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RPS27 expression is indirectly down-regulated by CI-
through the IL1B autocrine loop that stimulates JNK.
The mechanism by which JNK inhibits RPS27 is unknonw
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Abstract

In Cystic Fibrosis (CF), the impairment of the CFERannel activity leads to a variety of
alterations, including differential gene expressidowever, the CFTR signaling mechanisms
remain unclear. Recently, culturing IB3-1 CF cellmder different intracellular CI
concentrations ([Ch), we observed several @lependent genes and further characterized one
of them aRPX27. Thus, we hypothesized that @light act as a signaling effector for CFTR
signaling. Here, to test this idea, we stlRR27 expression in T84 cells modulating the
CFTR activity by using CFTR inhibitors. First, weserved that incubation of T84 cells with
increasing concentrations of the CFTR inhibitorsTRENh)-172 or GlyH-101 determined a
progressive increase in the relative JQusing the Clfluorescent probe SPQ). The [Clise
was concomitant with a dose-dependent down-regumlaif RPS27. These results imply that
CFTR inhibition produce Claccumulation and th&PS27 expression can be modulated by
CFTR inhibition. Therefore, Cbehaves as a signaling effector for CFTR in thelufation
of RPX27 expression. In addition, the ILBIreceptor antagonist ILLRN or the JNK inhibitor
SP600125, both restored the down-regulatioRRf27 induced by CFTRinh-172, implying a

role of autocrine IL-f and JNK signaling downstream of @ RPS27 modulation.

1. Introduction

Alterations in the CFTR channel expression or #@gtifCystic Fibrosis_Transmembrane
Conductance Regulator), produced by mutationssigéne, cause the disease cystic fibrosis
(CF) [1]. Previously, by using differential displé®D), we reported the existence of several
CFTR-dependent genes [2, 3]; among tH&RE [4, 5], CISD1 [6], andMTND4 [3, 7, 8]. In

particular, the expression @RC was found increased in CF cells and linkedMb/C1



overexpression [4]. In this way, the proto-oncog8mRC was the first intermediate found for
the CFTR signaling pathway. Contrary 8RC, CISD1 (nuclear genome) antMTND4
(mitochondrial genome), both encoding mitochondrboteins, showed a decreased
expression in CF cells [6, 7]; this was then cated with a reduced mitochondrial Complex-
I (mCx-I) activity [8, 9]. Other authors, by usingicroarrays analysis, also reported the
presence of differentially regulated genes in Clisd&0-25]. Thus, the existence of CFTR-
dependent genes has been well demonstrated.

However, the CFTR signaling mechanisms involvedegulation of the CFTR-dependent
genes are unclear and could implicate several rdiffemechanisms related to the CFTR
expression, localization and activity. We have obse that the expression 8RC, MTND4
and CISD1 was modulated in cells treated with different CFTiRhibitors (NPPB,
glibenclamide, CFTR(inh)-172), suggesting that @ETR chloride transport activity was
involved in the signaling mechanism affecting thpression of these genes [4, 6, 7, 26]. The
CFTR activity might lead to changes in the intradal chloride concentration ([Qi), as it
was reported by other authors [27-30]. Thus, weothgsized that [dl could be involved in
the modulation of certain CFTR-dependent genesaands a signaling effector for CFTR.
Recently, applying differential display (DD) to hamIB3-1 cells incubated with increased
[CI]i (using tributyltin and nigericin), we found thaeweral genes were under [l
modulation. One of them, identified &P27 [31], also known as metallopanstimulin-1
(MPS-1) or ribosomal protein S27 [32, 33howed a biphasic response against[&l].
Thus, the CFTR signaling involved in the regulatminCFTR-dependent gene expression
could be initiated by Clacting as a signaling effector. The aim of thespn¢ work was to
demonstrate, by using tiRP27 expression as marker, that €bnstitutes the first element in
the CFTR-signaling pathway. To test this hypothd®rS27 expression was measured in T84

cells treated with the CFTR inhibitors CFTR(inh)21and GlyH-101 to modulate the CFTR



activity and induce Claccumulation. The results showed tRRS27 was regulated by the
CFTR activity, in a dose-dependent manner, in tlesgnce of increasing concentrations of
CFTR inhibitors. In addition, Clwas accumulated in agreement with the increased
concentrations of both inhibitors, thus modulatthg expression of the @lependent gene
RPS27. These results suggest that the &lion behaves as a signaling effector for CFTR in

the regulation oRPS27 gene expression.

2. Materialsand Methods

2.1 Materials

CFTR(inh)-172 (5-[(4-Carboxyphenyl) methylene]-2etko-3-[(3-trifluoromethyl)phenyl-4-
thiazolidinone) and GlyH-101 (N-(2-naphthalenyl};g-dibromo-2,4-
ihydroxyphenyl)methylene] glycine hydrazide) wergrghased from Calbiochem (San Diego,
CA). The fluorescent Clprobe SPQ (6-methoxy-N-[3-sulfopropyl]quinoliniunmjas from
Invitrogen (Carlsbad, CA). Interleukin-1 receptantagonist (ILR1N, Cat. No. SRP3327),
dimethyl sulfoxide (DMSO, culture grade) and valmgin were from Sigma-Aldrich (St.
Louis, MO) and the JNK inhibitor SP600125 from Alone Labs (Jerusalem, Israel). Stock
solutions for each inhibitor were prepared at 100in DMSO and control cultures were
treated with equal amounts of DMSO (final concdrmara0.1-0.3%). All other reagents were

analytical or molecular biology grade.

2.2 Cells and culture conditions

T84 (CCL-248) cells, which are human colon carciaoapithelial cells that express wit-
CFTR [8, 34, 35], were cultured in DMEM/F12 (Lifeedhnologies, GIBCO BRL, Rockuville,
MD) supplemented with 5% FBS (Internegocios S.AugBos Aires, Argentina), 100 U/ml

penicillin and 100 pg/ml streptomycin (Life Techogies, GIBCO BRL, Rockville, MD).
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Cultures were grown at 37 °C in a humidified ama$phere containing 5% GQOCells were
plated at a density of 15 x %6ells/cnf and cultured by using 0.08 ml of mediafcBefore
the assays, the cells were cultured 24 h in seremfDMEM/F12. The incubations in the
presence of CFTR(inh)-172 and GlyH-101 were peréatrior 4 h in serum-free medium. For
treatments with the JNK inhibitor SP600125 (@®) or the interleukin-1 receptor type |
(IL1R1) inhibitor ILLRN (100 ng/ml), the cells wengre-incubated for 30 min with these

inhibitors and then treated with CFTRinh-172.

2.3 Measurement of theintracellular chloride concentration ([CI i)

The [CI]i of T84 cells incubated in the presence of insezh concentration of CFTR
inhibitors was measured by using the chloride $emesprobe SPQ [35-37], as previously
described [38]. Briefly, cells were seeded in 96hplkates, black walls, clear bottom (Greiner
Bio-One, Germany; Cat. # 655090) at a density g0a cells/crh and grown for 4 days,
using 200 pl of DMEM/F12 plus 5% FBS. After reaahigonfluence, the cells were
incubated for 24 h in serum-free DMEM/F12 and |lahdeernight with 5 mM SPQ in the
same medium. The SPQ-loaded monolayers were wdshedimes with 0.2 ml/well of
Hank’s buffer (136.9 mM NaCl, 5.4 mM KCI, 1.3 mM g 3.7 mM NaHPQ,, 0.4 mM
KHoPOy, 4.2 MM NaHCQ, 0.7 mM MgSQ, 5.5 mM D-glucose and 10 mM HEPES). The
cells were then incubated in serum-free DMEM/F12Zhwdifferent concentrations of
CFTR(inh)-172 or GlyH-101 (0-7 uM). Appropriate vele (DMSO) was added at each
concentration point. Medium was replaced by Hamkiffer to avoid phenol red interference.
To estimate the [Ql, calibration curves were made using two highlGffers (High KCI
buffer: 1.3 mM Ca-gluconate, 100 mM KCI, 40 mM Kugbnate, 3.7 mM NagPO,, 0.4 mM
KH,PQOy, 4.2 mM NaHCQ, 0.7 mM MgSQ, 5.5 mM D-glucose; and High KNuffer: 1.3
mM Ca-gluconate, 100 mM KN 40 mM K-gluconate, 3.7 mM NaRQ, 0.4 mM

KH,PQOy, 4.2 mM NaHCQ, 0.7 mM MgSQ, 5.5 mM D-glucose), containing the ionophores



nigericin (5uM) and tributyltin (10uM). The fluorescence intensity (F) was measured in
microplate reader (NOVOstar BMG LABTECH GmbH, Otteng, Germany) at 37 °C, after
4 h of equilibration with CFTR inhibitors. Six wellvere incubated in presence of potassium
thiocyanate 140 mM plus valinomycin 5 uM to obt#nme background fluorescence (Fb),
which was subtracted to each fluorescence valueof(fpe curve, and the F-Fb value was
normalized to 1 for the F-Fb value of O uM inhibif@8, 39].The Stern-Volmer constant
(Ksv) was calculated from the calibration curvesl déime [CI] was estimated by using the
equation Fo/F - 1Ksv [CI]. The values were expressed in mM, plotted, fittech dose-

response curve, and the &g€corresponding to each CFTR inhibitor were catedla

2.4RPS27 expression measurement by reverse transcriptiorRqPC

Reverse transcription-gPCR (RT-gPCR) was used talyam the RPR7 mRNA
expression, as we previously described [31]. Brjetbtal RNA samples (1 pug) from T84
cells incubated at different concentrations of CHRRibitors (CFTR(inh)-172 and GlyH-
101) (0, 0.1, 0.5, 1, 2.5, 5 andu¥) for 4 h in serum-free DMEM/F12. The RNA was rese
transcribed by using M-MLV reverse transcriptaseofifega) (100 U) and 8 uM Oligo-dT,
according to the manufacturer’s instructions. TRRS27 expression was referred t8S
expression. Primers fdRPS27 were: Fw-RP27) 5-GGCGGTGACGACCTACGCAC-3’,
Rv-(RP27) 5-TAGCATCCTGGGCATTTCACATCCA-3". Primers for 188RNA were:
Fw-(18S) 5-CCGATAACGAACGAGACTCTGG-3’ and Rvig8S) 5-
TGAACGCCACTTGT CCCTCTAAG-3". RT-gPCR were performdry using an ABI
7500real-time PCR system (Applied Biosystems IRoster City, CA), and thAACt method
was used to obtain the expression levels relativetérnal standards (IS) expression by using

software from Applied. Previously reported RT-gP&ditions were used [31].



2.5 Satistics

Unless otherwise indicated, all the assays weréoqeed at least by duplicates. The
results corresponded to three independent expetinfar3) and were expressed as mean *
SEM (n) with n showing the number of independemiezinents. RT-gPCR reactions were
carried-out by using intra-assay quadruplicatese Tihal RT-gPCR quantification values
were obtained as the means of the relative queatidin (RQ) values for each independent

experiment (n=3). The different curves and regmessivere fitted and the’Ralue were used

to obtain the corresponding t valuess \/R%(n — 2)/(1 — R?) [40]. One-way ANOVA and
the Turkey's test were applied to determine sigaift differences among samples (*

indicates p< 0.05).

3. Results

3.1 Theinhibition of the CFTR activity increases the intracellular CI” concentration.

To test the hypothesis that the @hion might have a role as signaling effectorG&iTR,
we first modulated the CFTR activity by using phaowological CFTR inhibitors. We
expected that the CFTR inhibition with increasimgeentrations of inhibitors would cause a
progressive increase in the JcIThe CFTR inhibitors used for this purpose werd Rnh)-
172 and GIlyH-101, which are highly potent and dpedB, 41-43], possessing different
binding sites at the channel (intracellular andaedllular, respectively [41, 43]). T84 cells
were used as a model system, since these cellessxpbundant wt-CFTR. T84 cells were
incubated in the presence of increased concentratidnhibitors for 4 h. The consequent
changes in the [G] were measured by using SPQ fluorescence, whigheached by CIAs

shown in Fig. 1a and 1b, the [Flincreased in a dose-dependent manner in the mesdn



increased concentration of the CFTR inhibitors: REiMh)-172 (EGy = 2.1 + 0.5 (4)uM;
sigmoidal fit, R = 0.97, p< 0.001) and GlyH-101 (E£= 2.0 + 0.1 (5uM; sigmoidal fit, R =
0.99, p< 0.001). These results show that the pssgre inhibition of the CFTR activity, as
expected, also resulted in a progressive accuroualaif intracellular Cl Performing an
ANOVA analysis, a significant [dl increase (p<0.01, indicated as **) was seen at

concentrations over @V of both inhibitors compared to control cells.

3.2 Increased [ Cl]; induced a progressive down-regulation of RP27

We had previously reported that increased]{@lduced a down-regulation 8P327, in a
dose-dependent manner [31]. In that case, thg; [®as modulated by using a double-
ionophore strategy (tributyltin and nigericin) thallows the equilibration between the
intracellular [CI]; and the extracellular [Q4, independently of the activity of Cthannels.
Now, to test the hypothesis that théa&lion may behave as a signaling effector for th€RCF
channel activity, we measured if the changes in[@igd; caused by the CFTR inhibition
above described could also resulRRS27 down-regulation. T84 cells were preincubated for
24 h in serum-free DMEM/F12, and then incubatedhwilifferent concentrations of
CFTR(inh)-172 and GlyH-101 for 4 h. After incubatjothe RPS27 mRNA levels were
measured by real time-gPCR. As shown in Fig. 2a2indheRPS27 expression decreased in
a dose-dependent manner after incubation with asing doses of the CFTR inhibitors
CFTRinh-172 (EG = 1.6 + 0.3 (3)uM; sigmoidal fit, R = 0.99, p< 0.001,) and GlyH-101
(ECso = 2.0 £ 0.5 (3uM; sigmoidal fit, R = 0.98, p< 0.001). ThRPS27 mRNA expression
was significative decreased in cells exposed iMsand 7uM of both inhibitors compared to
control cells (*, p < 0.05). In addition, a sige#int sigmoidal correlation was observed
betweenRPS27 expression and the [lcalculated from the SPQ values obtained using each

CFTR inhibitor. The Eggs for RPX7 levels vs [Cl; where similar with both inhibitors,



although the value obtained with GlyH-101 @€ 47 + 3 mM) was closer to the value
obtained previously by using the two ionophoreshange the [Ci (EGso = 47 £ 7 mM)
[31]. Altogether, these results strongly suggest ICI may act as a signaling effector for

CFTR, in this case modulating tRPS27 expression.

3.3 CFTR activity regulates RPS27 gene expression through IL-14 and JNK signaling

We have previously reported that lung epithelia3-IBCF cells and colon Caco-2/pRS26
cells, both with impaired CFTR activity, have inased IL-B expression (mMRNA and
secreted protein) [44]. Interestingly, in 1B3-1 thglial CF cells, the IL{4 secretion was
modulated by changes in [§] in a biphasic way, with maximal ILB1secretion at [C}; 75
mM [38]. The secreted ILfLin turn activates an autocrine positive feed-bkdp, which
resulted in the increased expression of its own WR38]. The disruption of this autocrine
loop by using IL-B blocking antibodies or the IL-1 receptor type hilmitor (ILLRN or
anakinra) normalized the mitochondrial Complex ll+#ctivity (NADH cytochrome c
reductase activity) and total ROS levels, and imerthe mitochondrial ROS levels [44]. In
addition, ILIRN normalized the ILflexpression in IB3-1 cells stimulated with" @b mM
(in the presence of tributyltin and nigericin) [38nd reduced the c-Src activity and
mitochondrial ROS levels in Caco-2/pRS26 [5, 38heTINK inhibitor SP600125 had a
similar inhibitory effect on the IL{1 mRNA responses to Gthanges in IB3-1 cells [38]. On
the other handRP27 also had a biphasic response to]jGh IB3-1 cells, although in the
opposite way, with minimalRPS27 expression at [Jl 75 mM [31]. Therefore, we
hypothesized that the increased accumulation ofj;[Gbserved in T84 cells treated with
CFTR(inh)-172 might also stimulate the secretionleflp and its positive autocrine feed-
back loop, and that ILfLcould in turn be responsible for tRRS27 down-regulation. In that

case, the reduction in thePS27 expression in the presence of CFTRIinh-172 shoeld b



reverted by using a blocker of the IB-Ioop. On the other hand, it was also known that T8
cells express IL{1[39]. Thus, T84 cells were pre-incubated in thespnce of ILLRN (100
ng/ml) or SP600125 (1(AM), and after 30’ CFTR(inh)-172 (bM) was added to the cells.
After incubation for 4 h the expression BPS27 was measured. In agreement with our
hypothesis, as shown in Fig. 3, treatments withOBRB5 or IL1RN inhibited the down-
regulation of RP27 induced by CFTR(inh)-172. These data suggest thdff and its

autocrine positive feed-back loop are involvedRRE27 gene expression, downstream of Cl

4. Discussion

In a previous work, using lung epithelial IB3-1 Célls, we observed several differentially
expressed genes under Gépendency [31]. One of these differentially egpesl genes was
further characterized and correspondedRR&27 [31], which codify a protein involved in
DNA repair, transcription, growth regulation andaaogenesis [32, 33, 45]. It was therefore
hypothesized, although not probed in that workt tha CI anion might act as a signaling
effector for channels and transporters able to nadewhe [C]);, in particular CFTR [31]. The
aim of the present work was to demonstrate thisothgsis for CFTR. The strategy
implemented in that work to modulate ICivas to equilibrate the [i to the [Cl]e by using
nigericin and tributyltin [31]. Here the strategwasvdifferent, since we want to modify the [CI
]i, changing the CFTR activity, in order to demortstthat Cl may act as a signaling effector
for CFTR. Since we already knew tiRRS27 was a Cldependent gene [31], its expression
was used to verify the functional effects of theT@&Finhibition and the consequent ClI
accumulation.

The results first demonstrated that an increasetRORhibition determined a progressive
CI" accumulation inside T84 cells, as it was previpudlserved in different model systems

[27-30]. Both CFTR inhibitors increased the JCh a dose-dependent manner. THRRS27
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expression was measured in the presence of inogeaincentrations of these CFTR
inhibitors. As shown, increased concentrationsh&f CFTR inhibitors, that progressively
increase [C];, also induced a negative dose-respons&RB27 expression. A significant
correlation was observed between RR27 expression levels and the [[Clmeasured for
each inhibitor. Altogether, these and the previoesults [31] suggest a role of Gis
signaling effector for CFTR, which was the aim lwktwork.

Following the Cl accumulation, multiple mechanisms could be invdhia RPS27
modulation. We have found previously an increassulegion of interleukin{1 (IL-18) in CF
cells [44], and demonstrated that an [L.dutocrine loop was responsible for the inhibitadn
the mitochondrial Complex | activity and ROS getierain these cells [44]. Interestingly, ClI
modulated the IL-f loop affecting the IL-f maturation and secretion, which in turn started
the IL-1B loop [44]. Therefore, we hypothesized that heeeGh-dependency oRPS27 might
also be the consequence of an active filldop, as a downstream signaling mechanism for
CI'. Confirming this hypothesis, the IBloop inhibitor ILARN [44] was able to revert the
RPS27 down-regulation induced by CFTR inhibition, sugges that the IL-B loop is
downstream of Clin the CFTR signaling that results RPS27 down-regulation. The JNK
inhibitor SP600125 also reverted the RPS27 lewadtispugh it does not inhibit the ILBloop
[44]; therefore, the IJNK effects should be outsiohel downstream of the ILBlloop as
illustrated in Fig. 4. In this regard, the role kbf1p in stimulating JNK has been well
documented in the past [46, 47].

Previously, other studies have shown the effeextfacellular and intracellular chloride in
gene regulation, incubating the cells in media woth or high Cl concentrations [48-52]. On
the other hand, Succol et al., using a genetic @marmacological approach to produce
changes in the [Q], showed that [C]; regulates the expression of alpha3-1 and delta-

containing GABA(A) receptors in mice primary cerkbéeneurons, suggesting that” @las
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acting as an intracellular signal [53]. Other stsdidiscussed previously [31], have also

shown similar results regarding the possible rél€loas a signaling effector.

5. Conclusions

In conclusion, the results obtained, summarizeign 4, suggest that inhibition of CFTR
determines Claccumulation in T84 cells, which in turn modulaRS27 gene expression,
through an autocrine effect of ILB1More importantly, the results suggest thati€the first
element in the CFTR signaling pathway, acting asgaaling effector for CFTR. The exact
mechanism by which CinodulatesRPS27 expression is not clear yet, although it involties
IL-1B loop and JNK signaling. These results might coote to better understand different

pathological conditions in which the CFTR activitlythe chloride homeostasis are affected.
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Figure Legends

Fig. 1. The inhibition of the CFTR activity results in theccumulation of intracellular
chloride. T84 cells were incubated with different concentmatiof CFTR(inh)-172 (a) or
GlyH-101 (b) for 4 h and the SPQ fluoresce was usedmeasure the [ by
spectrofluorometry [35]. The results were expressadM. Measurements corresponded to 4

independent experiments for CFTR(inh)-172 and gpetident experiments for GlyH-101.

Fig. 2. CFTR inhibition down-regulatefRPS27 gene expression. Th&P27 mRNA
expression was measured by applying RT-gPCR td ®ikA obtained from T84 cells
incubated with different concentration of CFTR(kV2 (a) or GlyH-101 (b) for 4 h. The
relative expression values were adjusted to a samhdose-response curve and the t-values
were calculated from the?RThe values were expressed as means + SEM (n) thoee
independent experiments (n=3). Correlation cunaw/e&enRP27 and [CI]i for CFTR(inh)-

172 (c) and GlyH101 (d) treatments were calculatgdg a sigmoidal fit.

Fig. 3. CFTR activity regulate®RPS27 gene expression through II3-Jand JNK signaling.
RPS27 mMRNA expression was measured by RT-gPCR from ®idA obtained from T84
cells incubated with CFTR(inh)-172 (BM) for 4 h, with or without SP600125 1M (JNK
inhibitor) or ILIRN 100 ng/ml (interleukin 1 receptantagonist). The expression of control
cells was taken as 100%. Measurements correspofaitandependent experiments (n=4);
data were expressed as mean * SE. * indicates p<BNOVA one-way analysis and Tukey

post-hoc test).

Fig. 4. Graphic summary.The illustration shows the results obtained hekthe interaction

between the different effectors. Results from ey works are shown by dotted lines. The

17



figure was drawn by using Pathway Studio v.10 (&&®. The CFTR inhibition results in the
accumulation of CJ which in turn stimulates ILflsecretion [38]. The secreted II3-tarts
an autocrine positive feed-back loop that inhiBI®S27 expression. Thus, incubation with the
interleukin-1 receptor type | antagonist ILIRN KHedhe loop and restoiePS27 mRNA
levels. Its expression was also restored by usiegIlNK inhibitor SP600125, suggesting that
the RP27 inhibition is mediated through ILBE>JNK signaling. Thus, Clbehaves as a
signaling effector for CFTR, in this case stimulgtiL-13 autocrine signaling, which in turn

down-regulates thBPS27 gene expression.
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through the IL1B autocrine loop that stimulates JNK.
The mechanism by which JNK inhibits RPS27 is unknonw



