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1 Introduction

Few decades agfibroblast growth factor 28FGF29 and Ukl ot ho knockout mice r
in the metabolism of inorganic phospHate FGF23 or Ukl ot ho deficiency res
massive ectopic calcificatiéd These deposits cause a syndrome resembling human.dgimgi s |, Ukl ot h
was named after thereekgoddess who spun the threafdlife?. Beside its major role itumorinduced
osteomalacia (TIG)or autosomal dominant hypophosphatemic rickets (ADH&)errant regulation of

FGF23 has been associatethwarious diseases without a clear relatiophosphate or bone metabolfhn

and al so Ukl ot ho i s 9rCelloldr stesslor Subsequeatiseénescesce id a fieequent e r s
event in severe tissue injury and disesd@he aim of the present thesis was the elucidation of a regulatory

mechanismofdel ul ar stress on FGF23 and Ukl otho.
1.1 Features of FGF23

Fibroblast growth factors are a family of versatile signaling proteins with a broad spectrum of functions.
Based on structural amdolutionarydata, FGFaredivided into severadubfamilies comprisign 22 proteins

in human$’. FGF23 is assigned tndocrine FGF familyncluding FGF19-GF15 FGF21, and FGF23
termed hormondike FGF$* Their mutual structure and the absence ofCaerminal heparirbinding
domain found in paracrine FGFs enaldesretion, circulation, and signal trdastionof endocrine FGFs

to distant target orgatts

Produced primarily by osteoblasts and osteocytebone®!’, FGF23 is a approximately30 kDa
glycoproteinwith 251 amino acids (aa) and the gene sequenioeased orhumanchramosome 12p13
comprising 3 exort§'® Secreted FGF23 contains 227 aa, lacking a 24 aa hydrophobic signal'f€ftiele
Nt er mi nal r e c e pt otrefoilbsiruacture comprises 164eaa sharinghonmlogies with other

FGF$°, whereas the 72 &terminalsequence of FGF23 enables interactiothwor e c e pt 0% Uk |l ot h

In human blood, circulatinfGF23 can be detected in two maforms: intact fulllength FGF23aa 25
251) and aC-terminal fragment resulting from proteolytic cleavama 18625122 Half-life of human
intact FGF23 is approximatelyne hout®. Proteolytic cleavagés catalyzed by subtilisitike pro-protein
convertase furin between arginingand phosphorylated serigeat consensus sequencedRXR 17642
This produces NandC-terminalfragments, separating FGFR and klotho binding dorffaifbeexact role

of these fragments is currently unclear Gderminalfragmentsare suggested intagonizé-GF23binding

to FGFRL, thereby inhibitingits function on phosphate homeostédsi€omplex regulation of FGF23
cleavage points to a specified role of the fragmeaiteer tharnactive degradation products. Thus, cleavage

of FGF23maysene as a regulator of FGF23 signal transduétion



Posttranslational modification of FGF2&ludes glycosylation and phosphorylafforO-glycosylation at
Thri76 by polypeptide Nacetylgalactosaminyltransferase 3NGNT 3) prevens furinmediated cleavage at
Ri7eXXR179 site, protecting FGF23 from proteoly¥isThe family with sequence similarity 20, member C
(FAM20C) is a protein kinase that phosphorylatesiss@f the FGF23 squence, thereby preventing
GALNT 3-mediated Qglycosylation and driving preblysig®. Consequently, lossf-function mutation in
GALNT3decreases intact FGF23 levptemotinghyperphosphatent whereasossof-function mutation

in FAM20Cis acompanied by excess levels of intact FGF23 and hypophosph&temia

FGF receptors (FGFR) are a family of receptor tyrosine kirtasésortain an extracellular liganéinding

domain composed of three immunoglobulike loops a single transmembrane domain, and the
intracellular tyrosine kinase dom&inEndocrine FGFs require the«oe ce pt or s Ukl ot ho an
receptorbinding and signalig?®32% FGF23 usesebact or Uk | ot FGFRUUK | bo hm FGE 2P
complexe®. FGF23 shows the highest binding affinity FGFR1 subtype ¢ (FGFR1c), which appears to

be the major physiologidgl relevantreceptor in the kidné$33 Upon FGF22binding, FGFRUk | et h o
FGF23 complex activates intracellukinase activity, activatingarious signaling pathwaysg. mitogen

adivated protein kinaseMAPK) extracellular signategulated kinase¥2 (ERK1/2) signaling.

1.2 WKlotho

(Klotho was originally discoveredasanamtg i ng f actor because mi e with
gene show typical aginrgelated disorders includingrgan atrophy, tissue andgtascular calcifications,
arteriosclerosis, infertility, hypergisphatemiapsteoporosis, and a short lifespatheUk | ot ho gene &
proteinarehighly homologou$>80%)in mice, ratand humd@hUK | ot ho is a si na@n e tr ar
predominantlyexpressed within the kidngythe parathyroid glanés and the braifi. It consists ofone

short intracellular a transmembranand two repeated extracellular sequences termed KL1 and KL2
domaing®, Cleavage of the extracellular domain Bysecretases A desintegrin and metalloproteinase

(ADAM) -10 and ADAM-17 releases soluble klotho (sklotho) into the circuléfioBo | ub 1l e Ukl ot ho
detected in serum, cerebrospinal fluid, anide’“°. sKlotho levels decrease with increasing‘agéand low

Uk | oavdisoor decreased productiare associated with severe disedes CKD*¥45 cancet®*’, or

cardiovasculadisorder&+é

The phenotype of kroakoubnicg stronglg reserkblethahad FGERScient mice,

suggesting a shared role in phosphate metabi§ As menti oned above, - Ukl ot h
factor for FGFR1 in renal tubule cells mediating stable interaction between FGF23 and FGB&ide

its action asacoeceptor of FGF23, Ukl ot ho -inflammatorg’®y bene:
antioxidant®, or antiapoptoticfunctions?. Furthermore,ihgh Uk | ot ho | ev eelieof cor r e |

symptoms of numerous diseases includingte kishey injury (AKI)%®, chronic kidney diseas€KD)%’,

2



cardiovascular diseas€YD)*®%¢ Al z b diseasi® ar €epsi¥. The inhibition ofwnt/ faenin as well
asinsulin-like growth factor IGF-1) signaling pathway strongly participate the healthpromoting effects

of UR'2oAttiiation ofwntsi gnal ing resul ts -datenintfdl@vedaby itsu mul a't
translocation into the nucleus where it activates target gedeslingcyclin D1 and myec, promoting cell
proliferatiorf®. IGF-1 is involvedin postnatal growttand stimulates anabolic processéia IGF1R%,

including cell proliferation and differentiatiéhn and inhibits apgtosis by activating the
phosphatidylinositeB-phosphat€PI3K)/Akt and MAPK ERK1/2pathwayg®. Up-regulation othewn t -/ b
cateninor the insulin/IGF1 pathwayplay important roles in malignan@y® and theirsuppressioris
associatedwithanti ar ci nogeni ¢ % f ects of Ukl ot ho

1.3 Physiological effects f FGF23 and Ukl ot ho

Phosphate ([Pis one of the most abundant minerals in the human body and more t¥ais 8Bored in the
form of hydroxyapatite in boneser teetH. In addition, phosphate is a component of nucleic acids and
biological membranescontribuesto energy supply and storage in thenfoof adenosine triphosphate
(ATP), or intracellular signalip by phosphorylation via kina8€2 For most of these functions, constant
intra- and extracellular phosphate concentrations are nec&ssdeyum phosphate legehre regulated
mainly by three specific hormonegarathyroidhormone(PTH), 1,25(0OH)Ds, and FGF2%. Intestinal
absorption within thesmall intestiné, renal excretioff, and release from bofteare the most important
regulatory mechanisntf serum phephate concentratiéh In the intestine, most phosphate is absorbed by
sodiumdependentransporters oflb type (NaRllb)’’. About eighty percenbf the filteredphosphate is
reabsorbed from the urine in the proximal and marginally in the distal tubule via sdependent
transporters Nafa, NaRllc, andphosphate transporteiT 2767880,

FGF23 exerts its phosphatudctions predominantly in renal proxal tubules, supported by FGRRd

Uk | &% Asosshown in figure 1, ligand bindiragtivatess FGFRandinduces phosphorylation of ERK1/2,
andSGK 8% Downstream phosphorylation sbdiumthydrogerexchange regulatory factof 8l HERF1),

which anchors NaPa in the tubular brushorder membrane, leads to internalization and degradation of
the phosphate transporter molectt€$ The phosphorylation of NHERF1 and subsequent downregulation
of NaRlla was originally reported as an effect of PTH, pointing to a similar and possibly synergistic role of
PTH and FGF23 in phosphate regulatféi Simultaneously, FGF23 downegulates the producin of
NaRlla and NaRIc thereby decreamg renal phosphate absorptionand redudéng serum phosphate

levels38L
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Figure 1: Effect of FGF23 on phosphate reabsorption in renal tubule®éfs

Further details are provided in the texGF23 fibroblast growth fact@3; FGFRL1 fibroblast growth factor
receptor 1; ERK extracellular sigradlated kinase; SGKerum/glucocorticoid regulated kinas¢HERF
sodiumhydrogen exchanger regulatory fa¢tdaRlla sodiumphosphate ctransportea.

Converselyhigh dietary phospate intake stimulates FGF23 productféfi Beside its effect on phosphate
reabsorption FGF23 decreases renhl25(OH}Ds production thereby diminishing intestinal phosphate
absorptbr?®88 The consequencesspeciallyof chronic hyperposphatemia are deranged boneaghp
vascularas well assoft tissue calcificatio®.g. in heart and kidney, organ atrophy and an early ##ath

Chronic hypophosphatemiaads taricketsor asteomalaciarespectivelf.

In addition to phosphatésGF23regulatescalcium reabsorptionvithin the distal tubuld n a Ukl ot ho
dependent wa&\. By activating ERK1/2 and SGKthe abundance of TRP\(Fansient receptor potential

cation chanal subfamily V) calcium channal is increased, resulting idecreasedurinary calcium

excretiof®® Inlinewi t h t hi s, FGF 2 3/ Uk lexpressian ofssodiurotdotiderta i ncr €
transporter ICC) and renal sodium reabsorption with subsequent plasma expansion, enhanced blood
pressure, and cardiac hypertrophi his indicatesa regulatory effeco f FGF23 and Ukl ot ho

phosphate but also on calcium and sodium.

Vitamin D, aprecursor of theteroid hormoné,25(0OH}Ds (caldtriol), is primarily synthesked in humans
by UVB radiationmediated conversionf 7-dehydrocholesterol in the sRif¥2 Boundto circulating
vitamin D binding protein (DBPj vitamin D is transported to the liver anaonverted to

25-hydroxyvitaminDs (calcidiol) by the 2&hydroxylaseCYP2RZ?4 25(0OH)D; is then hydroxylatedto
4



active 1,25(0OHyDs ( ¢ a |l ¢ i t rhydmxylase BCYR7B1Vin renal tubuf&% The major target of
hormonally active 1,25(OH)Ds is the gastrointestinal tract, where it stimulates calcium and phosphate
absorptiof®¥’. 1,25(0OH)Ds is inactivatedby 24hydroxylase (CYP24A%Y. 24-hydroxylase is stimulaté

a n d-hytirbkylase is inhibited by,25(OH)Dsin a negative feedback loBpto prevent vitamin D toxicity
associated with lifeghreatening hyperphosphatemia and hypercalcéhfd

FGF23 decreases?b(OH)YDs on one hand by upgelating catabolic 2éydroxylase and on the other hand
by r e d thypdioxylgs€.1Tbe underlying intracellular signaling pathway is not completely known but
is suggested to be mediat¢rough FGFR3 and FGFR4 via ERK1/2 pathw&/% Reduction of
1,25(0OH)Ds consequently lowers intestinal phospd absorption via Nab®, and intestinal absorption
as well asrenal reabsorption of calcid® 1,25(OH}D; stimulates FGF23 production to prevent
hyperphosphatemi&:17

PTH maintains serum calcium apthosphate by osteoclasiediated release from bone asidilar to
FGF23, by decreasing renal phosphate reabsotfiti§h PTH stimulates bone resorption by binding to
PTH recepr on osteoblastand osteocyteap-regulating theexpressiorof receptor activator of nuclear
fact or &RBNKL)HgRANKL inferactswith RANK receptor on osteoclast surface, triggering
osteoclastogenesis and the release of heserptioA!l. Additionally, PTH stimulates 1,25(ObD)s
synthesi&?, thereby increasing intestinal calcium and phosphate absdfpti®dhH stimulates 6F23
production in osteoblasgseventing calcium and phosphate extéds turn, FGF23 inhibits PTH secretion
in interaction withUk | ot h o ,alsoexpiessdd and secreted in the parathyroid gt¥h@milar to
FGF23, PTH reduces the abundance of iNmRnd NaRIc in renal brush border membrandereby
reducing serum phosphate le\féf§2



In summary, FGF2% part of a feedback loop between bone and kidney includ2(OH}D; andPTH

for balancing phosphate levétee Figure 2> 1,25(0OH}D3s and PTH increase serum phosphate levels and
stimulate FGF23 production in bdfiewhereas FGF23 suppresses 1,25@Dkl)and PTH reducing
phosphate levels!'4 and 1,25(0OHD; decreases PTH expressitn

N

1.25(0H).D;

Figure 2: Phosphate regulation by FGF23, 1,25(QB), and PTH,

Further information is provided in the text. 1,25(@Pbb calcitriol or active vitamin B FGF23 fibroblast

growth factor 23; Fphosphate; PTH parathyroid hormone

I n other organs, FGF23 act s pamdealfiallynonra pailnysigogic n d e p e n
basis. Fomstance FGF23 induces left ventricular hypertrophg FGFR4!’ and is associated with atrophy

in the skeleton muscl¥. Furthermore FGF23 suppresses neutrophil activation and recruitment thereby
impairing immune defense in CkKBand on the other hand, it stiratés the secretion of pioflammatory

cytokine IL-6 in inflammatory airway diseasé$ Additionally, there is aertainassociation of FGF23 and

cancel?’, FGF23 overexpression by tumor cells is reportechfTIO* or oncogenic hypopigohatemic
osteomalacia® but has also been observed in othelignanciesncluding lund?®, breast?®, andcolon

cancet®,



1.4 Regul ation of FGF23 and Ukl otho

FGF23 synthesis in osteoblastsd osteocytes is transcriptionally and goshscriptionally regulated by
many different factors1,25(OH}Dz: and PTH have already been describasl regulators oFGF23
synthesi¥’” 126 Beside thesalso detary calcium and phosphate intake increase FGF23 té¥gtessibly
due toGalnt3 up-regulation preventing proteolytic cleavage oftact FGF23?". Furthermore, FGF23
production isstimulatedby storeoperated calcium ion entry (SOCE) irtkee cell via the calcium selective
ion channel ®RAIL in the plasma membratt® ORAIL is activatel during calcium deficiencyn the
endoplasmic reticulumBER)'?°. Furthermore,FGF23 is negatively regulated l®npergy restriction via
activation ofadensine monophosphateAlP)-activated protein kinaseAMPK) pathway®, whereas
increased glucose or caloric intakBmulates FGF2%ia mammalian target of rapamycimTOR)*3%
AMPK is a cytosolic protein, protecting cells from energy deficiency by inhibiting analbmwiatibns and
mTORB2133 |n this process, AMP, a degradation product of AfliActions as an energy senSarAMPK
hasbeenshown to suppress FGF23 production by decreasing the abundariRAldfi@ the cell membrane
andcauses inhibition dBBOCE?=°. On the other side, mTOR is a protein kinms@Ived inthe PI3Kpathway
signaling serving as a bomarker for energy availabilitpromoting anabolic processeé*. FGF23 is
positively regulated by a high glucose intake wherbassimultaneoudnhibition of mTOR decreases
FGF233,

Compared to FGF23, fewer regurgencrialfdgl 6aboboerspaessik
soluble klotho levels decrease under diseasglitions including systemic inflammatfnrenat“®, and
cardiovasculadiseasg®'® Excess phosphate anh t -¢afeninsignalingare suggested to play a key role

in diseaseassociatd decline olJ k | &% Foroexample, mgiotensin 1I, a regulator of blood pressure via

wn t -¢afenin signaling, is associated with candjopatly'®” and suppresses renél k | osynthesi&®.
Furthermore,U lotho is decreased by r ansf or mi ng ¢TGEbVE dn infuaec bfaenal b 1
fibrosis?’139



1.5 Current knowledge of the regulation of FGF23 &hkl | doy dellilar stress

There are numerousxternal stimuli like infections, toxins, extreme environmental conditions, or
mechanical damages well & internal factors like inflammation or oxidative stremt challenge
intracellular stress balan¢see figure 3%t The form,severity and exposition timef stress stimulias
wel | as t he c e ldetémsinesacéllaspriival wrededth Subsequentlyy the mechanism of
cell death e.g. apoptosis or necspsihich is not always distinguishableayinfluence the environment of

themoribund ceft*3 145,
inflammation

cellular stress
oxidative
stress
osmotic temperature
stress stress

v v

Figure 3: Internal and external inducers oéllular stress*®4

Further information iprovidal in the text.

Apoptosis degrades damaged or unwantedt&elEhe so-called fiprogrammed cell deabhis a highly
regulated proces induced by oxidative stré$s cytotoxic compoundé4® or radiatiod®®, and strongly
depends on caspases mediating subsequent degradation of cellular confSonEmibptosis is
characterized by the absence of inflammatitand the activity of caspase protéfisCaspases inactivates
transcriptional activity ohuclear factor kapplight-chainenhancer ofictivated B cell§N F 8)®, which
is strongly ivolved inthe regulation of cytokine productith Additionally, recuited phagocytic cells

suppresshe secretion of inflammatory cytokirtés

One important factor ofpmptosisnduction istumor suppressor protein p53, which occurs at low levels in
the cytosol and is rapidly degradied the proteasomender unstimulated conditiot¥$°¢ In response to
stress stimuli, p53s stronglyincreased anghosphorylatetf” and regulates the transcriptiosf various
genese.g. of preapoptotic proteirB cell lymphoma ZBCL2)-associated XBAX )8 The induction of

apoptosisstrongly depends on the interactionBEL-2 protein family members, including pepoptotic
8



proteinsBCL2-associated death promo{@&AD), BCL2 homologous antagonist/kill§BAK), ard BAX,
and antiapoptotic BCL-2 andB cell lymphomaextra largg(BCL-XL ) proteins®®1¢% Thereby, theratio of
pro- to anti-apoptotic proteins determines the outcome of an apoptotic stiftulupon activation, BK
and BAX form homeoligomers accumulating iautermitochondrial membrant form pore&?163 This
results imloss of mtochondrial membrane potential anydochrome c relea&®:15416° Cytochrome c binds
apoptotic proteasadivating factor 1 APAFR-1) and caspas® subsequentlyactivatng caspas&'®®. The
activation of caspaseasggers tyjcal signs of apoptosis such as DNA fragmentatiorell shrinkag¥®,
and theformation of membrane vesiclé$ Pro-apoptotic proteia BAX and BAK areinhibited when
complexed with antapoptotic proteins BL-2 or BCL-XL ", Phosphorylatin of BCL-2 prevents binding
of BAX and triggersapoptosi&™’. BAD dimerizes with ati-apoptoticproteirs BCL-XL or BCL-2, thereby
preventing BAXinhibition and promdng apoptosi&’®172 The apopttic pathway includes but is not limited

to thepro- and antiapoptotic proteins described here and depicted in figure 4

stress stimuli

44

\L\/D\UMJN//T

BCL-2 procaspase -3
‘ l BCL-XL

BCL 2

caspase -9
O BCL-XL
BCL-2

procaspase 9

cytochrome C APAF-1

Figure 4. Components of apoptotic pathway following cellular sti#g§°170172
Further details are described in the t&AF-1 apoptotic proteasactivating factor 1BAD BCL2-
associated death proneofBAX BCL2-associated XBCL-2 B cell ymphomaP phospbrylation

In contrasto apoptais necotic cell deathis associated with an inflammatory stress respdhgeormally,
necrosis is defied as a form of cell death with no signs of apoptosis or autoffhagyoceeding

9



independently of caspas&s Morphologically, necrosis is characterized by a swelling of thé’talhd
membrane permeabilization followed by thestingof theplasmamembran&®. Major inducers of necrotic

cell death are ROZ, T N P€) or mechanical damatjé A special form of necrosis is necroptosis, refd

to as programmed necroSfs Like apoptosis, thiss a highly regulated cell death mechanism associated
with inflammatory process&$. The activationof caspases requires ATP whereas AlEpleted cells
undergo necrosi&®l Thus, progressig cell damage results in necrotic cell dé%thAs one particular
stimulus can induce both apoptosis or necrosis in the same cell but under different conditions, the
differentiation betweewarious forms of cell death is very challendfig®

Inflammation is characterized by thecruitment of immune cells to the injured tissue and the release of
large amounts of prmflammatory cytokines,.g.t u mor n e c r © N B,khterfeakin 6(lo-6), o  (
IL-8 from immune and inflamed cetfd 18 Many inflammatory cytokines ateanscriptionally regulated
by transcription factoN F 8'%®contributing to the regulation of inflammation and immunity in virtually
all cell types®. Inflammationaffects mineral and bone metabolismd espeially chronic inflammation
results in bone resorption and osteopofdi8? Acute inflammation, initiated by bacterial infection or
cytokine stimulation strongly inducé&sterminalbut not intact FGF23 productioni a  NReFThiBmay

be dwe to increasethy po xi a i ndu &li B)leepredsiancin axute infldbnmgtiShi®> which
increases furin productiétt reinforcing FGF23 cleavade Futhermore acute inflammation promoté®n
deficiencyand hypoxic conditionsyhicharebothreported to increase FGF23 leyéiscase bhypoxia via

H1 F9%.0h chronic inflammation, both intact ar@terminal FGF23 levels are increasétdecreasing
bone densit}2 In addition toinflammatory cytokinesN F @ &so stimulates FGF23 secretion by up
regulating Orail and SOCEY¥Y " NFa B i s by stress stimulvia p38 MAPK!?81% and cytokines
includingTGFB?®, T RfokIL-1 B2andhave been shown tpositivdy regulae p38, which stimulates
FGF23 poduction in bone cel$:.

Renal diseases suchAdsl and CKDarestrongly linked tainflammation inducee.g.by nephrotoxic drugs
or celular injury, and patients show excess FGF23 |e¥/&f8*2%° Progression ofrenalinjury results in
chronic inflammation, fibrosis, andoes along witha loss of renal funan?®?’. AKI and CKD are
associated with a deceea®@ i n Uk | o42%F evhigh coatdbutes ttoi an umfavorable outcéhiz
(Klothois decreased by inflammatory cytokires g . 2aMdifdSerum concentration is low in patients
suffering from inflammatory diseasssch ashronic obstructive pulmonary dise&éer CVD?**and may

serve as a biomarker for systemic inflammatitn

Cdlular stressis oftenpromotedby reactive oxygen speci¢ROS) generating oxidative streé$s ROS,
oA, H O A ,0,, ara genethited by the reduction of oxygen in the org&Hisintight balance between
ROS formation and antioxidant scavenger molecules such as glutaimdnatamin C,or antioxdant

enzymes determesthe oxidative stress respodSe Oxidative stressstimulatesFGF23 synthesidy
10



activaigpMAPK ERK1/ 2 and? i Chan® asg iadpn &| itrog i nf | ammati on,
the influence of oxidative stred%

2 Objective of the present work

Cellular stress in the form ofiflammation, oxidative stress amdentually apoptosis or necrosis play
important rolsin variousdiseasese.g. in inflammatory bowel diseastabetesporA |l z h e idiseasE® s

221 or asa consequence of cancer thefdp§¥3F GF 2 3 an d UHave beernreportectteriise

the outcome of severe disead&%° Thus, it is of particular significance to investigate the correlation

bet ween FGF23, Ukl ot ho, and severe disorders and
FGF23/ Ukl otho signaling.

To investigatehe regulation oF GF 2 3 an d U Kar stréss) wehdsediffeceatstress stimuli and
compound classelatexert different cytotoxic mechanisn@splatinis a cytotoxic drugisedo treatmany

solid tumors e.g. in reproductive orgabsgast, lung, andsophagfé”??°, Its full spectrum ofactionhas

not beerresolved yetbutit is known thatcisplatin forns DNA inter- and intrastrandrosslinksas well as
DNA-protein adduct8®2% By contrast, doxorubicin is an anthracycline drug used in a wide range of solid
and henatological cancer types with antineoplastic actions and especially cardiotoxic side*éffédts
intercalates into genomic and mitochondrial DNAereby disturbing topoisomeraseniediated DNA
processing resulting in doubstrand breakand apoptost$? 235, Paclitaxel is a natural compound occurring

in the bark of yew treé¥ and isused for the treatment of several malignancies including Btgast
ovariart®® or lung canceéf®. Paclitaxel affectshe dissociation of microtubules during mitosis, resulting in
mitotic arrest of cancer cetf§24! Furthermore, we applied direct apoptotic indugeceaspasectivating
compound 1RAC-1) and serumstavati on to investigate thkisaeffect
caspase activator that complexeanc ions inhibitng the enzymatic activity of procaspa3end active
caspasé, to induce apoptosi&. As procaspass is upregulated in many types of cant@r*¢, PAC-1

alone or incombination with chemotherapeutic drugs is a promising approach to induce apoptosis in cancer
cells4m249 Serum starvation is known to induce apoptosis iwide range of cellgrobably by the

withdrawal of growth factor8% 252,

In paper 1, we determined the transcriptiarglulation oFGF23in UMR106 osteobladike oseosarcoma

cells after 24 and 48h-incubation with cisplati, doxorubicin PACG1, or serurdepleted media
Simultaneously, we measurtdte impact othe aforenentioned stress stimuli arell number and viability.

To investigate whether inflammatory streissinduced by chemotherapeutic agents, we assessed the
expression level ofL6 and its contribution to the regulation of FGF23 by using Isignaling inhibito

SC144. As explained iohapter 15, cellularstress and inflammatioare frequently associated with the
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activation of NFaB, a known regul ator of FGF23. T
stress and whether it is involved in the regulation of FGB3Isi ng NFaB i nhibitors
withaferin A. In conclusin, this paper investigated the regulation of FGF23 by cellular stress and the

involvement of inflammatory signaling.

npaper 2, we assessed the transcricarnedstaaubularcelgul at i
line MDCK andrat proxima tubular cell lineNRK-52E with cisplatin, paclitaxel, doxorubicin, PALC or

serum deprivation. In parallel, we assessed cell nuantdviability, as well asthe induction of apoptosis

or necrosis using a combinagoptosis/necrosassay. Apoptosis waslditionally assayed by investigating
transcriptional regulation of apoptotic proteiB8D, BAX, and BCL-2. With regard to the intracellular

signaling involved in Ulleotolxd s oeng u lpPaPtdiRdarkiewnaé oc o o
regd at or of Ukl otho, to be invol yvFarthermoreFGFRIeNRNAK| ot ho
and protein levels wee i nvestigated to see whetheFGFRkI| ot ho

stimulation For the ELISA detectiono f Uk | o twe aseghuroapreximal tubularcell line HK-2.
At | ast, we compared Ukl ot ho | ev e ldsftei chembthermayn ser |
administration. In conclusion, paper 2 assessed the influence of cellulaostress e n a | Ukl ot ho e

particularly with regard to apoptosis.

In summary, thaims of the present thesise(i) elucidatinga regulatory mechanisnf oellular stress on
FGF23 or iilhkektigatifgwh et her FGF23 or Ukl otho are infl u
stress or by particular signaling components of the cellular stress respodg@i) investigatingthe

regulation oFGF23 aml Uk | @ tohsequenese afcertain cell death mechanism

12



3 Experimental

3.1 Paper 1. UgRegulation of Fibroblast Growth Factor 23 Gene ExpresgsiodMR106
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Abstract: Fibroblast growth factor 23 (FGF23) controls vitamin D' and phosphate homeostasis in the
kidney and has additional paracrine effects elsewhere. As a biomarker, its plasma concentration is
associated with progression of inflammatory, renal, and cardiovascular diseases. Major stimuli of
FGF23 synthesis include active vitamin D and inflammation. Antineoplastic chemotherapy treats
cancer by inducing cellular damage ultimately favoring cell death (apoptosis and necrosis) and
causing inflammation. Our study explored whether chemotherapeutics and other apoptosis inducers
impact on Fgf23 expression. Experiments were performed in ostecblast-like UMR106 cells, Fgf23 gene
expression and protein synthesis were determined by gRT-PCR and ELISA, respectively. Viability
was assessed by MTT assay and NFkB activity by Western Blotting. Antineoplastic drugs cisplatin
and doxorubicin as well as apoptosis inducers procaspase-activating compound 1 (PAC-1), a caspase
3 activator, and serum depletion up-regulated Fgf23 transcripts while reducing cell proliferation and
viability. The effect of cisplatin on Fgf23 transcription was paralleled by [I-6 up-regulation and NFkB
activation and attenuated by Il-6 and NFkB signaling inhibitors. To conclude, cell viability-decreasing,
chemotherapeutics as well as apoptosis stimulants PAC-1 and serum depletion up-regulate Fgf23
gene expression. At least in part, -6 and NFkB may contribute to this effect.

Keywords: cisplatin; apoptosis; 1,25(0H); Dy ; klotho; inflammation

1. Introduction

Cells that make up bone, osteoblasts, and osteocytes produce fibroblast growth factor
23 (FGF23), a protein with classical endocrine, but also paracrine effects [1,2]. Asahormone,
it targets renal sodium phosphate co-transporter NaP;lla, the main phosphate transporter
of the proximal tubule, thereby enhancing urinary elimination of phosphate [3]. Moreover,
FGF23 down-regulates CYP27BI, the renal key enzyme for the activation of vitamin D [4].
Therefore, FGF23 lowers the plasma concentration of active vitamin D (1,25(0OH),D3),
which itself is a major regulator of phosphate metabolism [5]. Further endocrine effects of
FGF23 are effective in the parathyroid gland, where FGF23 reduces parathyroid hormone
(PTH) expression and secretion [6]. These classical endocrine effects require a complex of a
FGF receptor (FGFR) and co-receptor aKlotho, a transmembrane protein with high expres-
sion in the kidney and parathyroid gland [7-9]. A certain motif with FGF23-independent
endocrine and paracrine effects can be released from aKlotho upon cleavage, called sok
uble Klotho (sK1) [7,10]. The correct interplay of FGF23 and aKlotho in the regulation of
phosphate and vitamin D metabolism is critical: mice deficient for FGF23 or aKlotho age
rapidly and exhibit premature aging-associated diseases with death at young age, whereas
overexpression of aKlotho extends life span by about 30% [11-13].

Elevations of the plasma FGF23 concentration were found in many clinical conditions
including renal [14,15], cardiovascular [16-19], and inflammatory diseases [20]. Particularly
in chronic kidney disease (CKD), changes in FGF23 level can be detected very early and
correlate with outcome [21].

Cells 2022, 11, 40. hitps:/ /doi.org/10.3390/ cells 11010040
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For this reason, regulation of FGF23 production and secretion is of high interest. Regu-
lators of FGF23 thus far disclosed include dietary phosphate [22], PTH [23], 1,25(0H), D [24],
insulin [25], erythropoietin [26], or inflammation [27]. Pro-inflammatory cytokines such
as interleukin-6 (1k6) [28], tumor necrosis factor alpha (TNFw) [29] or transcription factor
complex NFkB (nuclear factor kappa-light-chain-enhancer of activated B-cells) are major
drivers of FGF23 expression [30].

For most malignancies, chemotherapy is part of therapy either at certain stages, or
along with other approaches (e.g., surgery, radiation) [31]. Common chemotherapeutics
are cytotoxic drugs damaging cells and inducing apoptosis [32]. Among them are anthra-
cyclines (e.g., doxorubicin) that intercalate with DNA [33] or platinum derivatives (e.g.,
cisplatin) inhibiting DNA replication by DNA cross-linking [34]. Initiation of apoptosis
ultimately results in the activation of executioner caspase 3, which can directly be activated
by procaspase-activating compound 1 (PAC-1) [35]. Lack of growth factors also induces
apoptosis, which can be accomplished by serum depletion in cell culture [36].

Chemotherapeutics induce strong inflammation [37]. Moreover, chemotherapy with
platinum derivatives is nephrotoxic [38] w hereas anthracyclines are cardiotoxic [39]. In view
of the strong FGF23 expression-inducing properties of pro-inflammatory pathways [27]
and kidney or cardiovascular damage elevating FGF23 plasma levels, we hypothesized
that chemotherapeutic drugs may up-regulate FGF23 expression. This may result in higher
FGF23 plasma levels in patients undergoing chemotherapy and may have clinical relevance.
Therefore, this study aimed to explore the impact of antineoplastic drugs and apoptosis
stimulants on FGF23 in vitro. Moreover, we aimed to elucidate underlying mechanisms.

2. Materials and Methods
2.1. Cell Culture

Rat osteoblast-like UMR106 cells (CRL-1661; ATCC, Manassas, VA, USA) were cul-
tured in Dulbecco’s Medified Eagle Medium (DMEM) containing 25 mM glucose and
1 mM pyruvate (Gibco, Life Technologies, Thermo Scientific, Darmstadt, Germany), supple-
mented with 10% fetal bovine serum (FBS; Gibco, Life Technologies), 100 U/ mL penicillin,
and 100 pg/mL streptomycin (Gibco, Life Technologies) at 5% CO, and 37 °C. Serum
depletion was accomplished for 24 h or 48 h by incubating the cells in culture medium
with 1% or 0% FBS and additional 10 nM 1,25(0H),D5 (Tocris, Bioscience, Bristol, UK)
to enhance Fgf23 expression [40]. Cells were seeded into 6-well plates (Greiner Bio-One,
Frickenhausen, Germany) for 24 h. Subsequently, cisplatin, PAC-1 or doxorubicin (all from
Tocris Bioscience) were added at the indicated concentrations for 24 or 48 h or the FBS
concentration was reduced as described above. Il-6 signaling was blocked through gp130
inhibitor SC144 (1 uM, Tocris Bioscience). NFkB inhibitors withaferin A (Tocris Bioscience)
and wogonin (Merck, Darmstadt, Germany) were used at concentration of 500 nM and
100 pM, respectively, where indicated.

To study cell proliferation, cells were trypsinized after 24 h or 48 h, respectively, and
counted on a Neubauer hemocytometer.

2.2. Quantitative Real Time PCR

Total RNA was isolated from UMR106 cells using RNA-Solv reagent (Omega Bio-Tek,
Norcross, GA, USA), and 1.2 ug thereof was used for cDNA synthesis with the GoScript
Reverse Transcription System and random primers (Promega, Mannheim, Germany) on a
Biometra TAdvanced thermal cycler (Analytik Jena, Jena, Germany).

Two pL. cDNA was subjected to quantitative real-time PCR (qRT-PCR) with the CFX
Connect Real-Time PCR Detection System (Bio-Rad, Feldkirchen, Germany). The reaction
mix contained 0.25 uM (Fgf23) or 0.5 uM (TATA-binding protein (Tbp), 116, Rela) of each
primer, 10 uL. GoTaq gPCR Master Mix (Promega), and sterile water to 18 uL. per sample.

The following rat primers were used (5'—3'):

Fgf23: TAGAGCCTATTCAGACACTTC and CATCAGGGCACTGTAGATAG;

Thp: ACTCCTGCCACACCAGCC and GGTCAAGTTTACAGCCAAGATTCA;
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I6: CAGAGTCATTCAGAGCAATAC and CTTTCAAGATGAGTTGGATGG;

Rela: GCACCCCACCATCAAGATCAA and CTTGCTCCAGGTCTCGCTTC.

Fgf23, 6 and Rela transcript levels were normalized to transcript levels of housekeep-
ing gene Thp [41-43] and evaluated with the 274! method.

2.3. Viability Assay (MTT Assay)

Cells were seeded into 96-well plates and treated for 24 or 48 h with cytostatic agents
cisplatin or doxorubicin or apoptosis inducers PAC-1 or serum deprivation. Subsequently,
cells were incubated with 0.5 mg/ mL 3-[4,5-dimethylthiazol-2-y1]-2,5-diphenyltetrazolium
bromide (MTT; Sigma-Aldrich, Schnelldorf, Germany) for 1 h. Next, MTT solution was
removed, cells lyzed in dimethyl sulfoxide (DMSO; AppliChem, Darmstadt, Germany),
and absorption measured at 550 nm and 690 nm (reference) on a FluoStar Omega plate
reader (BMG Labtech, Ortenberg, Germany). Results are given as percentage of viable cells
compared to control cells.

2.4, Enzyme Linked Immunosorbent Assay (ELISA)

Cell culture supernatants were collected and concentrated using Vivas;ph'l“"':' 2 ultrafil-
tration columns (Sartorius, Géttingen, Germany). C-terminal FGF23 protein concentration
was then determined by ELISA according to the manufacturer’s protocol (Immutopics,
San Clemente, CA, USA).

2.5. Western Blot

UMR106 cells were seeded into T25 cell culture flasks (Greiner Bio-One) and cultured
for 24 h under standard conditions, then treated with 10 uM cisplatin or vehicle for another
24 h. Next, cells were lyzed using RIPA buffer (Cell Signaling Technology, Frankfurt,
Germany) supplemented with protease and phosphatase inhibitor cocktail and EDTA (Halt,
Thermo Scientific), total protein concentration measured by Bradford assay (Bio-Rad), and
30 pg of total protein subjected to 10% SDS-PAGE and standard Western Blotting, The
following antibodies were used: anti-phospho-p65-NFkB (Ser536; 93H1), anti-GAPDH
(D16H11), and anti-rabbit IgG HRP-linked antibody (all from Cell Signaling Technology).
For visualization, membranes were incubated for 2 min with Westar Nova 2.0 (GAPDH)
or Westar Supernova (phospho-p65-NFkB) ECL substrate (both from Cyanagen, Bologna,
Italy). The densitometrical analysis was performed on a C-Digit® Blot scanner (Li-Cor,
Lincoln, NE, USA) and phospho-p65-NFkB bands were normalized to GAPDH bands using
the Image Studio™ software (Li-Cor).

2.6, Statistics

Data are shown as arithmetic means + standard error of the mean (SEM) with n
representing the number of independent experiments. Normal distribution was tested
using Shapiro-Wilk normality test. Effects on cell number and viability and western
blots were analyzed with one-sample t-test or one-sample Wilcoxon signed rank test,
respectively. Two groups were analyzed with student’s f-test, Welch's test, or Mann-
Whitney U test. More than two groups were analyzed with one-way analysis of variance
(ANOVA) followed by Dunnett’s multiple comparison test, Dunnett T3 test, or with non-
parametric Kruskal-Wallis test followed by Dunn—Bonferroni post hoc test. Differences
were considered significant if p < 0.05. Statistics were made using IBM SPSS Statistics
(Version 27.0; Armonk, NY, USA).

3. Results

To investigate whether chemotherapeutics impact on Fgf23 expression, we performed
experiments in UMR106 osteoblast-like cells. In a first series of experiments, the cells were
treated with platinum derivative cisplatin, an antineoplastic drug used in the treatment
of a variety of malignancies, and Fgf23 transcript levels were determined by qRT-PCR. As
demonstrated in Figure 1A, cisplatin enhanced Fgf23 gene expression in UMR106 cells in
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a dose-dependent manner within 24 h. By the same token, exposure to cisplatin reduced
number (Figure 1B) and viability (Figure 1C) of UMR106 cells fulluwi.ng a 24-h exposure.
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Figure 1. Cisplatin induced fibroblast growth factor 23 (Fgf23) expression in UMR106 cells.
(A, D): Arithmetic means + SEM of Fgf23 transcript abundance relative to TATA-binding protein
(Thp) in UMR106 cells treated with vehicle control (ctr) or cisplatinat the indicated concentrations for
24 h ({A), n = 6; ANOVA followed by Dunnett’s multiple comparison test) or 48 h ((D), 1 = 6; one-
way ANOVA followed by Dunnett T3 multiple comparison test). (B-F): Arithmetic means 4+ SEM
of the number ((B); n = 7; one-sample t-test; (E), n = 6; one-sample {-test) or viability ((C);n = 6;
one-sample t-test; (F); n = 5; one-sample t-test) of UMR106 cells treated without or with 10 pM
cisplatin for 24 h (B,C) or 48 h (E,F). All values are relative to the respective values of vehicle-treated
cells. ** p < 0.01, ** p < 0.001 indicate significant difference from control cells. a. u., arbitrary units;
ctr, control.

To check whether upregulation of rgf'.?.] gene expression is a stress reaction only
observable at 24 h, we extended exposure time ina further series Ufc.-xp(.'rim(.'nts. According
to Figure 1D, also a 48-h exposure of UMR106 cells resulted in dose-dependent upregulation
of rgf?."& gene expression. Cell number (Figure 1E) and viability (Figure 1F), however, were
more strongly reduced upon a 48-h exposure to cisplatin compared to a 24-h incubation
(Figure 1B,C).
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The next series of experiments was carried out to investigate whether anthracyclimzs,
chemotherapeutic drugs that inhibit topoisomerase and intercalate with DNA [33], are
similarly capable of inducing Fgf23 gene expression. UMR106 cells exposed to doxorubicin
(0.03-0.3 uM) for 24 h exhibited enhanced Fgf23 gene expression in a dose-dependent
manner (Figure 2A). Similar to cisplatin, doxorubicin also compromised cell proliferation
(Figure 2B) and viability (Figure 2C). Again, we tested whether a longer exposure similarly
up-regulated Fgf23. As a result, incubation of UMR106 cells with doxorubicin for 48 h
killed virtually all cells (Figure 2D). Hence, Fgf23 transcripts were not detectable after 48 h.

B Cc D
100 100 - 100

90 90 90 4

80 4 80

cell number [%]
cell viability [%]
cell number [%)]

ctr dexerubicin ctr dexorubicin cir doxorubicin

doxorubicin [pM]

Figure 2. Doxorubicin enhanced Fgf23 expression in UMR106 cells. (A): Arithmetic means &+ SEM
of Fgf23 transcript abundance relative to Thy in UMR106 cells treated for 24 h with vehicle control
(ctr) or doxorubicin at the indicated concentrations (1 = 6; one-way ANOVA followed by Dunnett T3
multiple comparison test). (B-D): Arithmetic means + SEM of the number ((B); n = 5 one-sample
t-test; (D); n = 4) or viability ((C); n = 5; one-sample t-test) of UMR106 cells treated without or with
0.1 uM doxorubicin for 24 h (B,C)or 458 h (D). All values are relative to the respective values of vehicle-
treated cells. *p < 0.05, * p < 0.01, ***p < 0.001 indicate significant difference from vehicle-treated
cells. a.u., arbitrary units; ctr, control; n.d., not detectable.

Our results indicate that cytotoxic reagents up-regulate Fgf23 gene expression in
UMRI106 cells. In order to test whether this effect is mimicked by direct stimulation of
apoptosis, PAC-1, an activator of apoptosis-initiating executioner caspase 3, was applied.
As demonstrated in Figure 3A, similar to chemotherapeutics, PAC-1 dose-dependently
up-regulated Fgf23 gene expression in UMR106 cells within 24 h. This effect was paralleled
by compromised cell proliferation (Figure 3B) and viability (Figure 3C), as well. A 48-h ex-
posure to PAC-1 did not significantly modify Fgf23 transcripts in UMR106 cells (Figure 3D)
while suppressing cell proliferation (Figure 3E) and viability (Figure 3F).
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Figure 3. Procaspase-activating compound 1 (PAC-1) stimulated Fgf23 expression in UMR106 cells.
(A, D): Arithmetic means 4= SEM of Fgf23 transcript abundance relative to Thyp in UMR106 cells treated
for 24 h ((A); n = 10; Kruskal-Wallis test followed by Dunn-Bonferroni test) or 48 h ((D); n = 10; one-
way ANOVA) with vehicle control (ctr) or PAC-1 at the indicated concentrations. (B-F): Arithmetic
means £ SEM of the number ((B); n = 5; one-sample t-test; (E); n = 4; orne-sample Wilcox on signed rank
test) or viability ((C); n = 5; one-sample Wilcoxon signed rank test; (F); n = 5; one-sample Wilcoxon
signed rank test) of UMR106 cells treated with vehicle control (ctr) or 3 uM PAC-1 for 24 h (B,C) or
48 h (E,F). All values are relative to the respective values of control-treated cells. * p< 0.05 indicates
significant difference from vehicle-treated cells. a. u., arbitrary units; ctr, control.

Since direct apoptosis inducer PAC-1 enhanced Fgf23 gene expression in UMR106
cells, we pcrfnrm(:d a further series of experiments to study whether another stimulant of
apoptosis, depletion of cell growth factors, also affects J'_;_'(f,?] transcription. To this end, we
incubated UMRI106 cells for 24 h under normal conditions (10% FBS), under conditions of
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reduced FBS (1%), and without FBS in the presence of 10 nM 1,25(0OH); D4, Serum depletion
resulted in a strong up-regulation of l"gf.?.? gene expression (Figure 4A). Again, the effect was
paralleled by decreased prnlift:ratitm (Figure 4B) and viability (Figure 4C) of UMR106 cells.
The stimulatory effect of serum depletion on Fgf23 transcripts was followed by enhanced
secretion of C-terminal FGF23 protein into the cell culture supernatant (Figure 4D). Also,
48 h serum depletion up-regulated Fgf23 gene expression (Figure 4E), an effect again
paralleled by reduced proliferation (Flgur{‘ 4F) and viability (Figure 4G).
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Figure 4. Serum depletion induced Fgf23 expression and secretion in osteoblast-like UMR106 cells.
(A): Arithmetic means 4 SEM of Fgf23 transcript level relative to Thy in UMRI106 cells incubated
for 24 h in medium containing 10% (ctr), 1%, or 0% fetal bovine serum (FBS) (n = 6; Kruskal-Wallis
test followed by Dunn-Bonferroni post hoc test). (B,C): Arithmetic means 4+ SEM of the number
((B); n=4; one-sample t-test) or viability ((C); n = 4; one-sample ttest) of UMR106 cells incubated for
24 hwithout FBS relative to the respective value of cells incubated in 10% FBS. (D): Arithmetic means
+ SEM of Cterminal FGF23 protein concentration in the supernatant of UMR106 cells incubated with
10% FBS (ctr) or without FBS for 24 h (n = 7). (E}: Arithmetic means 4+ SEM of Fgf23 mRNA levels
relative to Thp levels of UMR106 cells treated for 48 h with medium containing 10% (ctr), 1%, or 0%
FB5 (n = 7; Kruskal-Wallis followed by Dunn—Bonferroni test). (F, G} Arithmetic means 4 SEM of
cell number ((F), n = 6; one-sample Wilcoxon signed rank test) or cell viability ({(G), n = 5; one-sample
t-test) of UMR106 cells incubated in culture medium with 10% FBS (ctr) or without FBS for 48 h. In all
experiments, cell culture medium contained 10 nM 1,25(0OHp D3, * p < 0.05, % p < 0.01, = p < 0.001
indicate significant difference from control cells. a. u., arbitrary units; ctr, control; n. d., not detectable.
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Pro-inflammatory cytokines including Il-6 are major stimuli of Fgf23 expression, and
chemotherapy has been shown to enhance inflammation [44]. A further series of exper-
iments, therefore, aimed to explore the role of -6 for antineoplastic drug-dependent
up-regulation of Fng.'i. As illustrated in Figure 5, a 24-h exposure of UMRI106 cells to
10 uM cisplatin (Figure 5A) or 0.3 uM doxorubicin (Figure 5B) readily stimulated 116 gene
expression. Importantly, SC144, an 1l-6 signaling inhibitor blocking gp130, &;ign.ifit‘.antly
attenuated cisplatin-induced Fgf23 transcription (Figure 5C)
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Figure 5. Interleukin-6 (IL-6) signaling inhibitor 5C144 attenuated cisplatin-induced Fgf23 gene
expression in UMR106 cells. (A,B): Arithmetic means 4 SEM of interleukin-6 (Il6) mRNA levels
relative to Thp in UMRI106 cells treated without (ctr) or with 10 pM cisplatin ({A), n = &; Welch's test)
or 0.3 uM doxeorubicin ((B), n= 6; Mann-Whitney U test) for 24 h. {C): Arithmetic means 4 SEM of
Fgf23 transcript levels relative to Thp in UMRI106 cells treated without (ctr) or with 10 uM cisplatin in
the presence or absence of 1 uM II-6 signaling inhibitor SC144 (n = 9; Kruskal-Wallis followed by
Dunn—Bonferroni test) for 24 h. * p < 0.05, * p < 0.01, *** p < 0.001 indicate significant differences
from vehicle-treated cells (1st bar); # p < 0.05 indicates significant difference from absence of 5C144
(2nd bar vs. 4th bar). a. u, arbitrary units; ctr, control.

Downstream signaling of pro-inflammatory stimuli may eventually result in the acti-
vation of transcription factor complex NF«B, an important driver of FGF23 production [30].
Further experiments, therefore, focused on the involvement of NFkB in the stimulation of
.F:;f?.? by cisplatin. Within 24 h, treatment of UMR106 cells with 10 uM cisplatin resulted in
enhanced Rela expression, the gene encoding p65 subunit of NFkB (Figure 6A). As detected
by Western Blotting, cisplatin (10 uM, 24 h) .t;igrmific.‘antly stimulated phosphorylation of p65
(Figure 6B). Moreover, treatment with doxorubicin (0.3 uM, 24 h) enhanced Rela expression
(Figure 6C). Hence, cisplatin and doxorubicin induced NFkB activity in UMR106 cells.
A last series Ufﬁ:xp{:rh‘ncnts explored whether NF«B activity is required for the effect of
cisplatin on F&”f?.?. To thisend, UMR106 cells were treated with and without cisplatin and
NFkB inhibitors wogonin or withaferin A for 24 h. As depicted in Figure 6D, wogonin
significantly attenuated the cisplatin-induced effect on Fgf23 gene expression. Similarly,
withaferin A blunted cisplatin-induced up-regulation of Fgf23 (Figure 6E).
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Figure 6. The contribution of NFkB to the Fgf23 effect of cisplatin. (A): Arithmetic means 4 SEM
of NFkB subunit p65 (Rela) gene expression relative to Thp in UMR106 cells incubated without (ctr)
or with 10 pM cisplatin for 24 h (n = 4; student’s t-test). (B): Left panel: Original Western Blot
demeonstrating the abundance of phos pho-p65-NFkB and GAPDH in UMR106 cells treated with (cis)
orwithout (ctr) 10 uM cisplatin for 24 h. Right panel: Arithmetic means 4 SEM of phospho-p65-NFkB
relative to GAPDH abundance (n = 8; one-sample Wilcoxon signed rank test). (C): Arithmetic means
+ S5EM of Rela expression relative to Thp in UMR106 cells incubated for 24 h without (ctr) or with
0.3 pM doxorubicin (n = 4; student’s -test). (D,E): Arithmetic means + SEM of Fgf23 transcript
abundance relative to Thp in UMR106 cells treated for 24 h with vehicle control (ctr, white bars) or
3 uM cisplatin (black bars) in the presence or absence of 100 M wogonin ((D); n = 9; Kruskal-Wallis
test followed by Dunn-Bonferroni test) or 500 nM withaferin A ((E); n = 9; Kruskal-Wallis test
followed by Dunn—Bonferroni test). * p < 0.05, ** p < 0.01 indicate significant difference from vehicle-
treated cells (1st bar). # p < 0.05 indicates significant difference from the absence of NFkB inhibitors
wogonin and withaferin A, respectively (2™ bar vs. 4! bar). a. u., arbitrary units; ctr, control.
4. Discussion

According to our study, two cytotoxic drugs with different cellular targets used in
the treatment of several malignancies as well as apoptosis inducers PAC-1 and serum
depletion stimulated Fgf23 gene expression in UMR106 osteoblast-like cells within 24 h.
The effect was paralleled by a reduction in cell viability and proliferation as deduced from
cell number.
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UMR106 osteoblast-like cells were chosen for our study because under physiological
conditions, bone is the major site of FGF23 production [45] and these cells are a versatile
tool employed in many studies to unravel the regulation of FGF23 [25,46-49].

Incubation of UMRI106 cells with cisplatin or in serum-depleted medium for 48 h also
resulted in enhanced Fgf23 expression. Prolonged incubation with doxorubicin, however,
killed all cells. In contrast to 24 h, 48-h exposure of the cells to PAC-1 did not significantly
modify Fgf23 expression, possibly because PAC-1-dependent apoptosis induction occurs
much earlier and late apoptotic cells cannot up-regulate Fgf23 gene expression any longer.

Cisplatin, doxorubicin, PAC-1 as well as serum depletion have in common that they
cause cellular damage reducing cell number and viability, which may ultimately result
in cell death. Cisplatin is effective by interfering with DNA rephcahtm [50], doxorubicin
inhibits topoisomerase and intercalates with DNA [51], PAC-1 directly stimulates apoptotic
cell death through executioner caspase 3 [35], whereas serum depletion favors apoptotic
cell death due to lack of essential growth factors [36]. Although the mechanism of cell
damage is different, the up-regulation of Fgf23 gene expression is consistent for all four
inducers of cellular injury. This important finding may point to a role of FGF23 in cellular
stress, cell death, and survival. Indeed, FGF23-Klotho signaling favors cell proliferation
and inhibits apoptosis, elicited by vitamin D, through phosphoinositide-3 kinase (PI3K)
signaling [52]. Moreover, FGF23 exerts many effects through serum and glucocorticoid-
dependent kinase 1 (SGK1) [53]. SGK1 is an important mediator of pro-survival signaling
inhibiting apoptosis [54]. Moreover, in acute kidney injury (AKI), FGF23 has turned out to
stimulate cell proliferation promoting regeneration of injured tubules through influencing
SDF-1/CXCR4 signaling [55]. In tumor cells, namely prostate cancer, FGF23 similarly
stimulates cell proliferation [56]. According to these studies, FGF23 has pro-survival / anti-
apoptotic properties. Hence, up-regulation of FGF23 in cell stress as demonstrated in our
study may help the cell activate pro-survival signaling. Alternatively, FGF23 may not only
be a disease biomarker, but Fgf23 gene expression may also indicate injury on cellular level
or even serve as a marker for moribund cells. Definitely, further research is required to
elucidate this.

In UMR106 cells, basal Fgf23 expression is low unless the cells are pretreated with
1,25(0H);D3 which strongly up-regulates Fgf23 expression [24]. Therefore, it must be
kept in mind that although Fgf23 transcripts significantly increased upon treatment with
cisplatin, doxorubicin, or PAC-1, yet the cellular FGF23 protein concentration remained
below the detection limit of ELISA. Serum depletion experiments were accomplished in
the presence of 10 nM 1,25(0OH); D5, hence, C-terminal FGF23 protein in the cell culture
supernatant could be detected by ELISA and was significantly up-regulated in serum-
depleted cells compared to control cells.

Chemotherapy is known to induce inflammation [37]. We demonstrated that both
cisplatin and doxorubicin induce pro-inflammatory cytokine II-6 within 24 h. Importantly,
-6 is a stimulator of FGF23 [28]. In line with this, Il-6 signaling inhibitor SC144 significantly
blunted cisplatin-induced Fgf23 gene expression. Moreover, expression and phosphory-
lation of NF«B subunit p65 were up-regulated by cisplatin. Accordingly, wogonin and
withaferin A, inhibitors of NFkB, significantly blunted cisplatin-induced up-regulation of
Fgf23 expression. This is in line with the pivotal role of NFkB and generally inflammation for
the stimulation of FGF23 production. Importantly, cisplatin is a powerful inducer of NFkB
activity [57], which may also contribute to treatment resistance [58] or nephrotoxicity [59].
Doxorubicin also induces inflammation by activating NFkB [60,61]. Hence, it appears likely
that chemotherapy-induced inflammation involving Ik6 and NFkB is a major contributor
to the up-regulation of Fgf23 expression. In our experiments, wogonin and withaferin A
tended to decrease Fgf23 transcript levels in untreated cells, a difference, however, not
reaching statistical significance. Presumably, the effect of NFkB inhibition on Fgf23 is
smaller in cells with low basal Fgf23 expression in the absence of 1,25(0OH ), D5 stimulation
than in cells pre-treated with 1,25(0OH)2D4 to up-regulate Fgf23 expression [30].
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Direct executioner caspase-3-activator PAC-1 also up-regulated Fgf23 gene expres-
sion. The same holds true for serum depletion, which favors apoptosis through growth
factor deficiency [62]. However, caspase 3 activation and subsequent apoptosis are rather
associated with decreased NFkB activity and not with a pro-inflammatory response [63].
Hence, additional mechanisms elucidated by future studies can clearly be expected to be
also invelved in the up-regulation of Fgf23 expression of injured cells.

Taken together, the induction of cellular injury through cytotoxic drugs, serum deple-
tion, or caspase 3 activation resulting in decreased proliferation and viability leads to the
up-regulation of Fgf23 gene expression. This effect can in part, but not fully, be explained
by IL-6 up-regulation and NFkB activation.
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ABSTRACT

aKlotho is a transmembrane protein acting as a co-receptor for FGF23, a bone hormone regulating renal
phosphate and vitamin D metabolism. aKlotho expression is controlled by PPARy. Soluble aklotho (sKL)
regulates cellular signaling impacting stress resistance and death. aKlotho deficiency causes early onset of
aging-associated diseases while its overexpression markedly increases lifespan. Cellular stress due to cytotoxic
therapeutics or apoptosis induction through caspase activation or serum deficiency may result in cell death.
Owing to aklotho’s role in cellular stress and aging, this study explored the effect of cytotoxic agents or
apoptosis stimulants on cellular aklotho expression. Experiments were performed in renal MDCK, NRK-52E and
HK-2 cells. Gene expression was determined by qRT-PCR, sKL by ELISA, apoptosis and necrosis by annexin V
binding and a fluorescent DNA dye, and cell viability by MTT assay. Cytostatic drugs cisplatin, paclitaxel, and
doxorubicin as well as apoptosis induction with caspase 3 activator PAC-1 and serum deprivation induced
aklotho and PPARG gene expression while decreasing viability and proliferation and inducing apoptosis of
MDCK and NRK-52E cells to a variable extent. PPARy antagonism attenuated up-regulation of aklotho in MDCK
cells. In HK-2 cells, aklotho gene expression and sKL protein were down-regulated by chemotherapeutics. SKL
serum levels in patients following chemotherapy were not significantly changed. In summary, potentially fatal
stress results in up-regulation of aKlotho gene expression in MDCK and NRK-52E cells and down-regulation in
HK-2 cells. These results indicate that different renal cell lines may exhibit completely different regulation of
aklotho.

INTRODUCTION

The wklotho gene product was discovered m mice in
1997 as a protein with strong anti-aging properties [1.
2]. Mice almost completely lacking aklotho exhibit a
dramatically shortened life span of a few weeks only
whilst suffering from a broad range of diseases and
symptoms mimicking human aging [1]. Observed
abnormalities affect nearly every organ and tissue [1]
and include frequent aging-associated diseases
including fibrosis [3, 4], lung emphysema [5], multiple

organ atrophy [1]. or hearing loss [6, 7]. The accelerated
aging of uklotho-deficient mice is paralleled by massive
calcification in most tissues [1, 8]. Importantly, the
reduction of dietary phosphate or vitamin D intake of
the ammals almost completely nomalizes their
phenotype pointing to a dominant role of phosphate and
vitamin D excess in their rapid aging |9, 10]. Indeed,
aklotho  protein  has important functions in the
homeostasis of these nutrients [11]: It is a ftrans-
membrane protein predominantly expressed in the
kidney that enhances the binding affinity of fibroblast
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growth factor 23 (FGF23) for its membrane receptor
[12, 13]. FGF23 is a proteohormone released by bone
cells that inhibits phosphate reabsorption and
1.25(0H)Ds (biologically active vitamin D) synthesis
in the kidney [14, 15] and has gained attention as a
marker indicating disease [16, 17]. Hence, the lack of
aklotho or FGF23 results in abnommally high serum
phosphate and 1.25(OH)D; levels that account for
enhanced calcification and contribute to rapid aging and
early death to a large extent [18].

In addition to its significance as a co-receptor for
FGF23, FGF23-independent endocrine and paracrine
effects of uklotho have been revealed [19-21]. These
are mainly due to soluble klotho (sKL) that is produced
through the cleavage of transmembrane cklotho [22].
SKL can be detected in body fluids including serum,
urine, or cerebrospinal fluid [23, 24]. Endocrine or
paracrine actions of sKL include the direct regulation of
ion channels [25] or important signaling pathways (e.g.,
IGF, Wnt, or TGF-p1 signaling) [2., 26, 27]. aKlotho
exerts anti-neoplastic [28], anti-inflammatory [29, 30],
anti-fibrotic [3], and anti-oxidant effects [31, 32] and
has been proven organoprotective, e.g., in the kidney
[33, 34]. In several tumor cell lines and cancer mouse
models, higher expression of aklotho is associated with
beneficial, potentially lifespan-expanding effects [35,
36]. And indeed, overexpression of uklotho results in a
30% longer lifespan of mice uncovering oklotho as a
very powerful anti-aging factor [2]. Also in human
centenarians, single nucleotide polymorphisms (SNPs)
of the aklotho gene may be effective [37]. Moreover,
lower aklotho levels are associated with poorer outcome
in kidney or cardiovascular disease in men [33, 38-40].

Chemotherapy with platinum derivative cisplatin,
anthracycline doxorubicin, or paclitaxel is standard of
care in many forms of cancer. Although the three
compounds differ in their cellular targets, they have in
common that they exert cytotoxic effects which
compromise proliferation and may ultimately result in
apoptotic cell death [41-43]. Apoptosis of cultured cells
without prior cell damage may be induced by activation
of executioner caspase 3 with PAC-1 or by growth
factor deprivation through serum depletion |44, 45].

In view of the versatile effects of aklotho on cell survival
and death [46, 47], this study aimed to investigate
whether cytotoxic drugs or initiation of apoptosis affect
aklotho gene expression in three different renal cell lines
and in patients receiving chemotherapy.

RESULTS AND DISCUSSION

As a first step, MDCK and NRK-52E cells were used
to study aklotho gene expression. MDCK cells were

treated with antineoplastic platinum  derivative
cisplatin for 24 h, and wklotho mRNA levels were
analyzed by gqRT-PCR. As illustrated in Figure 1A,
cisplatin up-regulated aklotho gene expression in
MDCK cells, an effect reaching significance at 3 uM
cisplatin. The effect was not paralleled by decreased
viability of MDCK cells even at 10 puM cisplatin
(Figure 1B), but by reduced cell proliferation (Figure
1C). We determined the rate of apoptosis and necrosis
by means of an assay analyzing annexin V binding and
a DNA-binding dve which is impermeable to the
membrane of intact cells. As illustrated in Figure 1D,
cisplatin  induced apoptosis without significantly
influencing necrosis of MDCK cells. In another series
of experiments, NRK-52E cells were treated without
or with cisplatin for 24 h, and aklotho gene
expression, viability, proliferation, and apoptosis/
necrosis were assessed. Again, cisplatin (10 pM)
significantly enhanced ouklotho expression (Figure 1E),
an effect paralleled by decreased cell viability (Figure
1F) and proliferation (Figure 1G). Again, cisplatin
induced apoptosis without significantly stimulating
necrosis of NRK-52E cells (Figure 1H).

Further experiments were performed to elucidate
whether cytostatic compound paclitaxel also affects
wklotho. To this end, MDCK cells were incubated with
different concentrations of paclitaxel for 24 h or with
vehicle control, respectively. It is shown in Figure 2A
that 120 nM paclitaxel significantly stimulated the
abundance of aklotho mRNA. By the same token, 120
nM paclitaxel significantly lowered the viability (Figure
2B) and proliferation (Figure 2C) of MDCK cells.
These effects were paralleled by enhanced apoptosis
and necrosis (Figure 2D). We also studied the effect
of 120 nM paclitaxel in NRK-52E cells. This
concentration of the antimitotic agent significantly up-
regulated aklotho gene expression within 24 h (Figure
2E), too, whilst down-regulating viability (Figure 2F)
and proliferation (Figure 2G) of NRK-52E cells. Similar
to MDCK cells, paclitaxel induced apoptosis and
necrosis in NRK-52E cells (Figure 2H).

As a third common antineoplastic drug. we tested
anthracycline doxorubicin. A 24 h-exposure to 100 nM
or 300 nM doxorubicin led to a significant increase in
the abundance of wklotho transcripts in MDCK cells
(Figure 3A). Doxorubicin treatment (300 nM) did not
significantly affect viability (Figure 3B) but reduced
proliferation (Figure 3C) of MDCK cells. Doxorubicin
induced apoptosis while slightly reducing the number of
necrotic cells (Figure 3D). In NRK-52E cells, 300 nM
doxorubicin  readily stimulated woklotho expression
within 24 h (Figure 3E) and compromised cell viability
(Figure 3F) as well as proliferation (Figure 3G).
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Figure 1. Cisplatin upregulates aklotho expression in MDCK and NRK-52E cells. (A} Arithmetic mean + SEM of aklothe transcript
levels normalized to TBP in MDCK cells treated with cisplatin at the indicated concentration for 24 h (n = 5; Friedman ANOVA followed by
Dunn-Bonferroni post-hoc test). (B, C) Arithmetic mean + SEM of MDCK cell viability (B) or number (C) upon treatment without or with 10
uM cisplatin for 24 h (B: n = 5, one-sample t-test; C: n = 4, one-sample t-test). (D) Rate of apoptosis and necrosis of MDCK cells treated with
or without 10 pM cisplatin for 24 h (n = 6, one-sample t test) (E) Arithmetic mean £ SEM of aklotho transcript levels relative to TBP in NRK-
52E cells incubated without or with 10 puM cisplatin for 24 h (n = 5, paired t-test). (F, G) Arithmetic mean + SEM of NRK-52E cell viability (F)
or number (G) upon treatment without or with 10 pM cisplatin for 24 h (F: n = 5, one-sample t-test; G: n =4, one-sample t-test). (H) Rate of
apoptosis and necrosis of NRK-52E cells treated with or without 10 uM cisplatin for 24 h (n = 5, one-sample t test) "p < 0,05, “p < 0.01, *“'p
<(0.001 indicate significant difference from vehicle control; Abbreviations: a. u.: arbitrary units; ctr: control.
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Figure 2. Paclitaxel induces aklotho expression in MDCK and NRK-52E cells. (A) Arithmetic mean + SEM of aklotho transcript
levels normalized to TBP in MDCK cells treated with paclitaxel at the indicated concentration for 24 h (n = 5; Friedman ANOVA and Dunn-
Bonferroni post-hoc test). (B, C) Arithmetic mean + SEM of MDCK cell viability (B) or number (C) upon treatment without or with 120 nM
paclitaxel for 24 h (B: n = 4, one-sample t-test; C: n = 5, one-sample t-test). (D) Rate of apoptosis and necrosis of MDCK cells treated with
120 nM paclitaxel or vehicle control for 24 h (n = 6, one-sample t test). (E) Arithmetic mean + SEM of aklotho transcript levels relative to
TBP in NRE-52E cells incubated without or with 120 nM paclitaxel for 24 h (n = 5, paired t-test). (F, G) Arithmetic mean + SEM of NRK-52E
cell viability (F) or number (G) upon treatment without or with 120 nM paclitaxel for 24 h (F: n = 5, one-sample t-test; G: n = 5, one-sample
t-test). (H) Rate of apoptosis and necrosis of NRK-52E cells treated with or without 120 uM paclitaxel for 24 h (n = 5, one-sample t test). "p<
0.05, “p <0.01, ""p < 0,001 indicate significant difference from vehicle control; Abbreviations: a. u.: arbitrary units; ctr: control.
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Apoptosis and necrosis were enhanced by doxorubicin
in NRKS52-E cells (Figure 3H).

Since different classes of cytostatic drugs with pro-
apoptotic  properties similarly enhanced wklotho
expression in MDCK and NRK-52E cells within 24 h,
we sought to explore whether direct apoptosis induction
also affects uklotho. To this end, we treated the cells
with and without caspase 3 activator PAC-1 for 24 h.
As demonstrated in Figure 4A, 10 uM PAC-1 induced
uklotho expression in MDCK cells, an effect paralleled
by decreased cell viability (Figure 4B) and proliferation
(Figure 4C). PAC-1 enhanced apoptosis without
significantly modifying necrosis (Figure 4D). Also in
NREK-52E cells, PAC-1 treatment (10 pM) resulted in a
significant surge in aklotho transcripts within 24 h
(Figure 4E) and decreased their viability (Figure 4F)
and proliferation (Figure 4G). The rates of apoptosis
and necrosis were significantly higher in NRK-52E
cells upon exposure to PAC-1 (Figure 4H).

Depriving cells of growth factors through serum
depletion similarly favors apoptosis [45]. We therefore
aimed to test whether aklotho expression is affected by
serum depletion. As depicted in Figure 5A. a 24 h-
incubation of MDCK cells in the absence of serum
significantly up-regulated aklotho gene expression
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without significantly impacting on cell viability (Figure
5B) and proliferation (Figure 5C). Serum depletion up-
regulated apoptosis whereas necrosis-dependent
fluorescence was reduced in serum-starved cells (Figure
5D). In NRK-52E cells, serum depletion did not
significantly affect aklotho mRNA levels within 24 h
(Figure 5E). However, viability and proliferation were
moderately but significantly lower in NRK-52E cells
incubated in the absence of serum compared to control
cells (Figure 5F, 5G). Serum depletion induced
apoptosis and did not significantly affect necrosis in
NREK-52E cells (Figure SH).

Next, we analyzed gene expression of pro-apoptotic
molecules BAD, BAX, and the ratio of BAX/BCL-2
expression in MDCK cells. As illustrated in Figure 6,
treatment with cisplatin (Figure 6A, 6E, 6I) or
doxorubicin (Figure 6C. 6G. 6K) up-regulated BAD,
BAX and BAX/BCL-2 expression. Paclitaxel induced
up-regulation of BAX, but did not significantly modify
BAD and BAX/BCL-2 (Figure 6B, 6F, 6J) whilst PAC-
1 significantly enhanced expression of BAX and
BAX/BCL-2, but did not significantly change BAD
expression (Figure 6D, 6H, 6L).

We performed further experiments to identify the
mechanism underlying enhanced aklotho expression in
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Figure 3. Doxorubicin enhances aklotho expression in MDCK and NRK-52E cells. (A) Arithmetic mean + SEM of aklotho transcript
levels normalized to TBP in MDCK cells treated with doxorubicin at the indicated concentration for 24 h (n = 5; Friedman ANOVA followed by
Dunn-Bonferroni post-hoc test). (B, C} Arithmetic mean + SEM of MDCK cell viability (B) or number (C) upon treatment without or with 300
nM doxorubicin for 24 h (B: n = 5; one-sample t-test; C: n = 4; one-sample t-test). (D) Rate of apoptosis and necrosis of MDCK cells treated
with or without 300 nM doxorubicin for 24 h (n = 6, one-sample t test). (E) Ardthmetic mean + SEM of aklotho transcript levels relative to TBP
in NRK-52E cells incubated without or with 300 nM doxorubicin for 24 h (n = 5, paired t-test). (F, G) Arithmetic mean £ SEM of NRK-52E cell
viability (F}) or number (G} upon treatment without or with 300 nM doxorubicin for 24 h (F: n = 4, one-sample t-test; G: n = 4, one-sample t-
test). (H) Rate of apoptosis and necrosis of NRK-52E cells treated with or without 300 nM doxorubicin for 24 h (n = 5, one-sample t test) 'p <
0.05, *'p < 0.01 indicate significant difference from vehicle control; Abbreviations: a. u.: arbitrary units; ctr: control.
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