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ABSTRACT: The PE/PPE family of proteins which are in high abundance in pathogenic species such as Mycobacterium
tuberculosis and M. marinum, play the critical role in generating antigenic variation and evasion of host immune responses.
However, little is known about their functional roles in mycobacterial pathogenesis. Previously, we found that PPE38 is
associated with the virulence of mycobacteria, presumably by modulating the host immune response. To clarify the link between
PPE38 and host response, we employed a subcellular, amino acid-coded mass tagging (AACT)/SILAC-based quantitative
proteomic approach to determine the proteome changes during host response to M. marinum PPE38. As a result, 291 or 290
proteins were found respectively to be up- or down-regulated in the nucleus. Meanwhile, 576 upregulated and 272
downregulated proteins were respectively detected in the cytosol. The data of quantitative proteomic changes and concurrent
biological validations revealed that M. marinum PPE38 could trigger extensive inflammatory responses in macrophages, probably
through interacting with toll-like receptor 2 (TLR2). We also found that PPE38 may arrest MHC-1 processing and presentation
in infected macrophages. Using bioinformatics tools to analyze global changes in the host proteome, we obtained a PPE38-
respondor network involved in various transcriptional factors (TFs) and TF-associated proteins. The results of our systems
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■ INTRODUCTION
Tuberculosis, caused by Mycobacterium tuberculosis, is still a
serious threat to public health. At present, approximately one-
third of the world’s population is infected by M. tuberculosis
(WHO, http://www.who.int/mediacentre/factsheets/fs104/
en/). As the major host cells, macrophages are the primary
niche for infection bymycobacteria. Many macrophage receptors
are involved in phagocytosis of mycobacteria, such as comple-
ment receptor, mannose receptor, and CD14.1,2 To promote
their survival under the pressure of host response,M. tuberculosis
bacteria counteract certain cell biological and immune processes
involved in the host response, including antigen presentation,
pro-inflammatory cytokine secretion and phagosome matura-
tion, so it can survive inside host cells.3

In the M. tuberculosis genome, two distinctive protein families
have been known as the proline−glutamic acid (PE) and the
proline−proline−glutamic acid (PPE) families, which represent
about the 10% of the coding genes of the genome.4 The PE/PPE
families contain a large number of repeat units and have been
implicated as restructuring and mutation hotspots.5,6 As such,
researchers have speculated that M. tuberculosis may undergo
antigenic variation within these regions, thereby escaping the
immune response of the host cells.4,6 Among theMycobacterium
genus, Mycobacterium marinum has the most PE/PPE family
members,7 and is closely related to M. tuberculosis,8 which
therefore is an ideal model system to study M. tuberculosis
pathogenesis.9,10 PPE24 and PPE53 are major virulence factors
of M. marinum, playing regulatory roles in cell invasion and
survival inside macrophages.11 Mutation of M. marinum ESX-5,
which functions in the secretion of many PE and PPE family
members, is capable of triggering amacrophage-mediated immune
response.12 Exogenous expression of the PPE37 protein in M.
smegmatic-infected macrophages results in lowered expression levels
of tumor necrosis factor alpha (TNF-α) and interleukin 6 (IL-6),
contributing to the suppression of the proinflammatory cytokine-
mediated response as well as inhibited clearance ofMycobacterium.13

Recently, emerging attention has been paid to possible functions of
PPE proteins in host response although preliminary studies described
PPE proteins as potential antigens.14−16

The PPE38 gene (Rv2352c) is located in the region of difference
7 (RD7) of M. tuberculosis. The RD regions generally exist in the
genome of virulent strains ofM. tuberculosis, but they are absent in
the bacillus Calmette−Gueŕin(BCG) genome. Due to gene
recombination, it has been suggested that the ppe38 region may
have little impact on the pathogenicity of Mycobacterium, as
indicated by the high degree of polymorphisms in this region.5

However, PPE38 was found highly expressed 90 days after guinea
pigs were infected withM. tuberculosis, implicating the function of
PPE38 in the pathogenicity of M. tuberculosis.17

Our previous studies identified the mutant strains of ppe38
(05B1) by screening a MycoMarT7 mariner transposon
mutagenesis library.18 Further study found that PPE38 was
localized in the cell wall, and disruption of PPE38 resulted in
reduced secretion of TNF-α and IL-6 and a decreased ability to
invade macrophages. Adult zebrafish infected with the PPE38
mutant survived longer and exhibited reduced pathology. On the

basis of these observations, we reason that PPE38 may play a
direct role in the virulence of Mycobacteria, presumably by
modulating the host immune response.18

In the present study, we employed our amino acid-coded mass
tagging (AACT)- or SILAC-assisted quantitative proteomics19−21

to comparatively determine the host proteome changes when the
host macrophages were infected respectively by the wild-type
(WT) vs a mutant M. marinum strain, 05B1. Following AACT
metabolic labeling, the infection, the subcellular fractionation, and
equally mixing of WT-infected and 05B1-infected to minimize
possible experimental variations,20,22 LC−MS/MSwas performed
to identify and quantify those host proteins showing changes
during the macrophage exposure to the WT vs mutant strain. We
found that the PPE38 protein of M. marinum not only could
promote TLR2-mediated secretion of TNF-α and IL-6 but could
also participate in antigen processing and presentation.
Furthermore, those transcription factors (TFs) and TF-associated
proteins which related to the function of PPE38were studied using
bioinformatics methods, and the links between TFs and the
corresponding biological processes were determined. Regarding
the systems view, our results facilitate understanding how PPE
modulates the host response through particular regulatory
pathways and provide insight into the prevention and treatment
of tuberculosis.

■ MATERIALS AND METHODS

Chemicals

The components of common and labeling cell culture media were
fromGibco and Sigma, respectively. Fetal bovine serum (FBS)was
purchased from Gibco, and dialyzed FBS was obtained from
Invitrogen (26400-044). Deuterium-labeled leucine (leucine-d3)
was purchased from Cambridge Isotope (Andover, MA). Trypsin
was purchased from Promega (Madison, WI).
TLR2 antibody was purchased from Millipore (NG1897884);

CD14 antibody was obtained from BD Biosciences (553738);
PCNA antibody was purchased from Bioworld Consulting
Laboratories (BS1289); antibodies against CHEK1 (10362-1-
AP), GAPDH (60004-1-Ig), IRF5 (10547-1-AP), and BAK
(14673-1-AP) were obtained from Proteintech Group; ERK1/2
and P38 antibodies were purchased from ANBO (CO185,
BO798); antibody for PARP1 was obtained from Cell Signaling
Technology (#9542); anti-human TLR2 Ab was purchased from
Biolegend (309709); isotype control for IgG2a,κ was obtained
from Ebioscience (14-4724-81).
Bacterial Strains, Media, and Growth Conditions

TheM. marinumM strain (ATCC BAA-535) was obtained from
L. Ramakrishnan (University of Washington, Seattle). Strain
05B1 (MMAR_3661::φMycoMar) was generated by transposon
mutagenesis of the M strain of M. marinum.15 M. marinum cells
were grown at 32 °C in Middlebrook 7H9 broth (BD, 3349030)
supplemented with 0.2% glycerol and 10% oleic acid-albumin-
dextrose-catalase (OADC) (Difco) or on Middlebrook 7H10
agar (BD, 1097997) supplemented with 0.5% glycerol and 10%
OADC. When necessary, the growth medium was supplemented
with kanamycin at 50 μg/mL.

investigation now indicate that there is cross-talk involving a broad range of diverse biological pathways/processes that coordinate
the host response to M. marinum PPE38.

PPE38, M. marinum, Amino acid-coded mass tagging/stable isotope labeling with amino acid in cell culture,
LC−MS/MS, toll-like receptor 2, major histocompatibility complex 1, transcription factors,
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Cell Culture and AACT/SILAC Labeling

The murine macrophage cell line RAW264.7 (ATCC TIB71)
was maintained at 37 °C in 5% CO2 in Dulbecco’s Modified
Eagle’s Medium (DMEM), supplemented with 10% fetal bovine
serum (FBS), and 10 mM HEPES. Similar to the procedures of
AACT/SILAC-labeling previously reported,23 we labeled the
cells through seven passages. Leu-d3-containing peptides derived
from β-actin were extracted from the labeled cells, the efficiency/
extent of the label was examined by using MALDI-TOF 4700
(Applied Biosystems) (Figure 1 in the Supporting Information
[SI]), the results were the same as reported previously.23

Infection of RAW264.7 Macrophages by M. marinum

The single-cell suspension of bacteria was prepared by shaking with
glass beads, followed by low-speed centrifugation, and passing
through a 5-μmsyringe filter to remove bacterial aggregates. Prior to
infection, RAW264.7 cells were seeded into a 10 cmdish at a density
of 5 × 105 cells per well and maintained at 37 °C in 5% CO2. After
overnight growth, the RAW264.7 cells were infected. Spent media
was replaced with 20 mL of fresh DMEM media containing 10%
FBS and sufficientmycobacteria to achieve amultiplicity of infection
(MOI) of 10 (i.e., ten bacteria for one macrophage). The infection
was allowed to proceed for 4 h at 32 °C in 5% CO2. The number of
intracellular mycobacteria was enumerated by plating appropriate
dilutions on Middlebrook 7H10 agar plates.
The Neutralization of TLR2 Receptor and Cytokine Assay

The THP-1 cells were maintained at 37 °C in 5% CO2 in RPMI-
1640 media (Gibco) supplemented with 10% FBS. Prior to
experiment, THP-1 cells were differentiated into macrophages in
96-well plates (0.5 × 106 cells/well) with 200 nM PMA (Sigma)
for 24 h and then incubated with fresh media without PMA for
24 h. THP-1 cells were treatedwith anti-humanTLR2Ab or isotype
(IgG2a,κ) control Ab for 120 min at 37 °C and then infected with
mycobacteria at MOI of 10 for 4 h at 32 °C. The extracellular
bacteria were removed by washing and then treated with
200 μg/mL gentamicin for 2 h. THP-1 cells were then maintained
in RPMI-1640 (10% FBS) supplemented with 20 μg/mL of
gentamicin. At 24 h post infection, cell-free supernatants were
collected and cytokine productions determined by enzyme-linked
immunosorbent assay (ELISA) according to the manufacturer’s
instructions (BD Biosciences).
Subcellular Fractionation

Cytosolic and nuclear fractions were prepared using a nuclear
protein extraction kit (Beyotime Biotechnology). The protein
concentrations were determined using the bicinchoninic acid
assay kit (Beyotime Biotechnology).
Protein Separation, Band Excision, In-Gel Trypsin Digestion,
and Peptides Extraction

The cytoplasmic or nuclear fractions derived from WT-stimulated
and 05B1-stimulated cells were mixed 1:1 on the basis of the total
protein mass, respectively. Samples were separated by 12% SDS-
PAGE and stained with Coomassie Brilliant Blue (CBB).
Following the protocol described previously,24 the SDS-PAGE

gel of cytoplasmic fractions were cut into 19 slices, and those of
nuclear factions were cut into 13 slices. The gel slices were
washed with Milli-Q water, and CBB dye was removed with 50%
ACN/50mM ammonium bicarbonate for 15min. Gel slices were
dehydrated twice in 100% ACN for 30 min and reconstituted
overnight at 37 °C with an in-gel digestion reagent containing
10 ng/μL sequencing grade trypsin. The tryptic peptides were
extracted from the gel pieces with 50% ACN/0.1% TFA and
lyophilized for 4 h.

LC−MS/MS

LC−MS/MS experiments were performed on a hybrid linear
quadrupole ion trap/Orbitrap (LTQ Orbitrap) mass spectrometer
(Thermo Finnigan, Bremen, Germany) coupled to a Shimadzu LC-
20AD LC system (Shimadzu, Japan) and SIL-20AC autosampler
(Shimadzu, Japan). Tryptic peptides were redissolved in 30 μL of
0.1% FA solution and chromatographically separated on a C18
column (0.1 mm× 150 mm 5μ 200A; Michrom). Each sample was
loaded in solvent A (95% H2O/5% ACN/0.1% FA) and followed
by gradient elution of 5−45% solvent B (5%H2O/95% ACN/0.1%
FA) over 90 min with a flow rate of 500 nL/min. The entire eluant
was sprayed into the mass spectrometer via a dynamic nanospray
probe (Thermo Fisher Scientific) and analyzed in positive mode.
The 10most abundant precursor ions detected in the fullMS survey
scan (m/z range of 400−2000,R = 60,000) were isolated for further
MS/MS analyzing. Spectra were acquired under automatic gain
control (AGC) in onemicroscan for survey spectra (AGC: 106) and
in three microscans for MS/MS spectra (AGC: 104).
Database Search, Protein Identification, and Quantification

Protein identification and quantification were performed with
MaxQuant version 1.2.0.18. Data were searched using the
Andromeda search engine against the IPI mouse database (3.68;
56,729 entries). The mass tolerances for precursor and fragment
ions were initially set to 20 ppm and 0.5 Da, and then
recalibration was done in silico. Variation modifications included
methione oxidation (15.9994 Da) and protein N-terminus
acetylation (42.0106 Da) and leucine-d3 (3.0188 Da). Peptides
with lengths of a minimum of six amino acids were considered
with both the peptide and protein FDR set to 1%. The light- (L)
and heavy-isotope (H) peptide elution profiles were isolated
automatically. The area of each peptide peak was determined, and
the abundance ratios (H/L) based on these areas were calculated to
determine the threshold of the quantitative baseline that could be
used to distinguish these different protein expressions. The nuclear
and cytoplasmic proteins were normalized by nucleolin and tubulin,
respectively. With these controls of subcellular markers, the ratios of
all other proteins were calibrated accordingly.
Immunoblotting

Protein samples were separated by SDS-PAGE and transferred onto
PVDF membranes. The membranes were blocked with TBST
containing 5% nonfat milk and were incubated with the specified
primary antibodies overnight followed by incubationwith secondary
antibody conjugated with horseradish peroxidase. ECL substrate
(Millipore, WBKLS0500) was added on the membranes and
exposed using ECL systems (Las 3000, Fujifilm, Japan)
Functional Clustering and Network Analysis

The quantified proteins were submitted to DAVID (http://
david.abcc.ncifcrf.gov/) to obtain their known biological
processes and molecular functions. Proteins involved in signaling
pathways were categorized by PANTHER (http://www.
pantherdb.org/). According to their categorized function, a
network was constructed by STRING (http://string-db.org/).
The links in the network were edited by the software Medusa
(http://www.foofus.net/∼jmk/medusa/medusa.html) or Cyto-
scape (http://www.cytoscape.org/).

■ RESULTS AND DISCUSSION

Identification and Quantification of Proteins Showing
PPE38-Dependent Changes in Their Expressions

To identify/profile the proteins associated with PPE38 function,
we designed an AACT-based quantitative proteomic approach.
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As shown by Figure 1, the macrophage cells (RAW264.7) grown
in either “light” (leucine-d0) (L) or “heavy”medium (leucine-d3)

(H) were respectively infected by either 05B1 mutant or wild-
type (WT) M. marinum for 4 h. Either the cytoplasmic or the

Figure 1. Schematic describing the AACT/SILAC quantitative proteomic approach for protein extraction.

Figure 2. Analyses of biological processes and distribution of differentially expressed proteins in PPE38-stimulated macrophages identified by MS. The
proteins whose H/L ratios were greater than 1.2 or less than 0.8, were submitted to PANTHER (http://www.pantherdb.org/) to obtain information
about their associated biological processes.
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nuclear fractions derived from each cell pool were mixed at 1:1
on the basis of the total protein mass, respectively, followed by
SDS-PAGE separation, in-gel trypsin digestion, peptide extrac-
tion, and LC−MS/MS analysis. The effectiveness of subcellular
fractionation was also examined by both cytoplasmic and nuclear
markers (Figure 2 in SI), indicating the purity of the separation.
Using the threshold for protein identification as previously

described,25 a total of 3875 proteins were identified and
quantified. Among them, 2394 are in the cytoplasmic fraction,
and 1481 are in the nuclear fraction (see Tables 1 and 2 in SI).
The H/L (wild type/mutant) ratio of either nucleolin or tubulin,
which are high-abundant proteins known to locate in the nucleus
or the cytosol, respectively, were found at close to 1:1. We then
used these ratios to normalize other proteins identified in nuclear
or cytoplasmic fractions accordingly. Referring to the criteria
previously described,23,26,27 we considered the proteins showing
20% or more changes in their abundances as the differentially
expressed proteins. Meeting this threshold, 291 upregulated and
290 downregulated proteins were found in the nucleus along
with 576 upregulated and 272 downregulated proteins in the
cytosol. Meanwhile, only 103 differentially expressed proteins
were identified in both the nucleus and cytosol (Figure 2B in the SI),
indicating the high purity of our subcellular fractionation.

Functional Categorization of the Differentially Expressed
Proteins in the Macrophages Infected by Wild-Type vs Its
05B1 Mutant

To clarify those biological processes of the differentially
expressed proteins, we utilized PANTHER (http://www.
pantherdb.org/) to classify these proteins on the basis of their
known functions. As shown in Figure 2, most of the identified
cytosolic proteins were involved in protein metabolism, signal
transduction, immunology, cell cycle, or apoptosis. The nuclear
proteins were primarily involved in nucleic acid metabolism,
signal transduction, and cell cycle. The proteins that were
differentially expressed in cytosol and nucleus following PPE38

stimulation were involved in each large functional category
including signal transduction, immunity and defense, apoptosis
and response to stress (Figure 2). It is inferred that PPE38 could
elicit a series of intracellular signaling cascades such as TLR
signaling, NF-κB-regulated signaling, and PI3K signaling. Here
our data further indicated that PPE38 played a coordinated role
in promoting the cross-talk among these pathways involved in
the host immune response and defense.
We further analyzed the relevance of the functions of all of the

differentially expressed proteins. The primary functional
categories included nucleic acid binding, oxidoreductase, protein
binding, hydrolase, and cytoskeletal proteins (Figure 3 in the SI).
Mitochondrial damage is known to regulate the outcome of
macrophage infection with M. tuberculosis,28,29 and mitochon-
drial intermediates are also involved in the apoptosis induced by
PE-PGRS33.30,31 In our results, many differentially expressed
proteins were functionally classified as oxidation hydrolases,
indicating that mitochondrial intermediates were involved in the
response of macrophages to PPE38 stimulation.

PPE38 Activates Multiple Pathways Downstream of TLR2,
Involving the Activation of Proinflammatory Programming

To clarify the mechanism by which PPE38 interacts with
macrophages, we used PANTHER (http://www.pantherdb.org/)
to determine the proteins engaged in the TLR, NF-κB, MAPK, and
IRF signaling pathways (Table 1). Subsequently, we compared
this list with those differently expressed proteins identified in the
present study to reconstruct an interaction network (Figure 3) using
STRING (http://string-db.org/).
OurMS analysis indicated that TLR2 was increased by 1.2-fold

in WT-infected macrophages compared to TLR2 in 05B1-
infected macrophages while other TLR family members were not
detected. Previous studies have found that the PE/PPE proteins
could induce macrophages to secrete TNF-α, IL-10, IL-12, and
other cytokines, resulting in apoptosis or dendritic cell (DC)
maturation and activation, and these processes are mostly

Table 1. Quantified Proteins Involved in Toll-Like Receptor, NF-κB, MAPK, and IRF Signal Cascades

Uniprot_ID locationa gene symbol protein descriptions Pepb(pepc) coverage [%] H/L ratiod variabilitye [%]

Q63932 cytosol Map2k2 dual specificity mitogen activated protein kinase kinase 2 6(2) 7.50 1.167 20.18
P31938 cytosol Map2k1 dual specificity mitogen activated protein kinase kinase 1 11(7) 21.40 0.746 123.62
P63085 cytosol Mapk1 mitogen-activated protein kinase 1; ERK2 11(8) 29.30 0.917 27.47
P63085 nuclear Mapk1 mitogen-activated protein kinase 1 5(5) 14.00 0.758 62.99
Q9JHG7 cytosol Pi3kcg phosphatidylinositol 3-kinase gamma isoform 4(4) 3.80 1.311 79.70
Q9JHG7 nuclear Pi3kcg phosphatidylinositol 3-kinase gamma isoform 2(2) 3.20 0.025 483.36
O55222 cytosol Ilk integrin-linked protein kinase 6(6) 13.70 1.206 9.54
O55222 nuclear Ilk integrin-linked protein kinase 9(9) 21.50 1.244 43.81
Q8VHJ6 cytosol Nfat5 nuclear factor of activated T-cells 5 isoform b 11(11) 10.30 1.966 82.61
Q8VHJ6 nuclear Nfat5 nuclear factor of activated T-cells 5 isoform b 7(7) 5.30 0.947 36.16
P56477 cytosol Irf5 interferon regulatory factor 5 7(7) 14.90 1.398 23.37
P56477 nuclear Irf5 interferon regulatory factor 5 6(6) 13.30 0.971 11.02
Q9QUN7 cytosol Tlr2 toll-like receptor 2 11(11) 17.10 1.879 33.01
P25799-5 cytosol Nfkb1 nuclear factor kappa-B, subunit 1 2(2) 2.50 0.959 34.05
P25799-5 nuclear Nfkb1 nuclear factor kappa-B, subunit 1 1(1) 1.60 2.063 61.06
P06804 cytosol Tnfa tumor necrosis factor alpha 1(1) 5.10 0.485 112.41
P10810 cytosol Cd14 monocyte differentiation antigen CD14 2(2) 6.60 3.094 24.80
P22366 cytosol Myd88 myeloid differentiation primary response protein MyD88 4(4) 15.20 0.754 39.31
P70671 cytosol Irf3 interferon regulatory factor 3 2(2) 5.00 1.320 7.94
Q9WUN2 cytosol Tbk1 serine/threonine-protein kinase TBK1 5(5) 8.60 0.846 25.02
Q9QZL0 cytosol Ripk3 receptor-interacting serine/threonine protein kinase 3 8(8) 21.00 1.220 25.58

aProtein identified in cytosol or nuclear fraction. bPeptide number matched to the protein. cPeptide number used to quantify the protein. dProtein
expression changes of WT-stimulated (H) vs 05B1-stimulated (L) macrophages. eVariability was calculated by the isotope intensity ratio from
multiple leucine-containing peptides.
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TLR2-dependent.31−33 To validate the interaction between
TLR2 and PPE38, we incubated PMA-differentiated THP-1
macrophages respectively withWT or 05B1 (MOI = 10) strain in
the presence of anti-TLR2 neutralization antibody (Ab) or
isotype control Ab, and found that anti-TLR2 Ab, and not
isotype control Ab, prevented PPE38-mediated IL-6 production
by 53% (Figure 4), all indicating that TLR2 was the possible
interacting partner of PPE38 during IL-6 activation.
Myeloid differentiation primary response protein 88 (Myd88)

is the common adapter protein of most of the TLR molecules
except for TLR3 to activate downstream signaling pathways.34

Our results showed that Myd88 was reduced by 25% in the
cytosol. Meanwhile, TLR signaling mainly results in activation of
three major families of proteins downstream that are critical for
activating inflammatory gene expression, including NF-κB/Rel,
interferon regulatory factors (IRFs), and MAPKs (i.e., ERK1/2,
JNK, and p38 mitogen-activated protein kinases).
NF-κB/Rel is a regulatory complex involved in transcription

and immune response to infection.35 Our results indicated that
NF-κB (p105/p50) was upregulated by 2.06-fold in the nucleus
and slightly downregulated in the cytosol. Given that the nuclear
translocation of NF-κB indicates the activation of its regulated
cytokine production, we concluded that PPE38 triggered the
activation of NF-κB-regulated inflammatory response of the
infected macrophages, which subsequently induced the secretion
of TNF-α and IL-6.
Interferon regulatory factor 5 (IRF5) and interferon regulatory

factor 3 (IRF3) were both upregulated by 1.4- and 1.3-fold
respectively in the cytosol. IRF3 is a key transcriptional factor
(TF) responsible for IFN-γ production.36,37 A recent report
demonstrated that IRF-3 could bind to the TNF promoter,
resulting in TNF dysregulation induced by chronic ethanol.38

Unlike IRF3, IRF5 plays a key role in the induction of pro-
inflammatory cytokines, including TNF, IL-6, and IL-12.39 IRF5
activation is not well understood, but it has been shown that TLR
signaling induces the formation of Myd88−IRF5−TRAF6
complexes,40 and this is probably followed by phosphorylation

at specific sites within the IRF5 C-terminal autoinhibitory
domain.41 Nuclear factor of activated T cells 5 (Nfat5) was
upregulated by 2.0-fold in the cytosol. This protein regulates
gene expression induced by osmotic stress in mammalian cells
and plays a central role in inducible gene transcription during the
immune response. NFAT5 binds to the TNF promoter and
activates TNF transcription under hypertonic conditions.42 In
other reports, NFAT5 has been shown to regulate the expression
of the TNF-α and lymphotoxin-b genes in osmotically stressed T
cells.43 On the basis of these observations, we speculated that IRF
and NFAT5 might be involved in the expression of IL-6 and
TNF-α.
The MAPK cascades are evolutionary conserved and

responsible for transducing diverse extracellular signals that
regulate multiple processes, including cell growth, proliferation,
differentiation, stress responses, apoptosis, and cytokine

Figure 3. Reconstructed network involving NF-κB, MAPK, IRF, and TLR signaling pathways in the early response to PPE38 stimulation. We used
PANTHER (http://www.pantherdb.org/) to acquire the key components (Table 1 in the SI), such as NF-κB, MAPK, IRF, and TLR, and submitted
them to STRING (http://string.embl.de/) for network construction. The network was modified using Medusa software.

Figure 4. PPE38 induced IL-6 production by TLR2. IL-6 production in
PMA-differentiated THP-1 macrophages was stimulated with WT and
05B1 (MOI = 10) in the presence of anti-TLR2 or isotype (IgG2a,κ)
control Ab (10 μg/mL). Results are mean ± SD of three different
experiments.
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secretion.44,45 ERK, JNK, and p38 are the major effectors in the
MAPK pathways and play key roles in activating downstream
signaling.46 Mitogen-activated protein kinase 1 (MAPK1, also
named ERK2) is localized to the cytoplasm. Upon activation by
dual phosphorylation, MAPK1 is translocated into the nucleus
and phosphorylates its nuclear targets.46 In our results, MAPK1
was decreased by 24% in the nucleus .Mitogen-activated protein
kinase kinase 1 (MAP2K1), which can phosphorylate ERK1 and
ERK2 to active them, was also decreased by 25% in the cytosol.
Hence, we speculated that the ERK pathway might not
participate in the function of PPE38. MAP kinase kinase kinase
kinase 5 (MAP4K5) acts as a link to the JNK pathway and47 was
upregulated by 1.7- fold in the cytosol. MAP kinase kinase 3
(MAP2K3), an upstream kinase related to p38 activation,48 was
upregulated by 1.6-fold in the cytosol. MAP kinase-activated
protein kinase 2 (MAPKAPK2), which is regulated through direct
phosphorylation by p38 MAP kinase,49 was decreased by 40% in
the nucleus. Although the expression of JNK or p38 remained little
changed in the cytosol, their phosphorylated forms may play the
functional roles. Results above suggested that PPE38 might active
the JNK and p38 pathways rather than that of ERK.
Phosphoinositide-3-kinase (PI3K) is known with its estab-

lished roles in regulation of cellular growth and inhibition of
apoptosis.50 Previous reports also suggested that the role of PI3K
in mycobacterial phagocytosis and in TNF-α expression is
dependent on the PI3K/Akt pathway.51 On the basis of the
results of our proteomic analysis, we found that phosphatidyli-
nositol-4,5-bisphosphate 3-kinase catalytic subunit gamma
(PIK3CG), an enzyme that phosphorylates phosphoinositides
and belongs to the PI3-kinase family, was upregulated by 1.3-fold
in the cytosol. However, in the cytosol, the expression of Akt was
unchanged, indicating that the expression of TNF-α could be
PI3K dependent. Stimulation of integrin-linked kinase (ILK)
activity is inhibited by inhibitors of PI3K, and expression of
constitutively active PI3K also results in constitutively increased
ILK activity, suggesting that ILK is a PI3K-dependent kinase.52

Consistent with previous reports, ILK was upregulated by 1.2-
fold in the cytosol in our experiments.
Previous studies have shown that cluster of differentiation 14

(CD14) is closely related to phagocytosis.2,53 Our previous study
found that the phagocytic ability of 05B1-stimulated macro-
phages was significantly decreased compared to WT-stimulated
macrophages.18 The present results further showed that CD14
was upregulated by approximately 3.0-fold in the cytosol,
suggesting that PPE38 played a role in phagocytosis via CD14.
In our data set, TNF-α was decreased by 52% in the cytosol,

whereas IL-6 was not detected. However, WT-stimulated
macrophages could promote higher expressions of TNF-α and
IL-6 compared to 05B1-stimulated macrophages, as shown by
our previous work.18 We therefore reasoned that undetectable
IL-6 could be caused by its secretion.

Our results indicated that a possible ‘cross-talk’ connection
involving key components of the MAPK, NF-κB, IRF, and PI3K
pathways could coordinate modulation of inflammatory factors
for the PPE38-induced TLR2-mediated early response. Togeth-
er, these results suggested that the PPE38 protein ofM. marinum
could combine with the cell surface receptor TLR2, activate
signaling pathways of PI3K and MAPKs, influence IRF, NF-κB,
and NFAT5 expression, and effect altered expression of TNF-α
and IL-6.
PPE38 Participates in Antigen Processing and Presentation

In the cytosol, we found that H2-L and H2-K were downregulated
by 59% and 50%, respectively, and that many proteins involved in
antigen processing and presentation were also downregulated
(Table 2), suggesting that the PPE38 protein of M. marinum may
participate in antigen processing and presentation.
M. marinum and M. tuberculosis are intracellular bacteria and

are able to subvert the host immune response. Furthermore, the
host immune response is largely available to control infection. In
this process, CD4+ T cells play a vital role, and CD8+ T cells are
also essential due to their ability to recognize intracellular infection.
Antigen presentation by major histocompatibility complex (MHC)
class I molecules enable CD8+ T cells to recognize intracellular
infection.
MHC class I molecules consist of two polypeptide chains, α-

and β2-microglobulin, whose assembly depends on multiprotein
peptide loading complex (PLC), which contains antigen peptide
transporter (TAP), TAP binding protein isoform 1 (TAPBP),
ERp57, calreticulin, and calnexin.54 In our study, TAP1, TAP2,
and TAPBP were shown to be decreased by 61%, 64%, and 66%
in the cytosol, respectively. TAP is an ATP-binding transporter
involved in translocation of peptides from the cytosol into the
endoplasmic reticulum and is involved in the final stage of MHC
class I folding.55 TAPBP facilitates loading of high-affinity
peptides onto MHC class I molecules. Subsequently, MHC class
I molecules are separated from the PLC and transported to the
cell surface for antigen presentation. MHC class I ligands are
mainly modified by proteasomes. The proteasome activator,
PA28, which can be induced by IFN-γ,56 has been implicated in
the regulation of MHC class I antigen processing.57,58 In our
work, PA28 was downregulated by 22%. The chaperone heat
shock protein 90 (Hsp90) is one of the most abundant proteins
in eukaryotic cells. Hsp90 can bind proteins through N- and
COOH-terminal domains to refold and play an important role in
maintenance of functional integrity of some fragile proteins.58

Some evidence suggests that Hsp90 could bind to MHC class I
ligands or their precursors, and accelerate the processing of
C-terminal flanking regions of MHC class I ligands.58,59 Our
results indicated that Hsp90b was decreased by 95% in the
cytosol, but HSP90a was not changed.
On the basis of the above observations, we hypothesized that

the PPE38 protein of M. marinum might arrest MHC class I
processing and presentation in macrophages, and then would

Table 2. Quantified Proteins Involved in Antigen Processing and Presentation

Uniprot _ID location gene symbol protein descriptions pepb (pepc) coverage [%] H/L ratio variability [%]

Q99LN3 cytosol Pa28b1 proteasome activator subunit 2 isoform 2 10(10) 35.70 0.781 42.65
P11499 cytosol Hsp90b heat shock protein HSP 90-beta 38(1) 1.40 0.053 128.80
Q3TCU5 cytosol Tapbp TAP binding protein isoform 1 3(3) 5.40 0.338 11.59
P21958 cytosol Tap1 antigen peptide transporter 1 4(4) 5.00 0.391 8.08
P01897 cytosol H2-L H-2 class I histocompatibility antigen, L-D alpha chain 8(1) 5.00 0.409 54.96
P36371 cytosol Tap2 antigen peptide transporter 2 2(2) 2.70 0.355 30.71
O35641 cytosol H2-K H-2 class I histocompatibility antigen, K-D alpha chain 11(1) 2.10 0.503 20.22
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allow the bacteria to escape the immune response mediated by
CD8+ T cells (Figure 4 in the SI).

PPE38 Induces a Complex Regulatory Cross-Talk Network
Involving Multiple Transcriptional Factors (TFs)

With the use of PANTHER, 102 TFs and 117 TF-associated
proteins were identified and quantified in the nuclear fraction.
These proteins were then clustered on the basis of their
biological processes according to the Gene Ontology database
(http://www.geneontology.org). The identified TFs were
mainly involved in transcription; cell cycle; nucleic acid
metabolic processes; immune system processes; signal trans-
duction; splicing; response to interferon-γ; apoptosis; RNA
elongation; carbohydrate metabolic processes; protein mod-
ification processes; and DNA repair (Figure 5). The TF-
associated proteins mainly participated in nucleic acid metabolic
processes; transcription; splicing; cell proliferation and differ-
entiation; rRNA, DNA, and tRNA metabolic processes; DNA
repair; transport; mRNA processing; cell cycle; immune system
processes; signal transduction; lipid metabolic processes; and
protein targeting (Figure 5 in the SI). On the basis of our
quantitative proteomic data for network analysis using STRING,
we generated a global functional map among these TFs and their
associated proteins, which illustrates how the TF-regulatory
network operates in conjunction with upstream signal cascades
to generate the response following PPE38 induction (Figure 6 in
the SI). On the basis of the global functional map, we found that
some subnetworks connected to a variety of biological processes
(Figure 6).
FACT (facilitates chromatin transcription) complex subunit

SPT16 (SUPT16H), which is a general chromatin factor that
functions to reorganize nucleosomes, is a component of the
FACT complex. This protein was upregulated by 1.29-fold in the
nucleus. The FACT complex is involved in multiple processes,
such as mRNA elongation, DNA replication, and DNA repair.
Nucleosome binding activity of the FACT complex is regulated
by poly(ADP-ribosyl)ation. The level of SUPT16H poly(ADP-
ribosyl)ation has been found to coincide with the activation of
poly(ADP-ribose)polymerase 1 (PARP1) and to play a role in
chromatin remodeling.60 In the nucleus, we also found that
PARP1 was upregulated by 1.27-fold, which was consistent with

previously published results.60 Structure specific recognition protein
1 (SSRP1) is also a component of the FACT complex and can form
a heterodimer with SUPT16H. SSRP1 has SPT16-dependent and
-independent roles in the regulation of gene transcription.61

SUPT16H, SSRP1, and CK2 (casein kinase 2) can form a complex
that is likely involved in phosphorylation of p53 at Ser-392.62 Our
results indicated that SSRP1 was increased by 1.29-fold, suggesting
that our MS results were reliable. PPE38 stimulation led to a 1.37-
fold and 1.21-fold increase in the abundance of polymerase (RNA)
II (DNA directed) polypeptide D (Polr2d) and general tran-
scription factor IIH subunit 1 (GTF2H1), respectively. Polr2d is a
component of RNA polymerase II, which plays a role in mRNA
processing and production of noncoding RNAs. GTF2H1 is
important to the architecture and function of TFIIH,63 which plays
an important role in the nucleotide excision repair pathway.
SIN3 transcription regulator homologue A (Sin3a), a

transcriptional repressor, was upregulated by 1.21-fold. Sin3a
has been found to repress STAT3 activity by modifying its
acetylation status.64 In the cytosol, STAT3 was downregulated
by 51%. Mothers against decapentaplegic homologue 4
(SMAD4) was upregulated by 1.43-fold. This protein is a
member of the SMAD family of signal transduction factors,
recognizes an 8-bp palindromic sequence (GTCTAGAC), and is
involved in TGF-β signaling. It is able to heterodimerize with
phosphorylated Smad2 or Smad3, subsequently translocate to
the nucleus, and regulate transcription. CCAAT/enhancer-
binding protein beta (C/EBP-β), a bZIP TF, was increased by
1.55-fold. This protein is important for the regulation of
inflammatory responses genes and can regulate the expression
of IL-665 andTNF-α.66Mediator of RNApolymerase II transcription
subunit 14 (MED14) was upregulated by 1.23-fold. This protein is a
coactivator involved in the regulated transcription of RNA
polymerase II-dependent genes and required for activity of the
enhancer-binding protein Sp1. Special AT-rich sequence-binding
protein 2 (SATB2) was increased by 3.09-fold. This protein is a
nuclear matrix attachment region-binding protein and functions as a
TF controlling nuclear gene expression. SATB2 was found to play an
important role in resisting oxidative stress-induced apoptosis.67

Transcriptional regulation is coordinately controlled by multiple
TFs and TF-associated proteins and plays a central role in the

Figure 5. Functional analysis of transcriptional factors (TFs). The TFs were submitted to PANTHER (http://www.pantherdb.org/) to identify related
functional processes and corresponding percentages.
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inflammatory response. The global functional map generated from
our quantitative proteomic data-dependent bioinformatics analysis
provided direct evidence about how these TFs regulate biological
processes related to PPE38 challenge.

Immunoblotting Validation of Quantitative Proteomics Data
To verify the reliability of our MS results, we used Western blot
analysis to confirm the observed changes in some key proteins
(Figure 7). In the cytosol, we selectedCD14, TLR2, IRF5, ERK1/2,

Figure 6. Subnetworks identified by data-dependent network analysis and involved in different biological processes. The previously known functions of
the proteins in the network were based on PANTHER (http://www.pantherdb.org/). The “zoom-in” maps of these subnetworks extracted from the
global regulatory network (Figure 3 in the SI) are given as follows: (A) the subnetwork involving Polr2d, Supt16h, Gtf2h1, and Ssrp1; and (B) the
subnetwork involving Satb2, C/EBP-β, Sin3a, Smad4, and MED14.
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and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). As
shown in Figure 6, we found that the expression of ERK1/2 was not
changed and that expression levels of CD14, TLR2, and IRF5 were
the same as those from the MS results.
In the nucleus,we selectedPARP1, serine/threonine-protein kinase

1 (CHEK1), IRF5, and proliferating cell nuclear antigen (PCNA) for
further validation. PARP1 is a nuclear enzyme activated by DNA
strand breaks and plays a key role in repairing DNA damage.68

Overactivation of PARP1 potentially leads to NAD+ reduction, ATP
depletion, cellular energy failure, and release of apoptosis-inducing
factor (AIF) from the mitochondria, all of which result in massive
DNA damage and necrotic cell death.69 CHEK1 is a kinase that
phosphorylates cdc25 and plays an important role in cell-cycle control.
Studies have reported that inhibition of CHEK1 enhances the
cytotoxicity of DNA-damaging agents.70,71 The results of ourWestern
blot analyses were consistent with those obtained via MS.

■ CONCLUSION
In previous work, PPE38 has been implicated in the virulence
and immune response ofM. marinum, but the function of PPE38
was not clear. We used AACT/SILAC to study the function of
PPE38 ofM. marinum. On the basis of our quantitative data, we
hypothesized that the PPE38 protein of M. marinum could
combine with the cell surface receptor, TLR2, and induce
downstream signaling pathways related to inflammatory factors.
Furthermore, PPE38 of M. marinum might arrest MHC class I
processing and presentation. Finally, we generated an interaction
network of TFs and TF-associated proteins, generating system-
wide insights into various associated biological processes.
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