-GFP control (bottom panels) were infected at an MOI of 1 with Toxoplasma (Toxo, gray) or
Neospora (Neo, gray) or were mock infected (Mock, black). Cells were harvested 20 hpi and analyzed by flow cytometry. Highly infected cells were distinguished
by the presence of mCherry-expressing parasites, and the results for these cells only are shown. (B) HFFs were infected with Toxoplasma at an MOI of 1 for 20 h
or treated with medium containing 20% FBS for 2 h. Cell lysates were prepared at 0, 30, 60, 90, and 120 min after the addition of 30 �M cycloheximide (CHX).
Western blotting was done as described for Fig. 1A. GAPDH staining served as a loading control. The graph represents band intensities normalized to GAPDH
and relative to time zero. One phase decay curve was fitted to the data points.
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oplasma, although we cannot exclude the possibility that the in-
hibitor had an off-target effect on the host or parasite that caused
the observed decreases in c-Myc.

Upregulation of c-Myc correlates with increased binding of
c-Myc target DNA. To determine whether the upregulated c-Myc
is active as a transcription factor, we examined its ability to bind
the appropriate DNA elements, using an ELISA that measures the
binding of c-Myc to double-stranded oligonucleotides containing
a c-Myc consensus sequence. HFFs were either mock treated or
infected with Toxoplasma RH or Neospora, and FBS induction was
used as a positive control. Nuclear extracts of cells were prepared
at 20 hpi, and the DNA binding activity of c-Myc was assessed by
ELISA, where the levels of c-Myc bound to the target DNA were
detected by a primary c-Myc antibody and a secondary HRP-con-
jugated antibody. The results indicated that lysates of Toxoplas-
ma-infected cells exhibited a substantial level of DNA binding by
c-Myc relative to mock-treated cells whereas the Neospora-in-

fected cells did not (Fig. 7A). To establish that this increase in
DNA binding was sequence specific, we employed a competition
assay with oligonucleotides containing either wild-type or mu-
tated c-Myc binding sequences. These oligonucleotides were
added to nuclear extracts of Toxoplasma RH-infected HFFs, and
c-Myc binding to target DNA sequence was then assessed by
ELISA, as described above. The results showed that wild-type but
not mutant c-Myc binding sequences effectively blocked binding
by c-Myc in nuclear extracts of Toxoplasma-infected cells, reduc-
ing it to the levels seen for the mock-treated or Neospora-infected
cells (Fig. 7B). Hence, the c-Myc protein induced by Toxoplasma
infection exhibits increased target DNA binding and is, therefore,
likely active as a transcription factor in such cells.

c-Myc-regulated target genes are induced in Toxoplasma-in-
fected cells. Infection with Toxoplasma tachyzoites is well known
to substantially regulate a large number of host genes (9). To assess
whether c-Myc upregulation contributes to this effect, we asked
whether there is enrichment for c-Myc-regulated genes among the
genes whose expression is modulated in infected cells. This was
done by microarray analysis of RNA generated from RAW mac-
rophages infected at an MOI of 3 with Toxoplasma RH tachyzoites
for 24 h. From this data set, significantly regulated genes (those
that exhibited at least a 1.5-fold change relative to the levels in
mock-infected cells) were selected and inputted into the
ENCODE ChIP-Seq Significance tool analysis (27) (http:
//encodeqt.stanford.edu/hyper/). The results of this analysis indi-
cated that c-Myc target genes are highly enriched among the genes
that are regulated during Toxoplasma infection (q-value 	
1.26e-4; q-value is defined as the minimum false discovery rate at
which a transcription factor can still be considered significant
(27). Among the other transcription factors whose target genes
were regulated in infected cells were NF-�B (q-value 	 2.64e-6),
previously shown to control transcription in Toxoplasma-infected
cells (15), and the c-Myc binding partner, Max (q-value 	 3.22e-
4). The 50 c-Myc target genes that showed the greatest change
upon Toxoplasma infection were all increased in expression rela-

FIG 6 JNK inhibitor treatment abolishes induction of c-Myc in Toxoplasma-
infected cells. HFFs were treated with 25 �M JNK inhibitor or with DMSO for
30 min prior to infection. Cells were infected at an MOI of 1 with Toxoplasma
RH parasites or mock infected, and cell lysates were harvested 5 hpi. FBS-
stimulated cells pretreated with either JNK inhibitor or DMSO served as a
control for JNK inhibition. Whole-cell lysates were subjected to Western blot
analysis using anti-c-Myc and anti-GAPDH antibodies. Anti-SAG1 was used
to ensure that similar levels of infection were achieved in all samples.

FIG 7 c-Myc target DNA binding is increased in Toxoplasma-infected cells. (A) HFFs were infected at an MOI of 1 with Toxoplasma (Toxo, black) or Neospora
(Neo, white), mock treated, or FBS treated (FBS, gray). Nuclear extracts from cells were prepared at 20 hpi and added in increasing amounts (�g/well) to wells
containing double-stranded oligonucleotides representing the c-Myc consensus binding sequence. Binding of c-Myc was detected by a primary antibody specific
to c-Myc and an HRP-conjugated secondary antibody. After addition of HRP substrate, colorimetric change in all wells was detected by a plate reader. FBS
induction served as a positive control for c-Myc induction using the 2.5 �g/well amount. All values are relative to the results obtained with mock-treated cells at
the relevant concentration. (B) HFFs were infected at an MOI of 1 with Toxoplasma (Toxo) or Neospora (Neo), and nuclear extracts were prepared at 20 hpi. A
20-pmol volume of oligonucleotides containing the wild-type or mutated c-Myc binding sequence was added to 10 �g of nuclear extracts. The binding of c-Myc
to wells coated with c-Myc target DNA was detected as described for panel A. Nuclear extract of Jurkat cells served as a positive control. All values are relative to
mock-treated cells. Statistical analysis was done by unpaired t test; “ns” indicates that the results were not significant (P 
 0.05), and a double asterisk (**)
indicates P � 0.005.
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tive to the levels in uninfected cells and are represented in a heat
map (Fig. 8). The finding that all of these most highly regulated
c-Myc target genes were upregulated (as opposed to repressed)
could be due to the fact that the host cells used for the infections
were in stationary phase when infected and so genes that c-Myc
downregulates might have already been at a low expression level.
In addition, downregulation is typically more difficult to detect
when studying cell-autonomous effects such as the c-Myc activa-

tion we report here because uninfected cells are not affected and
thus dampen the average apparent effect. Lastly, studies on c-Myc
in other settings have noted that it more often functions as a gene
inducer than as a repressor (41, 42).

IPA of the c-Myc target genes regulated during Toxoplasma
infection revealed that there is a significant enrichment of genes
known to be involved in host functions such as cellular develop-
ment (P � 0.001), cellular growth and proliferation (P � 0.001),
immune function (P � 0.001), cell death and survival (P � 0.001),
and metabolism (P � 0.001). Interestingly, many of the Toxoplas-
ma-induced c-Myc targets in our data set have been shown to be
positive regulators of cell survival and viability and negative reg-
ulators of apoptosis and cell cycling (specifically, genes regulating
the G2/M checkpoint were enriched [P 	 0.00132]), which is con-
sistent with previous reports on the regulation of apoptosis and
cell cycle by this parasite (43–45). Altogether, these data suggest
that the upregulation of c-Myc in Toxoplasma-infected cells has a
substantial impact on the host transcriptome and, likely, the over-
all phenotype of the infected cell.

DISCUSSION

Here we described a novel interaction between Toxoplasma gondii
and the infected host cell involving c-Myc, a key host transcrip-
tional regulator. The observation that c-Myc induction occurs
only in Toxoplasma-infected cells (and not in the neighboring
uninfected cells), together with the result that heat-killed parasites
lose the c-Myc phenotype, strongly suggests that a Toxoplasma
effector exists that is secreted into the host cell and co-opts host
c-Myc. Our results with 4-BPB suggest that the protein involved
does not originate in the rhoptries, as parasites that were able to
invade, a process that requires rhoptry protein injection, did not
exhibit c-Myc induction. The injection of rhoptry proteins in the
presence of 4-BPB into these cells was further indicated by the fact
that the host cells turned green, a process dependent on injection
of the rhoptry-originating Cre recombinase. Although we cannot
exclude the possibility that 4-BPB treatment prevented the secre-
tion of the required amount of rhoptry proteins within the time
frame necessary for c-Myc induction, overall our data are most
consistent with the c-Myc-inducing effector originating from the
dense granules. These secretory organelles are thought to release
their contents after invasion and throughout the process of intra-
cellular growth (46), and it is, therefore, likely that a halt in para-
site growth, as occurs with 4-BPB treatment, would substantially
decrease the amount of dense granule proteins introduced into
the infected host cell.

A growing number of dense granule proteins (GRAs) have re-
cently been described that interface with the host cell in important
ways, including effects on gene expression; e.g., Toxoplasma dense
granule protein GRA15 has been shown to regulate host NF-�B
(15), Toxoplasma factor GRA16 has been shown to subvert the
host p53 pathway (5), and GRA24 has been found to regulate p38
MAP kinase of the host (32). The hypothetical effector involved in
c-Myc upregulation could act either directly or indirectly via ma-
nipulation of the many pathways Toxoplasma infection is known
to impact, such as STAT-3 (1, 47), NF-�B (15, 48), PI3 kinase (49,
50), and MAP kinases (36, 39, 51). Our results with the ROP16,
GRA15, and GRA24 knockouts indicate that these effectors are
not responsible for the Toxoplasma-dependent c-Myc induction,
suggesting that STAT-3, NF-�B, and p38 MAP kinase are not in-
volved in c-Myc induction in infected cells. Our JNK inhibition

FIG 8 Toxoplasma-infected cells show altered RNA levels for genes known to
be regulated by c-Myc. Infection of RAW 264.7 cells and subsequent microar-
ray analysis were performed as described for Fig. 4A. The ENCODE ChIP-Seq
Significance Tool (http://encodeqt.stanford.edu/hyper/) was used to identify
the enriched ENCODE transcription factors that regulate host genes whose
expression was significantly different in the Toxoplasma-infected cells relative
to the mock-infected cells. Of the host genes found by ENCODE ChIP-Seq
Significance analysis to be c-Myc targets, the 50 most highly regulated are
depicted in the heat map. These 50 genes are shown in descending order, with
the first, MARCKS, showing the highest fold difference between the average
results determined for two biological duplicates of Toxoplasma-infected sam-
ples and the average results determined for two mock-infected samples as
determined by microarray analysis. The scale bar indicates the colors corre-
sponding to log2 values for the two mock-infected (mk1 and mk 2) and the two
RH-infected (WT1 and WT2) samples.
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data suggest that the unidentified Toxoplasma effector could act
through the JNK pathway to induce c-Myc. We cannot, however,
exclude the possible involvement of other MAP and PI3 kinase
pathways yet to be investigated.

As mentioned above, Toxoplasma is known to regulate con-
served host pathways, and it is believed that its broad host range is
due to its ability to co-opt almost any host cell it infects. It is,
therefore, not surprising that c-Myc, a highly conserved regulator
(human and mouse c-Myc homologs have 90.3% amino acid
identity, and c-Myc homologs in human and chicken contain
72.5% amino acid identity), is targeted during Toxoplasma infec-
tion. The finding that c-Myc is induced by all three major types of
Toxoplasma further suggests that this interaction plays an impor-
tant role in the biology of this parasite. The finding that a closely
related apicomplexan parasite, Neospora caninum, lacks the c-Myc
phenotype uncovers yet another example of differences in how
these two parasites evolved to interact with their host cells and
suggests that c-Myc induction has a Toxoplasma-specific function.
This interaction, in addition to the other pathways differentially
regulated by the two parasites (e.g., p38 MAPK regulation by the
parasite factor GRA24 [32]), could potentially explain the great
difference in the host ranges of the two apicomplexan organisms.
Importantly, our experiments involving heat-killed and 4-BPB-
treated parasites showed that this induction is actively elicited by
the parasite, suggesting that it is not an immune host response
mediated by sensing of the parasite’s surface.

c-Myc is upregulated during infection by another apicompl-
exan parasite, Theileria (52). It is not yet clear whether the induc-
tion of c-Myc in Theileria- and Toxoplasma-infected cells occurs
by related mechanisms; however, our data indicate that, similarly
to Theileria infection, host c-Myc is upregulated in Toxoplasma-
infected cells by both transcriptional activation and protein stabi-
lization. It has been reported that c-Myc has antiapoptotic effects
in the context of Theileria infection that result in transformation
of lymphocytes (52). Although transformation has not been re-
ported in Toxoplasma-infected cells, possibly due to the fact that
lysis of the infected host cell precedes its transformation, the abil-
ity of Toxoplasma to regulate apoptosis in infected host cells has
been previously described (45), and this effect could facilitate Tox-
oplasma proliferation. Consistent with these findings are the IPA
results showing that many of the induced c-Myc targets are known
to be negative regulators of apoptosis.

We have attempted to address the role of c-Myc upregulation
in Toxoplasma growth using RNA interference (RNAi) to knock
down its expression (c-Myc knockouts are embryonically lethal
[14] and so cannot be used). These experiments were uninforma-
tive, however, because the knockdown of c-Myc rapidly caused
the host cells to become nonviable, independently of any infection
(data not shown). In addition, we tested the effects of a chemical
inhibitor of c-Myc, 10058-F4 (53), and found that the growth
of Toxoplasma tachyzoites was inhibited in cells treated with this
inhibitor. While consistent with the possibility that c-Myc up-
regulation plays a role in Toxoplasma growth, these results are
inconclusive as the growth of Neospora was also halted, suggesting
that 10058-F4 has nonspecific effects on the parasites themselves
or on some other host factor that both require (data not shown).

Among the Toxoplasma-induced c-Myc targets are genes that
belong to networks responsible for regulating pathways critical for
cell function such as cell proliferation, apoptosis, metabolism, and
immune function. As an obligate intracellular parasite, Toxo-

plasma depends on its host to supply small molecules such as
glucose or amino acids (54). Therefore, a possible role of c-Myc
regulation could be to manipulate host metabolic pathways to
ensure that Toxoplasma tachyzoites have enough nutrients to
scavenge from their host. Another possibility is that Toxoplasma
co-opts c-Myc to regulate the host cell cycle. Our findings using
IPA of gene expression changes in Toxoplasma-infected cells are
consistent with previous reports that have shown that Toxoplasma
can induce host cell cycle arrest at a G2/M checkpoint (43, 44).
Restricting the proliferation ability of the host cell could be a
strategy to ensure that enough nutrients are available for the
parasite instead of being utilized by the host cell. Like Theileria,
Toxoplasma may be manipulating c-Myc to prevent host apopto-
sis and prolong survival, thereby securing its intracellular niche.
Similarly, c-Myc-mediated regulation of host immune function
could serve as protection from host immune recognition, en-
abling Toxoplasma to survive and proliferate inside the host. De-
termining the precise role of c-Myc upregulation during Toxo-
plasma infection will require the identification and subsequent
deletion of the Toxoplasma factor responsible for this effect so that
the impact of such a deletion can be assessed during in vitro and in
vivo growth.
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