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Abstract

The Mitogen Activated Protein Kinase (MAPK) pathway is involved in many different
biological processes, including cell proliferation, differentiation, survival, apoptosis
and inflammation and is associated with a variety of pathological diseases, like cancer
and neurodegeneration. It consists of a three-level cascade of phosphorylation events
which either lead to the activation of a nuclear transcription factor for gene expression
regulation or the activation of a cytoplasmic protein. The MAPK pathway includes
three major subfamilies: the extracellular-signal regulated kinase (ERK1/2), the p38
kinase and the c-Jun N-terminal kinase (JNK) subfamilies. Even though each pathway
is involved in different biological processes, events of co-activation and co-regulation
are quite frequent, especially in the case of JNK/p38 kinases, which are also called
stress-activated protein kinases (SAPKs). MAP kinase activity is regulated by a specific
group of phosphatases called mitogen activated protein kinase phosphatases (MKPs).
MKPs belong to a larger group called dual specificity phosphatases (DUSPs). This
three-part project focuses on DUSP8, a JNK/p38 specific phosphatase, and its
inhibition by arsenite, a JNK pathway-enhancing and oxidative stress inducing agent.
The first part concerned the optimization of a phosphoproteomics workflow from cell
culture to data analysis. Immunoblotting with specific antibodies of lysates from
differentially starved and stimulated HEK293T cells provided information about the
arsenite stimulation conditions, where a clear effect of phosphorylation was observed.
Arsenite was found to be effective in the overall stimulation of phosphorylation. The
following steps were to determine the mass spectrometry (MS) parameters and the
sample preparation method with the highest protein and peptide yield after
phosphopeptide enrichment and nanoLC-MS/MS analysis. Three methods were
examined: Filter-aided sample preparation (FASP), solid-phase-enhanced sample
preparation (SP3) and Trifluoroethanol-based digestion (TFE). Determined stimulation
periods, MS parameters and sample preparation methods were then implemented in the
second part of the project, which involved the phosphoproteome LC-MS/MS analysis
of primary mouse embryonic fibroblasts derived from DUSP8-KO mice generated by
CRISPR technology, and their WT littermates. Increased phosphorylation on a large
number of proteins was detected in DUSP8-KO MEFs. Almost no phosphotyrosine
residues were detected, possibly due to their transient nature. Also, increased



phosphorylation of ERK2 substrates in DUSP8-KO MEFs suggested a possible
regulation of ERK2 activity by DUSP8. In the last part, a comparative whole proteome
analysis was conducted in tissues of DUSP8-KO mice and their WT littermates. The
results suggested that overactivation of the JNK pathway due to DUSP8 deficiency in
the brain leads to mitochondrial apoptosis and neurodegeneration. Additionally, the
ERK1/2-driven response to oxidative stress in the brain of DUSP8-KO mice is possibly
mediated by increased expression of B-Raf, one of the identified proteins in the

comparative whole proteome analysis.
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Iepiinyn

To HOVOTATL TOV TPOTEIVIKOV KIVAG®Y 10V gvepyomotovvtal and prtoydve (MAPKS)
OVUUETEYEL GE TOMAEG OPOPETIKEG Ploloyikég Olepyaciec, OM®MG O KLTTOPIKOG
TOAOTAQGLOGHOG, 1| KLTTOPIKT dl0pOpoToinct, eMPimon, amOTT®CN Kol QAEYLOVY).
Yyetileton ko pe po TAn0dpa acheveldv, OTWG 0 KAPKIVOG Kot 0 VEVPOEKPLAIGHOG.
Amotedeitarl amd pio aAAnAovyia avTidpace®wv OoPopLAimong Tov ywpiletal e Tpin
EMIMESD KOl 0ONYEL €1TE GTNV EVEPYOTOINGT EVOG TUPNVIKOD LETOYPOPIKOV TOPAYOVTIQ
yw ™ pOOmon g Ekepaocng yovidiov glte oTNV  €vEPYOTOINoM  KATOLOG
KutTopoTAacpoTIknG mpmteivine. [lephapfaver tpelg peydieg vmoowkoyéveleg: Tig
ERK1/2 xwéoeg, tig p38 kivdoeg kat tig c-Jun N-terminal kivaceg (JNK). Axdun ki av
KGOe EMPUEPOVG LOVOTATL GUUUETEYEL YEVIKA GE OLOPOPETIKEG dlEPYATIES, VTLAPYOVV
OLYVA QOLVOLEVO OTTOV TOPATNPEITOL GLVEVEPYOTOINGT Kol GuppLOULOT|, EI0IKA GTNV
nepintoon tov JNK/P38 kivachdv, mov eival yvomoté Kol oav KWVAGEG 7OV
evepyomolovvtat omd 1o otpeg (SAPKS). H dpdon tov MAPKS pvBuiletor amd pia
GLYKEKPLUEV OUAOO POCPOTACOV, TIC POCPATACES TOV TPMOTEIVIKMOV KIVOUGOV TOL
gvepyomotovvtar and proyova (MKPS). Ot MKPs aviikouv og pia peyoldvtepn opdda
TPOTEIVOV, TIC Qoopatdosc Oowming ewwotntog (DUSPs). H dwtppn avty
emkevipovetal otnv DUSP8, o poceataon €dikn yro. INK/p38 kivdoeg, kot otny
OVOGTOAT TNG amd TO OPCEVIKO, VAV TAPAYOVTO OV TPOKAAEl 0EEWDMTIKO GTPEG KO
evioyvel 1o povordtt towv JNK kwvacov. To mpdto pépog g dwotpiprg apopd
BeAtiotomoinomn evOg TPOTOKOAAOV POGPOTPOTEOUKNC, OO TO PrHaL TNG KLTTAPIKNG
KOAMEPYEWNG ®G TO Prua g ovaivong dedouévov. H avdivon pe western
YPNOLOTOIDOVTAG GVYKEKPLLEVA avTicdpota o€ Apato HEK293T xuttdpwv mov giyav
KaAlepynOel o€  JPopeTikég TEPLOOOVS  OTPECOYOVOG OEyepons, mapelyov
TANPOPOPIES OYETIKA e TIC TEPLOOOVS OEYEPONG LE OPOEVIKO OTOV TTopaTnpnOnKav
capelg emdploelg ota yevikd emimedo pmo@opvAimons. To apoevikd eavnke va
OlEYEIPEL OMOTEAEGUATIKA TNV ODENCT TOV YEVIKOV €MIESOV @mo@opviioons. Ta
fnpoto mov  emokoAOVONCOV NTOV O TPOGOIOPICUOS TOV  TOPAUETP®Y  TOL
eaopatoypaeov palac (MS) ko n emhoyn ¢ nebddov TPOoETOOGING SEIYUATOV, N
omoio pHeTd amd eumAOVTIoUd TOL delypatoc 68 Pwoponentidla kot NAanoLC-MS/MS

avdAivon Ba cuvelcPepe GTNV TOVTOTOINGT TOL UEYOADTEPOV aplBLOD TPOTEIVOV Kot
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nentidiov. Ov egetaldpeveg nEBodol mpoeToaciog derypndtov Nrav ot eENG TPELS:
Mébodog mpoetowaciog pe ™ ypnon ¢iktpov (FASP), uébodog mpoetowpaciog
evioyvuévn pe oteped pdon (SP3) kot méyn Paciouévn o tpipbopoatbavorn (TFE).
Ot mo katdAAnieg mepiodot, mapdpetpot kot pEbodot ypnoiponombnkay 6to devTEPO
uépoc g oatpiPrg, to omoio mepihduPave ™ @ewogompmteoukry LC-MS/MS
avéivon euPpuikdv voPract®dv Tovtikav. Ta kottapa avtd Anednkav ard DUSPS-
KO movtikio mov dnpovpynonkayv pe v teyvoroyioa CRISPR kat amd movtikia aypiov
TOmov g oG yévvas. H poceopuAiinon tov mentidiov eVIOTIoTKE 6€ PLEYUADTEPQ
enimedo otnv mepintowon tov woPractedv and ta DUSP8-KO movtikia. Aev
EVIOTOTNKAV GYEOOV KOAOOAOV PMCPOPLAIOUEVE KATAAOUTA TVPOGIVIG, TIOUVMOG AdY®
™G TAPOOIKNG Tovg Quoews. Emiong, mapammpnnke oavénuévn @wo@opuvAinon
VTOoTpOUATOV TG Kivdong ERK2 otovg woPidoteg tov DUSP8-KO movtikdv,
Y€YOVOS oL vVtodNAmveL Ty mlavi puOuion e ERK2 and tny DUSPS8. 1o tedevtaio
LEPOG £YVE GLYKPITIKY] OVAALGT TOL OAKoV Tpwtedpotos wtov and DUSP8-KO
TOVTIKLOL KoL TOVTiKLo arypiov TOmov g 1d1ag yévvoae. Ta amotedéopata £de1&av Ot M
vrepevepyonoinon tov povoratiov tov JNK kivacov, AMdyw anmielag tg DUSP8
OTNV TEPLOYN TOV €YKEPAAOV, TMBOVOG 0dNYel GE MTOYOVOPLOKT ONOTTMOOY Ko
veupoek@LMcopd. EmmpocBétmg, 1 kuttapikn andkpion 610 o&edmTikd oTpec HECH
tov povormatiov ERK1/2 oty meployn tov eykepdiov tov DUSP8-KO moviik®dv
Kabodnysitan kvping amd v avénuévn ékeppaocn ¢ Kivaong B-Raf, piag amd tig

TPOTEIVEG TOL TAVTOTOMONKAV GTN GLYKPLTIKT| AVOAVGCT) TOV OAKOD TPMTEOOTOC.
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1. Introduction

1.1 The MAPK Signaling Pathway

Different cell type stimulation experiments in the 1980s with growth factors, such as
epithelial growth factor (EGF) and platelet-derived growth factor (PDGF) indicated the
predominant presence of a 42 kDa tyrosine-phosphorylated protein'2, Within a time
frame close to that study, in different organisms and cell types, tyrosine-phosphorylated
proteins of similar masses and behavior with this protein were identified with 2D-gel
electrophoresis®#®. Also, in the same period of time, the insulin receptor tyrosine kinase
was being examined based on the hypothesis that its tyrosine phosphorylation activity
directly regulated the activity of serine-threonine protein kinases®’. In that study, a 42
kDa serine-threonine kinase, mentioned as mitogen-activated protein kinase (MAPK),
was isolated from insulin-stimulated 3T3-L1 cells’. MAPK was phosphorylated both in
threonine and tyrosine and the scientists were led to the conclusion that it was the same
protein that was tyrosine-phosphorylated in response to growth factors in the previously
mentioned studies. MAPK was later renamed ERK1 (extracellular signal-regulated
kinase 1) by Boulton et al®, due to the great number of extracellular signals able to
activate it. The characterization of ERK2 and ERK3 came right next®, followed by the
cloning and biochemical characterization of their upstream kinases in mammalian
cells®. These studies revealed a conserved regulatory system consisting of a three-level

protein kinase activation pathway currently known as the MAPK signaling pathway.

The MAPK signaling pathway is involved in the amplification and integration of a
diverse range of signals/stimuli related to multiple cellular processes like growth,
differentiation, proliferation, survival, apoptosis, development and immunity!*1", The
first level out of the three that comprise the MAPK phosphorylation cascade consists
of the MAPK kinase kinases (MKKKSs). MKKKSs are serine/threonine kinases often
activated by phosphorylation after interacting with a small GTP-binding protein of the
Ras/Rho family in response to extracellular stimuli!®!°, MKKKs phosphorylate MAPK
kinases (MKKSs), dual specificity kinases, which are then activated and proceed to



phosphorylate MAP kinases (MAPKSs). MAPKSs contain a conserved Thr-X-Tyr motif,
where both Thr and Tyr residues need to be phosphorylated for the activation of the
kinase!* (Figure 1). After being activated, MAPKSs are usually translocated to the
nucleus to phosphorylate transcription factors in order to coordinate gene expression.
Other targets of MAPKSs include MAPK-activated proteins (MAPKAP), such as the 90
kDa ribosomal S6 kinases (RSKs) and the mitogen- and stress-activated kinases
(MSKs)!. Signaling components involved in the cross-regulation of other pathways,
like Sosl in the Ras/Raf activation mechanism and cytosolic phospholipase Az (CPLAy)
in eicosanoid biosynthesis are also regulated by MAPK activity. Also, MAPKSs

phosphorylate cytoskeletal proteins, such as the microtubule-binding protein Tau?.
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GTPases Kinases
\h %
inactive active
MAPKKK MAPKKK — MAPKKK
% F
inactive active
MAPKK MAPKK | —* | MAPKK
sar? - ser/Thr?
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MAPK APK | — | MAPK
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Figure 1: The active (phosphorylated) and inactive forms (dephosphorylated) of the kinases that
comprise the three-level MAPK module. Upon activation by different signals, each upstream kinase
phosphorylates the downstream kinase, eventually leading to a response, such as the activation of a
transcription factor for the regulation of gene transcription. Source: S.F.G. Krens et al. / FEBS Letters
580 (2006) 4984-4990



The three conventional major MAPK subfamilies are the ERK1/2, the c-Jun NH2-
terminal kinases (JNK) and p38 kinases?*?* Another MAPK pathway, the
MEKS5/ERKS, was identified by Zhou et al®. It shows similarities with the ERK1/2
pathway?®, but also significant differences that make it distinguishable from the other
three, such as its involvement in anti-apoptotic signaling and progression of specific

cancer types?’—2°,

1.1.1 The ERK1/2 pathway

The ERK1/2 pathway is the best characterized MAPK module to date, known for its
importance in the regulation of cell proliferation, survival and differentiation, but also
in tumorigenesis and other pathological diseases, like neuroinflammation, pain and
cardiac hypertrophy3-3,

The MAPKKKSs associated with this pathway are A/B/C-Raf and Raf-1, which are
phosphorylated, and thus activated, by MAP4Ks such as Ras, PKA, Rho and Rapl
(Figure 2)%*. Its MAPKKs are MEK1 and MEK2, while its MAPKs are ERK1 and
ERK2!!. ERK1/2 are activated by phosphorylation in a Thr-Glu-Tyr motif they contain
in a specific region called the activation lip. The stimuli are mostly growth and
differentiation factors that bind to cell membrane receptors, like receptor tyrosine
kinases (RTKs) and G-protein coupled receptors, starting the signaling cascade®®. The
phosphorylation event of ERK1 and ERK?2 takes place in scaffolds, proteins that bind
to signaling cascade components in different cell compartments. Their role is to regulate
the cascade’s progression in a spatiotemporal manner®. The phosphorylated forms of
ERKSs either translocate to the nucleus to participate in the activation of various

transcription factors or remain in the cytoplasm to regulate other functions (Figure 2)3.
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Figure 2: The ERK1/2 MAPK signaling cascade. Source: J. Sun, G. Nan/ INTERNATIONAL JOURNAL
OF MOLECULAR MEDICINE 39: 1338-1346, 2017



1.1.2 The p38 pathway

The p38 group kinases have been found to be mostly associated with inflammation, cell
growth, proliferation, differentiation and cell death®*°. The main stimuli that lead to
the activation of this specific pathway are UV radiation, osmotic shock, heat shock,

DNA damage, inflammatory cytokines, oxidative stress and growth factors?3841,

The MAPKKKs of this pathway include, among others, TAK1%2, DLK/MUK/ZPK*,
ASK1/MAPKKK5* and MEKK4*44, These activate the MAPKKSs, which consist of
MKK3, MKK4 and MKK6* (Figure 3), whose role is none other than to phosphorylate
the p38 MAPKs p38a (MAPK14)%47  p38g  (MAPK11)*,  p38y
(MAPK12/ERK6/SAPK3)*%0 and p385 (MAPK13/SAPK4)5L52  Their dual
phosphorylation motif in the activation loop is Thr-Gly-Tyr®. Like in the case of the
ERK1/2 module, the substrates of the p38 MAPKSs are also either nuclear, like
transcription factors (e.g ATF-1/2/6, p53, NFAT)>*> or cytoplasmic, like Tau®® or
MAPKAPs*59,



YA )//\

Inflammatory Cytokines DNA Damage GPCR
g At INDEA
CECEERRERERE | EEEREEEEEEEEEEEEIEERRELL LR
ik 8308348334455, of:gy

“os

Mg wowt  nana TS MERD GOD G S B 6D

Tran;t':rlpﬂon

Apoptosis etc.

Figure 3: The p38 MAPK signaling cascade. Source: https://www.sinobiological.com/

1.1.3 The JNK pathway

The c-Jun NHz-terminal Kinase (JNK) pathway is often co-activated and co-regulated
with the p38 pathway®*®!. The major activating stimuli of this pathway are also mostly
stress-related like heat, cold, oxidative stress and osmolarity or metabolic changes'®.

Additional stimuli, such as inflammatory cytokines and growth factors are activators of



the JNK signaling cascade, too®. This indicates their importance in the regulation of

cell growth, differentiation, survival, apoptosis and inflammation.

Among other kinases, the MKKKKSs that participate in this pathway are glucokinases
(GCKs) and homeodomain-interacting protein kinases (HPKs)'*¢3, as shown in Figure
4. Their role is to phosphorylate the large number of MKKKSs involved, like MEKK1/4,
TAK1 and mixed lineage kinases (MLKs)®. The next step on the cascade includes
MKK4 and MKK7, which dually phosphorylate the Thr-Pro-Tyr motif in the activation
loop of the INK pathway MAPKSs, which are JNK1, JINK2 and JNK3%%¢, JNK1 and
JNK?2 isoforms are expressed ubiquitously, while JNK3 expression is limited in the
brain, testis and heart®’®, Each JNK isoform is associated with distinct functions in
different cell types®®" and is expressed in two forms, alternatively spliced near the 3’
end of the coding region: the short form (46kDa) and the long form (54kDa)%. This,
along with the alternative splicing of the kinase domain, which generates JNK1o/2a
and JNK1B/2p, leads to the expression of more than ten different variants that target
distinct transcription factor subsets’>’®. These transcription factors include c-Fos, c-
Jun, ATF2, ELK1, DPC4, p53 and NFAT4 (Figure 4)"78,

Scaffolding proteins are really important for the spatiotemporal organization of the INK
signaling cascade as much as for its signaling output. Proteins like the JNK-interacting
proteins (JIPs) bind to MKKKs, MKKs, MAPKs and additional proteins through
different interaction motifs to bring them together in different cell compartments and

regulate the cascade’s progression and signal intensity®: 84,
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Figure 4: The JINK MAPK signaling cascade.

Source: https://www.ufrgs.br/imunovet/molecular_immunology/sapkjnkmap.html

1.2 Dual Specificity Phosphatases (DUSPs)

Dual specificity phosphatases (DUSPSs) are a major subgroup of type-I cysteine-based
protein tyrosine phosphatases (PTPs) with the unique trait of being able to
dephosphorylate both phosphoserine/phosphothreonine and phosphotyrosine residues
in the same substrate®>®. Their involvement in a respectable number of different

signaling pathways and pathological diseases with distinct characteristics makes them



a truly interesting research topic. Their catalytic mechanism involves the formation of

a phosphoryl-intermediate via hydrolysis of the phosphorylated substrate®’.

More than 60 heterogeneous DUSPs, both in structure and function, have been
identified. However, there are similarities both in terms of sequence and the presence
of specific domains, based on which DUSPs can be categorized into seven different
subfamilies: Slingshot phosphatases, phosphatases of regenerating liver (PRLs), Cdc14
phosphatases, PTENs, myotubularins, mitogen-activated protein kinase phosphatases

(MKPs) and atypical phosphatases®.

1.2.1 Mitogen-Activated Protein - Kinase Phosphatases (MKPs)

MKPs constitute a DUSP subgroup that is well characterized. The mammalian group
consists of ten proteins able to dephosphorylate specific kinase substrates and
negatively regulate their activity. These substrates are MAPKSs and the fine-tuning of
their activity, by the dephosphorylating action of MKPs, is critical in terms of duration
and intensity since both factors affect cellular response. In MAPKSs, both their
phosphorylated Thr and Tyr residues in their Thr-X-Tyr motif have their phospho-
group removed by MKPs. Their ability to remove phospho-groups from both Ser/Thr
and Tyr residues in the same substrate possibly stems from their enzymatic pockets
being really flexible, which makes them able to accommodate both of the

phosphorylated residues®.

MKPs share a common structure: an N-terminal non catalytic domain and a highly
conserved C-terminal catalytic domain®. The N-terminal domain contains Kinase
Interacting Motifs (KIMs), which are responsible for the specificity of substrate
recognition and high-affinity binding®®®. KIMs are flanked by two sequences
homologous to the Cdc25/rhodanese phosphatase’s catalytic site, indicating the
common evolutionary origin of MKPs, cdc25 and rhodanese domains®>®, There are
also sequences that determine the subcellular localization of the phosphatase®*.

Based on substrate specificity, subcellular localization and sequence homology, the
MKPs are categorized in three groups: The ERK selective cytoplasmic MKPs (DUSP&/
MKP-3, DUSP7MKPX and DUSP9’MKP-4), the mitogen and stress-inducible nuclear
MKPs (DUSP1/MKP-1, DUSP2, DUSP4/MKP-2 and DUSP5) and the



nuclear/cytoplasmic JNK/p38-specific MKPs (DUSP8 (M3/6), DUSP10MKP-5 and
DUSP16/MKP-7)%. Both the distinct domains and categories of MKPs are shown on
Figure 5.

ERK selective cytoplasmic MKPs
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Figure 5: Classification, subcellular localization and distinct domain structure of the MKPs. Source:
C.J. Caunt, S.M Keyse / FEBS Journal 280 (2013) 489-504

1.2.2 Dual Specificity Phosphatase 8 (DUSP8)

DUSP8 (the murine orthologue is called M3/6) is the first INK/p38-selective MKP to
be discovered in mammalian cells®®. 1t’s a 66 kDa protein, localized in both the
cytoplasm and the nucleus®. The highest RNA transcript and protein levels have been
detected in the brain region®’, where it’s believed that active DUSPS plays an important

role in neuroprotection against cerebral ischemia®.

DUSP8 and its human orthologue hVHS5, along with DUSP16 which is another
JNK/p38-selective MKP contain a PEST-domain in their C-terminus (Figure 5). These
domains are sequences rich in proline, glutamic acid, serine and threonine residues. A
strongly supported hypothesis is that they contribute to protein degradation signaling,
possibly via the proteasome®. This could also be associated with the relatively small
half-life of the wild-type DUSP8 protein, which is not more than 2h®%. The half-life
of DUSP8 is also regulated in the transcriptional level. AUUUA repeats located in the

3’ untranslated region of the mMRNA transcript contribute to its degradation®®.
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Recent work has suggested that DUSP8 interacts with MAP kinases of the ERK1/2
pathway. This interaction seems to play an important role in the cardiomyocytes of
mice, since in vivo experiments in DUSP8-KO mice and transgenic mice with
overexpressed DUSP8 specifically in cardiomyocytes showed protection from heart
failure in two surgery-induced disease models and ventricular dilation with greater
tendency towards heart failure, respectively®. However, the main in vitro
characterized substrates of DUSP8 mostly include JNK and, to a lesser extent, p38
isoforms®®192, These substrates are held together with DUSPS in scaffolds, such as JIPs,
forming a complex that mediates the negative regulation of the signaling cascade.
JNK1B and JNK2a seem to show in vitro the highest affinity with DUSP8 in resting
conditions, but under arsenite-induced oxidative stress there is a differential regulatory
response indicated by its enhanced interaction with JNK1lo and JNK3 isoforms,

instead!®,

As mentioned above, one of the most interesting agents used towards elucidating many
dynamic interactions of DUSP8 with different JNK isoforms, is arsenite. Arsenite is a
carcinogen, whose action stimulates the production of Reactive Oxygen Species (ROS)
inside the cell, creating an oxidative stress state, inhibitory towards DUSP action%.
Oxidation of a cysteine residue in the catalytic pocket is the most possible explanation
for this inhibitory effect!®. Induction of the JINK and ERK1/2 signaling cascades by
arsenite has been found to be associated with apoptotic and carcinogenic effects,
respectively!%®197.18 - These opposite biological responses suggest a differential
stimulation of the MAPK pathway by arsenite. The underlying mechanism of its action
is not yet fully elucidated, but related work suggests a two-way activation of the INK
pathway by arsenite (Figure 6): First, with the activation of ROS-sensitive JNK
upstream kinases. Second, with the inactivation of JNK phosphatases, such as
DUSP8104,105,109_
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Figure 6: Regulation of JINK and DUSP8 (M3/6) by arsenite-induced oxidative stress

Knockout mouse models in biomedical research are very useful, due to the plethora of
advantages they provide for the study of human biology. They are mammals closely
related to humans developmentally, behaviorally and physiologically, while almost
99% of their genes have human homologs. Also, many mouse genes are great
candidates for accurate and efficient targeted mutagenesis via homologous

recombination in embryonic stem cells°,

In this study, a DUSP8-KO mouse model, generated by the CRISPR-Cas9 method*!,
was used. The CRISPR DUSP8-KO mice have an 11bp deletion in exon 2 of the

DUSP8 gene, resulting in the formation of a premature stop codon (Figure 7).

5’CACCCCATTGGGTAAGGCATTGGCTCATCCATTCAGGAGGAAGGGCTCAAAGGACATGCCAG
GTGCCAAACACAGGGCCTTCCTGGGAGCCAGCTATAGCTACCCAGATCCCACCATCTGCTGACTA
TTCACCTTTCCCCCAGGTCTGGCACCATGCACTAGGATACCCAGAACGCTGCAAGGCCACGCCCT
CCTCACTTCAGGGGTCACTCTCCCCATTGCCCACCACCCCACCATGGCTGGGGATCGGCTCCCGA
GGAAGGTGATGGACGCAAAGAAACTGGCCAGCCTGCTGCGTGGCGGGCCTGGGGGACCCTTGGT
CATCGACAGCCGGTCCTTCGTGGAGTATAACAGCTGCCACGTGCTGAGCTCTGTGAATATCTGC
TGTTCAAAGCTGGTGAAGCGGCGCCTTCAGCAGGGAAAAGTGACAATTGCTGAGCTTATCCAGC
CTGCTACACGGAGCCAGGTACCTGTGGCCCACCCTTGCATGCGTCTTCAGGGCTGACCATTCCTG
AGCAAACAGACCTATGTCACCTCTGAAAGAGACAGAGGAGCTCCCAGGCCTGGTGCCAAGAGTC
CTCTGATAAGGCATTTCCCCCTCGCTGTCCCTCCGTTCCAAACAGGGTTCCTTGGGGT 3

Figure 7: 636 bp coding strand fragment of the DUSP8 gene in WT mice. The blue colored bases are the
forward and reverse primers at the 5’ and 3’ ends that were used for the genotyping. The green colored
bases correspond to the start codon of exon 2. The red sequence is the 11 bp deletion that is induced in
the CRISPR DUSP8-KO mouse model. This deletion generates the premature stop codon, which the
purple-colored bases correspond to.
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1.3 Proteomics

Most of the molecular mechanism-elucidating research involving the determination of
protein properties, post-translational modification (PTM) states, identification of
protein-protein interactions, but also the quantification of proteins that construct
complex pathways, such as the MAPK pathway, has been realized with the use of the
Western blotting technique for almost 40 years now!*2. The evolution, however, of
more high-throughput technologies throughout the past decades has led to the formation
of a new era of proteomics, the field that studies the structure, function, expression and
interaction of proteins in individual cells up to whole organisms, centered on Mass
Spectrometry (MS). The ever increasing accuracy, robustness and reproducibility of
MS-related quantitative and qualitative experiments, especially in the last two decades,
has made it the current “gold standard” in proteomics studies with Western blotting and

related assays now being used mostly for complementary results!!3,

1.3.1 Mass Spectrometry (MS)

The term mass spectrometry (MS) is used to describe an analytical technique where
ions are generated from chemical compounds. These ions are then separated, usually in
electromagnetic fields, and detected by their mass to charge ratios (m/z) and
abundances. These properties are visualized in a spectrum called MS1 spectrum. lons
detected in MS1 spectra are called precursor ions. In a tandem mass spectrometry study
(MS/MS), the most abundant precursor ions can be subjected to an extra fragmentation
step, generating the MS2 spectra. MS2 spectra contain information about the
identification and quantification of the existing peptides in the sample. Depending on
the study, multiple fragmentation steps can occur in a mass spectrometry experiment,

generating MS" spectral4,

Mass spectrometry is usually accompanied with a preliminary step of chromatography,
e.g. HPLC, for an initial separation of the molecules that comprise the complex sample
and their identification based on their unique properties, like the retention time. The

retention time of each compound is the amount of time the respective compound spends
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inside the column. After separation through chromatography, the sample is injected into

the mass spectrometer?®,

A typical mass spectrometer contains an ion source, a mass analyzer and a detector, all
of which operate under high-vacuum conditions (Figure 8). So, after its input, the
sample’s components are sequentially ionized, separated according to their mass to
charge ratio and detected based on the different type of ions produced®“.

B oetecor

Data Analysis

Figure 8: General scheme of a typical mass spectrometer.

Source: dmohankumar.wordpress.com/2011/05/30/mass-spectrometry/

Intact protein studies with MS belong to top down proteomics approaches!'®. These
approaches offer the benefit of being able to identify and quantify all modifications
simultaneously on the same molecule, information that could be easily lost in digested
samplest!’. Bottom-up proteomics, on the other hand, include studies using
enzymatically digested samples, usually by trypsin. The mixture’s components are then
separated with liquid chromatography, ionized with electrospray ionization (ESI)
(Figure 9) and then inserted into the mass spectrometer to generate the spectra. The
peptides are then identified and quantified using specific software tools. Peptide
identification tools are designed for either database or de novo search. Choosing the

right tool depends on whether the desired search needs to involve all known peptides
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presumably present in the sample or focus on sequences with unknown genomic data

associated with them, respectively.
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Figure 9: Electrospray lonization (ESI). The entrance of the mass spectrometer is characterized by a
high electrical potential. The eluted peptides from the HPLC column are transferred into the spray needle
and become charged droplets, slowly decreasing in size due to solvent evaporation. Ultimately, after
many fissions and electrical potential-induced desorption of analyte ions from the droplet surface, each
droplet contains one analyte ion on average. Source: Steen & Mann (2004) The abc’s (and xyz’s) of
peptide sequencing. Nat Rev Mol Cell Biol 5:699-711

There are three bottom-up proteomics methods: Data-Dependent Acquisition (DDA),
Targeted Proteomics and Data-Independent Acquisition (DIA), with each one having
its advantages and disadvantages. DDA methods offer complete proteome coverage in
an unbiased way. Precursor ion data and fragment ion spectra are acquired alternatively
in order to achieve the isolation and sequential fragmentation of a maximum number of
precursors. Quadrupole-Orbitrap analyzers are mostly preferred for these kinds of
studies''®. Targeted proteomics experiments include the sensitive and reproducible
acquirement of known proteins of interest. The peptides are isolated by their unique
retention time and, after their fragmentation, have their mass analyzed in a triple
quadrupole system. The first quadrupole is set to analyze the precursor ions of these
exact peptides, while the third is set to analyze the most abundant fragment ions of each
known peptide of interest. DIA-based methods, like SWATH® require a pre-
constructed peptide spectral library. These methods are based on the simultaneous
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fragmentation of a large number of precursors and then the extraction of information
from multiplexed MS2 spectra, providing a quick analysis of precursor ion masses.
Combinations of the best aspects of these three methods in single experiments will
probably be a very important concept for the evolution of MS-related proteomics?°.

1.3.2 Phosphoproteomics

Protein phosphorylation, the addition of a phosphate group to the side chain of an amino
acid, is a reversible procedure crucially important in the regulation of the majority of
cellular processes?’. Its involvement in a great range of diseases has generated a
massive scientific interest around the study of this PTM’s localization and extent. The
field associated with the large-scale discovery, identification and quantification of

phosphoproteins and their phosphorylated sites is called phosphoproteomics!??.

Despite the rapid technological advancements regarding MS-related quantification of
PTMs, especially phosphorylation, the most accurate mass spectrometers to date are
only capable of identifying 20-40% of the total phosphopeptides in a complex sample.
This is due to some main challenges that still remain partially unresolved in the field of

phosphoproteomics.

The first, and most important challenge, is the low stoichiometry of phosphorylated
proteins. Only a fraction of proteins is phosphorylated at any given time and cellular
state and most of them are expressed in relatively low levels. This reduces the efficiency
of phosphopeptide identification to a great degree. In order to overcome this, many
protocols have been developed focusing on the enrichment of phosphopeptides inside
a complex peptide mixture!?®, These protocols often include the use of immobilized
metal oxide or metal ion chromatography (MOAC or IMAC, respectively)??1%
polymer-based metal ion affinity capture (polyMAC)?, or even the use of antibodies
for phosphorylated residues, such as phosphotyrosine, which is the most rarely

observed one'?’.

The second challenge is the poor ionization efficiency, because the phosphate groups
are negatively charged and their binding to the positively charged metal oxides or ions

results to their partial or even complete retention!?®, This results also in a poor
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fragmentation in the tandem mass spectra due to the formation of uncharged species

after ion dissociation, a phenomenon also known as neutral loss!?®

. Many strategies
have been developed to deal with neutral loss, like the addition of an extra peptide
fragmentation step for the neutral loss ion fragments and their subsequent isolation for
the generation of the MS?® spectra. This process is called Data-Dependent Neutral Loss
MS? (DDNLMS?)!30, Another approach involves the combination of MS/MS and MS®
fragmentation, this time without isolation of the neutral loss ion fragments from the
MS? spectra, so that precursor ion information can be retained and shown, along with
the neutral loss ion fragments, in the so called pseudo MS? spectra. This method is

known as multistage activation®®!.

The third and final challenge is the need for the development of more advanced and
optimized informatics tools for the assessment, processing and visualization of

phosphoproteomics data®.

All of these challenges were taken into account while conducting the research for the

current thesis.

1.4 Aim of the study

The aim of this study was to identify differences in global protein phosphorylation and
protein expression due to the deletion of DUSP8 in mice. To achieve this, it was
important to first set up a phosphoproteomics workflow, from sample preparation to
data analysis using HEK293T cells. Upon completion of the workflow, the aim was to
use the identified methods and parameters yielding the most promising results, for a
phosphoproteome LC-MS/MS analysis of mouse embryonic fibroblasts (MEFs)
derived from WT and DUSP8-KO mice. An additional objective was to gain a
perspective on the effects of DUSP8 expression in specific tissues by conducting a
comparative whole proteome LC-MS/MS analysis in tissues from wild type C57BL/6
and DUSP8-KO mice.
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2. Materials and Methods

2.1 DNA genotyping

2.1.1 DNA extraction

Tails were incubated overnight in Tail Buffer (50mM Tris-HCI pH= 8.5, 10mM EDTA
pH= 8.0, 100mM NaCl, 0.2% SDS, 100 pug/mL Proteinase K) at 55°C. The following
day, 6M NaCl was added and the samples were vortexed and centrifuged at 13000 rpm
for 20°. Equal volume of isopropanol was added to the soluble fraction and the samples
were well mixed with vortexing and centrifuged at 13000 rpm for 20°. The supernatant
was discarded and the pellet was washed in 70% EtOH. Samples were then centrifuged
at 13000 rpm for 20’. The supernatant was discarded and the pellet was left to air-dry
for 15 at RT and then left overnight to dissolve in water for injection (WFI).

2.1.2 Polymerase Chain Reaction (PCR)

1 unit of Q5 HotStart High-Fidelity DNA Polymerase (New England Biolabs) was used
for ultra-low error rates in 1X Q5 Buffer (contains 2mM Mg?*). 0.2mM dNTPs
(Promega) were also added along with 25pmol of forward and reverse surveyor primers
(Invitrogen) and 50-100ng DNA template. Final volumes were reached by adding WFI.
The primers contained the following sequences:

Forward surveyor primer (M3/6 exon 1): CACCCCATTGGGTAAGGCAT
Reverse surveyor primer (M3/6 exon 7): CAAACAGGGTTCCTTGGGGT

The reaction took place in a C1000 Touch Thermal Cycler (BioRad) with the following
program: Initial denaturation at 98°C for 30sec and denaturation of each strand at 98°C
for 10 sec. Primer annealing temperature was optimized at 62°C for 30 sec.

Extension reaction by Q5 polymerase followed at 72°C for 30 seconds and each step
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except for initial denaturation was repeated for 34 more times. Final extension of any

residual product was done for 2min at 72°C.

2.1.3 Restriction Enzyme Digestion and agarose gel electrophoresis

100ng of each PCR product were digested by 1 unit of the restriction enzyme Sacl-HF
(New England BioLabs) in 1X CutSmart Buffer (contains BSA) and WFI. The reaction
was mixed, incubated at 37°C for 1h and terminated by adding 6X Loading Dye
(Thermo Scientific) in a final concentration of 1X. The digested products were
separated in a 2% agarose gel (1X TAE, 1ug/mL Ethidium Bromide) with GeneRuler
DNA ladder mix (Thermo Scientific) as a marker. The gel electrophoresis ran in 120V

for 30min.

2.2 Mouse Embryonic Fibroblast (MEF) isolation

Fetal C57BL/6 WT and DUSP8-KO mice were harvested at day 13-14 of pregnancy.
Pregnant mice were sacrificed by suffocation in dry ice and cervical dislocation. Fetuses
were removed from the uterus and dissected to remove the head, tail and visceral
tissues. Tissues were then washed several times with PBS, twice with trypsin, minced
well and incubated again in trypsin solution for 5-10min at 37°C. The trypsin solution
was then neutralized with medium containing Dulbecco’s modified Eagle medium
(DMEM), 10% fetal calf serum (FCS) and 100pug/mL penicillin and streptomycin. Cells
were disaggregated and then allowed to sediment. The cell suspension was recovered,
followed by spinning at 1000rpm for 5min. Cells were resuspended in medium and

plated for culture.
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2.3 Cell Culture Techniques

2.3.1 Cell culture and transfection

Human embryonic kidney 293T (HEK293T) cells and mouse embryonic fibroblasts
(MEFs) derived from C57BL/6 WT and DUSP8-KO mice were used. Cells were
maintained in DMEM, 10% fetal bovine serum (FBS) and 100ug/mL penicillin and
streptomycin. All components and media were provided by Gibco. The cells were
cultured at 37°C in a humidified 5% CO2 atmosphere, grown to confluence and
passaged every 3-4 days. Transient HEK293T transfections were carried out using a
standard BES Buffer System and calcium phosphate protocol**. The WT-myc-DUSP8
constructs subcloned into the pMT-SM vector®** were provided by Dr. A. Ashworth

(Institute of Cancer Research, London).

2.3.2 Cell starvation/stimulation and protein extraction

The transfected HEK293T cells were lysed 48h post-transfection. In the first
experiment, WT-myc-DUSP8 transfected cells and control vector-only (pMT-SM)
cells were starved for 2h and treated with 250uM arsenite for different time periods (0,
15min, 30min, 60min and 90min). They were lysed with 100mM Tris-HCI pH 7.6, 4%
SDS and 50mM DTT, without the presence of protease or phosphatase inhibitors.

In the second experiment, untransfected HEK293T cells were either left untreated or
serum starved for different time periods (1, 2, 3, 4 and 24h) and FBS concentrations (0,
0.1 and 1% FBS). They were also treated with 250uM arsenite for 1h. In this culture,
cells were lysed with Laemmli buffer (58 mM Tris pH 6.8, 1.7% SDS, 6% glycerol,
0.8% mercaptoethanol, 0.008% bromophenol blue).

HEK293T cells were untreated or treated in large scale preps for MS analysis with
either 250uM arsenite for 1h or 20% FBS for 30min. These cells were lysed with
100mM Tris-HCI pH 7.6, 4% SDS, 50mM DTT and cocktails of complete protease and
phosphatase inhibitors (Roche). The same lysis buffer was used for the MEFs derived
from WT and DUSP8-KO mice from a Het x Het breeding. The MEFs were either left
untreated or serum starved (0.1% FBS) for 24h and treated with 250uM arsenite for 1h
before lysis.
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All extracts were sonicated (BioRuptor) for 15min and centrifuged at 16000xg for

10min at RT. The supernatant was collected.

2.4 Tissue sample preparation

Tissues were isolated from two C57BL/6 WT and two DUSP8-KO mice from a Het x
Het breeding. The mice were 11" to 12"-week old. They were sacrificed by suffocation
on dry ice. After isolation, the tissues were incubated in liquid nitrogen for 2min and
then stored at -80°C. Homogenization was conducted in lysis buffer (L00mM Tris-HCI
pH 7.6, 4% SDS, 50mM DTT, protease and phosphatase inhibitors) using an OMNI
GLH Homogenizer (two 45sec cycles with a 15sec break). The samples were then
sonicated (BioRuptor) for 15min (20sec ON, 40sec OFF). Centrifugation followed at
14000xg for 20’ at 4°C and the supernatant was collected.

2.5 Bradford Assay for protein concentration determination

The Bio-Rad Protein Assay (Bio-Rad) was used for the determination of protein
concentration of cell and tissue extracts. The extracts were first diluted with milliQ H20
to 1:10 and 1:20, respectively, due to excessive SDS concentration (4%) in the lysis
buffer which interferes with the absorbance. A standard curve was created using
purified BSA (0.25ug/uL) in different masses (0.5ug, 1.5ug, 2.5ug, 4ug and 5ug). The
Protein Dye Reagent Concentrate was diluted to 1:5 and then added to each BSA
sample. Incubation occurred for 5min at RT. Absorbance was measured at 595nm and
the standard curve of Absorbance (595nm) - Mass was created. The same procedure
was followed for the lysates, whose calculated masses from the curve were divided by
their measured volumes and then multiplied by the dilution factors to determine the

protein concentrations.
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2.6 Western blotting

Standard procedures were followed for western blotting. 10-30 pg of total protein were
loaded on SDS-PAGE gels. The proteins were then transferred to PVDF membranes
(Roche) and blocked in 1% BSA in PBS with 0.05% Tween-20 for 1h. Washes were
done with PBS/0.05% Tween-20. Incubation with primary antibodies, diluted in
blocking buffer, was done overnight at 4°C. The antibodies used were as follows: Myc-
tagged DUSP8 was immunoblotted with the c-myc 9E10 antibody (Santa Cruz). The
rest of the antibodies used were the goat anti-DUSP8/HVH5 (Sigma), the mouse
monoclonal anti-p-Ser 16B4 and anti-p-Tyr PY99 (Santa Cruz) and the rabbit
polyclonal Anti-ACTIVE® JNK (Promega), anti-JNK, anti-p38 and anti-p-p38 (Santa
Cruz) antibodies. Mouse monoclonal Pan Actin antibody was used as loading control
(NeoMarkers). A goat anti-mouse (Southern Biotech), a goat anti-rabbit (Santa Cruz)
and a donkey anti-goat (Santa Cruz) 1gG HRP-linked secondary antibodies were used.
All blots were exposed using the ECL Plus Reagent for antibody detection (GE
Healthcare).

2.7 Protein Digestion Methods

Three protein digestion/sample preparation methods were examined as part of the
workflow optimization process: 1) Filter-Aided Sample Preparation (FASP), 2) single-
pot solid-phase-enhanced sample preparation (SP3) and 3) trifluoroethanol-based
digestion (TFE). FASP is a filter-based digestion method and the lab’s current standard
method for sample preparation before MS analysis. SP3 is a newly developed process
that involves protein digestion on magnetic beads, while TFE-based digestion takes
place in-solution. In this study, the digestion enzyme used in all three procedures is
trypsin (Trypsin/LysC mix, Promega).

2.7.1 Filter-Aided Sample Preparation (FASP)

The cell lysates and tissue lysates had their proteins denatured in urea (7M Urea,
100mM Tris pH 8.5) and added on top of 10kDa MWCO membranes. The samples
were centrifuged twice at 14000xg for 45min. 50mM IAA was then added for alkylation
followed by incubation in a completely dark environment for 15min. Samples were then
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centrifuged at 14000xg for 30min, urea buffer was added and they were centrifuged
again under the same conditions twice. 25mM ammonium bicarbonate (NHsHCO3) was
added and the samples were centrifuged twice at 14000xg for 45min. After its removal,
1ng trypsin/LysC diluted in 25mM NH4HCO3 was added to each sample. Incubation at
37°C and 300rpm overnight followed. The following day the samples were centrifuged
at 14000xg for 10min. HPLC Grade water was then added and the samples were
incubated for 1h at 37°C and 300rpm. After another centrifugation at 14000xg for
30min, the peptic eluates were left to dry out in a SpeedVac Vacuum Concentrator for
3-4h. The procedure followed according to the FASP protocol is represented in Figure
10.

Transfer +

Denaturation Centrifugation Alkylation Ammonium Trypsin Digestion
5 a Bicarbonate
Urea IAA
Cell lysate

Figure 10: Filter-Aided Sample Preparation (FASP)

2.7.2 Single-Pot Solid-phase-enhanced sample preparation (SP3)

Bead preparation: Sera-Mag SpeedBeads™ Carboxyl Magnetic Beads A and B (GE

Healthcare) were combined in a 1:1 volume ratio and diluted in H>O to a 1:6 ratio. The
tubes were incubated on a paramagnetic rack for 2min and then the supernatant was
removed. This bead washing step was repeated three times.

Sample preparation: I1AA was added to the HEK?293T extracts in a final concentration

of 15mM, followed by incubation in a completely dark environment for 30min. The
reaction was quenched with 20mM DTT. The bead solution was then added to the
protein sample using a ratio of 1:10 of bead solution:protein solution. Acetonitrile and

formic acid were then added to a final concentration of 50% (v/v) and 0,5% (v/v),
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respectively. Incubation at RT for 8min followed in order for the proteins to bind to the
beads. After removing the supernatant, the beads were washed with 70% (v/v) EtOH
twice and 100% (v/v) acetonitrile once. After the removal of acetonitrile, the protein
samples were air-dried for 60s and resuspended in 0.1M NH4HCOs3 along with 1ug
trypsin/LysC. After a 3min sonication in water bath, samples were left for digestion
overnight at 37°C and 300rpm. The following day, the samples were centrifuged at
5000rpm for 1min at RT. Sonication for 2min in a water bath followed and the samples
were left on a magnetic rack for 2min. The eluate was collected and dried out using a
SpeedVac vacuum concentrator for 3-4h. Figure 11 shows a brief schematic of the SP3
sample preparation protocol.

This protocol was improved with the following modifications based on the protocol
developed by Moggridge et al*®*. 100mM IAA instead of 15mM was added, the
bead:protein mix was resolubilized in 50% (v/v) EtOH instead of 50% (v/v) acetonitrile
and the beads were redissolved in 200mM NH4HCO3 in a 1:50 trypsin/LysC: protein

ratio.

Alkylation ACN (or EtOH) Wash (EtOH/ACN)
B — - * . -3
1AA FA Air-dry
f.’"}
Cell lysate Protein: Bead solution Bound proteins
" ¢
/ Trypsin
// E/ Digestion
4
/ Collection
e
Vaporization
! Bound
Washed beads peptides

Figure 11: Single-Pot Solid-phase-enhanced sample preparation (SP3)
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2.7.3 Trifluoroethanol (TFE) based protein digestion

The procedure followed was based on the protein digestion protocol published by
Humphrey et al**®. The lysates were centrifuged for 30min at 3500rpm at 4°C and the
supernatant was diluted 1:1 with milliQ H20. 4X volume of -20°C acetone was added
and the lysates were left for precipitation at -20°C overnight. The following day, the
samples were centrifuged for 15min at 2000xg at 4°C and then washed twice with -
20°C acetone. Pellets were completely broken up during washing by sonication with a
BioRuptor at 4°C. The samples were left to air-dry and then resuspended in TFE
digestion buffer (10% 2,2,2-Trifluoroethanol, 100mM NH4HCO3). Sonication followed
at 4°C until a homogenous suspension was formed. Protein concentration was
determined and samples were diluted to equal concentration in TFE digestion buffer.
1:100 trypsin/LysC mix:protein was added after re-suspending the mix in 0.05% acetic
acid/2mM CaClz. Incubation followed at 37°C and 300rpm overnight. The following
day, the samples were dried out in a SpeedVac Vacuum Concentrator for 3-4h. Figure

12 shows a representative scheme of the workflow followed in TFE-based digestion.

Dilution 1:1 with

water Centrifugation Air-dry (RT)
——
Precipitation 0/ N Acetone wash/Sonication
Acetone -20°C
Precipitated prote
Cell lysate
Collection Trypsin Digestion
G — A—

\./ Vaporization
\ a
Peptides

Figure 12: Trifluoroethanol-based protein digestion
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2.8 Phosphopeptide enrichment with TiO2 beads

2.8.1 Phosphopeptide enrichment using magnetic TiO2 beads

After drying out, the protein samples were solubilized in 80% acetonitrile/ 2% formic
acid (FA) and left for 30min at RT to dissolve completely. Phosphopeptide enrichment
was carried out with the use of the Thermo Magnetic Titanium Dioxide Phosphopeptide
Enrichment Kit (Thermo Scientific) according to the instructions in the kit. The beads
were suspended in binding buffer, which, after a 1 min incubation on a magnetic rack,
was removed. This magnetic bead preparation step was repeated three times. Protein
samples were added to the prepared beads in a ratio of 1:10 (protein: TiO, beads) and
the mix was incubated at RT for 20-30min. After 1 min on the magnetic rack, the
supernatant was discarded. The beads were solubilized in Binding Buffer, left on the
rack and then the supernatant was discarded again. This step was repeated 3 times. The
beads were then washed with Washing Buffer twice, each time discarding the
supernatant after 1 min incubation in the magnetic rack. After the Washing Buffer was
completely removed, samples were incubated in Elution Buffer for 10-20min at RT.
After a 1 min incubation in the rack, the eluate was collected and dried out in a

SpeedVac Vacuum Concentrator for 1h.

2.8.2 Phosphopeptide enrichment using TitanSphere TiO2 bulk beads

For this phosphopeptide enrichment protocol, TitanSphere TiO Bulk Material 5um (GL
Sciences) was used based on the protocols by Thingholm et al.** and Kyono et al*3,
Empore Disks C8 (GL Sciences) were cut and put at the tips of 200uL pipette tips in
order to be used as filters. Titansphere TiO bulk beads (3mg/200uL tip, Spm, GL
Sciences) were stirred and suspended at 80% ACN/0.1% TFA and 300mg/mL lactic
acid (solution A). Centrifugation at 2000xg for 2min allowed the beads to bind to the
C8 filter. Samples were suspended in solution A and loaded onto the filtered tips-spiked
with heavy-labelled phosphopeptides (10pmol/sample) as internal standards (Table 1).
After the centrifugation of the tips using the previous conditions, sequential washing
with solution A and solution B (80% ACN/0.1% TFA), the phosphopeptidic samples
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were eluted with 5% ammonium hydroxide. The eluate was acidified with 5% TFA and

concentrated in the SpeedVac evaporator for 2h.

Peptide Name Peptide sequence Remark MW
PhosphoMK10 08 | TAGTSFMM-pT-pY-VVT-R*-Qtag | R* = Arg U-13C6, U-15N4 | 2255.19
PhosphoMK09 TACTNFMM-pT-pY-VVT-R*-Qtag | R* = Arg U-13C6, U-15N4 | 2328.30

Table 1: Information about the two heavy-labelled phosphopeptides

2.9 NanoLC-MS/MS

After solvent removal through SpeedVac, eluted peptides were reconstituted in a buffer
containing 2% acetonitrile and 0.1% formic acid in water. Peptide concentration was
determined by measuring the absorbance at 280nm with NanoDrop instrument. 2-3ug
peptides were injected in a nano-high performance liquid chromatography system
(Ultimate 3000 RSLC, Thermo Scientific) and pre-concentrated on a C18 trap column
(Acclaim PepMap100, 100 umx2 c¢cm, Thermo Fischer Scientific) with a flow rate of
3uL/min. Then, they were loaded online onto a 50cm-long C18 column (75um ID,
particle size 2um, 100A, Acclaim PepMap RSLC, Thermo Fischer Scientific). The
HPLC solutions were solution A (2% acetonitrile, 0.1% formic acid) and solution B
(80% acetonitrile, 0.1% formic acid). Peptide separation was achieved by using a linear
gradient of 4% to 40% solution B with a flow rate of 300nL/min. Purified peptides were
ionized by a nano-electrospray source and analyzed in an LTQ Orbitrap XL Mass
spectrometer (Thermo Fisher Scientific). Data-dependent acquisition (DDA) was used
for acquiring full scan MS spectra in the Orbitrap (m/z=300-1600). The resolution was
set to 60000 at m/z 400 and automatic gain control target at 10° ions. The six most
intense ions were isolated and subjected to collision-induced dissociation (CID) and
detection in the linear ion trap to acquire the MS/MS spectra. Dynamic exclusion was
set to 1min and activated for 90s. lons with single charge states were excluded. Lock

mass of m/z 445,120025 was used for internal calibration. Xcalibur (Thermo Scientific)
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was used to acquire the raw files and control the system. For phosphoproteome analysis,
Data Dependent Neutral Loss MS® (DDNLMS®) and Multistage Activation methods

were used.

2.10 Data analysis and visualization

All raw mass spec files were analyzed with ProteomeDiscoverer (v1.4) (Thermo) for
the identification, through database matching, of peptides and their corresponding
proteins as well as the generation of quantitative data. The complete human reference

proteome database was used in the case of HEK293T proteomic analyses.

MEF and tissue raw files were also analyzed with MaxQuant (version 1.6.0.16)% using
the complete mouse proteome database. Precursor mass tolerance was set at 20ppm,
MS/MS fragment tolerance at 0.5 Da and the maximum number of missed cleavages
from trypsin was set at 2. The variable modifications for the whole proteome analysis
were methionine oxidation, acetylation of the N-terminus and deamidation of
asparagine and glutamine. Cysteine carbamidomethylation was set as a fixed
modification. Identical variable modifications were set in the phosphoproteome
analysis with the addition of Ser/Thr/Tyr phosphorylation and heavy-labelled arginine
(Argl0) as variable modifications. The false discovery rate (FDR) was set to 1%. Label-
free quantification was carried out and protein abundances were calculated based on

the normalized spectral protein intensity (LFQ intensity).

Statistical analysis and data visualization were performed with the Perseus tool (version
1.6.0.2)1°. Firstly, all potential contaminants, “reverse” and “only identified by site”
proteins were filtered out. All LFQ intensities were transformed to log2(x) values. Zero
intensities were given random values from a normal distribution (imputation), assuming
that the corresponding protein exists in an undetectable quantity in the sample. Replicas
were then grouped for each condition (one biological and two technical replicas for the
MEFs, two biological and two technical replicas for the tissues). Multiple- and two-
sample tests of the grouped proteins were performed using an FDR of 5%. Intensities
of statistically significant protein “hits” were normalized with z-scoring. Heat maps
were generated after hierarchical clustering and the clusters were used to conduct a

Fisher’s exact test for enrichment analysis (5% FDR).
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For the phosphospecific peptides generated from the MEF samples, an additional
filtering step was introduced. The localization probability x was set to x > 0.75 (class-
| phosphopeptides). The values were log2(x) transformed and sequence specific
annotations were added after downloading “Kinase Substrate Dataset.gz” and
“Phosphorylation_site dataset.gz”’ from PhosphoSitePlus (PSP) site. These annotations
included the site-specific sequence features, which show in what kind of region the
specific site is located (e.g zinc-finger region) and kinase-substrate relations, which link
the identified proteins to their corresponding kinases. Additionally, known sites and
linear motifs were added to match specific site-containing motifs with kinases and other
potential binding partners. The duplicates and triplicates with the same names were
grouped and the intensities were imputed by replacing missing values from normal
distribution. Multiple- and two-sample tests of the grouped proteins were performed
with 5% FDR, intensities were normalized with z-scoring and clustered hierarchically

in order to generate the heat map.

3. Results

3.1 Phosphoproteomics workflow setup with HEK293T cells

The workflow setup began by identifying the optimal starvation and stimulation
conditions (e.g time period under arsenite treatment, FBS concentration for starvation
etc.) with western blotting. Three different sample preparation methods were then
tested, FASP, SP3 and TFE-based digestion compared in term of the number of
identified proteins and peptides upon phosphoproteome analysis with LC-MS/MS.
Optimization of mass-spectrometry data-acquisition and bioinformatics analysis

parameters was also required. The workflow can be seen in Figure 13.
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Figure 13: Workflow for the optimization of the methods, conditions and parameters of a whole

phosphoproteome analysis protocol, from cell culture to data analysis, using HEK293T cells
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3.1.1 Determination of the optimal arsenite treatment period

The first part of the protocol setup was to identify the arsenite stimulation time point in
which the effect on DUSP8 expression and phosphorylation levels in DUSP8-
transfected HEK293T cells would be clear. Although an overexpression system, it is a
useful tool in order to predict the behavior and the regulation of the endogenous protein,
which will be investigated in the DUSP8 KO mouse.

Furthermore, another goal was to investigate the activation of JNK, as well as the total
serine and tyrosine phosphorylation levels in these same time-points, in order to identify

the appropriate time frame for the phosphoproteomic profiling experiments.

In Figure 14, it is shown that the overexpressed transfected DUSP8 decreased over time
and began shifting to its phosphorylated form after approximately 60 minutes of
arsenite treatment. pJNK levels, on the other hand, gradually increased in both vector-
only and DUSP8-transfected HEK293T cells. Cells transfected with the pMT-SM
vector only showed generally higher intensities in their pSer and pTyr profiles
compared to the DUSP8-transfected cells. An exception to this was the 0 point of

arsenite stimulation, where the reverse effect was observed.

Both 60 and 90 minutes of arsenite stimulation showed a clear effect on transfected
DUSP8 and pJNK levels. Ultimately, 60min was the chosen time period for arsenite
stimulation due to it being the first time point with a clear appearance of the
phosphorylated form of DUSPS8, as well as a clear activation of JNK and the presence
of total serine and tyrosine phosphorylation. In addition, it was preferable to avoid
temporally excessive treatment (more than one hour) with an oxidative stress agent
capable of causing irreversible damage to the cells and extensive alteration of their

proteome, leading to the generation of unreliable results.
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Figure 14: Temporal effect of arsenite on the phosphorylation levels of overexpressed DUSP8, on
activation levels of endogenous pJNK and on total serine and tyrosine residues in vector only and
DUSP8-transfected HEK293T cells. Cells were starved for 2h and treated with 250uM arsenite for
different time periods (0, 15min, 30min, 60min, and 90min). Extracts were analyzed with SDS-PAGE
and immunoblotting with the use of an anti-myc antibody for the detection of overexpressed DUSP8, a
pJINK-specific antibody for the presence of the activated JINK form and antibodies for the phosphorylated

forms of serine and tyrosine residues.

3.1.2 Determination of starvation period and FBS percentage for starvation

Activated JNK levels were examined in different FBS concentrations and starvation
periods in untransfected HEK293T cells after 60 minutes of arsenite stimulation (Figure
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15). Activation of both p46 and p54 variants was more prominent after one hour of
starvation in 0% and 0.1% FBS, compared to longer starvation periods — although still
higher than the non-starved control cells. In 1% FBS conditions, pJNK levels were
lower and similar to the non-starved control, for any duration of starvation. Also, the
difference between the no starvation negative control and the arsenite treated sample

show once again the effect of arsenite on JNK phosphorylation.

The best pJNK profiling was the case of no serum and 1h of starvation. However,
repeating the cell culture experiments and blotting also with antibodies against pSer
and pTyr in different starvation periods led to controversial results (data not shown).
Therefore, the HEK293T cell culture for subsequent MS/MS analysis was carried out

under no starvation.

In contrast, based on these experiments and further experiments that involved
conditioned medium for culture (data not shown), the 24h starvation with conditioned
medium was chosen for the culture of MEFs. Conditioned medium has been found to

improve the plating efficiency of some cell types, including MEFs!#,
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Figure 15: Effect of starvation period and FBS concentration on pJNK levels in untransfected HEK293T
cells. The two samples on the left are the non-starved positive and negative controls. Cells were serum
starved for different time periods (1, 2, 3, 4 and 24h) and FBS concentrations (0, 0.1 and 1% FBS). They
were then treated with 250uM arsenite for 1h. Extracts were analyzed with SDS-PAGE and
immunoblotted with a pJNK antibody specific for the activated form of INK.

3.1.3 Comparison of Multistage Activation (MSA) and Data-Dependent Neutral
Loss MS? (DDNLMS?®) on pure heavy-labelled phosphopeptide standards

There is a variety of methods for the fragmentation of phosphopeptides generating
informative and “rich” tandem mass spectra for their complete annotation. In this study,
two methods were tested, namely: Multistage activation (MSA) and Data-Dependent
Neutral Loss MS2.

The two methodologies were applied on pure heavy-labelled phosphopeptide standards
provided by the ABRF proteomics Standards Research Group (SPRG) as part of their
2018 study for the development of synthetic phosphopeptide standards for MS-based
proteomics experiments. A substance is considered heavy-labelled when at least one of
its atoms has been replaced by one of its isotopes, which is the same type of atom but
with a different number of neutrons. The working standard consisted of a total of 150
heavy-labelled phosphopeptides from proteins involved in 7 different biological
pathways: AMPK signaling, death and apoptosis signaling, ErbB signaling,
insulin/IGF-1 signaling, mTOR signaling, PI3K/AKT and p38/JNK signaling®#2,
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Figure 16: Comparison of DDNLMS3 and MSA. A) Number of identified heavy-labelled
phosphopeptides by each methodology. B) Venn diagram showing the numbers of unique and common

heavy-labelled phosphopeptides detected by the two methodologies.

With MSA, more than double heavy-labelled phosphopeptides were identified
compared to DDNLMS3 (Figure 16A). Also, MSA provided 50 unique identifications,
while DDNLMS3 identified only 12 unique phosphopeptides. The common
identifications were 20 (Figure 16B).

Except for the number of total and unique phosphopeptides, another way of comparing
these two methodologies was by examining the tandem spectra of the same peptide
produced by both MSA and DDNLMSS3. In Figure 17, the tandem spectra of the peptide
with the sequence pSSSSPELQTLQDILGDPGDK are shown. The precursor ion
(green) in the DDNLMS3 spectrum contains a phosphogroup. This means that the
phosphogroup wasn’t subjected to fragmentation, so its fragment ions (b and y) were
not generated. However, in the case of MSA, the phosphogroup has been subjected to
fragmentation leading to the generation of its subsequent fragment ions. Also, the
intensity of the precursor ions is much higher in the case of DDNLMS3, which means

that the number of non-fragmented ions is higher and less information is provided.
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Additionally, the XCorr of the DDNLMS3 spectrum is 1.68, while the MSA spectrum’s
XCorr is 2.54. XCorr is the score generated by counting the number of common
fragment ions between two different peptides that share the same precursor mass. This
number is then used to calculate the cross-correlation score among all candidate

143

peptides of the database in use**>. A generally acceptable value for XCorr is 2 or more.

Less than 2 is considered to be associated with unreliable information.

Detecting more than twice the number of heavy-labelled phosphopeptides and more
than four times the number of unique phosphopeptides than DDNLMS3, along with the
production of higher quality tandem spectra for most of them, MSA was chosen as the
preferred method for phosphoproteomics analysis.
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Figure 17: Tandem spectra of the peptide sequence pSSSSPELQTLQDILGDPGDK generated by Data-
Dependent Neutral Loss MS3 (top) and Multistage Activation (bottom). The phosphogroup of the
detected precursor ion (green) in DDNLMS3 was not fragmented to its respective b and y ions, in
contrast to the case of MSA, providing less information about the peptide. Also, the lower XCorr of the
DDNLMS3-generated spectrum of this specific peptide indicates the presence of more background noise

compared to the MSA-generated spectrum.
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3.1.4 Comparison of FASP, SP3 and TFE-based digestion on HEK293T samples

The results from the MS analysis of the enriched phosphoproteome of control, FBS-
and arsenite-treated HEK293T cells were initially supposed to be examined
individually per condition. However, due to poor data being generated this way, the
results were pooled together so that the choice of the preferred sample

preparation/digestion method would be as reliable as possible.

The following histograms show the number of proteins, peptides, phosphorylated
peptides (Figure 19) and total Peptide Spectrum Matches (PSMs) (Figure 18) identified
with ProteomeDiscoverer in the differently prepared protein digests of HEK293T
samples. PSMs essentially correspond to the identification frequency of a specific

peptide sequence.

Peptide Spectrum Matches (PSMs)
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Figure 18: Number of identified Peptide Spectrum Matches (PSMs) for total and phosphorylated
peptides in FASP, SP3 and TFE-based preparation of control, FBS- and arsenite-treated HEK293T cells

from phosphoproteome MS analysis.
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Figure 19: Number of identified proteins, peptides and phosphorylated peptides in FASP, SP3 and TFE-
based preparation of control, FBS- and arsenite-treated HEK293T cells from the phosphoproteome MS

analysis.



The FASP method for protein sample preparation showed a generally higher protein,
peptide and PSM yield compared to the other two methods. TFE-based preparation
showed the second best results, whereas SP3 showed the least remarkable performance.
So, it was decided that FASP should be the method used for both MEF and tissue

sample preparation for this project.

3.2 Genotyping and phosphoproteome LC-MS/MS analysis of MEFs
derived from DUSP8-KO and WT mice

3.2.1 DNA genotyping of wild-type, heterozygous and DUSP8-knockout mice for
MEF isolation

The undigested PCR product was the 636bp fragment shown in Figure 7. The restriction
enzyme Sacl has two restriction sites in the WT and one restriction site in the KO allele,
since one of these sites is located in the 11 bp deleted sequence. Thus, three fragments
are generated in the case of WT mice (371, 185 and 80bp), two fragments in KO
homozygotes (545 and 80bp) and four fragments in heterozygotes (545, 371, 185 and
80 bp), since they contain both WT and KO alleles (Figure 20).

WT HET WT WT HET HET KO HET WT - MARKER
——1000bp
545 bp—— _500bp
a— —p
st ooty

Figure 20: Agarose gel (2% wi/v) of the Sacl-restricted PCR-amplified Dusp8 gene fragment. Restriction
by Sacl generates three fragments in WT mice (371, 185 and 80bp), two fragments in KO homozygotes
(545 and 80bp) and four fragments in heterozygotes (545, 371, 185 and 80 bp).

From the gel in Figure 20, it’s shown that we had 4 WT, 4 heterozygotes and 1 DUSP8-

KO mouse in that litter. MEFs were derived from one WT and the KO mouse.
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3.2.2 Phosphoproteome analysis of WT and DUSP8-KO arsenite-stimulated
mouse embryonic fibroblasts

Phosphoproteome analysis of FASP-treated and phosphopeptide enriched MEFs
derived from the WT and DUSP8-KO mice yielded 1900 proteins with 201 statistically
significant phosphorylated sites, whose differential intensities can be seen in the heat
map (Figure 21A). KO samples showed a general upregulation in distinct site
phosphorylations. Out of these sites, 84.1% were serine, 15.4% were threonine and only
0.5% were tyrosine residues (Figure 21B). These sites were then examined based on
which kinase phosphorylated them using the “Substrate-Kinase Relations” database
from PhosphoSitePlus. Due to being relatively new, the database is still constantly

expanding, so the resulting number of kinases was low.

The kinase with the most substrates identified was ERK2 (Figure 22A). The volcano
plot in Figure 22B shows the gene names of the ERK2 substrates detected in the
arsenite-stimulated MEFs. Each dot corresponds to a specific phosphopeptide of that
substrate. The fact that some names appear twice is due to the specific phosphopeptide

being detected with single or multiple phosphorylated sites.

Control versus arsenite stimulation was also tested in both conditions separately (data
not shown). Both KO and WT arsenite-stimulated MEFs showed higher overall

phosphorylation intensities compared to the control, unstimulated cells.
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Figure 21: A) Heat map showing the phosphorylated site intensities in arsenite-stimulated MEFs derived
from WT and DUSP8-KO mice. One biological replicate was used for each condition with two more
technical replicates each. Potential contaminants and ‘“reverse” hits were filtered out. The remaining
intensities were log2 transformed, grouped and had their NaN (Not a Number) values replaced by normal
distribution values. A two-sample Student’s t-test was carried out and statistically significant intensities
were normalized by z-scoring and clustered hierarchically. B) Percentages of the 201 statistically
significant phosphosites. 31 (15,4%) pT (threonine), 169 (84,1%) pS (serine) and 1 (0,5%) pTyr

(tyrosine) residues were identified.
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Figure 22: A) Table showing the identified kinase-substrate relations in arsenite-stimulated MEFs from
WT and DUSP8-KO mice. The Kinase-Substrate annotation was downloaded from PhosphoSitePlus. B)
Volcano plot showing the gene names of the identified substrates of ERK2 kinase. Each dot corresponds
to a specific phosphopeptide of the substrate. This phosphopeptide may be phosphorylated in one or
more sites, which may cause its detection to happen twice The x-axis represents the log2 fold change of
each phosphopeptide’s intensities between the WT and KO samples, while the y-axis represents the

negative log10 p-value for each phosphopeptide.

3.3 Detection of JNK activation and comparative whole proteome LC-
MS/MS analysis of tissues from DUSP8-KO and WT mice

3.3.1 Comparison of basal pJNK levels in tissues of WT and DUSP8-KO mice

Basal pJNK levels in the brain area of DUSP8-KO mice were considerably higher than
WT mice in both p46 and p54 variants (Figure 23). Total INK was detected in the same
levels among all replicates. Average pJNK values of the two replicates for each variant
were calculated and normalized to the average actin value of the WT mice. In kidney

blots, neither of the pJNK variants were detected (data not shown).
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Figure 23: A) Total JINK and pJNK levels in the brain tissue of WT and DUSP8-KO mice. Homogenates
were analyzed with SDS-PAGE and immunoblotting with the use of a JNK antibody for the detection of
the total JNK forms and a pJNK-specific antibody for the presence of the activated pJNK forms. B)
Histogram showing the relative levels of the two pJNK splice variants, p46 and p54, in the brains of WT
and DUSP8-KO mice. Average pJNK values of the two replicates for each variant were calculated and

normalized to the average actin value of the WT mice.

3.3.2 Whole proteome analysis of brain and kidney tissues of DUSP8-KO mice

Kidney whole proteome analysis revealed only five proteins that were differentially
expressed statistically significantly different between WT and DUSP8-KO mice (data

not shown), thus preventing any further analyses.

On the contrary, the whole brain proteomes of WT and KO mice exhibited significant
and interesting differences. The heat map generated by hierarchical clustering of the
protein LFQ intensities in the brain showed two distinct profiles between WT and KO
samples (Figure 24). Two main clusters of differentially regulated protein groups were
generated and classified. In the upper cluster (774 proteins), most differentially
expressed proteins were upregulated in the KO samples. In the lower cluster (343
proteins), most of them were downregulated in the same samples. The clusters
underwent Enrichment Analysis using Fisher’s Exact Test. The 4 most significant

KEGG pathways (Parkinson’s disease, Huntington’s disease, oxidative
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phosphorylation, Alzheimer’s disease) are shown in Table 2. All 4 KEGG pathways
were associated with more than 30 genes and had enrichment factors above the value

of 1. This means that more genes than normal were involved in these cases.
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Figure 24: Heat map showing the differentially expressed proteins between WT (left) and DUSP8-KO
(right) mouse brain samples. Two biological replicates were used for each condition with three technical
replicates each. Potential contaminants, “reverse” and “only identified by site” hits were filtered out.
The remaining intensities were log2 transformed, grouped and had their NaN (Not a Number) values
replaced by low values based on normal distribution values. A two-sample Student’s t-test was carried
out and statistically significant intensities were normalized by z-scoring and clustered hierarchically.
Two clusters with differential expression patterns were generated, one with 774 proteins (brown) and
one with 343 proteins (light blue). The first cluster is associated with a general upregulation (red) in
expression in KO samples, while the latter correlates to a reverse pattern (downregulation = blue)

regarding the same samples.
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Parkinson’s Disease 2.4 34

Huntington’s 2.2 35
Disease

Oxidative 2.1 34
phosphorylation

Alzheimer’s Disease 2 37

Table 2: Enrichment Analysis of the two clusters showing the 4 most enriched KEGG pathways. Cluster
data were exported from the heat map and matched against the data generated between the imputation
step and the two-sample Student’s t-test step. Fisher’s Exact Test for enrichment analysis was conducted
with 5% FDR. All 4 pathways were associated with more than 30 genes with statistically significant
differences in their expression levels. Enrichment factors highlighted with green correspond to values

higher than 1 denoting upregulation.

The four enriched KEGG pathways were examined further by matching the imputed
intensities of the statistically significant proteins of each enriched pathway with the
intensities of the same proteins in their non-imputed form. Imputing an intensity value,
which was originally a “missing value” close to zero (“NaN”’) means that this value has
been replaced by a random low value, in this case from the normal distribution. So, the
volcano plots and heat maps show the differences between the imputed values and in
order to identify proteins with theoretically infinite differences in their levels between
the two conditions, we need to check their pre-imputation intensities. Two proteins
associated with all four KEGG pathways were expressed in comparatively much higher
levels in the brain regions of WT mice (Figure 25). These proteins were NADH

dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 3 (Ndufa3) and succinate
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dehydrogenase cytochrome b560 subunit (Sdhc) of the mitochondrial electron transport

chain.
L
o -
@ —
~- °
L ]
L
0 -
% B e Parkinson’s Disease
o
-
' . e Huntington’s Disease
-
. o
o L e Alzheimer’s Disease
- - L4 °
.
¥ e Common
L 3 »
'.v
™m- ..
.
o~
L]
.
o -
.C
.
[
T T T T T T T T
-4 -3 -2 -1 0 1 2 3

Fold Change

Figure 25: Volcano plot for statistically significant proteins associated with Parkinson’s (black),
Huntington’s (green), Alzheimer’s disease (blue) and oxidative phosphorylation (orange) in the brain
tissues of WT and DUSP8-KO mice. Proteins involved in all four KEGG pathways are marked as red.
The X-axis represents the log2 fold change of each protein’s levels between the WT and KO samples,
while the y-axis represents the negative log10 p-value for each protein. The right-hand side of the plot
represents the upregulated, while the left-hand represents the downregulated genes expressed in the
DUSP8-KO brain tissue samples. The two circled gene names correspond to the proteins NADH
dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 3 (Ndufa3) and succinate dehydrogenase

cytochrome b560 subunit (Sdhc) of the mitochondrial electron transport chain.
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All significant proteins known to be involved in the regulation of the MAPKKK
signaling cascade can be seen in the volcano plot in Figure 26. The gene Braf expresses
the serine/threonine-protein kinase B-raf, which is a MAPKKK involved in the RAF-
ERK pathway. This protein was also present in much higher levels in the brain region
of DUSP8-KO mice.
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Figure 26: Volcano plot where statistically significant proteins associated with the regulation of
MAPKKK cascade in the brain tissues of WT and DUSP8-KO mice are labelled in red with their
corresponding gene names. The x-axis represents the log2 difference of each protein’s levels between
the WT and KO samples, while the y-axis represents the negative log10 p-value for each protein. The
right-hand side of the plot represents the upregulated, while the left-hand represents the downregulated
genes expressed in the DUSP8-KO brain tissue samples. The circled gene name corresponds to the

serine/threonine protein kinase B-RAF
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4. Discussion

Identification of differences in the global protein phosphorylation and protein
expression due to DUSP8 deletion in mice was the main aim of this study. Therefore,
an initial optimization of a phosphoproteomics workflow in HEK293T cells was a
necessary procedure. 60 and 90 minutes of arsenite treatment in HEK293T cells showed
higher levels of both pJNK and p-DUSPS8. This finding further supports that p-DUSP8
is unable to inhibit JNK activation. Except for the pJNK levels, a wider effect of arsenite
on phosphorylation was also observed. Both pSer and pTyr levels were higher in vector-
only compared to DUSP8-transfected HEK293T cells. Also, comparing the time point
0 of the vector-only transfected cells with all other arsenite time points shows the
significant difference between basal and induced phosphorylation levels caused by
arsenite and validates it as an effective agent for stimulating a great variety of
phosphorylation events. In time point 0, however, where the effect of arsenite has not
taken place yet, pSer and pTyr levels were higher in DUSP8-transfected cells. A greater
basal phosphorylation in cells where DUSP8 is overexpressed in contrast to a lower
basal phosphorylation in cells where only the endogenous DUSP8 is present, is an
interesting finding that needs to be further explored. Regarding serum starvation,
western blotting experiments led to the production of unpredictable effects in a
timewise manner. Its high sensitivity regarding its temporal effects ultimately did not
provide a robust answer in terms of optimizing the cell culture conditions for the

phosphoproteomics workflow.

From the examination of sample preparation methods based on their protein and peptide
yield in the phosphoproteome analysis of HEK293T cells, FASP was found to be
superior to the other two. Even though SP3 wasn’t able to produce satisfying results in
this study, it is still being used in other lab projects, generating more and more robust

results and is steadily reaching a point of optimization.

The identified parameters of the optimized workflow were implemented in a
phosphoproteome analysis of oxidative stress-induced MEFs obtained from a DUSP8-
KO mouse and a WT littermate. Increased phosphorylation in a large number of

proteins was observed in arsenite-treated MEFs from DUSP8-KO mice. This could be
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due to the fact that some of these proteins are potential direct targets of the phosphatase
and/or its deficiency caused the indirect phosphorylation of other proteins. Western
blots of both pJNK and p-p38 levels were also examined in these MEFs (data not
shown). Even though there were no significant differences observed among the two

conditions, repeating the experiments is necessary in order to validate these results.

Regarding the phosphorylated residue percentages, serine and threonine had the most
dominant presence, especially serine. This is a rational finding, since serine and
threonine are the most commonly phosphorylated residues. Phosphotyrosine, on the
other hand, is not easily detected due to its transient nature, which is the reason behind
its generally lower phosphorylation stoichiometry and abundance in many studies'#4,

including this one.

The ERK1/2 pathway in MEFs, as well as in other cell types, is generally modulated
by interacting with scaffolds, signaling effectors and transcriptional regulators'*®. The
increased phosphorylation of some of these substrates by ERK2 in DUSP8-KO MEFs
suggests a possible regulation of ERK2 by DUSP8. A similar concluding suggestion
has been made from in vivo experiments in DUSP8-KO mice and transgenic mice with
overexpressed DUSP8 specifically in cardiomyocytes!®. So, the regulation of the

ERK1/2 pathway by DUSP8 could possibly not be limited in a specific cell type.

Phosphopeptide enrichment in HEK293T lysates was carried out using a kit containing
TiO2 magnetic beads. However, the specific kit did not perform as expected and
phosphopeptide enrichment for MEF lysates was conducted with TiO2 bulk beads,
which generally show a higher affinity for phosphopeptides. This could also be the main

reason why enrichment in HEK293T lysates yielded poor results after MS analysis.

High DUSPS8 transcript levels in brain and relatively lower in kidney mouse tissues
have been detected in previous experiments of our lab (data not shown). Choosing these
two types of tissues for a whole proteome analysis in DUSP8-KO mice was based on
the results given by these experiments. pJNK in mouse kidneys of both WT and
DUSP8-KO mice was not detected in our experiments, possibly due to low basal INK
isoform levels. Thus, JNK activation was not evaluated further in mouse Kkidneys.
However, brain immunoblotting provided very interesting results for pJNK levels,
which were elevated in DUSP8-KO mice compared to their WT littermates. It is known

that DUSP8 is mostly overexpressed in the brain region, one of the few regions where
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JNK3 is expressed along with JNK1 and JNK2, and its activity in the brain has higher
impact compared to other tissues. So, brain DUSP8 ablation would cause a more
significant increase in the activated forms of its target MAPKSs and this hypothesis is
supported by these findings.

Significant downregulation of protein members of the mitochondrial electron transport
chain were detected in the brain region of DUSP8-KO mice. These proteins are
involved in oxidative phosphorylation, so defects in their complexes cause the
production of ROS, which are known to further activate the JNK pathway*®. This could
also explain the significantly higher levels of pJNK in the brain of DUSP8-KO mice.
The same proteins, among others, have been shown to be downregulated in cholinergic
neurons of Alzheimer’s mouse models**’. INK pathway is also known to regulate the
activation of mitochondrial-dependent apoptosis, which has been detected in many
cases of neurodegeneration'*. So, it is suggested that over activation of the JNK
pathway due to DUSP8 deficiency and ROS activity potentially leads to mitochondrial
apoptosis and neurodegeneration.

Except for the INK pathway, ROS may also activate the ERK1/2 pathway as has been
indicated in previous studies of neurodegeneration in both transgenic animals'* and
cell culture systems®°. One of the MAPKKKs of this pathway is B-Raf, which was
detected in comparatively much higher levels in DUSP8-KO mouse brains. As
suggested by these results, ERK1/2-driven response to oxidative stress is possibly
mediated mainly by the activity of B-Raf in the brain region of DUSP8-KO mice.

Western blotting experiments are needed in order to verify the presence or absence of
the proteins detected only in DUSP8-KO mouse brains, like B-RAF. The biological
replicates used in these studies were less than three. That makes the statistical analysis
less reliable, so repeating the experiments with a higher number of replicates is one of
the future plans. The following step will be the employment of targeted proteomics
approaches for specific proteins of biological interest that will be detected. Whole
proteome and phosphoproteome studies of tissues from DUSP8-KO and WT mice
injected with arsenite is another important work that needs to be conducted in order to

gain an in vivo perspective on the role of DUSP8 in oxidative stress response regulation.
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Proteomics studies on cell signaling pathways are known to produce variable results
among different labs, even when studying the effects of a specific protein. Due to the
nature of these studies, it is important to generate standardized operating procedures
(SOPs) for all methodologies involved and ensure their reproducibility regardless of the
resource availabilities of each lab. Even though this is a very challenging task,
succeeding on its implementation is a critical step towards surpassing all boundaries

that decelerate the progression of proteomics in basic research.
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