University of Genoa
Department of Experimental Medicine

General Pathology Section

Ph.D. School in Experimental Medicine

Curriculum: Cellular and molecular pathology in-age
related diseases
XXXIV Cycle

oStudy of a gclic nucleotidemediated
mechanism that couldavor an
antiaggregantconformationof tau proteing

Ph.D. Candidate: Dr. Giulia Montalto
Tutor: Prof. Roberta Ricciarelli

Ph.D. Coordinator: Prof. Giambattista Bonanno

Academic year 202021



CONTENTS

2. ABSTRACT ...ttt 8
3. INTRODUCTIQN......cooitiiiieiceeeeetee e 10
3.1. Biochemistry of tau protein............ccccoeviiiiiiiiieeeeeeeeeeeeeee s 11
3.2. Physiology of tau and interaction with microtubules................cccccco....... 14
3.3. Posttranslational modifiCations.............ccuvvieiiiiiiiieeiieee e 15
SCTRC 0 I = To 1] o] 0] 1 F= U1 o o PP 15
3.3.2. ACEtylation.......ccoei e 19
3.3.3. GlyCOSYIAtION.......cccce e ————— 19
TG S €11 o7 | (o 4 I 20
ST ST | oo {871 1] = 11 0] o SRS 20
3316, NIEFALION ...t 20
3.3.7. MEthYIAtiION........ceeeieiiieeieee e 20
3.4. Tau in PatholOgY........ccciiiiiieee e 21
3.4 1. AQQIrEGALION. ... .eetiieieeeee e et 21
3.4.2. Gain or 10Ss Of fUNCHON?.......ccoiiiiiiiiiieiiee e 22
3.4.3. TAUOPATNIES. ....eeiiiiiiiee e 23
3op® ! £ 1 KSAY.SNRA.RAASEAS ., 28
3.5.1. Genetics and riSk faCtOrS..........ooocuuiiiiiiiiii e 29
3.5.2. Brain Changes...........uueiiiiiiiiiiiiiiiiieee e 30
3.5.3L ELIOlOQY. ... et 31
A, AIMS ..o 34
5. RESULTS.......cooooe et 37
5.1. cAMP enhancers stimulate tau phosphorylation at Ser214................... 38
5.2. A does not mediate the increase of pTABR14.........cccceevvvvveiiicennnn. . 42
5.3. Vardenafil enhances tau phosphorylation at S214 but not at S202....... 44
5.4. PKG mediates the phosphorylation of tau at Ser214............cccccceeeeeeeeee. 48

2



5.5. Tau is directly phosphorylated by PKGstinct Sites..........covvvvviveveeennnnns 51

5.6. Effect of PKG on taia Vitro aggregation................eevvveeeeervumneeeeeennnnnennnnnns 53
6. DISCUSSIQN. ..ot 56
7. MATERIALS AND METHQONDS..........cccooieeeeeeeeeeeeeee 61
7.0 ANIMALS ..o 62
7.2. Hippocampal SHCES.........cccoeieieeeieece et 62
7.3. 1N VIVOITEAIMENTS ...ttt 63
7.4. Cell culture treatMeNtS..........coooiiiiiiie e 63
7.5. Total protein extraction from cell CUUIeS..........ccccceviiiiiiiiiiiiiie 63
7.6. Protein quantifiCation..............euueiiiiiiiees e 64
7.7. ImmuUNODIOt ANAIYSIS........eeiiiiiiiieei 64
70y @ 1 LEBAIINA.R.S.A....S. D) 65
7.9. Evaluation of intracellular CAMP and CGMP............cccccciiiiiiiiiiiiiinnnnl 66
7.20. RNA INEITEIENCE. ...t 66
7. 10, KINASE GSSAY....eeeuviiieeieiiieitiateateeeeateete st e bt abeesbeaneeabe e be bt ebesbeebesneenteenee e 67
7.12. NanGHPLC Mass SPECITOMELIY.......cuoiiiiiieiieiie e 67
7.13. Detection Of tau aggregates........ccooveeriereneeseeie e seeseeenee . 08
7.14. Thioflavin TOINAING ASSAY.........eeieeiieieiieie e 68
8. BIBLIOGRAPHY.......coovieee s 70



1. ABBREVIATIONS



ADY ' f 1T KSAYSNDRa RAaSHa&S
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APP Amyloid precursor protein
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GGTGlobular glial tauopathy
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GSKB8: Glycogen synthase kinase 3
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MAPK Mitogen-activated protein kinase
MAPT Microtubule-associated protein tau
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MT: Microtubule
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2. ABSTRACT



Tau is a protein which normally participates in tressembly and stability of
microtubules. However, under pathological conditions, it t@mn aggregatedand
hyperphosphorylatedstructures that are associatewith the pathogenesis of

I £ T KSAYS ND atheReuio8dgen&ativte yiigorders known as tauopathies.
Tau can be phosphorylated by multiple kinases at several sites. Among such
kinases, the cAMBependent protein kinase A (PKA) phosphorylates tau at Ser214
(pTAUS214) aneventthat exerts a protective effect against the assemblyticd
protein. The activation of PKA by cAMP also sustains-teng potentiation (LTP),

I F2N)XY 2F aeyrLIWAO LIXlFaldAoOAGes GKNRdIzAK
manner, cCGMP was found to bodsti £ S@S Aur LT# Bnd iné@mor¥, bud 2
an effect of cGMP on tau phosphorylation has never been reported. To investigate
this issue, wdfirst verified the effect of cAMRenhancing treatments on pTAU
S214andthen evaluated the possibility of a PK@luced phosphorylation of tau
Different cAMP and cGMP enhancing strategiesye usedin different model
systems: neuro N2a cells, rat hippocampal slices and adult male C57BL/6 mice
Phosphorylation of tau was analyzed by immunoblotting, gene silencingtran v
enzymatic assays and naitPLC mass spectrometry. Aggregation of tau was
evaluated by gel electrophoresad thioflavin Fhinding assay

Our dataconfirm that cAMPstimulatesthe phosphorylation of tau at Ser214, as
expected, but not at &202,which is considered one of the earliest markers of tau
aggregation Furthermore, we reporfor the first time that the cGMRctivated

PKG phosphorylates tau at Ser2add other 7 Ser/Thr tau residues, but not
Ser202 Alsqg preliminary results indicate thaPKG phosphorylation could reduce
the aggregating capacity of tau.

Taken together, or results demonstrate the existence of a Rik€diated
mechanism that might shift tau from a pemggregant to an amtaggregant

conformation, which has been reported to exert neuroprotective functions.
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3.1. Biochemistry of tau protein

Tau wadliscovered in 19785y Weingarten anaolleagueswho described it as !
heat stable protein essential f0fA ONR (1 dzo dzf[B. | & aSYof & ¢
Today we know that du isencoded by the microtubulassociated protein tau
(MAPT) gene, which is located on chromosome 1722[?] and is expressed in a
variety of tissues. In fact, r@ively high levels of tau cdme found in the heart,
skeletal muscle, lung, kidney, and testisis present at lowlevelsin the adrenal
gland, stomach, and livemevertheless,the tissue where the protein is most
expresseds the brainHere, tauis commonly found withiraxons[3], but it is also
presentin neuronalsomatodendriticcompartments and in oligodendrocytdd,

5]. Abnormal accumulation of tau in somatodendritic compartments is associated
gAGK 1 £1 KSAY Snibther tRubpatbiess.S o! 50

There aresix different isoformsf tau, generated by alternative splicing of exons
2, 3 and 1qJ7] (Figure 1)To a lesser extent, alternative splicing may also involve
exon 6, but this type of isoform is weakly expresggldExons 2 and 3yhichboth
encock a 29residue insert near the ferminus, undergo coupled splicing, with
exon 2 inclusion being dependent on exon 3 inclusion. The presence or absence of
these two exons in the protein is indicated by the name of the isoform itself (ON
neither included 1N, exon 3 included2N, both exons included).

Exon 10 belongs to the microtubdtending domain (MTBD)it encodes the
second of four highly conserved repeat regi@amslis 31 residues long. Among the
six isoforms of tau, three of themontain exon 10 and are called four repeat (4R)
tau, whereasthe other three isoforms, which lack exon 10, are known as three
repeat (3R) tayi7, 9, 10].

Depending on the presence or absence of exons 2, 3 and 10, the six tau isoforms
have different lengthsranging from 352 to 441 amino acids (ON3R and 2N4R

respectively).
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Figurel: Splice variant isoforms ¢du.

Each of the six isoforms has shown a peculiar physiological role since they are

differentially expressed during development and are distributed in different

neuronal subpopulations. For instance, orthe tau isoform ON/3R is present

during fetal stages, hile the adults express all six isoforfi®, 11]. Functional

differences have been suggested for 4R and 3R tau, as 4R isoforms are more

efficient in promoting microtbule (MT) assembly thathe 3R oneg11, 12).

In general, theorotein structure consists athree parts. one assembly domaimne

proline-rich domain, and one projection domain (Figure 2). The assembly domain

is responsible foMT binding and tau aggregatiofiL3, 14], and comprises the

carboxyterminal regionand the repeat domain Theaminoterminal fragmentof

tau does na bind to MTs and iscalled projection domaibecausdt projects away

from the MT surface[15]. These two regions are separated by a proliiah

domain that contains multiple ThPro or SeiPro motifs which are targets of

1Ayl asa

a dzOK

I a

3t & 02 3 Scyclindepeyiderit kida& 51 A y | & S

(CdIb), mitogenactivated protein kinase (MAPKINnd JUN Merminal kinase (JNK)

[16].
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Figure 2:.Domains of tau. The isoform represented in the picture is the 2
which is the longest tau isoform.

From a chemical point of view, tau is overall a basic protein, but therminal
residues are predominantly acidic, while theg@minus is neutral.The different
chargesaffectthe association of tau wittMTs and other molecules, as well as the
folding and aggregation of the protein its¢lf7].

Tauis stable under acidic conditions arad high temperatures being a highly
solublemolecule it is unfolded in the cytosol, unlikmost cytosolic proteing18].
Duetoitsd y I G A @St & dzfasa fRSbRéand¢lbngaded frotein, with

no extensive alphdelical or betasheet domaing$13, 19].
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3.2. Physiology of tau ad interaction with microtubules

Since is discovery, it was clear that tau had a role in the assembly and stability of
MTs, which aretubulin polymers involved irmportant features of the cellsuch as
mitosis, intracellular transport, and maintenance of cell shape. In the brain, these
structures are vital for neuronal survival, since they provide stability to the axons
and supportthe transport of materials to and from the distant synapses.

Tau protein mainly distributes along the axons, where it provides stabilization of
MTs and promotes theirassembly[16]. Interestingly, the residues involved in
binding with theMTs have been also classified as essential for the pathological
aggegation of tau,thus implyingthat these two phenomena are in competition
[20]. Even if theregulation ofMT dynamicsis considered its main funion, tau is

also involved in axonal transporAs a matter of fact, it can compete with the
motor proteins dynein and kinesin (which are deputed to retrograde and
anterograde transport of cargoegespectively) for binding sites on th#T
surface,resultingin the accumulation of cargoes in ttedma[21]. Tau has also
been obseved in the nuclei of neuronal and nareuronal cells, where it seems to
maintain DNA and RNA integrity under physiological conditions and under ROS
producingconditionssuch as hyperthermif22).

Early studies reported that tau knockout mice do not exhibit a pathological
phenotype, possibly due ta compensatory increase in microtubuéssociated
MAP1B protein[23]. However, more recently, worsening of neuronal function in

tau-deficient mice has been describgtb).
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3.3. Posttranslational modifications

3.3.1 Phosphorylation

Among all the postranslational modifications that tauprotein undergoes,
phosphorylation is certainly the prevalent one, and the most intensely studied for
its pathological implications.

The longest tau isoform (2N4R) contains 85 potential phosphorylation sites, 45 of
which have beencharacterized using massspectrometry, sequencing and
phosphorylationdependent monoclonal antibodiesAmong the 85 putative
phosphorylation sites, 45 are serines (53%taxf phosphorylation sites), 35 are
threonines (41%) and 5 are tyrosines (§%gure 3]24, 25].

I::] [2|E3!: ] PRD M1 M2 M3 M4: =2N4R
01 nmr | ;

| i | |
46 ,Lm S113 }T175I T231 -3262\ 8356 Y394 |S435
569 Ti2 w ‘ 8235 S258 S289 5396 S433
S68 ] S237 S400|| || . Ta27
T181 S238 T403! || 8422
S184 S404, T414/S416
5185 54085413
S191 S412
Y197
S198|||[| T217
S189)|[1S214
S202|iT212
20515210
S208

Figure3: Positioning of phosphorylation sites on tau from Alzheimer brain

Phosphorylation reduces tau's affinity ftubulin, allowing the protein to detach
from the cytoskeleton This ensures thedynamics of the system in healthy
neurons[26]. Although the loss of affinity for MsTis a physiological event, an
abnormal phosphorylation of tau could have detrimental effectsince
hyperphosphorylated tau can entry into postsynaptic terminals causing synaptic
dysfunction [27]. Furthermore phosphorylation maydecreasetau degradation
through proteasome or autophagy, thus triggerirperrant accumulation or

changngthe way the protein interacts with partners (for instance, phosphorylated
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but not unphosphorylated tau is able to interact with JIP1 protein, impairing the
formation of kinesin complex and affecting axonal transp{i8]. But most of all
hyperphosphorylated tau is the main component of neurofibrillary taegdNF$),

which are cerebralesions found inAD and other neurodegenerative disorders
implying that excessive phosphorylationtatfi is a prerequisite for NTF formation.
[29]. In effect,some tau residues are considered critical, as when phosphorylated
they make tau more prone to aggregati and possibly pathogenicThe
combination of Thr212, Thr231, and Ser2ghosphorylation, for example, has
beenshown tocau® disruption of theMT network and cell deatth30]. Moreower,

the epitope ofthe monoclonal antibody AT&hospheSer199tSer202/Thr205

was found to correlate withremodelling and instabilityof MTs diminished
mitochondrial transport, cell death and neurodegenerat[@d].

However, although excessive tau phosphorylation is considered a key pathogenic
event, phosphorylation of some residues has been showretlucethe protein
aggregationln particular, the phosphorylation of Ser214 and Thr231 causes tau to
lose its abilityto interact with MTs, leading to the detachment of the prote[i6,

32]. At the same time, this modified tau has been shown to resist aggregation, so
these residues are of particular interest as theiopphorylation could counteract

the formation of NF$[33].

The phosphorylation of tau is carried out by several kinases, each of which can act
on more than one residug¢34]. However, it is still a matter of debate whether all
the phosphorylations observed during vitro experiments actually take plada

Vvivo.

Protein knases acting on tau can be divided into proltieected enzymes
(PDPKSs), which phosphorylate Ser or Thr residues followed by a proline, and non
PDPK[31].

PDPKenzymesnclude

1 Glycogen synthase kinase 3 betdD{ Y)o iThis is the kinase that
phosphorylates the largest number of tau residuesich at present are more
than 40 [24], though the predominantare Serl99, Ser202, Thr231, Ser396,
Ser400, and Ser41[B5]. The phosphorylation of these sitggenerates an
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epitope of PHE (paired helical flaments)vhich are the main component of
NFTs[36]. The overactivationof D { Y @an abnormally phosphorylate tau,
leading to its detachment fronMTs with subsequentalterations in axonal
transport and neurodegeneration, and eventually memonpairment[37, 38].
For instance, Thr23is one of the mostimportant sitesfor the regulation oftau
activity and when it is phosphorylated byD{ Y otau undergoes a
conformational change affecting issability and capacity to bintTs[39-41].

1 Mitogen activated protein kinases (MAPKsJhis isa group ofkinasesthat
regulate important cellular mechanisms such as proliferation, stress responses,
apoptosis and immune defensgt2]. There are three weknown MAPK
pathways in mammalian cells: th&kE1/2, the €JUN Nerminal kinase 1, 2 and
3 (JNK1/2/3), and the p38 MARPKY X > -I. Jhédveractivationof p38 and
JNK (both of which phosphorylate tau) has been observed in several
neurodegenerative disease# cells containing the pathogenic filamentous
form of the protein[43-45].

1 Cyclindependent kinase (Gdk5). It is an inactiveenzyme per se and is
activatedafter bindingthe regulatory subunits p39 and p3b6 the cytosol46].
P35 and p39 are proteins with a short R@k; under stress conditions
however,the protease calpain cleagp35 into p25, which has a longer héfé
and, unlike p35, is considered pathologicpd7-49]. In vitro, Cdk5 is able to
phosphorylate §13tau residueg24, 50]. Uncertainty about the exact number,
and whether phosphorylation can occum vivg could be attributed to an
overlap in thephosphorylation of many (Ser/ThPro sites in tau by different
PDPKsnd to the lack of specific methods tdiscriminate them.Amongthe
residues that have been assigned as phosphosites, Ser202, Thr205, Ser235, and
Ser404 appear to be major siteghereasThrl53 and Thr212 are minor sites in
Cdk5p25in vitro assayg51]. Since these sites appear to be phosphorylated in
AD brains, a pathogenic role for CdkShmeeen hypothesizefb2]. On the other
hand Cdk5 can act as a modulator of tau hyperphosphorylation thratgh
AYKAOAG2NE NXYBdz | GA2y 2F D{ Yol

Non PDPKnzymes include

17



1 OyclicAMP-dependent kinase RKA. It is an ubiquitous tetrameic protein
consisting of two regulatory and twoatalytic subunits. Its activity is regulated
by intracellular concentrationof the second messenger cAMPnce activated,
PKA phosphorylates many substrates, such as CREB, Raf, Had afdwith
consequences on gene expressiaell survival andnigration. In particular,
phosphorylation by PKA inactivates both isoforms of GBK3 | y[33]. | 0
Moreover, oth proapoptotic and antiapoptotic effectsf PKAvere reported in
nucleated cell§55]. On tau, PKAvasfound to phosphorylate residues Ser214,
Ser217 Ser262Ser396/404 andSer416[56].

As already mentionedphosphorylation at Ser214 mn event of particular
interest because itexerts a protective effect against the assembly tbé
proteininto PHE[33].

1 C&*/calmodulin-dependent protein kinase I(CaMKI). It is one of the most
abundant protein kinases in the brain, reguteg a wide range of neuronal
functions, including neurotransmitter synthesis and release, modulation of ion
channel activity, synaptic plasticity, and gene expres$tf. This protein is
capable of phosphorylating tau in several residues that have been found
hyperphosphorylated in AD brains, such as Ser262, Ser356, Ser409 and Ser416.
Phosphorylation o6er262 and Ser35&ems to particularly affe¢he ability of
tau to bindMTsand promote thér assemblyf58].

1 Casein kinase 10KJ). It is a family of &/Thr¢specific protein kinases that
counts at least seven isoforms (GkI¥ ¥ MIH-TZelXX 4 WHR, 60]. By
phosphorylating different substrates, ¢ke kinasesregulate diverse cellular
processes, including circadian rhythms, sadinalling vesicular trafficking, cell
division, and DNA repaf61]. CK1lis considered one of the most important tau
kinases, as it is capable of phosphorylating more than 40 sites on the protein
[62]. As with other previously described kinases1 G&emsto have pathogenic
roles levels of CKt = -/ Yy R /Myl ncreasedin hippocampi of
Alzheimer brainscompared to control$63]; moreover,the proteincolocalizes
with pathogenic tau aggregates during thelisease progression [64].
Overexpression of CK1l & dzLJLINB &aaS&a Gl dz SE2y wmn Ay Of

tau/4Rtau ratio, which also contributes to the development of several

18



tauopathies, such adrontotemporal dementia with parkinsonism linked to
chromosome 1{FTDPL7)> t A O] Q& RA &SI adear pdlSBSE)INS &2 a A O
corticobasal degeneratioCBD)and Down syndromfs5].

1 Tyrosine kinasesHuman tau has five tyrosines in its longest sequence, and all
of them ae possible phosphorylation site€ompared with the ser/thr kinases,
tyrosine kinasesinvolved in tau phosphorylationvere less investigated.
However, phosphorylation of yrosines 18, 197, and 394 d$abeen
demonstrated in PHEau. FYN(proto-oncogene tyrosingrotein kinase), Syk
(spleen tyrosine kinase), Met (a receptor tyrosine kinase), aAthlo(a non
receptor tyrosine kinaseyvere found tophosphorylate tau at Tyrl8, Tyrl97,
and Tyr394, respective[g6, 67]

3.3.2. Acetylation

Tau acetylation occagr at lysne residues and is operatl by the P300
acetyltransferaseand the CREBinding protein [68]. Tau can alsocatalyse
autoacetylation atsome lysine sites, such as Lys289], which is & particular
importance because, when acetylated, it decreaddd binding, increases

fibrillation in vitro[70] and has been detected in AD and in otherdpathies[71].

3.3.3. Glycosylation

Glycosylation consists in theovalent attachment of oligosaccharides to
polypeptides. There are two kinds of glycosylationglgrosylation, in which
sugars are linked to the hydrgixgroup of serine or threonineesidues and N-
glycosylation, in which sugars are linked ttee amide goup of asparagine.
Aberrant glycosylation of tau is an event that leads to the hyperphosphorylation of
the protein, both by promoting its phosphorylation and by inhibiting its
dephosphorylation[72].

Abnormalglycosylation positively modaies phosphorylation of taubyRC] p = D{ Y T
ol ¥ PRK¥K[R3, 74]. However, GGlcNacylation, a type of -Glycosylation
obtained from engraftrent of N-acetylglucosamineprotects tau from excessive
phosphorylation(as it occupieshe kinase substrates andis impaired in AD75,

76].
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3.3.4. Glycation

Glycationconsistsof a nonenzymatic reaction between aarbcydrate and a
lysineresidue of gorotein. Since glycated tau is less susceptible to degradation, its
accumulation in cells could promote aggregation, although this is not a direct
consequence of glycatiofi7, 78]. To date, twelve glycation sites have been

attributed to tau [79-81].

3.3.5. Ubiquitination

Ubiquitination of proteins is the linkage of a snm@adptide, ubiquitin, which acts as
a tag for degradation by the UPS (ubiqujpnoteasome system). Tau is mostly
polyubiquitinated through Lys48 linkag¢82], but some other sites have been
identified, such asLys6, Lysll, and Lys§83, 84]. However, the effectof
ubiquitination ontau degradation has yet to be elucidateth AD, PHFtau is

ubiquitinatedand not degraded possibly explaininijsaccumulationn NFTY85].

3.3.6. Nitration

Nitration is the introduction of a nitro groug-NQG) into a tyrosine residue.
Although four out of five tyrosineesidues on tau may be nitrateciormal brains

show only taunTyrl97, while in AD and other tapathies Tyrl8, Tyr29 and
Tyr394 also appear to be nitratetllitration reduces the affinity of tau faviTs and

has pre or anti-aggregatingeffects depending othe residue involved86].

3.3.7. Methylation
Methylation occurs physiologically at the lysine residues on bawitro studies
have shown that high stoichiometric methylation is able to suppress ta

aggregation without affectings functionon MT assembly{87].
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3.4. Tauin pathology

3.4.1 Aggregation

Under normal conditionstau is a natively unfolded proteinbut its aggregations

the common threado several neurodegenerative diseases known as tauopathies.
Upon aggregationthe protein can form two different structure®HFsand NFTs
PHIS are double helical stacks with a hakriodicity of about 80 nn{Figure 4)
while NFEare bundles oPHFsn the cytosol of neurons.

Tau is a hydrophilic and unstructured protein, thus its aggregation in ordered
fibers may appear counterintuitivdndeed the solubility of tauin vitrois in the
millimolar range ofconcentratiors, whereasin the brainit is at least 1000 times
lower, likely expainingwhy the aggregatiorof tau was reproducedin vitro long
after its discoveny88].

The two hexapeptide sequences \Glhlle-lle-AsnLys and VabGinlle-ValTyrLys,

at the beginning of R2 and R@spectively, are responsible for the organization of
0 I dz 7shyeét Btrudtures and are essential for tau aggregafR9j. It has been
shown bothin vitro and in vivothat the disruption of these motifs can suppress
the aggregation of tay90], which is instead accelerated by the polyanidhat
compensate for the positive charges the central part of the moleculeThe
compounds most largely usetd obtain the aggregationin vitro are heparin,
nucleic acids, arachidonic acid micelles, acidic peptides and carboxylated
microbeads[88, 91]. Two proteins, 14-3-0 Yand immunophilin, havealso been
shown to inducehe aggregation otau, probably stabilizing a conformatidhat is

more proneto aggregaion [92, 93].
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Figure4: Tau fibers. On the lefPHFgsolated from an AD brain (the arro
indicate the periodicity of ~80 nm). On the right: BféFmed in vitro.

Despite all the interest aroused, it is still unclear whether it is the phosphorylation
of tau that inducests aggregation or whether it e aggregation that favors the
phosphorylation of the proteinHowever,abnormally phgphaylated tau isolated

from human AD brains can s@$semble into PHHn vitro [94], andaggregated

tau from patients with tauopathy or transgenic mice invariably show
hyperphosphorylatior{16]. Nevertheless, hyperphosphorylation of tau can occur
also in norpathological conditionssuch asanimal hibernation and anaesthesia
induced hypothermid95, 96].

Taken together, the available evidence suggests that tau hyperphosphorylation is
necessary but not sufficient by itseid justify pathologicalaggregationof the

protein.

3.4.2. Gain or loss of function?

Although tau dysfunction has been shown to cause neurodegeneration, the
precisepathogenicmechanismsnvolved haveyet to be established.

One of the main questions is whether tau becomes pathogenic due to afoss

function or due to a gain of cytotoxic conformation/aggregation In fact,
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hyperphosphorylation and aggregation abeth events thataffect the ability of
tau to bind the MTs, leadng to the disassembly of these structuregeficits in
axonal transport and neurodegendian. Moreover, tau is involved in other
cellular processeée.g.,DNA protection22]) and, therefore,its modification may
causeadditional impairments

On the other hand NFT distribution in ADrains correlates with the severity of
cognitive deficis, strongly suggesting a pathogenic role of tahen it aggregates
perhaps acquiringneurctoxic properties However,an experiment on transgenic
mice expressinghe human taucarryingthe P301L mutatior{linked to FTDR7)
demonstrated thatswitching offthe expression of the mutanprotein improves
memory and rescugneuronal loss, even in the presenceNiFE, indicating that

these structureslone are not sufficiento induceneurodegeneratior97].

3.4.3. Tauopathies

Tauopathy is a term usetbr a heterogeneous group of sporadic or familial
disorders characterized by the deposition of tau in the b{a@B8j. A large number

of neurodegenerative diseases are grouped under this definition, and there are

several classification criteria

1 Primary and secondanatiopathies
A tawpathy is definedas primary when tau is the main contributing factor to
neurodegeneration99]. On the other handit is considered secondary when
pathological tau is associated with another disease. It should be noted that in
the latter case the tau pathology coexists, but it is not necessarily the cause of
the other pathology.Table 1 summarizethe most common primary and
secondarytauopathies
Primary tauopathies are part of frontotempalrlobar degeneration (FTLD), a
group of different neurodegenerative diseases characterized by predominant
destruction of the frontal and temporal lobg400]. People affected by FTLD
can present differaet clinical symptoms, such as cognitive, behavioural,
language and motordeficits which, in some casesmay overlap with

parkinsonism or amyotrophic lateral sclerosis/motor neurons dis¢h84d.
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A subclassification of primary tauopathies is based on whether they are
sporadic or familialPSP CBD argyrophilic grain diseaseAGDY YR t A 01 Q
disease are the most common sporagi@mary tauopathies.

Most familial cases of FT#8&u are due to tau mutationdyut at least other20

genes havéeen showrto be associated witkhis pathology[102-104].

Secondary tauopathies are a broad group of differaptiropathologies[99].

The most prominent secondary tauopathy A, which could be a true
tauopathy,were it not for the presence of amyloid plaque®, 105].

Some secondary tayathies appear to have an environmental etiology, as in

chronic traumatic encephalopathy106], while others have a geneti

component, as in Down syndrome.
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Table 1Principal primary and secondary tauopathies.

Progressive supranuclear palsy
Argyrophilic grain disease
Corticobasal degeneration

Pickd disease

Frontotemporal dementiand

parkinsonism linked to chromosome 1’

PostencephalitidParkinsonism
FN]AyazyQa RSYSy

Guadeloupean parkinsonism

Globular glial tauopathies

Aceingrelated tau astrogliopathy

25
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526y Qa
Lewy body disorders

Prion disease

R

a8y RNE

Familial British dementia and familial

Danish dementia

Chronictraumaticencephalopathy
Myotonic dystrophy
NiemanrgPick diseasaype C

Subacute sclerosing panencephalitis

Frontotemporal lobadegeneration with
C9orf72
hexanucleotide repeat expansion
Diffuse neurofibrillary tangles with
calcification

Neurodegeneration with brain iron
accumulation

Mutation affecting the sodium/proton
exchanger, SLC9A6

Cerebrotendinousanthomatosis

TARDBP mutation p.lle383Val
associated with semantic dementia



1 Classification according to the tau isoform pattern
As already mentioned, exon 10 of tau is alteielty splicedto form tau 3R or
4R. One way to classify tapathies is based on which ohése species is
prevalent inNFB, and identifies 4 different classes.
In class (comprisng! 5% 52 ¢y Qa arinsofiRwd@meérsiacormglex of
Guam, NiemanrPick disese type C, chronic traumatic encephalopatiayd
some cases of FTHR), 3R and 4R tau are both presapproximatelyin equal
amounts.
In dass Il tauopathiesIR isoformare prevalent In this groupwe can findPSP
CBD AGD globular glialtauopathy (GGT), geingrelated tau astrogliopathy
(ARTAG), and some casdé$sTDPL7[107-111].
t A01 Qa RA &S| ac6FDIRRelang tw SassAll, & Shich 3R tau is
the prevalent isoformj107].
Finally,in class IVtau pathology is mainldue to isoforms lacking sequences
encoded by exons 2, 3 and 10, agriyotonic dystrophyf112].

1 Classification according to the cellular pattern of tau pathology
Another way to classify tauopathies is by the distribution of the pathological
tau deposits. Tau can accumulate in neurang A O1 Qa Rdlial &ellsa S
(GGTARTAG)or in both types otells(PSPCBDAGD [113] .
Depending on the disease and the type of cells involved, different
immunopositive tau lesionare found.In neurons, the mainau inclusions are
pretangles tangles Pick bodiesspheiical cytoplasmic inclusions, dystrophic
neurites, threadsand graing114].
Gial cells where tau accumulatesare astrocytes and oligodendrocytes
Astroglial ptenotypesare usually specifito one diseasesuch as astrocytic
plaques in CBDufted astrocytes in PSP, atldorn shaped astrocytes (TsAB)
AGD[113]. Globular glial tauopathies are characterized dnjled bodies and
globular oligodendroglial inclusions (GQIs)5, 116]. It has been demonstrated
that the expression of FTEIFY mutant tau in oligodendrocytes of transgenic
mice results inagerelated disruption of myelin integrity, impaired axonal

transport and axonal degeneratighl7, 118].
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It is worth mentioning thatalthough microglia does not express tau protein,
tau disease has been observed in this cell t{f¥)], possibly due to a prien

like diffusion meclanism[120, 121].
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Among the tawpathies, AD is the most studiedAccording tothe World Health

Organization (WHO)AD and other forms of dementiaare amongthe top 10

causes of death worldwide

In 2005, there were approximately 24.3 million people with dementia, with 4.6

million new cases each year. The number of people affected daublery 20

years reaching81 million by 2040, with uneven growth ratashile in developed

countries a 100% increase is projected, in China, India and other countries in

SoutheasAsia and the Westernagific theincrease could exceed 300%.

The disease imamed afterthe neuropathologistwho first described it in 196,

Alois Alzheimer. He reported the case of aye@rold woman whoexhibited

paranoia, progressive sleep, memampairment, aggression and confusion, and

died aftera 5-year stay atthe Community Psychiatric Hospital Frankfurt. Post
mortem, histological examination of the brain reveal@dAlzheimerthe presence

of two types oflesions now known asamyloid (or send) plaques and NFS

AD is a progressive and unremitting pathology, with long preclinical and

prodromal phases (20 years) and an average clinical duratiogl®f Beard122].

The course of the disease is usually divided in three different s{agak

1 t NBOt Ay AOIf & inithic pHade Stiakaim an&derabBokpinal fluid
start showing the biomarkers associated to AD, but the patiessnot
manifestsymptoms yet Notably, the presence of the biomarkers in the body
does not automatically mean that the subsequent two stages will oft2#,
125).

1 Mild cognitive impairmen (MCI). People with MCI start showing cognitive
decline, but this decline does not significantly interfere with everyday activities
and may be noticed only by people close to the subject, such as familiars and
friends. Approximatly 1520%o0f people agd 65 and overhave MCI from any
cause but not all cags of MCI are due to[ and in some casddClremains
stable or reverts to normal cognitidi26].

1 Dementia. This last stage is characterized by a marked cognitive ddtlope

show symptoms that interfere with their daily life activitiesuch asmemory

28



loss or confusion, depression, personality changasd lossof interest in
activities theypreviously lovedThese symptoms reflect the degreensuronal
damage in different parts of the brain.

With the progression of the diseasgatientsrequire increasing assistance, and

in the severe stage they need help with activities of daily living. Eventually, the
brain areas involved in movement are damaged, and individuals become
bedriddenand cannot swallow properlyyith a reduced ability teeat and drink

as well ADis ultimately fata[127].

3.5.1 Genetics and risk factors
There are two different types oD, the familial (FAD)and the sporadidSAD)
form.
FADrepresents less than 1% of total cag&28] andis related to themutation of
genes encoding for the amyloid precursor protein (APPand presenilin
1l presenilin 2,all of which areinvolved in the production ofamyloidi 6! i 0
peptides[127]. Individuals with FABhowan earlyonset disease, with symptoms
that appear beforethe age of 65. The fact that alFADrelated mutations are on
proteins involved irthe productionof! istronglyd dzLJLJ2 NJI SR (G KS dal Yéf 2
KeLR2iKSarAaéds oKAOK O2yaARSNAE ! [129O0O0dzYy dz |
131].
SAD includs over 99% of allAD cases[132]. Unlike FAD, symptoms generally
appear aroundage 65 orolder, and the etiology of this form is still unknown.
However,it is believed that rather than a single cause, the onset of SAD is due to
multiple factors both modifiable and normodifiable.
Non-modifiable risk factors are:
1 Age
1 Apolipoprotein E ApoE), a protein encoded bthe APOE gene, which exists in
GKNES RAFFSNBYUIUIYRADSREA { ¢ @iy I ni kS
highe risk of develogng AD than people who expressii K S allele[133].
Conversely¥  eariers showed protection against the onset of thelisease
[134].
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1 Family history. Individuals with a close relatigadh asa parent orsibling who
havesuffered from AD are more likely to develte diseasenot onlybecause
of genetics, but also becaus¢hey shae the same environment and habits
(such agliet or exercise)hat can make people prone taD.

1 Gender AD is more prevalent in women than in mgr85].

Along with nommodifiable risk factors, others can be changed to reduce the risk of

cognitive decling136]. These factors are:

1 Smoking

1 Obesity

1 Hypertension

1 Diabetes mellitus

1 Education and sodility. Higher educatioris believedo K St LJ 0 dafitiveR | & O2
NBEaSNIS¢ s rdin® &Hity to anaké ReRible and efficient use of
cognitive networkg137]. Additionally havingan active social life anehgaging
in mentalactivitiescan helpkeepthe brain healthy thusreducingthe risk of AD
[138].

3.5.2 Brain changes

The brain of people suffering from AD is characterized by macroscopic and
microscopic alterations.

At the macroscopic level, the mostvident feature is cortical atrophy due to cell
loss Neuronal degeneration, which leads to the reduction of synaptic junctions
and ultimately to brain shrinkages associated witlthe two microscopic lesions
already described bploisAlzheimer extracelular! i LJ I |j dzS& | YR Ay (N
NFBcomposedof tau.

I i plaques, also known as senile or neuritic plaques, are roundish structures
formed by the aggregation o X~ 442 amino acids peptidéAccording to the

bl Y&f 2AR K& LJ2 (fa§ues\ atehthodgft to!infedere lwith neuren
neuron communication in synapses, leading to cell deathaccumulationstarts

in the frontal and temporal lobes, hippocampus and limbic system.
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NFB spread in AD brains following a typical pattern that wast fdescribed by
Braak and Braak and now a widely accepted staging system used to study the
diseaseprogression Braak's six stages can be summarized in three: entorhinal

(stagesHl), limbic (stages HV) and isocortical (stagesW)[139] (Figure .

Amyloid pl.
Amyloid plaque b myloid plaque

Stage V and VI

Stage land Il Stage lll and IV

Severity

Figure5: ¢ KS LJ GK2f 23A0Ft S@2f ¢isAmleid phadue
and neurofibrillary tangles visualized using the Bielschowskthad of silve
impregnation. BLy Ge&LAOIt OFrasSa 27F 1§11 KS)
apparent origin in the frontal and temporal lobes, hippocampus and limbic s
(top row). The neurofibrillary tangles and neuritic degeneration start in the n
temporal lobes and hippocgms, and progressively spread to other areas o
neocortex (bottom row).

Another important feature ofthe AD brain is inflammationThe mcroglia is
activated by theaccumulationof A andtau, and tiesto eliminate proteins and
cell debris.At some point, the toxic burden is believed ¢éxceed theimmune
systenf) éapacity to eliminate it, and this evemésults inchronic inflammation
[127, 140].

3.5.3. Biology
Although themain alterations that occur irAD brainswere identifiedmore thana

century ago the true causeof the disease is yet to be establishédverthe years,
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scientists have proposed some theories, and thwe most important dentify ! |

and tay respectivelyasthe triggering factoof neurodegeneration

1531The! i KeLRGIKS&aAA
In 1992 Hardy and Higgistatedd h dzNJ K@ L2 6 KSaAra Aa GKIFId R
b protein (AOP), the main component of the plaques, is the causative agent of
lf T KSAYSNRE LI GK2f23& |yR GKIFG GKS ySdzN
RFEYF3ASY IyR RSYSyYyUOuAl F2tt246[130a I RANBOO |
As mentioned above, this hypothesigs long beensupported by important
evidence
1 Mutations of APP and presenil# whichare associateavith FAD, increaséhe
production of ! 1 [141]® 4}, in particular,is consideredthe most toxic A
peptide, ast aggregatsmorereadily(i K | vio. ! |
1 All AD patients have amyloid plaques, especially in brain regions involved in
memory and learningfl42].
1 The early development of AD in individuals suffering from Down syndrome is
believed to be a consequence of an enhanced productiothefA -precursor
protein APPwhose genenapsto chromosome 21143].
g ¢KS 3ASYySGAO Nxail FlLOG2N !t faduring itdh YLI A NE
accumulaion [144-146]. Additionally, more recent studies showed that ApoE4
protein stimulaes the transcription of APRA47].

1 ! Jisneurotoxicin vitro[142, 148].

However, in the past 30 years, scientists have not been abkdtiyessthe main
weaknesses of this theory, which are as follows:
1 Transgenic mice overexpressimgman! ;> show no cognitive impairment and
NFB, despite plaque formatiofiL49].
1 Many people with ! ipositive PET scan do nathow memory impairment
[150].
1 Cognitive deficits correlate with N&&nd not with the amount of plaques
[151].
g NFBIl YR i LX F1jdzS&a R2 y2i KI@S[158.KS alyYS R

32



Furthermore&  -tangeting therapieshave so far not met the praletermined

endpoints andat best, just ashortdelayin cognitive declindas been achieved

1.5.3.2 The tau hypothesis

According to thishypothesis the formation of NFB is the key eventin the

pathogenesis oAD.Toxic tau aggregates would be the causae@fironal damage,

while the accumulation of B\would represent a later phenomenon.

The evidence suppdrigthis hypothesiss:

1 The spread of tau disease is related to neuronal loss and the severity of
dementia[151].

1 Tau lesiongprecedeA accumulation[153].

1 Mice that are knockout for the endogenousu but overexpress human tau
developNFTsn the absence of i[154].

1 Taumutationscause tauopathiesuch as=TDPL7, which lack senile plaques or

other diseasespecific inclusionglL55].

However, gwith the amyloid hypothesis, this theogtsohas its cons.

As already mentioned, itransgenic mice carrying pathogenic taumutation,
suppression of the transgeried to memoryimprovementand rescue of neuronal
loss, despite thpresence oNFE[97]. This couldmply that the toxic effect of tau
on neuronsis givenby some forms of the protein that precedie formation of
tangles In this context, sluble tau oligomerscould be likely candidates, as they
increase in brainwith ADand other tauopathies andan bedetectedprior to NFT
formation [156, 157]. Furthermore in mice, &u oligomershave beenfound to
causemisfoldingand spreadof endogenous tau to unaffected brain regiofib7,
158], thus suggestinghat tauopathiescould progressby a priontlike mechaism
that depends on tau oligomerg159, 160]. On the other hand, the results obtained
with the suppression of thenutated gene could support the hypothesis of a loss

of function in the pathogenesis of Adhd other tauopathies.
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4. AIMS
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Because knowing the physiological function of a molecule is extremely important
for understanding its pathological implications, the laboratory in which | worked
2y GKA& (KSaira KlFLa f2y3 F20dzaSR 2y G(GKS
As a matter of fact, since the 1ai®90s a growing body of evidence had suggested

a promnesic role of the peptide, and in 2008 it veginitively demonstratedhat

LIA O2 Y2 I NJ | X #sumifail b th@s& prdduced physiologically in the
healthy brain) enhance hippocampédng term potentiation (LTH, a form of

synaptic plasticity[161]. More recent results from our laboratory have also

LJ

AYRAOFIGSR GKIFG 'i A& 2yS 2F GKS R2oyaidNs

cAMP and cGMP tsustain LTP and memof¥62, 163]. In particular, it was found
that both cyclic nucleotides stimulate the production of ghrough different
mechanisms: cAMP actga PKA, which stimulage the synthesis of APP and
consequently of A [162, 164], whereas cGMP increased production by
favouring the convergence of APP ants cleaving enzymdBACEL in endo
lysosomalcompartments[163, 165]. Once produced, iAis released from the
presynaptic terminals and sustains LTP in postsynaptic neurons with a mechanism
that is yet to beestablished (Figure 6).

The study that allowed the drafting of this thesis arigemm the factthat PKA is
also one of the kinases that phosphorylate tau protein. As described in the
Introduction, PKA phosphorylates tau at Ser2pdAUS214)[166], an event of
particular interest because é@xerts a protective effect against the assemblyhef
protein into PHEB [33]. This notion prompted the ideathat cAMP and, more

interestingly, CAMP enhancing strategiesay have a double protective effect

against ADA G AYdzE F Ay 3 (KS LIKe athagis recédsady for LINE R d

synaptic plasticity, and preventing the pathgloal aggregation of tau.
Furthermore, it hasuggestedhe hypothesis that cGMP can also act in a similar
manner,although no one has ever shown that PKG phosphorylates tau.

Given these premises, the objectives of this study wereverify the effect of
cAMRenhancing treatments opTAUS214and to investigatavhetherthe second

messenger cGMeouldalsoplay a role irtau phosphorylation and aggregation
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Postsynaptic

Glutamate

Figue 6TKS2 NBGA Ol f Y2RSt SELIX IFAYAYy3a K2g ODat
G2 GKS SyKFEyOSYSyid 2F [¢td ' LINBaeyl L.
LINE RdzOGA2Y o6& AYRdzZOAYy3 !'tt aeyukKSaraszs 6K
modulating the processing of APIR particular, cGMP favors the approximation of

APP and BACEinendef @ a2a2Ylf O2YLI NIYSyGaod hyOS 3
AYyTFtdzSyO0S [¢t o0& [OUAGrGAYy3 LRadaeyl LA
nicotinic acetylcholine receptor. It is also possibl& I { d by enterdg the

postsynaptic intracellular compartmefit67].
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5. RESULTS
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5.1.cAMP enhancers stimulate tau phosphorylation at Ser214

To verifythe effect ofcAMPenhancerson tau phosphorylationwe incubated N2a
cells and rat hippocampal slices with GE®Rand forskolin (FSKEEBR/b isa
specificinhibitor of the enzymephosphodiesterase 4PDED) that hydrolyses
cAMP[168], while FSK is an activator of the enzyme adenylyl cyclaske &ind of
treatments, cells and tissues were processed for total protein extraction and
immunoblot analyses, whictevealed thathe levelsof pTAUS214were increased

by both cAMP enhancersalbeit to different degrees. SpecificallyGEBRb
increasedpTAU-S214 by 2.45 and 1.60ld in N2a cells andhippocampalslices
respectively, while FSK produced an induction of 15.03 andf8l8lrespectively.

As expected, the combination of GEBRRand FSK was the most effective in both
systems (Figure 7)sing he same samplesye alsoanalysedau phosphorylation

at Ser202 (pTAB202)as itis one of the earliest markers of tau aggregatiotoin
PHB [169], and PKAhas been shownto phosphorylagé this residue [170].
However,we did notobserve detectable levels tie phosphopeptide ifN2a cells
(Figure 7A)and none of thetreatments increasing cAMP wable o promote
pTAUS202n hippocampal slice@~igure 7B).

2 S GKSY Y SlpéptdssSrRconditioned media of N2a cells, confirming
that they were increased by the cAMP enhancers (Figure 8), as previously shown
by thislab in both cell cultures and hippocampal sli€e&2, 164].

Next, using acAMRspecific enzymatic immunoassay (EIA) on N2a extracts, we
verified that the treatments actually increasadtracellular cAMP. The results
obtained confirmed that GEBP significantly enhanced the F8iduced cAMP

accumulation without affecting the baklevels of the cyclic nucleotide (Figure 9).
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( A) GEBR

pTAU-S214
pTAU-S202

Total TAU

400 4
350 1

pTAU, % of vehicle

50 1

Figure7: cAMPenhancersncrease pTA%214 but not pTAS202. (AN2a cell
were pretreatedfor 1 hourwith 10 uM GEBRb (GEBR) and then incubated \
1 uM FSKr an equal volume of vehiclg€h, DM®) for 15 hours. At the end
treatments, cells wereprocessed for immunoblot anabs (B) Hippocamp.
sliceswere pretreated for 15 minuteswith 100 uM GEBR, then incubated foi
minutes with 100 uM FSHKr an equal volum of vehicle andprocessed fc
immunoblot analyss. Total tau signas represent the internal loading contr
Graphed data show mean £ SEM for three independent experinfents0.05,
**p < 0.00], and ***p < 0.0001lvs vehicldreated group(oneway ANOV/

Dunnett posttest).
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39



2501
2001
150
100

501

AB. % of vehicle

LR ]

EE

LR ]

Veh GEBR FSKGE+BR
FSK

Figure 8: cAMP enhancers increaselévels in N2a cells. Conditioned m
from the experiments described in Figure 7A were subjected to specif
ELISA. Graphed data show mean + SEM for three independent experimer
< 0.0001 vs vehickeeated group (onavay ANOVA, Dunnett pestst).
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Intracellular cAMP
(pmol/mL)

Veh GEBR FSK GEBR
+
FSK

Figure 9:Quantification of intracellular cAMPNhere indicatedN2a cells wer
pretreated for 10 mintesg A i K MGEBR/b@EBR)r an equal volume
vehicle (VvehDMSQ® ¢ KSy X M >a C{ Y utéslAl thd eRd
the incubaton periods, intracellular cAMP was measured with a cApEifi
EIA kit, according to the manufacturer's instructiodsaphed datashow mean
SEM for three independergxperiments.*** p < 0.0001 (onevay ANOV/
Bonferroni postest).
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5.2. A does not mediate thancreaseof pTAUS214

Snce the increase in cAMP stimulates the production dfpeptides, wetested

whether the effect of CAMP on tau phosphorylatislas somehow mediated by

L,

Tothis end we treated bothN2acells andrat hippocampal slices with compound

E(CoE)a '-aSONBGFasS AYyKAOAG2NI (KA pridedses Of dzR S 2
exposure to GEBRb andFSK As confirmed bypecificELISAperformed on the

conditioned media of both modelCcE inhibited i K S LINE R dzpeptidesy 2 F |
even in the presence of the cAMP enhancggure 10)However the lack of! i

did not prevent the effect of CAMP on tau phosphorylation, as indicabgd
immundblots performed on cel(Figure 1R) and slicextracts(Figure 1B).

These results alload dza (2 02y Of dzRS (G KI GthecAMRA & y 2
dependent phosphorylationf tau atS214.

HE#H

2501 f
ERE

200

150 1

100 -

AB, % of vehicle

501

0_
Veh CoE GE+BR GE+BR
FSK F%K
CoE

Figure 10: CoE inhibits the production bfpeptides. Where indicated, N2a ¢
were pretreated with 1 uM @E for 1 hour, then incubated for 1 hour with 10
GEBFR/b (GEBR) and finally for 16 hours with 1 pM FSK or an egjuahe o
vehicle (Veh, DMSO). At the end of the incubation periods, conditioned
were subjected to specifid & ELISA. Graphed data show mean + SEM for
independent experiments. ***p < 0.0001 vs vehictated group, ###p < 0.00
(oneway ANYA, Dunnett postest).
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Figure 11The enhancement of pTAR214 is not mediated by Aeptides (A)N2¢
cells were treated as described in Figure ADthe end of the incubation peric
cells were processed for total protein extraction, aminunoblot analyses we
performed with antpTAUS214 antibody(B) Hippocampal slicewere pretreatec
with 10 uM CoE for 15 minutes, then incubated with 100 uM GEBREBR)r ar
equal volune of vehicle (Veh, DM$@or 45 minutes,and finally processedor
immunoblot analysge. The total tau signal represents the internal loading cor
Graphed data show mean + SEM for three independent experini@nts0.05,** p
< 0.001 and***p < 0.0001 vs vehiclagreated group(oneway ANOVA, Dunne

posttest).
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5.3. Vardenafil enhancetau phosphorylation at S214 but not at S202

In light of the results obtained, and given that cAMP and cGMP have similar effects

on! iproduction and synaptic plasticifyl62, 164], we wondered if cGMP could

also play a role in tau phosphorylation.

To this end, we performed immuiot-based analyses of pTARR14 in rat
hippocampal slices treated withiardenafil DB, a selective PDES5 inhibitor that

enhances intracellular cGMP by inhibiting its degradation. We found a significant

and concentratiordependent increase of pTAB214 (165fold induction and

528F 2t R AYyRdzOGA2Y GAGK wmn (FiguUR 1N./Onthea +5C
same samples, we also analysed the levels of p$2Q2,but no effect of cGMP

was detected (Figur&2).

In addition,similarly to what observed with theAMP enhancers (Figure 11), we

found thatthe effect of VDF on pTAUH MNn 61 & y2G YSRAIFIGSR o@
not counteracted by CoE (FigurgA, B.

Most importantly,immunoblot analysis of hippocampi from mice acutely treated

with VDF (0.3 mg/kg) confirmed that the selective and c@hiBced increment

of pTAUS214 also occuis vivo(+44.9% vs vehicle treatethimals) (Figure 34
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Figure 12in rat hippocampallges, VDF increases pTAR14 but not pTAS202
Slices were treated with VDF (10, €M) or an equal volume of vehicle (Vv
DMSO) for 45 minutes and thenocessed for immunoblot analyses. The tota
signal represents the internal loading conti@taphed data show mean + SEM
three independent experiments. *p < 0.05 and **p < 0.001 vs veingdeec
group (oneway ANOVA, Dunnett pestst).
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Figure 13: The enhancement of pF8RIL4 is not mediated by A(A) Wher:
indicated, hippocampal slices were pretreated with>M CoE for 15 miurtes
and then exposed to 108M VDFor an equal volume of vehicle (Veh, DM&C
45 mirutes At the end of thancubation periods, samples were processel
total protein extraction followed by immunoblot analyses. The total tau s
represents the internal loading control. (B) Conditioned media fron
experiments described in (A) were subjected to spedificEAISA. Graphed d:
show mean + SEM for three independent experiments. *p < 0.05 and **p <
vs vehicldreated group, #p < 0.05 (ongay ANOVA, Dunnett postst).
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Figure 14: In vivo effect of VDF on tau phosphorylation. One hour afte
injection of VDK0.3 mg/kg)or vehicle(Veh, DMSQ)mice were sacrificed al
hippocampi were processed for total protein extraction and immuni
analyses.The total tau signal representsé internal loading controlGraphec
data show mean SEM(n= 3 mice for each group of treatmentp < 0.05 v
vehicletreated group (twetailed student test).
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5.4. PKG mediates the phosphorylation of tau at Ser214

Next, for a better understanding ahe mechanisms underlying the observed
phenomenon, we performed immoblot analyse of N2a cells incubated with
VDF for different time periods. This experiment revealed that pB2W4 is
strongly increased already after 10 rates of VDF treatment (6.5%old induction
compared to the vehicléreated cells) and returns close to baseline levels after 60
minutes (Figure 15A) We also confirmed by enzyme immunoassay, théte
intracellular concentration of cGMP is increased after 1Qutes of treatment and
continues to increase in a timgependend mannerFigure15B. It is likely to
assume that, once activated, the cGN#3ponsive kinase become insensitive to

further stimuli.
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Figurel5: (A) Time course of/DF in N2a cells. Celiere treated with 100>M
VDF or an equal volume of vehicle (DMSO) for the indicated times ant
processed for immunoblot analys& he total tau signal represents the intert
loading control.(B) Intracellular cGMP lewsh VDRreated cells. At the end ¢
VDF treatment (100>M), N2a cells were processed for cGMP evalua
Graphed data show mean SEMfor three independent experimentsp < 0.05
and ***p < 0.0001 vs vehiclieeated group(Time 0)oneway ANOVA, Dunne

posttest).
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Given that cGMP acts as a second messenger primarily by activating PKG, we used
RNA interference technology to test whether the effect of VDF on pS214 is

mediated by the cGMEependent kinase. We observed that, in N2a cells, the
knockdown of PKG by siRNA2 i 2y f & LINB@Syida GKS STFTFSOi
to VDF treated control cells) but it also reduces the pBRU4 basal levels by

60% indicating that there is an endogenous RK@diated phosphorylation of tau

that occurs also independdy from VDFstimulation (Figurel6).

Control PKG —
siRNA siRNA —E
i ' 200 ok
PKG ™ "= wm S <Zﬂ
< & 150
™ w
[B-actin ) —— —— —— Q=
= & 100
= g
pTAU-S214 - e &L% 50
K

0
Total TAU g i S0 S0 S0 S Veh VDF Veh VDF

Control PKG
siRNA siRNA

Veh VDF Veh VDF

Figurel6: Effect of PKG silencing on pF8R14. N2a cells were transfected \
PKG siRNA or naargeting siRNA (control siRNA), treated with 200 VDF or a
equal volume of vehiclevéh, DMSO) for 30 mirtes and then processed -
immunoblot analysesi -actin ard total tau signas representinternal loading
controk. Graphed data show meanSEMfor three independent experiments p
< 00land ***p < 0.001(oneway ANOVA, Dunnett postst).
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5.5. Tau is directly phosphorylated by PKG at distinct sites

We next sought to determine whether tau is a direct substrate of PKG. To this aim,
human recombinant tau 2N4R was incubated withrified PKG for 1 lour and

then subjected to SDBAGE and immunoblotting with afgif AUS214, antpTAU
S202, and antiotal tau antibodies. As shownn Figure 17 PKG directly
phosphorylated tau at Ser214 but not at Ser202.

KDa
95-

o - - W pTAU-S214

37
95-

66 TAU-5202
52- -
37-

95-
gg: — i — .Total TAU
37- ——

AR o)

TAU: + +
PKG: - + o+t +

Figurel7: In vitro phosphorylation assay. Recombinant human tacd)l was
incubated with 0.1 (+) or 0.2 (+3* of recombinant PKG for bir. The reactio
mixture was then subjected to immunoblot analyses. Protein extract fro
hippocampal slices wassed as a positive control (P.C.). Blots are represer
of three independent experiments with similar results.

To furtherconfirm thesedata and to iwvestigatewhether other Ser/Thr residues
on tau were phosphorylatethy PKG, following incubation with the kinase, SDS
PAGEand ingel digestion, tau samples were analyzednaypoHPLEESIMS/MS

The obtained results wersubmitted to the SEQUESE&arch engine against the
Uniprot Human protein database using the phosphodts which allowedor the
specific identificationof tau 2N4R and confirmed its phosphorylation at Ser214.
Additionally, other seven tau residues, but not Ser20&re unambiguasly
assigned as phosphosites: Ser4@@r235, Thrlll, Ser356, Ser412, Thr212, and
Thr245(Table 3. As expected, no phosphopeptides were deteckdten tau was
incubated in the absence of PKG (data stodwn).
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Table 2PKGphosphorylated tau residues idéigd by naneLC mass spectrometry.

S(3):100.0;
HLSNVSS S(g)fo-gg
oo %8;:8'07
DMVDSP o e 100,0% S(10):0.0: o 0,0000 .
QLAT 0.0; 1
LADEVSA $(16):0.0;
SLAK T(21):0.0;
S(27):0.0;
5(29):0.0
T(1):0.0;
TPPKSPS | S235 & 124 92,2% S92 0 00361 1
SAK (7):7.7;
S(8):0.1
AAAQP
QHTEIS T(8):0.0;
EGTTAEE T(14):0.1;
AGIG T111 103 84,5% T(15):0.1; o 00000 0
DTPSLED T(24):84.5; 1
EAA S(26):15.2;
GHVTQAR T(36):0.0
IGSLDNIT _ .
HVP S356 115 100,0% S(T3)él-(c))odo' 0 | 00010 0
GGGNK (8):0.
S(3):100.0;
HLSNVSS $(6):87.6;
TGSI SE7§:3.8;
T(8):3.8;
Dg\LﬁP Sﬁgls 85 87,6% S(10):3.8; 0 0,0009 0
LADEVSA 5(16):0.9;
SLAK T(21):0.1;
S(27):0.0;
S(29):0.0
S(1):13.3;
SRTPSLP T(3):86.8;
TPPT T221124/S 89 86,7% S(5):99.9; 0 0,0462 2
REPK T(8):0.0;
T(11):0.0
T(1):0.6;
TPSLPTP 0 S(3):99.4;
BTR S214 62 99,4% T(6):0.0: 0 0,0496 0
T(9):0.0
"?ATPADPQ’ P 1245 66 100,0% T(3):100.0 0 0,0121 0

For each peptide, the following details are reported: amino acid sequence,
phosphorylation site(s); pRS peptide score (cumulative binomial probabdity

the observed match is a random events); pRS isoform probability (probability that
the isoform is correct); pRS site probability (probability of eachbsiteg truly
phosphorylated)pg-value (minimal false discovery rate at which the identification
is considered correct); PEP score (probability that the pejidetrummatch is
incorrect); number of missedeavages.
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5.6. Effect of PKG oratiin vitro aggregation

Finally, we investigated whether the phosphorylation operated by PKG could
affect tau aggregation. To this purpose, after incubation with PKG, recombinant
tau 2N4R was triggered to aggregate by the polyanionic aggregation inducer
heparin [172]. Tau aggregation was allowed to proceed for 24 h and then
monitored by SD®AGE. As shown in Figule, the monomeric form of
unphosphorylated tau runs as a slagpand at around 66 kDa, with a slight upward
shift occurring in the presence of PKG, most likely as an effect of phosphorylation.
An additional band appears in the range of 175 kDa and presumably represents
SDSstable aggregation product$173]. Densiometric analyses of this high
molecular weight tau species indicated that, as expected, it increases in the
presence of heparin (+90% vs untreated tamd that, more interestingly, such

increase is reduced by 56% in the presence of PKG (Higurghtpanel).

T/iU
TAU TAU PKG
+ + + @ -
KDa __ TAUPKG HEP HEP 500+ — ]
175 .  TAU o -
aggregates e 150+
-~ ® 2
5
95| . & S 100
1 :]TAU %IHS 4
06—| I monomers 3 X 50
52—' - ]
0-TAU TAU TAU TAU
+ +
- PKG HEP PI_EG
HEP

Figurel8: Aggregationof PKGphosphorylatedau. Recombinant human tau (:
>g) was incubated with or without heparin (HEP, 8\2) and recombinant Pk
(0.2>g) for 24 lurs The reaction mixture was then subjected to 10% sc
dodecyl sulfate (SDEAGE, followed by staining with Coomassie Brilliant
R250. Graphed data show mearSEMfor three independent experimentsp <
0.05 (oneway ANOVA, Dunnett postst).
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Toconfirm this result, we performed a fluorescence assay using thioflavin T (ThT),
a molecule that becomeluorescert when bound to protein aggregates, allowing
their detection and quantificatiofil 74].

To set the experimental conditions and to verify whether the aggregation of tau
could be effectively monitored by ThT fluorescence, we first analysed tau in the
presenceand absence of heparitdeparin was added to tau 24 hours prior to or
immediately prior to analysis, which was conducted for 16 hours. Both samples
showed a greater fluorescence than hepairiee tau, indicating thathe method

was able to distinguish thaggregated form from the onomeric form of tau
(Figure 19\).

We then repeated the experiment by adding RPpldsphorylated tau, to see if
phosphorylation could affect the proteimggregationHowever, despite numerous

attempts, we have obtained too variabhnd inconclusive resul{figure 18).
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Figure 19: Tau aggregation assay in the presence of ThT. Fluorescence
was measured every 5 minutes until the indicated times (excitation 45
emission 482 nm). (A) For the analysis, sampkse incubated in a 9@ell plate
at a final volume of 39.L. Where indicated, samples containedN ThT as
probe, 0.18uM heparin as aggregation inducer, 1.88 tau, and/or 0.135.g
PKG, in a 20 mM TgidCI buffer (pH 7.4). (B) Total volume wasedased to 10
uL and ThT to 12.5aM concentration, while other conditions remail
unchangedThe ThT assay was performed independently multiple times.
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6. DISCUSSION
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The fightagainstADisa compelling challenge of modern mediciié&eetiology of

this syndrome is still a matter of debate, saleeper knowledge of the molecular

events leading to i I dz | ydigsregulationis of key importance for the
developmentof effective therapies.

Over the past 20 years, several clinical trialsave keen conduoctd aimed at
reducing! i £, &lthéugh most of drugshave successfullyreduced the

amyloid load, no cognitive improvement has been achiepEth]. In 2020, his
therapeutic approach seemed tbave been definitively abandoned, but a few
months ago FDA approved aducanumgbt another antibodyd F NASGAy 3 i X
the treatment of AD Curiously, pproval was given despite the opposition of the
medical advisory committeasclinical trials of the drg had beenstopped due to

futility [176].

Most probably,Alzheimer's scientific research has faiteal far becauséhe body

of evidence indicating that iis needed for synaptic plasticity and memory was

not taken into accountAmong the most recenpublications,an important study
conducted by Sturchiand colleaguesevealed that in individuals witleerebral
amyloidosis,i KS KA 3IKSald | Y xdaeidétectedfin sakfettdnath S ! |
normal cognition and not in patients with MCI or ADhis further evidence
strengthens thehypothesisthat § KS LJF § K23SyA0A0Ge 2F 11 02c¢
of its normal function rather than the acquisition of toxic properti€som this

point of view it is likely thatg K S y is $equestered in the plaques,stno longer

available imasolude form tocarry outits physiologicafunctions

Similarly, tau may lose its functionality when hyperphosphorylated and aggregated

in NFB, thusleading to pathological effectIherefore, focusing on the molecular
mechanisms that govern tau phosphorytat could help to reveal important
elements for future therapeutic strategies

In the present study, welemonstrate thatboth cAMP and cGMP are involved in

tau phosphorylation regardlessf their amyloidogemc capacity. This evidence is
important because indicateghat Al is not required for the process of tau

phosphorylation, unlike whalppearsto occur under pathological conditions

[177].
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