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EST12 regulates Myc expression
and enhances anti-
mycobacterial inflammatory
response via RACK1-JNK-AP1-
Myc immune pathway
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c-Myc (Myc) is a well-known transcription factor that regulates many essential

cellular processes. Myc has been implicated in regulating anti-mycobacterial

responses. However, its precise mechanism in modulating mycobacterial

immunity remains elusive. Here, we found that a secreted Rv1579c (early

secreted target with molecular weight 12 kDa, named EST12) protein,

encoded by virulent Mycobacterium tuberculosis (M.tb) H37Rv region of

deletion (RD)3, induces early expression and late degradation of Myc protein.

Interestingly, EST12-induced Myc was further processed by K48 ubiquitin

proteasome degradation in E3 ubiquitin ligase FBW7 dependent manner.

EST12 protein activates JNK-AP1-Myc signaling pathway, promotes Myc

binding to the promoters of IL-6, TNF-a and iNOS, then induces the

expression of pro-inflammatory cytokines (IL-6 and TNF-a)/inducible nitric

oxide synthase (iNOS)/nitric oxide (NO) to increase mycobacterial clearance in

a RACK1 dependent manner, and these effects are impaired by both Myc and

JNK inhibitors. Macrophages infected with EST12-deficiency strain

(H37RvDEST12) displayed less production of iNOS, IL-6 and TNF-a. In

conclusion, EST12 regulates Myc expression and enhances anti-

mycobacterial inflammatory response via RACK1-JNK-AP1-Myc immune

pathway. Our finding provides new insights into M.tb-induced immunity

through Myc.

KEYWORDS

Mycobacterium tuberculosis (M.tb), Myc, Rv1579c/EST12, classical macrophage
activation, IL-6, TNF-a
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Introduction

Tuberculosis (TB) seriously threatens human health and

causes a huge medical burden. According to the Global

tuberculosis report 2021, it’s estimated that 9.87 million people

suffered from TB, and 1.28 million TB associated deaths occurred

in 2020 worldwide (1). As the only available TB vaccine, Bacille

Calmette-Guérin (BCG) has limited protective efficacy in adults.

Lack of effective vaccine, emergence of extensively drug-resistant

tuberculosis (XDR-TB) and the side effects of toxic

chemotherapeutic agents make it urgently needed to unveil the

precise mechanisms that regulate mycobacterial immune response.

Sixteen regions of deletion (RDs), which are present in M.tb

H37Rv and part of Mycobacterium bovis, but absent in BCG,

have been identified by comparative genomic analysis (2).

Recently, more and more functions of the RD proteins have

been reported, suggesting that RD region-encoded proteins play

important roles in the pathogenicity and immunogenicity of

M.tb. For example, 6-kDa early secreted antigenic target

(ESAT6), 10-kDa culture filtrate protein (CFP10) and MPT64,

encoded by RD1-2, contribute to the survival or persistent

growth of M.tb in macrophages (3, 4). Rv1768 of RD14 was

recently identified to promote M.tb survival in macrophages by

regulating NF-kB-TNF-a signaling and arachidonic acid

metabolism through interacting with S100A9 (5). However,

functions of most other RD-encoding proteins are unknown yet.

As the primary host cell for M.tb, macrophages eliminate

intracellular M.tb mainly by secreting pro-inflammatory

cytokines such as IL-6 and TNF-a. Macrophages also act as

antigen presenting cells and present M.tb antigens to specific T

cells through major histocompatibility complex (MHC) and

activate specific CD4+ T and CD8+ T response (6). It’s well-

known that pro-inflammatory M1 macrophages play a critical

role in eliminating M.tb, while M2 macrophages are beneficial

for the survival of M.tb and the formation of granulomas (7).

Myc is a versatile oncoprotein which regulates cell growth,

differentiation, genome instability, apoptosis, etc. (8). As a

prominent oncogene, the Myc target gene network is

estimated to comprise about 15% of all genes from flies to

humans (9) and is involved in various physiological functions

and clinical diseases including TB. Mycobacteria including BCG,

M. avium, M. chelonae, or M. kansasii have been reported to

induce Myc expression (10). It is interesting that multifunctional

proto-oncogene myc could be up-regulated by different species

of mycobacteria, and plays a critical role in anti-mycobacterial

responses (10). It was also reported that ESAT6 could

downregulate lipopolysaccharide induced Myc expression via

ERK1/2 signal pathway (11). However, the role and mechanism

of Myc in modulating mycobacterial immunity during virulent

M.tb H37Rv infection remain elusive.

Recently we have reported a secreted M.tb Rv1579c (early

secreted target with molecular weight 12 kDa, named EST12)
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protein, encoded by virulent M.tb H37Rv RD3, binds to the

receptor for activated C kinase 1 (RACK1) of macrophage and

activates a RACK1–NLRP3–gasdermin D pyroptosis–IL-1b
immune pathway (12). In the present study, we further found

that EST12 protein induced the early expression and late K48

ubiquitination and degradation of Myc protein. EST12 activated

RACK1-JNK-AP1-Myc signaling pathway which contributes to

anti-mycobacterial inflammatory response of macrophages. Our

study provides the first proof that Myc acts as a critical host

transcriptional factor for mycobacterial EST12-induced anti-

mycobacterial response and plays a pivotal role in M.tb-

induced innate immunity.

Materials and methods

BMDM preparation and cell culture

Bone marrow-derived macrophages (BMDMs) were isolated

from the tibia and fibula of C57BL/6 mice and induced to M0

with 50 ng/mLM-CSF (416-ML, R&D Systems, USA) for 6 days.

For M1 polarized macrophages, M0 BMDMs were stimulated

with 100 ng/ml LPS (L4391,Sigma, USA) and 20 ng/ml IFN-g
(485-MI, R&D Systems, USA) for 48 h. For M2 polarized

macrophages, M0 BMDMs were stimulated with 20 ng/ml IL-

4 (404-ML, R&D Systems, USA) and 20 ng/ml IL-13 (413-ML,

R&D Systems, USA) for 48 h. Mouse RAW264.7 cells (C7505)

and human THP1 cells (GDC0100) were originally obtained

from China Center for Type Culture Collection (CCTCC,

Wuhan, China). Both RAW264.7 and THP1 cells used were in

less than 10 passage numbers (13). All above cells were cultured

in Dulbecco’s Modified Eagle Medium (DMEM, Gibco)

supplemented with 10% fetal bovine serum (FBS, Gibco).
Bacterial strains

M.tb H37Rv [strain American Type Culture Collection

(ATCC) 27294], M.tb H37RvDEST12 (DEST12), H37RvDEST12::
EST12 (DEST12::EST12) andM. bovis BCG (Pasteur strain ATCC

35734) were maintained in our lab according to previous

publications (12, 14, 15). Briefly, the mycobacterial strains were

cultured in Middlebrook 7H9 broth (7H9) supplemented with

10% oleic acid–albumin–dextrose–catalase (OADC) and 0.05%

Tween 80 (Sigma-Aldrich) or on Middlebrook 7H10 agar (BD

Biosciences). Escherichia coli (E. coli) DH5a (strain ATCC 25922)

and E. coli BL-21 (stain ATCC BAA-1025) were propagated from

laboratory stocks (School of Medicine, Wuhan University,

Wuhan, China), and cultured in LB medium.
Animals

WT C57BL/6 mice (6–8-week-old) were purchased from the

Centre of Animal Experiments of Wuhan University. RACK1
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knock out (KO) (12), IL-6 KO, TLR2 KO and TLR4 KO (5)

C57BL/6 mice were maintained in Animal Laboratory Center of

Wuhan University. All animals received humane care according

to the criteria outlined in the Guide for the Care and Use of

Laboratory Animals prepared by the National Academy of

Sciences and published by the National Institutes of Health

(NIH publication no. 86-23, revised 1985). All animal protocols

were approved by the Institutional Animal Care and Use

Committee of the Institute of Model Animals of Wuhan

University (nos. S01319070R and S01317012S).
Recombinant EST12 protein preparation

E. coli BL21 (DE3) were transformed with expression

plasmid pET-28a-EST12 with 6×His-tag. Expression of

recombinant EST12 protein was induced by isopropyl-b-D-
thiogalactopyranoside (IPTG) at 25°C for 16 h. The bacteria

were resuspended in phosphate-buffered saline (PBS) and

disrupted by dynamic high-pressure homogenization, then the

cell debris was removed by centrifugation at 14,000 g at 4°C for

15 min. The supernatants were incubated with Ni-agarose pre-

equilibrated with 10 mM imidazole solution [25 mM Tris-HCl,

200 mM NaCl, and 10 mM imidazole (pH 7.4)]. The

recombinant proteins were eluted with 20, 40, 60-, 80-, 100-

and 200-mM imidazole buffer (with 25 mM Tris-HCl and 200

mM NaCl, pH 7.4). The purified recombinant proteins were

further purified using endotoxin-free purification polymyxin B

columns and analyzed by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) and Western

blot with antibody against His-tag. EST12 protein concentration

was determined by bicinchoninic acid (BCA) method.
Transcriptional sequencing

RAW264.7 cells (1 × 107) were stimulated with 2 mM EST12

protein for 3 h. The total RNA of treated cells was extracted with

Trizol and mRNA sequencing was performed by Allwegene

(Allwegene Biotech, www.allwegene.com).
Reverse transcription-quantitative real
time PCR

The total RNA from cells was extracted with Trizol reagent

(Invitrogen Corp, Carlsbad, CA, USA) and reverse-transcribed

using a cDNA reverse transcription kit (Toyobo, Osaka, Japan)

with Oligo dT primers. The reverse transcribed cDNA was used

as a template for qPCR reactions along with SYBR Green Real

time PCR Master Mix (Toyobo, Osaka, Japan) and 0.4 mM
primers (primer sequences shown in Supplementary Table 1,

primers were synthesized by TSINGKE, Wuhan). The qPCR
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reactions were run on an ABI Step One Plus (Applied

Biosystems) using standard cycling conditions. Relative RNA

levels were calculated by the comparative cycle threshold (CT)

method (2−DDCT method) (16), where CT represents the

amplification cycle number at which the fluorescence

generated within a reaction rises above a defined threshold

fluorescence and DDCT = experimental groups (CtTarget gene −

CtGAPDH) − control groups (CtTarget gene − CtGAPDH). The

mRNA levels of each gene in the experimental groups were

then presented as the fold levels relative to the blank control

groups calculated by the following formula: 2−DDCT.
Cell transfection

RAW264.7 cells were cultured in DMEM supplemented with

10% (v/v) heat-inactivated FBS. After reaching 70%-90%

confluence, transient transfection was performed with jetPEI-

Macrophage (Polyplus) following the manufacturer ’s

instructions. For siRNA transfection, the silencing RNA

(siRNA) of E3 ubiquitin ligase FBW7 and control siRNA were

synthesized from TSINGKE company (Wuhan, China).

RAW264.7 cells were transfected with 100 nM siRNA.

Transfection efficiency was measured by Western blot after

48 h post transfection. The sequences of siRNAs were listed in

Supplementary Table 2.
Nuclear/cytoplasmic fractionation and
Western blot analysis

Cells were harvested and lysed in RIPA buffer supplemented

with protease inhibitors (P-8340, Sigma-Aldrich, US). For cell

localization analysis of target proteins, nuclear and cytoplasmic

proteins of EST12-stimulated RAW264.7 cells were extracted with

Nuclear and Cytoplasmic Protein Extraction Kit (P0027,

Beyotime, China) according to the manufacturer ’s

recommended protocol. Protein concentrations in cell lysates or

extracted nuclear and cytoplasmic proteins were determined with

the Pierce™ BCA Protein Assay Kit (23225, Thermo Fischer

Scientific, US), and 60 mg of each protein sample was loaded and

separated on SDS-PAGE (5% for concentration gel, 12% for

separation gel) after being denatured at 98°C for 8 min with

SDS loading buffer. Proteins were transferred onto a nitrocellulose

membrane which was subsequently blocked for 2 h with a 5% BSA

solution (prepared in TBS with 0.05% Tween-20) and incubated

overnight with primary antibodies (diluted at 1:1000). Myc

(10828-1-AP, Proteintech, China), GAPDH (60004-1-Ig,

Proteintech, China), b-Tubulin (A12289, ABclonal, China), p-

JNK (AP0276, ABclonal, China), p-cJun (AP0105, ABclonal,

China), p-cFos (AP0038, ABclonal, China), p-Myc S62

(AP0989, ABclonal, China), p-Myc T58 (AP0990, ABclonal,

China), H3 (17168-1-AP, Proteintech, China), RACK1
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(ab129084, abcam, UK), inducible nitric oxide synthase (iNOS)

(A3774, ABclonal, China), Arg1 (A4923, ABclonal, China), HA-

Tag (66006-2-Ig, Proteintech, China), His Tag (AE003, ABclonal,

China), FBW7 (28424-1-AP, Proteintech, China), TLR2 (A19125,

ABclonal, China), TLR4 (A5258, ABclonal, China). Membranes

were then incubated with horse radish peroxidase (HRP)-

conjugated secondary antibodies (1:5000 dilution, goat anti

mouse IgG KR0026, goat anti Rabbit IgG KR0023, KeRui,

Wuhan) and detected by LumiGlo Reserve™ Chemiluminescent

Substrate Kit (54-61-01, Sera care, Life Sciences, MA, US). Protein

bands were visualized using the UVP BioSpectrum™ 500 Imaging

System with the VisionWorks® images acquisition and analysis

software (Analytik Jena, CA, US).
Dual Luciferase Reporter Assay

The Dual-Luciferase® Reporter Assay System (Promega,

Madison, United States) was used to detect EST12-induced IL-

6 and TNF-a activation on a GloMax® 20/20 tube luminometer

(Promega, Madison, United States). Briefly, RAW264.7 cells

were co-transfected with pGL3- IL-6-luc and internal control

Renilla plasmid or pGL3- TNF-a-luc and internal control

Renilla plasmid. Then, 24 h post-transfection, cells were

treated with 2 mM EST12 in the presence of 20 mM Myc

inhibitor (10058-F4, Selleck) or not. After 1 h, the cells were

harvested. Luciferase activity was measured using the Dual-

Luciferase Reporter Assay System according to the

manufacturer’s instructions (Promega, Madison, United

States). Data were normalized for transfection efficiency by

dividing firefly luciferase activity with that of Renilla luciferase.
Cleavage under targets and
tagmentation sequencing

RAW264.7 cells (1×107) were stimulated with 2 mM EST12

for 1 h, then treated or untreated RAW264.7 cells were collected

and sent to DIATRE Biotechnology (Shanghai, China) in dry ice

for CUT&Tag sequencing. Briefly, in this method, a highly active

Tn5 transposase is fused to Protein A, and a library-building

linker primer is loaded to form a pA-Tn5 transposition complex.

Under the guidance of Myc antibody (10828-1-AP, Proteintech,

China), the pA-Tn5 transposition complex can target and cut

the DNA sequence near Myc-bound region.
Chromatin immunoprecipitation and
quantitative polymerase chain reaction

2 mM EST12-stimulated RAW264.7 cells were lysed and

sonicated with Bioruptor Non-Contact Automatic Ultrasonic

Disruptor (Diagenode, Belgium), ultrasonic condition is 30 s on,
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30 s off, 20 cycles. Then samples were incubated with beads

conjugated with anti-Myc (10828-1-AP, Proteintech, China) or

H3-K4 (A2357, ABclonal, China) antibody. Captured DNA was

purified with DNA Purification Kit (DP214, TIANGEN, Beijing)

and used for quantitative PCR analysis. The primers were

synthesized from TSINGKE (Wuhan, China) and listed in

Supplementary Table 3.
Electrophoretic mobility shift assay

RAW264.7 cells (1×107) were seeded into 10 cm dishes and

stimulated with 2 mM EST12 for 1 h, the nuclear extracts were

prepared by Nuclear and Cytoplasmic Protein Extraction Kit

(P0027, Beyotime, China). EMSA assays were done with

Chemiluminescent EMSA kits (GS009, Beyotime, China). 5 mg
nuclear extracts were incubated with 1× binding buffer and

biotin-labeled probe or unlabeled probes for 30 min at room

temperature (RT). The samples were electrophoresed on a 6%

polyacrylamide gel in 0.5 × TBE at 100 V for 1 h and transferred

onto a nylon membrane in 0.5 × TBE at 300 mA for 1 h. After

transfer and 254 nm UV cross-linking, the membrane was

detected with Streptavidin-HRP. Biotin-labeled and unlabeled

probes were synthesized from TSINGKE (Wuhan, China) and

listed in Supplementary Table 4.
Plasmid DNA construction

cDNA of Myc was cloned into pcDNA3.1 vector (Invitrogen,

Carlsbad, CA) using the templates kindly provided by Professor

Jiahuai Han of Xiamen University, and the restriction enzyme

cutting sites are EcoRI and BamHI. The promoter region of IL-6

(1201 bp) and TNF-a (1238 bp) were cloned into pGL3-basic by

method of homologous recombination, the genome of

RAW264.7 cells was extracted with TIANTGEN Cell Genomic

DNA Extraction Kit (TIANGEN, DP304, China) and used as

template. Restriction enzymes XhoI and HindIII were used to

digest the pGL3-basic. Primers were synthesized from TSINGKE

(Wuhan, China) and listed in Supplementary Table 5.
Enzyme-linked immunosorbent assay
and NO measurement

Cytokine production of treated cells was measured by ELISA

using the corresponding ELISA kits according to the

manufacturers’ protocols. IL-6 (DKW1210602, Dakewe Biotech,

China); TNF-a (DKW1217202 Dakewe Biotech, China); IL-10

(CME0016, 4A Biotech, China); TGF-b (DKW1217102 Dakewe

Biotech, China). For NOmeasurement, culture supernatants were

harvested after stimulation of macrophages with EST12 protein

for indicated time. The release NO level was determined using the
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NO assay kit (Beyotime, Shanghai, China). Supernatants were

added to an equal volume of Griess reagent in duplicate on a 96-

well plate and incubated at room temperature for 15 min.

Absorbance (540 nm) was measured and NO concentrations

were estimated using a standard NO curve. The experiments

were performed in triplicate.
Immunoprecipitation

MG-132 (5 mM) pretreated RAW264.7 cells (1×107) were

stimulated with 2 mM EST12 protein for 0, 1 or 12 h, and then

cells were collected and lysed with 700 mL RIPA buffer on ice for

20 min. After centrifuge at 14,000 g for 20 min at 4°C, 3 mg anti-
Myc antibody (10828-1-AP, Proteintech, China) and 20 mL 50%

protein A/G beads buffer were added and incubated at 4°C

overnight, then protein A/G captured complex was eluted. Myc

and FBW7 protein levels were detected by Western blot using

anti-Myc antibody and anti-FBW7 antibody (28424-1-AP,

Proteintech, China).
Colony forming unit assay

For intracellular mycobacterial survival assay, RAW264.7

cells (5 ×105) were infected with WT (H37Rv), EST12 deficiency

H37Rv (H37RvDEST12) or complement strain (H37RvDEST12::
EST12) at MOI=10 for 4 h. RAW264.7 cells were then washed

with PBS for three times to remove extracellular bacteria, and

DMEM medium supplemented with gentamicin (10 mg/ml) was

added and further incubated in the presence or absence of Myc

inhibitor (20 mM) (10058-F4, MCE, shanghai) or JNK inhibitor

(10 mM) (JNK-IN-7, Topscience, shanghai) for 4 h, 8 h, 24 h and

48 h, respectively. Cells were lysed and intracellular bacteria were

plated and counted on 7H10 medium.

For BCG infection assay, WT BMDMs (5 ×105) or IL-6 KO

BMDMs were infected with BCG at MOI=10 for 4 h, then cells

were washed with PBS for three times to remove extracellular

bacteria, and then purified EST12 (2 mM) was added with or

without the presence of TNF-a neutralizing antibody

(MAB4101, R&D Systems, USA) (10 mg/ml) and further

incubated for 8 h. Cells were lysed and intracellular bacteria

were plated and counted on 7H10 medium.
Immunofluorescence microscopy

RAW264.7 cells were pretreated with MG-132 (5 mM) for 1 h

and treated with 2 mM purified EST12 protein for indicated time.

Media was removed from stimulated macrophages and the dishes

were submerged in 4% paraformaldehyde (PFA). The fixed dishes

were submerged in PBS to remove residual PFA and then cells

were permeabilized with 0.1% Triton X-100 in PBS for 5 minutes
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at room temperature (RT), washed in PBS and blocked in PBS

containing 10% donkey serum. Primary antibodies against FBW7

(28424-1-AP, Proteintech, China) and Myc (M4439, Sigma-

Aldrich, USA) were used at a 1:50 dilution in PBS with 3%

serum and incubated at 4°C overnight. Then Alexa Fluor 594-

conjugated goat anti-rabbit IgG (A-11037, ThermoFisher, USA)

or Alexa Fluor 488-conjugated goat anti-mouse IgG (A28175,

ThermoFisher, USA) was used at 1:500 dilution in PBS with 3%

FBS and incubated at RT for 1 h. Dishes were washed to remove

the unbound secondary antibody and the cellular nuclei DNA was

stained with DAPI. Fluormount-G Anti-Fade Mounting Medium

(Southern Biotech) was added to each well to protect the

fluorescent signal. Confocal fluorescence microscopy was

performed using ZEISS LSM880 microscope and representative

images were captured.
Flow cytometry

BMDMs (1×106) were stimulated with 2 mM EST12 protein

for 12 h or 24 h, then cells were collected and incubated with

APC-F4/80 (QA17A29, BioLegend, USA), FITC-CD80 (16-

10A1, BioLegend, USA) and PE-CD86 (A17199A, BioLegend,

USA) at 4°C for 30 min. Then cells were washed three times with

PBS and subsequently used for flow cytometry using

FACSCalibur (BD Biosciences) flow cytometer and analyzed

by FlowJo 10.7.
Statistical analysis

Results were plotted by GraphPad Prism v9 (GraphPad

Software, San Diego, CA, USA). For analysis of the statistical

significance of differences between two groups, two-tailed

unpaired Student’s t-tests was used. For analysis of the statistical

significance of differences among more than two groups, one-way

ANOVA with Tukey’s multiple comparisons test was used. To

assess the statistical significance of differences among multiple

groups when the experimental design involved multiple

conditions, such as time points or bacterial types in addition to

differences in inhibitor treatment, two-way ANOVA with Tukey’s

multiple comparisons test was used. Data are presented as mean ±

SEM, n=3. P values < 0.05 were considered statistically significant.

*, p < 0.05; **, p < 0.01; ***, p < 0.001.
Results

Mycobacterial EST12 induces early Myc
expression in macrophages during
M.tb infection

M.tb-infected lungs are often accompanied by chronic

inflammation and it has been reported that chronic TB
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infection can induce lung squamous cell carcinoma in a mouse

model (17), therefore, we examined the inflammation- and

cancer-related differentially expressed genes in EST12-

stimulated mouse RAW264.7 cells through transcriptome

sequencing. Recombinant EST12 protein was purified and

used to treat RAW264.7 cells for 3 h (Figure S1A; Figure 1A).

As shown in Figure 1A, EST12 not only significantly increased

the expression of pro-inflammatory cytokine genes (such as IL-6

and TNF-a) (Figure 1A), but also induced the expression of four

oncogenes (RB1, Myc, KRAS and PTEN). We confirmed that

EST12 significantly upregulated the expression of IL-6 and TNF-

a by RT-qPCR (Figures 1B, C). Furthermore, we found that Myc

was the most significantly upregulated by EST12 protein

treatment (Figure 1D), although EST12 also induced early

expression of RB1, KRAS and PTEN oncogenes at mRNA

level (Figures S1B–D). Next, the Myc protein level in EST12-

stimulated RAW264.7 cells was analyzed by Western blot

(Figure 1E). As shown in Figures 1D, E, EST12 upregulated

the early transcription of Myc in RAW264.7 cells (within 6 h

stimulation, Figure 1D) and transitorily activated Myc protein

expression with decreased Myc protein levels at later stage (1 h

post-stimulation of EST12) (Figure 1E). Furthermore, EST12

KO strain (H37RvDEST12) infection decreased the expression of

Myc protein in RAW264.7 cells compared with WT H37Rv and

the compl emen ta ry s t r a in H37RvDEST12 : :EST12
(H37RvDEST12 strain rescued with EST12) infection

(Figures 1F; S1E, F). We also found that BCG infection also

induced Myc expression in RAW264.7 cells (Figure 1G),

suggesting that other factors of mycobacterium, except EST12,

might also be involved in induction of Myc expression.

Consistently, exogenous EST12 protein could also upregulate

Myc expression during BCG infection in RAW264.7 cells

(Figure 1G). Similarly, we found that EST12 significantly

induced the expression of Myc in human-derived macrophage

THP1 cells (Figure 1H). Altogether, we found that mycobacterial

EST12 could induce early expression of Myc protein

in macrophages.
EST12 induces the expression and
phosphorylation of Myc through JNK-
AP1-Myc signaling pathway

To further unveil the molecular pathways involved in

EST12-induced Myc activation, we extracted the nuclear and

cytoplasmic proteins from EST12-treated RAW264.7 cells.

Time-course and Western blot analysis showed that EST12

induced and activated cytoplasmic JNK phosphorylation (p-

JNK) (reached peak at 15-30 min), nuclear p-cJun and p-cFos

(p-AP1) (AP1 consists of c-Jun and c-Fos) (reached peak at

30 min) and both cytoplasmic and nuclear p-Myc at Ser62

(reached peak at 30 min~60 min) (Figure 2A), while p-Myc

(Thr58) expression was not activated, but displayed a decrease
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within 1 h stimulation of EST12 (Figure 2A). These results

suggest that EST12 activates early phosphorylation of Myc at

Ser62 and p-JNK-p-AP1-p-Myc (S62) signaling. Further, JNK

inhibitor significantly blocked EST12-induced p-JNK, p-p-cJun,

p-cFos and p-Myc (S62) expression (Figure 2B).

Our previous study has demonstrated that M.tb EST12

protein binds RACK1 and activates a RACK1–NLRP3–

gasdermin D pyroptosis–IL-1b immune pathway (12). Here

we further demonstrated that EST12 induced p-JNK

(Figure 2C) and Myc (Figure 2D) expression in WT

macrophages but not in RACK1 KO macrophages, suggesting

that EST12 induced p-JNK and Myc expression dependent on

RACK1. Therefore, these data suggest that EST12-RACK1

interaction induces the expression and phosphorylation of

Myc through JNK-AP1-Myc signal pathway.
M.tb-EST12 induces the production
of proinflammatory cytokines and
iNOS/NO at later stage to increase
mycobacterial clearance

Proinflammatory cytokines IL-6 and TNF-a could increase

the elimination of intracellular M.tb (10). As EST12 increased

the expression of macrophage IL-6 and TNF-a (Figure 1A), we

wonder whether EST12 could alter the characteristics of

macrophage activation and polarization through activating

Myc. Furthermore, we pretreated RAW264.7 cells with DMSO

or Myc inhibitor 10058-F4, followed by stimulation with EST12

protein. Western blot analysis showed that EST12 significantly

induced early Myc expression (1 h post-stimulation of M.tb-

EST12) (lane 2 vs. lane 1, Figure 3A). At later stage, 12-24 h post-

stimulation of EST12 increased classical M1 polarization-related

factor iNOS expression (lane 3 and 4, Figure 3A) but inhibited

M2 polarization factor Arg1 or Myc expression (Line 3 and 4,

Figure 3A). EST12 regulated Myc expression, in a trend

consistent with that of Arg-1 expression which also showed

decreased expression after 12 h stimulation of EST12 and early

expression at 0-1 h post-stimulation of EST12 (Figure 3A). Myc

inhibi tor treatment blocked EST12- induced iNOS

expression (Figure 3A).

Consistently, ELISA analysis showed that EST12

significantly induced the expression of IL-6 (Figure 3B), TNF-

a (Figure 3C) and NO (Figure 3D), but Myc inhibitor treatment

blocked these effects (Figures 3B–D). Furthermore, Myc

inhibitor blocked H37Rv infection-induced expression of iNOS

and Arg-1 (Figure 3E), IL-6 (Figure 3F) and TNF-a (Figure 3G).

However, EST12 stimulation had no effects on the production of

the secreted IL-10 (Figure S2A) and TGF-b (Figure S2B) in

RAW264.7 cells. We also determined that EST12 significantly

upregulated the expression of CD80, CD86 of macrophages by

FCM analysis (Figures S2C, D), and increased the production of
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FIGURE 1

Mycobacterial EST12 induces early Myc expression in macrophages during M.tb infection. (A) RAW264.7 cells were stimulated with EST12 protein
(2 mM) for 3 h, then the differentially expressed genes were detected by transcriptional sequencing. The inflammation and cancer-related genes
were displayed in heatmap.(B-E) RAW264.7 cells were stimulated with EST12 protein (2 mM) for the indicated time. The mRNA levels of IL-6 (B),
TNF-a (C) and Myc (D) were determined by RT-qPCR, and the protein level of Myc was determined by Western blot (E). (F) RAW264.7 cells
infected with WT M.tb H37Rv, H37RvDEST12 or H37RvDEST12::EST12 for 24 h, and Myc expression in each cell lysates were detected by Western
blot. (G) RAW264.7 cells were infected with BCG (MOI=10) for 24 h, and then stimulated with or without EST12 protein (2 mM) for 1 h, the
expression of Myc was detected by Western blot. (H) THP1 cells were induced with PMA (100 ng/ml) for 24 h and then stimulated with EST12
protein (2 mM) for the indicated time, the protein levels of Myc expression were determined by Western blot. One-way ANOVA with Tukey’s
multiple comparisons test was used to assess the statistical significance in (B–D) (vs. 0 h). The data are expressed as the mean ± SEM of three
independent experiments, p > 0.05, not significant (ns), **p < 0.01, ***p < 0.001, or ****p < 0.0001.
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the secreted IL-1b (Figure S2E) and IL-12 (Figure S2F), but not

IFN-g (Figure S2G) by ELISA.

As predicted, M.tb H37Rv and H37RvDEST12::EST12
infection of RAW264.7 led to less CFUs compared to

H37RvDEST12 at 4 h, 8 h, 24 h and 48 h post-infection

(Figure 3H). While Myc inhibitor pretreatment increased the

survival of intracellular M.tb H37Rv and H37RvDEST12::EST12
strains in RAW264.7 cells, and H37RvDEST12 as well

(Figures 3I, J), suggesting that other factors, except EST12,

might also induce Myc expression. Consistently, we observed

similar results in JNK inhibitor pretreated RAW264.7 cells

(Figures 3K, L). Furthermore, exogenous EST12 protein

treatment after BCG infection of macrophages could also

repress intracellular BCG survival (Figures 3M, N). However,

intracellular BCG survival was increased in IL-6 KO BMDMs

(Figures 3M, S3A) or in the presence of TNF-a neutralization

antibody (Figures 3N, S3B). We also observed that exogenous

EST12 protein treatment could repress intracellular BCG

survival in IL-6 KO BMDMs (Figure 3M) or in the presence

of TNF-a neutralization antibody (Figure 3N), as well.

All these results suggest that EST12 induces early Myc

expression. At later stage (12-24 h post-stimulation of M.tb-
Frontiers in Immunology 08
EST12), EST12 increased iNOS/NO expression, but decreased

Arg1 or Myc expression with associated induction of IL-6, TNF-

a and IL-1b to increase mycobacterial clearance. EST12

stimulation also induced the expression of CD80 and CD86,

but not IL-10 and TGF-b.
EST12 promotes Myc to bind to the
promoters of IL-6 and TNF-a, and then
induces IL-6 and TNF-a expression

In order to further determine whether Myc acts as a critical

transcription factor for M.tb-EST12-induced production of IL-6

and TNF-a. We cloned the full length and different truncated

sequences of IL-6 and TNF-a promoters into the pGL3 vector as

shown in Figures 4A, B respectively. Then we performed dual

luciferase assays to confirm the induction of IL-6 and TNF-a
expression by EST12 protein. Our results showed that EST12

significantly upregulated the transcription of IL-6 (Figure 4A)

and TNF-a (Figure 4B), and the critical regulatory sites are -808

bp to -381 bp and -329 bp to +33 bp of IL-6 and TNF-a
promoter regions, respectively (Figures 4A, B). Furthermore, we
B
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FIGURE 2

EST12 induces the expression and phosphorylation of Myc through JNK-AP1-Myc signaling pathway. (A) RAW264.7 cells were treated with
EST12 protein (2 mM) for the indicated time, then the nucleus and cytoplasm were separated. The expression of p-JNK, p-c-Jun, p-cFos, Myc
and p-Myc (S62/T58) in the cytoplasm, nucleus and total cell lysate were detected by Western blot. (B) RAW264.7 cells were pretreated with
JNK inhibitor (10 mM) for 1 h and then stimulated with EST12 for the indicated time, the expression of p-JNK, p-AP1, Myc and p-Myc (S62/T58)
was analyzed by Western blot. (C, D) WT or RACK1 KO BMDMS were stimulated with EST12 protein (2 mM) for the indicated time, the expression
of p-JNK (C) and Myc (D) was detected by Western blot.
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FIGURE 3

EST12-induced Myc-mediated classical M1 cytokines expression and activation eliminates intracellular M.tb. (A–D) RAW264.7 cells were
pretreated with Myc inhibitor (10058-F4, 20 mM) (Myc inh) for 1h, and then stimulated with EST12 protein for the indicated time, the expression
of iNOS and Arg1 was determined by Western blot (A); the levels of the secreted IL-6 (B) and TNF-a (C) were determined by ELISA; NO levels in
the supernatant were determined as described in Materials and Methods (D). (E–G) RAW264.7 cells were infected with each indicated M.tb
strains at MOI=10 and cultured with or without Myc inhibitor for 24 h, the expression of iNOS and Arg1 was determined by Western blot (E); the
levels of the secreted IL-6 (F) and TNF-a (G) were determined by ELISA. (H–L) RAW264.7 cells were infected with indicated M.tb strains and
cultured with or without Myc inhibitor or JNK inhibitor. The cells were lysed and the CFUs of the intracellular M.tb were enumerated at 4 h, 8 h,
24 h or 48 h post infection. (M) BMDMs isolated from WT or IL-6 KO C57BL/6 mice were infected with BCG at MOI=10. Then BMDMs were
stimulated with EST12 protein (2 mM) for 8 h. The cells were lysed and the CFUs of intracellular M.tb were enumerated. (N) BMDMs from WT
C57BL/6 mice were infected with BCG at MOI=10. Then, BMDMs were stimulated with EST12 (2 mM) with or without TNF-a neutralizing
antibody (10 mg/ml) for 8 h. The cells were lysed and the CFUs of the intracellular M.tb were enumerated. One-way ANOVA with Tukey’s
multiple comparisons test was used to assess the statistical difference in (F, G). Two-way ANOVA with Tukey’s multiple comparisons test was
used to assess the statistical significance in (B–D) and (H–N). The data are expressed as the mean ± SEM of three independent experiments. p >
0.05, not significant (ns), *p < 0.05, **p< 0.01, or ***p < 0.001.
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transfected pGL3-IL-6-2 (IL-6 promoter region from -808 bp to

+21 bp) and pGL3-TNF-a-3 (TNF-a promoter region from

-329 bp to +33bp) into RAW264.7 cells and confirmed that

EST12 stimulation significantly induced IL-6 and TNF-a
activation, however, Myc inhibitor significantly blocked

EST12’s inductive effects (Figures 4C, D). To confirm Myc

binding to the promoter sequences of IL-6 and TNF-a, we
analyzed the results of CUT&Tag sequencing which captured

differential sequences between EST12-treated RAW264.7 group

and control group with anti-Myc antibody. Our CUT&Tag

results showed that EST12 induced specific differential peaks

at the promoter regions of IL-6, TNF-a (Figure 4E) and iNOS

(Figure S3C). We focused the further research on exploring how

EST12 induces the expression of IL-6 and TNF-a through Myc.

Then ChIP-qPCR assays confirmed that the critical binding site

of Myc is located at the -516 bp to -367 bp, but not at -385 bp to

-277 bp of IL-6 promoter region during EST12 stimulation

(Figures 4E, left, 4F, G). Similarly, we also found that the Myc

critical binding site is located at the -106 bp to +33 bp, but not at

-223 bp to -88 bp of TNF-a promoter region during EST12

stimulation (Figures 4E, right 4H, I). H3-K4 was used as a

positive transcriptional factor control (Figures 4F–I).

Next, we further performed EMSA to determine whether

EST12 induced-Myc bound the IL-6 and TNF-a promoters

using the corresponding 31-nucleotide DNA probe

(Supplementary Table 4) containing the potential Myc

transcription factor binding region. Nuclear protein extracts

from EST12-pretreated RAW264.7 cells displayed stronger

binding to the probe (Figures 4J, K Lane 3 vs. Lane 2) than

those from untreated RAW264.7 cells. The binding was

abrogated when the extract was incubated with a 10-fold

excess of the unlabeled ‘competitor’ probe (Figures 4J, K

Lane4), but when we mutated the E-box (the classical Myc

binding motif) (Figure 4L) like sequence “CATGTG” of IL-6

promoter or “CAGACG” of TNF-a promoter (Figure 4M,

Supplementary Table 4, underlined), the mutant (Mut)

‘competitor’ probe did not abolish binding, providing

additional evidence for its specificity (Figures 4J, K Lane5).

These results suggested that EST12 induced Myc binding to

the promoters of IL-6 and TNF-a at E-box like sequence, and

thus increased the expression of these cytokines.
EST12 decreased Arg1 or Myc expression
and increased classical M1 activation and
pro-inflammatory response relying on
RACK1 and JNK at later stage

As the above results showed that EST12 induced early Myc

expression (1 h post-stimulation of M.tb-EST12), but decreased

M2 polarization-related factor Arg1 or Myc expression and

increased classical M1 polarization-related factor iNOS and

pro-inflammatory cytokines (IL-6 and TNF-a) expression at
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later stage (12-24 h post-stimulation ofM.tb-EST12, Figure 3A).

We next examined whether these effects of EST12 relying on

RACK1 and JNK. Compared with WT BMDMs, RACK1

deficiency (RACK1 KO) significantly decreased EST12-

induced iNOS (Figure 5A), NO (Figure 5B), IL-6 (Figure 5C)

and TNF-a (Figure 5D) at later stage (12-24 h post-stimulation

of M.tb-EST12). Similarly, we found that EST12 induced iNOS

(Figure 5E), NO (Figure 5F), IL-6 (Figure 5G) and TNF-a
(Figure 5H) expression dependent on JNK, and JNK inhibitor

significantly arrested EST12-induced effects (Figures 5E–H).

Altogether, above results demonstrated that M.tb-EST12

decreased M2 polarization-related factor Arg1 or Myc

expression and increased pro-inflammatory response and

classical M1 activation dependent on RACK1 and JNK at

later stage.
Host E3 ubiquitin ligase FBW7 mediates
the K48 ubiquitination and degradation
of Myc at late stage

As shown in Figure 1E, we found that EST12 stimulation

induced Myc protein expression in macrophages at early stage

(within 1h stimulation of EST12) and then decreased after 1 h. In

order to detect whether late degradation of Myc protein is

specific to EST12, we removed EST12 protein by replacing

fresh media after 1 h stimulation of RAW264.7 cells with

EST12 as indicated in Figure 6A, and found that Myc protein

late degradation was significantly alleviated (Figure 6A). This

result suggests that EST12 specifically induces early expression

and late degradation of Myc protein. We further found that

ubiquitin proteasome inhibitor MG-132 blocked EST12-induced

Myc degradation (Figure 6B). Cycloheximide (CHX, a protein

synthesis inhibitor) chase assay further demonstrated that Myc

displayed significantly shortened half-life in EST12-treated

RAW264.7 cells compared to the control group (Figure 6C).

Furthermore, co-transfection experiment demonstrated that

EST12 specifically upregulated K48 ubiquitination of Myc but

not K63 ubiquitination (Figure 6D). Further, we found that after

EST12 stimulation, dephosphorylation at Ser62-Myc and

phosphorylation at Thr58-Myc at later stage (after 6 h

stimulation of EST12, Figure 6E) was observed, suggesting that

EST12 mainly triggers Myc Thr58 phosphorylation, but not

Ser62, during the K48 ubiquitination degradation process of

Myc at later stage (Figure 6E). Previous reports have shown that

pS62-Myc is efficiently dephosphorylated by protein

phosphatase 2A (PP2A) and T58-Myc is ubiquitinated by the

E3 ubiquitin ligase SCF-FBW7, thus ultimately leading to

proteosome-mediated degradation of Myc (18). Therefore,

what we observed (in Figure 6E) might be the results of

dephosphorylation at Ser62-Myc and phosphorylation at

Thr58-Myc at later stage, which facilitates the ubiquitination

degradation process of Myc.
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FIGURE 4

EST12 promotes Myc to bind to the promoters of IL-6 and TNF-a, and then induces IL-6 and TNF-a expression. (A, B) The different truncation
regions of IL-6 and TNF-a promoters were cloned into pGL3-basic plasmid. Each plasmid was co-transfected with control fluorescent plasmid
Renilla into RAW264.7 cells for 24 h. Then cells were stimulated with EST12 protein (2 mM) for 1 h. The cells were lysed and luciferase activities
of each group were measured as described in Materials and Methods. (C, D) RAW264.7 cells were transfected with pGL3-IL-6-2 (C) or pGL3-
TNF-a-3 (D). Then cells were treated with Myc inhibitor (10058-F4, 20 mM) for 1 h, then stimulated with EST12 protein (2 mM) for 1 h. Then cells
were lysed and the luciferase activities were measured. (E) RAW264.7 cells were stimulated with EST12 protein (2 mM) for 1 h, and then
proceeded CUT&Tag sequencing analysis as described in Materials and Methods. (F–K) The effects of EST12-induced Myc binding to the
promoters of IL-6 and TNF-a were analyzed by ChIP-qPCR (F–I) and EMSA (J, K), respectively. IL-6: PCR1 (-516, -367), PCR2 (-385, -277); TNF-
a: PCR1 (-223, -88), PCR2 (-106, +33). (L) The classical E-box motif. (M) Mutation sites used in (J, K) One-way ANOVA with Tukey’s multiple
comparisons test was used to assess the statistical difference in (A, B). Two-way ANOVA with Tukey’s multiple comparisons test was used to
assess the statistical difference in (C, D) and (F–I) (vs. Control). The data are expressed as the mean ± SEM of three independent experiments.
p > 0.05, not significant (ns), ***p < 0.001, or ****p < 0.0001.
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FIGURE 5

EST12 induces classical M1 activation relying on RACK1-JNK signaling pathway. (A-D) BMDMS isolated from WT, RACK1 KO C57BL/6 mice,
respectively, were stimulated with EST12 protein (2 mM) for the indicated time, the expression of iNOS and Arg1 was determined by Western blot
(A); NO in the supernatant was determined as described above (B); the secreted IL-6 (C) and TNF-a (D) levels were determined by ELISA. (E-H)
RAW264.7 cells were pretreated with JNK inhibitor (10 mM), and then stimulated with EST12 protein (2 mM) for the indicated time, the expression
of iNOS and Arg1 was determined by Western blot (E); NO in the supernatant was determined as described above (F); the expression of IL-6 (G)
and TNF-a (H) were determined by ELISA. Two-way ANOVA with Tukey’s multiple comparison test was used for (B-D) and (F-H). The data are
expressed as the mean ± SEM of three independent experiments. p > 0.05, not significant (ns), ***p < 0.001.
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FIGURE 6

E3 ubiquitin ligase FBW7 mediates Myc K48 ubiquitination and degradation. (A) EST12 protein (2 mM) was added to stimulate RAW264.7 cells for 1 h.
Then supernatants were replaced with fresh media to remove EST12, and cells were further incubated for the indicated time. The cell lysates were
collected and Myc expression was analyzed by Western blot. (B) RAW264.7 cells were pretreated with MG-132 (5 mM), and then stimulated with
EST12 protein (2 mM) for 1 or 12 h. Then the expression of Myc was analyzed by Western blot. (C) RAW264.7 cells were stimulated with EST12
protein (2 mM) for 1 h, then treated with CHX (20 mg/ml) for the indicated time, the expression of Myc was detected by Western blot. (D) RAW264.7
cells were transfected with the indicated plasmids, and then cell lysates were pulled down using Ni-NTA agarose. The ubiquitylation level of Myc
was determined by Western blot with antibody against HA tag. (E) RAW264.7 cells were stimulated with EST12 protein (2 mM) for indicated time, the
expression of Myc, pMyc (S62) and pMyc (T58) were detected by Western blot. (F) After RAW 264.7 cells were transfected with indicated siRNA for
36 h, cells were treated with EST12 protein (2 mM) for 1 or 12 h, then the expression of Myc and FBW7 were analyzed by Western blot. (G) MG-132-
pretreated RAW264.7 cells were stimulated with EST12 protein (2 mM) for the indicated time, co-immunoprecipitation was performed with antibody
against Myc. The expression of Myc and FBW7 was detected by Western blot (left), and the expression and co-localization between Myc (red) and
FBW7 (green) were determined by confocal fluorescence microscopy (right). Scale bar: 10 mm.
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To further identify which E3 ubiquitin ligase mediated

EST12-induced Myc degradation, we silenced the best-studied

Myc specific E3 ubiquitin ligase FBW7 with siRNAs. As shown

in Figure 6F, Si-FBW7#2 siRNA-mediated FBW7 knockdown

significantly hindered EST12-induced Myc degradation.

Furthermore, MG-132-pretreated RAW264.7 cells were

stimulated with EST12 for 1 or 12 h, co-immunoprecipitation

(Figure 6G, left) and immunofluorescence (Figure 6G, right)

experiments were performed to explore the interaction between

Myc and E3 ubiquitin ligase FBW7. As shown in Figure 6G,

although EST12 does not induce the expression of FBW7, it

significantly increased the binding of FBW7 to Myc (Figure 6G,

left), and EST12 treatment for 1h and 12 h promoted the

colocal izat ion of FBW7 and Myc as indicated by

immunofluorescence assay (Figure 6G, red and green merged

as yellow part). A recent work reported that eleven–nineteen

lysine-rich leukemia (ELL) could also function as an E3

ubiquitin ligase, target Myc proteasomal degradation and

suppress tumor growth (19). However, we did not found ELL

was involved in EST12-induced K48 ubiquitination and

degradation of Myc, since knockdown of ELL expression did

not increase Myc expression (Figure S3D).

Taken together, these results demonstrated that host E3

ubiquitin ligase FBW7 bound with Myc and mediated EST12-

induced Myc ubiquitination and degradation.
EST12 induces Myc expression and
activation through endocytosis of
macrophage not through binding to
TLR2/4 of macrophage

To explore whether EST12 upregulates Myc expression of

macrophage through binding to TLR2/4 receptors of

macrophages, BMDMs were used. Consistently with the

previous report that Myc is expressed in BMDMs M0 (20), we

found that Myc could be expressed in M2 and weakly expressed

in M0 BMDMs, but not in M1 BMDMs (Figure 7A). Both WT

M0 BMDMs and TLR2/4 KO M0 BMDMs were stimulated with

EST12 protein (Figures 7B, C) or infected with M.tb H37Rv

(Figure 7D). As evidenced in Figures 7B–D, TLR2 or TLR4

deficiencies did not decrease EST12 or M.tb H37Rv-induced

Myc expression. However, when we pretreated RAW264.7 cells

with 2.5 mM phagocytosis inhibitor cytochalasin D, we found

that EST12-induced Myc expression was significantly blocked

(Figure 7E). Consistently, as shown in immunofluorescence

assay, cytochalasin D significantly blocked macrophage uptake

of EST12 protein and macrophage Myc expression (Figure 7F),

suggesting mycobacterial secreted EST12 protein enters cells

through endocytosis not through binding to TLR2/4

of macrophages.
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Discussion

In this study, we found that M.tb-EST12 protein and M.tb

H37Rv infection induced the expression of Myc in both human

THP1 cells and mouse macrophages (RAW264.7 and BMDMs).

Importantly, we demonstrated that EST12 protein induced early

expression and late K48 ubiquitination and degradation of Myc

protein. EST12 activates JNK-AP1-Myc signaling pathway,

promotes Myc to bind to the promoters of IL-6, TNF-a and

iNOS, and then induces the expression of IL-6, TNF-a and

iNOS, which further contributes to anti-mycobacterial effects.

Our data suggest that Myc acts as a critical transcriptional factor

and plays a p ivota l ro le in M.tb - induced innate

immunity (Figure 8).

Macrophages are the main effective immune cells in anti-TB

immune response through mediating the pro-inflammatory

response and immune clearance of M.tb. It is well known that

classically activated M1 macrophages are the most effective

immune cells for killing M.tb (21). JNK pathway has been

reported to contribute to the expression of various pro-

inflammatory cytokines such as IL-6 for M.tb clearance (22).

The expression levels of various cytokines and chemokines play

important roles in M.tb infection (23). Among them, M.tb

infection promotes the expression of iNOS, or secretion of

NO, IL-1b, TNF-a and IL-6 (24, 25). IL-1b directly kills M.tb

or upregulates TNF-a expression and promotes macrophages

apoptosis to eliminateM.tb (26, 27). Both IL-6 and TNF-a could

increase the elimination of intracellular M.tb (10). IL-6 is a

pleotropic cytokine that regulates both pro- and anti-

inflammatory cytokine production (28). IL-6 knockdown

resulted in increased bacterial burden in M.tb infected mouse

macrophages and IL-6-deficient mice are susceptible to M.tb

infection, indicating that IL-6 has an effect on the protective

immune response against M.tb (29, 30). Other report also

showed that mycobacteria- induced Myc expression is

associated with the induction of inflammatory cytokines IL-6

and TNF-a and with the suppression of intracellular

mycobacterial growth (10). Consistently, here we found that

mycobacterial EST12 protein induced IL-6 and TNF-a
expression of macrophages associated with anti-M.tb function

(Figures 3M, N). Both IL-6 and TNF-a acted as pro-

inflammatory cytokines and exerted the anti-M.tb function,

since IL-6/TNF-a deficiency increased the survival of

intracellular mycobacteria (Figures 3M, N). Recently, we have

demonstrated that M.tb-EST12 could induce ROS expression

(12), and ROS contributed to iNOS expression (18). Here, we

demonstratedM.tb EST12 increased iNOS, NO, IL-6 and TNF-a
expression and increased M.tb clearance depend on RACK1,

Myc and JNK in macrophages (Figures 3I–L), and IL-6 KO or

anti-TNF-a antibody treatment abrogated these effects. Since

Myc is essential for cell survival and knockout of Myc is lethal to

mice (data not shown). Unfortunately, we were unable to obtain
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macrophage conditional Myc KO homozygous mice to perform

in vivo experiment.

Myc has been reported to be critical for the induction and

maintenance of the M2-like macrophage state (31). Our results
Frontiers in Immunology 15
in Figure 3A suggest that EST12-induced Myc expression in a

trend consistent with that of Arg-1 expression with M2-like

macrophage phenotype. It was also reported that silencing of

Myc attenuated BCG-induced IL-6 and TNF-a expression (10).
B C

D

E

F

A

FIGURE 7

EST12 induces Myc expression and activation through endocytosis but not through binding of TLR2/4 of macrophage. (A) Myc expression was
analyzed in M0-, M1- and M2-BMDMs by Western blot. (B, C) BMDMs isolated from WT, TLR2 KO (B) or TLR4 KO (C) mice were stimulated with
EST12 protein (2 mM) for the indicated time, the expression of Myc was analyzed by Western blot. (D) BMDMs isolated from WT, TLR2 KO and
TLR4 KO C57BL/6 mice, respectively, were infected with H37Rv at MOI = 10 for 24 h, the expression of Myc was detected by Western blot.
(E, F) RAW264.7cells were stimulated with EST12 protein (2 mM) for 1 h in the presence or absence of Cytochalasin D (2.5 mM), the expression of
Myc was detected by Western blot (E) and immunofluorescence (F).
frontiersin.org

https://doi.org/10.3389/fimmu.2022.943174
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wu et al. 10.3389/fimmu.2022.943174
However, the mechanism of Myc-induced IL-6 and TNF-a has

not been reported yet. In this report, we firstly clarify how Myc

induces the expression of IL-6 and TNF-a, and determine that

Myc acts as a critical transcription factor to bind the promoters

of these genes and induce their expression. We demonstrated

Myc inhibitor decreased EST12 or H37Rv-induced IL-6 and

TNF-a expression.

As a transcription factor, Myc could rapidly degrade

following synthesis, and its half-life was about 20 min (32).

Ubiquitin–proteasome system (UPS) is the most important

mechanism for regulating Myc protein level (33). And FBW7

is the best-studied E3 ubiquitin ligase for Myc (8). Consistently,

we found that FBW7 interacted with Myc and mediated EST12-

induced K48 ubiquitination and degradation of Myc at late stage

(Figures 6D, F, G).

Previous reports showed that the increased phosphorylation

of Myc S62 promoted the stability of Myc protein, and

phosphorylated S62 would also help Myc bind to GSK3b,
which mediated phosphorylat ion of T58 and Myc

ubiquitination degradation by FBW7 (32). In the present

study, we found that EST12 could activate Myc by promoting

S62 phosphorylation, decreasing T58 phosphorylation at the

early stage (within 1 h stimulation of EST12) (Figure 2A). EST12

stimulation induced T58 phosphorylation of Myc at later stage

(6 h post-stimulation of EST12) (Figure 6E), which might

ultimately lead Myc to bind and recruit FBW7 for K48 poly-

ubiquitination and degradation of Myc. A latest research report

proposed a new mechanism for Myc S67 phosphorylation to

antagonize GSK3b binding and thereby enhance the stability of

Myc protein (34). Since antibody against Myc S67
Frontiers in Immunology 16
phosphorylation is not commercially available, whether EST12

could induce Myc S67 phosphorylation requires further

investigation in future.

Our results suggest that EST12-induced early Myc

expression is beneficial for the induction of pro-inflammatory

cytokines (such as IL-6 and TNF-a), which may contribute to

host defense against mycobacteria. On the other hand, EST12

induces late K48 ubiquitination and degradation of Myc protein

and decreases M2 polarization related factor Arg1 or Myc

expression and increases classical M1 activation (iNOS/NO

expression) at later stage (after 12 hour stimulation of EST12),

which may also contribute to enhancement of anti-

mycobacterial immunity. Previous reports have shown that c-

Myc plays a positive role in phagocytosis, contributing to host

defense against mycobacteria (35). Because of Myc-targeted gene

network (9), it is highly possible for Myc to directly or indirectly

affect phagocytosis or other processes, which need to be further

investigated. As other signaling pathways (such as NF-kB
mediated pathway) were also reported to mediate M.tb-

induced inflammatory response (36), Myc might not be the

only trigger of this process.

In addition, it has recently been reported that TB aggravates

the progress of COVID-19 infection which accompanied

cytokine storm with elevated IL-6 and TNF-a (37). Here both

M.tb and M.tb-EST12 significantly induced pro-inflammatory

cytokines IL-6 and TNF-a expression, suggesting that M.tb-

induced pro-inflammatory cytokines might possibly have

implication on inflammation of severity COVID-19.

Taken together, our findings suggest that M.tb secreted

effector protein EST12 regulates early expression and late K48
FIGURE 8

Schematic diagram of EST12-induced anti-M.tb immune effect through RACK1-JNK-AP1-Myc signaling axis.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.943174
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wu et al. 10.3389/fimmu.2022.943174
ubiquitination and degradation of Myc protein, EST12 regulates

Myc expression and enhances anti-mycobacterial inflammatory

response via RACK1-JNK-AP1-Myc immune pathway. Our

finding provides new insights into M.tb-induced immunity

through Myc.
Data availability statement

The raw data of sequencing has been deposited at GEO

database. Accession numbers: RNA-seq (GSE210088), Cut&Tag-

seq (GSE210089).
Ethics statement

The animal study was reviewed and approved by committee

on ethics in the Care and Use of Laboratory Animals of

Wuhan University.
Author contributions

X-LZ designed and supervised the research. JW conducted

the experiments. HX, GL, and YG gave helps to the experiments.

JW, X-LZ, F-LL, and YX analyzed the data and wrote the

manuscript. All authors contributed to the article and

approved the submitted version.
Funding

This study was supported by grants from the National

Grand Program on Key Infectious Disease of China

(2017ZX10201301-006 and 2012ZX10003002-015), the

National Key R&D Program of China (2018YFA0507603),

the National Natural Science Foundation of China (91740120

and 22077097), the National Outstanding Youth Foundation of

China (81025008), Hubei Province’s Outstanding Medical
Frontiers in Immunology 17
Academic Leader Program (523-276003), Hubei Province

Key R&D Program (2020BCB020), Research and Innovation

Team Project of Hubei Provincial Health Commission

(WJ2021C002), the Medical Science Advancement Program

(Basic Medical Sciences) of Wuhan University (TFJC

2018002), the Fundamental Research Funds for the Central

Universities and Foundation Committee Innovation Group

Project (21721005).
Acknowledgments

The author would like to thank professor Jiahuai Han of

Xiamen University for kindly providing the template of

Myc DNA.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

fimmu.2022.943174/full#supplementary-material
References
1. Global tuberculosis report 2021. Geneva: World Health Organization (2021).

2. Behr MA, Wilson MA, Gill WP, Salamon H, Schoolnik GK, Rane S, et al.
Comparative genomics of bcg vaccines by whole-genome DNAmicroarray. Science
(1999) 284(5419):1520–3. doi: 10.1126/science.284.5419.1520

3. Zonghai C, Tao L, Pengjiao M, Liang G, Rongchuan Z, Xinyan W, et al.
Mycobacterium tuberculosis Esat6 modulates host innate immunity by
downregulating mir-222-3p target pten. Biochim Biophys Acta Mol Basis Dis
(2022) 1868(1):166292. doi: 10.1016/j.bbadis.2021.166292

4. Samuchiwal SK, Tousif S, Singh DK, Kumar A, Ghosh A, Bhalla K, et al. A
peptide fragment from the human Cox3 protein disrupts association of
mycobacterium tuberculosis virulence proteins esat-6 and Cfp10, inhibits
mycobacterial growth and mounts protective immune response. BMC Infect Dis
(2014) 14:355. doi: 10.1186/1471-2334-14-355

5. Liu S, Xie Y, Luo W, Dou Y, Xiong H, Xiao Z, et al. Pe_Pgrs31-S100a9
interaction promotes mycobacterial survival in macrophages through the
regulation of nf-Kappab-Tnf-Alpha signaling and arachidonic acid metabolism.
Front Microbiol (2020) 11:845. doi: 10.3389/fmicb.2020.00845

6. Wu Y, Tian M, Zhang Y, Peng H, Lei Q, Yuan X, et al. Deletion of Bcg_2432c
from the bacillus calmette-guerin vaccine enhances autophagy-mediated immunity
against tuberculosis. Allergy (2022) 77(2):619–32. doi: 10.1111/all.15158

7. Chatterjee S, Yabaji SM, Rukhlenko OS, Bhattacharya B, Waligurski E,
Vallavoju N, et al. Channeling macrophage polarization by rocaglates increases
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2022.943174/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.943174/full#supplementary-material
https://doi.org/10.1126/science.284.5419.1520
https://doi.org/10.1016/j.bbadis.2021.166292
https://doi.org/10.1186/1471-2334-14-355
https://doi.org/10.3389/fmicb.2020.00845
https://doi.org/10.1111/all.15158
https://doi.org/10.3389/fimmu.2022.943174
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wu et al. 10.3389/fimmu.2022.943174
macrophage resistance to mycobacterium tuberculosis. iScience (2021) 24
(8):102845. doi: 10.1016/j.isci.2021.102845

8. Li S, Zhang L, Zhang G, Shangguan G, Hou X, Duan W, et al. A
nonautophagic role of Atg5 in regulating cell growth by targeting c-myc for
proteasome-mediated degradation. iScience (2021) 24(11):103296. doi: 10.1016/
j.isci.2021.103296

9. Dang CV, O'Donnell KA, Zeller KI, Nguyen T, Osthus RC, Li F. The c-myc
target gene network. Semin Cancer Biol (2006) 16(4):253–64. doi: 10.1016/
j.semcancer.2006.07.014

10. Yim HC, Li JC, Pong JC, Lau AS. A role for c-myc in regulating anti-
mycobacterial responses. Proc Natl Acad Sci U.S.A. (2011) 108(43):17749–54.
doi: 10.1073/pnas.1104892108

11. Ganguly N, Giang PH, Basu SK, Mir FA, Siddiqui I, Sharma P.
Mycobacterium tuberculosis 6-kda early secreted antigenic target (Esat-6)
protein downregulates lipopolysaccharide induced c-myc expression by
modulating the extracellular signal regulated kinases 1/2. BMC Immunol (2007)
8:24. doi: 10.1186/1471-2172-8-24

12. Qu Z, Zhou J, Zhou Y, Xie Y, Jiang Y, Wu J, et al. Mycobacterial Est12
activates a Rack1-Nlrp3-Gasdermin d pyroptosis-Il-1beta immune pathway. Sci
Adv (2020) 6(43):eaba4733. doi: 10.1126/sciadv.aba4733

13. Abdul-Hamid NA, Abas F, Maulidiani M, Ismail IS, Tham CL, Swarup S,
et al. Nmr metabolomics for evaluating passage number and harvesting effects on
mammalian cell metabolome. Anal Biochem (2019) 576:20–32. doi: 10.1016/
j.ab.2019.04.001

14. Jain P, Hsu T, Arai M, Biermann K, Thaler DS, Nguyen A, et al. Specialized
transduction designed for precise high-throughput unmarked deletions in
mycobacterium tuberculosis. mBio (2014) 5(3):e01245–14. doi: 10.1128/
mBio.01245-14

15. Bardarov S, Bardarov S, Pavelka MS, Sambandamurthy V, Larsen M,
Tufariello J, et al. Specialized transduction: An efficient method for generating
marked and unmarked targeted gene disruptions in mycobacterium tuberculosis,
m. bovis bcg and m. smegmatis. Microbiol (Reading) (2002) 148(Pt 10):3007–17.
doi: 10.1099/00221287-148-10-3007

16. Schmittgen TD, Livak KJ. Analyzing real-time pcr data by the comparative
C(T) method. Nat Protoc (2008) 3(6):1101–8. doi: 10.1038/nprot.2008.73

17. NalbandianA, Yan BS, Pichugin A, Bronson RT, Kramnik I. Lung carcinogenesis
induced by chronic tuberculosis infection: The experimental model and genetic control.
Oncogene (2009) 28(17):1928–38. doi: 10.1038/onc.2009.32

18. Yeh E, Cunningham M, Arnold H, Chasse D, Monteith T, Ivaldi G, et al. A
signalling pathway controlling c-myc degradation that impacts oncogenic
transformation of human cells. Nat Cell Biol (2004) 6(4):308–18. doi: 10.1038/
ncb1110

19. Chen Y, Zhou C, Ji W, Mei Z, Hu B, Zhang W, et al. Ell targets c-myc for
proteasomal degradation and suppresses tumour growth. Nat Commun (2016)
7:11057. doi: 10.1038/ncomms11057

20. Liu L, Lu Y, Martinez J, Bi Y, Lian G, Wang T, et al. Proinflammatory signal
suppresses proliferation and shifts macrophage metabolism from myc-dependent
to Hif1alpha-dependent. Proc Natl Acad Sci U.S.A. (2016) 113(6):1564–9.
doi: 10.1073/pnas.1518000113

21. Huang Z, Luo Q, Guo Y, Chen J, Xiong G, Peng Y, et al. Mycobacterium
tuberculosis-induced polarization of human macrophage orchestrates the
formation and development of tuberculous granulomas in vitro. PloS One (2015)
10(6):e0129744. doi: 10.1371/journal.pone.0129744
Frontiers in Immunology 18
22. Zhong J, Wang H, Chen W, Sun Z, Chen J, Xu Y, et al. Ubiquitylation of
Mfhas1 by the ubiquitin ligase Praja2 promotes M1 macrophage polarization by
activating jnk and P38 pathways. Cell Death Dis (2017) 8(5):e2763. doi: 10.1038/
cddis.2017.102

23. Cooper AM, Mayer-Barber KD, Sher A. Role of innate cytokines in
mycobacterial infection. Mucosal Immunol (2011) 4(3):252–60. doi: 10.1038/
mi.2011.13

24. Basu S, Fowler BJ, Kerur N, Arnvig KB, Rao NA. Nlrp3 inflammasome
activation by mycobacterial esat-6 and dsrna in intraocular tuberculosis. Microb
Pathog (2018) 114:219–24. doi: 10.1016/j.micpath.2017.11.044

25. Dorhoi A, Nouailles G, Jorg S, Hagens K, Heinemann E, Pradl L, et al.
Activation of the Nlrp3 inflammasome by mycobacterium tuberculosis is
uncoupled from susceptibility to active tuberculosis. Eur J Immunol (2012) 42
(2):374–84. doi: 10.1002/eji.201141548

26. Jayaraman P, Sada-Ovalle I, Nishimura T, Anderson AC, Kuchroo VK,
Remold HG, et al. Il-1beta promotes antimicrobial immunity in macrophages by
regulating tnfr signaling and caspase-3 activation. J Immunol (2013) 190(8):4196–
204. doi: 10.4049/jimmunol.1202688

27. Verway M, Bouttier M, Wang TT, Carrier M, Calderon M, An BS, et al.
Vitamin d induces interleukin-1beta expression: Paracrine macrophage epithelial
signaling controls m. Tuberc Infect PloS Pathog (2013) 9(6):e1003407. doi: 10.1371/
journal.ppat.1003407

28. Kamimura D, Ishihara K, Hirano T. Il-6 signal transduction and its
physiological roles: The signal orchestration model. Rev Physiol Biochem
Pharmacol (2003) 149:1–38. doi: 10.1007/s10254-003-0012-2

29. Ladel CH, Blum C, Dreher A, Reifenberg K, Kopf M, Kaufmann SH. Lethal
tuberculosis in interleukin-6-Deficient mutant mice. Infect Immun (1997) 65
(11):4843–9. doi: 10.1128/iai.65.11.4843-4849.1997

30. Martinez AN, Mehra S, Kaushal D. Role of interleukin 6 in innate immunity
to mycobacterium tuberculosis infection. J Infect Dis (2013) 207(8):1253–61.
doi: 10.1093/infdis/jit037

31. Pello OM. Macrophages and c-myc cross paths. Oncoimmunology (2016) 5
(6):e1151991. doi: 10.1080/2162402X.2016.1151991

32. Farrell AS, Sears RC. Myc degradation. Cold Spring Harb Perspect Med
(2014) 4(3):a014365. doi: 10.1101/cshperspect.a014365

33. Thomas LR, Tansey WP. Proteolytic control of the oncoprotein
transcription factor myc. Adv Cancer Res (2011) 110:77–106. doi: 10.1016/B978-
0-12-386469-7.00004-9

34. Jiang J, Wang J, Yue M, Cai X, Wang T, Wu C, et al. Direct phosphorylation
and stabilization of myc by aurora b kinase promote T-cell leukemogenesis. Cancer
Cell (2020) 37(2):200–15.e5. doi: 10.1016/j.ccell.2020.01.001

35. Wang LJ, Li JCB, Lau ASY. The role of c-myc in phagocytosis of
mycobacteria in human macrophages. J Immunol (2013) 190:130.6.

36. Sharma N, Shariq M, Quadir N, Singh J, Sheikh JA, Hasnain SE, et al.
Mycobacterium tuberculosis protein Pe6 (Rv0335c), a novel Tlr4 agonist, evokes an
inflammatory response and modulates the cell death pathways in macrophages to
enhance intracellular survival. Front Immunol (2021) 12:696491. doi: 10.3389/
fimmu.2021.696491

37. Kovalchuk A, Wang B, Li D, Rodriguez-Juarez R, Ilnytskyy S, Kovalchuk I,
et al. Fighting the storm: Could novel anti-tnfalpha and anti-Il-6 c. sativa cultivars
tame cytokine storm in covid-19? Aging (Albany NY) (2021) 13(2):1571–90.
doi: 10.18632/aging.202500
frontiersin.org

https://doi.org/10.1016/j.isci.2021.102845
https://doi.org/10.1016/j.isci.2021.103296
https://doi.org/10.1016/j.isci.2021.103296
https://doi.org/10.1016/j.semcancer.2006.07.014
https://doi.org/10.1016/j.semcancer.2006.07.014
https://doi.org/10.1073/pnas.1104892108
https://doi.org/10.1186/1471-2172-8-24
https://doi.org/10.1126/sciadv.aba4733
https://doi.org/10.1016/j.ab.2019.04.001
https://doi.org/10.1016/j.ab.2019.04.001
https://doi.org/10.1128/mBio.01245-14
https://doi.org/10.1128/mBio.01245-14
https://doi.org/10.1099/00221287-148-10-3007
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1038/onc.2009.32
https://doi.org/10.1038/ncb1110
https://doi.org/10.1038/ncb1110
https://doi.org/10.1038/ncomms11057
https://doi.org/10.1073/pnas.1518000113
https://doi.org/10.1371/journal.pone.0129744
https://doi.org/10.1038/cddis.2017.102
https://doi.org/10.1038/cddis.2017.102
https://doi.org/10.1038/mi.2011.13
https://doi.org/10.1038/mi.2011.13
https://doi.org/10.1016/j.micpath.2017.11.044
https://doi.org/10.1002/eji.201141548
https://doi.org/10.4049/jimmunol.1202688
https://doi.org/10.1371/journal.ppat.1003407
https://doi.org/10.1371/journal.ppat.1003407
https://doi.org/10.1007/s10254-003-0012-2
https://doi.org/10.1128/iai.65.11.4843-4849.1997
https://doi.org/10.1093/infdis/jit037
https://doi.org/10.1080/2162402X.2016.1151991
https://doi.org/10.1101/cshperspect.a014365
https://doi.org/10.1016/B978-0-12-386469-7.00004-9
https://doi.org/10.1016/B978-0-12-386469-7.00004-9
https://doi.org/10.1016/j.ccell.2020.01.001
https://doi.org/10.3389/fimmu.2021.696491
https://doi.org/10.3389/fimmu.2021.696491
https://doi.org/10.18632/aging.202500
https://doi.org/10.3389/fimmu.2022.943174
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	EST12 regulates Myc expression and enhances anti-mycobacterial inflammatory response via RACK1-JNK-AP1-Myc immune pathway
	Introduction
	Materials and methods
	BMDM preparation and cell culture
	Bacterial strains
	Animals
	Recombinant EST12 protein preparation
	Transcriptional sequencing
	Reverse transcription-quantitative real time PCR
	Cell transfection
	Nuclear/cytoplasmic fractionation and Western blot analysis
	Dual Luciferase Reporter Assay
	Cleavage under targets and tagmentation sequencing
	Chromatin immunoprecipitation and quantitative polymerase chain reaction
	Electrophoretic mobility shift assay
	Plasmid DNA construction
	Enzyme-linked immunosorbent assay and NO measurement
	Immunoprecipitation
	Colony forming unit assay
	Immunofluorescence microscopy
	Flow cytometry
	Statistical analysis

	Results
	Mycobacterial EST12 induces early Myc expression in macrophages during M.tb infection
	EST12 induces the expression and phosphorylation of Myc through JNK-AP1-Myc signaling pathway
	M.tb-EST12 induces the production of proinflammatory cytokines and iNOS/NO at later stage to increase mycobacterial clearance
	EST12 promotes Myc to bind to the promoters of IL-6 and TNF-α, and then induces IL-6 and TNF-α expression
	EST12 decreased Arg1 or Myc expression and increased classical M1 activation and pro-inflammatory response relying on RACK1 and JNK at later stage
	Host E3 ubiquitin ligase FBW7 mediates the K48 ubiquitination and degradation of Myc at late stage
	EST12 induces Myc expression and activation through endocytosis of macrophage not through binding to TLR2/4 of macrophage

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


