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Abstract

Background: Early stages of Alzheimer' disease (AD) are characterized by high
phosphorylation of microtubwassociated protein dua which may result from the
downregulation oproteinphosphatases.

New methodin orderto modelphosphatase downregulatiamd analyze its effeain tau
aggrea@tion in vitro, we treatedneuroblastom&H-SY5Y cells with okadaic acid (OA), a
protein phosphatasehibitor, and examined high molecular weight phospduospecies

Results and comparison with existing methdda: treatment led to the appearance of heat
stable protein species with apparent molecular weight around 100 kDa, which were
immunoreactive to antau antibodies against phosphorylated Ser202 and SeA39Bese
high molecular weight taimmunoreactive proteins (HMWIPs) correspondd to the
predcted size of twotau monomers, we considered the possibility that they represent
phosphorylatiorinduced tau oligomerdVe attempted to dissociate HMNPs by urea and
guanidine, as well asy alkaline phosphatageeatmentbut HMW-TIPs were stable undexll
conditions testedThese characteristicesemble properties akrtainsodium dodecyl sulfate
(SDS)resistant tau oligomers from AD brains. The absence of HMP¢ detection by ani

total tau antibodies Tau46, CP27 and Taul3 may be a consequemitmpé enasking and
protein truncation. Alternatively, HMWIPs may represent previously unreported
phosphoproteins crossacting with tau.

Conclusions:Taken together, our data provide a novel characterization of abhadéd cell
culture model in which OAnduces the appearance of HMWPs. These findings have
implications for further studies of tau under the conditions of protein phosphatase

downregulation, aiming to explain mechanisms involved in early events leading to AD.

Highlights

x OA treament of SH-SY5Y cellsinducal 100 kDatau-immunaeactive species

X InducedHMW speciesvere reactive t@antrtaupS202 and antiau-p396antibodies
X HMW species wee heatstable and stable in SDS, urea and guanidine

x OA-induced HMW species could not be deg¢ddty several antitotal tau antibodies

x HMW proteins may represent tau oligomers or phosphoproteinsaassng with tau
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1. Introduction

One of the neuropathologichélimarls R1 $ O ] K HdigeasHADY is the aggregatiorof tau
protein in neurofibrillary tangles (NFT) irthe neurons and glia cells in the braifau
(tubulin-associated unitis a microtubuleassociated protein, expressed mainly in neurons of
the central nervous systefil], where its primary function is to modulate microtubule
dynamics[2]. In adult human brainthere are six tagplicing isoforms ranging from 352 to
441 aminoacids (for review, seg3]). Isoforms differ by the absence or presence of one or
two 29 amino acid inserts in the-trminal part in combination with either three or four

microtubulebinding (MTB) repeat regions in the-t@rminal part (for review, sgd]).

Tau isnormally a natively unfoldedorotein[5] with little tendency for aggregatiotherefore

an intriguing, but mostly unresolvedquestion is to understand what causes -jifte tau
moleculesto oligomerize and subsequenftym largeraggregatethat form NFT. Pathways
leadng to tau aggregation atargely unclear However,tau propensity to aggregateay be
driven byposttranslational modificationspainly phosphorylation an&-terminal truncation

[6]. Despite a paucity of stable secondary stmgtiau in solutionseems tdorm a transient
global fold in which N- and Gterminal armdold over thecentralMTB repeatdomainthat
contairs the sequences with tendencyto form Esheets and aggregdteown as the3SD SH U
FOLS® PPRGHO

Phosphorylationdecreasesaffinity of tau for microtubules andmakesit more proneto
aggregation(for review, sed8]). In AD brains more than thirty tau amino acid residues are
specifically plosphorylated, includinges202 and 8r396[9]. Hyperphosphorylation of tau in
AD seems to be a consequence of a disrupt@dncebetweenkinase and phosphatase
activity [10]. Several protein phosphatases were found dysregulated in AD brain, including
PP2A PPland PP5, whiclareall capable of dephosphorylating taewvitro (for review, see
[11]. The main regulator of tadephosphorylatiorin healthy human braimppears to be
PP2A sinceits activity accountedor about 70% of the tadephosphorylatiomn the assay
using brain extractgl?2]. PP2A has been shown to dephosphorylatenatitro at multiple
sites, includingSer202and Ser39413]. PP2A affects tau phosphorylation levels not only
directly, but also indirectly by regulating tlaetivities ofseweral tau kinasesmost notably
g\FRJHQ V\QWKDVH NL QmVG4&/calmodblindependent protein kinase I
(CaMKIl) [14].



Studying the process of tau aggregation requires a suitable cell culture model. In this report
we examined the potential @H-SY5Y cell line treated withthe phosphatase inhibitor
okadaic acidOA) as a model for studying the initial steps of tau aggregatiorS85Y¥ is a

widely used human neuroblastoroall line with an endogenous expression of tau and the
capacity to differentiate into neurdike cells [15-17]. Okadaic acid is a ceflermeable potent
inhibitor of protein phosphatases PP2A, PP4, PP5 and P®119], which has been
previously used topregulatehe levels of phosphtau in cultured cells and to investigate the

role of protein phosphatases tew phosphorylatiofi20-24]. To investigate the potential of
SH-SY5Y cells treated withprotein phosphatasahibitor OA as a model fostudyingthe
process of tau aggregatiaand neurodegeneration [25lve examined the effestof OA
treatment orgenerain of high molecular weight taiwe observed that the incubation of-SH
SY5Y cells with OA leads to thexpressionof a high molecular weighphospheprotein
species immunoreactive to tau antibodies against phosphorylated Ser202 and phosphorylated
Ser396.

4. M aterials and Methods

41. Cell culture

Cells SHSY5Y (ECACC, 94030304) were grown ihX O E H FkoRlifled Eaglemedium
(DMEM, Gibco, Gaithersburg, MD, USA, cat. n81885049) supplemented with 10% fetal
bovine serum (FBS, Gibceoat. n0.10270106),1% L-glutamine (Gibcogat. n0.25030024),
1% nonessential amino acids (Sigmddrich, Darmstadt, Germany, cat. Nd.7145) and 1%
penicillin-streptomycin (Gibcpcat. n0.15140122) at 37€ in humidified atmosphere with
5% CQ. Unless indicated otherwiseindifferentiated SKESYS5Y cells grown to 6®0%
confluency were used. For differentiation into nedlika type, we followed theprotocol
described byEncinas and colleagud26] with minor modifications. Briefly, cells were
seededat density of 100 cels/cn? in the medium described above. The following day
medium containing 1M all-trans retinoic acid was addedtte cells and incubated for five
days themediumbeingreplaced evergtherday. Cells were washed with serdrae medium
and incubateih medium containing 1% FBS and 50 ngtndin-derivedneurotrophic factor
(BDNF, SigmaAldrich, cat. no.SRP3014) for two days. Cells were photographed using

phase contrasmicroscopy (Zeiss Oberkochen, GermahyWhere indicated, cells were



treated withindicated concentration dbA (Abcam, Cambridge, UK, cat. noab120375)
addedfrom 100 MM OA solution indimethyl sulfoxide(DMSO). As a negative control,na

equal amount dDMSO to the one used in OA solutiavasapplied tothecells

4.2. Testing cell viability by MTT assay

Cell viability was tested using MTT assay. In short, cellsevgrown in 9éwell plates

containing 100P cell culture mediunand treated with 30 nM OA, added from a 188 OA

solution in DMSO. For control, an equal amount of DMSO as used in OA solution was added

WR FHOOV $IWHU K -(4,5dimeyltRizolZAyh) -2,5diphenyltetrazolium

EURPLGH ZDV DGGHG WR HDFK ZHOO DQG VDPSOHV ZHUH L
DGGLWLRQ RI —O RI '062 $EVRUEDQFHBDRAD XRE6QD ZDV P

microplate reader (BioRad Laboratories, Herculds, USA).

4.3. Preparation of cell lysateand protein extraction

Upon harvesting, cells were washed in-ooéd Trisbuffered saline (TBS) buffer (20 mM
Tris-HCI pH 7.4, 150 mM NaCl) and resuspended in Laemmli buffer (50 mMHTkpH
6.8, 2% sodium adecyl sulfatd SDY, 2 mM ethylenediaminetetraacetic a¢iEDTA], 10%

JO\FHURO 3& RPSOHWH 0O0LQL" SURWHDVH LQKLELWRU FRFN

Basel, Switzerland cat. no. 11836170001, Roche Diagnostics, Basel, Switzerland], 1 mM

phenymethylsulfonyl fluoride[added from a 100x concentrated solution in DNISID mM
sodium fluoride, 20 mM Eglycerophosphate, and 2 mM sodium orthovangdafer
experiments shown iRigures 1E, 2B, and 3A cells were resuspended in 2x Laemmli buffer
without prior washing stepEmercaptoethano{2-5%) was present irthe lysis buffer and
samples were denaturdd W H &  f &-1Rrin. For the experiment shownhigures
1A, 1B, 3D, and S1 cells wereresuspened in ice-cold radioimmunoprecipitation assay
(RIPA) buffer (20 mM TrisHCI pH 7.4, 1% Triton X100, 0.1% sodium dodecyl sulfate,
0.5% sodiurrdeoxychoate, 150 mM NaCl, 1 mM EDTA, 10% glycerghrotease and
phosphatase inhibitors as described ahaltgwn through 28 needle 8 timeand incubated
on ice for 30 min. 8mpleswere centrifuged a0,000g for 10 min at 4C, supernatantvas
colleaed, mixed with Laemmli buffer containing 5% Emercaptoethanol and incubated at
f& IRU Fad?th®experiment ifig. S1, prior to adding Laemmli buffer, samples were
LQFXEDWHG DW f& IRU PLQ DQG F HQrwrealtieatite@, delly/

(S



were resuspended in 2x Laemmli buffer containing 8 M urea, samples were incubatgtl at 65
for 10 min, centrifuged at 2000 g for 20 min atoom temperatureRT) andthe supernatant
wascollected

4.4, Cell extraction by guanidinydrochloride

Cells harested by trypsinization were washed in-ad phosphatéuffered saline FBS
and resuspended in a solution containing 6 M guanilyaeochloride, 20 mMrris-HCI pH
7.4 and 100 mM NacCl, incubated RT for 10 min. Suspension was drawn through 23 G
needé and incubated &T for 20 min, followed by centrifugation at ZD0 g for5 min at

f & Fig. S3B) or 20 min at RT Fig. 5B). The supernatantvas collected and the
centrifugation step repeate@uanidine hydrochloride forms a precipitate with SDS and is
thus incompatible with SDBAGE [27]. To remove guanidine hydrochlorideofeins from
the supernatant were precipitated by incubation in 90% etharizd & for 1 h. The samples
were centrifuged at 2000 g for10 or 20 min at 4, the pellet was washeth absolute
ethanol and aidried. For the experiment shown iRig. 5B, precipitated proteins were
solubilizedin 2x Laemmli buffer (100 mM Tri$iCl pH 6.8, 4% SDS, 4 mM EDTA, 10%
glycerol, 5RFKH 3&RP S Optotéase 0nhiQitor cocktailablet per 10ml, 1 mM
phenylmethylsulfonyl fluoride10 mM sodium fluoride, 20 mMEglycerophosphate and 2
mM sodium orthovanadatejontaining 8 M urea, incubated at 3 for 20 min, and
centrifuged at 2000 g for 20 min aRT. Emercaptoethanol was added to supemtataa
final concentration 06 % andthe centrifugation step repeatdéor the experiment shown in
Fig. S3B precipitated proteins were solubilized in a volume of RIPA buffer, followed by the
addition of a third of the volume of concentrated Laemmli duf€ontaining 5% E
mercaptoethanplincubation at 95C for 5 min centrifugation at 20,000 g at RT and the

collection of the supernatant

4 5. Heatstable protein fraction

To prepare heat stable fractiome followed theprotocoldescribedoy Petryet al. with some
modifications[28]. Briefly, the cells harvested by Versene (Gibaat. n0.15043066) were
resuspended iB00 R lysis buffer (50 mM TrisHCI pH 7.4, 1% Triton X100, 0.25 %
sodiumdeoxycholate, 150 mM NaCl, 1 mM EDTA, 10% glydero 5SRFKHRPSOHWH OLQL"
protease inhibitor cocktailablet per 10 ml1 mM phenylmethylsulfonyl fluoride10 mM
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sodium fluoride, 20 mMEglycergphosphateand 2 mM sodium orthovanadate), incubated on
ice for 10 min, drawn through 2& needle eight times, incubated on ice for 20 min and
centrifuged at 2@00 gfor 20 min at 4. The supernatanwvas collectedand incubatedat

95 £ for 10 mn, followed by centrifugation at 2000 gfor 10 min at 4. Supernatant
containing the heagtable fraction(protein concentratioof 04 - 0.5 R/ R) was separated
from the pelletA volume of the heatstable fraction150- 200 B) was incubated with an

third of the volume of concentrated Laemmli buffer (8% SDS, 200 mMH@EpH 6.8, 8

mM EDTA, 20% glycerol).The amount of the heat stable protein samples loaded on gel was
12 Ry of protein The pelletwas resuspended in a similar volumearfioimmunopecipitation

assay RIPA) buffer and concentrated Laemmli buffer

4.6. Alkaline phosphatase treatmesftprotein lysates

The cellswere treated with 100 nMDA for 2 h, trypsinized, washed in PBS buffer and
resuspended in lysis buffer (50 mM TFHKCI pH 7.9, 1% Triton %100, 0.25% sodium
deoxycholate, 150 mM NaCl, mM MgCly, 5RFKH 3&RPS (Qorotdade hhikitbr
cocktail tablet per 10 mi1 mM phenylmethylsulfonyl fluoride10 mM sodium fluoride, 20
mM Eglycerophosphate), incubated on ice for 10 ,ndrawn through 23 G needle eight
times, incubated on ice for 20 min followed by 5 min centrifugatio20ad00g at 4 and
the supernatant (protein concentratioh0.4 Ry/ ) was collected To enrich heat stable
proteinsthe samplavas incubated at 9& for 10 min, followed by centrifugation 20,0009
for 20 min at 4€. The supernatan(1l0 R) was incubated witd0 U of alkaline phosphatase
(Promega,Fitchburg, WI, USA, cat. noM2825) or water (control)at 37 for 30 min,
followed by addition of Lammli buffer and 5 min incubation at 95. The whole reaction

mixturewas loaded on gébr analysis by immunoblot

4.7. Immunoblotting

Proteins in cell extracts were separated/@? (Figures 1E, 3C, and6) or 10% (all other
figures)SDSPAGE gels andransferreconto a nitrocellulose membrania the transfer buffer
(25 mM Tris, 192 mM glycine), using the voltage of 50 V for the duration of Zhie
membranewas blocked in 5% milk diluted in TBS or phosphhtéfered saline (PBSL37
mM NaCl, 2.7 mM KCI,10 mM NaHPQ;, 1.8 mM KHPQy) and incubated with primary



antibody diluted in TBS or PBS containing 5% milk or 3% bovine serum albumin, overnight
at 4£. The primary antibodiesand their workig dilutions used were: antaupS396
(Abcam, cat. no.ab109390 1:10,000 dilution), Tau46 (Sigm&Aldrich, cat. no.T9450,
dilution 1:1,000), antrtau-pS202 (CP13, mouse monoclonal, gift of Prof. Peter Davies
dilution 1:500), antitotal au mouse monoclonal antibody CP27 (gift of Prof. Peter Davies,
dilution 1:250), Taul3 (Santa Cruz Biotechnolog$anta Cruz, CA, USAgat. n0.sG21796,
dilution 1:250), polyclonal anttau (DAKO-Agilent, CA, USA, cat. no. A024, dilution
1:10000),anttMAP2 (clone HM2, SigmaAldrich, cat.no. M4403,dilution 1:1000) DC11
(generouggift from dr. Michal Novak, dilution 1:50), anti Eactin (SigmaAldrich, cat. no.
A5441, dilution 1:10,000), and antiGAPDH (glyceraldehyde ®hosphate dehydrogenase,
Cell Signaling, Leiden, Netherlandscat. no. 2118,dilution 1:1,000 to 12,000). The
secondaryantibodies were horse radish peroxidisked 1gG (Cell Signaling, cat. no. 7074
and 7076). Proteins were visualized using Super Signal West substrate (Thermo Scientific,
Waltham, MA, USA,Pico cat. no. 34077 or Femto cat. no. 34095) and imagem(Cioc
XRS+ with ImageLab software (BioRddhboratories, Hercules, CA, USAEXposure times
were selead to maximize the signal to noise ratio. In they. 1E, where the signal of
samples present on two separate pieces of membrane is compared, meméransmged
simultaneouslyln Fig. 4, heatstable fraction and pellet samples were present and analyzed
on the same membrane and imaged simultaneoWshere appropriate, equal loading of
samples on gel was assessed using GAPDH |dviglstes are showingepresentative images

of data that wre generated from at least three independsrhples or two independent
experimentgperformed on different daysach containing two independent samples generated
from separate cell culture dishes, treatment, hangsiimd protein preparation. Where
appropriate, data eve analyzed usingmagelLab software (BioRad Laboratories, Hercules,
CA, USA).

2. Results

2.1. OA treatment of SKBY5Y cellsnducedexpression 0100 kDa proteirs immunoreactive

with anti-tau-pS202 ad anti-tau-pS396 antibodies

To inhibit the activity ofprotein phosphatasewe incubatedundifferentiated neuroblastoma

SH-SY5Y cells that endogenously express wth OA. Taking into consideratiothe OA



concentration necessary to inhibit the acyivdf different tau protein phosphatasasd
possible high local concentration of phosphatases inuheres[18], we initially treatdthe
cells with100nM OA (Fig. 1A and1B). A similar concentratiorhad been usedn previous
studies [29-31]. Proteinsfrom total cell protein lysatewere separated by denaturing SDS
polyacrylamide gel electrophoresis (SPBGE). Tau phosphorylation at specific epitopes
wasassessed by immunoblosing phosphapecifictau antibodies Using the antibody that
recaynizes ta phosphorylated at396, we observed protein banafsthe apparent molecular
weightof 50-65 kDain samples from both treate@A+) and untreated (OA cells(Fig. 1A).
Additionally, a protein cemigrating with the moleculaweight of ~100 kDa appeared in
samples from cells treated with ORhe samesamplesvere analyzedavith theantibody CP13
that recgnizes tau phosphorylated 8@ (Fig. 1B). In cells treated with OA a proteimith

an apparentmolecular weight of~100 kDa was clearly visible, whilenisamples from
untreated cellghe signal was very weak omnot detectableindicating that under normal
growth conditions endogens tau is phosphorylated aP® at low levels The 100 kDa
phosphetau immunoreactive protesrwerealso inducedupon cell treament with lowerOA
concentratios of 30 nM OA for 8 h(Fig. 1C) andwith 20 nM OA for 4 h Fig. S1). Notably,
MTT assayon cells treated with 30 nM OA for 8 levealed that the viability of O#teated
cellswas similar to control cell§~ig. 1D), suggestig that the appearance of 100 kDa protein
is not due to OANnduced cell toxicity. Furthermore,samilar pattern ofOA-induced 100 kDa
phosphetau immunoreactiveprotein was observeth SHSY5Y cells differentiated into
neuronlike cells Fig. 2). Togetherthe data indicated that protein phosphatase inhibition by
OA induced the formation of 100 kDa protein species immunoreactive -{uS202 and tau
pS396 Based on the molecular size of treportedprotein andits immunoreactivity with

antitau antibodiesthis resuliis consistent with thpossibility oftau oligomerization

This highmolecular weight tatmmunoreactive protein species (HMWPs) detected with
CP13 and antiau-S396 antibodies migrated in the SDSPAGE with nearly identical
electrophoreti mobility. To test whether bot€@P13 and antiaupS396recognized the same
protein, we divided the lane containing protein lysate from @ated cellson the
nitrocellulose membrani@ half by cutting it vertically. Wancubated one half with antibody
CP13 and the other half with antibody againstp&396and aligned the halves for imaging
(Fig. 1E). We noticed that he protein band regmized bythe CP13 antibody migrated
slightly slower than the antiaupS396 antibodyeactive band(Fig. 1E), indicaing two

distinct proteinspecies These distincprotein bands could represent an identical tau splicing
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isoform containing different phosphorylation patterns or an additional posttranslational

modification, such as protein truncation.

Next, we examinedHMW-TIPs using antitotal tau antibodies that recognize tau regardless of
its phosphorylationstae. We analyzed OAtreatedand -untreatedsamples using antibody
Tau46 that recognizes an epitdpghe Gterminal part of tau (aa 46441).We observed that
antibody Tau46 aesnot detectthe 100 kDa protein, although iecognize 50 kDatau and a
protein around @ kDa (Fig. 3A and Fig. 2B), which presumablyepresents low molecular
weight MAP2 isoform{32]. To test whethethe 70 kDa protein recognized laptibody Tau46

is a MAP2 isoform we analyzed OAreated samples witlan anttMAP2 antibody that
detects all MAP2 isoformd=(g. S2). In agreement witla previous report showing that SH
SYS5Y cells primarily expresa 70 kDa MAP2 isoform[33], the antrMAP2 antibody
recognized a protein of this size, similarly to Tau46. The 70 kDa band was clearly distinct
from the 100 kDa proteinisualizedwith antibody CP13Kig. S, left panel).

Next, weusedantitotal tau antibodes raised against other taagions Taul3 (epitope most
likely within the first 35 ag, CP27(whoseepitope includesesiduesl30-150), and a rabbit
polyclonal antibody raised againite C-terminal part of tau (aa 24841) Despite the
recognition ofmonomerictau proteins, Taul3CP27 and this polyclonal antibod/ did not
detectHMW-TIPs (Fig. 3B-D). We further tested the reactivity of HMWIPs with antibody
DC11 that has been reported to recognize truncated tau (aad2B1[34]. However the
pattern ofDC11 antibody did not overlap withatof HMW-TIPs (Fig. 3E).

Taken together, we were unable to detect HNMIF's using several antotal tau antibodies,
which together cover tau epitopes in theédxminal, central and ®rminal regions of tau,

and additionally an antibody against a truncatedsion of tau. The lack of HMWIPs
detection using these antibodies could be due to antigen masking within the oligomer or a

combination of epitope masking aadlifferent tayrotein truncation.

2.2.HMW-TIPs are found in a heastable fraction

To invedigate the properties of HMWIPs, we examinedvhetherit could be found in a
heatstable fractionDue totheir internally disordered structuréau and other MAP2 family
proteins areesistant to heahduced precipitationAfter isolatinga heatstablefraction using
the protocoldescribedoy Petry and collaborator8], in which cells are lysed in a buffer

containingl% nornionic detergent Triton XL0OO, 0.25% ionic detergent soditoheoxycholate

11



and 150 mM NaCl, buho SDS the cell lysate was boilecard insoluble proteinswere
precipitatedby centrifugation a20,000g. As expectedantibodyTau46 detected 5kDa tau
and a 70kDa protein, presumablg MAP2 isoform [32] in the heatstable fractionand no
signal was observed the pellet fractior{Fig. 4A, upper pans). In contrastthe levels of E
actin were much lowein the heasstable fractiorthan in the pelle(Fig. 4A, lower paned).
Together, thisindicatd that the heatstable fraction was enriched in hesable proteins
Using the antiboés anti-tau-pS396and CP13we foundthatHMW-TIPs werepresentn the
heatstable fraction(Fig. 4B). In conclusion, HMWTIPs co-fractionated withheatstable
Tau46reactive proteins which is a characteristic gbroteins with internally disordered

structure, includingau

2.3.HMW-TIPs are stable umer reducing and strong denaturing conditions

Considering the possibility thadMW-TIPs representtau oligomes, we tested conditions
under which oligomercould be dissociatedPreviousreportshave showrthattau oligomers
can be disrupted under reduanconditions[35,36], althoughtau crosslinking bydisulfide
bondsis not an absolutgrerequisite for tau aggregatio@ell lysates in all the experiments
were prepared under reducing conditiotigereforethis indicaied that the stability of the
putative oligomerdoesnot depend on disulfide bondblext, we examinedvhether putative
oligomers could be dissociatég strong denaturing ageateaand guanidine hydrochloride
Immunoblot analysi®f cell lysatesusing CP13 antibody revealed tHdMW-TIPs did not
dissociate irthe presence oéither8 M urea(Fig. 5A) or 6 M guanidine hydrochloridd-ig.
5B), and a similar result was obtained using-#atipS396 antibodyKRig. S3. Quantification
of HMW-TIPs signalrelative to GAPDH levelsn samples preparedith and without 8 M
urearevealed thathere was no significant difference betweenitau-pS396reactive HMW
TIPs levelsin samples from OAreated cells extracted with and without uf€&y. S3A),
while the levels ofCP13immunaeactive HMW-TIPs were higher in cell lysates prepared
with ureathan without ureapresumably due ta betterextraction inthe presence of urea
(Fig. 5A).

2.4.Characterizatiorof theHMW-TIPs speciesipon protein dephosphorylation

Finally, to examinethe impact of proteirphosphorylation orthe putative 100 kDatau

oligomer, lysates of cellseatedwith OA were incubateavith alkaline phosphatasBecause

12



none of the tested arttrtal tau antibodies recogniz&tMW-TIPs, this presented an obstacle
in examining proteins upondephosphoryladn. Surprisngly, we observed that alkaline
phosphatase treatment did not abolish detection -@05&Da tau andHMW-TIPs by antitau
pS396 antibodyFig. 6), although thie electrophoretic mobility waslightly modified(Fig. 6,
compare mizcular weight of proteins in the samples treated and not treated with alkaline
phosphatageThe change irlectrophoretic mobilityndicatesthat some amino acid residues
were dephosphorylatedyut not the S396 epitope Under similar conditions of alkale
phosphatase treatment, CRd&pendent signal of HMWIPs was diminished (Fig. $4),
indicating efficient dephosphoryton at the tauS202 epitope The fact that alkaline
phosphatase treatmeaffects the migration rate of HMWATIPs only to a small degree
suggestedhat the putative oligometoesnot dissociate intenonomers upoipartial protein

dephosphorylation.
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3. Discussion

We used SHSY5Y cell culture model of protein phosphatase downregulation based on cell
treatment with OA and showed th@#A leads tothe appearance af00 kDa proteirspecies
immunoreactive tophosphetau specific antibodies CP13 (atdi-pS202) and antitau
pS396

Based orits molecular size, we initially considered the possibility tHMW-TIPs represent
large tau splicing idorm containing exon 4A (s&-D O OHG 3 Bahith WddtAihs an
additional254 aainsert in theN-terminal parf37] and is normally expressgaedominantly
in the peripheral nervous tiss{igg]. This would be in accordance withprevious report
showingthat SHSY5Y cells and their parental line S¥-SH express a tau isoform around
100 kDa[16]. However, we were unabl® detectHMW-TIPs using any of the antibodies
usedagainst total tau, namely Tau4BP27 Taul3 anda rabbit polyclonal antibody$ V JE L
W Dnérmally containsall of the epitopesrecognized by these antibodiedgth the possible
excepion of CP27,and these epitopemenot recognized byhe antitotal tau antibodiesve
used it is highly unlikely that HMW.TIPs UHSUHVHQW 3ELJ WDX"

Basal on the observation théihe molecular weight of theAMW-TIPs corresponddo the
predicted size of twanolecules ofetal tau, which isone ofthe most prominent tau isofoem

in undifferentiated SKEBYS5Y cells[17], we consideed the possibility thait representdau
oligomers. In support of this possibility, a study using bimolecular fluorescence
complementation showed that HEK293 cells expressing tau constructs fused to split Venus
increase in fluorescence upon treatment of cells with 30 nM OA for Z2idgesting tau
oligomerization[39]. The absenceof oligomer detection by arntiotal tau antibodiesn our
experiments could be a consequencebwfepitope maskingr a combination of epitope

masking angbrotein truncationwhich would rendeHMW-TIPs unrecognizable.

In attempt to dissociate putative oligomers by reducing and denaturing,agerftsund that
HMW-TIPs werestable in the presence &mercaptoethanol, SDS, urea and guanidiine

role of disulfide bridges in tau oligomerization is not entirely clear, as both reduction
sensitive and reductieresistant tau dimers have begreviouslyobserved 35, 36]. In our
experimerd, HMW-TIPs weredetected in the presence Bimercaptoethanol, indicating that

the stability of a putativeligomerdoes not depend on disulfide bonBespite the fact that

most protein complexes dissociate in the presence of SDS, some protein complexes remain

assembled40]. For example SDSresistant tau oligomers have bemportedin AD brain
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[35]. Moreover, it has been previously reported that a pool of tau isolated from AD brain
remained aggregated in high molecular mass structures even after the treatment wita8 M
[41], whereas certaitypes of tau aggregates were stable in 6 M guanidine hydrochjdée
Taken togetherwe were unable to dissociate putative oligomers with SDS,, @ed
guanidine However the observedstability of HMW-TIPs in the presencef these agents

compatible with the characteristics of some previously reported tau oligomers.

The present study showed that treatndntell lysates with alkaline phosphatase resulted in
partially dephosphorylated HMWIPs, leaving the S396 epitopeh@sphorylated and the
putative oligomer assembledin fact, an inefficient removal of phosphates by alkaline
phosphatase from titau PHF1 epitope, which includes pS396 and pS404, has hleeady
reported[43]. Our data suggest that exhaustive tau phosghtion iseithernot essential for
the stability ofthe putative oligomeror is necessary for initial oligomer formation, but once
formed, oligomers could be stable even upon dephosphorylation. Based presentiata it

is also possible thain addtion to other sitesgdephosphorylation of S396 requiredfor the
disassembly of the putative oligomer.

Finally, OA affects several cellular processes [45] and inhibition of protein phosphatases PP1,
PP2A, PP4 and PP5 by OA is lethal to most human [déls To minimize the toxic effect of

OA on cells, we used treatment with OA concentrations of1BIDnM for a short period of

2-2.5 h.Moreover, ve have also observeatie induction of the 100 kDa antau reactive
protein using a lower OA concentratioh20 nM for 4 h and upon cell treatment wg nM

OA for 8 h, which did not affect cell viability, suggesting thia¢ appearance tiie 100 kDa
protein is not due to O#nduced cell toxicity However, we cannot entirely exclude the
possibility that OAinduced HMWTIPs is not a direct consequence of #@umunoreactive
protein phosphorylation, but could aridee to an indirectffect of phosphatase inhibition by

OA [44], or through a phosphataselependent pathway [45].

In summary,OA treatment ofSH-SY5Y cells lead to the appearance oHMW proteins
immunoreactiveo antrtaupS202and-pS396 antibodies, which is line with the possibility
that HMW-TIPs represent tau oligomers. Howeydue to the inability to detect HMVVIPs
with antitotal tau antibos and to dissociate putative oligomers under conditiested, we
cannot exclude the possibility that HMWPs represent tawnrelated proteins that are
detected withantitau-pS202 andpS396antibodies due to croseactivity. The finding that
antrtau-pS396 and -pS202immunaeactive HMWTIPs exhibited almost identical, yet

distinct electrophoretic mobilities in SDBAGE supports this possibility Furthermore,
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athoughHMW-TIPs were presenin the heatstable fradbn, which isa characteristic ofau
and other intrinsically disordered protei#], it should be noted that due to the presence of
1% Triton X-100 and 0.25% sodiwtleoxycholaten the lysis buffer, our protocol mdave

extraceda broader range of proteins than buffers without detesgent

In conclusion, we provide strong evidence that OA treatment of neuroblastomi calture
induces ahigh molecular weighphosphetau immunoreactivespecies Although additional
research is required to clarifjurther the identity of the reported @eins, our findings
indicatethatOA-treated SHSY5Y cellsrepresent potentially valuable cell culture model for
studying tawligomerizationunder the conditions of protein phosphatase downregu)a®n
well as tau aggregation inhibitors and neuropecove compounds4[/-49]. Our findingsmay
thus facilitate future studies aiming to explain molecular mechanisms involvbe early
events leading to tau aggregatiand neurodegenerationvhich mayeventually lead to

effective therapy and preventionmdurofibrillary degeneration amD.
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Abbreviations

AD $O]KHLPHUYVY GLVHDVH

BDNF brainderived neurotrophic factor

CP13 antibody against phosphorylated tau-3e2

CP27 antibody against total tau (aa 1360)

DMEM 'XOEHFFRYV PRGLILHG (DJOH PHGLXP
DMSO dimethylsulfoxide

EDTA ethylenediaminetetraacetic acid

FBS fetal bovine serum

GAPDH glyceraldehyde phosphate dehydrogenase

GSK- JO\FRJHQ VI\QWKDVH NLQDVH
HMW-TIPs high molecular weight taimmunoreactive protes
HS heatstable(fraction)

MAP microtubuleassociated protein

MTB microtubule binding (repeat regions)

NFT neurofibrillary tangles

OA okadaic acid

PBS phosphatéuffered saline

PP2A protein phosphatase 2A

RIPA radioimmunoprecipitation assay buffer

SDSPAGE sodium dodecyl sulfatepolyacrylamide gel electrophoresis
Taul3 antibody against thefé&rminal part of tau (aa28)
Tau46 antibody aganst the Gterminal part of tau (aa 46441)
TBS Tris-buffered saline
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FIGURES AND FIGURESLEGENDS

Figure 1. OA treatment of SHSY5Y cells induces expression @ high molecular weight
protein species immunoreactive to phosphtau. Undifferentiated SFSY5Y cells were
treated withindicated concentrations of OA for an indicated time peridchund 25 Ry
protein in btal cells lysatesvere analyzed by immunoblotting using antibodies that detect
taupS3960r taupS202 (CP13)GAPDH servedas a loading contrglA-C). Note a strong
band migrating around 1&KDa in lysates of OAreated cell{A-C). (D) Viability of cells
treated with 30 nM OA for 8 mumber ofindependent samples= 8) and control cells (1

4) was tested using MTT assay. Percent viability of control cells is shown. No significant
difference in viability was found & 0.372, df= 10, p=0.125).(E) Nitrocellulose membrane

with transferred proteins was cut vertically in the middle of the lane (scissors) and the halves
were incubated with CP13 or atdiu-pS396 antibodies. Membranes were placedidside

and imaged simultaneously.
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Figure 2. HMW -TIP is detected in OA-treated SH-SY5Y cells differentiated into
neuron-like cells. Differentiated SHSY5Y cells visualized using phase contnastroscopy
(A) were treated with 100 nM OA for two houtdote the differentiated cells with visible
neuritic processescale bar = 50n. Total cell lysates wereanalyzed by immunoblot using
antrtaupS202 (CP13),antitaupS396 and antitotal tau (Taud6)antibodies B). Note a
strong band migrating around *8Da in lysates of OAreated cellsSGAPDH is used as a

loading control.
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Figure 3. HMW -TIPs are not detected by ati-total tau antibodies. Where indicated, cells
were treated with 100 nMA( D) or 150 nM B, C, E) OA for 2 - 2.5hours Total cell lysates
were analyzed by immunoblotting usingiaotal tau antibodies Tau4é\), CP27 B), Taul3
(C) andrabbit polyclonal antibodyL¥), and antibody DC11 against truncated t&). (To
visualize HMWTIPs, same samples were analyzed by antibody C@AL8) or antitau-
pS396 D, E). Note aCP13 andantitau-pS396 reactiveband migrating around 1e€Da in
lysates of OAtreated cell{A-E). Note that all antiotal antibodies detect a band migrating
above 50 kDa that represents monomeric tau, but do not detect 100 kDa (@yegirrau46
antibody additioally detects a 70 kDa band thaesumablyrepresents MAP2Zsoform (A).
GAPDH served as a loading contr@, (D). Control and OAtreated samples irDj were
present on the same membrahmte that the rabbit polyclonaantitotal antibog (right
panel)detects a band migrating above 100 kDa tau (red arrow), which is clearly distinct from
the OA-inducedanti-tau-pS3%-reactiveband(left panel, OA+) migrating at 100 kD@lack

arrow).
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Figure 4. HMW -TIP is present ina heatstable fraction. SH-SY5Y cellswere treated with

100 nM (OA+) or DMSO (OA) for 2:15 h. A) Heatstable (HS) and pellet fractions were
analyzed by immunoblot using atital tau antibody Tau46 (upper panels) and- &#ctin

(lower panels). Heatable fraction and pellet samples were analyzed on the same
nitrocellulose membrane and imaged simultaneously. Note that 50 kDa tau and 70 kDa
proteirs (70 kDa proteirpresumablybeing aMAP2 isoform) detected by Tau46 antilyodre
enriched in the heatable fraction compared tbe pellet In contrast, Eactin is enriched in

the pellet compared to heatable fraction.B) The same samples of hestable (HS) fraction

as in @A) were analyzed by immunoblot using atatirpS396and CP13 (artiaupS202)
antibodies. Note the presence of pS3&d CP1dmmunaeactive 100 kDa bands the heat

stable fraction.
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Figure 5. HMW -TIP is stableunder denaturing conditions. Cells were treated with 150
nM (A) or 100 nM B) OA for 2 h. Cell lysates were prepared tine absence or presence of 8
M urea @) or with 6 M guanidinehydrochloride B). Immunoblotting was performed using
antirtaupS202antibody (CP13). GAPDH was used as loading control.Note thatthe 100
kDa band is present irasiples from OAtreated cells under all tested conditiombe graph
showssignal intensity of HMWTIP relative to GAPDH levelsf the samples shown .

Average values and standard deviation of replicate sampleb@ma
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Figure 6. HMW -TIPs stability upon protein dephosphorylation. Cells wereincubated
with 100 nM OA for2 h. Heatstable fraction was treated with alkaline phosphatasy
where indicatedand analyzed by immunoblot using afairpS396 antibody.Note the
persistent antibody detectioof protein migrating around 100 kDand changed

electrophoretic mobility of proteirtseatedwith alkaline phosphatase.

29



Figure S1. Treatment of SHSY5Y cells with low concentration of OA induces
expression of 100 kDa tatreactive protein. Cells were trei@d with 20 nM OAfor 4 h.
Samples were analyzed by immunoblotting using antibodies that detegS28@ (CP13
antibody, upper panel) and tpa$396 (lower panel). Note CP18nd pS396mmunaeactive

bands (arrows) migrating around 1kDa in lysates of OAreated cells.
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Figure S2. Anti-MAP antibody detects 70 kDa protein reactive to Tau46Cells were
treated with 150 nM OA foR h and total cell lysates were analyzed by immunoblot using
antibodies CP13, anlAP2 and Tau46. GAPDH was used as a loadingrobnArrows
mark the 100 kDa tateactive protein. Asterisk marks aMiAP2- and Tau46

immunaeactive protein migrating at 70 kDa.
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Figure S3. Anti-tau-pS396immunoreactive HMW-TIP is stable under denaturing
conditions. Cells were treated with 150 nM\) or 100 nM B) OA for 2 h. Cell lysates were
prepared in thelmsence or presence of 8 M ure¥) (Or using lysis buffer containing M
guanidinehydrochloride(B). Immunoblotting was performed using atdau-pS396 antibody.
GAPDH was used as a loading camtiNote that the 100 kDa band is present in samples from
OA-treated cks under all tested condition3he graph shows signal intensity of atatir
pS396 reactive HMWTIP relative to GAPDH levels of the samples showrAinAverage
values and standard deviation of replicate samples are shoia that there is no significant

difference betweer#+OA -urea” and 3+OA +urea’ conditions(p = 0.34).
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Figure $4. CP13dependent HMW-TIPs signal diminishes upon protein
dephosphonyation by alkaline phosphataseCells were incubated with 100 n®A for 2 h.
Heatstable fraction was treated with alkaline phosphaaB® and analyzed by immunoblot
using CP13 antibody. Note the 100 kDa band representing H\R&and the disappearance

of thesignal upon alkaline phosphatase treatment.
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