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Abstract

Background

G protein-coupled receptor kinase 6 (GRKB6) is part of the G protein-coupled receptor kinase
family, whose members act as key regulators of seven-transmembrane receptor signalling.
GRKG6 seems to play a role in regulation of inflammatory processes, but mechanisms of tran-
scriptional regulation of GRK6 expression in inflammatory cell lines have not been charac-
terized. Protein kinase C (PKC) signalling is also involved in inflammatory regulation and an
impact of PKC activation on GRK®6 protein expression was described previously. Thus, the
aim of this study was to 1) characterize the GRK6 promoter, and 2) investigate a potential
influence of PKC on GRK6 expression.

Methods

Five deletion constructs of the GRK6 promoter were cloned. After transient transfection into
ahuman T cell line, promoter activity was assessed using luciferase reporter gene assays.
Putative transcription factor binding sites were identified, mutated, and binding was investi-
gated using electrophoretic mobility shift assays (EMSA). Following stimulation with a PKC
activator, GRK6 expression on mRNA and protein levels was assessed by reverse tran-
scriptase qPCR and Western blots.

Results

Investigation of the GRK6 promoter revealed a putative cAMP responsive element (CRE),
whose mutation led to decreased promoter activity (p = 0.0006). Functionality of the CRE
binding protein (CREB) binding site was verified in EMSA blots. Stimulation with a PKC acti-
vator resulted in decreased GRK6 promoter activity (p = 0.0027), mRNA (p = 0.04) and pro-
tein expression.
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Conclusion

We characterized the human GRK6 promoter and identified promoter activity to be influ-
enced by a CREB binding site. PKC might be one determinant contributing to altered GRK6
expression.

Introduction

G protein-coupled receptor kinases (GRKs) are a family of seven serine-threonine kinases,
allocated to three subfamilies, which interact with specific G protein-coupled receptors
(GPCR) as well as with downstream signalling pathways [1]. GRK6 is part of the GRK4 sub-
family and is expressed in a broad variety of tissues [2]. It undergoes post-translational palmi-
toylation (reviewed in [1]) and its expression is detectable in membrane and cytosolic
subcellular fractions [3]. GRK6A splice variant is also able to translocate into the nucleus [4].
The GRKG6 gene is located on chromosome 5 (5q35) and has a pseudogene on chromosome 13
[5, 6].

The classical function of GRKs is phosphorylation of GPCRs at their cytosolic tail or third
cytoplasmatic loop, which leads to binding of specific arrestin molecules and inhibits conven-
tional interaction with G proteins (reviewed in [7]). Subsequently, recruitment of downstream
signalling molecules culminates in internalization and potential downregulation of the recep-
tor [7].

GRKG is highly expressed in immune cells and an alteration in intracellular GRK6 levels
has been specifically reported in relation to inflammation (reviewed in [8]). For instance,
blood mononuclear cells of patients suffering from rheumatoid arthritis showed decreased
GRKG6 expression, while cAAMP production was increased in these cells [9]. GRK6 knockout
investigations suggested its role as a regulator under inflammatory conditions. For instance,
GRK6 knockout contributed to post-inflammatory visceral hyperalgesia [10]. Alternatively,
GRK6 overexpression attenuated neuropathic pain after chronic nerve constriction injury in
rats through suppression of CXCR2 expression [11].

Thus, these data suggest that GRK6 expression is decreased under inflammatory conditions,
and this is evoked by hitherto unknown mechanisms. In concert with this hypothesis, an
increase in its expression might have a protective effect regarding development of inflamma-
tory hyperalgesia. Therefore, studies addressing GRK6 expression are not only of interest for
cellular biology but also of potential clinical relevance.

CpG islands in the GRK6 promoter were recently reported to be hypermethylated in hypo-
pharyngeal squamous cell carcinoma as well as in lung adenocarcinoma cells [12, 13]. More-
over, a few specific stimuli leading to an up- or downregulation of GRK6 expression have been
identified on a transcriptional level. For example, cell stimulation with phorbol 12-myristate
13-acetate (PMA) decreased GRK6 protein expression in a human promyelocytic cell line [14].
However, in human lymphocyte primary cell cultures, PMA stimulation increased GRK6
expression on mRNA and protein levels [14]. PMA is a potent activator of protein kinase C
(PKC). Therefore, a contribution of PKC signalling pathways to regulation of GRK6 expres-
sion on a transcriptional level is conceivable. Interestingly, members of the PKC family func-
tion as mediators of inflammatory processes [15]. There is evidence to suggest that PKC
closely interacts with GRKs. Specifically, direct phosphorylation of GRK5 as a member of the
GRK4 subfamily by PKC was shown [16]. In this context, the impact of PKC on GRK6 expres-
sion requires further investigation.

PLOS ONE | https://doi.org/10.1371/journal.pone.0247087 February 18, 2021 2/23


https://doi.org/10.1371/journal.pone.0247087

PLOS ONE

G protein-coupled receptor kinase 6 promoter contains functional CREB binding site

The aim of this study, therefore, is to 1) characterize the human GRK6 promoter and 2)
identify major regulatory mechanisms of GRK6 expression on the transcriptional level. The
human Jurkat T cell line was used as a model for human immune cells involved in inflamma-
tory processes to investigate the influence of PKC activation on GRK6 expression [17].

Materials and methods

In this study, we characterized the GRK6 promoter by using deletion constructs of the GRK6
5’-untranslated region (UTR). Promoter activity was assessed using luciferase reporter gene
assays in a human T cell line. Putative transcription factor binding sites were investigated in
silico and mutated via site-directed mutagenesis. Functionality of transcription factor binding
sites was assessed by electrophoretic mobility shift assays (EMSAs). A potential contribution of
PKC activation on GRK6 expression was investigated by stimulation of a human T cell line
using phorbol 12-myristate 13-acetate (PMA), and GRK6 expression on mRNA and protein
levels was detected by means of reverse transcriptase real-time quantitative polymerase chain
reaction (RT-qPCR) and Western blot investigations.

Human blood samples

DNA was extracted from blood samples of healthy volunteer donors recruited at the Univer-
sity Hospital of Essen following informed consent. The requirement for ethical review was
waived by the institutional review board of the Medical Faculty of the University Duisburg-
Essen.

Cloning of the GRK6 promoter

The human GRK6 (Entrez gene ID 2870) 5-UTR was cloned via PCR from DNA using the fol-
lowing primers: GRK6_Sense 5’ ~GGACGCCTTCTCCTATTC-3" and GRK6_Antisense 5’ -
CTCGGCTCGCAGTGAC-3" (located at positions -1475 to -1458 and -101 to -117 in relation
to translation starting point ATG) (Eurofins Genomics, Ebersberg, Germany). GRK6 5-UTR
was cloned into pGEM T-Easy vector systems (Promega, Madison, WI, USA). Deletion con-
structs were created using restriction enzymes (New England Biolabs, Frankfurt am Main,
Germany), binding at Nsil, Afel, Avrll, Ncol and Pvull binding sites, indicated in relation to
the translation starting point ATG: -1475/-101, -1143/-101, -892/-101, -396/-101, -310/-101,
respectively. Fragments were digested by SacI and filled in by Klenow I (catalogue no. EP0051,
Thermo Scientific, Waltham, MA, USA). Plasmid constructs were sequenced (GATC, Kon-
stanz, Germany) and subcloned into the pGL4.10 vector system (Promega, Madison, WI,
USA), followed by re-sequencing (GATC, Konstanz, Germany). GRK6 constructs were trans-
formed in DH50 competent Escherichia coli cells (Invitrogen, Karlsbad, CA, USA) and cul-
tured on ampicillin treated media. Thereafter, plasmid DNA was extracted using the Endo
Free Plasmid Maxi Kit (Qiagen, Hilden, Germany). DNA amount and purity were verified by
means of a TrayCell (Hellma, Miillheim, Germany) and a bio-photometer (Eppendorf, Ham-
burg, Germany). Samples were stored at -20°C until further use.

Cell culture

Investigations were carried out in human Jurkat T cell cultures (DSMZ no. ACC282, obtained
directedly from the German Collection of Microorganisms and Cell Cultures (DSMZ), Braun-
schweig, Germany) [17]. Jurkat cells were cultivated in Roosevelt Park Memorial Institute
Medium (RPMI, Gibco, Grand Island, NY, USA), supplemented with 10% fetal calf serum
(FCS, Biochrom, Berlin, Germany). Cells were maintained in a cell culture incubator at 37°C
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and 5% CO, and cell culture manipulations were carried out in a microbiological safety
cabinet.

Luciferase reporter gene assays

pGL4.10 and pGL4.74 vector systems (Promega, Madison, WI, USA) were used for luciferase
assays. pGL4.10 contains a gene sequence encoding firefly luciferase (Photinus pyralis), whose
expression depends on the activity of upstream GRK6 5-UTR fragments. pGL4.74 functions as
transfection control expressing constitutively renilla luciferase (Renilla reniformis). 150 ng of
pGL4.10 plasmids, containing a GRK6 promoter fragment, and 50 ng of pGL4.74 plasmids per
well were co-transfected to Jurkat cells using jetPRIME transfection reagent (Polyplus, Illkirch,
France). 65,000 cells were seeded in each well of 96 well-plates in 65 pl of RPMI medium 24
hours prior to transfection. Following 6 hours of incubation, transfection reagents were
removed. Luciferase measurements were performed with the Dual-Glo Luciferase Assay Sys-
tem (Promega, Madison, W1, USA) according to the manufacturer s instructions and con-
ducted in a Tristar LB941 microplate reader (Berthold, Bad Wildbad, Germany) 24 hours after
transfection of the cells. Cell viability was verified via microscopy prior to transfection and
measurements. Results were analysed by comparison of firefly and renilla luciferase activity.

The impact of cell stimulation on GRK6 promoter activity was investigated by applying 10
nM phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich, St. Louis, MO, USA), 100 nM
CREB inhibitor 666-15 (Calbiochem, Merck, Darmstadt, Germany), 10 nM pan-PKC inhibi-
tor G6-6983 or vehicle (dimethyl sulfoxide, DMSO) (both Sigma-Aldrich, St. Louis, MO,
USA) after cell transfection. PMA, PKC inhibitor and CREB-inhibitor stimulations were car-
ried out under serum free conditions and serum removal took place 6 hours post transfection.
All luminescence measurements were performed 18 hours following to the application of
stimulants.

Site-directed mutagenesis

GRK6 promoter sequence -396/-310 was analysed using MatInspector Software (Genomatix,
Miinchen, Germany) [18], resulting in two transcription factor binding sites for the cAMP
responsive element binding protein 1 (CREB, Entrez gene ID 1385) and the nuclear factor Y-a
(NFYA, Entrez gene ID 4800) at positions -348/-356 and -344/-349. By site-directed mutagen-
esis (Agilent, Santa Clara, CA, USA), putative transcription factor binding sites were mutated
on position -369 AACCAGGAAG AGGTGTGGTG ATTGGTCCCG CCCCCGTACT -329 (CREB
binding site) and -369 AACCAGGAAG AGGTGACGTG ATTGTTCCCG CCCCCGTACT -329
(NFYA binding site). Mutated bases are depicted in bold letters.

Electrophoretic Mobility Shift Assays (EMSAs)

Two hours after stimulation with 100 nM PMA (Sigma-Aldrich, St. Louis, MO, USA), endoge-
nous nuclear protein fraction was extracted from Jurkat cells using the Cell Lytic NuCLEAR
Extraction Kit (Sigma-Aldrich, St. Louis, MO, USA). Nuclear extracts were stored at -80°C
until use. 5 pg were used per lane. EMSAs were performed utilizing Odyssey EMSA Buffer Kit
(Li-Cor Biosciences, Lincoln, NE, USA) in a composition of 10 mM tris, 50 mM potassium
chloride, 1.75 mM dithiolthreitol (DTT), 0.25% tween, 5% glycerol, 0.1 mM EDTA, and 2 mg/
ml bovine serum albumin. Buffer ingredients were incubated for 35 minutes at room tempera-
ture prior to addition of oligonucleotides, followed by 30 minutes of incubation under light-
protected conditions after the addition of oligonucleotides (Eurofins Genomics, Ebersberg,
Germany). EMSAs were carried out using double stranded oligonucleotide sequences given as
sense strand sequence: GRK6 promoter sequence containing a putative CREB binding site
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CREB GRK6: 5" ~AGGAAGAGGTGACGTGATTGGTCCCGC-3" (position -365/-338 in relation
to translation starting point ATG), CREB positive control, derived from CREB1 consensus
binding site: 5’ ~AGAGATTGCCTGACGTCAGAGAGCTAG-3", and an oligonucleotide con-
taining a mutated CREB1 binding site as CREB negative control: 5’ ~AGAGATTGCCTGTGG
TCAGAGAGCTAG-3". Sequences suspected as putative transcription factor binding sites are
underlined, mutated bases are underlined twice. Oligonucleotides were labelled with dye
DY682 at their 5’ end. Competition was carried out using similar unlabelled oligonucleotides
200 times in excess. Super shift was conducted using 2 pl rabbit anti-CREB1 p43 polyclonal
antibody (antibody registry ID AB_91283, catalogue no. AB3006 Chemicon, Tenecula, CA,
USA). Pre-incubation with antibody was carried out for 35 minutes at room temperature prior
to the addition of oligonucleotides. Electrophoresis was performed with 5% native polyacryl-
amide gels. Odyssey Classic Imaging System (Li-Cor Biosciences, Lincoln, NE, USA) was used
for detection. Images were cropped using the GNU Image Manipulation Program (Free Soft-
ware Foundation, Boston, MA, USA).

Real-time PCR

qPCR was conducted to survey endogenous GRK6 mRNA expression. Following seeding of
Jurkat cells in concentrations of 800,000 cells/ml in 12-well dishes, stimulations were carried
out under serum free conditions with 100 nM PMA (Sigma Aldrich, St. Louis, MO, USA) or
DMSO as vehicle (Sigma Aldrich, St. Louis, MO, USA) for 2, 4, 6, and 8 hours. Cellular RNA
was extracted using PEQ Gold Total RNA Kit (peqlab VWR International, Erlangen, Ger-
many) and stored at -80°C until use. A TrayCell (Hellma, Miillheim, Germany) and a bio-
photometer (Eppendorf, Hamburg, Germany) were used for RNA quantification. Reverse
transcription was performed by means of M-MLV reverse transcriptase (Promega, Madison,
WI, USA) with 0.75 pg RNA, using a Biometra T-professional thermocycler (Biometra, Got-
tingen, Germany). Samples were treated with RNasin ribonuclease inhibitor (Promega,
Madison, WI, USA). qPCR of cDNA was conducted on a Step one-plus real-time PCR system
(Applied Biosystems, Thermo Scientific, Waltham, MA, USA) utilizing Mesa Green gPCR
Master Mix (Eurogentec, Seraing, Belgium). Results were analysed using the comparative 2°
AACt method [19]. Results arising from stimulation with PMA were compared to DMSO vehi-
cle control as ACt-value. Reference genes were detected (as previously described [20]), result-
ing in a combination of hypoxanthine phosphoribosyltransferase 1 (HPRT, Entrez Gene ID:
3251) and B-2-microglobulin (B2M, Entrez Gene ID: 567) as most stably expressed reference
genes. The following primers (Eurofins Genomics, Ebersberg, Germany) were used:

Hs_GRK6_forward: 5’ ~TTCAAGCGGCTGGGAGC-3",

Hs_GRK6_reverse: 5’ -GCCTGTGGCAAACTTCTGGT-3",

Hs_HPRT forward: 5’ ~-CACTGGCAAAACAATGCAGACT-3’,

Hs HPRT reverse: 5/ —-GTCTGGCTTATATCCAACACTTCGT-3",

Hs_B2M_forward: 5’ ~-GCTGGCGGGCATTCCT-3",

Hs_B2M_reverse: 5’ ~AATCTTTGGAGTACGCTGGATAGC-3".

mRNA stability was investigated using 5 pg/ml actinomycin D (Calbiochem, Merck Milli-
pore, Darmstadt, Germany) and 20 pg/ml cycloheximide (Sigma-Aldrich, St. Louis, MO,
USA). Stimulations were carried out in serum starved Jurkat cells for 6 hours. RNA extraction
and reverse transcription were handled as mentioned before.

Western blot

Jurkat cells were seeded in 10 cm cell culture dishes at a concentration of 1x10° cells/ml. Fol-
lowing stimulation with 100 nM PMA or vehicle (DMSO) (Sigma-Aldrich, St. Louis, MO,
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USA) for 2, 4, or 6 hours, and following stimulation with 100 nM CREB inhibitor 666-15, acti-
nomycin D (5 pg/ml) (both Calbiochem, Merck, Darmstadt, Germany) and cycloheximide

(20 pg/ml, Sigma-Aldrich, St. Louis, MO, USA) for 6 hours respectively, total protein extrac-
tion was carried out using RIPA lysis buffer (150 mM sodium chloride, 1% NP40, 0.5% sodium
deoxycholate, 0.1% SDS, 50 mM Tris pH 8.0) and complete mini protease inhibitor cocktail
(Roche Diagnostics, Mannheim, Germany). Cells were washed twice using pre-chilled Dulbec-
co’s phosphate buffered saline (DPBS, Gibco, Grand Island, NY, USA), the cell pellet was
resuspended in 300 pl of RIPA lysis buffer plus protease inhibitor cocktail and spun briefly for
10 seconds, followed by incubation on ice for 30 minutes. After centrifugation for 20 minutes
at 12,000g and 4°C, supernatants were stored at -80°C until use. The amount of extracted pro-
tein was determined using the Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford, IL,
USA). Electrophoresis was carried out on 10% sodium dodecyl-sulphate polyacrylamide gels
under application of 40 ug of protein per lane. Membranes were incubated with either rabbit
anti-GRK6 monoclonal antibody D1A4 (antibody registry ID AB_11179210, catalogue no.
58788, Cell Signaling, Danvers, MA, USA), final dilution of 1:1,000 in TBS-T, supplemented
with 5% dried milk powder, or-following membrane stripping-mouse anti-actin § monoclo-
nal antibody (antibody registry ID AB_626632, catalogue no. sc-47778, Santa Cruz, Dallas, TX,
USA), final dilution 1:1,000 in TBS-T plus 5% dried milk powder. Used as secondary antibod-
ies were goat anti-mouse IgG (horseradish peroxidase conjugated) polyclonal antibody (anti-
body registry ID AB_631736, catalogue no. sc-2005, Santa Cruz, Dallas, TX, USA), dilution
1:10,000 in TBS-T containing 5% dried milk powder, and goat anti-rabbit IgG (horseradish
peroxidase conjugated) polyclonal antibody (antibody registry ID AB_631746, catalogue no.
sc-2004, Santa Cruz, Dallas, TX, USA), dilution 1:5,000 in TBS-T cont aining 5% dried milk
powder. Signal detection was carried out either on radiographic films or by use of the Chemi-
Doc XRS+ Gel Imaging System (Biorad, Hercules, CA, USA) and Signal Fire TM Plus Reagent
(Cell Signaling, Danvers, MA, USA). Images were cropped and gel quantification was carried
out by using the Image Lab 6.1 Software (Biorad, Hercules, CA, USA).

Statistics

All measurements were carried out in duplicates to improve reliability of measurements,
results averaged, and depicted as means * standard error of the mean. Wilcoxon matched
pairs ranked sign tests, Mann-Whitney-U-test, and one-way or two-way ANOVA with Sidak’s
or Bonferroni’s multiple comparisons post hoc tests were applied for statistical analysis, as
appropriate. Predetermined alpha-errors p of less than 0.05 were considered statistically signif-
icant. Data analysis was performed using Graph Pad Prism software version 7.04 (La Jolla, CA,
USA).

Results

Identification of the GRK6 promoter and determination of a functional
CREB binding site

The genomic sequence of the GRK6 5-UTR including relevant nucleotide positions is shown
in Fig 1. The transcription start point is located -160 nt upstream from the translational start
site ATG [21]. Digestion with diverse restriction enzymes resulted in five different deletion
constructs (Fig 2). Measurements of their reporter activity by means of luciferase assays
revealed an approximately 80% increase (fold change 1.79) in reporter activity in construct
-396 in comparison to the next shorter construct -310, indicated in relation to the translational
starting point ATG (Fig 2). This suggested a promoter activity determining region within the
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-2,009 tttttttttt ttttttgaga cggagtctca ctetgttgec caggetggag
-1,959 tgtattggca cgatctecgge ccactgcaag ctccacctec caggttcaca
-1,909 ccattctect gectcageect cccaagtage tgggactaca ggtgeccgec
-1,859 accatgceceg getaattttt tgtattttta gtagagacgg ggtttecaceg
-1,809 cattagccag gagggtttce ctecttttaag gtacttaact ccctagatce
-1,759 tagatccatc cacttttctc cgtctctatt geccacecttgt aggtecagge
-1,709 caccaccatc tctttactgg aattctgtaa actecctgact getctgette
-1,659 cactcttgge cccctaggaa tccaccagag tgatattttt aaaatataaa
-1,609 tcattctttc aaatgtttca catttcactt agcaaaaaca cttcagcctc
-1,559 ctggacgtgt tcacagtcct ccatgaccta gctagtgect ttgctectte
-1,509 tgtctcatct cagaccactg ggcccagaag ctgdggacgc cttctectat +16
-1,459 tcecctgaaca caccacttag tctggettag agectetgeg tttgetgttg
-1,409 cttctactgg atccgctcaa atgtcacace ctgagagtgt cacacactet 116
-1,359 cttaacgtcc gaagagcagt tgtcactctc tgaaaccatc tatttgttta
-1,309 tttacagaat aattaccttt atctcaccct geccctcactt getccctecca 216
-1,259 cttctagcaa gtaagcaggg agcctggeta tcttgetgee atcactgtgt
-1,209 tctccagcac ctggecttggt gectggcaca gaggtgttge tectgtatttt 316
-1,159 cggatgaatg aatgcﬂtagg aactagagaa gcctagatgg atccggctet
-1,109 geccttacteg cggagtttgg gcaagectgt ttecctgetge gtgaagtagg 416
-1,059 gggtggagga agcggggtgt taagctacaa ggtgttgatt agetgtaaga
-1,009 tttcagecett gttttecteceg tagtettegg getggageca gecacttgac 516

-959 gtceggegee tcagetccce acctgtataa tgggtgtgaa ctcatceccga

-909 ggtctagggg tggtagc'gct gccttataag geggcagagg ccgagggaag 616

-859 gcgaggccga gtgggtggag agaaatcaca acatcegget gegggggetg

-809 ggecggggege ctgeggegac cgggcaagag gteggggaac ggetgegagg 716

-759 ccgecagecte cteccctgtet ctececctettt cgatgtgege cctectgatt

-709 ggggccgacce caagggaata cggccacaca agtggaccaa acaaactcge 816

-659 tgccagcceg caggaggcce aggatacgga gegegtccce gacaaaacce

-609 tagaaaagcc gtctgegage caaaggccge cgggccacac cttcaggega 916

-559 cgacccaatc aaaatgcagt acttgagatg acggacgtct tcttcaccca

-509 atcacatatt cggecctcctg ggegtgecce agagtaccca cctccattgt 1016

-459 cccggetgag ggcteggece taattggeag tttggtatee tacgaaagece

-409 tagaaattcg aachtagggg ctgaacceceg ccctcagace aaccaggaag 1116

-359 aggtgacgtg attggtcceg ccceccgtact tetttgageg agtccccadc

-309 tgggggggcg ggggaaaaaa tgaagaggaa gactaatggg aagacggege 1216

-259 ggggagctte tgcceggtga ttggtcaaat gaggtaaaca gagggegggg

-209 cagggcggge cagegeeggg gtggecccceg ggagggggeg gagagtgege 1316

-159 #ggctggetge ggeggecggg gaggecgggg aggccgegge geggtcactg 1366

-109 cgagccgage cgagcegege cgatcgecat ceggectegg ceggectegg

-59 cactegegeg cgatccegge cggeggegeg geceggeggg ccaggeggceg

-9 ccacagccc**ATGGAGCTCGA GAACATCGTA GCGAACACGG TGCTACTCAA
+42 GGCCCGGGAA GGTGAGGCGG CCGGGTGGGC GGCCGGGCCC GGGTGCGTGG

Intron 1

Fig 1. Schematic overview of GRK6 5’-UTR sequence. The following symbols were used to describe the below-
mentioned terms: f Transcription starting point. ** Translation starting point at sequence triplet ATG (marked red). I
Sites of restriction enzyme intersection, used to create deletion constructs. All negative signed inscriptions are
designated in relation to the translation starting point. Red letters in lower case mark primer binding sites in the
promoter for initial cloning. Capital letters are used from translation starting point onwards. Light grey letters display
intron sequence 1. The underlined sequence shows a putative CREB binding site.

https://doi.org/10.1371/journal.pone.0247087.g001

section -310 to -396. Indeed, in silico analyses of this -310 to -396 sequence using MatInspector
software (Genomatix, Munic, Germany) pointed out different putative transcription factor
bindings sites, inter alia for CREB and NFYA (Fig 3A). Site directed mutagenesis of both bind-
ing sites and determination of their reporter activity via luciferase assays showed a decrease in
reporter activity compared to the wild type construct (Fig 3B). Mutation of the CREB binding
site yielded a significant decrease in reporter activity (p = 0.0006) suggesting that this CREB
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Fig 2. Comparative activity of five deletion constructs of the GRK6 promoter. Construct -396 (in relation to ATG as translational starting point) showed the
greatest increase in promoter activity compared to the next shorter construct. N = 7, measured in duplicate. Friedman test with Dunn’s multiple comparison

test. ***p = 0.0003.

https://doi.org/10.1371/journal.pone.0247087.9002

binding site might play a pivotal role in GRK6 promoter regulation. Mutation of the NFYA
binding site, however, did not evoke a significant decrease in reporter activity. Nevertheless, a
slight but non-significant decrease in activity was detectable, suggesting a minor role of NFYA
in the process of GRK6 promoter activity regulation.

In addition, Jurkat cells were treated with 100 nM of the CREB inhibitor 666-15 and pro-
moter activity was detected by means of luciferase assays (Fig 4) [22]. 666-15 is a potent and
specific CREB inhibitor [23]. Notably, treatment with 666-15 did not alter GRK6 promoter
activity in comparison to vehicle control DMSO (Fig 4). Only a slight decrease in GRK6 pro-
moter activity was detected in construct -310, not containing the putative CREB binding site.

To investigate CREB binding to its putative binding site within GRK6 promoter, electro-
phoretic mobility shift assays were carried out (Fig 5). Nuclear protein was extracted from Jur-
kat cells two hours after application of PMA to allow for an increase in the amount of potential
transcription factors in the nuclear protein fraction prior to extraction. PMA stimulation was
chosen in accordance with our finding that PKC activation leads to an alteration in GRK6 pro-
moter activity (see Fig 6). It was also previously demonstrated that PKC activation via PMA
may induce CREB phosphorylation in blood immune cells [24]. Application of fluorescence
labelled GRK6 oligonucleotides (marked by an asterisk) revealed several bands (Fig 5, lane 1).
Following the addition of competitors in excess of similar unlabelled GRK6 oligonucleotides,
containing the original CREB binding site within the GRK6 promoter, a putative band of
CREB DNA complexes (marked by lower arrow) was eliminated (Fig 5, lane 2). This band also
vanished after addition of CREB positive control oligonucleotides given in excess (Fig 5, lane
4), but the overall result produced by this competition differs from the band range in lane 2.
Conversely, application of CREB negative control oligonucleotides as competitors did not alter
the putative core band (Fig 5, lane 3). Despite the difference in band ranges, this finding makes
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CREB
mutation M1 CREB -368 AACCAGGAAG AGGTGTGGTG ATTGGTCCCG CCCCCGTACT -330
NFYA
mutation M2 NFYA -368 AACCAGGAAG AGGTGACGTG ATTGTTCCCG CCCCCGTACT -330
B
Ncol Nsil Afel Avrll Pvull Sacl

Luc2

human GRK6 promoter

control pGL4.10

-396 wild type (N

I***I

-396 CRE mutation S

-396 NFYA mutation SR

=310 N

) () O N
fireflylrenilla luciferase activity

Fig 3. (A) Scheme of mutations of putative transcription factor binding sites in GRK6 promoter. Inscriptions in relation to the translation starting point
ATG. Mutated bases are marked in bold red letters. (B) Site directed mutagenesis of CREB binding site yielded significant downregulation of GRK6
promoter activity. Mutation of putative CREB resp. NFYA binding sites in construct -396 leads to a decrease in promoter activity in comparison to wild type
promoter sequences, especially following mutation of the CRE sequence. N = 7, measured in duplicate. Wilcoxon matched pairs signed rank test.

***p = 0.0006.

https://doi.org/10.1371/journal.pone.0247087.g003

unspecific binding appear rather unlikely. Furthermore, a super shift was ascertainable after
addition of an anti CREB-1 antibody (Fig 5, lane 5, super shift marked by upper arrow). This
specific band was completely eliminated by competition with unlabelled GRK6 oligonucleo-
tides (Fig 5, lane 6) and unlabelled CREB positive control oligonucleotides (Fig 5, lane 9). Anti
CREB-1 antibody also produced a super shift of virtually identical height when using fluores-
cence labelled CREB positive control oligonucleotides instead of fluorescence labelled GRK6
oligonucleotides as target sequences (Fig 5, lane 7). This super shift was equally abolished by
competition with similar unlabelled CREB positive control oligonucleotides given in excess
(Fig 5, lane 8). Taken together, CREB positive control oligonucleotides compete, albeit less
effectively than GRKS6 positive control oligonucleotides, to the fluorescence labelled GRK6 oli-
gonucleotide target sequence.

Influence of protein kinase C activity on GRK6 expression

To investigate the influence of protein kinase C (PKC) activity on GRK6 expression, promotor
activity was investigated by luciferase assays after stimulation with 10 nM PMA as a direct
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Fig 4. Stimulation with CREB inhibitor 666-15 did not lead to a significant reduction in GRK6 promoter acitivity in comparison to vehicle control with
DMSO. Treatment of serum starved Jurkat cells with CREB inhibitor 666-15 in a concentration of 100 nM. N = 4, measured in duplicates. Depicted are means
and standard errors of the mean. Two-way ANOVA and Sidak’s multiple comparison test.

https://doi.org/10.1371/journal.pone.0247087.9004

PKC activator in comparison to DMSO as vehicle control (Fig 6). PMA stimulation evoked a
decrease by approximately 20% (p = 0.003) in promoter activity of the -396 construct harbor-
ing essential regulatory elements, while only a slight but non-significant reduction was
detected in the mutated as well as the shorter construct (Fig 6). This result suggests a down-
ward trend in GRK6 expression after activation of PKC.

Interestingly, the treatment of Jurkat cells with 10 nM of a pan-PKC inhibitor (G5-6983)
under similar conditions led to a remarkable but non-significant down regulation of GRK6
promoter activity (Fig 7A), which also persisted in the presence of PMA (Fig 7B).

To enquire a potential correlation of the putative CREB binding site in construct- 396 and
the effect of PMA stimulation on GRK6 promoter regulation, we treated the promoter con-
structs of interest with a combination of PMA und CREB inhibitor 666-15 in Jurkat cells (Fig
8). This constellation produced a minor decline in GRK6 promoter activity in all constructs
investigated in comparison to PMA treatment.

Furthermore, to investigate GRK6 mRNA expression after stimulation with 100 nM PMA,
quantitative real-time PCR was carried out and mRNA expression was observed over a time
course of 8 hours (Fig 9). The appropriate concentration of PMA for cell culture stimulations
especially for the purpose of investigation of endogenous mRNA expression upon PMA stimu-
lation was tested in various concentrations in Jurkat cells and used in different cell lines in pre-
vious works of our group [25]. The concentration of 100 nM PMA led to satisfiable results and
PMA concentration was accordingly transferred to the investigation of Jurkat cell cultures.
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Fig 5. Electrophoretic mobility shift assay outlined specific CREB binding site. Each lane contains 5 ug of nuclear protein extracted from Jurkat cells.
Fluorescence labelled GRK6 oligonucleotides (GRK6*, lanes 1-6 and 9) or CREBI positive controls (CREB positive*, lanes 7 and 8), marked by an
asterisk, were used for binding detection. Unlabelled oligonucleotides, either containing the underlying GRK6 sequence (GRKG, lanes 2 and 6), CREB1
positive control (CREB, lanes 4, 8, 9) or CREBI negative control (CREB negative, lane 3) without suitable binding sites, were applied in 200 times excess
as competitors to unravel potential unspecific binding. Concerning the super shift, 2 pg of anti CREB-1 antibody were added per lane (lanes 5-9) to verify
specific binding. N = 3. This image is cropped. The full-length image is shown in SIA Fig.

https://doi.org/10.1371/journal.pone.0247087.9005

In accordance with decreased promoter activity in Jurkat cells, endogenous GRK6 mRNA
expression was also decreased, in particular after 4 and 6 hours of stimulation, but returned
completely to baseline after 8 hours following stimulation (Fig 9A, p = 0.04). mRNA expres-
sion decreased by approximately 20% after 6 hours of stimulation. Notably, DMSO as a solvent
is also known to increase GRK6 expression [14]. Over a time course of 8 hours, mRNA expres-
sion after treatment with DMSO as a vehicle control remained relatively stable in comparison
to untreated control cells (Fig 9B). Thus, data distortion through variation caused by stimula-
tion with DMSO can be excluded.

To exclude distortion of the results due to mRNA instability, Jurkat cells were treated with
actinomycin D, which is known to inhibit transcriptional activity (Fig 10A and 10B) [26].
Therefore, a persisting level of mRNA expression under treatment with actinomycin D would
indicate a minor contribution of mRNA decay to the reduction of GRK6 mRNA expression
observed after stimulation with PMA [27]. Strinkingly, our results showed an increase in
GRK6 mRNA expression after treatment with actinomycin D in comparison to treatment
solely with PMA (Fig 10A), which is mainly produced by a general decay in mRNA expression
after 6h of incubation with actinomycin D in DMSO and PMA treated cells (Fig 10B). There-
fore, an unambigious outcome of mRNA stability assays and realtime PCR results regarding
PMA stimulation under baseline conditions was not achieved. Nevertheless, treatment with
PMA and actinomycin D caused a slight increase in GRK6 mRNA expression in comparison
to treatment with vehicle control and actinomycin D only, which might indicate a positive
effect on mRNA stabiliziation through PMA treatment (Fig 10A).
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Fig 6. Stimulation with PMA in Jurkat cells led to a decrease in promoter activity. Stimulation was carried out in serum starved cells using 10 nM
PMA. Results shown in comparison to vehicle control with DMSO. N = 3, measured in duplicate. Repeated measures two-way ANOVA with Sidak’s
multiple comparison test. **p = 0.0027.

https://doi.org/10.1371/journal.pone.0247087.9g006

Furthermore, endogenous GRK6 mRNA expression was investigated under application of
cycloheximide, which is an antibiotic and inhibits protein translation via blocking of the elon-
gation process at the ribosome [28]. Analyses using the comparative 2"**“* method resulted in
a decrease in GRK6 mRNA expression after treatment with cycloheximide and 100 nM PMA
in comparison to PMA usage only (Fig 10C) [19]. The depiction of 2"*“' values showing the
results solely with regard to the reference genes HPRT and B2M points out an increase in
GRK6 mRNA expression after stimulation with cycloheximide (Fig 10D). Cycloheximide is
known to be a potential transcriptional activator [29]. Under combined administration of
cycloheximide and PMA, results remained in comparable ranges to the pre-treatment with
DMSO and PMA (Fig 10D), not indicating an increased mRNA decay. Actinomycin D and
cycloheximide application also led to a decrease in protein expression, verified by Western
blots, according to their characteristics as transcriptional and translational inhibitors (S2 Fig).
Allin all, mRNA stability cannot be assessed clearly by means of actinomycin D and cyclohexi-
mide treatment but is suggestive of balanced changes in mRNA levels under PMA treatment.

Western blot showed a decrease in GRK6 protein expression after 6 hours of PMA stimula-
tion, whereas actin f§ (Entrez gene ID: 60) expression used as a reference remained largely
unaltered (Fig 11A). A second band seen in the blot has been described previously and might
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Fig 7. Treatment with pan-PKC inhibitor G6-6983 resulted in a non-significant decrease in GRK6 promoter activity. (A) GRK6 promoter activity after
stimulation with 10 nM G6-6983 in comparison to vehicle control DMSO. Promoter activity was decreased after inhibition of PKC. (B) Combined treatment
with 10 nM G6-6983 + 10 nM PMA in comparison to a control with 10 nM PMA also led to a reduction in GRK6 promoter activity. Treatment in serum
starved Jurkat cells, n = 4, measured in duplicates/triplicates respectively. Depicted are means and standard errors of the mean. Statistics: Ordinary two-way
ANOVA and Sidak’s multiple comparisons test.

https://doi.org/10.1371/journal.pone.0247087.9007
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Fig 8. Inhibition of CREB via 666-15 in the presence of PMA resulted in a further decrease in GRK6 promoter activity. Treatment
with 100 nM CREB inhibitor 666-15 + 10 nM PMA in serum starved Jurkat cells, n = 4, measured in duplicates/triplicates respectively.
Depicted are means and standard errors of the mean. Statistics: Ordinary two-way ANOVA and Sidak’s multiple comparisons test.

https://doi.org/10.1371/journal.pone.0247087.9008

originate from a different molecular mass of GRK6 due to its modifications, such as posttrans-
lational palmitoylation [3, 9, 14] (Fig 11A).

Thus, a decrease in protein expression was observed after 6 hours of PMA stimulation in
comparison to loading control (Fig 11A). The inhibition of CREB using 666-15 resulted in a
decrease in GRK6 protein expression in combination with PMA stimulation in comparison to
PMA stimulaton only (Fig 11B). Visualisation of the data using band intensity measurements
and quantification in relation to the reference protein actin f and the vehicle control DMSO
produced a fold change of 0,42 after six hours of stimulation with 666-15 (Fig 11C). Remark-
ably, treatment with 100 nM PMA for six hours in this investigation led to doubling of GRK6
protein expression in comparison to DMSO control (Fig 11C). The reduction in GRK6 protein
expression after treatment with 666-15, however, might be an indication that CREB mediated
pathways contribute to PMA-induced GRK6 regulation.

Discussion

Here we characterize the human GRK6 promotor and identify a CREB binding site within the
promoter, impacting on GRK6 transcriptional regulation. This binding site is located at posi-
tion -356 to -348 in relation to the translation starting point.

cAMP-responsive element binding protein 1 is a transcription factor binding to a promoter
region containing the sequence 5-TGACGTCA-3’, also designated as cAMP responsive ele-
ment (CRE). CRE sequences are found in promoters of a broad range of genes. Chiefly, CREB
is activated via phosphorylation of serine-133, and various conditions and pathways are
known to result in serine-133 phosphorylation, e. g. via the protein kinases A and C.
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Fig9. (A) PMA stimulation evoked a slight decrease in endogenous GRK6 mRNA expression after 6 hours. After
stimulation with 100 nM PMA, endogenous GRK6 mRNA expression was detected using the comparative 274"
method and vehicle control with DMSO. Over time, mRNA expression considerably decreased after 6h of stimulation.
Reference genes used were HPRT and B2M. N = 7, duplicate measurements, one-way repeated measures ANOVA with

PLOS ONE | https://doi.org/10.1371/journal.pone.0247087 February 18, 2021 15/23


https://doi.org/10.1371/journal.pone.0247087

PLOS ONE

G protein-coupled receptor kinase 6 promoter contains functional CREB binding site

Bonferroni’s multiple comparisons test. *p = 0.04. (B) Endogenous GRK6 mRNA expression remained unchanged
after DMSO treatment. Time course of GRK6 mRNA expression, evaluated by gPCR using the 22 method,

comparing DMSO vehicle control to untreated negative controls. Measurements were carried out in Jurkat cells after
serum withdrawal for 2, 4, 6, and 8 hours. N = 7, duplicate measurements.

https://doi.org/10.1371/journal.pone.0247087.9009

Phosphorylated CREB interacts with its cofactors CREB-binding protein (CBP) or p300 form-
ing a complex supporting the transcription of cAMP-responsive genes as an enhancer. Apart
from these processes, several alternative CREB phosphorylation sites and other post-transla-
tional modifications were investigated, partly influencing gene transcription in an inhibitory
manner (reviewed in [30]).

CREB seems to be involved in the regulation of inflammatory processes by its influence on
the expression of immune-related mediators and cytokines (reviewed in [31]). An increase in
phosphorylated CREB concentration, for instance, was observed in rat spinal dorsal horns
after chronic nerve constriction injury and accompanied by thermal hyperalgesia [32].

Given that the CREB binding site found within the GRK6 promoter is of functional signifi-

cance, GRK6 could be one of multiple inflammation related proteins subject to CRE-sequence
based transcription processes.

A 2.0 C 157
*k
1.5+ k
g g 1
< 3
o ~
<
2 1 s
] @
@ o
o 2
g g
3 3 054
0.59
0. T 0. T
PMA PMA + actinomycin D PMA PMA + cycloheximide
B D 08
05 —_—_—
: . e
—
0.4 s 056; -

expression 2
expression 2%
2

T
DMSO

T T T
DMSO + actinomycin D PMA + actinomycin D DMSO DMSO + cycloheximide PMA + cycloheximide

Fig 10. Effects of transcriptional or translational inhibition on GRK6 mRNA expression. (A) Treatment with
actinomycin D causing an inhibition of transcriptional activity in serum starved Jurkat cells over 6 hours led to an
increase in mRNA expression in comparison to treatment with 100 nM PMA only. Endogenous GRK6 mRNA
expression was detected using the comparative 2"*** method and vehicle control with DMSO. N = 3, measured in
duplicates, mean + standard error of the mean. (B) Depiction of the relative mRNA expression, shown as 2™* “ values
in comparison to the reference genes HPRT and B2M. Treatment with actinomycin D resulted in a general decrease in
GRK6 mRNA expression. Statistics: Ordinary one-way ANOVA + Sidak’s multiple comparisons test, ***p<0,001.
Depicted: mean + standard error of the mean. (C) Inhibition of translational activity by means of cycloheximide over
6h in serum starved Jurkat cells caused a decrease in mRNA expression. GRK6 mRNA expression was calculated using
the comparative 2**“" method and vehicle control with DMSO. Mann-Whitey-U-test, **p = 0,0043. N = 3, measured
in duplicates. Depicted: mean + standard error of the mean. (D) Depiction of the relative mRNA expression, shown as
274 *yalues in comparison to the reference genes HPRT and B2M. Statistics: Ordinary one-way ANOVA + Sidak’s
multiple comparisons test. *p = 0,01, **p = 0,008, ***p = 0,0002. Depicted: mean + standard error of the mean.

https://doi.org/10.1371/journal.pone.0247087.9010

PLOS ONE | https://doi.org/10.1371/journal.pone.0247087 February 18, 2021 16/23


https://doi.org/10.1371/journal.pone.0247087.g009
https://doi.org/10.1371/journal.pone.0247087.g010
https://doi.org/10.1371/journal.pone.0247087

PLOS ONE

G protein-coupled receptor kinase 6 promoter contains functional CREB binding site

O O° ©°
0N N0 RO RN
A “\0\3\6 QY“P' \0\3‘6 ?\Q\P‘ \0\\ oW C 3
[ 75 kDa 1
GRKS—‘—————Nr-' .E 2—-
- 50 kDa @ ]
e
o 4
x
[} J
o
2 1
= 50 kDa E 1
[
actin B - —— = 1
D S S Sy . ;0.
\ JL J\ ) 0 T
| | T PMA PMA + 666-15
2h 4h 6h
B
Gg, X
© o
x@ 66

GRK6 - e —

37 kDa

actin p - ———
25 kDa

Fig 11. (A) Western blot showed decreased GRK6 protein expression after 6h of PMA stimulation. The main GRK6
band was detected at approx. 70 kDa (molecular weight 66 kDa [21]), a second band at less than 80 kDa. Actin f at
approx. 40 kDa (molecular weight 43 kDa) was used as a reference on a stripped membrane. Stimulation with 100 nM
PMA led to a distinct decrease in GRK6 protein expression. This figure is cropped. Full-length blots are represented in
S3A and S3B Fig. (B) CREB inhibition using 666-15 resulted in decreased GRK6 protein expression under PMA
stimulation. Western blot results after 6h of stimulation with 100 nM PMA, and 100 nM 666-15 respectively, in serum
starved Jurkat cells. One representative blot of n = 2. This figure is cropped. Full-length blots are represented in S3C
and S3D Fig. (C) Quantification of GRK6 protein expression after stimulation with 100 nM PMA and 100 nM 666-15.
Band intensity was detected using the Image Lab 6.1 Software. Data was normalized to the band intensity of actin f as
reference protein and depicted in relation to the vehicle control with DMSO (= 1). N = 2. Mean + standard error of the
mean. Statistics: Mann-Whitney-U-test.

https://doi.org/10.1371/journal.pone.0247087.9011

In the context of classical homologous receptor desensitization, GRK proteins take part in
negative feedback loops regulating membrane receptor signalling (reviewed in [7]). GRK6 is a
regulator of GPCR signals, such as B,-adrenergic or D1 receptor signalling [33, 34]. In case of
an extensive Gs-coupled receptor activation, intracellular cuamulation of cAMP might lead to a
CRE-sequence controlled upregulation of GRK6 expression on a transcriptional level. Since
intracellular GRK6 expression levels were shown to be decreased under inflammatory condi-
tions and GRKG6 deficiency seems to contribute to hyperalgesia evoked by inflammatory medi-
ators, pharmacologically induced GRK6 upregulation might be a future approach for the
treatment of chronic inflammatory diseases [9, 35]. However, it has to be taken into consider-
ation that the complex and not entirely understood interactome of GRKs permits a broad
range of potential interactions apart from a linear negative feedback model, which were not
further determined in our study [36].

Furthermore, we could show a tendency for GRK6 downregulation on a transcriptional,
mRNA, and protein level in response to PMA stimulation, which is known to activate protein
kinase C. Although it is questionable whether these changes are solely due to PKC activation,
our findings are consistent with previous studies showing the effects of PKC activation on
GRKG6 expression in a human acute myeloid leukaemia HL-60 cell line [14]. In contrast, in this
precedent study, PMA stimulation in primary peripheral blood lymphocyte cell cultures did
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not result in decreased, but increased GRK6 mRNA and protein levels [14]. One possible rea-
son for this ambiguous behaviour of GRK6 expression levels upon PKC activation might be a
differential regulation of protein expression during myelomonocytic cell development [14].
Equivocal behaviour of GRK6 protein and mRNA expression upon PMA stimulation was also
observed in our findings (Figs 10, 11B and 11C). Since Jurkat and HL-60 cell lines both arise
from leukaemic patients, and thus, results leading to decreased GRK6 expression upon PMA
stimulation were achieved in immortalized and pathologically altered cell lines, the assignabil-
ity of these findings with regard to cell behaviour under physiological conditions in vivo is
debatable and should be validated in further investigations based on primary cells.

Basically, PKC is a superordinate serine-threonine kinase, which in turn can be allocated to
conventional (PKC-a, -B, and -y), novel (PKC-g, -1, -d, and -8) and atypical kinases (PKC-{
and -) plus further PKC-related proteins. Both groups of novel and conventional protein
kinases C require the presence of phosphatidylserine and diacylglycerol for their activation
and are susceptible to phorbol esters, such as phorbol 12-myristate 13-acetate (PMA)
(reviewed in [15]). Members of the PKC group act as key regulators of many intracellular con-
ditions, including the mediation of inflammatory processes (reviewed in [15]). It, therefore,
can be assumed that PKC may be a signalling molecule via which a decrease in GRK6 expres-
sion could be mediated in the context of inflammation.

Limitations

There are limitations of the present study.

First, the basic presence of a CRE sequence in a promoter does not permit the conclusion of
its factual regulation by the transcription factor CREB. Epigenetic modifications influencing
the transcription of a CRE sequence to a certain extent have to be taken into account [37]. In
addition, CREB proteins are subject to a multitude of potential posttranslational modifications
that may regulate the subsequent transcription both in a supportive or inhibitory manner [30].
These aspects were beyond the scope of our current study.

By analysing the results of the EMSA blots, one must consider that there was an apparent
difference in competition efficiency between GRK6 oligonucleotides and CREB positive con-
trol oligonucleotides. This difference in binding specificity and competition efficiency of
CREB and GRK6 oligonucleotides may arise from the different nucleotide structure of flanking
bases to the core sequence of interest. In fact, the putative CREB binding site within the GRK6
oligonucleotide contains a base exchange from cytosine to guanine, which might be another
reason for less effective binding of CREB oligonucleotides to the fluorescence labelled GRK6
target sequence. Despite this discrepancy in binding efficiency, however, the results clearly
indicate a specific binding of CREB to GRK6 oligonucleotides regarding the putative core
band marked by the lower arrow in the blot and, therefore, support the hypothesis of a func-
tional CRE sequence in the GRK6 promoter.

Albeit, CREB inhibition using 66615 did not lead to a clear reduction in GRK6 promoter
activity, especially in construct -396, containing the CREB binding site investigated (Fig 4).
Upon combined treatment with 666-15 and PMA, GRK6 promoter activity was slightly
reduced in all constructs investigated, even after mutation of a CREB binding site (Fig 8). It is
conceivable that multiple CREB sensitive regulatory elements do exist in the GRK6 promoter.
A thorough investigation of our shortest GRK6 promoter construct -310 might help to shed
light onto this question.

Notably, PMA is a general activator of PKC, except for atypical PKC isoforms [38]. There-
fore, a multitude of PKC isotypes may cause the results shown in this study. A distinct differ-
entiation by which PKC isoform GRK6 downregulation was initiated, is not yet possible.
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Besides, phorbol esters such as PMA, do not exclusively activate PKC but also several other
mediators containing a phorbol ester sensitive C1 domain. For instance, diacylglycerol kinases,
chimaerins and small GTPases represent only a small subset of proteins that are equally induc-
ible by phorbol esters [39]. A potential influence of these mediators on GRK6 expression and
on our results cannot be entirely excluded.

Regarding the ambiguous results following stimulation with PMA in monomyeloic cell dif-
ferentiation [14], which were also detectable in Jurkat cells in our findings, further investiga-
tions including differential cell lines, unique, protein kinase C subtype specific stimulants and
a close-meshed investigation of various stimulation periods are imperative to assess the cir-
cumstances of GRK6 up- or downregulation upon protein kinase C activation. Also, a further
decrease in GRK6 promoter activity upon inhibition of protein kinase C using G6-6983 (Fig 7)
does not allow to draw concrete conclusions about GRK6 regulation regarding protein kinase
C activity.

Besides, another GRK isoenzyme, GRK2, which is also expressed ubiquitously, was recently
described to contribute to sustained CREB activation in neuronal cells [40]. To date, it is still
unclear whether GRK2 is capable of directly phosphorylating CREB or whether this process is
mediated through interposed regulatory pathways [40]. In this context, a GRK2-regulated
CREB activation in the GRK6 promoter might be conceivable. An inter-GRK controlled regu-
lation of expression could represent a captivating field for further investigations, which may
contribute to a more extensive understanding of the GRK interactome.

Results of realtime PCR detection of endogenous GRK6 mRNA expression should be inter-
preted cautiously since there are several reasons for the decrease seen in endogenous mRNA
levels after actinomycin D stimulation. At first, the reduced level of mRNA might be a result of
general instability and decay of GRK6 mRNA. Furthermore, it could also be caused by cyto-
toxic effects of actinomycin D, especially due to long term treatment of Jurkat cells with acti-
nomycin D over 6 hours [28], and thus, reduced cell viability culminating in a decrease in
overall mRNA expression. It would be useful to further examine the effects of actinomycin D
treatment in a course considering numerous points in time and multiple mRNA targets as well
as shorter intervals of actinomycin D treatment in Jurkat cells. To properly distinguish the
underlying causes of mRNA decay, investigations including different assays to monitor
mRNA stability, as described elsewhere [41], could be helpful.

Conclusion

In conclusion, we characterized the GRK6 promoter and found an activity determining region
at position -348 to -356 within the GRK6 promoter containing a functional CREB binding site.
Specific interaction of CREB and the putative CRE sequence in the GRK6 promoter was con-
firmed by EMSA. Furthermore, a tendency in downregulation of GRK6 expression was
revealed on the transcriptional, mRNA, and protein levels, presumably protein kinase C medi-
ated. The results of this study may suggest a potential contribution of PKC related signalling
pathways to GRK®6 regulation in inflammatory cells.

Supporting information

S1 Fig. (A-C) Uncropped EMSA blot outlined a specific CREB binding site. (A) Each lane
contains 5 or 4 pg of nuclear protein extracted from Jurkat cells as indicated. Fluorescence
labelled GRK6 oligonucleotides (GRK6*, lanes 1-7, 10-12 and 15) or CREBI positive controls
(CREB positive*, lanes 8, 9, 13, 14), marked by an asterisk, were used for binding detection.
Unlabelled oligonucleotides, either containing the underlying GRK6 sequence (GRK, lanes 3, 7
and 12), CREBI positive control (abbreviated to C, lanes 5, 9, 10, 14, 15) or CREB1 negative
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control (abbreviated to C neg, lane 4) without suitable binding sites, were applied in 200 times
excess as competitors to unravel potential unspecific binding. Concerning the super shift, 2 pg
of anti CREB-1 antibody were added per lane (lanes 6-15) to verify specific binding. Lanes
marked with “X” are not shown in the article. (B) Each lane contains 5 pg of nuclear protein
extracted from Jurkat cells as indicated. Fluorescence labelled GRK6 oligonucleotides (GRK6",
lanes 6-10), CREBI positive control (CREB positive*, lanes 1-4), CREB1 negative control
(CREB negative*, lane 5), and GRK6 M1 oligonucleotide containing the mutated CREB bind-
ing site as outlined in Fig 3A (GRK6 M1*, lanes 11-15) were used for binding detection. Unla-
belled oligonucleotides were applied in 200 times excess as competitors: CREBI positive
control (abbreviated to C, lanes 3, 10, 15), CREB1 negative control (abbreviated to C neg, lanes
4 and 9), GRK®6 positive control (GRK, lanes 8 and 14), GRK6 M1 (GRK M1, lane 13). (C)
Each lane contains 4 pg of nuclear protein extracted from Jurkat cells. Fluorescence labelled
GRKG6 oligonucleotides (GRK6*, lanes 6-12, 15), CREB1 positive controls (CREB positive*,
lanes 1-4, 13, 14), and CREBI negative controls (CREB negative*, lane 5) were used for bind-
ing detection. Unlabelled competitors were applied in 200 times excess as follows: CREB1 posi-
tive control (abbreviated to C, lanes 3, 10, 14, 15), CREB1 negative control (abbreviated to C
neg, lanes 4, 9), and GRK6 positive control (abbreviated to GRK, lanes 8, 12). Concerning the
super shift, 2 pg of anti CREB-1 antibody were added per lane (lanes 11-15) to verify specific
binding. Super shift was marked by an arrow as indicated.

(PDF)

S$2 Fig. (A) Inhibition of translation and transcription by means of actinomycin D and cyclo-
heximide led to a decrease in GRK6 protein expression detected in Western blot assay. The
main GRK6 band was detected at approx. 70 kDa (molecular weight 66 kDa [22]). Actin P at
approx. 40 kDa (molecular weight 43 kDa) was used as reference protein on a stripped mem-
brane. Stimulation with 100 nM PMA, actinomycin D (5 ug/ml) or cycloheximide (20 pug/ml)
was carried out in serum starved Jurkat cells for 6 hours as indicated. DMSO was used as vehi-
cle control. This figure is cropped. Full-length blots are represented in S2B and S2C Fig. (B)
Uncropped Western blot of GRK6 protein expression after treatment with actinomycin D and
cycloheximide as indicated for six hours in serum starved Jurkat cells. For details see caption
S2A Fig. Detection of GRK6 protein at approx. 70 kDa. (C) Uncropped Western blot of actin 8
protein expression after treatment with actinomycin D and cycloheximide as indicated for six
hours in serum starved Jurkat cells. For details see caption S2A Fig. After membrane stripping,
actin B was used as reference protein.

(PDF)

$3 Fig. (A) Uncropped Western blot of GRK6 protein expression in Jurkat cells. The main
GRKG6 band was detected at approx. 70 kDa (molecular weight 66 kDa), a second band at less
than 80 kDa. Stimulation with 100 nM PMA led to a distinct decrease in GRK6 protein expres-
sion after 6 h of stimulation. (B) Uncropped Western blot of actin B protein expression in Jur-
kat cells. After membrane stripping, actin f at approx. 40 kDa (molecular weight 43 kDa) was
used as a reference protein. (C) Uncropped Western blot of GRK6 protein expression in Jurkat
cells including stimulation with CREB inhibitor 666-15 (blot 1). Serum starved Jurkat cells
were stimulated with 10 nM pan-PKC inhibitor G6-6983, 60 nM pan-PKC inhibitor G6-6983
and 100 nM CREB inhibitor 666-15 +/- 100 nM PMA as indicated for 6 hours. GRK6 was
detected at approx. 70 kDa. (D) Uncropped Western blot of actin B protein expression in Jur-
kat cells including stimulation with CREB inhibitor 666-15 (blot 1). Serum starved Jurkat cells
were stimulated with 10 nM pan-PKC inhibitor G6-6983, 60 nM pan-PKC inhibitor G6-6983
and 100 nM CREB inhibitor 666-15 +/- 100 nM PMA as indicated for 6 hours. Actin [ was
detected at approx. 40 kDa on a stripped membrane. (E) Uncropped Western blot of GRK6
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protein expression in Jurkat cells including stimulation with CREB inhibitor 666-15 (blot 2).
Serum starved Jurkat cells were stimulated with 10 nM pan-PKC inhibitor G6-6983, 60 nM
pan-PKC inhibitor G6-6983 and 100 nM CREB inhibitor 666-15 +/- 100 nM PMA as indi-
cated for 6 hours. GRK6 main band was detected at approx. 70 kDa. (F) Uncropped Western
blot of actin B protein expression in Jurkat cells including stimulation with CREB inhibitor
666-15 (blot 2). Serum starved Jurkat cells were stimulated with 10 nM pan-PKC inhibitor
G06-6983, 60 nM pan-PKC inhibitor G6-6983 and 100 nM CREB inhibitor 666-15 +/- 100 nM
PMA as indicated for 6 hours. Actin B was detected at approx. 40 kDa on a stripped mem-
brane.

(PDF)
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