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Macrophages play an important role in the host defense mechanism. In response to
infection, macrophages activate a genetic program of pro-inflammatory response to Kill
any invading pathogen, and initiate an adaptive immune response. We have identified
RUVBL2 - an ATP-binding protein belonging to the AAA+ (ATPase associated with diverse
cellular activities) superfamily of ATPases - as a novel regulator in pro-inflammatory
response of macrophages. Gene knockdown of Ruvb/2, or pharmacological inhibition
of RUVBL1/2 activity, compromises type-2 nitric oxide synthase (Nos2) gene expression,
nitric oxide production and anti-bacterial activity of mouse macrophages in response to
lipopolysaccharides (LPS). RUVBL1/2 inhibitor similarly inhibits pro-inflammatory
response in human monocytes, suggesting functional conservation of RUVBL1/2 in
humans. Transcriptome analysis further revealed that major LPS-induced pro-
inflammatory pathways in macrophages are regulated in a RUVBL1/2-dependent
manner. Furthermore, RUVBL1/2 inhibition significantly reduced the level of histone
H3K4me3 at the promoter region of Nos2 and /6, two prototypical pro-inflammatory
genes, and diminished the recruitment of NF-kappaB to the corresponding enhancers.
Our study reveals RUVBL1/2 as an integral component of macrophage pro-inflammatory
responses through epigenetic regulations, and the therapeutic potentials of RUVBL1/2
inhibitors in the treatment of diseases caused by aberrant activation of pro-
inflammatory pathways.
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INTRODUCTION

Macrophages are innate immune cells that play a central role in
host defense against pathogens. They are also involved in tissue
homeostasis, tissue repair, and disease pathogenesis. Among
other functions, they sense invading pathogens and respond
swiftly via induction of pro-inflammatory response characterized
by the release of anti-microbial mediators including nitric oxide
(NO), chemokines (CXCL8, CXCL10, CCL3, CCL4, and CCL5)
and pro-informatory cytokines (IL-1 beta, IL-6, and TNF-alpha)
respectively. These responses are triggered by the activation
of toll-like receptors (TLRs) that recognize conserved
microbial-associated molecular patterns of invading pathogens
such as lipopolysaccharides (LPS), resulting in the activation
of intracellular signaling cascades. Subsequently, there will
be an increase in transcription of genes involved in the pro-
inflammatory response (1), resulting in the direct elimination
of invading pathogens, as well as activation of the adaptive
immune response.

RUVBLI (RVBI, TIP49, PONTIN) and RUVBL2 (REPTIN,
RVB2, TIP48, TIP49B, and RBL1) are homologous members of
the RuvB-Like family (2). They are ATP-binding proteins that
belong to the AAA+ (ATPase associated with diverse cellular
activities) superfamily of ATPases. RUVBLI or RUVBL2, when
expressed alone, displays no ATPase activity, but their ATPase
activity can be significantly enhanced when they are assembled
into a ring-like hetero-oligomeric complex (2, 3). RUVBLI and
RUVBL2 (RUVBL1/2) are involved in diverse cellular processes.
They regulate transcription by modulating the transcriptional
activities of MYC and B-catenin (4, 5), and act as a component of
chromatin remodeling complexes TIP60, INO80, and SWRI, all
of which regulates DNA damage response and chromatin
remodeling (6-9). Besides genomic functions, they are also an
integral component of the R2TP/Prefoldin-like cochaperone
complex involved in the assembly of protein complexes
including snoRNPs, RNA polymerase, telomerase, and
members of the phosphatidylinositol 3-kinase-related protein
kinase (PIKK) family (10).

Much less is known regarding the tissue-specific functions of
RUVBL1/2. The human protein atlas showed that RUVBLI and
RUVBL2 are moderately expressed in immune cells (11).
Concordantly, RUVBL2 is essential for T-cell development and
T-cell dependent antibody responses (12), and is implicated in the
differentiation of naive CD4 T cells (13). Together, these data
suggested that RUVBL1/2 play a role in immunity response. In
addition, a role of RUVBL2 in metabolic homeostasis has been
demonstrated, suggesting it as a potential therapeutic target for
metabolic syndrome (14). On the other hand, a selective inhibitor
of the RUVBL1/2 complex has been developed recently and
showed efficacy as an experimental cancer therapeutics (15).

In this study, we investigated the functional role of RUVBL1/2
in innate immunity. We showed that RUVBL1/2 is indispensable
for pro-inflammatory response and anti-microbial activity of
macrophages. We further demonstrated that the expression of
genes involved in pro-inflammatory response, including type-2
nitric oxide synthase (Nos2), are regulated in a RUVBL2-
dependent manner via epigenetic regulations. Our study

discovered a novel functional role of RUVBL1/2 in orchestrating
innate immunity in macrophages, and highlighted the therapeutic
potentials of RUVBL1/2 inhibitors in treating diseases caused by
aberrant activation of pro-inflammatory pathways.

MATERIALS AND METHODS

Reagents and Antibodies

Lipopolysaccharides (LPS) (Escherichia coli O111:B4) were
purchased from Sigma Aldrich. ON-TARGETplus SMARTpool
siRNA and single siRNA targeting mouse Ruvbl2 and Ruvbll were
obtained from Dharmacon. For immunoblotting and ChIP assay,
the following antibodies were used: mouse monoclonal anti-Reptin
52 (RUVBL2) (Santa Cruz), mouse anti-TIP49A (RUVBL1)
(Abcam), mouse anti-B-Actin (Sigma-Aldrich), rabbit anti-p38/
MAPK (Cell Signaling Technology), rabbit anti-p-p38/MAPK
(T180/Y182; Cell Signaling Technology), rabbit anti-p44/42
(ERK1/2; Cell Signaling Technology), rabbit anti-p-p44/42
MAPK (ERK1/2; Thr202/Tyr204 (Cell Signaling Technology),
rabbit anti-SAPK/JNK (Cell Signaling Technology), rabbit anti-p-
SAPK/JNK (Thr183/Tyr185) (Cell Signaling Technology), rabbit
anti-IkBou (Cell Signaling Technology), rabbit anti-Statl (Cell
Signaling Technology), rabbit anti-p-Stat1(S727) (Cell Signaling
Technology), rabbit anti-p- Akt (5473) (Cell Signaling Technology),
mouse anti-LAMIN Bl (Santa Cruz), mouse anti-o-tubulin
(Sigma-Aldrich), rabbit anit-p50 (Abcam), rabbit anti-H3K4Me3
(Cell Signaling Technology), rabbit anti-H4K20me3 (Santa Cruz
Biotechnology), and rabbit anti-p50 (Cell Signaling Technology)
antibodies. CB-6644 was obtained from MedChemExpress.

Cell Lines and siRNA Transfection

RAW 264.7 macrophages (American Type Culture Collection)
were grown in DMEM (Gibco), supplemented with 10% heat-
inactivated fetal bovine serum (Gibco). Cells were transfected
with the respective siRNA duplexes by using Neon™
transfection system (ThermoFisher) (1720V, 10ms, 2 pulses) or
TransIn"" EL Transfection Reagent (Transgen Biotech). Cells
were analyzed after two days of transfection.

Preparation of Human Macrophages and
LPS Stimulation of Human Monocytes
Human peripheral monocytes were isolated from the blood of
healthy donors. Blood was diluted 2-fold with PBS. Mononuclear
cells were isolated by gradient centrifugation with Pancoll
human (PAN Biotech, Germany) following the manufacturer’s
instructions. Monocytes were further isolated using EasySep
Human Monocyte Isolation Kit (StemCell, Canada). The
experiment has obtained approval from the institutional review
board (IRB) of University College of Medicine/Seoul National
University Hospital (IRB number: 1605-044-760), and written
informed consent was obtained from the donors. Human
monocytes were seeded at 2x10° cells per well onto a 96 well
plate and incubated at 37°C in 5% CO,. After stabilization, cells
were washed with PBS without divalent ions. Cells were pre-
treated with 1 uM of CB-6644 for 6 hours, followed by
stimulation with LPS (10 ng/mL) for 6 hours in the presence
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of the same concentration of CB-6644, respectively. Supernatants
were collected and spun at 1,500 rpm to remove floating cells. All
samples were stored at -20°C before use.

Measurement of Nitrite and Cytokines

NO produced by macrophages was measured using the Griess
reaction system (Promega). Mouse IL-6, IL-1B3, TNF-o, IFN-y and
GM-CSF level in the cultured medium was determined by Th1/Th2
Cytokine 11-Plex Mouse ProcartaPlex' " Panel according to the
manufacturer’s recommendations (Invitrogen). Human IL-6 and
TNF-o in culture medium was measured by ELISA MAX Standard
Set Human IL-6 (BioLegend, USA) and TNF alpha Human
Uncoated ELISA Kit (Invitrogen, USA), respectively, following
manufacturer’s instructions.

Macrophage Infection Assay

Macrophages infection assay was conducted as described (16).
Specifically, RAW 264.7 macrophages were infected with E. coli
DH50 with a multiplicity of infection of 10 for 1 h. Subsequently,
cells were washed to remove extracellular bacteria. Gentamicin
(100 pg/ml) was added to the medium for 1 h to prevent
replication of the remaining extracellular bacteria, followed by
the addition of gentamicin (25 ug/ml) until the end of the
experiment. Infection was terminated by cellular lysis using 1%
Triton X-100 in PBS, and the number of intracellular bacteria
was determined by serial dilution in 0.05% Tween 20 in PBS and
subsequent plating on LB plates. Colony-forming unit (CFU)
were enumerated after incubation overnight at 37°C.

RNA Isolation, Reverse Transcription,
Real-Time PCR, and Relative
Quantification

Total RNA from cell culture experiments was extracted with Trizol
(Thermofisher) according to manufacturer’s instruction. RNAs
were reverse transcribed using PrimeScriptTM RT Master Mix
(TaKaRa) and analyzed by real-time quantitative RT-PCR (qRT-
PCR) on an ABI QuantStudio 7 Flex Real-Time PCR System
(Applied Biosystems). Tagman Universal Mastermix and Assays-
on-Demand (Applied Biosystems) were used to determine gene
expression level. The following assays were used: Ruvbl2
(MmO00600028_m1), Ruvbll (Mm04203863_gl1), Actb (Mm0261
9580_gl), Ms4a7 (Mm01197655_m1), Marcks (Mm02524303_s1),
116 (Mm00446190_m1), Csf3 (Mm00438334_m]1), Fpr2
(Mm00484464_s1), Cend2 (Mm00438070_m1), Vegfc (Mm0043
7310_m1), Csf2 (Mm01290062_m1), IlIf6 (Mm00457645_m1),
Cxcl2 (MmO00436450_m1), Siglec]I (MmO00488332_m1), Lcn2
(Mm01324470_m1), Ccr3 (MmO01216172_m1), Acodl (Mm012
24532_m1), Ccl6 (Mm01302419_m1), Nos2 (Mm00440502_m1),
Tnfrsflb (MmO00441889_m1), Ccl7 (Mm00443113_ml), Il1b
(MmO00434228_m1), Ccl2 (Mm00441242_m1), Socs3 (MmO00
545913_s1), Ccl3 (Mm00441259_gl), Ccl4 (Mm00443111_m1),
Carl3 (MmO01291526_m1), Pkm (Mm00834102_gH), Ccl5
(Mm01302427_m1), Pckl (Mm01247058_m1), 1133 (MmO00
505403_m1), MxI (Mm00487796_m1), Serpinb3b (MmO03
032256_uH), Tnf (Mm00443258_m1), Ptgs2 (MmO00478374_ml1).
SYBR green qPCR was used for quantitation of other genes.

Data were analyzed using the AACT method (relative to B-actin).
The primers used are shown in Supplementary Table 1.

RNA Sequencing and

Bioinformatic Analysis

RNAs were prepared from RAW 264.7 cells under different
treatments. RNA library construction and sequencing were
conducted by Novogene. Raw reads were aligned to M.
musculus reference genome (Genocode M25) using Hisat2
(17). Raw read counts for mouse genes were imported into
DESeq2 using Bioconductor package tximport (version 1.16.1).
Differential gene expression analysis was performed using
Bioconductor package DESeq2 (version 1.28.1) (18). Default
Benjamini & Hochberg method was used for multiple
hypothesis correction of DESeq2 differentially expressed genes.
Genes with g-value <= 0.05 and log2(fold-change) >= 1 or log2
(fold-change) <= -1 were selected as significantly differentially
expressed genes (DEGs). Gene Ontology enrichment was
performed on significantly up- and down- regulated genes
selected by the above cutoffs using the Bioconductor package
topGO (version 2. 40.0). KEGG pathway enrichment analysis
was performed using Bioconductor package KEGGprofile
(version 1.30.0). All the raw sequencing data is deposited
at NCBI SRA and can be accessed with accession IDs
SRR13594158 - SRR13594165.

Western Blot Analysis

Nuclear and cytoplasmic proteins were isolated using NE-PER
Nuclear and Cytoplasmic Extraction Reagents kit (Thermo Fisher
Scientific) according to instructions. Macrophages were washed twice
with ice-cold PBS and lysed SDS lysis buffer (50 mM Tris-HCl, 2%
SDS, 10% glycerol). The cell lysates were cleared by boiling. For
immunoblotting, the proteins were resolved by SDS-PAGE,
electrotransferred to either nitrocellulose membrane or
polyvinylidene difluoride membranes and immunoblotted with
antibodies. Anti-rabbit or anti-mouse horseradish peroxidase-linked
IgG (GE Health) was used as secondary antibodies. Blots were
developed with Luminata Forte Western HRP substrate (Millipore)
and data were processed using Fluor-S Multilmager (Bio-Rad).

MTS Assay

To determine cell viability, MTS assay was conducted using
CellTiter 96 AQueous assay kit (Promega) according to
manufacturer’s instructions. Macrophage were seeded in the
96-well plate. After gene knockdown or treatment with
compound, freshly prepared MTS/PMS solution was added
into each well, followed by incubation at 37°C, 5% CO,
incubator for 3 hrs. The absorbance at 490nm were measured
with EnSpire Multimode Plate Reader (PerkinElmer).

ChIP Analysis
Real-time PCR-based ChIP analysis was conducted as we have

described previously (19). Cells were fixed with medium containing
0.9% formaldehyde for 15 min at room temperature. Sonicated
chromatin fragments (averaged ~200 to 500 bp) were incubated
with the corresponding antibody followed by pull-down using
protein A agarose. Bound DNAs were eluted and quantitated by
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real-time PCR using corresponding primers. Primers used for PCR
analysis were shown in Supplementary Table 1.

Statistical Analysis

Statistical analysis was conducted using GraphPad Prism
software. All data were expressed as mean + SEM of triplicate
experiments. Statistical significance was determined by unpaired
t-test (two-tailed) for two groups or one-way ANOVA or two-
way ANOVA for three or more groups comparison, followed by
Bonferroni’s multiple comparison test as post-test. Significance is
shown in the respective figures. p< 0.05 was considered
statistically significant.

RESULTS

Ruvbi2 |s Important for Nitric Oxide
Production and Bactericidal Activity

of Macrophages

To determine whether RUVBL2 plays a role in macrophage
function, we conducted gene knockdown of Ruvbl2 in mouse
RAW 264.7 macrophages, using SMARTpool siRNAs (SP-
siRuvbl2). The SP-siRuvbl2 effectively down-regulated RuvbI2
mRNA and RUVBL2 protein expressions in the cells, while no
effect was observed when cells were transfected with non-
targeting siRNA control (siControl) (Figure 1A). Knockdown
of RUVBL2 did not compromise cell viability (Supplementary
Figure 1A). Moreover, two additional independent siRNAs
(siRuvbl2#1 and siRuvbl2#2) also demonstrated comparable
efficiency to SP-siRuvbl2 for the knockdown of Ruvbl2 mRNA
and protein (Figure 1A). The role of RUVBLI and RUVBL2 in
pro-inflammatory response of macrophages was determined
using Nos2 expression response to LPS as an assay. LPS
(10 ng/ml) treatment resulted in an 800-fold increase in Nos2
expression in the siControl transfected mouse macrophages,
whereas Nos2 induction was significantly reduced in the cells
transfected with SP-siRuvbl2 or individual siRNAs (siRuvbl2#1
and siRuvbl2#2) (Figure 1B). Concordantly, the concentration of
LPS-induced nitric oxide (NO) production (measured as nitrite)
was also significantly reduced in cells transfected with the different
Ruvbl2 siRNAs (Figure 1C). Nos2 expression (Supplementary
Figure 1B), and NO production (Supplementary Figure 1C) was
similarly induced by LPS in untransfected and siControl-
transfected macrophages, suggesting that the siControl siRNA
does not disrupt pro-inflammatory response. It has been shown
that RUVBL2 and RUVBLI could either function independently, or
together as hetero-dimeric or hetero-hexameric complex (20).
Therefore, we determined the effects of gene knockdown of
Ruvbll on pro-inflammatory response. We found that gene
knockdown of Ruvbll (Figure 1D, left) resulted in significant
reduction of both LPS-induced Nos2 expression (Figure 1D,
middle) and NO production (Figure 1D, right), suggesting that
RUVBL2 works together with RUVBLI in this context. Moreover,
we found that gene knockdown of Ruvbl2 also compromised the
bactericidal activity of macrophages, as reflected by a remarkable
increase in intracellular accumulation of E. coli. (Figure 1E, left),
paralleled by reduced NO production (Figure 1E, right).

RUVBL2 has been shown to exert both cytoplasmic (14, 21)
and nuclear activities (6-8). We therefore asked if LPS alters the
expression and/or subcellular distribution of RUVBL2 using sub-
cellular fractionation followed by Western blot analysis. Our data
showed that neither expression (Figure 1F, upper) nor the
subcellular distribution of RUVBL2 (Figure 1F, lower) was
altered in the presence of LPS, suggesting that pro-
inflammatory response of macrophage is regulated by a change
in RUVBL1/2 activity. Together, these findings demonstrated
that RUVBL2 plays a pivotal role in the innate immune response
of macrophages.

RUVBL2 Is an Essential Player in
Pro-Inflammatory Response

Macrophages are crucial mediators of the pro-inflammatory
responses. Upon stimulation by LPS, a complex transcriptional
response is induced within hours, leading to the activation of
functional programs that control cell migration, tissue repair and
remodeling, antimicrobial defense and elucidation of adaptive
immune response (22). Pro-inflammatory genes are categorized
into primary and secondary response genes differentiated by
their swiftness of upregulation upon TLRs stimulation (23). We
selected twenty-two LPS-induced genes, including primary and
secondary response genes, as well as cytokine and receptor genes,
for analyzing their expression kinetics. Using real-time
quantitative PCR analysis, we confirmed that these genes are
significantly induced after 4 and 24 hours of LPS treatment
(Figure 2A). There were differences in the kinetics of expression
among different genes (Figure 2A). Comparing with cells
transfected with siControl, transcriptional induction of Nos2,
interleukin, interleukin-related genes (Il1b, I16), prostaglandin-
related (Ptgs2), and cytokines/chemokines (Cxcl2, Ccl2, Ccl3,
Ccl5, Csf2) genes was reduced significantly at 4 or 24 hrs upon
LPS treatment in macrophages transfected with SP-siRuvbl2,
whereas the expression of Tnf was not affected (Figure 2A and
Supplementary Table 2). As a control, the expression of pyruvate
kinase (Pkm), a house-keeping gene whose expression was not
altered by LPS treatment, was not affected by siRuvbl2 knockdown
(Figure 2A). Concordant with these observations, SP-siRuvbl2-
transfected cells showed a significant reduction in secretory IL6,
IL1B, and CSF2 levels upon LPS treatment, whereas TNFoL secretion
was not inhibited by the siRNA (Figure 2B), consistent with the
result of gene expression analysis.

To further elucidate if RUVBL2 differentially regulates the
expression of primary and secondary response genes, we
determined the expression of some of these genes over a short
induction period (0 to 4 hrs) upon LPS stimulation. Among the
selected primary response genes, the expression of Ccl2, Ccl3, I11b,
Acodl, Cxcl2, and Ptgs2 in Ruvbl2-depleted cells was significantly
reduced at 4 hours post LPS induction (Figure 2C). Similarly, there
isasignificant reduction in secondary response genes at 4 hours post
LPS induction, including Nos2, Il6, and MxI, in macrophages
transfected SP-siRuvbl2 (Figure 2D). An exception was found for
the gene Lcn2, which showed enhanced expression in Ruvbl2-
depleted cells in response to LPS (Figure 2D). Together, our data
suggested that RUVBL2 is essential for eliciting proper macrophage
pro-inflammatory response upon LPS stimulation.
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FIGURE 1 | RUVBL2 is essential for Nos2 gene expression and bactericidal activity of macrophages (A) Expression of Ruvbl2 in RAW264.7 cells. Cells were transfected
with SMARTpool siRNA (SP-siRuvbl2), individual sSiRNA (siRuvbl2#1, siRuvbl2#2), or control siRNA (siControl) for 48 hours. Left, RT-PCR analysis of relative Ruvbi2 mRNA
expression in response to different siRNA transfections. Right, Western blot analysis of RUVBL2 expression in cells transfected with siControl and SP-siRuvbl2 (upper panel),
and with siControl, siRuvbl2#1 and siRuvbl2#2 respectively (lower panel). (B) Relative Nos2 mRNA expression in RAW 264.7 cells transfected with the corresponding
siRNAs in the presence or absence of LPS (10 ng/ml) for 24 hours. (C) Level of nitrite in culture medium of RAW 264.7 cells transfected with the corresponding siRNAs in the
presence or absence of LPS (10 ng/ml) for 24 hours. (D) Left, expression of Ruvbl1 gene in RAW 264.7 cells upon transfection with control SiRNA (siRuvbl1) or siRNA against
Ruvbl1 (siRuvbl1). Middle, level of Nos2 expression in RAW 264.7 cells transfected with the corresponding siRNAs in the presence or absence of LPS (10 ng/ml) for 24
hours. Right, level of nitrite in culture medium of RAW 264.7 cells transfected with the corresponding siRNAs in the presence or absence of LPS (10 ng/ml) for 24 hours.

(E) RAW 264.7 cells transfected with siControl or SP-siRuvbl2 were infected with E.coli. The level of bacterial load (left) and nitrite levels in the corresponding condition
medium after 24 h (right) were determined. (F) Western blotting analysis showing the expression of RUVBL2 in whole cell lysate (Upper panel), and subcellular fractions
(Lower panel), upon LPS treatment for different time points. Data from (A-E) were obtained from three independent experiments and presented in mean + SEM. *p < 0.05;
*p < 0.01; **p < 0.001 by one-way ANOVA with Bonferroni’s multiple comparison test as post-test in (A=C) and by unpaired t-test in (D, E).

RUVBL2 Inhibitor Effectively Blocks LPS-
Induced Pro-Inflammatory Response
CB-6644 is a newly discovered RUVB1/2 complex inhibitor that
specifically targets ATPase activity of the complex at high potency
(15). Its effect on pro-inflammatory responses of macrophages has
never been evaluated. We found that CB-6644 when added at a final
concentration of 1 UM to the culture medium, similar to Ruvbl2
siRNAs, profoundly repressed Nos2 gene expression and NO
production in RAW 264.7 cells (Figure 3A). This effect is not due
to cell death under the inhibition of RUVBL1/2 complex function,
as the inhibitor treatment did not significantly affect cell viability
(Supplementary Figure 1D).

To evaluate the impact of the CB-6644 in physiology and the
pro-inflammatory responses of macrophages, transcriptome

analysis by RNA-seq was conducted on RAW 264.7
macrophages, or LPS-induced RAW 264.7 macrophages in the
presence and absence of the inhibitor. Differentially expressed
genes (DEGs) were identified using DESeq2 (Supplementary
Table 3). Sample distance analysis (Supplementary Figure 2A)
revealed that gene expression profiles of biological repeats of
treatment (n=2) are highly correlated with a median R value of
0.999 (Supplementary Figure 2A). Principal component
analysis (PCA) showed that biological repeats are generally
more similar to each other than to different treatments
(Supplementary Figure 2B). Differential gene expression
analysis by DESeq2 between LPS- and DMSO-treated cells
revealed a total of 6159 DEGs (2866 up-regulated and 3293
down-regulated) (Figure 3B and Supplementary Table 3),
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FIGURE 2 | RUVBL2 is essential for pro-inflammatory gene expressions. (A) Heatmap of pro-inflammatory gene expression using real-time PCR analysis at 4 and
24 hrs after LPS induction of RAW 264.7 macrophages transfected with siControl or SP-siRuvbl2. (B) Level of TNF-o., IFNy, IL-6, IL-1fB, and GM-CSF in culture
medium of RAW 264.7 macrophages transfected with siControl or siRuvbl2, in the presence of LPS (10 ng/ml). (C) Kinetics of expression of representative primary
response genes in LPS (10 ng/ml)-induced RAW 264.7 macrophages transfected with siControl or SP-siRuvbl2. (D) Kinetics of representative secondary response
genes expression in siControl and SP-siRuvbl2 transfected cells in response to LPS (10 ng/ml). Data from (A-D) are obtained from three independent experiments
and presented in mean + SEM. *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001, by unpaired t-test in (B) and by two-way ANOVA with Bonferroni’s multiple
comparison test as post-test in (C, D).

including the primary and secondary response genes examined
in the RT-PCR analysis (Supplementary Figure 2C). The up-
regulated DEGs were enriched in GO terms such as Cellular
Response to Lipopolysaccharide, Response to Bacterium,
Inflammatory Response, and Innate Immunity response, etc.,
as well as the NF-kappaB and JAK-STAT signaling KEGG
pathways - the two prototypical pathways activated by LPS
signaling (24) (Figure 3C and Supplementary Table 4). These
results show that the RNA-seq data reliably captured the
macrophage response to LPS.

Strikingly, in the presence of the RUVB1/2 inhibitor CB-6644,
the LPS-induced transcriptional response of macrophages was
significantly mitigated with the number of DEGs being 6-7 times

less (465 up-regulated and 481 down-regulated; LPS + CB-6644 vs
DMSO + CB-6644). Specifically, most of the genes differentially
regulated in response to LPS (Figure 3D; 2561 and 3017 for up-
and down-regulated genes) were not significantly changed in their
expression (ie., less than 2-fold) in CB-6644-treated macrophages
upon LPS treatment (Figure 3D; LPS + CB-6644 vs CB-6644),
suggesting that the RUVB1/2 inhibitor CB-6644 can suppress LPS
response in macrophages. More importantly, genes involved in the
GO term Cellular Response to LPS were also significantly
diminished with RUVB1/2 inhibition (Figure 3E, Supplementary
Table 4). Together these data suggested that pharmaceutical
inhibition of RUVBLI1/2 complex results in the repression of pro-
inflammatory responses in macrophages.
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FIGURE 3 | Transcriptomic analysis of pharmacological activity of CB-6644. Transcriptomic analysis of pharmacological activity of CB-6644. (A) Expression of Nos2
(Left) and the level of nitrite in culture medium (Right) of RAW 264.7 macrophages induced with LPS (10 ng/ml) for 12 hours in the presence or absence of CB-6644
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with Bonferroni’s multiple comparison test as post-test.
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To further elucidate the relevance of this observation in humans,
we determined the effect of CB-6644 in human primary monocytes.
In these monocytes, the secretion of IL-6 and TNF-ot was also highly
induced when stimulated with LPS. In the presence of CB-6644, the
secretion of IL-6 was significantly reduced, whereas the secretion of
TNF-o. was not affected in human monocytes (Figure 3F). NO
production was not measured because it is well known that in
human monocytes Nos2 gene is not responsive to LPS treatment.
Together these findings suggested the functional conservation of
RUVBLI1/2 complex in pro-inflammatory responses between
mouse and human.

Elucidating the Mechanism of RUVBL2-
Mediated Pro-Inflammatory Responses
LPS initiates sequential intracellular signaling events that lead to
the expression of pro-inflammatory cytokines and mediators,
primarily via Toll-like receptor-4 (TLR4) activation (22). Upon
activation, TLR4 initiates an ordered recruitment of adaptor
molecules, including MyD88, interleukin-1 (IL-1) receptor-
associated kinase, and tumor necrosis factor (TNF) receptor-
associated factor, leading to the activation NF-xB and MAPKS.
Because RUVBLI1/2 complex has been shown to play a role in
cytoplasmic signal transduction and NF-kB activation (25, 26),
we determined if RUVBL2 inhibitor impedes the activation of
the known signaling pathways upon LPS stimulation.
Stimulation of RAW 264.7 macrophages by LPS resulted in rapid
phosphorylation of JNK, EKR, AKT, and p38, degradation of IxB,
and phosphorylation of STAT1 (Figure 4A), consistent with
established notions (22, 24). The addition of CB-6644 did not
significantly inhibit these LPS-induced processes (i.e., activation of
those signaling molecules) (Figure 4A). Together, these data
suggested that RUVBL2 does not participate in major LPS-
induced cytoplasmic signaling events. The negative effect of
RUVBLI1/2 complex on pro-inflammatory gene expressions was
not mediated through affecting the activation NF-xB and STAT1
(i.e., IxB degradation and STAT1 phosphorylation, respectively),
which are the major effectors of TLR4 signaling, suggesting that it
may achieve gene regulation via epigenetic regulations.
Mounting evidence suggested that inducible pro-
inflammatory response genes are maintained in a repressed
state by corepressor complexes (27, 28) through trimethylation
of H4K20 (H4K20me3) at gene promoters (29). Erasure of this
histone mark by PHF2 is a pre-requisite for LPS-induced gene
activation, including the Nos2 gene, which is the target of PHF2
(29). We, therefore, conducted chromatin immunoprecipitation
(ChIP)-PCR to elucidate if RUVBL1/2 complex regulates histone
demethylations in Nos2 promoter. Using primer pair located
near kKB enhancer and transcription start site (TSS) of Nos2, we
found that H4K20me3 level was enriched around this region
under basal condition (Figure 4B). LPS stimulation resulted in a
consistent and significant reduction of H4K20me3 level at Nos2
promoter (Figure 4B). Nevertheless, the addition of CB-6644 did
not significantly affect basal level of H4K20me3, nor altered its
erasure by LPS (Figure 4B), suggesting that RUVBL1/2 complex
does not play a role in H4K20me3 demethylation nor gene
depression during LPS stimulation.

On the other hand, pro-inflammatory gene activation is closely
associated with H3K4 trimethylation (H3K4me3) around the TSSs of
these genes (30). Using ChIP-PCR analysis, we found that H3K4me3
at the promoter of the Nos2 gene were profoundly enriched by LPS
stimulation, but the induction level was significantly reduced in the
presence of CB-6644 (Figure 4C). ChIP-PCR analysis was then
conducted to determine if the recruitment of NF-«B (as measured by
the occupancy of p50) to the kB enhancer of Nos2, was regulated by
RUVBLI1/2. We found that p50 was significantly enriched at around
KB enhancer of Nos2 by LPS (Figure 4D). However, the association
of p50 to the enhancer was mitigated by CB-6644 (Figure 4D),
suggesting that RUVBL1/2 complex regulates NF-kB recruitment to
Nos2 promoter. Similarly, using primer pair located near the TSS of
another major pro-inflammatory gene II6, we found that CB-6644
also represses LPS-induced enhancement of H3K4me3 (Figure 4E).
Furthermore, we found that LPS-induced enhancement of p50 to the
II6 promoter is also inhibited by CB-6644 treatment (Figure 4F).
Together, these data suggested that RUVBL1/2 complex regulates
pro-inflammatory gene expressions through regulating H3K4me3.

DISCUSSION

RUVBL1/2 complex has been implicated in many cellular,
physiological, as well as pathogenic processes, ranging from
energy metabolism (25), glucose and lipid homeostasis (14),
DNA repair (31), transcriptions (32), protein degradation (33),
to cell growth and cancers (8, 34). Despite its broad involvement
in various biological processes, the molecular functions of
RUVBL1/2 complex remain largely elusive. Evidence suggested
that upon undergoing heterodimerization into a hexameric or
dodecameric ring structure, RUVBL1/2 exhibits enhanced DNA
helicase activity that is linked to RNA polymerase activity (35,
36). However, RUVBL1/2 complex has also played a role in other
protein complexes unrelated to its DNA helicase function, such
as in the chromatin remodeling complexes (9, 37), telomerase
(38), and phosphatidylinositol 3-kinase-related protein kinases
(10). Besides, mounting evidence suggested that RUVBL1 and
RUVLBL2 may work independently to elicit cellular response
under specific context (12, 13, 39). More recently, the role of
RUVBL1/2 complex as a chaperone has been proposed (37).
Therefore, RUVBL1/2, either alone or in complex, may elicit
cellular responses via diverse, yet uncharacterized mechanisms.

Here we presented multiple lines of evidence that RUVBL2 plays a
novel functional role in the innate immune defense of human and
mouse macrophages by mediating pro-inflammatory responses
upon TLR activation. Our findings suggested that either depletion
of RUVBLI1 or RUVBL2 results in a similar inhibition of LPS-
mediated Nos2 gene expression and NO production, a hall mark in
macrophages pro-inflammatory response which endows
macrophages with cytostatic or cytotoxic activity against
pathogens. Using a specific pharmacological inhibitor of RUVBLI1/
2 complex, we further demonstrated that the ATPase activity of the
RUVBL1/2 complex is essential for the regulation of pro-
inflammatory response of macrophages. Consistent with our
finding, a recent CRISPR screen has also identified RUVBL2 as one

Frontiers in Immunology | www.frontiersin.org

June 2021 | Volume 12 | Article 679184


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Zhang et al.

RUVBL1/2 Complex in Pro-Inflammatory Response

DMSO CB-6644
0 15 30 45 60 0 15 30 45 60 (mins after adding LPS)

p-JNK

p-ERK
ERK

p-p38

[
=
X

|

p38

p-AKT (S473)
kB

p-STAT1 (S727)

STAT1

ACTIN

8

Fold change relative to DMSO treatment
»

Nos2

- DMSO
- CB6644
W DMSO+LPS
CB6644+LPS

Fi Fold change relative to DMSO treatment

[

Bonferroni’'s multiple comparison test as post-test.

FIGURE 4 | Mechanisms of RUVBL1/2 in the regulation of pro-inflammatory gene expressions. (A) Western blotting analysis of signaling molecules involved in TLR4
signaling pathways in the presence or absence of CB-6644. RAW 264.7 macrophages were induced with LPS (10 ng/ml) in the presence of DMSO or CB-6644

(1 uM) for the indicated time. Cell lysates were analyzed using the indicated antibodies. p-JNK, phospho-c-Jun N-terminal kinase; JNK, c-Jun N-terminal kinase; p-
ERK, phospho-mitogen-activated protein kinase1/2; ERK, mitogen-activated protein kinase1/2; p-P38, phospho-P38; IkBo., NF-kappa-B inhibitor alpha; p-Stat1
(S727), phospho-Stat1 (S727); and Stat1. (B-D) ChIP-PCR analysis showing relative level of (B) H4K20me3, (C) H3K4me3, and (D) p50, around TSS of Nos2
promoter in response to LPS (10 ng/ml), in the presence or absence of CB-6644. (E, F) ChIP-PCR analysis showing relative level of (E) H3K4me3 and (F) p50
around TSS of /16 promoter in response to LPS (10 ng/ml), in the presence or absence of CB-6644. For all ChIP-PCR analysis, cells were stimulated with LPS for 6
hours in the presence of CB-6644 (1 uM) or DMSO. Data represent fold enrichment in chromatin immunoprecipitated by the corresponding antibody relative to
DMSO control. Data from (B-F) are presented in mean + SEM of three independent experiments. *p < 0.05; *p < 0.01; **p < 0.001, by one-way ANOVA with

B H4K20me3
*
£ 15 *
E
§ . DMSO
8 W CB-8644
E 1.0 N DMSO +LPS
2 CB-6644 +LPS
0.5
H T
g
2
3
2 oo
Nos2
Cc H3K4me3
£ 12 i
g ok
8
=
o
2
£
®
H
g
2
3
&
Nos2
E H3K4me3
& ik
g 60 =
£
% 40 - DISO
N CB-6644
g N DMSO+LPS
i CB-6644 + LPS
T
-3
2
2
5
z
g o

6

of the putative regulators of LPS response in dendritic cells (40),
substantiating our findings that RUVBL1/2 complex may serve
broader functional roles in innate immunity.

TLR activation by LPS results in the activation of MyD88,
NF-kB, and interferon regulatory factor signaling pathway,
resulting in pro-inflammatory gene transcriptions (41). Besides
being a nuclear protein, RUVBL1/2 is also localized to the
cytoplasm participating in signal transduction events such as
NF-«xB activation (14, 21, 26). However, our data did not support
a role of RUVBL1/2 in cytoplasmic signaling, because inhibition

of RUVBL1/2 complex neither affects LPS-induced activation of
major cytoplasmic signaling molecules (e.g., ERK, JNK, and p38)
nor activates the central players in TLR signaling (NF-xB and
STAT1). TLR activation leads to two waves of gene expressions
categorized by the swiftness of transcriptional response, known
as primary and secondary gene expressions respectively (23).
Primary response gene expression, which does not require new
protein synthesis, can be further divided into early primary (e.g.,
Cxcl2, Socs3, IL1b, Ptgs2) and late primary (e.g., Ccl2, Ccl5, Irgl)
response genes. Early primary response genes do not require
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nucleosome remodeling, whereas late primary response genes,
and most (e.g., Nos2, 1l6, Lcn2, Mx1) secondary response genes,
require SWI/SNF-mediated nucleosome remodeling for
activation (23). RUVBLI1/2 has been shown to play a role in
chromatin remodeling by being a component of ATP-dependent
chromatin remodeling complexes including INO80, SWR1, SNF2-
related CBP activator protein (SRCAP), TIP60 acetyltransferase
complex (42), and BAF53, a component of the mammalian SW1/
SNF-related protein complex (43). Nevertheless, our data showed
that primary and secondary response genes were broadly disrupted
to a similar extent upon inhibition of RUVBL1/2 complex.
Therefore, our data suggest the role of RUVBL1/2 in the
regulation of LPS-induced gene expressions is not acting via the
SWI/SNF complex. On the other hand, although RUVBL1/2 has
also been implicated in the regulation of RNA polymerase II activity
(44), our transcriptomic analysis showed that RUVBL1/2 inhibition
only selectively inhibits pro-inflammatory gene expressions rather
than ameliorating global gene expressions. Therefore, it is unlikely
that the complex regulates general transcription machinery via
RNA PolII. RUVBL1 or RUVBL2 has also been known to indirectly
regulate gene transcriptions via cooperating with transcription
factors such as Myc, E2F1 and f-catenin, respectively (4, 5, 45).
Whether RUVBLI1/2 exerts its effect via modifying the activity of
specific transcription factors, such as NF-xB and STAT1, remains to
be further elucidated.

Our study discovered a novel functional role of RUVBL1/2
complex in epigenetic regulation of LPS-induced transcriptional
response in macrophages. Mounting evidence has highlighted the
importance of epigenetic modifications in eliciting pro-
inflammatory responses. Genes of the pro-inflammatory response
are in a repressed state characterized by enrichment of repressive
epigenetic mark H4K20me3 at the transcriptional start sites (TSSs)
(29). LPS stimulation resulted in a NF-xB-dependent recruitment
of histone demethylase PHF2 to these promoters, leading to the
erasure of H4K20me3 (29). Activation of these genes is associated
with concomitant increase of H3K4me3 at the TSS (46, 47). We
showed that RUVBL1/2 complex has a precise role in histone
methylations. The erasure of H4K20me3 in the TSS of Nos2,
which is required for gene activation, was not significantly
affected. Rather, we showed for the first time that RUVLB1/2
regulates the trimethylation of H3K4me3, and the recruitment of
NF-xB to the enhancer of Nos2 and II6 promoter. Mounting
evidence suggested that a primary response genes contain high
basal level of H3K4me3, whereas H3K4me3 modification at
secondary response genes was up-regulated only upon LPS
stimulation (23). H3K4me3 landscape has been hypothesized to
guide NF-xB binding to pro-inflammatory genes (48), as well as for
induction of Nos2 and 116 (49, 50). Therefore, we speculated that
RUVBLI1/2-dependent regulation of H3K4me3 might play a crucial
role in guiding the recruitment of NF-kB, and possibly other
transcription factors such as STATS, to their target sites, leading
to pro-inflammatory gene expressions. We believed RUVBL1/2
complex inhibition resulted in a genome-wide inhibition of LPS-
induced NF-kB and STATSs recruitment, as shown by the
differential gene expressions that KEGG pathways related to NF-
«B and JAK-STAT signaling were highly inhibited in the presence

of RUVBL1/2 complex inhibitor. Regulation of histone
methylations is complex and remains largely elusive. In
mammals, members from both SET1 (51) and SMYD (52) family
exhibit H3K4 methyltransferase activity. For SET1 proteins, the
histone methylation property of each homolog is further dependent
on its association with specific subunits (53). Furthermore,
H3K4me3 was found to be regulated by monoubiquitination of
histone H2B (54). On the other hand, the level of H3K4me3 is also
regulated by demethylation via JARIDI1 protein (55). Besides
histone methylations, H3K4 methyltransferases, such as MLL1
(47), MLL4/WBP7 (46), and SET7/9 (56), are also essential for
the transactivation of NF-xB target genes. Therefore, more works
are required to identify the specific target of RUVBL1/2 complex in
the histone H3K4 methylation process. Nevertheless, our studies
have shown for the first time the involvement of RUVBL1/2
complex in the regulation of pro-inflammatory gene expressions.
The functional role of the complex in the regulation of H3K4me3
level has never been reported in other studies. More importantly, we
demonstrated that RUVBL1/2 complex is a novel druggable target
for targeting pro-inflammatory reactions in both human and mouse
macrophages. Excessive inflammatory response contributes to
sepsis (57), and over production of pro-inflammatory mediators
are closely associated with the development of a variety of diseases
ranging from neurodegenerative diseases (58) to rheumatoid
arthritis (59). Therefore, it will be highly desirable to elucidate if
RUVBLI/2 inhibitors may offer therapeutic benefits to these
conditions. Evaluating the efficacy of RUVBL1/2 inhibitors in
animal disease models in which pro-inflammatory prevails will be
the next step. Notably, RUVBL1/2 complex inhibitors are being
developed as potential anti-cancer therapeutics (15). However, our
findings raised caution over targeting RUVBL1/2 complex cancer
patients, as the treatment may cause a higher propensity to
infections due to a compromised innate immune response - a
potentially deadly side effect for cancer patients whose immune
system may have already been weakened.
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Supplementary Figure 1 | (A) Cell viability of wild-type macrophages vs
macrophages transfected with siControl or SP siRUVBL2 siRNA at 72 hours post-
transfection, measured by MTS assay. (B, C) Level of LPS-induced Nos2
expression (B) and nitrite production (C) in wild-type vs siControl siRNA-transfected
macrophages. (D) Cell viability of untreated, DMSO and CB-6644 treated RAW
264.7 macrophages at 24 hours post-treatment, measured by with MTS assay.
Data from (A-D) are presented in mean + SEM of three independent experiments.
“ns”, not significant, defined as p > 0.05 by unpaired t-test in (B, C), and by one-way
ANOVA with Bonferroni’s multiple comparison test as post-test in (A, D).

REFERENCES

1. Takeda K, Akira S. TLR Signaling Pathways. Semin Immunol (2004) 16:3-9.
doi: 10.1016/j.smim.2003.10.003

2. Jha S, Dutta A. RVBI/RVB2: Running Rings Around Molecular Biology. Mol
Cell (2009) 34:521-33. doi: 10.1016/j.molcel.2009.05.016

3. Puri T, Wendler P, Sigala B, Saibil H, Tsaneva IR. Dodecameric Structure and
ATPase Activity of the Human TIP48/TIP49 Complex. ] Mol Biol (2007)
366:179-92. doi: 10.1016/j.jmb.2006.11.030

4. Feng Y, Lee N, Fearon ER. TIP49 Regulates Beta-Catenin-Mediated
Neoplastic Transformation and T-Cell Factor Target Gene Induction Via
Effects on Chromatin Remodeling. Cancer Res (2003) 63:8726-34.

5. Wood MA, McMahon SB, Cole MD. An ATPase/helicase Complex is an
Essential Cofactor for Oncogenic Transformation by c-Myc. Mol Cell (2000)
5:321-30. doi: 10.1016/S1097-2765(00)80427-X

6. Huen J, Kakihara Y, Ugwu F, Cheung KLY, Ortega J, Houry WA. Rvb1-Rvb2:
Essential ATP-dependent Helicases for Critical Complexes. Biochem Cell Biol
(2010) 88:29-40. doi: 10.1139/009-122

7. JinJ, CaiY, Yao T, Gottschalk AJ, Florens L, Swanson SK, et al. A Mammalian
Chromatin Remodeling Complex With Similarities to the Yeast INO80
Complex. ] Biol Chem (2005) 280:41207-12. doi: 10.1074/jbc.m509128200

8. Ohdate H, Lim CR, Kokubo T, Matsubara K, Kimata Y, Kohno K.
Impairment of the DNA Binding Activity of the TATA-Binding Protein
Renders the Transcriptional Function of Rvb2p/Tih2p, the Yeast RuvB-like
Protein, Essential for Cell Growth. J Biol Chem (2003) 278:14647-56.
doi: 10.1074/jbc.m213220200

9. Shen X, Mizuguchi G, Hamiche A, Wu C. A Chromatin Remodelling
Complex Involved in Transcription and DNA Processing. Nature (2000)
406:541-4. doi: 10.1038/35020123

Supplementary Figure 2 | RNAseq data QC. Regularized log (rlog)
transformation was applied on the DESeq2 normalized read counts. (A) Euclidean
distance was computed between all samples and resulting distance matrix was
clustered using hclust method. Distance heatmap shows similarity between
biological replicates. (B) Principal Component Analysis (PCA) plot generated using
rlog counts shows biological replicates cluster together and treatment specific
samples cluster separately. (C) Heatmap of selected pro-inflammatory gene
expression by RNA-seq analysis after LPS induction of RAW 264.7 macrophages
treated with DMSO or CB-6644.

Supplementary Figure 3 | Mechanisms of RUVBL1/2 in the regulation of pro-
inflammatory gene expressions. (A=C) ChIP-PCR analysis showing relative level of
(A) H3K4me3, (B) p50, and (D) H4K20me, around TSS of Tnfa promoter in
response to LPS (10 ng/ml), in the presence or absence of CB-6644. For all ChIP-
PCR analysis, cells were stimulated with LPS for 6 hours in the presence of CB-
6644 (1 uM) or DMSO. Data represent fold enrichment in chromatin
immunoprecipitated by the corresponding antibody relative to DMSO control.
Data from (A-C) are presented in mean + SEM of three independent experiments.
*, p < 0.05, by one-way ANOVA with Bonferroni’s multiple comparison test

as post-test.

Supplementary Table 1 | Primer pairs used for RT-gPCR and ChIP-PCR analysis.

Supplementary Table 2 | Real-time quantitative PCR analysis of selected genes
of siControl- and SP-siRuvbl2-transfected RAW 264.7 cells, in the presence or
absence of LPS respectively. Gene expression was normalized by beta-actin gene
expression and expressed as fold induction relative to the expression level in
siControl-transfected cells.

Supplementary Table 3 | DEGs of RAW 2647 macrophages stimulated with
LPS in the presence and absence of CB-6644. (A) LPS vs DMSO, (B) LPS + CB-
6644 vs CB-6644, and (C) CB-6644 vs DMSO.

Supplementary Table 4 | GO and KEGG pathways enriched in LPS-treated
RAW 2647 macrophages in the presence or absence of CB-6644. (A) GO
pathways of LPS vs DMSO. (B) KEGG pathways of LPS vs DMSO. (C) GO
pathways of LPS + CB-6644 vs CB-6644. (D) KEGG pathways of LPS + CB-6644
vs CB-6644.

10. Izumi N, Yamashita A, Iwamatsu A, Kurata R, Nakamura H, Saari B, et al.
AAA+ Proteins RUVBL1 and RUVBL2 Coordinate PIKK Activity and
Function in Nonsense-Mediated mRNA Decay. Sci Signaling (2010) 3:ra27-
7. doi: 10.1126/scisignal.2000468

Uhlen M, Fagerberg L, Hallstrom BM, Lindskog C, Oksvold P, Mardinoglu A,
et al. Proteomics. Tissue-Based Map of the Human Proteome. Science (New
York NY) (2015) 347:1260419. doi: 10.1126/science.1260419

Arnold CN, Pirie E, Dosenovic P, McInerney GM, Xia Y, Wang N, et al. A
Forward Genetic Screen Reveals Roles for Nfkbid, Zebl, and Ruvbl2 in
Humoral Immunity. Proc Natl Acad Sci USA (2012) 109:12286-93.
doi: 10.1073/pnas.1209134109

Hosokawa H, Tanaka T, Kato M, Shinoda K, Tohyama H, Hanazawa A, et al.
Gata3/Ruvbl2 Complex Regulates T Helper 2 Cell Proliferation Via
Repression of Cdkn2c Expression. Proc Natl Acad Sci USA (2013)
110:18626-31. doi: 10.1073/pnas.1311100110

Javary J, Allain-Courtois N, Saucisse N, Costet P, Heraud C, Benhamed F,
et al. Liver Reptin/RUVBL2 Controls Glucose and Lipid Metabolism With
Opposite Actions on mTORC1 and mTORC2 Signalling. Gut (2018) 67:2192—
203. doi: 10.1136/gutjnl-2017-314208

Assimon VA, Tang Y, Vargas JD, Lee GJ, Wu ZY, Lou K, et al. CB-6644 Is a Selective
Inhibitor of the RUVBL1/2 Complex With Anti-Cancer Activity. ACS Chem Biol
(2019) 14:acschembio.8b00904-244. doi: 10.1021/acschembio.8b00904

Jantsch J, Schatz V, Friedrich D, Schroder A, Kopp C, Siegert I, et al.
Cutaneous Na+ Storage Strengthens the Antimicrobial Barrier Function of
the Skin and Boosts Macrophage-Driven Host Defense. Cell Metab (2015)
21:493-501. doi: 10.1016/j.cmet.2015.02.003

Kim D, Paggi JM, Park C, Bennett C, Salzberg SL. Graph-Based Genome
Alignment and Genotyping With HISAT2 and HISAT-Genotype. Nat
Biotechnol (2019) 37:907-15. doi: 10.1038/s41587-019-0201-4

11.

12.

13.

14.

15.

16.

17.

Frontiers in Immunology | www.frontiersin.org

June 2021 | Volume 12 | Article 679184


https://www.frontiersin.org/articles/10.3389/fimmu.2021.679184/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.679184/full#supplementary-material
https://doi.org/10.1016/j.smim.2003.10.003
https://doi.org/10.1016/j.molcel.2009.05.016
https://doi.org/10.1016/j.jmb.2006.11.030
https://doi.org/10.1016/S1097-2765(00)80427-X
https://doi.org/10.1139/o09-122
https://doi.org/10.1074/jbc.m509128200
https://doi.org/10.1074/jbc.m213220200
https://doi.org/10.1038/35020123
https://doi.org/10.1126/scisignal.2000468
https://doi.org/10.1126/science.1260419
https://doi.org/10.1073/pnas.1209134109
https://doi.org/10.1073/pnas.1311100110
https://doi.org/10.1136/gutjnl-2017-314208
https://doi.org/10.1021/acschembio.8b00904
https://doi.org/10.1016/j.cmet.2015.02.003
https://doi.org/10.1038/s41587-019-0201-4
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Zhang et al.

RUVBL1/2 Complex in Pro-Inflammatory Response

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Love MI, Huber W, Anders S. Moderated Estimation of Fold Change and
Dispersion for RNA-Seq Data With DESeq2. Genome Biol (2014) 15:550.
doi: 10.1186/s13059-014-0550-8

Zhang B, Zhang Y, Zou X, Chan AW, Zhang R, Lee TKW, et al. The CCCTC-
binding Factor (CTCF)-Forkhead Box Protein M1 Axis Regulates Tumour
Growth and Metastasis in Hepatocellular Carcinoma. J Pathol (2017)
243:418-30. doi: 10.1002/path.4976

Cho SG, Bhoumik A, Broday L, Ivanov V, Rosenstein B, Ronai Z. TIP49b, a
Regulator of Activating Transcription Factor 2 Response to Stress and DNA
Damage. Mol Cell Biol (2001) 21:8398-413. doi: 10.1128/mcb.21.24.8398-8413.2001
Horejsi Z, Takai H, Adelman CA, Collis SJ, Flynn H, Maslen S, et al. CK2
Phospho-Dependent Binding of R2TP Complex to TEL2 Is Essential for
mTOR and SMG1 Stability. Mol Cell (2010) 39:839-50. doi: 10.1016/
j.molcel.2010.08.037

Palsson-McDermott EM, O’Neill LAJ. Signal Transduction by the
Lipopolysaccharide Receptor, Toll-Like Receptor-4. Immunology (2004)
113:153-62. doi: 10.1111/j.1365-2567.2004.01976.x

Ramirez-Carrozzi VR, Braas D, Bhatt DM, Cheng CS, Hong C, Doty KR, et al.
A Unifying Model for the Selective Regulation of Inducible Transcription by
CpG Islands and Nucleosome Remodeling. Cell (2009) 138:114-28.
doi: 10.1016/j.cell.2009.04.020

Kleinert H, Schwarz PM, Forstermann U. Regulation of the Expression of
Inducible Nitric Oxide Synthase. Biol Chem (2003) 384:1343-64. doi: 10.1515/
bc.2003.152

Kim SG, Hoffman GR, Poulogiannis G, Buel GR, Jang Y], Lee KW, et al.
Metabolic Stress Controls mTORC1 Lysosomal Localization and
Dimerization by Regulating the TTT-RUVBL1/2 Complex. Mol Cell (2013)
49:172-85. doi: 10.1016/j.molcel.2012.10.003

Qiu H, Gao Y, Mao D. Reptin Physically Interacts With p65 and Represses
NF-xB Activation. FEBS Lett (2015) 589:1951-7. doi: 10.1016/
j.febslet.2015.04.028

Ghisletti S, Huang W, Jepsen K, Benner C, Hardiman G, Rosenfeld MG, et al.
Cooperative NCoR/SMRT Interactions Establish a Corepressor-Based
Strategy for Integration of Inflammatory and Anti-Inflammatory Signaling
Pathways. Genes Dev (2009) 23:681-93. doi: 10.1101/gad.1773109
Hargreaves DC, Horng T, Medzhitov R. Control of Inducible Gene Expression
by Signal-Dependent Transcriptional Elongation. Cell (2009) 138:129-45.
doi: 10.1016/j.cell.2009.05.047

Stender JD, Pascual G, Liu W, Kaikkonen MU, Do K, Spann NJ, et al. Control
of Proinflammatory Gene Programs by Regulated Trimethylation and
Demethylation of Histone H4K20. Mol Cell (2012) 48:28-38. doi: 10.1016/
j.molcel.2012.07.020

Kouzarides T. Snapshot: Histone-Modifying Enzymes. Cell (2007) 128:802—
802.€2. doi: 10.1016/j.cell.2007.02.018

Rajendra E, Garaycoechea JI, Patel KJ, Passmore LA. Abundance of the Fanconi
Anaemia Core Complex Is Regulated by the RuvBL1 and RuvBL2 AAA+
ATPases. Nucleic Acids Res (2014) 42:13736-48. doi: 10.1093/nar/gkul230
Gallant P. Control of Transcription by Pontin and Reptin. Trends Cell Biol
(2007) 17:187-92. doi: 10.1016/j.tcb.2007.02.005

Zaarur N, Xu X, Lestienne P, Meriin AB, McComb M, Costello CE, et al.
RuvbL1l and RuvbL2 Enhance Aggresome Formation and Disaggregate
Amyloid Fibrils. EMBO ] (2015) 34:1-20. doi: 10.15252/embj.201591245
Grigoletto A, Lestienne P, Rosenbaum J. The Multifaceted Proteins Reptin
and Pontin as Major Players in Cancer. Biochim Biophys Acta (2011)
1815:147-57. doi: 10.1016/j.bbcan.2010.11.002

Gorynia S, Bandeiras TM, Pinho FG, McVey CE, Vonrhein C, Round A, et al.
Structural and Functional Insights Into a Dodecameric Molecular Machine -
the RuvBL1/RuvBL2 Complex. J Struct Biol (2011) 176:279-91. doi: 10.1016/
j.jsb.2011.09.001

Petukhov M, Dagkessamanskaja A, Bommer M, Barrett T, Tsaneva I, Yakimov A,
et al. Large-Scale Conformational Flexibility Determines the Properties of AAA+
TIP49 ATPases. Structure (2012) 20:1321-31. doi: 10.1016/j.5tr.2012.05.012
Zhou CY, Stoddard CI, Johnston JB, Trnka M]J, Echeverria I, Palovcak E, et al.
Regulation of Rvbl/Rvb2 by a Domain Within the INO80 Chromatin
Remodeling Complex Implicates the Yeast Rvbs as Protein Assembly
Chaperones. Cell Rep (2017) 19:2033-44. doi: 10.1016/j.celrep.2017.05.029
Venteicher AS, Meng Z, Mason PJ, Veenstra TD, Artandi SE. Identification of
ATPases Pontin and Reptin as Telomerase Components Essential for

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Holoenzyme Assembly. Cell (2008) 132:945-57. doi: 10.1016/j.cell.
2008.01.019

Rowe A, Weiske ], Kramer TS, Huber O, Jackson P. Phorbol Ester Enhances
KAI1 Transcription by Recruiting Tip60/Pontin Complexes. Neoplasia (New
York NY) (2008) 10:1421-32-following 1432. doi: 10.1593/ne0.08850

Parnas O, Jovanovic M, Eisenhaure TM, Herbst RH, Dixit A, Ye CJ, et al. A
Genome-Wide CRISPR Screen in Primary Immune Cells to Dissect
Regulatory Networks. Cell (2015) 162:675-86. doi: 10.1016/j.cell.2015.06.059
Leifer CA, Medvedev AE. Molecular Mechanisms of Regulation of Toll-Like
Receptor Signaling. J Leukoc Biol (2016) 100:927-41. doi: 10.1189/
jlb.2mr0316-117rr

Jha S, Gupta A, Dar A, Dutta A. RVBs Are Required for Assembling a
Functional TIP60 Complex. Mol Cell Biol (2013) 33:1164-74. doi: 10.1128/
mcb.01567-12

Zhao K, Wang W, Rando OJ, Xue Y, Swiderek K, Kuo A, et al. Rapid and
Phosphoinositol-Dependent Binding of the SWI/SNF-Like BAF Complex to
Chromatin After T Lymphocyte Receptor Signaling. Cell (1998) 95:625-36.
doi: 10.1016/s0092-8674(00)81633-5

Dauden MI, Lopez-Perrote A, Llorca O. RUVBL1-RUVBL2 AAA-ATPase: A
Versatile Scaffold for Multiple Complexes and Functions. Curr Opin Struc Biol
(2021) 67:78-85. doi: 10.1016/j.sbi.2020.08.010

Tarangelo A, Lo N, Teng R, Kim E, Le L, Watson D, et al. Recruitment of
Pontin/Reptin by E2fl Amplifies E2f Transcriptional Response During
Cancer Progression. Nat Commun (2015) 6:10028. doi: 10.1038/
ncomms10028

Austenaa L, Barozzi I, Chronowska A, Termanini A, Ostuni R, Prosperini E,
et al. The Histone Methyltransferase Wbp7 Controls Macrophage Function
Through GPI Glycolipid Anchor Synthesis. Immunity (2012) 36:572-85.
doi: 10.1016/j.immuni.2012.02.016

Wang X, Zhu K, Li S, Liao Y, Du R, Zhang X, et al. MLL1, A H3K4
Methyltransferase, Regulates the TNFo-Stimulated Activation of Genes
Downstream of NE-xB. J Cell Sci (2012) 125:4058-66. doi: 10.1242/jcs.103531
Yu L, Fang F, Dai X, Xu H, Qi X, Fang M, et al. MKL1 Defines the H3K4Me3
Landscape for NF-kB Dependent Inflammatory Response. Sci Rep (2017)
7:191-13. doi: 10.1038/s41598-017-00301-w

Angrisano T, Lembo F, Peluso S, Keller S, Chiariotti L, Pero R. Helicobacter
Pylori Regulates iNOS Promoter by Histone Modifications in Human Gastric
Epithelial Cells. Med Microbiol Immunol (2012) 201:249-57. doi: 10.1007/
s00430-011-0227-9

Santa FD, Narang V, Yap ZH, Tusi BK, Burgold T, Austenaa L, et al. Jmjd3
Contributes to the Control of Gene Expression in LPS-Activated
Macrophages. EMBO ] (2009) 28:3341-52. doi: 10.1038/emboj.2009.271
Schneider J, Wood A, Lee J-S, Schuster R, Dueker J, Maguire C, et al.
Molecular Regulation of Histone H3 Trimethylation by COMPASS and the
Regulation of Gene Expression. Mol Cell (2005) 19:849-56. doi: 10.1016/
j-molcel.2005.07.024

Spellmon N, Holcomb J, Trescott L, Sirinupong N, Yang Z. Structure and
Function of SET and MYND Domain-Containing Proteins. Int ] Mol Sci
(2015) 16:1406-28. doi: 10.3390/ijms16011406

Hyun K, Jeon J, Park K, Kim J. Writing, Erasing and Reading Histone Lysine
Methylations. Exp Mol Med (2017) 49:e324-4. doi: 10.1038/emm.2017.11
Dover J, Schneider ], Tawiah-Boateng MA, Wood A, Dean K, Johnston M,
et al. Methylation of Histone H3 by COMPASS Requires Ubiquitination of
Histone H2B by Rad6. J Biol Chem (2002) 277:28368-71. doi: 10.1074/
jbc.c200348200

Christensen ], Agger K, Cloos PAC, Pasini D, Rose S, Sennels L, et al. RBP2
Belongs to a Family of Demethylases, Specific for Tri-and Dimethylated
Lysine 4 on Histone 3. Cell (2007) 128:1063-76. doi: 10.1016/j.cell.2007.02.003
Li Y, Reddy MA, Miao F, Shanmugam N, Yee J-K, Hawkins D, et al. Role of
the Histone H3 Lysine 4 Methyltransferase, SET7/9, in the Regulation of NF-
kappaB-dependent Inflammatory Genes. Relevance to Diabetes and
Inflammation. J Biol Chem (2008) 283:26771-81. doi: 10.1074/jbc.
m802800200

Lonsdale DO, Shah RV, Lipman J. Infection, Sepsis and the Inflammatory
Response: Mechanisms and Therapy. Front Med (2020) 7:588863.
doi: 10.3389/fmed.2020.588863

Amor S, Puentes F, Baker D, Valk Pvd. Inflammation in Neurodegenerative
Diseases. Immunology (2010) 129:154-69. doi: 10.1111/§.1365-2567.2009.03225 x

Frontiers in Immunology | www.frontiersin.org

June 2021 | Volume 12 | Article 679184


https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1002/path.4976
https://doi.org/10.1128/mcb.21.24.8398-8413.2001
https://doi.org/10.1016/j.molcel.2010.08.037
https://doi.org/10.1016/j.molcel.2010.08.037
https://doi.org/10.1111/j.1365-2567.2004.01976.x
https://doi.org/10.1016/j.cell.2009.04.020
https://doi.org/10.1515/bc.2003.152
https://doi.org/10.1515/bc.2003.152
https://doi.org/10.1016/j.molcel.2012.10.003
https://doi.org/10.1016/j.febslet.2015.04.028
https://doi.org/10.1016/j.febslet.2015.04.028
https://doi.org/10.1101/gad.1773109
https://doi.org/10.1016/j.cell.2009.05.047
https://doi.org/10.1016/j.molcel.2012.07.020
https://doi.org/10.1016/j.molcel.2012.07.020
https://doi.org/10.1016/j.cell.2007.02.018
https://doi.org/10.1093/nar/gku1230
https://doi.org/10.1016/j.tcb.2007.02.005
https://doi.org/10.15252/embj.201591245
https://doi.org/10.1016/j.bbcan.2010.11.002
https://doi.org/10.1016/j.jsb.2011.09.001
https://doi.org/10.1016/j.jsb.2011.09.001
https://doi.org/10.1016/j.str.2012.05.012
https://doi.org/10.1016/j.celrep.2017.05.029
https://doi.org/10.1016/j.cell.2008.01.019
https://doi.org/10.1016/j.cell.2008.01.019
https://doi.org/10.1593/neo.08850
https://doi.org/10.1016/j.cell.2015.06.059
https://doi.org/10.1189/jlb.2mr0316-117rr
https://doi.org/10.1189/jlb.2mr0316-117rr
https://doi.org/10.1128/mcb.01567-12
https://doi.org/10.1128/mcb.01567-12
https://doi.org/10.1016/s0092-8674(00)81633-5
https://doi.org/10.1016/j.sbi.2020.08.010
https://doi.org/10.1038/ncomms10028
https://doi.org/10.1038/ncomms10028
https://doi.org/10.1016/j.immuni.2012.02.016
https://doi.org/10.1242/jcs.103531
https://doi.org/10.1038/s41598-017-00301-w
https://doi.org/10.1007/s00430-011-0227-9
https://doi.org/10.1007/s00430-011-0227-9
https://doi.org/10.1038/emboj.2009.271
https://doi.org/10.1016/j.molcel.2005.07.024
https://doi.org/10.1016/j.molcel.2005.07.024
https://doi.org/10.3390/ijms16011406
https://doi.org/10.1038/emm.2017.11
https://doi.org/10.1074/jbc.c200348200
https://doi.org/10.1074/jbc.c200348200
https://doi.org/10.1016/j.cell.2007.02.003
https://doi.org/10.1074/jbc.m802800200
https://doi.org/10.1074/jbc.m802800200
https://doi.org/10.3389/fmed.2020.588863
https://doi.org/10.1111/j.1365-2567.2009.03225.x
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Zhang et al.

RUVBL1/2 Complex in Pro-Inflammatory Response

59. Cai W, YuY, Zong S, Wei F. Metabolic Reprogramming as a Key Regulator in
the Pathogenesis of Rheumatoid Arthritis. Inflamm Res (2020) 69:1087-101.
doi: 10.1007/s00011-020-01391-5

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.

Copyright © 2021 Zhang, Cheung, Seo, Liu, Pardeshi, Wong, Chow, Chau, Wang,
Lee, Kwon, Chen, Chan, Wong, Choy and Ko. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

June 2021 | Volume 12 | Article 679184


https://doi.org/10.1007/s00011-020-01391-5
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	RUVBL1/2 Complex Regulates Pro-Inflammatory Responses in Macrophages via Regulating Histone H3K4 Trimethylation
	Introduction
	Materials and Methods
	Reagents and Antibodies
	Cell Lines and siRNA Transfection
	Preparation of Human Macrophages and LPS Stimulation of Human Monocytes
	Measurement of Nitrite and Cytokines
	Macrophage Infection Assay
	RNA Isolation, Reverse Transcription, Real-Time PCR, and Relative Quantification
	RNA Sequencing and Bioinformatic Analysis
	Western Blot Analysis
	MTS Assay
	ChIP Analysis
	Statistical Analysis

	Results
	Ruvbl2 Is Important for Nitric Oxide Production and Bactericidal Activity of Macrophages
	RUVBL2 Is an Essential Player in Pro-Inflammatory Response
	RUVBL2 Inhibitor Effectively Blocks LPS-Induced Pro-Inflammatory Response
	Elucidating the Mechanism of RUVBL2-Mediated Pro-Inflammatory Responses

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	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 false
  /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 false
  /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 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /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


