Received Date : 22-Mar-2016
Revised'Date™: 17-Jun-2016
Accepted Date: 27-Jun-2016

Article type : Original Article

Protein Kinase A Inhiition of Macrophage Maturation Is AccompaniedaryIncrease in
DNA Methylation of the Colony Stimulating Factor 1 Recefi@ne

ZbigniewZadona, Anne M Scruggs, Marc Petésslden, Steven K Huang

Divisionsef Pulmonary and Critical Care Mediciriggpartment of Internal Medicine,
University of Michigan Medical School, Ann Arbor, MUSA

Corresponding author:

Steven K*Huang

6301 MSRB I

1150 W*Medical Center Dr
Ann Arbor, MI 48109

stehuang@umich.edu

(734) 936-5047

This is the author manuscript accepted for publication and has undergone full peer review but
has not been through the copyediting, typesetting, pagination and proofreading process,
which may lead to differences between this version and the Version of Record. Please cite this

article as doi: 10.1111/imm.12641

This article is protected by copyright. All rights reserved



http://dx.doi.org/10.1111/imm.12641�
http://dx.doi.org/10.1111/imm.12641�
mailto:stehuang@umich.edu�

Fax (734) 764-4556

Short title:PKA increase<sf1lr DNA methylation

Keywords:PKA, DNA methyltransferasey-CSF, fms, CSF1R

List of abbreviations: Colony stimulating factor (CSF), €Sfeceptor (CSF1R), fms
intronicrregulatory element (FIRE), prostanglandinBEGE,), protein kinase A (PKA),
exchang protein activated by cAMP (Epac), DNA methyltransferase (DNMT)eleven
translocatien, (TET), chromatin immunoprecipitation (ChiRjsodilator stimulated
phosphoproteifVASP), cCAMP response element binding (CREBiterleukin (IL), tumor
necrosis fator, (TNF), lipopolysaccharide (LPS)

Abstract

Macrophage colony stimulating factor (CSFHpays a critical role in thdifferentiationof
mononuelear phagocytes from bone marrow precursors, and maturing monocytes and
macrophages exhibit increasexpression ofhe CSF1 receptor, CSF1R. The expression
of CSELRis tightly regulated by transcription factors and epigenetic mentawe
previously showed that prostaglandip &hd subsequent activation of protein kinase A
(PKA) inhibited CSF1Rexpressiorandmacrophage maturatiordere, we examintge

DNA methylation changes that occur at @eélr locus during macrophageaturationin

the presace©r absence of activated PKMurine bone marrow cellsere maturd to
macrophages by incubating cellgh CSF1-containing conditioned medium for up to 6
daysin the presence or absence of BiA agonistt-bnzcAMP. DNA methylation of

Csflr promoter and enhancer regions was assayed by bisulfite pyrosequddidiig.
methylation ofCsf1r decreased durgnnormal macrophage maturation in coneth an
increase. irlCsf1r mRNA expression.Treatment with the PKA agonisthibited Csf1r

MRNA and,protein expression, and increaB&A methylationat theCsflr promoter.

This was associated with decreasetutlimg of the transcription factor PUt@ theCsf1r
promoter. Treatment with the PKA agonist inhibited the responsiveness of macrophages to

CSF1. Levels of endogenous PKA activity decreased during normal macrophage
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maturation, suggesting thattenuation of this signaling pathweagntributes to the increase
in CSF1R expression during macrophage maturation. Togdtbegr¢sultsdemonstrate
thatmacrophge maturation is accompanied G$f1r hypomethylationand illustrate$or

the first time the ability of PKA tancreaseCsflr DNA methylation.

Introduction

Circulating monocytes and tissue-recruited macrophagdsey defendersf host
defensd1] thatdifferentiate from myeloid precursorsa highly regulategrocesg2].
Macrophage dony stimulating factor (CSF) is an essential factor for
monocyte/macrophage maturati@. Mice withanatural mutation o€sf1 or with
knockout-efitheCsf1 gene exhibit substantial reductiondissuederived mononuclear
phagocyte$4]. CSF1 has furthermore been shown to increase macrophage proliferation,
differentiation, and activation (reviewed[®7]). Impairmenin CSF1 expressiofis
associated with a variety of diseases includisigoporosif3], atherosclerosi®], and
Alzheimer's diseagd 0], demonstrating the criticainportanceof maturemonocytes and

macrephages) tissue homeostasad disease prevention

The actions of CSH are mediated by its recept@$SF1R(also knowrasCSF1R,
M-CSFR, fms, CD1195, whoseexpression is essential fororonuclear celdevelopment
andmaturation[11]. CSF1Ris expressedtlow levelsin hematopoietic stem cell$2, 13]
andis selectivelyupregulated dring monocytic differentiatiofil4]. Increased expression
and activation of CSF1R not only drives the differentiation of myeloid progenitors in
mature/mononuclear phagocytes, but can even reprogram granulpogsand mature
B lymphocytes into expressing markers of monocyte/macrophage lifiga@é]. As a
reflectionef.the critical importance of CSF1Bxpression of CSF1R is regulated at both
the transeriptional and postanscriptional level§l8, 19]. Studies have shown tlia¢
transcription factor PU.1 occigsthe Csf1r promoter even whe@sflr mRNA is expressed
at low levelsn hematopoietic stem cel[§4, 20]. Committed monocytes and macrophages
exhibit enhanced expression@déf1r mRNA due to transcription factor binding the fms

intronic regulatory element (FIREAndremodeling of chromatin including histone
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acetylation and methylation [20]n addition,otherepigenetic changescludingDNA
methylationare also observed, especially in nonmyelopoietic cells asithroblasts and T
cells, which are hypermethylated at &1r locus [16]. Transcription ofCsflr mRNA is
thus a‘consequence of a highly coordinated interplénansgcription factors and epigenetic
modificationsfocused at th€sf1r promoter and enhancezgions.

Prostaglandin E(PGE,) is a pleiotropidipid mediator thatnhibits many
macrophage functions including phagocytosis laacterial killing[21]. Studies decades
ago showed th&®GE, [22, 23] and othecAMP elevating agent®4] alsoinhibit CSF-1-
inducedrmacrophage differentiation, proliferation, and expression of urokinase plasminogen
activator,butthe operative mechanism for tissunknown. We recently showed that
PGE,, via sighaling through the E prostanoide2eptor with subsequent increaseAMP
and protein.kinase A (PKA) activitynhibited monocyte/macrophageaturation which
was asseciated with a decrease in CSF1R expre@&pnHow CSF1R expression is
inhibited"Byincreased PKA activity is unknown. Since DNA methylation remains one of
the mosfundamental epigenetic mechansand has been shown to vary significantly
within theCsf1r locus between different cell typgks], we investigatel how DNA
methylation ofCsf1r changes during normal macrophage maturation, and how DNA
methylation is affected by PKA signaling. efound that DNA methylation dEsflr
decreased. duringnacrophage maturatipand that exogenous activationRKA resulted in
an increase'in theNA methylation at th&sf1r promoter which was associated with a
decrease"in'PU.1 transcription factor binding @sidr mRNA expression Our studies
thusidentify an ability for PKA, one of the most fundamental canonical signaling
molecules}o affect the DNA methylation of a key gene involved in monocyte/macrophage

maturation:
Materials and Methods
Cell Culture;and Maturation of BMDM

Murine macrophageserematured from bone marrow precursorsitro with the

addition of recombinant CSF-1, or conditioned medium from CSEeteting L929 cells
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for up to 6 days [26, 27TThiswell-establishe@pproach results in relatively homogenous
primary macrophages that are not dtinded bya specifictissue microenvironment. Bone
marrowcells were isolatednder aseptic conditions by flushing the marrow cavities of
femursiandtibiae a€57BL/6 micepurchased from Jackson Laboratory (Bar Harbor, ME).
All animal studies were approved biyiversity of Michigan Committeen the Use and
Care_of Animals.Bone marrow cellsvere culturedor up to 6 days in RPMI (Thermo
Fisher Scientific, Waltham, MAcontaining 30%onditioned mediunfrom L929cellsas
previously described [26, 27]. L928 murine fibrosarcoma cell line that synthesizes-CSF
1, wascultured to confluence iDulbecco’s Mvdified Eagle Medium (Thermo Fisher
Scientific) with 10% fetal bovine serum (Hyclone, Logan, UT) supplemented with 100
U/ml ofpenigillin/streptomycin.To examine the effects KA activation bone marrow
cells werestreated with or without teelectivePKA agonist 6-bnz-cAMP (500 uM,

Axxora, Farmingdale, NY) at day 0 and again at day 3. In some experiments, cells were
treatedat day,0 with CPT-2’-O-Me-cAMP (500 uM, Axxora), a selective agonist for the
alternative cCAMP effectorexchange protein activated by cAMP (Epac)with IBMX

(250 pMyBIOMOL, Farmingdale, NY), an inhibitor of the cAMIRgradative enzyme
phosphodiesterase.

For siRNA experiments, cells were treated with 50 nM of corgiBNA or
combinations of eitheddNA methyltransferase (DNMTJL siRNA alone, DNMT3L
SsiRNA with DNMT3a siRNA (at 50 nM each), or DNMT3L siRNA with DNMT3b siRNA
(at 50 nmreach)dll from Qiagen, Valencia, CAn OptiMEM (Thermo Fisher Scientific)
at day Q and again at day h other experiments, cells were treatédliay 0 and again at
day 1 with 50,nMbf control siRNA or siRNA against the tateven translocation (TET)
“demethylas€sTET2 or TET3 (all from Dharmacon, Lafayette, CBecause cells were
treatedn.OptIMEM, 20 ng/miof CSF1 (PeproTech, Rocky Hill, NJ) was added to the
medium«to induce macrophage differentiation.

Flow cytometry
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Cellswere suspended PBSwith 2 mM EDTA and 0.5% FCSEc receptor
mediated and nonspecific antibody bindingrablocked bythe addition of excess
CD16/CD32 (BD Bioscience$an Jose, CA). Staining was performed at 4°C in the dark
for 15"minutes. The following monoclonal antibodies were used at appropriaterdiltdr
staining: CD11b, (BD Biosciences Pharming&2$F1R(BioLegend, San Diego, CA), and
F4/80 (eBloscience, San Diego, CA)FACSCalibur flow cytometer (BD Biosciences)
was used for flow cytometric characterization of cell populations, and data were analyzed

usingFlowJoisoftware (TreeStaAshland, OR
RT-PCR

RNAwwas isolated fnm cells using Trizol (Thermo Fisher Scierg)fimade into
cDNA, and-amplified by quantitative reaine PCRon the StepOnePlus ReBime PCR
System (Applied Biosystem&oster City, CAusingthe SYBRgreen Master Mix
(Applied Biosystems) angrimers against murin€sflr andB-actin The pimers were as
follows: for Csflr: CGAGGGAGACTCCAGCTACA(forward)and
AGAAGTEGAGACAGGCCTCA(reverse) for p-actin CTGCCTGACGGCCAAGTC
(forward) andCAAGAAGGAAGGCTGGAAAAGAG (reverse) Primers and probes for
DNMT1(Mm01151063_m1)DNMT3a(Mm00432881_m1)PNMT3b
(MmO01240113_m1), DNMT3L (Mm00457635 mMET1(Mm01169087_m1)TET2
(Mm00524395_m1), and TET3 (MmO00805756 )mkre obtained from Applied
Biosystems. /Relative gene expression was determindtelgomparative €method

(AACy) withsB-actin used as a reference gene.
Bisulfite.sequencing

DNA was isolated from cellgsing the Dneasy kit (Qiagen), and bisulfite converted
using theEZ DNA Methylation Kit (Zymo Researghrvine, CA) as per manufacturers’
instruetions After bisulfite conversion, regions of the muri@glr promoter, FIRE, and 1
kilobase pair upstream of FIRE (FIRE kb) wereamplified with the following primers:
for Csflr promoter AAGGGGAAGAGGAGTTAGTG (forward) and
CCCCTTTTCTCCCCTTACCAT(reverse); foFIRE -1 kb:
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GATGAAGAATGGTTAGGATTAGGGTATTA (forward) and
CCCTAAAAATCACAAAACACATCTTTAAAT (reverse); for FIRE:
GATAATGGTTAGGAGGTTAGGGAAGTA (forward) and
AACTCAAACCCCCTATCAAATC (reverse). All reverse primers were biotin labeled
which allowed the amplified products to iselated withsepharoseeadsdenatured, and
annealed to sequencing priméws pyrosequencing on the Pyromark Q24 (Qiagen). The
sequenging primers f@sf1lr promoterwere:AGAGGAGTTAGTGTAATAGATA, for

FIRE -1/kb: AAGGGAAGGTAGTGA, andfor FIRE: GGGAAGTAGAAGTGAGA.

Chromatin fmmunopr ecipitation (ChiP)

Bonexmarrow ells (1 x 10) weretreated with or without the PKA agonisb@iz-
CAMP fer3:days in L929 conditioned medium. To perform Cle#ls werancubated for
5 min in 1% formaldehyde to crosslink DNA with proteiNuclear material was isolated
using nonionic detergent buffers, and chromatin was sheared to 200-500 bp fragments by
20 min 'of sonication usingCovaris sonicator (Covaris, Inc, Woburn, MA). Chromatin
was incubated overnight with antibodyRt).1(1:25, #2266&Cell Signaling Danvers, MA
or isotype _control. Chromatin was immunoprecipitated using\ttigeMotif ChIP-IT
Express Kit (ActiveMotif, Carlsbad, CA) according to the manufacturer’ ®poband
reverse.crostinked. DNA was cleaned usintpe DNA cleanup kit (Qiagen), and isolated
DNA was amplified by realime PCRusing primers targeting a CpG dense and aCpG-
dense region of th€sflr promoter. The primer sequences for the non-CpG dense region
(primer set=l) were CAGGAACAGACTTGAAGCG{forward) and
CCGETGAACCAGGTCTTCTTA (reverse) and for the CpG dense region (primer set 2)
wereATCCCCTGGAGGCTATGGAG (forward) and TCTTTGCAACACTCCCCCAG
(reverse).

I mmunabl otting

Cellilysates were collected in lysis buffer (PBS containing 1%08lF0.5% sodium
deoxycholate, 0.1% SDS) supplemented with protease inhibitor (Roche) and phosphatase

inhibitor (EMD Chemicals) cocktails. Proteins were resolved by-BBSE, transferred
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to nitrocellulose membranes, and immunoblotted with antibodies agfanBKA

dependent phosphoproteins phosphorylated vasodilator stimulated phosphoprotein (VASP,
1:1000, Cell Signaling) or phosphorylated cAMP response element binding (QRIEBO

Cell Signaling, andthe loading contradi-tubulin (1:1000, Sigmaldrich). Membraes

were incubated with the appropriate horseradish peroxictagegated secondary

antibodies and visualized usieghanced chemiluminescence reagent (GE Healthcare).
Densitometry was perforrdeon visualized bands using Image J fromiiagional

Institutes of Healti{Bethesda, M

CAMP assay

Bonexmarrow cells were cultured in L929 supernatant for 6 days; cells were lysed in
0.1 M HClandcAMP levels were assayedsinga colorimetric kitfrom Enzo
(Farmingdale, NY).

Interleukin (FL)-6, IL-10, and Tumor Necrosis Factor (TNF)-a ELISA

Boene-marrow cells were cultured in L929 supernatant for 6 days in the presence or
absence of 500 uM PKA agonist (6-bnzcAMP). Nonadherent cells were washed, and
adherent'cells were@ated at equal number for Istimulatian with 20 ng/ml of
recombinant CSF-1 (Peprotech, Rocky Hill, NJ) followed by 24 h stimulation with 100
ng/ml of lipopolysaccharide_PS) (Sigma, St Louis, MO). Cell supernatants were cleared
of cellsiby centrifugation, and supernatan®lLH_-10, and TNFe levels were assayed by
ELISA (R&D.Systems, Minneapolis, MN).

Satistical analysis

Data were analyzed on GraphPad Prism 6.0 (GraphPad Prism Software, San Diego,
CA) using ANOVA or Student’s t-test, as appropriate, with P < 0.05 defined asicadiiy
significant. Daa are expressed as meaSEmeasurement

Results
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Maturation of macrophages was associated with a decrease in DNA methylation at the
Csf1r promoter and FIRE

Transeription ofCsf1r has been previously shown to occur at low levels in
hematopeietic stem cel[$4] andto beselectively upregulated in mature macrophages,
with its ugegulation mediatelly transcription factor assembly at the promoter and FIRE
enhanceregion [20].Alterations in [stone modifications have been shown to contribute to
theincreasexpression of GF1Rduring macrophage maturation [20]héfe are sixCpG
loci closelyclustered withina 100 bp-region in the promoter/exomedjionof Csflr, anda
relatively high density o€pG loci clustereavithin 200 bp-regions located in tiRE
enhancens well adl kb upstream of FIREFIRE -1 kb) (Fig 19. Although methylation
sensitive restriction enzymes were used to show on average that DNA methylation was low
in the promoter and FIRE regions of both myeloid progenitors and mature macrophages
[16], we usedbisulfite sequencing to more sensitively quantitteeDNA methylation
levels at'each of th€pG lociwithin the promoter, FIRE, and FIRE -1 kb during normal
macrophage maturatiodNA methylation levels decreased at each of the CpG sites within
the pronmoter (Fig 1b and FIRE-1 kb (Fig 1c)egions as macrophages matured over.time
Certain’CpG sites in the FIRE enhancer region also exhibited decreasedtiogtiduring
macrophage maturation, although baseline levels of methylation were muchridiner
FIRE versus FIREL kb and promoter regions (Fig 1d).

Activation of PKA inhibited Csf1r mRNA expression and increased DNA methylation at the
Csflr premeter

We previously demonstrated that prostaglangifFEsE,) signaled through PKA to
inhibit maerephagenaturationand thatreatment obone marrowcells at day 0 with a
PKA agenist, 6-bnzAMP, resulted in decreased numbers of CSEXRressind=4/80°°
CD11B%*smature macrophag¢®5]. To determine whether PKA operated at the
transcriptional or podranscriptional level to inhibit expression of CSF1R, bone marrow
cells were treated at day 0 with the PKA agonibn@-cAMP, and CSF1R protein and

MRNA levels were assayed at d&/and 6 during macrophage maturation. As expected,

This article is protected by copyright. All rights reserved



cell surface expression of CSF1R increased between days 3 and 6 during macrophage
maturaton, andexpressionwvas inhibited in the qgsence of a PKA agonist (Fig)2a
Examination of mMRNA levels indicated that the increase in CSF1R protein sixpres
during'maturation ans inhibition with a PKA agonistvereaccompanied by
corresponding changes @sflr mRNA (Fig 2b.

Treatment with the PKA agonist was associated with DNA hypermethylation of Csf1r
promoter and decreased PU.1 binding

We'next examined the effect of activating PKA on@DidA methylation ofthe
Csfir promoter, FIRE1 kb, and FIRE regions. Treatment with the PKA agonist resulted
in increasedCsf1r DNA methylationparticularly within thepromoter(Fig 38). A mild
increasesin"DNA methylation was alsoted in thed=IRE -1 kb region (Fig 3b), and no
change in DNA methylation was obsenatdhe FIRE enhanceegion (Fig 3c).To
determinewhether the increase in DNA methylation was specific to the activation of PKA,
bone marrow cells were treated wittp8PT-2’-O-Me-cAMP, a cCAMP analog that
specifically-activateshe alternative cCAMP effector, the cAM#tivated guanine
nucleotide _exchange protein Epac, but not PKA. Just as we had previouslytshbwn
inhibition ofmacrophage maturatidsy cAMP was aspecificconsequence of the activation
of PKA and notEpac[25], treatment with th&pac agonist did nancreaseéhe DNA

methylation ofCsf1r promoter asvas observed witthe PKA agonis(Fig 3d).

PW:dris acritical transcription factor involved in monocyte/macrophage
differentiation[28, 29] and it upregulates expression of CSF1R [3Q, B¢ next sought to
determine whether binding of PU.1 to Bsf1r promoter wasssociated witlthe changes
in DNA.methylation observed after treatment with a PKA agonist. Treatment ef bon
marrow.cells'with the PKA agonist did nagnificantlyaffectexpression of PU.{data not
shown)«We next performed ChIP using an antibody specific to PU.1 and obstated
there was decreaséU.1 binding to th€sf1lr promoter in cells treatedith the PKA
agonist (Figd). The decrease in PU.1 binding was specific to the region \ihe

hypermethylation was observday comparisonan upstream region withoDiNA
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hypermethylation showed no difference in PU.1 binding between cells treated with or
without PKA These resultdemonstrat¢hat activation of PKA leads to boDNA
hypermethylation and decreased PU.1 bindirgpatific regions withirthe Csf1r

promaoter.
Macrophage matur ation was associated with a decrease in endogenous PKA activity

PKA can be activated by a myriad of signals,agiden the profound ability of an
exogenou$KA agonist to inhibit macrophage maturation, we sought to determine whether
normal macrophage maturation was associated with a decreasgoigenous levels of
PKA activity. Phosphorylation dhe PKA substrate¢ ASP and CREBare commonly
usedreadoutf intracellular PKA activity and levels of phosphorylated VASP decreased
ove timeduring normal macrophage maturation (Fi. 5a similar decrease in
phosphorylated CREB was also observed (Fig 5b) suggesting that diminished activity of
PKA accompaniesormal macrophage maturation. PKA is activatedAyP, and
intracellular levels of cAMRverelikewise lower at days 3 and 5 during macrophage
maturationcompared to day (Fig 5¢). Treatment of bone marrow celisth the
phosphodiesterase inhibitor IBMX, which inhibits cAMP degradatiesilted inboth
higherlevels of cAMRand decreased expression of CSF1R (Fig 5d and3es finding
inversely links CAMP levels to expression of CSF1R, indicating thahtneased
expression of CSF1R during macrophage maturatiattributable to thelecrease in
endogenoutevels of cCAMPandPKA activity.

Treatment of bone marrow cells with a PKA agonist inhibited macrophage maturation and

cytokine generation

To determine the functional consequence of inhibiting macrophage maturation on
generation of immunoregulatory cytokinea propertyof mature macrophagesadherent
bone‘marrow cells treated with or withoub6z-cAMP (500 puM) for 6 days were+e
plated, washednd treated for 1 h with CSF-1 (20 ng/ml) followed by 24 h of LPS (100
ng/ml), and IL-6, IL410, and TNFu levels were assayed. Cells treated with the PKA

agonist for 6 days demonstrated markedly reduced ability to synthesize IL-6, IL-10, and
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TNF-a in response to CSF-1 in the &#sence or presence of LPS (Blg As previously
reported, treatment with the PKA agonist did not dféedl viability [25], suggesting that
the impaired responsiveness to €5&nd LPS is a consequence of lower CSF1R
expression‘and generally impaired bone mammerophage maturation, and not due to
decreased cell numbers or atogis.

Expression of TET and DNMT proteins during macrophage maturation

DNMTs areresponsible for the addition of methyl groups to DNA eodsist of
three catalytically active isoforressDNMT1, -3a, and -3b — and DNMT3L, which is
catalytically inactive, but facilitates the actions of DNMT3a &tdl TET enzymes were
recently=discoveretb addhydroxyl groups to methylated cytosine [32, 38kulting in
baseexeision repair and active demgdtion. Given that macrophage maturation is
associated with a decreasedsflr methylation, and that methylation is increased when
PKA is activated, we examined the expression of various TET and DNMT isoforms during
macrophage maturation in the presence or absence of a PKA agonist. Concunrant wit
decreasesif@sflr methylation, TET2 and TET3 expression increased during macrophage
maturation,Which was inhibited in thegsence of a PKA agonist (Fig-¢a In parallel,
expression of DNMT1, DNMT3b, and DNMT3L decreased during macrophage maturation,
but only DNMT3L expression increased in the presence of the PKA agonist (F)g 7d-g

Slencing TET,.and DNMT expression did not significantly alter Csf1r expression during
macrophage'maturation or during treatment with a PKA agonist

SineelTET2 and TET3 expression increased during macrophage maturation and
their actions are associated with demethylatvo® sought to determine whether silencing
TET2or TETS would result in persistent hypermethylaiwdiCsf1r and decreasedsfir
MRNA levelsduring maturation. Bone marrow cellere treated with control, TET2, or
TET3 sIRNA at both day 0 and day 1, dadels ofCsflr mMRNA were determinedt day 3.
Neither silencing of TET2ar TET3inhibited the increase @sflr expressiorat day 3 of
maturation(Fig 8a-b).
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DNMT3L was the only DNMT isoform whose expression decreased with time as
early as 3 days aralsoincreased in the presence of a P&gonistmaking it the best
candidate DNMT whosdynamic alterations in expression might explain both the
hypomethylation oCsf1r observed during macrophage maturation taed
hypermethylation o€Csf1lr seenduring treatment with a PKA agonist. We tlused siRNA
to silence expression of DNMT3L to determine if this is sudfitito abolish the actions of
the PKA,agonist. Although we were able to achieve a robust knockddwNMT 3L
expression with siRNAFig 8c) the PKA agonist was still able tiecreasexpression of
CSF1R, stggesting that the increase in DNMT3L by BKaot responsible fo€sf1r
hypermethylationKig 8d. Since DNMTS3L itself is enzymatically inactive abahds to
DNMT3arand DNMT3b to stimulate their activif$4], we also examined levels G&f1r
MRNA when DNMT3a and DNMT3Land when DNMT3b and DNMT3Wwere silenced
together. Neither the comlad silencing of DNMT3a and DNMT3L nor the combined
silencing of DNMT3b and DNMT3lwere sufficient to inhibit the ability of the PKA

agonist tosuppres<sfir expressiondata not shown

Discussion

CSE1Ris the major receptor for CSE and upregulation of &F1Ris essential for
monocyte/macrophage development and differentiation [RGE, and other cAMP-
elevatingragentweredescribednany years agto inhibit CSF-1-mediated macrophage
responsef22-24], and we recently showed that through PKA signaling, these mediators
inhibit CSF1R expression and macrophage maturation [A8}e we show that activation
of PKA led:te.an increase in the DNA methylation of @glr gene at both the promoter
andFIRE-1.Kb regions.This was associated withdecreasén PU.1 binding to ta gene
promoterand decrease i@sflr mRNA levels Macrophage maturation was accompanied
by both a‘decrease in basal level€siflr DNA methylation and a decreaseimtrinsic
PKA activity, suggesting that endogendRIKA activity in bone marrowprogenitors play a
role in suppressing expression@sflr. These resultdemonstrate how PKA signaling
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may influence thelynamic changes iDNA methylationof key genes crucial to

monocyte/macrophage differentiation.

PKA was one of the firslescribeccanonical signalinginasesandhas since been
shown tesmedulate a range of diverse cellular functions including proliferation,
differentiation,.and survival [35, 36], often through the activation of other downstream
mediators and transcription factors such as CREBr resultddemonstrated th&KA is
also capable of inducing DNA methylation,tims case, at th€sflr gene locus. Arevious
study noted thaPKA activation increaseDNA methylation and histone methylation in
embryonicsStem cell87]. Ours is the first to show that PKA activatiaffiectedDNA

methylationin bone marrow cells.

Thesregulation of GF1Rexpressions complex, and levels @sflr mRNA levels
are dependent on the dynamic interactiotraniscription factors, chromatin remodeling,
and DNA methylation changesthae Csf1r promoter and enhancer regions [13,.18]
Trarscription factors such as PU.1 have been identified to sit poised @sfttrepromoter
evengnemyeloid progenitors which express low level€shtr mRNA [14], and through
chromatin remodeling and transdrgm factor binding at the FIRE enhancer region,
transcription ofCsf1r is upregulated in mature macrophages [ZA0jese studies have
suggested that DNA methylatigtays a minor rolén regulatingCsf1r expression in
hematopoietic stem cells as methylation levels aCtfilr promoter and FIRE enhancer
regionswerelow in early myeloid progenitors [16]. Our study, however, suggestthe
DNA methylation levels o€sflr in bone marrow cells are readily measurabid that
DNA:methylation levelsn factdecreasever time with macrophage maturation.
Heterogeneity in bone marrow cells and our use of a more sensitive, quantitaivéoass
DNA methylation at specific CpG loci may explain differesbetweerour data and other

studies.

Ourresults sowedthat decreaseDNA methylation levelsare associated with
increased_sflr mMRNA expression during maturati@md that hypermethylation in the

presence of increased PKA activityassociated withs decreased expressiowe
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recognize that we cannot ascertain whether DNA methylation changespaoasible for
Csflr expression, or whether DNA methylation changes are merely a consequence of
changes iranscription factar andchromatin modificatnsthat regulateCsf1r expression.
Treatment of cells with the PKA agonist inhibited PU.1 binding taCsi#&r promoter, and
examination of other possible chromatin modifications induced by the PKA agonist was
beyond the scope of our study. Expression of PU.1 was not significantly affected by
treatment with the PKA agonist, although it has been reported that increased cAMP levels
affects PU.Itranscriptig38] anddecreasePU.1-DNA binding in otherexperimental
contextd39-41]. Precedent for the ability of DNA methylation to regulastir
expressionhoweverwas best exemplifieoh fibroblasts, T cells, and leukemic cetltat
exhibited-high levels ofsf1r methylation, whictcorrelated strongly with inhibition of

Csflr expression [16, 42, 43].

We.were unable to determine the relative importanaecoéasd Csf1r
methylation“vs. inhibited demethylation in response to activation of BK&xpression of
variousDNMT and TET enzymeall changed with timand with PKA treatmentTET2
and TET3.which participate in DNA hydroxymethylation and lead to demethylation [32,
33], wereobservedo increasavith maturationanddecreaséy the PKA agonist.
Silencing of TET2 and TET3 during normal macrophage maturation, however, still resulted
in an increase iRsflr expression, suggesting that progressive hypomethylatiGsfbf
cannot be explained purely by the increase in TET2 or Tdtifidg normal maturation
Notably, we"were only able to effectively silence TET2 and TET3 by ~50%;angdlete
knockdown of thesgenesmay be required toonclusively rule out a role for these
enzymes in mediatinGsflr hypomethylation. In addition, TET2 and TET3 expression
was not-ebserved to increasatil day 5, indicating that these enzymes may still have a role
in later stages of macrophage maturation. Among the DNMT isoforms, only DNMT3L
showed:both a progressive loss of expression during maturation amztease in
expressionwith addition of the PKA agonist, suggesting its potential involvemgsitim
demethylation during maturation and hypermethylation in the presence of active PKA.
Targeted silencing of DNMT3L, however, did not aff€stlr mRNA levds. Furthermore,
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combined silencingf both DNMT3L and its interacting parthers DNMT3a/DNMTa&kko

did not affect the ability of the PKA agonist to inhiB#flr expression.These data

initially suggest that these enzynage not required for the hypermethylationGsf1r
observed-after the addition of a PKA agonidbwever, an alternative hypothesis is that
hypomethylation oCsf1r during normal maturation and hypermethylation in the presence
of a PKA agonist may be the consequence of a morglearmterplay between

transcription factors and histone modifying enzymes that recruit DNMTs ansl. HKA

may interfere with PU.1 binding which may indirectly resulCsilr hypermethylation.
Furthermore, the simultaneous silencing of DNMT and overexpression of TET isoforms
may bewhat is necessary fahibit the hypermethylation @@sf1r by the PKA agonist.
Furthersstudiesvould also be needed to determine whether PKA induces global hyper- or
hypomethylation of genes across the genome in macrophages and myeloid prog&hitors.
note, we previously reported that PGRcreased expression of DNMT3a in fibroblasts,
resulting in global changes to DNA methylation in these ¢#lls Changes in DNMT and
TET isaform expression in myeloid progenitanay thus affect the DNA methylation of

othengenes:that may be important to macrophage maturation.

We treated cells with a PKA agonist to examine the effects of PKA activity on
Csflr methylation, but we also observed that macrophage maturatieelisissociated
with a decrease in endogenous P&adivity. PKA is traditionally activated by cAMP
which can be increased bgriousmediators including?GE;, whichhas been showio
inhibit a variety of macrophage functions including phagocytosis, bacterial killing, and
cytokine generation [21, 45P.GE, alsoinhibits macrophage differentiatig@5] and
hematopoiesis in generfd6, 47]. Our results demonstrating tHalKA activation alters the
DNA methylation profile of a key gene in macrophage maturation may partly explain how
PGE; inhibits hematopoiesis. Howevergwalsopreviously showethat PGE levels do
not decline during macrophage maturation [25], so the decline in endogenoudeA4P
andPKA activity during normakmaturationis likely to reflect changes in some cAMP
coupled receptor ligand other than PGIEpac is another intracellulaAMP effector

molecule and aselective Epac agonist failed to al€sflr DNA methylation levelslt is
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interesting to note that Epac expression has been reported to increase during
monocyte/macrophage differentiation, and that Epac becomes functional in mature
macrophagept8]. Taken together with our contrasting results showingedesed

endogenous PKA activity during macrophage differentiation, these findings suggest that
there may be a coordinated switch in the effector molecules engaged by-cidmr PKA

to Epac -dunng macrophage differentiation. Finally, it should be mentioned that we did
not examine whether PGBr PKA post-transcriptionally regulates CSF1R expression, and

a recent'study suggests that B@kay activate CSF1R through phosphorylation [49].

IMononuclear celmaturationin vitro was accomplished hereiirough a weH
established'method described in the literafée 27]. Freshly obtained bone marrow cells
were not pre-sorted in our studies am# might speculate that the effects of PKA
activation.onCsf1r methylation may be due the expansion of hematopoietic stem cells or
other nonmyeloid cell types rather than direct actions on mononuclear phagocytes.
However,since adherence is charaggc of macrophagesyash stepand adherence
purificationduring maturation ensured that macrophages were the predominant cell type in
our studies. Although our studies were perforimedtro, we have previously shown that
the ability of PKA to inhibit macrophage developmenapplicablen vivo in thioglycollate
induced peritoniti$25], with important consequences as demonstrated in mouse models of
infectionsand,asthmip0]. Furthermore, the decrease in endogenous PKA activity observed
during nérmamaturation indicatethat nediators that regulate this signaling pathway are

relevantforphysiologic homeostasis.

CSkl.activates many different macrophage functions, including phagocytosis,
production of reactive oxygen species, chemotaxis, and microbial killing [51], and
understanding regulation ofSE1Randits promotetDNA methylation has functional
implications _beyond differentiation. We observed that inhibition of CSF1R expression by
PKA was associged with diminished cytokine expression in the presence of LRIger O
studieshave furthermore demonstratiétht loss oICSF1Rexpression may contribute to
oncogenidransformationn leukemial42, 52, 53]. In conclusionye show that the

progressive increase in CSF1R expression during monocyte/macrophage maturation i
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accompanied by progressive demethylation aCsi#&r gene and that PKA inhildn of

Csflr mRNA expressiorcorrelatel with DNA hypermethylation.PGE,, whichactivates
PKA, can inhibit the maturation of macrophages; we now show for the first time that thi
intracelltlar-signaling pathwayg accompanied by modulation of DNA methylation and
DNA methylation machineryThese studies demonstrate hemigenetic levels change
during hematopoiesis and theegulaton by PKA, and in a broader context, provide an
illustration ofhowintracellular signaling pathwayse capable of redgating DNA
methylation patternduring differentiation and development.
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Figure Legends

Figure 1. The DNA methylation oCsf1r is decreased during macrophage maturation.
Cells frommurinebone marmow were matureth L929 conditioned medium and DN&as
collected from cellstadays 0, 3, and 5Bisulfite sequencing, as described in Methods, was
performed.to.assess the DNA methylation of CpG sites withi@s$fie gene, as illustrated
(a). DNA methylation of CpG sites were analyzed within the gene proitimielr kb
upstream-ofms intronic regulatory elemenElRE -1 kb) (c), and FIRE (d) regions (n=3).
*P < 0.05.

Figure 2Expression oCsflr mRNA was decreased in bone marrow cells treated with a
PKA agonist. Cells from murine bone marrow were matuned 929 conditioned medium
for 3 or/6 days in the presence or absence of the PKA agonist&GAMR{500 uM). (a)
CSF1Rcell surfaceprotein expression was assayed by flow cytometry; the mean
fluorescence intensity from a representative experimihiree independent experiments is
shown._(B Csf1r mRNA levels were assayed by FPCR (n=3). * P < 0.05.

Figune 3. Treatment of BM cells with a PKA agonist was associatid anincreasean

Csf1lr DNA methylation. (a-c) Cells from murine bone marrow were matured in L929
conditioned mediunfor 3 or 5 days in the presence or absence of the PKA agonist 6-bnz-
cAMP (500 uM). The DNA methylation of CpG s&s within the Csflr promoter (a), FIRE
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-1 kb (b), and FIRE {(owereassayed by pyrosequencing (n=3). * P < 0.05. (d) Bone
marrow cells were treated with either the PKA agonishBcAMP (500 uM), the
exchange protein activated by cAMP (Epac) agonrpCBT-2'-O-Me-cAMP (500 uM), or
vehicle control and DNA methylatiomithin the Csf1r promoter was assayed. Showmis

representativeesult from two independent experiments.

Figure 4. Treatment of cellsvith the PKA agonistesulted in decreasétlJ.1 binding at

the Csf1r promoter. Cells from murine bone marrow were matured in L929 conditioned
mediumfor 3days in the presence or absence of the PKA agoiisz6AMP (500 uM).
Chromatiniwas isolated and immunoprecipitated using an antibody to PU.1 or isotype
control "Realtime PCRwas performedising primers illustrated in Yaand the relative
enrichment from cells treated with or without the PKA agonist is shown for prime(tset 1
and primer.set 2 (c) (n=3).P < 0.05.

Figure 5. Macrophage maturationas associated withdecrease in endogenous cAMP

levels and PKA activity.Cells from murine bone marromere matured to macrophages in
L929;conditioned medium over 5-6 days. Levels of phosphorylated vasodiiatotated
phosphoprotein (VASP) (a) and phosphorylated cAMP responsive element binding (CREB)
protein (b)wereassayed by immunoblot. Representative blot (n=3) is shoyvbheyels of

cAMP were assayed from the lysates of maturing cells at days 0, 3, and 5. Results are
normalized to control levels (n=3Bone marrav cellswere given IBMX (250 uM)an

inhibitor of the cAMP-degradative enzyme phosphodiesterase, for 6 days and levels of
cAMP (d)and CSF1R mRNAe) were assayed (n=3).P < 0.05.

Figure 6. Inhibition of macrophage maturation with a protein kinase A (PKA) agonist
attenuated.the generation of immunoregulatory cytokines in response to macrophage colony
stimulating.factor (CSF] and lipopolysaccharide (LPS). Bone marrow derived
monocyies/macghages (BMDM) were matured in L929 conditioned medium for 5 days

in the presence or absence of the PKA agoriBizcAMP (500 uM). Cells were then re-

plated andreated for 1 h +/MCSF (20 ng/ml) and then subsequently for 24 HL.PS
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(100ng/ml) and sugrnatants were assayed for levels of interleukin-@l(3), IL-10 (b),

and tumor necrosis factor (TN)(c) (n=3 for each experiment

Figure 7. PKA altered expression of DNA methyltransferases (DNMTS) andel@ren
Translocation (TET) proteins durimgacrophage maturatiolBone marrow cells were
treated with«or.without the PKA agonistodzcAMP (500 uM) during macrophage
maturation and levels of (a) TET1, (b) TET2, (c) TET3, (d) DNMT1, (e) DNMT3a, (f
DNMT3b, and (§ DNMT3L mRNA wereassayed by RPCR. n=6, P < 0.05.

Figure 8."Silencing of TET2, TET3, or DNMTS3L did not affect expression ofCsf1r in
the presence or absence of PKABone marrow cells were treated with control SiRNA or
SiRNA targeted againtET2 or TET3 as described in Methods, aledelsof TET2 and
TET3 mRNA(a) were assayed by RFCR (n=3). * P < 0.05 relative to control siRNA.

** P < 0.01relative to control siRNA. (b) évels ofCsf1r mRNA were assayed by RT
PCR in cells treated with TET2 or TET3 siRNA (n=3)P < 0.05 relative to control
siRNA.' NS, non-significant(c-d) Bone marrow cells were treated with control siRNA or
siRNAstargeted againRINMT3L in the presence or absence of Bt€A agonist Gbnz
CAMP (500.pM), as described in Methodsevels of DNMT3L mRNA(c, n=3, * P < 0.05
relative to control sSiRNAandCsf1r (d, n=4, * P < 0.05 relative to day @ere assayed by
RT-PCR.
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