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SUMMARY

SUMMARY

The thyroid as the largestndocrinegland mainly produces and secretes the thyroid
K2NX2y Sa éritotlodl-Yhyromieo(TBY andts pro-hormone L-thyroxine (T4).
Thyrotropin (TSH)roduced in and secreted from the pituitagfandstimulates thyroidal

TH production and secretion. In turn, TH repress TSH production exerting a sensitive
negative feedback control. Besides the impact on growth, nomeakelopment, bone
marrow structure, the cardiovascular system, body weight and thermogenesis, TH play a
vivid role in manynetabolicregulatory mechanisms in almost all tissuElsyroid diseases

are relatively prevalent and cause, due to the resultingrbiiances, a broad spectrum

of effects. Many of them manifest in pathologically increased or decreased TH levels
defined as hyperthyroidism or hypothyroidism, respectively. &tabolic complexes
regulated by TH include carbohydrate as well as cholesterol éastasis. TH also
influence primary and secondary hemostasRoutinely, determination of the thyroid
state is based on the assessment of the classical markers TSH and free T4. However, this
practice has several drawbacks: For instance, subclinical cafebyper and
hypothyroidism might not be detected, resulting in detrimental health consequences.
Moreover,elucidation ofthe pleiotropic effects of THromultiple molecularpathways is
mostly based on cell culturéissue and rodent models. Analysis a@iiraal biofluids like
serum and urine using metabolomics approachemonstratedthe extensive impact of
THon other body compartmentsin contrast, proteome profilinpas not been exploited

for the comprehensive characterizationthe generaimetabolic efects of THIn humans,
analysis of biofluids was performathly in a targeted approachby analyzing specific
proteins.Plasma as a large and diverse compartment of the human proteome provides a
great opportunity to identify novel protein markers of thydofunction as well as to
characterize metabolic effects of TH in humans.

Therefore, a study of experimental thyrotoxicosis \wasformedwith 16 male volunteers
treated with 0.25mg/d levothyroxine (1) for 8 weeks to induce a hyperthyroid state.
Plasmasamples were collectebefore thel-Ts application started, two times during the
treatment and additionally two timesafter withdrawal. Proteome malysis revealed

remarkable alterations includingncreased levels of twdknown proteins known to

\
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correlate with TH levelsnamely sex hormonebinding globulin (SHBG) and cystatin C
(CYTC)The orrelation with free T4 levels revealed 76 out of 437 detected proteins with
a Pearsoncorrelation coefficient off X pn ®pp P hy S LINBIOAIS v
coagulation cascade proteins exhibitirsggnificantly increaseglasma levelsduring
thyrotoxicosis, thereby revealing a trend twards a hypercoagulative state in
hyperthyroidism. Among these wetbe pro-coagulation factorXlll subunit B (F13B), Il
(F2),X1 (F11) and IX (F9). Exemplamnbytine ELISAs were performed for F9 and F13
yielding the same pattern as the proteomics derived d#iasconfirming theproteomics
results. To overcome thestatistical drawbacks of thePearsoncorrelation analysis,
additionallya mixedeffect linear regression modakingserum free T4 concentrations as
exposure and protein abundances as outcowtale controlling for age, BMlnd batch
was implementedApplication of this model resulted in the detectioh@8 proteinswith
significant associations to free Tdvels. Besides the already mentioned augmented
coagulation, a significant drop in the amasrof three apolipoproteins (ApoD, ApdB0
and ApdC3) was observed. Furthermoren encreased abundance of proteins as&d to

the complement system wasetected, namely ofseveral complement factors and
complement components as well as manadsnding protein C (MBL) and annan
binding lectin serine protease 2 (MA3R

Inspired by the dataf the experimentally induced trotoxicosismodel, asimilarstudy
was designedor studying midterm hypothyroidism, includindl5 patients- mostly
women However, due to thelifferent age, BMI and medical histattye group displayed

a much morepronouncedvariability. Thus, he establishedmarkers SHBG and CYTC
revealed no clear trenth level Additionally, only minor alterations were detected in the
metabolome analysisThus, the chances of detecting promising alterations in the
proteome compaosition were very low and the feltale proteome profiling was not
performed Since coagulation proteirmprisedone distinct signature in the study of
induced thyrotoxicosis, F9 was measuteyl ELISAThe esults revealeddlecreasedr9
levels during the hypothyroid state.

Experimental wdies in humans were complemented by corresponding analyses in
murine modelsMice represent a welkstablished model for disease research allowing
the study of underlying pathomechanisms and the efficacy of administered drugs as well

as development of ne therapies. In the special context diHinduced changes in

Vi
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metabolism, several murine studiéave assessed alterationshepatic gene expression
patterns. In the current work, plasmaamplesof two murine studiesincluding male
C57BL/6 wildype micewere analyzed to elucidate the impact of thyroid dysfunction on
the plasmaproteome. The firststudy wassimilaly desigred as the human model of
experimentally induced thyrotoxicosasd assigned the animals to three groups: a control
group, a T4 treatmengroup, and a T4 recovery groywhereuponthe latterfirst received

T4 followed by a subsequent Tibrmalization period. A high proportion of plasma
proteins exhibited significantly different protein levels during T4 application1(20),
where 90 of these also showed a corresponding reverse trend after T4 withdrawal (T4
recovery vs. T4), thereby displaying transient alterations. irudecular pattern of
hyperthyroidism in the murine model indicated, as in the human study, a pronounced
decrease in apolipoproteins. However, in clear contragh®human datathe levels of
proteins related to the coagulation cascade and complemeriegysvere also transiently
decreased in mice, while being increased in humans.

The seconanurine analysis focused on the impact of hypand hypothyroidism caused

by T3 or T4 treatment and MMI/KCI@pplication, respectively. In generahmpared to

the first murine studyless clearalterations ofprotein levelswere detected Proteins
related to the complement system revealed fewer changes in the T3 group and only
marginal changes after T4 inductionUnexpectedly the MMI/KCI@induced
hypothyroidismcausel a reduction ofthe levels ofseveral proteins assigned to the
complement system, althougtifferent compaments and factors were affecte@nly four
proteins exhibited a significant inverse trend in hypand hypothyroidism, namelthe
apolipoproteirs A2and C1, major urinary protein 6 and buturylcholesterase.
Generallyyodent studies partially providika divergent picture of TH action as compared

to human studiesHowever, in spite of inconsistent results in studies regarding the effects
of TH that are possibly due to specisecific differences, an important role of TH on
several metabolic and other pathways, e.g. in the process of blood coagulation and
apolipoprdein regulation, is evidentThe results from both murine and human studies
presented here provide novel insights intbanges irthe plasma proteome in the context

of thyroid diseases which might contribute to a bett@nderstanding of TH action on

metabdismand other pathways

Vii



viii



INTRODUCTION
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Thyroid hormone action

The thyroidis the largest endcrine gland and playsa fundamental role in regulating
numerous metabolic processes throughout the whole body and in virtually all tissues.
Coordination of namal development and growth rate as well m&tabolic activities and

the cardiovascular system as&ongly affected byhe thyroid. The thyroid hormongd H)

Li K& NP EAY S dritodod-thyrofiRe (EBFas & npain secretion products of the
thyroid mediate all these functionsKigurel). Production, release anaansport of TH
constitute a finely tuned system which nesdight regulation to maintain physiological

reference ranges.
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Several dysfunctions are caused and manifested by hormonal imbalances. Resulting
disorders can affect both the structure and function of the glabde to thebroad
spectrum of thyroid hormone effects thyroid diseases aneoagst the most prevalent
medical conditions. Worldwide, the most common cause of thyroid disorders is iodine
deficiency whichmanifests agjoiter andclinicalhypothyroidism. In iodingeplete areas

autoimmune diseases affecting the thyroid akso more common. The prevalence of
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spontaneous hypothyroidism is2%, more common in older women and overall ten
times more likely in women than in men. The prevalence for hyperthyroidism 428 %.5
in women[1]. Thyroid cancer is rare but at the same time the most common malignant

endocrine tumor2].

[ e L2 0 KT ; The gland itself is located at the front of the neck

and is structurdy butterfly shaped The thyroid is

¢ wl ¢ at
¢ Wi made up of twomain specificell types, follicular
w
- — and parafollicular cells. The former are
P'YUSNAZ2NJL
v 6 (| responsible for producingH The thyroid gland is
¢ at
~ ¢ (b controlled through a feedback system involving
= the hypothalamus and the pituitary. Thiesultin
(] ¢K&NRAR)Af P prutary J
¢ regulatory circuit is called hypothalamus
~ / \ pituitary-thyroid (HPT) ¢axis and refers to the
p ) close intemction between the three
Dio1/2 > ¢ O tissuesbrgans Figure?2) [3]. The hypothalamus
Dm‘ NI producesthyrotropin releasing hormone (TRH), a
R . tripeptide binding to receptors in thyrotroph csll
L tSNJ\LJKSNJ/-f pep J P Y P

in the pituitary. Subsequently TRH causes

Figure 2 Overview of the hypoth: production and secretion of thyrotropin also

lamuspituitary-thyroid (HPT)- axic  called thyroid stimulating hormone (TSH). By
and the systematic regulation o _ .

thyroid hormones(TH) After uptake  binding to its receptor on follicular thyrocytes,

of T4/T3 by target cells, T4 uadc
deiodination byone of the deiodinast

Diol-3 resulting in active hormone *  hormone production and secretioriThe blood
or inactive reverse T@T3).

TSH representsprimary regulator of thyroid

concentrationsof the TH L-thyroxine (T4) and
0 X otidadgL-thyronine (T3)are predominantly controlled by anegative feedback
system whereincreasel levelsof circulatingTHsuppressthe release of both TSH and
TRH. Most of the circulating T4 in blood is bound to transport proteins, mainly serum
albumin, transthyretin and thyroid hormonreinding globulin[4]. Only a very small
fraction (0.03% of T4) is unbad [4] and hence biological acti\jé]. Production ofTHis
based on the tyrosineich precursorprotein thyroglobulin which is produced by the
follicular thyrocytes and released into theo-called colloid by exocytosislodine is

transported into the celvViaa Na/I' symporterandshuttled across the apical membrane

2
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into the colloid Here, iodine is oxidized by thyroid peroxidase, eathlyzed byhe same
enzyme,covalently bound to the phenol rings of tyrosyl grougfsthe thyroglobulin.
Adjacent tyrosie residues are enzymaticallgkedresulting in monoiodinated (MIT) and
diiodinated (DIT) residues. Thyroglobulinemters the follicular cell by endocytosis
initiated by binding of TSH to the TSH receptor on the basolateral membrane of the cells.
The irternalized thyroglobulin undergoes proteolytic digesti@). Generated T3 (MIT +
DIT) and T4 (DIT + DIT) cross the follicular cell membrane aneleasednto the blood
stream|[5]. Thyroid hormones enter target ceNga specificTHtransporters[7]. Most of
T3 whichrepresentsthe active form ofthe hormone is produced by deiodination in the
outer ring of T4. This reaction is catalyzed by botletyand type Il deiodinases (DIO1 and
DIO2). Biodination occurring in the inner ring of T4 results imese T3 (rT3) which lacks
known thyroid hormone receptemediated biological activity antherefore leads to
inactivation of the hormon¢s].

Currently, it is assumed thdatHaction is primarily exertedia nuclear thyroid hormone
receptors(TR)[9]. ThegenesTHRAand THRBencodedifferent isoforms of the receptor.
TR1, TR1 and TR2 can bindT310]. AlthoughTHRAand THRBare generallywidely
expressedl11l], they aredifferentiallyexpressedn tissues and organs. The major isoform
in brain, bone and hert isTR 1 whereas the betgdorm ismore abundanin liver, kidney
and thyroid. Most actions ofHare initiated by binding of T3 tihhe nuclear T3 receptor
which are bound to thyroid hormone response elements (TRES) in the promotor regions
of THtarget genes.TR can bind to TREsas homodimers, butmore frequently as
heterodimers with the retinoid X recept¢RXR])12]. Besides, heterodimers with PPAR
or liver X receptor§LXRare also possiblflL2].

Binding of T3 resultgn modified interaction of TRwith associated proteinsnamely ce
repressors and cactivators, and subsequently aitered target gene expression. By eell
and organspecificTHuptake and activation as well a3 receptorsynthesis,TH can
induce tissue and cell specific reses. In doing so, B3 the major ligand of nuclear TH
receptors ignetabolically most relevant.

T3 direcly and indirecly influences the regulation of cholesterol synthesis and efflitx.
induces 3-hydroxy3-methylglutaryl coenzyme A reductasethereby promoting
cholesterol synthesis. Additionallyexpression of the genes encodidgw density

lipoprotein (LDL) receptor and Ap& are stronglynduced byT3 leading to increasg

3
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LDLIevelsandconsequentlycholesterol uptake iperiphery tissues anthe liver[13]. The

LDL receptor gene is alpositivelyregulated by the transcription factor SREBR®/hich
itself is a direct target ofH[14]. Degradation of cholesterol is achievad transcriptional
induction ofthe geneCYP7Ag&ncodingcholesterolr BhydroxylaseThis enzymeatalyzes

the first and ratedetermining step in the production of bile acid from cholestddd)].
Thegene encoding th&ey regulator for reverse cholesterol transport namely cholesteryl
ester transfer protein also respond tihanges ifmHlevels[16].

Besides lipid metabolism also carbohydrate metabolism is affected throbigffects of
thyroid hormones ottiver, white adipose tissue and skeletal muscle influence the plasma
glucose level[17]. T3 stimulates gluconeogenesisdy increasing the expression of
phosphoenolpyruvate carboxykinase PGK8] and glucoses-phosphatase G6P[19],

two enzymes mediating ratkmiting steps in this pathway. FurthermordH can
upregulate hepatic glucose productig20].

Additionally to theprimary effect of T¥iatranscriptional regulation, noigenomic effects

of THalso play a rolg21]. Thyroid hormones can interact with membrane integrin
receptors and cytosolic TH receptors, resulting in the initiation phfosphorylation
cascade$7].

Afine-tuned hormonal balancef T4 and T3 suppasthe maintenance of metabolic and
physiological functions. In a broad range of disea$ekevelsare pathologicdl increased

or decreased which results in a dyactional state.Thyroid diseases show dixse
manifestations leading to functional impairments in hormonal balances. Depending on
the systemidmpact, hyper-and hymthyroidismaredistinguishedAlmost onethird of the
g2NI RQa LR LIz I GA2y fADS Ay 50ugEesuingidgdoieeNS (G KS
and in more extreme casesongenital hypothyroidism[1]. In contrast, thyroidal
autoimmune diseases represent the predominant farmodinereplete aread1l].

The physiological state associated with@amal functioning of thahyroid isreferred to
euthyroidism while hyperthyroidism wefined asa conditioncharacterized bgxcessive
production of TH by the thyroidPatients suffering from hyperthyroidism present with
increasedendogenous levels dfee T3 and T4 levels and a highly sigsised TSH level

In turn, thyrotoxicosis islefined byexcessive thyroid hormanlevels regardless of the

origin of the THThe term thyrotoxicosis therefore includes hyperthyroidism.

X«
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The mat frequent causéor hyperthyroidism in iodingeplete regions\ & DNJ @S &3 Q RA 2
This condition is characterized by the presence of circulating autoantibodiescted
against the TSH receptoresulting ina constitutive stimulation by TSH leading to
increased synthesis of T4 and. Patients also demonstrateypertrophy and hyperplasia
of thyroid follicular cells causing an enlarged thynaterred asgoiter[22]. Hyperthyroid
patients exhibit an increasduhsal metabolic rate, ofteaccompanied byeight los422].
Already in 1930,reduced total cholesterol levels in serum were described for
hyperthyroidism. In addition, hyperthyroid womemere reported to exhibit lower HDL
cholesterol and ApoAl levels esmpared to healthy control23]. Hyperthyroidism is also
known to induce hepatic gluconeogenesis and gigrmlysisThe alanine transport into
hepatocytes is increased during treatment with, Tdsulting inan increased conversion
of the amino acid to glucosg4]. For the PCKImMRNA a increaseof 3.5fold was
demonstratedin thyrotoxiccompared to normatats, indicating thatiyperthyroidism is
associated with increased glucose production due to increased gluconeoggjesis
Thyroiddysfunctionsalsoaffectthe heart and cardiovascular system. T3 regulates several
genes of cardiac myocytes includithgpse encodingsarcoplasmic reticulum EaATPase
(SERCA2phospholamban ahthe myosin heavy chains | tRereby influencing
cardiac contractile functiorj25¢27]. Additionally, T3 is involved in the regulation of
multiple plasmamembrane located transporters like N&K* ATPasg thus modulating
electrochemicalcharacteristicsof the myocardium[26]. In hyperthyroidism, cardiac
contractility is enhancedavhich coincidesvith an increase irthe blood volume finally
resulting in armugmentedcardiac outpu{25,28] Furthermore tachycardia is frequently
manifestedclinicallyin patients with hyperthyroidism.

Besides thestronginfluences on the lipid and carbohydrate metaboliasiwell aseart
and cardiovascular system, the impact of thyroid hormones omamy and secondary
hemostasis leading to several coagulative dysfunctieasso of importanceAninfluence

of hyperthyroidism orthe levels ofproteins involved in coagulatiohas alreadybeen
described in the literature. One of the fire¢ports was published1987 by Orwolkt al.
[29] describing connections between thyroid dysfunctions and abnormalities in
hemostasis and coagulatiom hyperthyroid patientsincreasedactivitiesof coagulation
factor FVIII andevels ofvon Willebrand factoVWF)were measuredwhich normdized

after treatment[30]. Furthermore,Eremet al. detectedincreased levels of fibrinogen,

5
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VWEF, coagulation factor IX and plasminogen activator inhibitor-1JPisl hyperthyroid
patients indicating an pro-coagulativestate [31]. Van Zaaneet al. analyzedhealthy
volunteers treated with levothyroxine tsmducehyperthyroidism[32]. Determination of
multiple coagulationvariablesrevealedincreased levels of fibrinogen, VWF, coagulation
factors VIII, 1Xand X,as well as gronounced increase of PAlupon levothyroxine
administration.All these findings suggest a shift in the lemostatic balance towards a
hypercoagulableand hypofibrinolytic state Additionally, altered clot structure is
discussed to refer to an increasdtombotic risk in hyperthyroidisrf83].

Hypothyroidism is a common disorder characterized by an underactive thyvitid
insufficient production of THPrimary hypothyroidism is caused by an inadequate function
of the thyroid itself, mostly due to iodindeficiency. Thisauseselevated TSH level
combined with diminished T3 and T4Thyroid autoimmune diseases represent the
dominating cause for hypothyroidismIimportantly, | I & KA Y2 (i di@isi is G K& NP
characterized by migration of T lymphocytes in the thgraiontributing to the
autoimmune process and destruction of the glg3d]. Besides, autoantibodies against
specific thyroid antigensontribute to the disease progress. Autoantibodies against
thyroid peroxidase and thyroglobuliare found in almost all pients g A G K | | aKA Y2 (2 C
disease[35]. The role of antibodies against the thyroid hormone receptor have been
already mentionedn the context oD NI S Q& RA &SI aS> o6dzi GKS LRa
receptor activation instead of stimulating the receptor @ion should not be
underestimated. Even with no or mild clinical symptoms, the condition should not be left
untreated. Hypothyroid patients often gain weight owing to the reduced metabolic rate.
The disorder is also accompanied with hypercholesterolechia to decreased LDL
receptor expression in the liver resulting in impaired cholesterol upfakg Lipid levels
found in plasma are dependent on the metabolism of vewy density lipoprotein (VLDL)
apolipoprotein B as a precursor of L[36]. Since chasterol turnover and excretion is
disturbed, increased ApoB levels can be observed.

As already described for hyperthyroidism, carbohydrate metabolism is also effected when
inadequate TH release und distribution occur. In hypothyroidism the decreased
availaility of T3 leads to decreased glucose utilization by peripheral tig@je€linical
manifestations according to the cardiovascular system @peosite to the signs in
hyperthyroidism displayed as bradycardia, mild hypertension, cold intolerance and

6




INTRODUCTION

fatigue. Due to decreased levels of thyroid hormones reduced SERCA2 activity can be
observed leading to impaired calcium cycling and left ventricular diastolic dysfunction
[26,37]

Like hyperthyroidism, condition of abnormally IoWH levels has influenceon the
hemostasisin patients. Acquired von Willebrand syndrome is frequently obserwed
hypothyroidism characterized by reduced activity of coagulation factor VIII and von
Willebrand antigen levelkeadngto a tendency of bleeding38,39] Egeberg as wkas
Simoneet al.reported significant protein activity reductions in coagulation factors VIII, IX
and XI[40,41]} In contrast, mild hypothyroidism is reported to be associated with
hypercoagulative tendenciept2]. Subclinicaland overt hypothyroidism an be also
distinguished according the pattern of fibrinolytic activity. Low levels of plasminogen
activator inhibitor (PAL) and high EDimer levels indicate elevated fibrinolytic activity in
an overt disease state while high and low concentrations of-1PAnd DBDimers

respectively suggest reduced fibrinolytic activity in subclinical condiféis

Animal models in research

Mice share many organ systems with humans, among these the endocrine system
including the thyroidConsidering all researt¢bpicsannually 115 million animals are used
worldwide for experiments or to supp biomedical industry[44]. Therefore it is
important to emphasizehe advantages when using animals in research. One point is the
biological similarity of mice and memirrored by 99% of sharedgenome sequences
betweenboth specie$45]. It is thus not surprising that many diseases affect both animals
and humans. Further advantagesdaess experimental procedureBy controllingdiet,
temperature and lighhg, unwanted disturbane variables were kept at a minimum.
Additionally,smallanimalslike rodentshave a shorter life cycle allowing studies ovez th
whole lifespan and even across generatiovdien looking back in history, major progress

in clinical research was achieved bging animals as study objects. One prominent
example is the insulin treatment fqratients suffering froniype | diabetes, first tested

and validated in dogs and rabbits.

Animal models used in basic research are excellent objects to decipher molecular
pathomechanismns. One big advantage is the opportunityg create specific knoekut
strains to study the role adpecificgenes andheir products

7
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As Hood and brainphysiology nervous systemendocrine and exocrineecretion and
immunologcal responses are adlystemicallyconnected various situations cannot be
appropriately studied inin vitro settings due to the complexity of livingrganism
Therefore, research owhole organs and gan systemand consequently animal models
remains un&oidable,evenif the demandfor alternatives such as tissue and cell culture
modelsis rising Besides the obvious harm and ethical concern questioning research on
animals, other issues arose in theientificcommunity.The big central question concerns
the transferability of specificanimal research findings to humsutSeoket al. reported
limited translational potential of mouse models of inflammatitkased onthe low
correlation in gene expression changes in patients compared to the corresponding mouse
model [46]. Takao and Miyakawaho used the same data set for their analysigued
againstthis conclusionj47]. Thus the evidence that animal models can be used to predict
human disease outcomieas to be carefully evaluated in each specific reseguekstion
under investigation

In thyroid researchthere areseveral mouse modelavailable for the investigatioof
systemic and organ specific TH effects. Availability of techniquegfatic manipulation

of the mouse genomallowed for the constructio of Thraand/or Thrbknockout mice

with non-functional THreceptors, enabling the analysis of tissue specific actions of TH
[10,48] Many studiesin the context of THhduced changes in metabolism investigated
gene expression pattemin terms of mMRNA lels. Proteomic studies of Haction in
metabolic active tissues or even in lfiwids are not yet very prominemteither inanimal
modelsnor in humans.Earlierinvestigation of thyroidal dysfunctiorfscused ornthyroid
ALISOATFAO LKSy2(eLSa So3ad (KS LI dGkK2t238 27
related issuesFormer studies of induced thyrotoxicosis analyzse effects resulting
from amiodarone intake[49]. Amiodarone is an antiarrhythmidrug used forthe
treatment of atrial fibrillationwhich is structurally similar to thyroxine and also contains
iodine, resulting in thyroidspecific side effects

Theimpactof T3 or T4dexposureon healthy volunteersvas so faonly investigatedwvith
respect to hemostsis In a targeted approach, specific coagulatieffectors and
fibrinolytic proteins and genesvere analyzed[32] addressingspecific questions

However,an overall, unbiased view dfH action on thenetabolism isstill missing.
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Brief insight irproteomics

Theentirety of all proteins in a cell, tissy®rganor other physiological compartmeat a
specific ime under defined conditionss referred to as the correspondimpgoteome[50].
While the idea of studying proteins in a holistic manner regenearlier the term was
introduced by Wilkins in 199%1]. Theanalysisof the proteome was called proteomics
[52]. Since then, théermsproteome and proteomics have been widely adopted. Initially,
the idea wado visualize all proteinsf a proteomeon a 2D ge[53,54] Back then, lie
favored quantiative method in proteomics was th@mparative 2D gel approach where
differences in protein abundances were determined by comparing stained gel spots
combined with protein identificatiorvia mass spectromey [55]. Drawbacks associated
with this technique includelimited ability of detectionof hydrophobic membrane
proteins, extreme acid and basic proteinsas well as proteins with very high and very
low moleculamasg56]. Alsq low abundant proteins weraot covereddue to limitations

in loading capacity and staining sensitivifirying to overcome th& restrictions in
protein detection non-gel based approaches were implemented and replaced 2D gel
analysisfor the analysis otomplex proteomesamples[57]. The gel free techniques
involvetwo major strategiesFirst one is theéop-down approach wheréntact proteins
including posttranslational modifications ah alternative splice variants are preserved
and analyzed58]. Problems ofthis approachare the need of high samplamounts[59]

and the limiations in obtaining data in a broad dynamic rarj§e].

Due to these limitations in top down proteomics, the bottom up techniqueso called
shotgun proteomicshas beerthe commonly used apprazh for proteome analyseer a

long time. In this context quantitation can be accomplished by two different approaches
either the use of stable isotope labellingr labeklree techniques. Several labelling
approaches can be incorporat@to shotgun experiments. Common labelling techniques
involve modified peptides with isobaric tags for relative and absolute quantification
(ITRAQ)61], labelng of proteins with isotopecoded affinity tags (ICATH2], stable
isotope labehg by amino eids in cell culture (SILAG3], chemically synthesized peptide
standards[64] or tandem mass tags (TMT§5]. Often labehg is regarded as more
accurate in quantitating protein abundancis6]. However, it cannot be applied easily to

all types of samgk. Additionally, labeling requires expensive chemicals, involves
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extensive sample preparation and struggleith incomplet@ess[67]. In contrast, label

free approaches provide a higher dynamic range, offer higher proteome coverage and the
number of expeimental conditions to be compare not restricted. Due to simple
biochemical workflows and less tinRm®nsuming processing stepthis approachalso
allowsthe analyses ofarger samplesets For smallemmounts of samplematerial, it is

also the methodf choice.

Currently, two widely used strategies for quantification can be distinguigiéide field

of label free proteomics(i) the spectral counting approach relying on the number of the
fragment spectra identifying peptides of a certain protf88]. (ii)the ion-intensity based
approach whereby mass spectrometric signal intensities of peptide precursor ions
belonging to a particular proteiare measured and compare@9].

Mass spectrometritechnologiescontinuouslyimproveddramaticallysince 1994During

the past decade, @teomics evolved significantlfroteomic toolsare nowalsocapable

of addressing biomarker questions very effectively.

Plasma proteomics

In the context of thyroid dysfunction researchiopeomic studieswere not frequently
usad until now. lew exceptionsaddressedT3 effecs on liver and skeletal muscle in
hypothyroid ratg70,71] Besides the analysaf the main target tissues afH the search
for peripheral markers of thyroid dysfunction in plasmepresents an excellent
opportunity. Of all human tissues and bodyfluids plasma likely displays the most dynamic
and most complex proteomfg2] and was described to have great potenfal detecting
novel biomarkers[73]. Biofluids like plasma represenbne focus of proteomics to
investigate diseasspecific alteration in protein patterfv4].

Plasmais defined as the ceftee liquid component of blood whicin contrast to serum
comprises altlotting factors.Water constitutes the majority of the plasm@ap to 95%)
with proteins, glucose, electrolytes, hormones and breathing igasolution Plasma
servesas protein stockand & systemidransport medium. It also plays a vital role by
maintaining the colloiebsmotic pressure and protecting the bodgainstinfections. In
1984, Putmaret al.describedrue plasma proteins as thogalfilling their function inthe
circulation[75]. Classification gblasmaproteins has been refined by Andersenal. in
2002[76]: (1) Tissuesecreted poteins acting in plasmare defined aglassical plasma

10
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proteinsand originateprimarily from the liver. Onelefining feature of those proteins is a
molecularmassof larger than 4aexceedngthe kidney filtration cutoffvhich ensures

a relatively long halfife in the circulation.(2) Immunoglobulinsacting functionally in
plasma but representing a specific unique protein class because of their high complexity
and are produced in and secreted fromyBnphocytes(3) Long distance receptor ligands
encompassingll classical peptide and protein hormones. @] 2 OF f Q NX OS LJG 2 N
which includecytokines and other short distance mediatavs cellular responses(5)

WY L2 NI NEBE Q whithdcavéry @fdidione proteins usinghe circulation as
transport com@rtment, e.g. secretory lysosomal proteins that are taken wi@ other
receptors. Arother important plasmaprotein class is defined dssue leakage products

(6). Theseoriginally cellulamproteins are released into plasma after cell damage or cell
lysis. Particularly this group might contain many putatively valuable diagnostic
biomarkers. (7)Yet another class namedaberrant secretionslt contains proteins with

no obviousfunction in plasmawhich arereleased from tumor or other diseased tissue
into the circulation.

As the withdrawing of blood samples is minimally invasive and can easily be performed in
the clinical routine, plasma representsaell established source for diagnostic purposes
and apromising source for biomarker research. In contrs, collection of material from
tissue biopsies is generally associated with higher risk for the donors. Already in 2002,
Anderson proclaimed that the human plasma proteome holds the promise of a revolution
in disease diagnostics and therapeutic monitorjii§]. On the other hand, ihas tobe
emphasized thaplasma proteomenalyses arehallengingPlasma representthe most
difficult-to-handle protein-containing sampleype due to the largeportion of serum
albumin (up to 536) and a wide dynamic range with up to 10 orders of magnitude in
protein concentratiors.

Some crieria for an optimal biomarkewere described in the literature. First should be
costeffective and easily measurablBurthernore, the alteratiors in levelof a protein
biomarkershould ideally provideliagnostic informatiorfacilitating medical decisionAs
mentioned above proteomic studiés search for suitable biomarkease well established

in the field of cardiovascular rearch.For cardiovascular diseases, several circulating
biomarkers were evaluated, e.g. cardiac troponin T amtith areused for the diagnosis

of myocardial infarction[77]. Technical developments and software tools allow

11
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guantitative assessment of th@oteome. Today, proteomics has becom@owerful tool

to unravel and evaluatmolecularchanges presented in different disease conditiortss
provides the possibility of screening foromarkerswhich can be of advantage (i) for
diagnosis of the diseas€ii) for the assessment of the disease progression, (iii) for
monitoring therapy effects and (iv) for understanding molecular mechanisms underlying

the disease development.

Aims of the study

TH play a crucial role in the coordination of normal development and growth, affect the
cardiovascular system, and are involved in many metabolic regulatory mechanisms in
almost all tissues. Hence, TH imbalance causes a broad spectrum of effects, mostly
manifested in pathologically increased (hyperthyroidism) or decreased (hypothyroidism)
TH levels. Determination of the thyroid state is routinely based on the assessment of the
classical serum markers TSH and free T4 which, however, entails several drawbacks
Furthermore, elucidation of the pleiotropic effects of TH on multiple molecular pathways
is mostly based on cell culture, tissue and rodent models. In humans, several studies
investigated the TH impact on plasma proteins in a targeted approach, but a
comprehensive characterizatioaf human biofluids has not beeperformed until now.
Therefore, the focus of the present work was to elucidate the plasma proteome in the
context of thyroid diseases. To gain more insight into this issue, a proteome analysis of
experimentally induced miterm human thyrotoxicosis model was performed. The
detection of proteins exhibiting free Tdssociated plasma levels allowed the
identification of specific THklated molecular signatures. Additionally, protein alterations

in the plasma of patients with reduced TH levels were analyzed, where this approach
represented a study design of a human aedm hypothyroidism model, opposite to the
thyrotoxicosis study.

The second objective regarding the influence ofréldted disease$ocused on murine
studies. Mice as animal models are wedtablished for tease research and allow the
studyof underlying pathomechanismSo far, several murine studies analyzed exclusively
the hepatic genexpressiomrofile in the context of THnduced changes in metabolism.
However, comparakl proteome studieshave not been performed yet. Therefore, to
address the impact of thyroid dysfunctions on the murine plasma proteome, two studies

12
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were performed in the framework of this thesiBhe results oboth murine and human
studies might contribute to a deepamderstanding of TH action ometabolism and

specific molecular pathways.

13
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MATERIA& METHODS

2a!'¢owradgel hs{

2.1 Human and murine studies

2.1.1 Biological samplesrom human clinical studies

There are established laboratory tests for the evaluation of thyroid function and
differentiation of causes forthyroid dysfunctions. Currently diagnosis regarding
dysfunction and treatment optionigrgely relieon the determination of TSH and free.T4

However, under certain specific conditions such as subclinical disease states their
diagnostic value is limited.h€refore, br the screenindgor novel peripheral biomarkers

of thyroid function and characteration of THassociated signaturean untargeted

proteome approach was usedhe respective experimental studiesgere performed at

the University of Lubeck, GermanBlood samplingvas done using EDMacutainers.
Subsequently, lasma was send on dry ice and stored@d°C until use

The first studyincluded 16 healthy male volunteersThe Body mass index of the
participants ranged frm 21 to 30kg/m?, the age from 22 to 34 yearAll volunteers filled

out thyrotoxicosis questionnaires. Furthermore, 24blood pressure and pulse rate

activity were measured. All clinical datad datafrom standard laboratory measurements

were summarizedn Tablel.

The second study includel5 patients suffering from manifested hypothyroidism.

| FaKAY202Qa UGUKENRARAGAA | f &2 dipauseythel &4 OKI
condition in 13 casesThe remainingwo patients suffeed ¥ N2 Y DN} @S&3Q RA &€
known as toxic diffuse goiter. The majoritiypatients (13/15) are women and one patient

has undergone thyrdectomy. The age ranged from 19 to ydars. All knical collected

dataare summarized ifmable2.
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Both studieshavebeen approved by the ethics committee of the University of Libeck and
written informed consent was received from all participants prior to the study. All medical

and basiexaminations werg@erformed according to the WMA Declaration of Helsinki.

Table 1 Clinical characteristics of all participants during the study of experimental human
thyrotoxicosis. Mean and standard deviation (SD) of measured atatze different time points
(t1-t5). t1: baseline; t2 and t3: 4 and 8 weeks aftevothyroxine treatment; t4 and t5: 4 and 8

weeks after stopping the treatment.

Characteristics t1 t2 t3 t4 t5
Age[yearg 27.8 (3.8)

BMI[kg/m?] 24.1 (2.4)

FT4pmol/l] 13.2(1.4) 286(6.5) 259(5.7) 11.5(1.5) 12.8(1.5)
FT3[pmol/l] 5.27 (0.51) 9.19 (2.01) 8.92(2.25) 4.61 (0.33) 4.86 (0.55)
TSHmU/| 2.10 (1.02) 0.02 (0.03) 0.01(0.01) 2.30 (1.31) 2.18 (0.90)
SHBGnmol/l] 30.2 (10.2) 50.6 (16.2) 55.9 (16.3) 36.3(11.8) 29.3(9.3)
CYT@mg/1] 0.68 (0.06) 0.79 (0.08) 0.86 (0.12) 0.71 (0.07) 0.68 (0.06)
Serum glucosgmmol/l]  5.18 (0.35) 5.22(0.42) 5.26 (0.39) 5.09 (0.31) 5.18 (057)
Insulin[pU/] 8.35(3.63) 7.94 (4.32) 7.78(3.62) 8.33(4.06) 8.07 (3.38)
HDL-Chol.[mmol/I] 1.43 (0.27) 1.21(0.20) 1.23(0.25) 1.46 (0.29) 1.43 (0.37)
LDLChol.[mmol/I] 2.70 (0.72) 2.15(0.57) 2.27(0.53) 2.91(0.75) 2.76 (0.79)
Cholesterol [mmol/l] 4,53 (0.75) 3.81(0.61) 4.06 (0.61) 5.04 (0.70) 4.61 (0.68)
Triglyceridegmmol/I] 1.26 (0.76) 1.14 (0.58) 1.29 (0.56) 1.31 (0.63) 1.35 (0.82)
ALT[ukatal/l] 0.51(0.21) 0.38(0.10) 0.65 (0.42) 0.61 (0.29) 0.50 (0.14)
ASTpkatal/l] 0.49 (0.41) 0.34(0.14) 0.43(0.17) 0.43 (0.14) 0.43 (0.23)
GGT[ukatal/l] 0.41 (0.09) 0.45(0.11) 0.49 (0.11) 0.45 (0.15) 0.43 (0.11)
Total Bilirubin{umol/l] 12.5(8.4) 12.6(8.7) 13.5(7.3) 11.9(6.4) 11.9(7.3)
Direct Bilirubinfpumol/l] 2.86 (1.35) 3.04 (1.35) 3.28(1.24) 2.84(1.03) 3.03(1.39)
Complement C3y/l] 1.15 (0.27) 1.21(0.16) 1.17 (0.11) 1.10(0.14) 1.11(0.14)
Complement C4g/I] 0.24 (0.06) 0.25(0.05) 0.24 (0.05) 0.23(0.05) 0.24 (0.05)

FT4free thyroxine,FT3free triiodothyronine, TSHthyrotropin, SHBGex hormonebinding globulin,
CYTQystatin C,HDLhigh density lipoproteinLDLIow density lipoprotein,Chol.Cholesterol ALT
alanine aminotransferasédSTaspartate aminotransferase&;GT -glutamyl transpeptidase
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Table?2 Clinical characteristics of all patients suffering from hypothyroidiean and standard
deviation (SD) of measured dasadisplgedat the different time points (t15). t1: baseline under

L-T» medication; t2 and t3: 4 and 8 weeks under reduced medication; t4 and t5: 4 and 8 weeks
after returning to previous medication.

Characteristics t1 t2 t3 t4 t5
Age [years] 36.2 (12.3)

FT4[pmol/l] 16.29 (2.23) 13.96 (2.23) 14.12 (2.33) 16.37 (2.19) 16.75 (3.06)
FT3 [pmol/l] 3.89 (0.52) 3.52(0.47) 3.57 (0.62) 4.00 (0.53) 4.02 (0.37)
TSH (UM 2.14 (2.24)  11.08 14.87 2.55 (1.98) 5.46 (13.56)

(20.24) (23.25)

SHBG [nmol/l] 48.8 (29.6) 39.6(27.9) 41.5(27.4) 41.8(30.3) 29.4 (29.7)
CYTC [mg/l] 0.73(0.11) 0.72(0.09) 0.71(0.11) 0.74 (0.10) 0.74 (0.10)
Serum glucose [mmol/l] 4.88 (0.48) 5.00 (0.53) 4.87 (0.44) 4.91 (0.40) 4.95 (0.53)
HDL-Chol. [mmol/l] 1.65 (0.50) 1.70 (0.50) 1.47 (0.44) 1.67 (0.43) 1.65 (0.41)
LDLChol. [mmol/l] 2.68 (0.62) 2.82(0.66) 2.79 (0.67) 2.69 (0.57 2.68 (0.71)
Cholesterol [mmol/l] 5.03 (0.76) 5.25(0.72) 5.30(0.82) 5.03(0.72) 4.07 (0.72)
Triglycerides [mmol/l] ~ 1.18 (0.38) 1.25(0.36) 1.24 (0.49) 1.17(0.46) 1.20 (0.32)
ALT [pkatalll] 0.44 (0.24) 0.47 (0.30) 0.38(0.14) 0.43(0.21) 0.48 (0.30)
AST [ukatal/l] 0.32 (0.07) 0.34(0.11) 0.30(0.07) 0.29 (0.07) 0.34 (0.11)
GGT [pkatal/l] 0.46 (0.18) 0.49 (0.27) 0.41(0.11) 0.47 (0.21) 0.51 (0.30)
Complement C3[g/l]  1.18(0.17) 1.18(0.18) 1.12(0.15) 1.16(0.18) 1.15 (0.18)
Complement C4 [g/l]  0.25(0.08) 0.24 (0.07) 0.23(0.07) 0.23 (0.06) 0.24 (0.07)

FT4free thyroxine,FT3free triiodothyronine, TSHhyrotropin, SHBGex hormonebinding globulinCYTC
cystatin C,HDL high density lipoproteinLDLlow density lipoprotein,Chol. Cholesterol,ALT alanine
aminotransferaseASTaspartate aminotransferas&GT -glutamyl transpeptidase

2.1.2 Biological samples fromrmurine studies

For theanimalstudies3-4 months old maleC57BL/6 wildtype mice were used. All mice
were individually housed on a 12/12light/dark cycle at 222°C and hadad libitum
access to standard diet and water. Animal care procedures were in accordancéavith t
guidelines set by the European Community Council Directives (86/609/EEC) and approved
by Stockholm's Norra Djurférstksetiska Namnd.

Both studies were carried ouwithin corporation projects with the University of Libeck,
Germany.

Mice of the transient thyrotoxicosis studyere asigned to a control, T4 and fecovery

group of 8 animalgach While the control group stayed untreated during the study
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period, bah T4 and T4ecovery group recged oral dosages of Tdy T4-containing
drinking water (Img/l in 0.1% in BSA containing tap water) for ddys.At this time point
plasma samples were obtained from the T4 group and the control group while mice of the
T4 recovery group were maintained in cages for another period of 14 days wifd no
their drinking water. Blood samples were obtained from these animals 28 days after the
start of the experimentMean TH levels ofthe animak and other characteristicare

summarizedn Table3.

Table 3 Characteristics of mice included in the study of transient thyrotoxicddsan and
standard deviation (SD) of measured data is displdgethe three diffelent groups.

Characteristics Controks T4group T4 recovenygroup
TT4 [ug/dl] 4.94 (0.38) 17.63 (2.14) 5.37 (0.36)
TT3 [ng/ml] 1.11 (0.10) 2.55 (0.20) 0.98 (0.10)
Weight before death [g] 30.15 (1.23) 32.74 (1.05) 29.54 (1.13)
Food intake last week [g] 47.03 (9.16) 44.95 (7.74) 29.73 (1.65)
Mean food intake per day [g] 6.72 (1.31) 6.42 (1.10) 4.25 (0.25)
Water intake last week [g] 38.99 (4.55) 52.56 (4.65) 29.46 (2.51)
Mean water intake per day [g] 5.57 (0.65) 7.51 (0.66) 4.21 (0.36)

TT4total thyroxine, TT3total triiodothyronine

In the seconanurinestudythe effects ofT4/T3inducedhyperthyroidismand MMI/KCIQ-
induced (methimazole/potassium perchloratehypothyroidism were investigatedAll
supplements weresupplied in thedrinking water- 1 mg/l T4, 0.5mg/l T3 and 0.26
MMI/0.2 % KCI@ All mice were sacrificed after Idays (control/T4/T3 group) and 21
days (MMI/ KCl@group), respectivelyMean THlevels of included micean befound in
Table4.

Table4 Mean TH levels of mice included in the study of hyped hypothyroidism. Mean and
standard deviation (SD) of measured data is displayed for thedifferent mice groups.

Group TT4 [ug/dl] TT3 [ng/ml]
Controls 1.38 (0.75) 1.66 (0.38)
T3 group 0.12 (0.04) 8.36 (0.44)
T4 group 10.42 (0.99) 3.42 (0.49)
MMI/KCIQgroup 0.10 (0.00) 0.92 (0.25)

TT4total thyroxine, TT3total triiodothyronine
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2.1.3 Humanprimary hepatocytes

Cryopreserved timan primary hepatocytes were purchased from KaLy(Bétlbsheim,
France) Three different donorsvere chosen according to their phenotypical détace
[Caucasian] gender [male] and age [45-48yeard) and grown following the
YIydzZFl OG dZNBENR&D.LINR(1202f 064SS$S
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2.2 Materials

2.2.1 Chemicalsenzymes & kits

Table5 Chemicals, enzymes and kits

Chemical Company

2-Propanol Carl RothKarlsruhe, Germany
Acetic acid Carl RothKarlsruhe, Germany
Acetone Merck Millipore Darmstadt, Germany
Acetonitrile J.T. Baker, IndDeventer, Netherlands

Ammonium bcarbonate
Bovineserum albumin
Bradford reagent

Buffer A/Buffer Bor MARS application

Chloroform
Dimethylsulfoxide
Dithiothreitol

o[ L{! 1AlGZX
(Cat. # EF009)

9[ L{! 1AGZX
(Cat. # EFO13B)

Ethanol

Guanidine hydrochloride
Human hepatocyte thawing medium
Human hepatocyte seeding medium

Q
Q

Q.
Q.

Human hepatocytenaintenance medium

lodoacetamide

L-thyroxine

Phosphate buffered salind Ox
Sodium hydroxide

Sodium chloride

Thiourea

Trichloroacetic acid
TRIzoI®

Trypan blue staining, 0.4 %
Trypsin

Urea

Water, HPL@rade

laaleal

raal éal

SigmaAldrich St. Louis, Mo, USA
SigmaAldrich St. Louis, Mo, USA

Bio-Rad LaboratoriedHercules, CA, USA
AgilentTechnologies Inc, Santa Clara, CA, U<
Carl RothKarlsruhe, Germany

SigmaAldrich, St. Louis, Mo, USA

Thermo Fisher Scientific In®Valtham, MA, US/

[ AssayproSt. Charles, MO, USA

[ AssayproSt.Charles, MO, USA

Carl RothKarlsruhe, Germany

SigmaAldrich St. Louis, Mo, USA

KaLy CelPlobsheim, France

KaLy CelPlobsheim, France

Primacyt Schwerin, Germany

SigmaAldrich St. Louis, Mo, USA
SigmaAldrich, St. Louis, Mo, USA

PAA Laboratorieg?asching, Austria

Carl RothKarlsruheGermany

Carl RothKarlsruhe, Germany

SigmaAdrich St. Louis, Mo, USA

Carl RothKarlsruhe, Germany

Thermo Fisher Scientific In®Valtham, MA, US/
Thermo FisheBcientific Ing.Waltham, MA, US/
PromegaMadison, WI, USA

SigmaAldrich St. Louis, Mo, USA

J.T. Baker IncDeventer, Netherlands
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2.2.2 ecificaccessories

Table 6 Specific accessories

Accessory

Company

pC18columns, ZipTip®

Centrifugal filter units, Ultrafree® 0.2@n
Culture dish (&vell plate, collagestoated)
Glass vial 1.5l + microinsert 0.1ml with
septum or screw cap &m

Multi affinity removal column human 6
Multi affinity removal column mouse 3
Neubauer improved counting chamber
Pipette tips, low protein binding
(epT.I.P.S. 101/2000 pl)

Pipette tips, low protein binding

(stack pack 10Ql)

Reaction tube, low protein binding
(0.65ml, 1.7ml)

Merck Millipore, Darmstadt, Germany
Merck Millipore Darmstadt, Germany
Primacyt Schwerin, Germany
VWRInternational, Darmstadt, Germany

AgilentTechnologes Inc, Santa Clara, CA, U
AgilentTechnologies InGanta Clara, CA, US
Marienfeld Laudakoénigshofen, Germany
Eppendorf Hamburg, Germany

Sarstedt Nurnbrecht, Germany

{ I NB yRicSglence I, Salt Lake City, U’
USA

2.2.3 Instruments &accessories for mass spectrometry

Table7 Instruments and accessories used for mass spectrometry

Instrument/Accessory

Company

I OOt PépMap 106C18(2 cm x 75um,
3um, 100A), precolumn

Accucore 15@C18 (25m x 75um, 2.6um,
150A), analytical column

Dionex UltiMate® 3000, HPLC

LTGh NBDAGNI L) £+Sf2ausx
NanoAcquity BEH130 C18 @ x
100pum, 1.7um), analytical column
NanoAcquity, UPLC

NanoAcquity UPLC 2®/Mtrap Symmetry
C18(2 cm x 18Qum, 5um), pre-column
bl y2&8LINI & CfSEn L2
PicoTip® Emitter

TriVersa NanoMate

v 9 E I Onbitkag@ $ass $pectrometer

Thermo Fisher Scientific IndWaltham, MA, USA
Thermo Fisher Scientific IndWaltham, MAUSA

Thermo Fisher Scientific In®Waltham, MA, USA
Thermo Fisher Scientific IndWaltham, MA, USA
Waters CorporationMilford, MA, USA

Waters CorporationMilford, MA, USA
Waters CorporationMilford, MA, USA

Thermo Fisher Scientific IngValtham, MA, USA
New Objective IngWoburn, MA, USA

Advion Inc. Ithaca, NY, USA

Thermo Fisher Scientific Ind/altham, MA, USA
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2.2.4 Software

Table 8 Software

Software

Company

32 Karat software Version 7.0
Chromaster sftware 1.1

Genedata Refiner M@ersion 7.6.€; 10.0.3
Genedata Analystersion 7.6.&; 10.0.3
GraphPad Prism 5

Ingenuity Pathway Analysi&ersion 31813283

MaxQuant 1.5.3.8

Microsoft Office 2013
RStudio
Skanlt RE for Varioskan Flash 2.4.3

Swift I
Xcalibur 2.1

Beckman CoulteBrea, CA, USA
VWRInternational, Darmstadt, Germany
Genedata AGBasel, Switzerland
Genedata A@GBasel, Switzerland
GraphPad Software Ind.a Jolla, CA, USA
QIAGENHilden, Germany

Cox group, Max Planck Institute of
BiochemistryMartinsried, Germany
Microsoft, Redmond, WA, USA

RStudio In¢.Boston, MA, USA

Thermo Fisher Scientific In#Waltham, MA,
USA

GE Healthcardssaquah, WA, USA
Thermo Fisher Scientific Inc.

2.2.5 Composition of solutions

Table9 Composition of solutions

Buffer Quantity Composition
Dithiothreitol (10ml, 25mM) 0.375¢g dithiothreitol
10 ml ammonium bicarbonate (2M)
solution in HPLC grade water
Guanidine hydrochloride 14.3¢ guanidine hydrochloride
(500ml, 0.3M) 475ml 100% ethanol
25ml HPLC grade water
lodoacetamide (Inl, 100mM)  0.018 g iodoacetamide
1ml ammonium bicarbonate (20M)
solution in HPLC grade water
Thyroxine stock solution (500, 5mg Thyroxine
12.9mM) 50ul Sodium hydroxide (M) solution inHPLC
450l grade water
Sodium hydroxide (0.M1) solution in
HPLC grade water
Thyroxine (32.%nl, 100uM) 250ul Thyroxine stock solution
32.25ml HPLC grade water
1x UTsolution (4 ml) 1.92g urea
0.61g thiourea
2ml HPLC grade water
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Tablel10 LCsolventcompositions for mass spectromatrapplications

LC luffer

Composition

SolventA;

5% ACN
0.1 %acetic acid
in HPLC grade water

SolventB;

0.1 % acetic acid
in ACN

SolventA>

2 % DMSO

2 % ACN

0.1 % acetic acid

in HPLC grade water

SolventAs

0.5 % DMSO

2 % ACN

0.1 % acetic acid

in HPLC grade water

SolventB;

5 % DMSO
0.1 % acetic acid
in ACN
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2.3 Methods

2.3.1 Immunoassays

All immunoassays were performed at thestitute for Clinical Chemistry and Laboratory
Medicine, University Medicine Greifswald, Germany. An exception was the measurement

of human factor IX plasma levels using an enzyme linketlinosorbent assay.

Thyroid hormones and thyrotropin

Serum levelof free triiodothyronine (free T3) and free thyroxine (frédet) as well as
thyrotropin (TSH) were measured using immunoassays® Dimension VISTA system
(Siemens The functional sensitity was 0.005nU/I for TSH, 0.7pmol/l for FT3 and
1.3pmol/l for FT4.

Proteins (SHBG, cystatin C, complenfi@ctiorsC3 and C4factor 1X and X)II

Serum levels of sex hormonbinding globulin (SHBG)were determined via a
chemiluminescent enzyme linked imunosorbent assay. Measurement was carried out
on an Immulite 2000XPi analyzer. Thectional sensitivity was 0.02mol/l. Serum
cystatin C(CYTCyas measured using a nephelometric assay on a Dimension®Vista
system (Siemens) with a functional sensitivity of (W@iFl. The determination of the
levelsof human complementfactors C3 and C4vas performed using a Flex® reagent
cartridge on the same systersing specific antibodiesoth proteinscan formimmune
complexesthat are able to scatter transmitted light. Measurement is based on the
dependency of scattered light intensity and protein concentratidasma levels of both
factor X11I(F13 and factorIX(F9 were determined usingn ELISAkit ! &8 &l @ altrEun KdzY |
factor IX and XIII, Assaypmith a sensitivity of 2.:g/ml and 1.56ng/ml, respectively.

Enzyme linked immunosorbent assay (ELdSB)man factor IX

Plasma levels of human facttt were measured using an ELISAlkiE & @ al Ex  KdzY | y

factor IX,Assaypro) This assay employs a quantitative sandwich enzyme iroasgay

technique that measures kole lengthFIX The provided 96vell plate waspre-coated

with a polyclonal antibody specific 61X The assay was performed as described in the

manufactuS N & LINR (G202t d . NASTFfez | Kgmwis T Od 2 NJ
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used to prepare a serial dilution series in the range of 1ri@&l to 100ng/ml. The
provided dilution buffer served as a blankn@ml).

Undepleted plasma samples of patientdfering from hypothyroidism were diluted 1:500
in 1x dilution buffer. Fifty ul of each diluted sample and standard was addediicdies
onto the precoated 96well plate. After incubation for B at room temperature wells
were washed five times with ashing buffer. To each well p of biotinylated human
factor 1X antibody wa added and incubated for L Wells were washed again before
loading 50 pl of streptavidiperoxidase conjugate. The washing step was repeated after
30 min andsubsequently50 pl of chromogen substrate asadded. The development of
color density was interrupted after 1in by adding 5@l of stop solution to each well.
The absorbance was measured imnagdly at a wavelength of 458m using a
Varioskam Cf | & K LJhe gasna N¥els dFXwWkle calculatedsiathe standard
curve which was determined by regression analysis wsfogr-parameter logistic curve

fit.

2.3.2 Methodsused for analysis ohuman primary hepatocytes

Forcultivationofi KS KdzYly KSLI 20&dSa GKS-C¥liwgrdzF I Ol dazl
followed. Initially, the supplied thawing medium and seeding medium were\geemed

to 37°C before starting the cultivation. For revitalization, cells in -aigés were thawed
quicklyat 37°Cin a water bath Whole content of the vial was poured into #0 of
thawing medium the vial rinsed with medium aneblume filled up to 50nl afterwards

The cell suspension waently inverted prior to centrifugation for 2&in at 22°C and
170xg. The supernatant was removed by decanting without disturbing the cell pellet.
Cells were loosed by carefully flicking the bottom of the tube. For resuspension of the cells
2-5ml seeding medium were used.

After counting the viable cells, cell suspamsiwas adjusted to a concentration of
0.76Mio cells/ml. Two ml wre plated on collagen coatedvéell plates resulting in a total

cell number of 1.9Mio cells/well. Cells were allowed tdherefor 6h at 37°C and 3%

CQin a humidified incubator. Subsagntly, the medium was removed andnd fresh
seeding medium were applied without a previous washing step. After cultivation
overnight seeding medium was exchanged with human hepatocyte maintemaedim
andgrownfor another 8h at 37°C and %6CQ in ahumidified incubator.
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Determination of cell count

The determination of the cell count of human primary hepatocytes was performed by a
Neubauer improved chambe&uch achamber consists of nine great squares, each with
an area of Inn? and a depth of 0..nm. For determination of cell count the central
square was used. Faountingof viable cellonly,the Trypan blue exclusion method was
applied. Cell suspensiomd Trypan blue were mixed in atio of 1:1. The solution was
then transkrred to the counting chamber and the viable cells (not stained blue) were
counted. To calculate the cell count per pl the number was multiplied by the dilution

factor and divided by the area and depth of the chamligguationl).

OQ@HO ¢ O

———————————— ¢ QQ4 0D W LNWESO Q
pada i QErmpa a QQMO S d

®Q a) dQfia
Equation 1 Calculation otells per volume using the Neubauer improved counting chamber

Induction experiment

After the cells reached confluence they were induced with T4. Prior to stimulation,
maintenance medium was removed and cells were washed witth BBS. For induction,
1 mlof human hepatocyte maintenance medium supplied witmM T4 was added. Cells
cultivated with the same medium without supplementary thyroxine served as controls.

Media were exchanged every B4

Sampling

Cells as well as culture supernatants should béectdd for subsequent analyseét
desired time points the supernatant was transferred into reaction tub@gor to
harvesting, cellsvere washed twicavith 1 ml PBSNext,700ul of TRIzol® reagent was
addedto each well of the @&vell plate To remove tk cell layer properly a cell scraper was
used. Cell lyses was supported by extensive pipettiefpre collecting the lysaten
reaction tubes. Bothsupernatans and celllysateswere immediately frozen in liquid
nitrogen and stored at80 °C until further use. To conduct all further preparations without
splitting of the sample, Bl reaction tubes were used.

After defrosting amples were incubated &in at room temperature beforel40ul

chloroform was added. Samples were shaken and incubated fanil3 at room
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temperature.For appropiate phase separatiorsamples were centrifuged for I8in at
4°C and 1200Rg. The aqueous phase was transferred into a new reaction tube and
stored for RNA isolation. For DNA precipitation 20®f 100% ethanol vasadded and
the sample mixed properly. After incubationr(8n, room temperature) samples were
centrifuged for 5min at 4°C and 200@ g to pellet DNA. The obtainggrotein containing
supernatant was transferred to a new tulaendmixed with 1.05ml 100%2-propanol.For
precipitation samples weréncubated for 10min at room temperatureand proteins
subsequentlypelleted bycentrifugation for 10min at 4°C and 12008g. The protein
pellets were mixed with 0.3M guanidine hydrochloride in 9% (v/v) ethanol and
incubated 20min at room temperature with gentle movement on a tumbling shaker
(70rpm). After centrifugation for Bnin at 4°C and 750@ g the washing stepwas
repeated two moretimes. Subsegently, 1.4ml 100% ethanol wasdded, the sample
was vortexed, incubated again for &tin at 70rpm on the tumbling shaker and
centrifuged for Gmin at 4°C and 750@g. Once the supernatant was removed, the
resulting proteins were air drék and dissolved in 16RP00ul 1xurea/thiourea {UT)
solution according to the size of the pellet. After incubation formih at 20°C and
1400rpm in a thermanixer, nonsoluble paricles were pelleted by centrifugation for
10min at 4°C and 10008 g. The protein containing fraction was transferred to a new

reaction tubeand stored at80°C.

Precipitation of secreted proteins in the supernatant using ethanol

For precipitation purposes, the protocol of Colantonio et al. was 48§l Originally
intendedfor the albumin depletion in serum, it was adopted to enrich protesasreted

by human primary hepatocytemmto the culture supernatanand simultaneously deplete
bovine serum albumin from the sample.

First, 50ul of 1.1M NaCl were added to 504 supenatant to a finalconcentrationof
0.1M NacCl. After incubatioon a rotation shaker for b at 4°C, 42Qul 96% (v/v) ethanol
were added slowly together with 3@ A.dest. and incubated again under the same
conditions. Afterwards, samples were centrifuigat 13.000pm at 4°C for 45min. Now,

the supernatant contained the main fraction of albumin. Thus, after removing the
supernatant, pellet was dissolved in @D 1xurea/thiourea (UT) solution and further

processed for analysis
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2.3.3 Plasmaspecific samplgreparation

Depletion of plasma proteins

Depletion of six higly abundant proteins (serum albumin, serotransferrin,
AYYdzy23ft20dzt Ay D3I A YYdzy 2 Fdn@rgpdi) Wa peaf@dmed | LIG 2 I £ 3
using a multi affinry removal column (human MARS @ccording to a modified

Y Iy dzF | préta@dilent) The olumn was operated oa VWR Hitachi Chromaster
HPLC oon the 29 dimension ofa PF2ystem.Mouse plasma samples were processed

in a similar manner, using a MARS 3 column to remove 3ytaghndant proteins (serum
albumin, serotransferrin, immunoglobulin G).

Plasma samples were thawed on ice. Thirty pl of plasma were diluted in 90 pl of buffer A
(Dilution 1:4) passed througla 0.22um spin filter and centrifuged for &in at 4°C and
13000rpm to remove particles. Eighty ul of the remained volume wie@ded ona
columnwith buffer A ata flow rate of 0.25nl/min for 9 min. The unbound fraction which

is referred to as thdlow through fractionwas collected between 2.§4.0min. Bound
highly abundant proteins were eluted from the column with buffer B at a flow rate of

1 ml/min for 3.5min. Theelution fractionwas also collected ath both fractions were

stored at-80 °C until further processing.

Protein precipitation

Precipitation of proteirs present in theflow through fraction(depleted plasma) was
achievedusing trichloroacetic acid (T@#al concentration 15 Yswhichwas found to be
the most efficient method to precipitate proteins from diluted solutiofersonal
communicationwith Leif Steil) To break tertiary protein structurand reduce proteins
initially dithiothreitol (DTT) was added to a final concentration ohi8l to the sample
The solution wawortexed properly and incubated for 36in at 37°C followed by the
addition of 100% (w/v) TCA to a final concentration of 4b(v/v). A&er incubation on ice
for 1h the sample was centrifuged for 4%n at 4°C and 3000rpm. The supernatant
was discaded and he protein pellets weravashed twice with 50Qul icecold acetone
followed by a centrifugation step (I&in, 4°C and 13006pm). Afterwards, the pellet

were dried in a vacuum centrifuge(Speedvag before they were dissolved in 1XJT
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solution Fa better solubilization the samples were incubated forr@ at 20 °C and

1400rpm in a thermanixer.

2.3.4 Sample peparation for mass spectrometry

Determination of protein concentration

Protein concentrations were determined with a colorimetassay according to Bradford
[79]. The dye Coomassie Brilliant Blu28 in the reagent shifts its maximum absorbance
from 465nm to 595nm when it binds to basic side chains of proteins. Due to van der
Waals forces and ionic interactions the dye abditzed in its anionic sulfonate form which
appears blue. The increasing absorbance at rif5is proportional to the amount of
bound proteins in the sample and can be determined with a photometer.

For the analysis, samples were diluted in a ratio 1:1@xT solution. Ten pl of the
dilution were mixed with 790 pl HPLC grade water and 200 pl of Bradford reagent were
added. Ten pl of UT solution served as blank sample. Samples were measured in three
replicates at 59%m at a photometer within 18nin. Proein concentrations were
calculated using the mean absorbance based on a calibration curve of bovine serum

albumin with a linear concentration range ofagy/pl to 12ug/pl.

Proteolytic digestion witkrypsin

Prior to proteolytic digeson, 4ug of each sanmp in 1xUT were diluted with 20nM
ammonium bicarbonate to a volume of 10 Disulfide bonds of proteins were reduced
with 2.5mM dithiothreitol and incubation of sample®r 1 h a 60°C and 550pm in a
thermomixer. To quench the reaction the volume svillled up to 18ul with 20mM
ammonium bicarbonate Resulting thiol groups werealkylated with 10mM
iodoacetamide for 3@nin at 37°C in the dark preventing fexidation ofSHgroups. For
tryptic proteolysisovernight at 37°C trypsinwas added in a protease to protein (m/m)
ratio of 1:25. Digestion was stoppday addition of5% (v/v) acetic acid to a final

concentration of 1%.
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Peptide purification

Obtained peptides were desalted and purified using pipette tips containing C18 material
with a capacity of 2 pg (ZipTip®prequilibration,the tips first were washed three times

with 100 % acetonitrile (ACN) and then stepwise five times with 80 % (v/iv) ACN in 1 %
(v/v) acetic acid, 50 % (v/v) ACN in 1 % (v/v) acetic agi&o (v/VACNm 1 % (v/viacetic

acid and twice in 1 % (v/v) acetic aléblell).

Table 11 Solution used for equilibration of the Ch@aterialpackedtip (ZipTip®)

80 % ACN in 50% ACN in 30% ACN in 1 % acetic acid
1 % acetic acid 1% acetid acid 1 % acetic acid

100% ACN 1200 pl 750 ul 450 pl -
HPLC grade watel - 450 pl 750 pl 1200 pl
5% acetic acid 300 ul 300 ul 300 ul 300 ul

The samplevas then loaded aiw the material by pipetting up and down 20 tingeor
pipetting the whole volumedwice for sample volumes bigger than 100 ul, respectively.
After washing theZipTi®five times with 1 % (v/v) acetic acithe peptides were eluted

by pipetting up and down first with 50 % (v/v) ACN in 1 % (v/v) acetic acid and then with
80 % (v/v) ACN in 1 % (v/v) acetic acid. Both eluates were combinedigravial and
dried in avacuum centrifuge or in a lyophilizer,spectively. The dried peptides were

dissolved in 20 ul buffer A to reaelpeptide concentration of 100g/pl.

2.3.5 Mass spectrometric analysis

The mass spectral data for theecretome andthe intracellular proteome of human

primary hepatocytes asacquired wih v 9 EF OGA@Su hNDBAGNI LI YI &a
same instrument was used for the mass spectromatiata acquisitionin the murine

study of hyperand hypothyroidismPlasma protein samples of theman thyrotoxicosis

study andplasma protein samples ohé murine transient thyrotoxicosisstudy were

measured witha LTQOrbitrap Velog mass spectrometer.

Analysie ¥ GNBLIGAO LISLIWIARSA daAaAy3d | v 9EIFOGADBSH
Mass spectrometriddata acquisitiond I & LISNF2NXYSR 2y I mass 9EI Ol A
spectrometer coupled ofine with an UltiMate® 3000 Ma HPLC system. For nanospray

ionization a TriVersa NanoMate nano source or a Nanospray FdexSource was used.
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Initially, peptides weretrapped onto an AcclaimPepMap 108C18pre-column @ pum
particle size150A pore size2 cm x 75um) before separaton on a 25cm Accucore 150
C18 analytical colum(i.d. 75pum, 2.6 um, 150 A). The binary buffer system was formed
of solventA; and solventB; (Tablel10). Peptides were eluted at a flow rate of 3@0min
with a linear gradient o$olventB; from 2% up to 25% in 120min with a total run time

of 145min per sampleTablel2).

Table 12 LC gradientused for peptide separation prior t0Q 9 EI OG A @Su  h ND A (i NJ
measurements

Time [min] 0.0 10.0 130.0 135.0 137.0 142.0 145.0

SolventB; [%] 2 2 25 40 90 90 2

Full scan data was generated in profile mode with a scan range of I88Dm/z, a scan
resolution for MScans of R 70000 and foMS/MSscans of R 17500, respectively. Out
of the survey scaim data dependent modéhe 10 most intense precursor signalsvith
charge statex bH @ SNBE MBSISEgmesddion #Zéniroid mode using high
energy collisional dissociation (HCOther parameters set for the analysis were: intensity
thresholding (AGC2x1@®, isolation window3 m/z, fixed first mass100m/z, normalized
collision energy27.5% dynamic exclusion time80s. Charge states of +1 and-é were

excluded of the analysis.

Analysisof tryptic peptides using a LTQrbitrap Velog mass spectrometer

The analysis wggserformed on a nanoAcquity UPLC connected to aQil§itrap Velox
mass spectrometer which is equipped with a ndf®l source.

Prior to data acquisition, peptides wectencentratedon a 2cmtrap column(nanoAcquity
UPLC 2&//Mtrap Symmetry C18,i.d. 180pum, 5um, 100 A)and separated on a 16m
nanoAcquity UPL&Pcolumn (BEH130 C18.d100um, 1.7um). The separation was
achievedusinga 92min nonlinear gradient formed of a binary buffeysem ofsolvent
A andsolventB, (Tablel3).

Table13 LC gradientsed priorall LTGh ND A G NJ L) +St 2aun a{ YSI adaNBYSyi

Time [min] 00 20 650 900 910 920
SlventB[%] | 2 5 25 60 99 2
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Sincedifferent LC solventsave been used across measured sample sets, the binary buffer
systems are specified fablel4, buffer compositions can be found Trablel0.

Peptides were eluted at a constant flow rate of 400nin. Subsequently, eluted peptides
were measured by automatically switching the mass spectrometer bet@bitrap-MS

and LTGMS/MS data acquisition for MS and MS/MS events. Survey full scan MS spectra
in an m/zrange from 30Q; 1700 were generated in profile mode in the Orbitrap with a
resolution of R 30000. For fragmentation, MS/MS scans were acquired withata
dependent strategy in centroid mode using collision induced dissociation (CID). The
method enabled isolation of up to 20 most abundant ions depending on their signal
intensity. Fragmentation was carried out with an isolation window 8fa2and a teget

value of 1 x 10or with a maximum ionization time of 108s. Already selected target ions
were dynamically excluded for &0 lon selection threshold was 2000 counts for MS/MS,
activation time was 1@ns and the normalized activation energy was?8®nly +2 and +3

charged ions were triggered for fragmentation.

Table 14 LC binary buffer system for two different sample sets measured on the LTQ Orbitrap
+St2an af

Sample set Binary buffer system
Human plasma SolventA

SolventB,
Murine plasma SolventAs

SolventB,

2.3.6 Processing steps for mass spectrometric raw data

vdzk t AG& O2yGNBf dzaAy3a -/ fA0dz2NM az2Fdo6l NS
I FGSNI YSI AdzZNBYSy G 200FAYySR OKNRYI 423N YA
software.Samples displaying huge differences regarding intensities and chromatographic

pattern were considered as outliers and not included in subsequent data analyses.

Processing steps using Genedata software

MS raw datawere imported into Genedata Refiner MS s$ofare. First, the individual
chromatograms o#ll files were cleaned by removing small structures in retention time

and m/z direction and by subtracting background nofsdowed by a smoothing
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procedure applied to all peakblext, an alignment search assoall chromatograms based

on the concept of a pairwise alignment based tree was performed in a search distance of

2min. After (i) chromatogram peak detection(ii) isotope clustering,(iii) MS/MS

consolidationand (iv) chromatogram single filter activity, an automatddtabase search

was performedusing the MASCOT algorithiversion 2.5)Uniprot/Swissprot databases

were selected according tthe processedsample set.Settings applied for the search

engine and the peptid validation dependd on the mass spectrometer and software

version Tablelbs).

Table 15 Description of settings for database search pegtide validation

Parameter Set 1? Set 22 Set 3 Set 4@

Mass LTQOrbitrap LTQOrbitrap v 9EI Odiv 9EI O

spectrometer +Sft2aun +£St2aun  Orbitrap Orbitrap

Release version of vs. 7.6.6 vs.9.0.0 vs. 10.0.3 vs. 10.0.3

Genedata software

Species Homo sapiens Mus musculus  Mus musculus Homo sapiens

Mass tolerance for 10 ppm 10 ppm 10 ppm 10 ppm

precursor ions

Mass tolerance for 0.6 Da 0.6 Da 0.02 Da 0.02 Da

fragment ions

# missed cleavage 0 0 0 0

permitted

Fixed modification Carbamidomethylation at cysteine

Variable Oxidation on methionine

modification

Database/release Human Uniprot/ Murine Uniprot/  Murine Uniprot/ Human Wiprot/
Swissprot Swissprot Swissprot Swissprot
2012/08 2014/04 2014/04 2015/06

Peptide validaton L2y &a021L2Yy &a02I1C5w X M C5w X ™
Rank =1 Rank =1

Quantification Summed Summed Hi3 Summed
intensity over all intensity over all quantification intensity over all
peptides per peptides per peptides per
protein protein protein

Min. peptide count 1 1 1 1

(a) Set 1humanplasmastudy of experimental induced thyrotoxicosiSet 2murine plasmastudy of
transient thyrotoxicosis and recoverget 3murine plasmastudy of hyper and hypothyroidism Set

4aintracellular proteome ohumanprimary hepatocytes

As general parameters for LTOND A (i NI LIu

+Sf2a

YI aa

ALISOGNRY

tolerance of 1(ppm and a fragment mass tolerance of @& were used. For data

33



MATERIA& METHODS

3SYySNI GSR 6AGK | v 9EI OGADBSH h NBrdfikedltoLd YI aa .
10 ppm peptide tolerance and 0.(2a fragment mass tolerance. Only ion charges of +2

and +3 were considered for database search with no missed cleavages.
Carbamidomethylation at cysteine (+57.D2) was set as fixed modification and oxidation

on methionine (+15.9®a) was set as variable modification.

Processing steps using MaxQuant software

The MaxQuant software version 1.5.3.8 was used to analyzeMi@eaw dataof the

human primary hepatocyte€® & dzLJS(d&}4b)@gdnefaied withay 9 EI OGA GSu h ND A
mass spectrometerDerived peak lists were submitted to the Andromeda search engine

using a Swissprot/Uniprot database limited to human entries (2016/@8¢litionally,a

contaminant datdasecomprising all proteins included in F€&&taining media was used.

The precursor mass tolerance was set topp@h and the fragment mass tolerance was

set t0 0.02Da. One missed cleavage was allowed. As before, carbamidomethylation at

cysteine was defineds fixed and oxidation on methionine as variable modificatidre

minimum peptide length had to be six amino acat&l the minimum of unique peptides

wassetto1¢ KS WYl GOK 06S0G6SSy NHzyQ GAYS GAYR26 T2N
set to0.7min.

Intensities and LFQ were calculated by the software. The LFQ values were generated from

the raw intensities using a special normalization procedure apdraicular aggregation

method[80].

2.3.7 Proteome data analysis

For data analysisef the human plasma pteome (set 1, n = 8(), peptide search results
GSNE OIfARIFIGSR o0llaSR 2y GKS RSTAYSR &SI NDOK &
peak annotation, allcluster information was imported ino the Genedata Analyst
software. Annotated clusterwere merged to peptides. After filteringgsolely unique
peptides were summed up to proteins.
Only proteins with less than 4% missing values were considered for quantificatidext,
protein intensities were log transformed and normalized to the mediaf all protein
intensities without missing values across all samples in the dataAetamples were
adjusted for age, BMand experimental batcland time point t2 to t5 per subject were
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standardized on baseline (t1) before calculating the mean vafusvery protein at one

time point. Subsequently, the free thyroxine levels and the protein abundances were
correlated according t®earson

Another evaluation strategy includeadd mixedeffect linear regression model with serum
FT4 concentrations as expasuand protein levels as outcome. Serum FT4 was
determined as a fixed effect due to the repeated measurement character of the study
whereas the participants wereonsidered as andomfactor in the model. All analyes

were adjusted for age, BMnd experimental batchProteins with a false discovery rate
.05 were seen as significafurther details are described elsewhdBd]. Regression
model and further analysis were performed by Maik PietzQestitute for Clinical
Chemistry and Laboraty Medicine, University Medicine Greifswald)

The proteome analysis of the mouse plasma samples of the transient thyrotoxicosis study
(set2, n = 24) was done in a similar mannafter summation of unique peptides to
proteins, only those with 586 validvalues were considered for quantificatiddifferences
plasma samples were identified using tma@y ANOVA. Proteins with@@ | f dz85 X
were used for further analysis. The identification of differently abundant proteins
between the groups (T#s. control, T4vs. T4R, T4Rs. control) was performedvia a
Welch ttest and a significance threshold pivalue (FDRM{.05 was set.

For the data analysis @fe second murine studysét 3 n = 16)and the set of human
primary hepatocytegset 4 g Genedata Refiner softwaneersion 10.0.3vas usedIn this
release peptide false discovery ratould be estimateds a function of the search score

by using decoy informatiorof peptides generated during Mascot searcA.hereby,
database search was notsticted and peptides were validated afterwards applying a
maximum false discovery rate of 1 %.

For set 3 the rext step includedthe protein inference activitywhich derived protein
intensities based on the peptide searchsults. Redundant proteinsvere filtered out
FOO2NRAYy3 G2 G4KS hOOIYQa NIT 2N LINAYyOALX So
protein groups were ignored. Peptides which are shared by the same protein group were
kept though.Forrelativeprotein quantification, protein intensies were calculateased
onthe top3 protein quantification method proposed by Siétaal. [82]. Only theaverage

top three peptides per protein across all samplesre considered an#ept for analysis
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Subsequently, provided protein intensities weiraported ino the Genedata Analyst
software, logio transformed and normalized to the median of all protein intensities
without missing values across all samples in the data set.

After peptide validation, summation to proteins was done as describeddtit.
Differentiallyabundant proteinsn the second murine studyere identified by comparing
the induction groups (T4, T3, MMI/KG)Qvith the control groupusing aWelch &test.
Proteins wereregarded as significant withm@ I f @z85. XX

For the dhta analysis of the intracellular proteee of human primary hepatocytes
(set4 a), median normalized intensities were used to build a ratio between the T4 treated
cells and the control cells of the same donor.

For quantification purposes of the secretome derty from the same hepatocytes
(set4 b), LFQ values calculated by MaxQuant were extracdiéighroteins with more than
two missing values were excluded from the analydi®e remaining protein LFQ were used

to build a ratio in the same way as it was dooethe intracellular proteome.

Functional classification of proteins

The functional classification of significantly altered proteins was performed using the
Ingenuity Pathway Analys(§PA)software (20142017). Based orthe whole human or
murine genomeR I G 61 a8 o aLy3Sy dzigénés werg froupesl RrifoS
functional categories.Significanceof the enrichment of proteins among functional

categories was assesseidCA 8 KSNDa SEIFOG GSai
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3.1 Studies orhuman plasma

3.1.1 Human model of experimentdy induced thyrotoxicosis

The results of the study have been published in Engelneaiah, 2015and Pietzneet al.,
2017[81,83.

Study design and phenotypical data

The aim of the human plasma study was to screen for novel peripheral biomarkers of
thyroid function and to characterize phy$igical signatures associated with free
thyroxine. Therefore the influence oflevothyroxine treatment (the pharmaceutical

equivalent to circulating T4)n the human msma proteome was investigated.

Administration of 0.25 mg L-T, per day

N
blood

sampling f' f' f' j' fl
A\ AV A\ v v

i | | | | |

time | | \ | |
t1 t2 t3 t4 t5

baseline week 4 week 8 week 12 week 16

Figure 3 Studydesign of experimental human thyrotoxicosisluding sampling time points {
t5) and duration of levothyroxine administration.
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3.04

free T3, normalized to baseline

free T4, normalized to baseline

TSH, normalized to baseline

time point

Figure 4 Individual serum leve
normalized to baseline of thyrc
hormones(TH)and TSH for each time po
during the human study of experimtal
thyrotoxicosis (t3baseline, t2 and t3l anc
8 weeks of levothyroxine treatment, t4 a
t5- 4 and 8 weeks after stopping t
application)

The study included a plasma sample set of 16
healthy male volunteers. They were treated
with a daily dose of 0.28g levothyroxine {Tz,
HenningBerlin, Berlin, Germany) for 8 weeks.
Blood sampling was done before the
administration started (t1, baseline), after 4 and
8 weeks under treatment (t2 and t3) agll as

4 and 8 weeks (t4 and t5) after stopping the
application Figure3, N = 8Gsample$.

All subjects developed biochemical
thyrotoxicosis, and this effect was reversed
within the first 4 weeks of foll-up. After 4
weeks of treatment with levothyroxine (t2), the
rose from 13.24 *

1.4pmol/l (SD) at baseline (t1) to 28.6 *

mean free T4 levels
6.5pmol/l, associated with an increase of free
T3 levels from 5.26 + 0.51 to 9.19 + 2gviol/l.
TSH was 2.1 +@2muU/l at baseline, dropping
to 0.017 £ 0.03nU/| after 4 weeks and staying
at this low level (0.007 + 0.0thU/l) after 8
After stopping

levothyroxine administration levels dfH and

weeks (t3) as well the
TSH returned to pretreatment levels (t4) and
stabilized over the study period (t5Figure4,
further information in tableSl). Importantly,
none of the volunteerseported any subjective
symptoms of thyrotoxicosis assessed by
comprehensive questionnaire¥hough plasma
levels ofthyroid hormones especially T3, show
variances, the observed decrease in TSH level is

very consistent across allibjects.
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Furthermore, effects of thyroxine treatment on wdéhown THresponsive clinical
measures.e. sex hormondinding protein (SHBG) and cystatin C (CYTC) and blood lipids
were assessed.-T4 treatment resulted ina transient decline of cholesterol as well as
HDL/LDicholesterol Figureb) while total triglyceride content was unaffectgdata not

shown)

6.0- 1.8 3.5

5.5+
1.69 3.0

5.01

1.44 2.54

W

3.0- 1.0~ 1.5-

4.5+

4.04

Cholesterol [mmol/l]

2.09

HDL-cholesterol [mmol/]
LDL-Cholesterol [mmol/l]

3.59

T T T T T T T T T T T T T T T
t1 t2 t3 t4 t5 t1 t2 t3 t4 t5 t1 t2 t3 t4 t5

time point time point time point

Figure 5 Serum concentration of cholesterol, HbBholestero) and LDtcholesterol during th
study period(meanvalueswith 95% confidence intervals)

Since SHBG is known to be altenedevelin thyroid dysfunction there was an expected
increase inprotein concentration from baseline (t1) to 4 and 8 weeksdtl t3) after
treatment (30.16mmol/l to 50.59mmol/l and 55.93mmol/l, respectively).The same
holdstrue for CYTGhowing an increase ironcentration during the administration of
levothyroxine(0.68mg/I to 0.79mg/l and 0.86mg/l). Both proteirs returnedto baseline

levelswithin 4 weeks after termination of-Is intake (Figure6).

6.0- 2.59

SHBG, normalized to baseline
Cystatin C, normalized to baseline

0.5-

time point time point

Figure 6 Individual plasma levels normalized to baseline (t1) of sex horswmaing globulii
(SHBG) and cystatih for each time point during the study period of experimental thyrotoxic
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Protein identification

All plasma samples were depletéor six highly abundant proteins usimgulti affinity
removal column (MARSG6, Agilent Technologies). Remaining proteinspresipitated
using trichloroacetic acid and subsequently proteobftic digested. Prior to mass
spectrometric analysis, peptides were desalted and subjected to liquid chromatography.
The analysis was perfbed in 80 single LEMS/MS runs. fie recorded raw data were
processed using the Refiner MS software. Aff@romatogram alignmenisotope group
specific clusteswere extractedand submitted to a MASCOT database search. Summation
of annotated clustes was done using Genedata Analyst softwdretotal, 2374 unique
peptideswere identified representing 497 human protein®©nly proteins identified in
more than 60 % of all samples (n= 43Were considered for quantificatiorfs.a.
Supplementary table SIpespiteaffinity depletion to remove high abundant protes 283

proteins were identifiedvith one peptideonly.

Impact of the T4 administration onto plasma protein levels

Priorto statistical analysis, raw protein intensities have to be normalized and corrected
for several reasond.o exclude protein changes which occur as a result sioflging or
differences inveight of study participant, protein abundances were adjustadaddition,
dueto the size of the sample set and the long measurement time, samples were processed
batch-wise Prior to adjustmentfor BMI, age and experimental batch all protein intensities
were logo transformed and normalized to the median. Subsequently, free T4 levels and
protein abundances of the 437 proteins were correlated accordingPgarson
Disregading the study kinetichte Pearson correlation coefficierg a measure of linear
dependence between two variablegvenby free T4 and protein abundancegheaim

was to identify protein alterationsligning with free T4 levelsndependently of the
current state during the study period.

A large subset of proteins en138) demonstrated a correlation coefficient |#0.8
revealing a strong influence of the levothyroxine treatment on the plasma proteome of
male volunteers. Two thirds @91) of correlategroteins revealed a positive correlation
whereas 47 proteins were negatively correlatedree T4 levelsRestricting the threshold

to rx|0.9| 55 proteins were positively correlated and 21 proteins negatively correlated,
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respectively The corresponding correlation coefficients for all proteins carfdund in
Qupplementary tableS2 The 10 strongest correlations (positive and negative) between

proteins and measuret@Hare displayed ifTablel6.

Table 16 Strongestpositive and negative correlatidmetweenproteins and free T4 the study
of experimental thyrotoxicosi€orrelation was done according Rearson Subcellulatocation
was derived from the Unipré&wissprotdatabase.

Swissprot Protein names Subcellular r (Pearson

annotation location

CAMP_HUMAN Cathelicidin antimicrobial peptide Secreted -0.990

INSC_HUMAN Protein inscuteable homolog Cytoplasm -0.982

ANKS6_HUMAI Ankyrin repeat and SAM domain Cytoplasm -0.981
containing protein 6

PLMN_HUMAN Plasminogen Secreted -0.976

IF140_HUMAN Intraflagellar transport protein 140 Cytoplasm, -0.963
homolog Cytoskeleton

S10A8 HUMAN Protein S100A8 Secreted, -0.952

Cytoplasm

CC043_HUMAN Singlepass membrane and coilembil  Cell membrane -0.948
domaincontaining protein 1

TTK_HUMAN Dual specificity protein kinase TTK  Cytoplasm -0.945
APOD_HUMAN Apolipoprotein D Secreted -0.939
RIMS1 _HUMAN Regulatingsynaptic membrane Cell membrane -0.937
exocytosis protein 1
FETUB_HUMAI FetuinB Secreted 0.982
IC1 HUMAN Plasma protease C1 inhibitor Secreted 0.982
PRG4_HUMAN Proteoglycan 4 Secreted 0.982
MLL3_HUMAN Histonelysine Nmethyltransferase 2C Nucleus 0.983
ZA2G_HUMAN Zincalpha2-glycoprotein Secreted 0.985
CFAH_HUMAN Complement factor H Secreted 0.988
VASN_HUMAN Vasorin Cell membrane 0.989
ITIHL_HUMAN Inter-alphatrypsin inhibitor heavy Secreted 0.990
chain H1
F13B_HUMAN Coagulation factor Xl &ain Secreted 0.991
PEDF_HUMAN Pigment epitheliurderived factor Secreted 0.997

The correlation previously mentioned for SHBG and CYTC assessed by laboratory assays
wasalsoobservable in the untargeted proteome approach with0.8616 for SHBG and
r=0.9525 for CYTC, respectivésee 2.3.1). Functional categorization of correlated
proteins for canonical pathways using Ingenuity Pathway Anatgsisaled different

categories of proteins influenced by levothyroxine administratieigyre7).
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Figure 7 Functional categorization of proteinsorrelated with free T4 levels. 76 prote
(correlation coefficient | %0.9) were analyzed using IPNumbers behind bars represent
number of assigned proteins for the particular pathway.

From 35 proteins assigned to the coagulation cascade, 24 proteins (almost 70%) were
detected by mass speametric analysisout of which 7showed asignificantcorrelation

(I r] %0.9) with free T4 levelsThe majority of coagulation proteins idplayed apositive
correlation withcoagulationfactor Xl subunit B (FB3 ¢ =0.991)showing the strongest
correlation.F13Bprotein level returned to baseline quickafter discontinuation ol Ts-
application Moreover, coagulation factor IXH9 could be foundwith an r=0.938,

whereas the corrlation and significance foF5 (r=0.816), F2(r=0.813) and F11
(r=0.811) were slightly lower but showed the satnend (Figure8).

Additionally,conventional ELISAs were performed for F9 and FibBi(e9) to confirm the

results from proteome profilingThe results for bth proteinsconfirmed theincrease in
concentration during the peak of induced thyrotoxicosis observed by LRIS/MS
measurementsWhen compang the levels at time point t1 and &dgnifcantly different

levels were found foF9 (p= 0.0023 and F13(p <0.0001) dza A Yy 3 -tedt. &K Q&
detected coagulation factors (F7, F10, F12, F13A) showed no significant correlation with
free T4 whereas protein C inhibitor (SERPINAS), antithrombin Ib { 9 wt Lb/ m0 | YR
antiplasmin (SERPINF2) as representatives of the serpin peptidase inhibitor family all
revealed positive correlatian In contrast, plasminogen was the only protamong the
coagulation cascaddetected with a negative correlation amtbnsequentlyshoweda

decreased abundance uporlktreatment ( =¢0.976).
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Intrinsic Pathway Extrinsic Pathway
D —> €2
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Figure8 Schematic view of the coagulation cascade. Colored boxes highlight proteinsx@ii
(dark red);r 0.8 (light red)r X0.9 (green). Gray boxes: proteins were covered by the analysis,
but displayed no significant correlation (0# x ¢0.8). A2Mh ,¢macroglobulin,F2coagulation
factor I, FGfibrinogen, KLKB1@lasma kallikreinPLGplasminogen,SERPINAML cantitrypsin,
FERPINAbProtein Cinhibitor, SERPIN&ntithrombin 11} SERPINDOieparin cofactor IITFPLissue
factor pathway inhibitor, THBD thrombomodulin, TPA tissue plasminogen activatoJPA
urokinase plasminogen activatoVWF von Willebrand factor.The figure ispublished in
Engelmanret al.,, 2015[83].
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Figure 9 Individual plasma levels determined via ELISA normalized to baseline of coay
factor IX and XllI for four time points during the study period of experimehyabtoxicosis
Time point t4 was skipped due to the experimental setup situation.

Besides proteins assigtheto the coagulation cascade, Idroteins with r»0.9 and
additionally 3 proteins with 0.8 of the complement system were correlated with free
T4(Tablel7). All of them showed posite correlation demonstrating a rather moderate

but significantincreased abundance during tie& administration

Table 17 Proteirs assigned to the Complement System (IPA) and showing a correlation of
r»|0.9] according to Pearson

Swissprot anotation Protein names r (Pearson)
CFAH_HUMAN complement factor H 0.9879
IC1_HUMAN plasma protease C1 inhibitor 0.9822
CO7_HUMAN complement component 7 0.9760
C1QB_HUMAN complement C1g subcomponent subunit B 0.9736
C08G_HUMAN complement component C8 gamma chain 0.9699
C1QA_HUMAN complement C1qg subcomponent subunit A 0.9575
MBL2_HUMAN mannosebindingprotein C 0.9520
CO8B_HUMAN complement component C8 beta chain 0.9513
CO8A_HUMAN complement component C8 alpha chain 0.9351
CO3_HUMAN complement component 3 0.9189
CO2_HUMAN complement component 2 0.9051
CFAB_HUMAN complement factor B 0.8957
C0O9 _HUMAN complement component 9 0.8780
C1S_HUMAN complement component 1, s subcomponent 0.8208
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Pearson correlation analysis led to data reduction because the mean value of every
protein at one time point was calculated beforehand to correlate it with the free thyroxine
levels. Furthermoresimple correlation analysis does not account for the repdate
measurement character of the study design and hence further decreases the statistical
power to detect significant associations

To overcome these drawbacks, mixefflect linear regression models accounting for the
repeated measurements weibsequentlhconsidered. Consequentlihe same data set

was used for this analysis approach using the medelct linear regression model with
serum free T4 concentrations as exposure and protein abundances as outcome controlling
for age, BMland batch(see2.3.7). Application of this model on the legtransformed
protein intensities exhib#éd significant associations with free T4 for 63 anft 437
detected poteins (14%). The majority (n = 47) was positively associated while 16 proteins
exhibited an inverseassociation.

Consistently, even the reference proteins CYTC and SHBG showed significant inverse
associations with free T4 in the new modelling approach.

The significantesults are summarized iRigure10, where three functional groups of
proteins are separately marked’he corresponding estimates and FDR values from

regression analysis cam lhiound in Supplementary tables.
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FDF t2 t3 t4 5
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