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ABSTRACT

Transthyretin- (TTR) Familial amyloid polyneuropathy (FAP) is an autosomal dominant
amyloidosis that presents as a progressive sensorimotor and autonomic polyneuropathy, due to
a Val30Met disease-causing variant in TTR gene with death occurring within a decade of symptom
onset.

Variability in age-at-onset (AO) and in clinical presentation is present in Val30Met TTR-
FAP, showing a remarkably wide variation in AO (19-82 years) in Portuguese patients. However,
early (AO <40 years) and late-onset cases (AO 250) are not separate entities and coexist in the
same family. In a recent study, our group confirmed anticipation as a true biological phenomenon
in these families, where late-onset cases often had offspring with early-onset, but the reverse
never occurred: that ‘protection’ may be lost in just one generation. This raised the hypothesis of
a closely linked modifier. Furthermore, it is not still clear whether TTR interactions with other
proteins play a significant role in proteotoxicity, or whether such interactions could also provide
protective effects in neurons.

The central idea of this thesis was to identify molecular mechanisms intertwined with
genetic modifiers in human and animal models that are associated with phenotypic variability. This
thesis focused on two principal strategies: (I) to understand the mechanisms that influence AO,
concentrating the study in families; and (II) to identify modifiers of TTR proteotoxicity using a
Val30Met TTR-FAP animal model.

Resorting to the largest cohort of Val30Met TTR-FAP patients worldwide, first, several
variants were identified associated with AO variability in the promoter, coding and intron / exon
boundaries of the TTR gene. Their putative effect was then studied through an extensive in silico
study which disclosed significant alterations in the mechanism of splicing, transcription factors

binding and miRNAs binding.

Second, by a haplotype study, a possible modulatory effect on AO was unraveled, exerted
by a significant trans-factor more frequent in early than in late-onset cases, reinforcing the genetic

role of the non-carrier parent in AO modulation.

Third, whole-genome sequencing was applied in two nuclear families with 3 generations
where the decrease in AO is evident between parents-offspring pairs, showing a large anticipation
(>10 years), resulting in a difference of = 40 years in AO of the grandmother to the grandchild.

MYH11 was identified as a modifier candidate gene. MYH11 gene encodes a component of a

Vi



myosin protein, which was undoubtedly found to be involved in a protein-protein interaction
network with TTR.

In addition, Caenorhabditis elegans models of FAP were generated and characterized,
which expressed different human TTR variants that recapitulate critical features of human FAP

disease, including impairment in locomotion and nociception impairment.

Then, using this TTR-FAP animal model, a suppressor of TTR toxicity was uncovered from
a forward genetic screen followed by whole-genome sequencing. The phenotypes that were
modulated from this candidate gene and the pathways involved in TTR toxicity were investigated
in vivo in the Val30Met TTR-FAP model.

The results obtained with this thesis revealed new genetic modulators and pathways of
TTR proteotoxicity, including those that might regulate AO mechanisms in TTR amyloidosis. In
conclusion, with this work we have shown that TTR-FAP is affected by numerous genomic factors
that are either nearby or physically separated from the disease-causing variant. Some of these
factors are located in the TTR locus and may affect the expression levels and/or TTR function;
other genes directly or indirectly cross the TTR-related pathways.

Elucidating TTR proteotoxic pathways and mechanisms of AO variability in FAP may have
clear clinical implications, helping clinicians in identifying early-onset families at risk and to
diagnose them early, when modifying treatments can be implemented with greater success. FAP
patients with this rare and debilitating genetic disease urgently need more effective therapies.
Importantly, an increased awareness of the factors that impact AO in FAP patients may well
contribute to a better understanding of the pathogenic mechanisms of more common
neurodegenerative states such as Alzheimer’s and Parkinson’s disease, with which FAP shares

some common features.
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SUMARIO

A Polineuropatia Amiloidética Familiar (PAF) associada a Transtirretina (TTR),
vulgarmente conhecida como “Doenga dos pezinhos” ou paramiloidose, € uma amiloidose
autossémica dominante que apresenta uma polineuropatia progressiva sensitivo-motora e
autonémica devido a uma variante-causal no gene da TTR, levando & morte numa década apo6s
0 inicio dos sintomas.

A variabilidade na idade de inicio dos sintomas (ii) e na apresentacédo clinica esta bem
presente na TTR-PAF Val30Met, ocorrendo numa grande amplitude de idades (19-82 anos) em
doentes portugueses.

Contudo, casos precoces (ii <40 anos) e tardios (ii 250) ndo sao entidades separadas e
coexistem na mesma familia. Num estudo recente, 0 nosso grupo confirmou a antecipa¢gdo como
um verdadeiro fendmeno biolégico nestas familias, onde os casos de inicio-tardio frequentemente
tiveram filhos com inicio-precoce, mas o inverso nunca ocorreu: a “protecao” pode ter sido perdida
em apenas uma geracao; o que levantou a hipotese da existéncia de um modificador ligado ao
gene. Além disso, ndo esta ainda claro se as interagcbes da TTR com outras proteinas
desempenham um papel significativo na proteotoxicidade ou se essas interagdes também podem
providenciar efeitos protetores nos neurénios.

A ideia central desta tese foi identificar mecanismos moleculares interligados com
modificadores genéticos, em modelos humanos e animais, que estao associados a variabilidade
fenotipica. Esta dissertacdo focou-se em duas estratégias principais: (I) compreender os
mecanismos que influenciam a ii, concentrando o estudo em familias, e (ll) identificar

modificadores da proteotoxicidade da TTR, usando um modelo animal TTR-PAF Val30Met.
Recorrendo a maior coorte mundial de doentes TTR-PAF Val30Met:

Primeiro, foram identificadas diversas variantes no promotor associadas a variabilidade
na ii, nas regides codificantes e nos limites intrdo/exao no gene da TTR. Os seus efeitos putativos
foram entdo estudados através de um extenso estudo in silico que revelou alteractes

significativas nos mecanismos de splicing, ligagédo de fatores de transcricdo e miRNAs.

Segundo, num estudo haplotipico foi revelado um possivel efeito modulador na ii, exercido
por um factor em trans significativo, mais frequente nos casos precoces que nos tardios,

reforcando o papel genético do progenitor ndo-afetado na modulagéo da ii.
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Em terceiro lugar, procedeu-se a um whole-genome sequencing em duas familias
nucleares com 3 geracdes, onde o decréscimo na ii € evidente entre os pares pais-filhos,
mostrando uma grande antecipag¢ao (>10 anos), resultado numa diferenca de = 40 anos na ii da
avo para os netos. O gene MYH11 foi identificado como um gene candidato modificador,
codificando uma componente da proteina miosina, estando indubitavelmente envolvido na rede

de interagBes proteina-proteina com a TTR.

Além disso, foram gerados e caracterizados modelos de PAF em Caenorhabditis elegans
gue expressam diferentes variantes da TTR humana e sintetizam caracteristicas fundamentais

da PAF humana, incluindo altera¢des na locomogao e na nocicepgao.

Posteriormente, usando este modelo animal TTR-PAF, foi identificado um supressor da
toxicidade da TTR num forward genetic screen, seguido de whole-genome sequencing. Foram
investigados em modelos TTR-PAF Val30Met in vivo os fenétipos que foram modulados por este
gene candidato e as vias envolvidas.

Os resultados obtidos com esta tese revelaram novos genes moduladores e vias da
proteotoxicidade da TTR, incluindo aqueles que podem regular os mecanismos da ii na
amiloidose da TTR. Em concluséo, com este trabalho demonstramos que a TTR-PAF é afetada
por inUmeros fatores genéticos que estao proximos ou fisicamente separados da variante-causal
da doenca. Alguns desses fatores estéo localizados no locus da TTR e podem afetar os niveis
de expressao e/ou a funcdo da TTR; outros genes diretamente ou indiretamente cruzam as vias
relacionadas com a TTR.

Clarificar as vias de preotoxicidade da TTR e os mecanismos da variabilidade da ii na PAF
pode ter claras implicacdes clinicas, ajudar os clinicos na identificacdo de familias em risco de
inicio precoce e a diagnostica-las precocemente, quando os tratamentos modificadores podem
ser implementados com maior sucesso. Os doentes PAF com esta doenca genética rara e
debilitante necessitam urgentemente de terapias mais eficazes. E importante realcar que uma
maior consciencializacdo dos fatores que afetam a ii em doentes PAF pode contribuir para um
melhor conhecimento dos mecanismos patogénicos dos estados neurodegenerativos mais
comuns, como a doenca de Alzheimer e de Parkinson, com os quais a PAF partilha algumas

caracteristicas semelhantes.



INTRODUCTION






In the past decades, with access to DNA information, a large number of genetic variants
have been discovered. These variants affect the coding region of a single gene, are mostly
responsible for a genetic disease — monogenic disorders. These disease-causing genetic variants
(formerly known as mutations) are transmitted over the generations and, in cases of dominance,
one copy of the altered gene pair is sufficient to manifest the disease. The traditional process of
linking monogenic disease phenotypes to a genotype is an oversimplification. Nowadays it has
been clear that the genotype at a single locus rarely predicts the full phenotype, where variations
in different genes can lead to similar phenotype defects and, also on the contrary, a single gene
has been implicated in different phenotypes. Thus, other genetic factors may exist and exert an
effect on the primary genotype on phenotype expression.

Multifactorial phenotypes are caused by a combination of de novo and inherited variants
in multiple loci, often acting together with environmental factors (e.g. diet, climate). However, there
is still a substantial gap in the factors known to contribute to phenotypic heterogeneity and disease
presentation. Monogenic diseases provide an excellent opportunity to study phenotypic variability
as they have, in many cases, uniform etiology (same affected gene and the same disease-
causing variant), familial clustering and detailed and recognized phenotyping of affected

individuals.

Familial Amyloid Polyneuropathy (FAP)

An example of a monogenic disorder is Familial Amyloid Polyneuropathy (FAP). FAP is an
umbrella of familial diseases that present amyloid forms deposition mainly in the peripheral nerves.
Subtypes are categorized depending on the type of protein composing the amyloid: apolipoprotein
A-1 (ApoA-l), gelsolin and transthyretin (TTR).

Apolipoprotein A-1 amyloidosis

Apolipoprotein A-l1 amyloidosis is a rare, autosomal dominant disorder caused by disease-causing
variants in the APOA1 gene. Approximately 20 disease-causing variants are associated with the
hereditary form, 13 are missense, and the others are insertions/deletions'. APOA1 gene encodes
ApoA-1, a plasma protein synthesized by the liver and the small intestine that transports cholesterol
from peripheral cells to the liver?. Clinically, is characterized by polysystemic manifestations with
predominance in kidney and hepatic disease with onset in the fourth decade of life. However, there

is a strong association of protein regions where disease-causing variants lie: if it is in the residues
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1-75 the patients mainly suffer from hepatic and renal amyloidosis, whereas disease-causing
variants that are located in codons 173-178 cause amyloidosis of the heart, larynx, and skin®.
Currently, the available treatments are limited to hemodialysis and hepatorenal transplantation.

Gelsolin amyloidosis

Gelsolin amyloidosis also known as Familial amyloid neuropathy type IV is a rare, autosomal
dominant disorder cause by G654A (p.Aspl87Asn) or G654T (p.Aspl87Tyr) variants in gelsolin
gene®. The substitution of aspartate at position 187 in the gelsolin protein to an asparagine or
tyrosine, respectively, lead to gelsolin fragment formation and amyloidogenesis. The extracellular
amyloid deposits occur at ocular, neural, and cutaneous level. The age-at-onset (AO) is usually
after the third decade of life with secondary lattice lines in corneal stroma, progressive cranial and
peripheral neuropathy, and cutis laxa®. Finland has the highest prevalence of the disease, often
known as the Finnish type. Although a specific treatment it is not yet available, solutions for these

patients undergo symptomatic treatment and good ophthalmological care®.

Transthyretin (TTR)-FAP

Transthyretin familial amyloid polyneuropathy (TTR-FAP) is an autosomal dominant amyloidosis
that presents as a progressive sensorimotor and autonomic polyneuropathy, due to disease-
causing variants in the TTR gene with death occurring within a decade of symptom onset. It is by
far the most common and life-threatening type of amyloidosis, which was the main focus of this

thesis and which will be described in more detail below.



Transthyretin familial amyloid polyneuropathy (TTR-FAP)

Although the "amyloid" term was brought in the scientific literature in 1838 to describe “a
normal amylaceous constituent in plants™, it was in 1854 the first time applied it in the medical
literature’ to describe small round deposits in the nervous system.

About one century later, TTR-FAP was first recognised as a disease by Professor Corino de
Andrade®, opening a new field of medical and laboratory research and discoveries until the present
day.

In the last 60 years much has been discovered about this new clinical entity, from gene to the
causal variant. However, in these last few years there was a major interest for new
treatments as this disease still has no cure and many of the phenotypic manifestations continue
to be explained.

History of FAP: Major Milestones

1838 — Matthias Schleiden coined the term “amyloid”.

1842 — von Rokitansky wrote the first pathological descriptions of amyloid.

1875 - André-Victor Cornil, Richard Heschl and Rudolph Jiirgens independently reported the
use of aniline dyes in the recognition of amyloid.

In 1906 - Alois Alzheimer described "senile" plaques and neurofibrillary tangles in a demented
patient, later named Alzheimer’s disease.

1922 — Hermann Bennhold introduced the use of Congo red as a specific stain for the detection
of amyloid.

1929 — De Bruyn and Stern described the first clinical picture of what would come to be known
as familial amyloid polyneuropathy.

1938 — De Navasquez and Treble reported one of the earliest descriptions of amyloid
neuropathy.

1939 — Américo Graga, a physician from Pévoa de Varzim, sent a woman to Dr. Corino with a
disease known in the region by “Doenca dos pézinhos” (foot disease).

1942 — Kabat et al, discovered for the first time transthyretin (formerly Prealbumin) in human
cerebrospinal fluid (CSF) and Siebert and Nielson, found thransthyretin in human serum.

1943 — Jo&o Resende, Jorge Silva Horta e Corino de Andrade identified amyloid substance in
tissues of a patient with FAP.

1952 — Corino de Andrade published for the first time the definition of the disease in the journal

Brain, entitled: “A Peculiar Form of Peripheral Neuropathy; familiar atypical generalized



amyloidosis with special involvement of the peripheral nerves”, which is until the present day the
most cited Portuguese reference in international medical literature.

1958- Ingbar determined the TTR molecular mass of 55kDa and discovered TTR bind thyroid
hormones.

1964 — P. E. Becker established the autosomal dominant inheritance.

1968 - Shukuro Araki described FAP in Japan and Kanai et al. characterized transthyretin as a
retinol binding protein.

1969 — van Allen described Apolipoprotein A-1 amyloidosis and Jouko Meretoja described
Hereditary Gelsolin Amyloidosis.

1970 — Rune Andersson described FAP in Umea (northern Sweden).

1978 — Pedro Pinho Costa reported prealbumin (later called transthyretin) as the protein
component of the amyloid fibrils that accumulate in tissues of patients with FAP.

1981 — Nomenclature Committee of the International Union of Biochemistry accepted
Transthyretin as the official name.

1984 — Maria Jodo Saraiva and Shukuro Araki identified an abnormal transthyretin caused by
Val30Met mutation in Portuguese and Japanese FAP patients.

1988 — Alda Sousa and Luisa Lobato showed the familial aggregation of late-onset cases.

1991 — Gosta Holmgren introduced in Umea (Sweden) liver transplantation as a therapy for
FAP.

1992 — Jodo Pena started at the Hospital Curry Cabral the liver transplantation for FAP in
Portugal.

2003 — Jeffery W. Kelly published the chemical structure of Tafamidis, the first drug for FAP.
2011 — Tafamidis (Vyndagel®; Pfizer Inc.) approved in Europe.

2013 - Diflunisal is repurposed for familial amyloid polyneuropathy.

2014 — Carolina Lemos et al. confirmed anticipation as a true biological phenomenon in TTR-
FAP.

2018 — Novel therapeutic drugs were approved for the treatment of FAP: Patisiran (Onpattro™),
the first small interfering RNA-based drug approved by the US Food and Drug Administration
(FDA) and Inotersen (TEGSEDI™), an antisense oligonucleotide (ASO).

Genetic Scenario
The TTR gene is located on the long arm of chromosome 18 in the region 11.2-q12.1. This
gene is approximately 6.9 Kb in length and contains a promoter, four exons and three introns®.

Exon 1 encodes 23 amino acids of which 20 relate to the signal peptide.



Most of the TTR protein annotations in the literature are in accordance with the old
nomenclature, which considered the mature protein after signal peptide cleavage!®. Nowadays,
we have to shift 20 amino acids in the TTR protein annotations that correspond to the TTR-signal
sequence.

Until now, there are 140 non-synonymous variants in the coding regions of the TTR gene
registered in “Mutations in hereditary amyloidosis” database!!. Furthermore, The Genome
Aggregation Database (gnhomAD), which collects genetic data from 125,748 exome sequences
and 15,708 whole-genome sequences, comprises more than 250 genetic variants in the TTR gene
(including the non-coding regions).

The most frequent amino acid substitution variant in gnomAD is p.Gly26Ser (also known
as Serine6)2. Although it causes an amino acid change in TTR protein, this variant is not disease-
causing®. As the variant arose in a CpG hotspot it may have arisen on multiple occasions*.

The substitution of a threonine for methionine at position 139 (Thr119Met) is another non
disease-causing change. However, this substitution seems to stabilize the TTR tetramer and,
thereby confer a greater resistance to amyloid formation*® ¢, Similarly, TTR Arg104His seems to

be a non-causing change and with a protective role in TTR amyloidosis’-°,

On the other hand, more than 120 variants are reported as amyloidogenic and have an
associated phenotype (Figure 1)*. TTR Val30Met (NP_000362.1:p.Val50Met) is
the most common disease-causing variant worldwide associated with hereditary TTR-FAP with
polyneuropathy?®-22, Identified in 1984 for the first time in Portuguese patients, this variant results
from a guanine to an adenine substitution (rs28933979, ¢.148G>A) in the exon 2 of the TTR
gene?3. This substitution has serious consequences on the protein, notably it makes the TTR
tetramer very unstable which results in the formation of amyloid deposits (mechanism described
below)?4 25,

The variants Asp18Gly (D18G) and Ala25Thr (A25T) are even more TTR destabilizing?®
27 These variants are associated to a central nervous system amyloidosis and both showed low
or absence levels of TTR in serum and CSF of central nervous system amyloidosis patients,
suggesting that there is an increased clearance within the cell?® %7,

The Vall22lle variant leads to the vast majority of hereditary TTR amyloidosis with
cardiomyopathy (also known as Familial amyloid cardiomyopathy (FAC))?% 28, This is the most
common variant in United States and is strongly associated with African American individuals?.
This variant has nearly equivalent tetramer stabilities as wild-type (WT) form (also responsible for

a cardiac phenotype)?:2°,



In addition to the compound heterozygosity (e.g. Thr119Met/Val30Met), there are also
variants in homozygosity (e.g. Val30Met*°-3? and Val122lle®). Interestingly, the double genetic
dosage of TTR Val30Met homozygous carriers does not appear to make them clinically different
from those in heterozygosity, nor is it sufficient to trigger the disease®® 3L

It is important to understand the role of WT TTR which, despite not suffering any alteration
in the amino acid structure of the protein, is responsible for a cardiac form of TTR disease known
as Wild-type ATTR (formerly as Senile Systemic Amyloidosis or senile cardiac amyloidosis)3* 3.
Typically occurs in elderly men (over 60 years) with TTR amyloid deposits commonly in heart,

albeit can be found throughout the body3* 3,

Epidemiology

TTR Val30Met is the most common and almost the only TTR-FAP causing variant found
in Portugal and represent 20-50% of the variants worldwide® 2¢. Recently, the global prevalence
of TTR-FAP was estimated to be around 10,000 persons (range 5,526—38,468)%".

In Portugal, more than 99% of the affected families carry the TTR Val30Met variant, while
other families carry the TTR Ser50Arg; TTR Ser52Pro and TTR Val28Met. These non-Val30Met
variants are represented in 5 families in the inland of mainland Portugal, 1 family in central coast
and seven families are from Madeira island?2.

Andrade looked for patients with the same clinical picture, examined their relatives and
thus described the first cluster of the disease, an area in Northern Portugal centred and around
the districts of POvoa do Varzim and Vila do Conde, which remains the largest concentration of
patients worldwide®®. In 2018, Schmidt et al. estimated that the highest global prevalence of TTR-
FAP is in Northern Portugal (1,631.20/1M) and Northern Sweden (1,040.00/1M)3’. Moreover, in
2016 Inés et al., using the reference centers databases in Portugal as a source for prevalence
estimates, reported that Portugal has the highest country estimate of 22.93/100,000 adult
inhabitants, where 71 new patients yearly are diagnosed®. Importantly, the prevalence for Pévoa
de Varzim/Vila do Conde is currently 176.01/100,000 adult inhabitants which represents an
increase of 16% over the last 25 years®% 3,

Thus, although TTR-FAP it is considered a rare disease, it is very prevalent in some
clusters, as in 19 municipalities in Portugal (in Europe the threshold is established in <5/10,000

persons).



Transthyretin Biochemistry

TTR gene encodes the transthyretin protein of 127 amino acids, originally named pre-
albumin because it migrates faster than albumin on agarose gel electrophoresis. However, it has
no structural relationship to albumin. It is mainly synthesized in liver but also in the choroid
plexus®, retinal pigment epithelium*, kidney*! and pancreas % 3,

TTR is a homotetramer with 55kDa comprising four identical monomeric subunits. Each
monomer contains eight B-strands and a helix between them; and in association with another
monomer, it forms a dimer. When two dimers associate the final tetrameric conformation is
formed, becoming fully functional*. TTR contains two identical T4-binding sites where T4 is
attached and transported T4 and four binding sites for retinol binding protein (RBP), forming
itself a complex with retinol (vitamin A). This is how transthyretin gained
its name: transports thyroxine and retinol*®. T4 is a major form of thyroid hormone primarily
responsible for regulation of metabolism and brain development®. In the plasma, where TTR is
a relatively abundant protein (secreted by liver), most of TTR does not bind to RBP and only
transports 15-20% of T44":48, On the other hand, in the CSF (secreted by choroid plexus) TTR
transport 80% of T4%°. But, the absence of TTR does not prevent the transport of T4 in the brain,
suggesting that there are other compensatory mechanisms®. TTR is also involved in nerve
physiology, namely in the process of peripheral nerve regeneration, after injury®; in the biology
of lipoproteins (LDL and HDL), through the binding to ApoA-1°?; as a neuroprotective molecule in
Alzheimer's disease (AD)%3 and cerebral ischemia®; in the maintenance of memory capacities
and normal cognitive process during aging, through its ability to regulate brain retinoid
availability and®®; as an assessment protein in nutrition status, inflammation and bacterial
infection, since plasma TTR levels are altered under these clinical conditions settings®®.

Another important role of TTR is in the pathogenesis of AD and it has been for some time
the study of many researchers. In 1982, TTR were identified in the neurofibrillary tangles as well
as in neuritic plaques and in the microangiopathy in AD patients’ brains *’. Afterwards, TTR was
found to be one of the major amyloid-8 (AB) peptide binding protein in the CSF (jointly with ApoE
and clusterin), forming stable complexes with AB thus preventing the formation of amyloid - the
AD hallmark®® %, It was also found that the mean TTR levels in AD patients were reduced in
CSF and plasma®® ¢, These facts, have led several researchers to study TTR as modulator of
the mechanisms of AD, developing several transgenic animal models, such as rodent, flies and

worm models 2.



Transthyretin Aggregation

Aggregation of TTR causes TTR amyloidosis. Under the amyloid-forming conditions,
native TTR tetramer (a dimer of dimers) dissociates into monomers which misfold and eventually
grow into insoluble fibrillar structures, amyloid®*®® (Figure 4). Distinct patterns of amyloid fibrils
have been reported: a full-length TTR form and C-terminal TTR fragments ranging from residues
46-127 to 55-127%" ®,  The residue 49-127 C-terminal fragment is a major component
of ex vivo TTR amyloid fibrils®® ¢°. When amyloid fibrils contain a mixture of fragmented and full-
lenght forms, it is termed Type A; and if are composed only by the full-length form, it is termed
Type B’°. The correlation between the types of TTR fibrils and phenotype has been proposed™.

In the following Table 1 is shown the most common phenotype for each type of fiber.

Table 1- Main characteristics of type A and B fibrils.

Fibrils Type A B
Composition Full-Length + C-terminal fragments Only Full-Length
Val30Met Late-onset mixed phenotype Early-onset neuropathic
Other Majority of non-Val30Met;
Variants only in TTRWT S N
DPD
scintigraphy Uptake No uptake
Congo red Low affinit High affinit
staining y 9 y

DPD: 3,3-diphosphono-1,2-propanodicarboxylic acid

It is a fact that, amyloid fibrils themselves induce tissue damage, albeit we cannot forget
the cytotoxic role of other lower molecular mass oligomeric species and with these aggregation-
prone species extensive native-like structures are retained with them’*-"3,

The quality control machinery of the cell protects more from forms of amyloid, with highly
destabilized TTR variants being detected and degraded by the endoplasmic reticulum (ER) quality
control system before secretion, while others are secreted and escape the clearance
mechanisms’*.

Although the WT form itself destabilize the native TTR tetramer and forms amyloid, some
amino acid changes in the protein were shown to energetically (kinetically or thermodynamically)
accelerate the dissociation of the tetramers into partially unfolded species, which is the rate-
determining step in TTR amyloid formation process?®. These forms of amyloid deposit

extracellularly and impair organ function.
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Amyloid deposits in peripheral and autonomic nerves; cardiac tissue and leptomeninges,
result in the cardinal signals that are denominated as the major clinical syndromes: FAP, FAC and
leptomeningeal amyloidosis, respectively’. But amyloid deposits are usually multisystemic, not
specific to a disease-causing variant or clinical syndrome. For instance, TTR Val30Met patients
besides the deposits in peripheral and autonomic nerves also have prominent deposits in the
heart, thyroid gland, gastrointestinal tract, pancreas, adrenal gland, kidney, skin and eyes (Figure
1)76-78_

Likewise, WT TTR aggregates are not organ specific, although they primarily deposit in
the heart, lungs, blood vessels, kidneys and carpal tunnel are affected too”® &,

Despite the tremendous advances to unravel the process of TTR misfolding and amyloid
formation, detailed molecular mechanisms and tissue-specific deposition pathways remain

partially unknown?®?,
TTR Partners

While TTR amyloid cascade and symptomatology have been well characterized, the
molecular interacting partners are not fully defined. Since TTR discovery that its name has been
modified according to its partners. More than a decade later, Ingbar et al. discovered for the first
time that Thyroxine Binds Pre-Albumin, starting to call the TTR as TBPA%. In 1968, Kanai et al.
characterized TTR as a retinol binding protein and TTR became Retinol Binding Pre-Albumin
(RBPA) 82, RBP and retinol exist in the circulation bound as a ternary complex to TTR; TTR-RBP
complex if formed within the ER of hepatocytes prior to secretion®3. Later based on this interaction,
Transthyretin became its official name. Furthermore, Sousa et al., showed that TTR binds to
megalin (a multiligand receptor) which is important for TTR renal uptake and the thyroid hormone
homeostasis®. In the same way, sensory neurons also express megalin and TTR depends on its
internalization for neuritogenic activity®°.

For years, scientists explored the role of TTR in AD after finding that TTR is the major AB
binding protein®3 &, This binding is affected by the interaction of TTR with human metallothioneins,
namely TTR-MT-2 decrease and TTR-MT-3 increase TTR-AR binding®’ 8. In the plasma, around
1-2% of the TTR is carried in HDL, through binding to ApoA-I, forming the TTR-ApoA-I complex®2.

In addition to the aforementioned functions, it has been shown that TTR has a proteolytic
activity®®. Liz et al., showed that TTR was able to cleave ApoA-I and neuropeptide Y (the major
neuropeptide present in the mammalian brain) and that its proteolytic activity affects axonal
growth®: %0, In contrast, TTR was identified as a substrate for DJ-1 protease and an inactive form

of DJ-1 was secreted into the serum of FAP patients®.
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Recently, it was proposed that TTR interacts with & subunit of GABAA receptors
(expressed abundantly in the brain) and regulates their expression and function®2.

Additionally, several nonsteroidal anti-inflammatory drugs and natural polyphenols, such
as curcumin®3; genistein®-°, epigallocatechin-3-gallate (the most abundant catechin of green
tea)®” and; resveratrol®® have been found to bind TTR and inhibit the formation of amyloid fibrils®°.
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Symptomatology

In general, Dr. Corino described this clinical entity as a “Peculiar form of peripheral
neuropathy; familiar atypical generalized amyloidosis with special involvement of the peripheral
nerves™. Throughout the detailed and meticulous description, Dr. Corino characterized this
multisystemic disease with paresis and early impairment of thermal and painful sensibilities
(predominantly and beginning in the lower extremities), and gastro-intestinal; sexual and sphincter

dysfunction®. Nowadays these characteristics remain a pathognomonic signs. illustrates the

Central Nervous
System Dysfunction

Leu32Pro; Asp38Gily; Ala45Thr
Val50Met; ValS0Gly; Gly73Glu
- Gly73Ala; Phe84Ser; Tyr89His

\ Tyr134Cys

Autonomic neuropathy

Val50Met; Glu62Gly; Leu75Pro;
Ala129Ser; Tyr134Cys

Ocular disorders

Val50Met, Val50Gly; AlaS6Pro
Trp61Leu; Gly73Ala; Leu75Pro
Phe84Ser; Tyr89His; Lys90Asn
lle104Ser; Tyr134Cys

Cardiomyopathy

Asp38Asn;Vald0lle; Pro44Ser;

Aspb58Ala; Glu62Gly; Ala65Thr
Ala65Ser; Gly73Glu; Gly73Ala;
Leu75Pro; His76Arg; Gly77Arg
Leu78His; Phe84Leu; lle88Leu;
Ser97Tyr; Ala101Thr; Ala101Val
Ile104Ser; His108Arg; Glu112Lys;
Arg123Ser; lle127Val; Leu131Met
Val142lle

Nephropathy

Val50Met; Gly73Ala
Ser97Tyr

Carpal tunnel syndrome

Pro44Ser; Ala56Pro; Leu78His; =1 Gast intestinal
Phe84Leu; Lys90Asn; lle104Ser; == = SE OO =TIV
lle127Val; Tyr134His = Disturbances

Sexual = + Peripheral sensory-

13 - motor neuropathy

: : Pro44Ser; Ala45Thr; Val50Met;
Asp58Ala; Trp61Leu; Glu62Gly;
Gly73Ala; Phe84Leu; Phe84Ser
lle88Leu; Lys90Asn; Ser97Tyr;
lle127Val; Ala129Ser; Tyr134Cys

dysfunction

Figure 1 - TTR-FAP is a multisystemic disease in which different disease-causing variants contribute to the
phenotype heterogeneity. Adapted from 75 °7: %8,
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The Neuromuscular System

The main neurologic feature in TTR-FAP is a progressive sensorimotor and autonomic
polyneuropathy with involvement of the small myelinated and unmyelinated nerve fibers® 10,

Usually, the loss of sensation begins in the feet and extends to proximal lower limbs,
including numbness and spontaneous pain. Later, the sensory neuropathy spreads to the upper
limbs and even the trunk as the disease progresses®t 192, Carpal tunnel syndrome may also arise
in initial disease presentation!®. Subsequently, larger myelinated sensory and motor nerve fibers
become affected and symptoms of motor neuropathy appears leading to difficulties in walking and
weakness,

Regarding patients’ locomotion, the progression of the disease was divided into 3 stages
according to Coutinho et al.1%. In stage 1 symptomatic patients walk unassisted, and by stage 2
they can no longer walk unassisted (one or two sticks or crutches). Patients in stage 3 are confined

to wheelchair or bedridden, which occurs after a mean of 10,4 years.

Autonomic Neuropathy

Autonomic neuropathy emerges at the beginning of the clinical manifestations,
concomitantly with the sensory and motor deficits. Autonomic dysfunction presents as erectile
dysfunction; neurogenic bladder; orthostatic hypotension and sweat abnormalities®?.

Patients also have a high prevalence of gastro-intestinal complaints, most commonly
alternating between constipation and diarrhea, nausea, vomiting and delayed gastric emptying.
These disturbances of gastro-intestinal motility leads to a severe loss of weight (a hallmark of this
disease) and ultimately in cachexia!®?. Not as frequent is the involvement of the central nervous
system which includes ataxia, spastic paralysis, dementia, stroke-like and focal neurological

episodesto® 107,

Cardiomyopathy

Cardiomyopathy is the result of TTR amyloid fibrils infiltration in myocardium, often with
rhythm and conduction disturbances!®?. Heart failure with preserved ejection fraction is also
characteristic for some forms of the disease!®. Cardiac involvement is typical for older patients or

may develop after the onset of neuropathy?°,

Other organs and systems

Albeit renal involvement being quite rare for some TTR variants, in TTR Val30Met
Portuguese patients is not uncommon and all presented renal amyloid deposition, even in the

absence of urinary abnormalities!®®. Microalbuminuria can be the first sign of clinical kidney
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involvement and is premonitory of neuropathy!'°. Late-onset females’ patients, low penetrance in
the family, and cardiac dysrhythmias were shown to be risk factors for nephropathy**.

Ocular manifestation represents another TTR-FAP clinical features, are associated with
vitreous opacities derived from amyloid, and may lead to visual impairment. Abnormal conjunctival
vessels, dry eye, pupillary abnormalities and glaucoma are equally common as ophthalmological
manifestations and their prevalence increases with disease duration’” 112114 Must be point out
that this clinical picture is influenced by several factors as AO and gender?®,

Generally, complications such as cachexia, renal failure, infections or cardiac problems,
lead to death 10 to 20 years after AO, without treatment?2,

With the increasing knowledge and as clinicians become more aware of this disease,
several atypical phenotypes have been reported, especially for sporadic cases of non-clusters

areas (i.e. scattered, frequently without family history, and late-onset)**.
Age-at-onset (AO)

In 1952, Andrade first described TTR-FAP in Northern Portugal as a disease of the young
adult (“It begins insidiously in the second or third decade of life.”)®. Variation in AO between
clusters and within the same focus has been described® 116121, Specifically, the differences in
mean AO among the world's major TTR Val30Met clusters are: Portugal: 35,1; Brazil: 34,5;
Sweden: 56,7; Balearic Islands: 45,7years; Japan: 35,3 years®® 1%, Though the mean and shape
distribution is considerable different among populations, the range is similar and very wide. In
Portuguese Val30Met TTR-FAP families, AO shows a remarkable wide variation [19-82 years],
and an increasing number of late-onset cases (AO 250 years), as well as asymptomatic carriers
aged up to 95 years, have being ascertained®.

Families where the proband (usually with a late-onset) had no affected parent at diagnosis
have been increasingly ascertained (= 60 families in last decade)'?2. The portion of Portuguese
late-onset cases incident increased 22%, increasing the proportion of late-onset cases to 28.7%%°.
Typically, these late-onset probands aggregate in families, often descending from parents who
had died at old age with no signs of the disease or in some cases, these parents showed to be
TTR Val30Met carriers with no symptoms as late as at 95 years of age'®® 122, These families often
come from geographical areas distinct from the typical clusters described. Although late-onset and
aged asymptomatic carriers aggregate in families, it was also observed that in many families,
“protective” factor(s) associated with late-onset may be lost in one generation, and offspring of

late-onset cases often have an early-onset (AO <40 years).
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Most importantly, it was found that early- and late-onset cases are not separate entities,
they may coexist in the same family®® 123, Anticipation of AO (an early-onset in the offspring when
compared to their affected late-onset parents) was found in Val30Met TTR-FAP families from
Portugal (Figure 2), Sweden and Japan'?® 124126 Qur group analysed 926 parent-offspring pairs
with well-established AO and found that women had a statistically significant higher AO than men,
either for daughters vs. sons or mothers vs. fathers. Furthermore, mother-son pairs showed a

larger anticipation (>10 years) while the father-daughter pairs showed only residual anticipation?’.
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Figure 2- Example of a Portuguese Val30Met TTR-FAP pedigree showing anticipation.
Val30Met TTR individuals are indicated by filled symbols. AO, Age-at-onset.

The following Table 2 summarizes the background and the main clinical features between

early- and late-onset Portuguese Val30Met TTR patients accordingly to Conceicao et al., 2007
and 2016104 128,
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Table 2 - Background and the main clinical features of Portuguese Val30Met TTR patients, adapted
from Conceicdo et al., 2007 1?8; 2016 8.

Early-onset Late-onset

N 43 43
Mean AO (SD), years 33.1(5.4) 59.5 (6.8)
Gender (Male/Female) 20/23 21/22
Presence of family history, % 86% 32%
Symptoms, % of patients
Sensory-motor symptoms 35% 84%
Autonomic and Gl symptoms 65% 16%
Neuropathic pain 2% 47%
Cardiac signs 0% 14%
Renal dysfunction 0% 7%
Ocular symptoms 0% 2%

SD, standard deviation; GlI, gastro-intestinal. Some patients may have more than one first symptom.

Genetic Modifiers

Searching for genetic modifiers in FAP is a very promising avenue. Few studies have been
published aiming to disentangle possible genetic modifiers involved in AO variability'?® 10 Some
of the hypothesis proposed that a small part of the phenotypic heterogeneity may be explained by
non-coding variant in potentially regulatory regions in cis'**3, Polimanti et al. 2013, suggested
that non-coding TTR variants have a role in determining phenotypic presentation in African
patients, suggesting a contribution to a phenotype with increased cardiac achievement. The
analysis of extended haplotypes within and surrounding the TTR gene using microsatellites
suggested a possible modulatory effect on AO, exerted by a trans factor more frequent in late than
in early-onset cases®*. However, it failed to reach significance, possibly due to the multiple factors
involved and/or to a small sample size.

Candidate genes were also studied, looking for common variants that could be associated
with Val30Met and AO*?° (Figure 3). Possible interactions between loci seemed to contribute more
to the observed differences in AO, than a single-locus effect.

Our group published several studies, using a family-centred approach, where diverse
candidate-genes associated with TTR pathways were investigated as they might act as genetic
modifiers of AO in TTR-FAP Val30Met3% 1%, Namely, some variants in candidate-genes related
with TTR-FAP signaling pathways (APCS, RBP4, NGAL, BGN, MEK1, MEK2, HSP27, YWHAZ)
are significantly associated with AO variation in Portuguese population, reinforcing the effect also
found in previous studies®®® %6, Also, sex hormones may have a modifier effect in the disease

onset, as it was shown for the first time the contribution of AR gene as an AO modifier'®®. Soares
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et al. screened 9 parent-offspring pairs with large anticipation and no trinucleotide-repeats were
found associated with anticipation??®. In contrast, using a larger sample of 123 Val30Met TTR-
FAP families, Santos et al. 2019 found an association of large normal alleles of a trinucleotide-
repeat in ATXN2 and a decrease in AO. Moreover, based on the co-localization of chaperones
proteins in TTR deposits, Dardiotis et al., found association of variants in C1Q complement and
APOE genes with AO in a Greek-Cypriot TTR-FAP sample, although family structure was not
taken into account®. In our Portuguese families we also found similar results, as rare APOE
variants lead to an earlier-onset and variants in CLQA and C1QC were associated with an earlier
or later AO of TTR-FAP37:138,

Figure 3- Scheme of candidate-genes associated as potential AO genetic modifiers.

Mitochondrial DNA (mtDNA) variation may also contribute to AO variability. The presence
of a mtDNA variant may explain the observed differences in penetrance according to the
transmitting parent gender®*® and different mtDNA haplogroups were associated with AO variation
in TTR-FAP Swedish and French patients!*®. Our group explored the mtDNA copy number
variations and we found that TTR Val30Met carriers have a significantly higher mean mtDNA copy
number than controls. This variation was also observed in particular in early-onset offspring that
showed a significant increase in the mtDNA copy number, when compared with their late AO

parents4l,
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Origin

It is still an open question whether the worldwide spread of Val30Met variant results from
a single founder and what is the genetic relation between different clusters of the disease. It was
hypothesized that the disease originated from Portugal, and then spread throughout the world,
with the Portuguese travellers of the 16th century: to Sweden during the salt trade and, to Japan
where the Portuguese are supposed to have introduced cartography, astronomy, the art of
navigation, printing, a new vocabulary and rifles®.

On the other hand, other authors suggested that population differences in AO could be
explained by different mutation origins'*?. Thus, it was suggested that an independent founder
effect might have arisen in Swedish patients'34 43 and the gene may have travelled with Vikings
from Sweden who visited Western Europe in the beginning of the 8th century. Additionally, a study
suggested that the Italian Val30Met variant may have originated before the Portuguese and
Swedish Val30Met variant!4?, but this is still an open question. This Italian study suggested that
non-coding regions of TTR can influence the genetic diversity found in the three populations, which
will have implications, for example, in AO variability'#?. In Portugal, the differences in AO are also
observed in two main disease clusters: Northern Coast and Inland region. Recently, our group
found robust insights indicating that Val30Met arose in the Northern Coast and probably the

dispersion occurred from Northern Coast to Inland region#4.
Misdiagnosed/ Mimicking neuropathies

There are other diseases that due to its symptomatology similar to TTR-FAP or uncommon
signs (elderly patients and no family history, biopsy without amyloid substance), are often
confused and misdiagnosed. Consequently, this fact leads to a delay of diagnosis in average of 4
years, post onset!S,

Chronic inflammatory demyelinating polyneuropathy (CIDP), immunoglobulin light chain,
diabetic neuropathy and leprosy are some of the common examples of misdiagnosis. CIDP is the
commonest misdiagnosis especially in individuals with slightly or no autonomic dysfunction46 147,

The difficulties of clinical diagnosis of TTR-PAF are a current reality that clinicians tend to

face. Their awareness is fundamental to reduce the long delay in diagnosis.

Treatment

The multiplicity of affected systems in this disease poses serious problems in the
therapeutic approach. As first-line treatment is the symptoms relief of the affected systems
not only to control them but also to prevent complications. However, this does not affect

the course of the disease?.
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In a broad sense, there are different stages to prevent the disease progression: (A) a really
early stage is the suppression of TTR expression; (B) an intermediate stage is the TTR
stabilization and; (C) at the end of the cascade is the clearance of amyloid deposits (Figure 4).
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Figure 4- The TTR amyloid cascade showing the therapeutic options and their targets in TTR-FAP. Modified
with permission from Jeffery Kelly, TSRI.

(A) Liver Transplantation
As TTRis predominantly produced by the liver (>90%), if the TTR Val30Met liver is
replaced by a TTR WT liver, it is expected that no progression of the disease could occur**, In

1995 in Portugal, the first sequential liver transplant was performed, later denominated
internationally as "domino"**°. The domino liver transplantation, the liver excised from the patient
with TTR-FAP, anatomically normal and with no other functional abnormalities than the Val30Met
TTR production, serves as a graft for transplantation hepatic with terminal liver disease (for
example: viral or tumoral patients). This method has achieved good results and apparently does
not imposes risk to donors’ lives since the symptoms were expected to take as long as it takes in
a TTR-FAP patient (about 20-30 years) to start at the liver receptor!*®. However, after a few years
some cases began to appear where de novo amyloidosis was detected in domino receivers in 8-
10 years?™®,

Until recently the only effective therapy known was liver transplantation, improving the
general state and stabilization of neuropathy, in most cases; however encompasses some
limitations: (1) availability of organs, which is not sufficient for all patients leading to a growing
number of deaths in patients on the waiting list; (2) lifelong treatment with immunosuppressors;
and (3) older patients cannot be submitted to a liver transplant, due to the increased probability of

complications during surgery*°®.
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(A) Therapeutic Oligonucleotides: Patisiran e Inotersen

By 2018, two similar approaches for silencing WT and disease-causing variants TTR
expression in the liver were approved: Patisiran e Inotersen. The two therapeutic oligonucleotides
resulted in a high serum TTR knockdown of ~80% in patients over several months of treatment.
Clinical trial data have demonstrated that are equally well tolerated and improve the quality of life
and neuropathy impairment!*!. Both bind to RNA in a sequence specific manner but exploit
different mechanisms*®2,

Patisiran, is a lipid nanoparticle-formulated small interfering RNA (siRNA) that mediated
RNA interference (RNAI) via binding to 3'UTR of TTR mRNA in the cytoplasm for TTR mRNA
cleavagel®3 154, Patisiran is administered by intravenous infusion every 3 weeks®3,

Inotersen, is antisense oligonucleotide (ASO) with a complementary sequence to target
TTR pre-mRNA in the nucleus via RNaseH. The complex ASO/TTR mRNA induces the RNaseH
activity resulting in TTR RNA degradation?®? 15°, TTR-FAP patients receive Inotersen weekly by

subcutaneously injection®®®,

(B) Tafamidis
A promising alternative to liver transplant has emerged through Tafamidis. In 2011,

Tafamidis became the first drug to be approved for the treatment of TTR-FAP by European
Medicines Agency (EMA) for stage 1 TTR-FAP patients (symptomatic patient walking
unassisted)®® 17, Tafamidis is an oral-administered novel small molecule that binds to
hydrophobic T4-binding sites of the TTR and stabilizes the TTR tetramer, consequently, prevents
TTR tetramer dissociation and aggregation®®®. Patients treated with tafamidis have shown a
significant slowdown in the progression of peripheral neuropathy, cardiomyopathy and
improvements in the nutritional status®®. Regarding the mortality risk, tafamidis reduced this risk
in early- and late-onset patients by 91% and 63%, respectively’®®. However, Tafamidis only
showed efficacy in 60% of patients, while in 40% disease has progressed normally*®®. In addition
to this problem, we must take into account that a significant proportion of patients do not meet the

necessary criteria to use Tafamidis.

(B) Diflunisal

Another stabilizer of TTR tetramer is Diflunisal. Unlike Tafamidis, this drug was not

designed specifically for TTR, is a repurpose of a non-steroidal anti-inflammatory agent which also
bind T4-binding site of the TTR**. This old drug also proved a delay in the rate of progression of

neurological impairment and preserved quality of life!®°.
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(B) AG10

AG10 is also an orally-administered small molecule designed to potently bind and
stabilizes TTR in the blood*®°. This is currently in clinical trials, but so far has been well tolerated
and demonstrated >90% average TTR stabilization*®°.

(C) Disruption of insoluble amyloid fibrils

Another therapeutic strategy for ameliorating the hereditary TTR amyloidosis involves the

degradation of the substance amyloid already deposited. For example:

- A humanized monoclonal antibody was designed specifically against TTR epitopes in

order to target and clear the TTR misfolded forms'®l. The similar strategy has already
shown positive results in AD62,

- Doxycycline + tauroursodeoxycholic acid (TUDCA), is a synergetic effect of two agents

that in the open-label phase Il study demonstrated to be well tolerated and stabilized the
neuropathy and cardiac disease®®. Doxycyline is an antibiotic that might be capable to
disrupt TTR fibrils in vitro and in mice and TUDCA is a biliary acid that reduces non-fibrillar
TTR aggregates'®.

So far, these therapeutic options are in pre-clinical studies.
Animal Models

Much of what is known today about many disorders derives from in vivo studies. Several
TTR animal models have been created, including rodents, fruit flies, C. elegans and non-human
primates. They have revealed important TTR pathophysiological mechanisms and have assisted
to test potential therapeutic options®2.

Several groups have generated transgenic murine with valuable insight into the
mechanisms underlying TTR-mediated amyloid aggregation. These TTR mouse models including
WT and disease-causing variants showing TTR deposition in some tissues, but they never

afforded a neuropathy or cardiomyopathy degenerative phenotypes?6® 166,

Mouse models

A mouse strain transgenic for WT human TTR genes demonstrated that these animals
over 18-months of age had both nonfibrillar and to a lesser extent amyloid fibril TTR deposits in
the heart and kidney'®®. FAP mice expressing human TTR Val30Met gene 711 and the more
aggressive human Leu55Pro variant were previously generated, but these models failed to

present nonfibrillar or fibrillar TTR amyloid deposits in the peripheral and/or autonomic nervous
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system to recapitulate the full spectrum of human disease features!’2. On the other hand, Santos
et al., found fibrillar TTR deposition in the peripheral nervous system in a human TTR Val30Met
transgenic mouse but only in a heat shock transcription factor 1 (Hsfl) null background and yet
the development of neuropathy was not observed!’®. These transgenic mice show more
prominently amyloid deposition in the gastrointestinal tract than in TTR amyloidosis patients’.
Moreover, a drug doxycycline was demonstrated that might be capable of disrupting TTR amyloid
deposits in a transgenic mice expressing human TTR Val30Met gene in a mouse Ttr gene
knockout’.

Another key point in these type of studies is that the different strains may lead to different
phenotypes for the same variant. Panayioyou et al., using two lines of transgenic mice bearing the
same TTR Val30Met transgene concluded that the genetic background modulates TTR amyloid
deposition and affects pathogenic cascades involved in amyloidogenesis, as it had been reported
for other diseases!’®. Recently, a double-humanized mice where the mouse Ttr and Rbp4 were
replaced with the human TTR and RBP4 gene observed amyloid deposition more pronounced
than in conventional transgenic mouse strains and, importantly were the first mice model to

observe amyloid deposition in the sciatic nerve without additional genetic change!’’.

Drosophila melanogaster models

Drosophila melanogaster models of TTR amyloidoses have previously been reported, also
expressing human WT TTR"® 179 two amyloidogenic variants in TTR B-strand regions!8% 181 and
the destabilizing TTR-FAP TTR variants Leu55Pro'’® and Val30Met!7®' 181182 |n these studies, the
TTR variants were expressed in the eye, nervous system or fat body and were associated with
neurodegeneration, shortened lifespan, and reduced climbing activity when compared to the

wildtype TTR flies that demonstrate a milder phenotype!’8-182,

C. elegans models

A C. elegans expressing human WT TTR was previously generated, yet the model
exhibited neither toxic phenotypes nor mechanism of toxicity'83. Recently, Tsuda et al.,
generated a C. elegans model expressing in the body wall muscle full-length WT and TTR
Val30Met and various WT TTR fragments fused to enhanced green fluorescent protein
(EGFP)*84, The authors proposed that epigallocatechin-3-gallate, a major polyphenol in green
tea, significantly inhibited the phenotype caused by residues 81-127 of TTR**. Nonetheless,
as these fusion proteins do not contain the TTR signal peptide, as a result, they are localized

in the cytoplasm of the body wall muscle.
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Non-human primates’ models

So far, only three studies have emerged with non-human primates. All are about aged
vervet monkeys showing cardiac dysfunction and positive TTR amyloid deposits in several
organs, including the heart!®>1#7, Without genetic confirmation, two studies suspect of senile
systemic amyloidoses based on the pathological relationship between TTR amyloidosis found
and the disease in humans?8 87 while the other study identified the TTR Val122lle variant!.
In addition to humans, spontaneously developed systemic TTR amyloidosis in animals has
not been reported.

Thus, there is a pressing need to generate a good model system that mimic the disease
phenotype in order to unravel important disease-related mechanisms and ultimately the

development of new drugs and treatments.
Taking into account this state-of-the-art, there was still room available, which led us to

explore and identify the molecular mechanisms intertwined with genetic modifiers in human and

animal models that are associated with phenotypic variability of TTR-FAP Val30Met.
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MAIN OBJECTIVES






Our research hypotheses were:

(1) why do some patients start the disease very early (AO <30 years), while their ascendants start
the disease much later (AO >50 years)?; (2) what causes differences in AO between generations
in some families?; (3) what are the proteins that interact with TTR and contribute to neuronal
proteotoxicity? and (4) can the function of these proteins reverse the neuronal dysfunction in FAP

models?
This project focused on two main aims:

0] to identify and characterize genetic variations that can explain the disease phenotypes

reported, by concentrating the study on families; and

(mn to characterize the role of TTR in FAP neurodegeneration using a Val30Met TTR FAP

animal model.

Therefore, the core of this thesis was to identify molecular mechanisms and/or genetic modifiers

associated with phenotypic variability as evidenced by age-of-onset variation.

Specific Objectives

To elucidate the relevant questions mentioned above, our aim was to identify modifiers closely
linked to the TTR locus that may in part explain the wide variability in AO. We proposed to explore
genetic mechanisms that may act as modifiers for AO in FAP including: cis- and trans-acting

factors and whole-genome sequencing in TTR-FAP families with large anticipation.

Furthermore, we also aimed to identify TTR modulators in a forward genetic screen using
Caenorhabditis elegans, to further elucidate genetic pathways that might correlate with AO

variability and severity of human FAP disease phenotypes.

The possibility of anticipating or understanding the diverse and complex mechanisms that

influence AO can help in the prediction of disease onset.
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GENERAL METHODS






Two major methodologies were applied: 1) in human DNA (Article 1-3) and; II) in C. elegans
TTR- FAP models (Article 4 and 5).

All individuals’ data were collected from Unidade Corino de Andrade (Centro Hospitalar do
Porto), the largest dataset on Val30Met TTR-FAP worldwide collected for 70 years now. The
availability of such a large sample of patients, clinically well characterized by the same small group
of neurologists, is a unique opportunity for this research. Moreover, family members, unrelated
controls and some asymptomatic carriers were also collected from the bio bank at Centro de
Genética Preditiva e Preventiva (Instituto de Investigacao e Inovagdo em Saude). This bio bank
already has permission of CNPDP (National Commission for Personal Data Protection) for
collection and storage of diagnostic and research samples and associated data. All samples were
coded, and personal data kept separately from clinical and genetic information. All procedures
were done in accordance with Law 12/2005 (genetic information) and Law 67/98 (data protection).
Written informed consent was requested from selected individuals, for collection of DNA and to
take part in this study.

DNA was extracted from blood or saliva samples and quantified by spectrophotometry.
Genotyping was performed according to the specific objectives of each article: Sanger
sequencing; Multiplex PCR following SNaPshot approach and Whole-genome sequencing
(WGS).

After genotyping, the functional impact was evaluated in silico by a plethora of
bioinformatics tools. Results were analyzed using standard statistical and to account for non-
independency of AO between members of the same family approaches as described specifically

in each Chapter/article. Corrections for multiple comparisons were also taken into account.

For C. elegans’ experiments, standard nematode culture methods and genetics were used
to maintain the nematodes on nematode growth medium (NGM) plates seeded with E. coli strain
OP50, unless otherwise specified.

Germline transformation was performed to generate C. elegans integrated strains
expressing human WT-, D18G-, V30M-, T119M- TTR under the body wall muscle-specific
promoter.

All strains were tested by quantitative RT-PCR and western blot to quantitate mRNA and
TTR protein levels, respectively.

In vitro TTR tetramer levels were measured by Ultra Performance Liquid Chromatography

(UPLC) employing validated fluorogenic TTR folding probes A2 that are dark until they selectively
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bind and reacts to TTR tetramers. Non-native TTR oligomer levels were quantified by Native-
PAGE and by ELISA sandwich assays, using non-native TTR polyclonal MDX114 antibody, and
monoclonal MDX102 and MDX108 antibodies. The antibodies are specific to misfolded forms of
TTR and do not recognize tetrameric native form of TTR.

The in vivo localization of TTR was visualized by immunofluorescence (IF) microscopy
using specific antibody against TTR or compound 5 for TTR tetramer. Coelomocyte uptake assay
were performed injecting worms with dextran and coelomocytes were selectively ablated in our
TTR models by expressing a variant diphtheria toxin (DT-A). Imaging of coelomocytes was done
on live animals with simultaneous differential interference contrast microscopy (DIC) and
epifluorescence modalities.

C. elegans were fed with RNA interference to reduce of TTR transgene activity and R193.2
gene.

Three TTR-dependent phenotypes were characterized by: Thermal avoidance assay for
nociception; analysis of FLP dendritic branching for neuronal morphology and worm tracking
analysis for locomotion. These phenotypes were ameliorated by treatment of TTR strains with
tafamidis and RNAI against TTR.

Forward genetic screen was conducted by chemically mutagenize V30M TTR C. elegans
to identify F2 generation homozygous mutants that suppress the defects in locomotion. Candidate

suppressors were placed in complementation groups and identified individual mutations by WGS.

The following scheme give us a general overview of the methods used in these thesis

which are detailed described in each article.
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RESULTS






The aim of Article 1 was to identify genetic alterations and regulatory factors at TTR
locus in addition to TTR Val30Met variant and to understand how they may contribute as
genetic modifiers in TTR-FAP.

We reported common and rare variants that were identified in the promoter, coding
and intron / exon boundaries of the TTR gene in 330 TTR Val30Met patients from Portugal.
Their putative effect was then studied through an extensive in silico study.

Eight variants were identified in the coding and flanking region of the TTR gene,
including 2 new ones. In addition, 15 variants were found 2.1kb upstream of TTR (in the
promoter region) including a novel one and a CA repeat. The frequency of variants was
compared between the early and intermediate/ late onset groups.

The in silico study suggested the presence of 3 non-coding variants that possibly
modulate the mechanism of splicing and 2 variants in the promoter interacting with
transcription factors binding sites. Also, it was shown that 2 variants might interfere with
MiRNA binding sites in the 3'UTR of TTR.

The current data suggest possible mechanisms that may account for expression of
TTR as a modulator of the course of FAP. Genetic testing could go beyond screening for
the disease-causing variant and our results could improve efficacy of current therapies or

allow to identify new biomarkers of disease-onset for this disabling disease.
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ABSTRACT

Objectives: Val30Met in transthyretin (TTR) gene is causative for familial amyloid
polyneuropathy (FAP). FAP shows a wide variation in age-at-onset (AO) between clusters,
families, and among generations. We aim at identifying genetic modifiers of disease onset
that may contribute to this clinical variability in Portuguese patients.

We hypothesized that other variants in TTR locus, beyond the TTR-FAP causing variant,
could play a regulatory role in its expression level and modify disease expressivity.
Methods: We analyzed DNA samples of 330 Val30Met carriers (300 patients, 30 aged-
asymptomatic carriers) from 120 families currently under follow-up. A generalized estimating
equation analysis (GEE) was used to take into account non-independency of AO between
relatives. In these individuals an intensive in silico analysis was performed in order to
understand a possible regulation of gene expression.

Results: We found variants in the promoter, coding and intron/exon boundaries of the TTR
gene associated with the onset of symptoms before and after age 40 years, namely rare
variants and a tandem CA-dinucleotide repeat. In silico analysis disclosed significant
alterations in the mechanism of splicing, transcription factors and miRNAs binding.

Interpretation: Variants within the promoter region may modify disease expressivity and

variants in the 3'UTR can impact the efficacy of novel therapeutic interventions. Importantly,
the putative mechanisms of regulation of gene expression within the TTR gene deserve to

be better explored in order to useful in the future as potential therapeutical targets.

Keywords: Age-at-onset, familial amyloid polyneuropathy, TTR gene
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INTRODUCTION

Transthyretin-related familial amyloid polyneuropathy (TTR-FAP) is an autosomal dominant
neurodegenerative disease that presents as a progressive sensorimotor and autonomic
polyneuropathy with involvement of the small myelinated and unmyelinated nerve fibers!2.
It is characterized by mutated protein deposition in the form of amyloid substance (ATTRm).
Without treatment, it leads to death within 10-20 years!. The Val30Met variant (p.Val50Met)
in the transthyretin gene (TTR) is the commonest causative variant for TTR-FAP3. Significant
phenotypic heterogeneity, namely in age-at-onset (AO), has been described in Val30Met
patients. Variation between clusters has been widely documented, with Portuguese,
Brazilian and Japanese patients showing mostly an early-onset, whereas Swedish patients
are known for their late-onset*®. However, variation is equally large within each cluster, with
range in AO being quite similar. In Portuguese patients clinical symptoms typically occur
before age 40 years (early-onset), but a wide variation in AO (19-82 years), has been
identified®. The most intriguing feature is variation within the same family and the fact that
late-onset patients often have very early-onset offspring, while the reverse was never
observed’.

This intra-generational variability led us to explore the role of common variants in different
candidate genes, taking into account the family structure and the non-independency of AO
among members of the same family®1°,

However, due to the main role of TTR in FAP, another approach consisted on identifying
modifiers closely linked to the TTR locus.

A small part of this variability may be explained by non-coding genetic variants in cis! and

a trans-acting factor'?, but additional factors clearly remain to be discovered.

We speculated that variants within the regulatory regions of the TTR gene may account for
the changed gene expression and ultimately culminate in phenotypic heterogeneity. The aim
of this study was then to identify other variants and regulatory factors at TTR locus and

understand how they may contribute as genetic modifiers in TTR-FAP.
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SUBJECTS AND METHODS

Subjects and families

Unidade Corino de Andrade do Centro Hospitalar Universitario do Porto (UCA-CHUP, Porto)
has the largest TTR-FAP Val30Met registry worldwide (more than 3000 patients), collected
over 80 years and clinically well characterized. We selected 120 families currently under
follow-up, with at least 2 generations affected and coming from all geographical areas of
Portugal. Our study sample consists of 330 Val30Met carriers (299 patients, 31
asymptomatic carriers).

Diagnostic criteria and age-at-onset (AO) were defined as previously’. Briefly, AO was
defined of each patient by the same team of neurologists specialized in Val30Met TTR-FAP,
considering the presence of a whole set of symptoms characteristic of small fibers'
neuropathy and not isolated and unspecific symptoms. In what concerns AQ, it has long
been accepted to classify patients in three groups: early (<40), intermediate (40-49) and late
(= 50)%. In this study, patients were divided in two groups only: early (<40) and
intermediate/late-onset (>40 years), in order to include also the intermediate AO patients
(40-49). Asymptomatic carriers aged 50 years or more were also included in the
intermediate/late-onset group. The presence of Val30Met variant was confirmed in all
subjects. DNA samples were collected at UCA-CHUP and stored at Centro de Genética
Preditiva e Preventiva (CGPP-IBMC, Porto) biobank, authorized by CNPD (National
Commission for Data Protection). The study was approved by the Ethics Committee of CHP.

Written informed consent was obtained from all patients.

Genotyping

Genomic DNA was extracted either from peripheral blood leucocytes or saliva, using the
QlAamp® DNA Blood Mini Kit (QIAGEN™) and Oragene DNA Self Collection Kits (DNA
Genotek, Ottowa, Canada) according to manufacturer’s instructions, respectively.

The promoter, coding and all intron/exon boundaries of the TTR gene were amplified by
polymerase chain reaction (PCR) using HotStarTaq DNA Polymerase® (Qiagen™) and
primers forward and reverse for each amplicon (sequences available upon request).

Then the PCR products were examined by direct Sanger sequencing using dye terminator

chemistry approach from Applied Biosystems™, with the same set of primers as for

41



amplification, and samples loaded on an ABI-PRISM 3130 XL genetic analyzer (Applied
Biosystems).

Statistical analysis

Association of genetic variants with AO (as a dichotomous variable), as in the case of the
tandem repeat and the two variants together, was explored using Chi-Square. When AO
analyzed as a continuous variable, and to account for non-independency of AO between
members of the same family, we used generalized estimating equations (GEE); to correct
for multiple testing, we applied a Bonferroni correction, dividing by the number of GEE tests
performed. Statistical significance was set at a<0.05. All statistical analyses were performed
using IBM SPSS Statistics software (v.24).

In silico analysis

To predict the impact of sequence variants on TTR function, bioinformatics tools included in
the Alamut Mutation Interpretation Software (Interactive Biosoftware, Rouen France) and
Polyphen-2 were applied.

Also, we ran a comprehensive bioinformatics package, FuncPred#, organized by NIH and
one of the most reliable and popular function-prediction tools.

In order to predict potential consequences of variants on splicing events, we used two
prediction programs (ESEfinder and Human Splicing Finder) in Alamut Software.

The JASPAR?® database was utilized to explore the transcription factors binding (TFB)
capacity. Transcription factors were filtered by expression in liver with an expression level
greater than 1 Transcripts per Million (TPM) using Genotype-Tissue Expression (GTEX)
project.

miRNA target sites in the 3'UTR TTR-wild type (WT) were predicted by miRWalk® and we
used PITA algorithm, taking in account the conservation and the differences in the alignment

scores?’.
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RESULTS

Study group demographic characteristics

This study included individuals Val30Met carriers (174 females, 156 males). In the AO <40
group (n=202), mean (SD) AO was 31.2 (4.5) years, whereas the AO >40 group (n=128)
presented a mean (SD) AO of 56.2 (10.6) years, which includes 30 late asymptomatic
carriers aged 40 years or more, who might be considered similar to late-onset patients.

We sequenced 2.1kb upstream TTR to include promoter region and the coding and flanking
regions of the TTR gene. Location and frequency of the variants found are shown in Table
1.

Common variants identified

We identified four common variants (MAF >10%) as shown in Table 1, 3 in the promoter
region and 1 in 3’ near gene. None of the common variants presented significant differences
when comparing early- and late-onset patients or when analyzing AO as a continuous
variable (data not shown). The variants rs3764479 and rs3794885 were the most common
alterations in the promoter region (43.5% and 42.8%, respectively).

Noteworthy, in the AO <40 group, more patients carried simultaneously the minor allele of
rs3764479 and rs3764478 (p=0.03), with a 2.22-fold susceptibility for symptoms to start
before age 40 (OR=2.22, 95% CI=1.05 to 4.70).

Interestingly one variant is a tandem repeat composed by a CA-dinucleotide (rs71383038)
in the promoter region (Table 1). While the most common allele in the Portuguese population
was CA1o, followed by the minor allele CAq, we found an unreported allele with seven CA-
repeats (CA7). When we compared CAq carriers with CA1o, the only two CAg homozygotes
for the tandem repeat rs71383038 showed onset after 60 years (p=0.066); 56.1% of the
patients presented the common genotype (CA1/CA10) and 42.7% the CAJ/CA10 genotype.
Notewaorthy, the only patient with a deletion of 3 CA-repeats (CA7) showed a very early-onset

(30 years).

Rare Variants

In the promoter region, 12 rare variants were found, including one novel (c. -1993 G>T).
Seven rare variants in the coding and flanking regions of the TTR gene were identified,

including two novel ones: ¢.105A>G, in exon 2 (p.Lys35Lys), a synonymous variant and
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€.200+107 T>C, in intron 2. Variants already reported included 2 intronic, two at the 3’ UTR
and 2 exonic ones. Importantly, rare variants: c. -1993 G>T; rs13381522; rs546878244;
rs3764477; rs540872876; rs58616646; 146750662 and rs996949357 in the promoter region
and ¢.200+107 T>C; rs28933981; and rs1053907197 in the coding and flaking regions of
TTR gene showed an association with AO (p<0.0125), significant after multiple-testing
correction (Table 2).

Regarding the coding variant, TTR Ser6 (rs1800458, p.Gly26Ser), ten patients showed an
early-onset and eight patients a late-onset, (p>0.05), showing that TTR Ser6 is not
associated with early or late-onset. All compound heterozygotes for TTR
Val30Met/Thr119Met (p.Val50Met/Thr139Met) showed a later-onset, as previously

described?®.

Putative effects of the rare genetic variants

Using JASPAR database and GTEx project, we predicted that the combination of
rs3764479/rs3764478 variants (as they were found to be present mostly together) create 69
new potential transcription-factor binding sites and may disrupt another 18, all expressed in
the liver, where TTR is synthetized (Supplementary Table 1).

We also assess how likely a splicing change would occur as a result of the presence of DNA
variants. Table 3 shows the variants that may alter splicing significantly (consensus value
(CV) higher than 70). We found a new acceptor site, 2 nucleotides downstream rs1800458,
probably an active splice site. A branch point, probably inactive in the wild-type sequence,
is predicted to become a strongly active splice site in the presence of rs1791228. Also,
presence of rs36204272 leads to loss of a donor site probably inactive in wild-type TTR.
Disruption of four exonic splicing enhancers was observed in rs28933981, while creation of
three new ones was seen in rs1800458.

Using miRNA-target prediction programs, we detected two miRNAs: mir-200a and mir-141,
which are predicted target-sites for the TTR 3’'UTR. Presence of rs62093482 or
rs1053907197 (located in TTR 3’'UTR) does not interfere with miRNA binding. rs62093482
creates a putative target site to mir-622. The rare allele of rs1053907197 is a putative target
site to mir-138 and mir-622.
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DISCUSSION

TTR-FAP phenotypic variability is evident not only between different disease-associated
variants but also for patients with the same disease-causing variant that display different
clinical manifestations. The main focus of this study was on the phenotypic variability of the
TTR-FAP Val30Met individuals regarding AO.

Phenotypic effect of variant

Using a parametric test (GEE), which is a quite powerful statistical method, we found
interesting results regarding the association of some of these variants with AO, which
showed that rare variants in fact seem to modulate AO variability. We found significant
results for some rare variants that despite the heterozygous genotype appeared only once,
this is in accordance with the genotypic frequencies described for European (Non-Finnish)
in Genome Aggregation Database (GhomAD). We consider that these rare variants results
are equally important and should be reported, because their identification may have
implications for genetic screening and personalized treatment.

The protective role of rs1800458 (p.Gly26Ser) has already been hypothesized''% however,
results do not allow us to state that this coding variant was protective in our Val30Met
patients, since it did not significantly associate with late-onset.

Both Thr119Met carriers found had a very late AO (61 and 63 years), though they belonged
to an early-onset family. This supports the theory that stability of the TTR molecule may be
an important factor to prevent amyloidogenesis, offering a protection from the Val30Met
effects!®20,

Interestingly, the double genetic dosage of TTR Val30Met homozygous carriers does not
appear to be related to the onset of symptoms, nor it appears to trigger the disease onset,
as we found late-onset carriers of Val30Met/Val30Met.

Interestingly, it is very promising that the combination of the minor alleles of rs3764479 and
rs3764478 (which appear mostly together) showed a high risk for an early-AO. This
approach deserves our future attention, as clusters of patient-specific variant combinations

have already been found?.
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Putative effect on splicing activity, TFBSs and miRNA target sites

Analysis of non-coding regions suggests the presence of three non-coding variants, possibly
cis-regulatory elements of the TTR gene that modulate the effect of Val30Met on the disease
phenotype.

To the best of our knowledge, no other studies about genetic alterations in splicing activity
on TTR gene have been performed, except for a recent association study for variants in the
TTR gene in Han Chinese patients with Alzheimer disease?. It is important to emphasize
that some of the differences between WT and variant sequences could alter splicing either
by re-directing the spliceosome or by altering the binding of auxiliary factors, such as SR
proteins, exonic and intronic splicing enhancers and silencers?,

The TTR gene is regulated by the promoter at the transcriptional level in liver cells?*. In this
study, we identified two variants in the promoter region that together reduce significantly AO.
In silico, these variants not only disrupt potential binding sites once occupied by transcription
factors, but also create new ones. Human transcription factors were predicted with a relative
profile score threshold >80% and filtered by expression in liver.

MiRNA mir-200a and mir-141 inhibit TTR expression, by directly binding to the 3'UTR of
TTR, which is reversed by variants in the miRNA binding site?>. rs62093482 and
rs1053907197 variants do not affect the 3'UTR miRNA binding sites, but they create new
ones. Two novel therapeutic drugs recently approved for treatment of FAP modulate TTR
expression at the RNA level: patisiran, the first small interfering RNA-based drug approved
by the FDA?; and inotersen, an antisense oligonucleotide?’. Since both drugs prevent the
production of TTR by targeting its 3’ UTR, we hypothesized that variants in this region could
modify their efficacy.

To the extent of our knowledge, this is the largest screening study of TTR variants in
Val30Met TTR-FAP. Our data suggest possible mechanisms that may account for
expression of TTR as a potential modulator of the course of FAP. This suggests even more
the idea that molecular diagnosis should go beyond simply screening for the disease-

causing variant.
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Table 1: Variants found in the TTR locus: dbSNP ID, location, frequency in AO <40 and >40 onset patients, and minor allele

frequency in Val30Met patients and in the Genome Aggregation Database (GnomAD)

Variant frequency

Allele Frequency

. Location
TTRRegion OSNPID - NM_o003713 (Hevs) " AO<40  AO>40 val3oMmet European
(Non-Finish)
rs3764479 c.-2041A>G 111 64 47 0.222 0.328
. -1993 G>T 1 1 0 0.002 -
rs13381522  ¢.-1933C>T 7 3 4 0.014 0.046
rs546878244 ¢.-1700G>A 1 1 0 0.002 0.000
rs3764478 €.-1383G>T 39 27 12 0.078 0.111
5 rs71383038 c.-1232_-1231delCA 112 64 48 0.220 -
= rs72922940 c.-1168A>G 35 18 17 0.069 0.116
g rs3764477 c.-1157G>A 9 4 5 0.018 0.045
O rs540872876 c.-1156G>A 1 0 1 0.002 0.000
E rs58616646  c.-1136C>T 8 4 4 0.016 0.046
rs146750662 ¢.-950C>T 2 2 0 0.004 0.004
rs116409170 c.-833C>T 6 3 3 0.012 0.025
rs3794885 C.-743A>T 109 63 46 0.218 0.296
rs79748512  c.-682G>A 6 2 4 0.012 0.039
rs996949357 ¢.-543T>C 1 0 1 0.002 -
In 2 €.200+107 T>C 1 0 1 0.002 -
= g Ex 2 rs1800458 C.76G>A, p.Gly26Ser 18 10 8 0.027 0.074
==Y In 3 rs36204272  ¢.337-18G>C 7 3 4 0.011 0.037
o 2 Ex3 €.105A>G, p.Lys35Lys 1 0 1 0.002 -
% E’ Ex 4 rs28933981 ¢.416C>T, p.Thr139Met 2 0 2 0.003 0.003
8 3'UTR rs62093482  c.*261C>T 6 3 3 0.009 0.028
3 3J'UTR rs1053907197 c¢.*75A>C 1 1 0 0.002 -
3’ near gene rs1791228 C.*402C>T 127 87 40 0.194 0.463

AO, age-at-onset
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Table 2: Statistically significant results for rare variants associated with AO variation, using GGE
analysis, after Bonferroni correction

TTR Rare variant Genotypes B 95% Cl P-
Region value
Intercept - 40.1 | [36.7,43.6] | <0.001
GG (Ref) - - -
c.-1993 G>T GT 6.1 | [9.6;-2.7] | <0.001
CC (Ref) - - -
rs13381522 cT 21.4 | [85:343] | 0.001
GG (Ref) - - -
rs546878244 GA 8.1 | [-11.6;-4.7] @ <0.001
GG (Ref) - - -
Promoter | 153764477 GA -15.5 | [-18.2;-12.9] | <0.001
GG (Ref) - - -
rs540872876 GA 18.4 | [14.8;21.9] <0.001
CC (Ref) - - -
r$58616646 CT | -184 [219;-14.8] <0.001
CC (Ref) - - -
rs146750662 cT -8.1 | [-11.6;-4.7] | <0.001
TT (Ref) - - -
rs996949357 TC 11.9 [8.4; 15.3] <0.001
Intercept - 42.0 | [39.5;44.5] | <0.001
c.200+107 | TT (Ref) - : :
Coding T>C TC 8.19 | [5.3;11.1] | <0.001
fla?wrllcilng rs28933981 CC (Rel) - : -
okl cT 21.59 | [17.3;25.9] | <0.001
AA (Ref) - - )
rs1053907197 AC -7.81 | [10.7;-4.9] | <0.001

Ref, Reference genotype; B, unstandardized coefficient (estimated quantitative effect of each genotype on mean AO
variation according to the intercept, compared with the reference genotype); Cl, confidence interval; significance level

setto 0.0125
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Table 3: Prediction of splice sites and splicing enhancers (ESE) alterations by HSF and the

ESEfinder software

Variant Splice sites wild-type Val30Met CV CV. Dlstan(_:e from
CVv variation variant
rs1800458 acceptor site 0 77 77 2 nt downstream
rs36204272 donor site 68.6 0 -68.6 -
rs1791228 branch point 60.2 85 24.8 2 nt downstream
. . wild-t Val30Met M Distance from
Variant SR protein (IiI/ISyIOe i I?/IOS ) varia?ion ) \?ar(i:aent °
SC35 0 2.73 2.73 6 nt upstream
SC35 0 2.67 2.67 2 nt upstream
SC35 3.02 2.57 -0.45 7 nt upstream
rs1800458 SF2/ASF site 0 1.99 1.99 6 nt upstream
SF2/ASF site 4.64 2.73 -1.91 4 nt upstream
Sggéi'l:) (;%Z/I' 4.56 2.86 -1.70 4 nt upstream
SRp40 2.81 0 -2.81 6 nt upstream
SRp55 3.89 0 -3.89 2 nt upstream
rs28933981 SF2/ASF site 2.03 0 -2.03 -
SF2/ASF (IgM-
BRC Al)(s?te 2.87 0 -2.87 -
rs62093482 SC35 3.73 3.5 -0.23 3 nt upstream
SRp40 3.05 3.71 0.66 3 nt upstream
rs1791228 Sggé‘i’l':) (;‘?t'g" 2.33 2.58 0.25 1 nt upstream

CV, Consensus value; MS, Matrix score; nt, nucleotides; SR protein: Serine and arginine-rich (SR) proteins; SC35,
Serine/arginine-rich splicing factor; SF2/ASF, pre-mRNA-splicing factor SF2/alternative splicing factor; SRp40,
Splicing factor, arginine/serine rich 40 kDa; Srp55, Splicing factor, arginine/serine rich 55 kDa.
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Supplementary Table 1: Predicted transcription factors (TFs) which have lost (disrupted) or gain
(new) affinity to bind in the presence of rs3764479/rs3764478variants.

Disrupted TF New TF
NR1H4 JUNB REL RREB1
MAFG JUND NFATC2 CTCF
ATF4 EGR1 AR HSF1
IRF1 RELA TCF7L2 HLF
NFIL3 KLF9 MXI1 CEBPG
MLX HMBOX1 ZBTB7A RARA
ATF7 NRF1 MYC HNF4G
NFYA KLF4 ESRRA TEAD2
MEF2B HEY2 ZBTB7B ZBTB33
TGIF2 NR4A2 JUN GMEB2
GLIS3 THAP1 USF2 NR3C1
NKX3-1 ZNF263 BHLHE40 RORA
SOX9 ETV6 SREBF1 MAFF
POUG6F1 RELB NR2C2 TFCP2
MSC TFDP1 ZIC1 GABPA
HSF2 NFKB2 TFAP4 GATAG6
FOXP1 SP1 MNT MTF1
ESR1 SP3 ELK3 HESX1
TEAD1 TFEB RUNX1
ZNF740 CLOCK
TBX15 NFATC3
SPI1 RUNX3
RBPJ CEBPD
ELK4 SREBF2
HEY1 HIF1A
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Article 2 focused on a genetic haplotypic study performed in 155 Val30Met TTR-FAP
Portuguese families, from a large homogeneous dataset of TTR-FAP Val30Met Portuguese
families with invaluable familial and clinical data which represents a worthy opportunity to perform
a haplotypic study.

We aimed to unravel genetic modifiers underlying the AO variability by a haplotype
analysis and an association study of variants within or closely linked to the TTR gene.

Haplotype frequencies were compared in FAP samples and controls and in parent-
offspring pairs. We found that a haplotype is over-represented in chromosomes with the Val30Met
mutation in the Portuguese population. Importantly, we identified another haplotype that is
transmitted by the non-carrier parent with a trans-acting effect, modulating the phenotypic

expression of TTR-FAP Val30Met predisposing to early onset.

55



Article 2: A trans-acting factor may modify age-at-onset in familial

amyloid polyneuropathy ATTRV30M in Portugal

Miguel Alves-Ferreira, MScl?; Teresa Coelho, MD?; Diana Santos, MSc!?; Jorge Sequeiros, MD

PhD*? Isabel Alonso, PhD*?; Alda Sousa, PhD'?; Carolina Lemos, PhD*?

1UnIGENe, IBMC - Institute for Molecular and Cell Biology; Institute for Research and

Innovation in Health Sciences (i3S), University of Porto, Porto, 4200-135, Portugal,

2|CBAS - Instituto Ciéncias Biomédicas Abel Salazar, Universidade do Porto, Porto, 4050-313,

Portugal;

% Unidade Corino de Andrade (UCA), Centro Hospitalar do Porto (CHP), Largo Prof. Abel

Salazar, Porto, 4050, Portugal.

Corresponding Author:

Carolina Lemos, PhD

Invited Auxiliary Professor, ICBAS
UnIGENe, IBMC-i3S

Rua Jorge Viterbo Ferreira, 228
4050-313 Porto

Telefone: +351 22 042 80 02
*e-malil: clclemos@ibmc.up.pt

Published in Mol Neurobiol. 2018 May;55(5):3676-3683.
DOI 10.1007/s12035-017-0593-4
Springer Group

56



ACKNOWLEDGEMENTS

The authors thank all the patients and families for participating in this study and Vanessa Costa
(from Unidade Corino de Andrade (UCA), Centro Hospitalar do Porto (CHP)) for all the help in
data collection. This work was supported by grants of Fundacéo para a Ciéncia e Tecnologia,
FCT [PTDC/SAU-GMG/100240/2008 and PEsT], co-funded by ERDF and COMPETE; and by
Financiamento Plurianual de Unidades de Investigacao (FCT).

57



ABSTRACT

Although all familial amyloid polyneuropathy (FAP) ATTRV30M patients carry the same causative
mutation, early (<40) and late-onset forms (=250 years) of FAP may coexist in the same family.
However, this variability in age-at-onset is still unexplained.

To identify modifiers closely linked to the TTR locus that may in part be associated with age-at-
onset of FAP ATTRV30M, in particular in a group of very-early onset patients (<30 years) when

compared with late-onset individuals.

A clinical genetic study at a referral center comprising a sample of 910 Portuguese individuals
(including 589 Val30Met carriers, 102 spouses and 189 controls from the general population).
Haplotype analysis was performed, using eight intragenic single nucleotide polymorphisms
(SNPs) at the TTR locus. We compared haplotypes frequency in FAP samples and controls and
in parent-offspring pairs using appropriated statistical analysis.

Haplotype A was the most common in the general population. Noteworthy, haplotype C was more
frequent in early-onset (<40) than in late-onset patients (=50 years) (p=0.012). When comparing
allelic frequencies of each SNP within haplotype C between “very early” (<30yrs) and late-onset
(=50yrs) cases, the A allele of rs72922947 was associated with an earlier onset (p=0.009); this
remained significant after a permutation-based correction. Also, the heterozygous genotype (GA)

for this SNP was associated with a decrease in mean age-at-onset of 8.6 years (p=0.014).

We found a more common haplotype (A) linked to the Val30Met variant and a possible modulatory

trans effect on age-at-onset. These findings may lead to potential therapeutical targets.
Keywords

Familial amyloid polyneuropathy (FAP); transthyretin-related amyloidosis; trans effect;

transthyretin (TTR); age-at-onset; haplotype;
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INTRODUCTION

Familial amyloid polyneuropathy (FAP [MIM: 105210]) ATTRV30M is a severe autosomal
dominant (AD) systemic amyloidosis, first described by Andrade in Portugal in 1952 [1] as
occurring mainly between the ages of 25 to 35 years. It is due to a sequence variant in the
transthyretin (TTR [MIM: 176300]) gene (chrl8gl2.1); more than 100 disease-causing variants
have been found in the TTR gene, but Val30Met (Val50Met, following HGVS) is by far the

commonest, including in Portugal [2].

A wider variability in age-at-onset (AO) has been uncovered along the years, including among
Portuguese patients [19-82 yrs] [3,4]. Remarkable differences in the distribution of AO were found
among FAP clusters associated to Val30Met (Portugal: 35.1; Brazil: 34.5; Japan: 33.8; Sweden:
56.7; Balearic Islands: 45.7 yrs, in mean AO) [5,3,6-8]. A large variation is found, nevertheless,
within a single geographical area and even within the same family.

Early (AO <40 yrs) and late-onset cases (AO =50) often coexist in the same family, with offspring
often showing an earlier AO than their affected parent (anticipation). We have shown that
anticipation is a true biological phenomenon in FAP Portuguese families, some parent-offspring

pairs showing 210 years of difference in AO [9].

This variability in AO is still unexplained. One of the possible hypotheses is the existence of genetic
maodifiers within or close to the TTR locus. A cis-acting effect of closely linked TTR gene modifiers
has been for long postulated by our group[10,4].

Additionally, Coelho et al. found that 40% of the probands had no affected parent at the time of
diagnosis: onset in the transmitting parent happened only after the proband’s or the transmitting
parent may even die at late-age without disease symptoms [11]. These probands, however, had
a mean later AO (45.1 yrs) than those with one affected parent (31.2 yrs) [11]. In addition, late-
onset cases (250 yrs) often had offspring with very early-onset (<30 yrs), but the reverse was
never found: that ‘protection’ may be lost in just one generation [9]. This raised the hypothesis of
a closely linked modifier, and shows we need to concentrate in the differences within the same

population and, whenever possible, the same family.

Previous studies with haplotypes have been performed in FAP but most of them focused only on
the origin of the mutation [12,13]. Only one major disease haplotype has been found among

Portuguese patients [14,15]. Soares et al [15] found that onset could be modulated by a region
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downstream the TTR locus in the non-carrier chromosome. Our aim now was to identify genetic

modifiers within or closely linked to the TTR gene.

SUBJECTS AND METHODS

Subjects

Unidade Corino de Andrade - UCA (Hospital Santo Anténio, Centro Hospitalar do Porto: HSA,
CHP) has the largest dataset of FAP ATTRV30M worldwide, with registries that have been
collected and clinically characterized over 75 years (since Andrade’s first observation, in 1939),
by the same team of neurologists. This dataset has invaluable familial and clinical information
(including information on AO), from which we collected 721 samples, belonging to 155 families
with DNA available from at least two relatives; from this group, 589 were Val30Met carriers whilst
132 were healthy individuals (spouses and non-carrier siblings) from the same families, that
helped in haplotype’s reconstruction (Table 1). All spouses were genotyped for Val30Met mutation
and found to be non-carriers. Additionally, we evaluated 101 parent-offspring transmissions for
haplotypes construction and allelic transmission. We also used 189 controls (63 trios) non-V30M
from the general population, previously ascertained at the Centro de Genética Preditiva e
Preventiva (CGPP, IBMC-i3S) biobank, authorized by CNPD (National Commission for Data
Protection). Written informed consent was obtained for all participants and the Ethics Committee
of HSA, CHP, approved this study. Late-asymptomatic carriers (=50 yrs) were included in the late-

onset sample in order to increase the sample power.

Methods

Definition of age-at-onset (AO) and AO groups

AO was defined, as before [3], as the beginning of the first symptoms (either sensitive or
dysautonomic), coincident with an abnormal neurological or neurophysiological observation,
reported by the neurologist. Although AO is described in the literature as early (<40) and as late-
onset (250 yrs), in addition, we introduced here a “very early” sub-group for patients with onset

<30 yrs in order to further explore this high-risk group as described in [9].
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Genomic DNA extraction

Genomic DNA was isolated from peripheral blood leucocytes, using a standard salting-out method
[16]; or from saliva, using ORAGENE® Kkits, according to manufacturer’s instructions (DNA

Genotek Inc. Kanata, ON, Canada).

Selection of single-nucleotide polymorphisms (SNPs)

We selected SNPs based on data available for the Caucasian population in the International
HapMap project (Release 24, November 2008, on NCBI B36 assembly, dbSNP build 126) and the
1000 genomes database. Eight SNPs were selected due to their short genetic distance to
Val30Met mutation and genotyped, from which 4 were tagging SNPs, selected using Haploview
v.4.1 [17], with the following parameters: r2>0.8 (as a measure of linkage disequilibrium, LD) and
a minor allele frequency (MAF) =20.10. These parameters allowed selecting tagging SNPs covering
a total of 57kb of the common variation present in the TTR gene (Table 2). The other four SNPs

were selected according to previous descriptions of Soares et al [15] and Li et al [18].

Genotyping

For the selected SNPs, PCR primers were designed using the software Primer3; dimer and hairpin

formation were excluded using Autodimer. Primer sequences are available upon request.

The multiplex PCR reaction was performed using the Multiplex PCR Master Mix (Qiagen, Hilden,
Germany), and experiments conducted according to the standard protocol. After PCR,
unincorporated deoxynucleotides (dNTPs) were removed with ExoSAP-IT (USB Corporation,
Cleveland, OH), as recommended by the manufacturer. The SNaPshot technique was used to
perform allelic discrimination of SNPs. The probes were also tested in AutoDimer software. Probes
sequences are also available upon request. The SNaPshot (Applied Biosystems, Carlsbad, CA)
reaction was performed according to manufacturer’s instructions. After the mini-sequencing
reaction, the excess of ddNTPs was removed by incubating the SNaPshot reaction with SAP
(Shrimp Alkaline Phosphatase, USB Corporation), as recommended by the manufacturer. The
SNaPshot products were loaded in an ABI-PRISM 3130 XL genetic analyzer (Applied Biosystems)
and genotyped with GeneMapper 4.0 software (Applied Biosystems). To confirm uncertain
genotypes, some individuals were additionally genotyped by sequencing. Sequencing was

performed using the Big Dye Terminator Cycle Sequencing v1.1 Ready Reaction (Applied
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Biosystems), according to the manufacturer’s instructions, and samples loaded on an ABI-PRISM

3130 XL genetic analyzer (Applied Biosystems).

Haplotypes were constructed in informative families and inferred, using SNPator software,

whenever the phase could not be directly determined [19].

Statistical and SNPs analysis

Allelic frequencies were compared in early vs. late cases using Haploview 4.1 with all parameters
set at the default values. In order to correct for multiple comparisons, tests were performed using
10,000 permutations [17].

Since we included in the analysis several members of the same family, each patient was ‘nested’
in his/her family. To account for non-independency of AO between members of the same family,
we performed a weighted analysis using generalized estimating equations (GEEs) [20]. Therefore,
we assessed any simultaneous association of the different variants with AO (as the dependent
variable), using the most common genotype as the reference category. The unstandardized
coefficient (B) corresponds to the mean AO variation observed in the individuals carrying a specific

genotype when compared with the reference category.

To compare haplotypes frequency in FAP samples and controls and in parent-offspring pairs, a
chi-square test was used and odds ratios (OR) estimated, with 95% confidence intervals (Cl).

These analyses were performed using IBM SPSS Statistics software (v.20; Armonk, NY, USA).

The software is-rSNP (for in silico regulatory SNP detection) was used to explore putative changes
in the transcription factors binding capacity due to the variants present. We set the significance

level for the is-rSNP analysis at 0.05 and the JASPAR database was used as reference [21].

RESULTS

We studied 8 SNPs at the TTR locus in a sample of 910 Portuguese individuals, comprising 589

Val30Met carriers, in order to search for genetic modifiers closely linked to the TTR locus.
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Construction of haplotypes

We surveyed the genetic variation across a 57kb region spanning the TTR locus and the
haplotypes were reconstructed, using eight SNPs: rs875119, rs3764478, rs1800458, rs72922947,
rs7235277, rs62093482, rs1791228 and rs4799586 (Fig. 1).

The estimated haplotype frequencies in FAP patients (just one patient per family) and controls are
shown in Table 3. The most common was haplotype A, both in FAP patients (68.7%) and the
control group (47.6 %), followed by haplotype D. Haplotype A, however, was relatively more
frequent (p<0.001) in mutation carriers than in controls (haplotype A against all other haplotypes);
there were no significant differences in the relative frequencies of other haplotypes between
patients and controls.

Parent-offspring transmissions

When looking at haplotypes’ transmission, haplotype D was preferentially transmitted by the non-
carrier parent (p<0.001). On the other hand, haplotype A was strongly associated with Val30Met:
in 97 (96%) of the 101 transmissions, haplotype A co-segregated with the mutation, while
haplotype D corresponded to the other 4 families. Presence of haplotypes A and D did not
determine anticipation (>10 years) (p>0.05). The sex of the transmitting parent did not show any
association with the haplotypes transmitted when comparing early to late-onset patients. There
was, nevertheless, a trend towards early AO in the offspring when the carrier parent transmitted
haplotype D compared to other haplotypes altogether (except haplotype A) (p=0.055). Importantly,

we found that haplotype C is always transmitted by the non-carrier parent.

Very-early vs. late-onset cases

When we analyzed the haplotype distribution between very early (<30 yrs) and late-onset (=50
yrs) patients, haplotype A was clearly the most frequent in both groups (over 50%); but,

importantly, haplotype C was more frequent in very early than in late-onset patients (p=0.009)
(Fig. 2).

63



Analysis of allele frequencies

Comparing allelic frequencies of each SNP between very early (<30 yrs) and late-onset (=50 yrs),
we found an association of the A allele of rs72922947 with very early-onset (p=0.009); this
remained significant after permutation-based correction (table 4). These results remained
significant when we expanded this group to early-onset cases (<40 yrs); however, this did not

remain significant after permutation-based correction (10,000 permutations) (not shown).

Also, the rs72922947 A allele frequency in the control sample did not differ significantly from that
found in the 1,000 Genomes project for Utah Residents (CEPH) with northern and western
European ancestry (p>0.05). On the other hand, there was a slightly increased frequency of the
A allele in very early-onset patients, when compared with 1,000 Genomes database (0.033 and
0.012, respectively) (table 4), although the differences were not significant (p>0.05).

Analysis of genotype frequencies

In a group of 429 patients and in accordance with the results found in the analysis of alleles, the
GA genotype of rs72922947 was associated with a significant decrease in AO (p=0.014), a mean
difference of 8.58 years, when compared with the GG genotype (the reference class) (B, - 8.58;
95% ClI, -15.46 to -1.70) (Fig. 3).

Functional impact: in silico analysis

We performed an in silico analysis using is-rSNP, with particular attention to rs72922947. The is-
rSNP algorithm reported that the DNA binding affinity of three transcription factors is significantly
affected by this SNP (LM58, p=0.005; LM56, p=0.01; and LM233, p=0.023).

Additionally, we have also analyzed SNPs in linkage disequilibrium with rs72922947, and found
that rs72922938 may alter the TP53 (p=0.001) binding site in the TTR gene (Fig. 4).

DISCUSSION

Variability in AO in FAP ATTRV30M has been a most intriguing feature and the object of some
previous research. Our strategy now was to identify genetic modifiers within the TTR (FAP) locus,
or closely linked to it, that might modulate AO, using a haplotype study. We found a haplotype

(and a specific variant within it) that confers an increased risk to “very early’-onset patients, which
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may partially explain the earlier onset in the offspring, when transmitted by the non-carrier parent
(trans effect).

Unraveling TTR variants associated with AO modulation

We confirmed a possible trans effect on AO, exerted by haplotype C (more frequent in very- early
and early than in late-onset cases). All patients with this haplotype received it from the non-carrier
parent and the haplotype A from the affected parent, confirming the hypothesis of a trans-acting
factor within the TTR locus associated with AO variability.

The rs72922947 (c.200+795G>A), located within intron 2 of the TTR gene, is represented by the
minor allele A in haplotype C, distinguishing this from the other haplotypes that carried the
common allele G. Both allelic and genotypic analysis showed a significant association with an
earlier AO. Accordingly, carriers of the GA genotype tend to show a decrease of AO, on average
of nearly 9 years. Furthermore, allele A is a risk factor strongly associated with (at least) very

early-onset (=30 yrs).

In addition, our results show that the A allele is more frequent in the very-early onset cases than
expected according to the frequency in Portuguese controls (similar to those on the 1,000
Genomes project data for Utah Residents (CEPH) with Northern and Western European ancestry).
This reinforces the findings that the minor allele A of rs72922947 was overrepresented in our FAP
cohort.

In silico analysis

The in silico analysis of TFBS (transcription factors binding sites) allowed us to estimate the
probability of modulation by this SNP of the expression/activity of TTR that could drive the clinical
presentation of the disease. Few studies have investigated the role of non-coding SNPs in the
TTR gene and its possible functional consequences. Polimanti et al. identified 59 non-coding
variants that may have a functional impact on the TTR gene, including rs72922947; however,
further studies were required to understand the role of this variant [22]. Three transcription factors
binding sites (LM56, LM58 and LM233) were predicted to be disrupted by rs72922947. The minor
allele (A) was predicted to have less affinity for all these transcription factors; however, there are
scarce data about the role of these TFBS. Additionally, we verified that rs72922938, a SNP that
is in linkage disequilibrium with rs72922947 may alter the TP53 binding site. TP53 has been
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reported as a genetic modifier of AO in several cancers, as well as in Huntington disease (HD) in
which only 30-70% of the variance in AO may be explained by the CAG repeat size alone [23].

These results will enable us to test new hypotheses. Whether this rs72922947 is itself the
functional polymorphism responsible for exerting a direct effect on the TTR gene expression, or if

it is only in linkage disequilibrium with the functional SNP is still an open question.

These hypotheses have also been assessed in other neurodegenerative diseases like HD, where
common genetic variants near the mutation site were explored as possibly associated with AO,
although no significant results were found [24].

In a previous study, Soares et al. focused mainly on comparing extended haplotypes in 18 late-
onset (onset 250 yrs) and 19 “classic-onset” patients (<40 yrs), versus controls [15]. It was
suggested a possible modulatory effect on AO, exerted by a locus within or closely linked to the
interval between microsatellites D18S457 and D18S456 (but not by the immediately 5’ and 3’ TTR
flanking sequences), and associated with the non-carrier chromosome (i.e., a trans-acting effect
more frequent in late than in early-onset cases). This failed, however, to reach significance,
possibly due to the effect being too small and/or to small sample size. Likewise, the variation within
the same family and, particularly, within and among generations was not taken into account. These
results still lack validation. Our study showed a similar effect but now within the TTR (FAP) locus
itself.

Recently, Sikora et al. found a nearly significant association between wild-type TTR amyloidosis
and rs1800458; a variant in this SNP was predicted to be protector despite the acknowledgment
that their results are insufficient to prove this [25]. In our study, this variant showed no statistically
significant results that could indicate a putative association with AO. On the other hand, these

authors confirmed that this missense variant is non-pathogenic.

In a sample of Swedish patients, which is characterized by low penetrance and high AO, all four
TTR exons and flanking regions were sequenced [15]. In that study, rs62093482 was the only
SNP which effect was significant after correction for multiple testing; since this is located in the 3’
UTR, it was suggested that it could affect TTR expression levels by modifying microRNA binding.
Later functional studies, however, did not confirm this [26]. Thus, as reported in this paper, the

rs62093482 does not seem to act as a modifier of AO variability.
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Conclusions

Haplotype A, followed by haplotype D, is over-represented in chromosomes with the Val30Met
mutation in the Portuguese population. Haplotype C is transmitted by the non-carrier parent as

described in the Results.

A trans-acting effect modulates the phenotypic expression of FAP ATTRV30M, with a sequence
variant (A) and genotype (GA) predisposing to early onset. Since we found in a previous study [9]
that parents with an AO <30 years also have a higher risk of also having offspring with AO <30
years, the study of these very-early onset patients helped us to define higher-risk groups where it
is important to look for genetic modifiers.

Understanding some of the mechanisms that may influence AO may help predicting AO, which
will be of importance for genetic counseling and the follow-up of presymptomatic carriers. These
results may prove useful for therapeutic strategies, as the identification of risk genetic modifiers

associated with AO (early vs. late-onset, hon-penetrance) will have important clinical implications.
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FIGURES

Fig. 1. Structure of the estimated haplotypes and position of the SNPs relatively to TTR
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Fig. 2. Haplotype distribution in Val30Met carriers in very early (<30 yrs) vs. late-onset

patients (250 yrs)
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Fig. 3. Genotypic variation in rs72922947 according to age-at-onset
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Box-plots showing the association of rs72922947 with age-at-onset, by genotype (GG and GA);

none of our subjects carried the rare homozygous genotype (AA)
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Fig. 4. The sequence logos of the three TFBS potentially disrupted by rs72922947 and
rs72922938
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Transcription factor (TF) binding sites (TFBS) potentially disrupted by the TTR single nucleotide
polymorphisms (SNPs). The logo plots created by is-rSNP® were matched manually to the
gene sequence surrounding the marked SNP, as shown below by the transcription factor binding
profile (the SNP alleles are shown with the common allele listed first; SNP alleles that differ from
taller letters in the binding profile have the largest potential impact)
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TABLES

Table 1. Age-at-onset, gender distribution and disease status in the study group

Healthy individuals Val30Met carriers
31- 41- Assint
Spouses 102 <=30 40 49 >=50 <50 Assint >=50
Non-carriers siblings 30 Male 72 51 12 53 60 12
Male 69 Female 35 80 33 60 100 21
Female 63 Total 107 131 45 113 160 33




Table 2. SNPs in LD with targeted SNP (threshold for LD is r2 > 0.8)

Targeted Targeted

SNP SNPs in LD SNP SNPs in LD
rs875119 rs1791185 rs62093482 rs62093482
rs875120 rs1791228 rs1791228
rs875119 rs4799586 rs12458967
rs3764478 rs3764478 rs13381522
rs1800458 rs1800458 rs17740990
rs72922947 rs72922938 rs1791185
rs72922947 rs1791190
rs7235277 rs1791200 rs1791196
rs723744 rs1791206
rs3794884 rs3764477
rs1080093 rs4799580
rs1667254 rs4799586
rs7235277 rs4799587
rs3764476 rs875119
rs1791198 rs9948445
rs3764479 rs4799586
rs1791199
rs1611949
rs1l667255
rs7235277

SNP, single-nucleotide polymorphism; LD, linkage disequilibrium



Table 3. Haplotype frequency in Val30Met carriers (just one patient per family) and unrelated

controls
Val30Met (n=155) Controls (n=189)
Haplotype (%) (%)
A2 213 (68.7) 180 (47.6)
B 10 (3.2) 23 (6.1)
C 4 (1.3) 4(1.1)
D 77 (24.8) 152 (40.2)
E 6 (2) 14 (3.7)
o] 0 (0) 5(1.3)

a Haplotype A was relatively more frequent (p<0.001) in mutation carriers than in controls
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Table 4. Allelic analysis comparing very early (<30) vs. late onset (250 yrs) patients

rs72922947 alleles
Very early

onset Late onset p- p-value after
(n=107) (n=146) X2 OR (95% CI) value permutation

(3.3%) (0.3%)  6.81  9.84(1.20-80.59) 0.009*  0.036*

G 207 201

(96.7)%  (99.7)%

OR, odds ratio; Cl, confidence interval; "p<0.05






During the Article 3 we focused in the daunting and important task of understanding
the complex genetic factors involved in anticipation. Our central idea was that the search for
genetic modifiers will be better pursuit concentrating in a family-centered approach and that
modifier gene(s) with major effects are more likely to be detected when searching for
generational effects within late-onset and incomplete penetrance families with large
anticipation of AO in the offspring. We were interested in variants that may act either as a
risk factor for early-onset cases or as a protective factor for late-onset patients and to
compare the genetic profile of early- and late-onset patients.

For this purpose, we performed a whole-genome sequencing in two TTR-FAP
Val30Met families, comprising 3 generations with large anticipation. A variant in MYH11
(smooth muscle myosin heavy chain) gene was found in patients with early-onset that was
inherited from the non-Val30Met parent. This variant possibly has a great functional impact,
since it is located in an important region of the myosin protein.

Putative new pathways and protein-protein interaction have been identified that may
pinpoint specific components that are modulated during disease course and also might open
new research theories into other neurodegenerative diseases that share similar
mechanisms.
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ABSTRACT

Familial Amyloid Polyneuropathy (FAP) is an autosomal dominant systemic
amyloidosis, showing sensorimotor symptoms and progressive incapacity, leading to death
10-15 years after onset. FAP occurs as a result of an inherited point variant in the
transthyretin (TTR) gene, Val30Met being the commonest. This disorder shows anticipation
of age-at-onset (AO) - an earlier-onset in the offspring when compared with the affected
late-onset parent. This variation suggests that genetic modifiers, either conferring protection
or increasing risk, contribute to clinical manifestation in TTR-FAP.

The aim of this study was to explore other genes and mechanisms that may act as
AO modifiers in TTR-FAP. To accomplish this, we collected DNA samples of TTR-FAP
Val30Met families with large anticipation. We performed a whole-genome sequencing on six
patients from 2 families, comprising 3 generations. Anticipation was obvious in the selected
families with a mean decrease in AO of 20 years in each generation, resulting for both
families, in a difference of = 40 years in AO between the grandmother and the grandchild.
We then compared genetic variants between these extremes (early- and late-onset).

We identified a heterozygous missense variant in MYH11 (smooth muscle myosin
heavy chain) gene, c.4625G>A (p.Arg1542GiIn), in the two affected grandsons that is absent
in the patients of previous generations. The results were confirmed by Sanger sequencing.
This rare variant is evolutionarily conserved in the protein encoded by MYH11 gene and is
located within the coiled coil region. In silico tools predicted that Arg1542GIn variant disrupts
the structure or function of myosin. We also generated a protein—protein interaction network
that allows us to predict functional associations between TTR pathways with several genes
of interest such as APP and ROCK2. These findings collectively point towards a mutual
regulatory relationship in AO variability between TTR and MYH11 activity. Functional studies
of MYH11 in the pathogenesis of TTR-FAP will be validated in the future regarding
phenotype and potential signaling pathways.

Familial-based deep sequencing provides the most robust approach for definition of
the genetic determinants of anticipation that can help us to find new mechanisms related
with AO variability in TTR-FAP.

Identifying novel genetic modifiers and their pathways may pinpoint specific
components that are modulated during disease course, leading to potential druggable
targets that ultimately results in new therapeutic strategies. Furthermore, since TTR-related

amyloidoses share the main pathogenic mechanism with other neurodegenerative disorders
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(as Alzheimer disease), exploring these factors may also have an impact in the

understanding of their clinical manifestation.

82



INTRODUCTION

Clinical heterogeneity is a common characteristic of most neurological diseases. Variability
in age-at-onset (AO) is common in Familial Amyloid Polyneuropathy (FAP), an autosomal
dominant systemic amyloidosis caused by Val30Met variant in transthyretin (TTR) gene.
This disease shows sensorimotor symptoms and progressive incapacity, leading to death
10-15 years, after onset, if no therapeutic intervention is undertaken.

There are remarkable differences in age-at-onset (AO), ranging 19-82 years in Portuguese
Val30Met TTR-FAP, where late (=250 years) and early-onset (<40 years) cases can be found
within the same family [1]. However, the protective effect observed in patients with late-onset
or older asymptomatic carriers may disappear in a single generation, with offspring of late-
onset cases unexpectedly showing early-onset, while the reverse pattern has never been
observed. Interestingly, all patients carry the same disease-causal variant, TTR Val30Met.
In Portuguese kindreds, we observed that offspring may anticipate up to 40 years in respect
to their affected parent [2]. Thus, we proved that anticipation is a true biological phenomenon
in TTR-FAP, occurring in a disease caused by a point mutation, instead of the typical
dynamic expansions [2].

These families are an interesting object of study for protective or risk modifiers’ factors that
can be therapeutic targets. Having this in mind, it urges to deeply unravel the modifiers
mechanisms involved in AO variability.

Our recent work has revealed genetic factors that may play an important role in the disease
variability [3-7]. Current consensus is in line with the notion that while each disease-causing
variant sensitizes the genome to a primary clinical manifestation, additional variants in the
genetic background modulates the phenotype expression. A single etiological mechanism
is insufficient to explain the causal origins of phenotypic heterogeneity observed in AO which
acts as a complex trait with diverse factors involved.

Our rationale was to search for other genetic modifiers concentrating the study in families,
where modifier gene(s) with major effects are more likely to be detected within families with

large anticipation of AO.

MATERIALS AND METHODS

Samples’ selection

DNA samples were ascertained from Unidade Corino de Andrade - Centro Hospitalar do
Porto (UCA-CHP, Porto), which has the largest database of TTR-FAP Val30Met worldwide,
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with a registry collected and clinically well characterized over 75 years. Two TTR-FAP
Val30Met families, comprising 3 generations with large anticipation of AO (above 10 years)
were selected (total 6 samples). These pedigrees are shown in Fig. 1.

AO of each patient has been established by the same team of neurologists, specialized in
TTR-FAP Val30Met, considering the presence of a whole set of symptoms characteristic of
small fibers’ neuropathy and not isolated and unspecific symptoms, reported by the patient
and coinciding with an abnormal neurological and/or neurophysiological examination (as
described in Dias et al.[8]). Presence of amyloid in tissues such as nerve, skin or salivary
glands is a requested criterion for diagnosis. In the rare cases of recurrent biopsies without
evidence of amyloid deposition the diagnosis was accepted only if objective and unequivocal
signs of neuropathy were present and other potential causes had been excluded.

The Ethics Committee of CHP approved the research project and all patients gave written
informed consent for collection of DNA. All procedures were conducted in accordance with

national and international legislation.

Genomic DNA was extracted from peripheral blood leukocytes, using the standard salting
out method [9] or from saliva, using ORAGENE kits according to the manufacturer’s
instructions (DNA Genotek, Inc.). The quantity of extracted DNA was measured with Qubit
HS dsDNA Assay Kit on Qubit 2.0 Fluorometer (Life Technologies, Foster City, CA) following
the manufacturer's instructions, and the quality assessed by 1% TAE agarose gel
electrophoresis for 40min at 150 V.

The DNA samples of these patients were collected and stored at the Centro de Genética
Preditiva e Preventiva (CGPP, Porto) biobank, authorized by CNPD (National Commission
for Data Protection).

Whole genome sequencing (WGS)

WGS was performed in three affected individuals in family A (1:2, II:2, and IlI:1) and in three
affected individuals in family B (1:2, 1I:1, and IlI:1). All were carriers of Val30Met TTR variant
previously determined by Sanger sequencing (Alves-Ferreira M, et al., submitted). Genomic
libraries were prepared with average fragment length about 350 bp and sequenced as
paired-end reads of 150-bp on either the lllumina HisegXten or Novaseq platform according

to the manufacturer’s instructions.
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Sanger sequencing

We used Sanger sequencing for validation and to analyze co-segregation in all family
members of A and B pedigree, except for the individual 11l:1 of family A due to DNA
unavailability (Fig. 1).

After PCR amplification with 10 ng of genomic DNA template, Sanger sequencing was
performed using the Big Dye Terminator Cycle Sequencing v1.1 Ready Reaction (Applied
Biosystems), according to the manufacturer’s instructions, and samples loaded on an ABI-
PRISM 3130 XL genetic analyzer (Applied Biosystems). Primers were designed using the
software Primer3; dimer and hairpin formation were excluded using Autodimer. Primer
sequences are the following forward and reverse primers, respectively:
5-GAAGTTTCCACACCAACCATGAGA-3, 5-AGTCGAGGATGGGTCTGAGTTG-3'.

Bioinformatics analysis

Standard bioinformatics analysis of sequencing data was based on the GeneStack pipeline
[10, 11]. An average of 90-Gb sequencing data per subject were generated, and data were
subsequently subjected to FastQC [12] for quality checking and Trimmomatic [13] for the
trimming and filtering of low quality reads, where reads with a high quality score (average
Q=20) and a minimum length of 15bp after trimming were kept. Low quality bases were
removed using seqtk 1.0 tool according to Phred algorithm that encodes the probability that
the base is called incorrectly [14]. The sequence reads were aligned to the reference
sequence of the human genome (GRCh38) using the Burrows-Wheeler Aligner (BWA
v0.7.5) [15]. Duplicate reads were discarded using Picard tools [16]. Prior to variant calling
and annotation a post-mapping quality control was performed, based on the BEDtools [17]
and the Picard tools [16]. Variants were called and identified using samtools mpileup [18]
and BCFtools [19]. Annotation of the discovered variants and their potential effects were

analyzed based on SnpEff tool [20].

Variant filtering

First, we subtracted variants that were shared between the late- and early-onset (1:2: vs llI:1)
pair for each family, thus discarding the “family-specific” variants. Then, we kept variants
that overlap between the two families, thus isolating variants present in large anticipation.

Subsequently, we used a series of stringent filters for the variants, in particular: (1) exonic
and non-synonymous, or predicted to affect splicing in silico; (2) minor allele frequency

(MAF)< 0.01 in European (non-Finnish) populations in public variation databases such as
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the Genome Aggregation Database (gnomAD), the Exome Aggregation Consortium (EXAC)
[21], the 1000Genomes [22] and (3) effect of non-synonymous coding variants on protein
function, defined as being predicted as potential pathogenic for all algorithms, including
PolyPhen [23], the Sorting Intolerant from Tolerant (SIFT) [24] and Combined Annotation
Dependent Depletion (CADD) [25]. Using the online Search Tool for the Retrieval of
Interacting Genes/Proteins (STRING v.11) (http://string-db.org/) database [26], which is a
biological database to explore and analyse functional interactions between proteins; we
constructed protein-protein interaction (PPI). Parameters included a minimum required
interaction score>0.4 (medium confidence), with a 40% probability that a predicted link exists
between two proteins in the same metabolic map in the KEGG database
(genome.jp/kegg/pathway.html).

RESULTS

Families’ description

Pedigrees of the two TTR-FAP families in this study are shown in Fig. 1. All patients and
family members were sequenced for Val30Met TTR (when DNA was available). In both
families, 3 individuals in different generations are confirmed Val30Met carriers and their non-
affected spouses are Val30Val. We focused in the family nucleus of 3 generations, in both
families, where the decrease in the age-of-onset is evident between parents-offspring pairs,
showing a large anticipation (>10 years), resulting in a difference of = 40 years in AO of the
grandmother to the grandchild (Fig. 1). All patients analyzed were from the same clinical
center and had a similar demographic background.

Identification of MYH11 a candidate modifier gene and potential pathways

We applied WGS to the three affected individuals in both families and we subtracted the
genetic profile in the grandparent-grandson pairs with late- and early-onset. Variants were
compared between two families and genomic sequences from the second generation were
used to input de novo variants. Relatively to the human reference sequence (GRCh38), the
average coverage across all samples was 99.7%, with an average of 32X sequence depth.
A combined analysis revealed nine non-synonymous variants, which two were predicted as
potential deleterious variants and one of them was excluded for presenting a MAF=0.28 in
European non-Finnish population (Table 1). After the selection criteria, we identified a
missense variant in exon 34, c.4625G>A, (p.Argl542GIn) in myosin heavy chain 11

(MYH11), a gene located on chromosome 16, known to be responsible of familial thoracic
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aortic aneurysm (Familial TAAD; OMIM: 132900) encoding a smooth muscle myosin protein
(SMMHC). The two affected grandsons were heterozygous and their affected parent did not
carry the variant. These two grandsons started the symptoms by sensory neuropathy and
soon progressed to autonomic neuropathy. This variant, rs137934837, was previously
reported and is present in the non-Finnish European gnomAD population with a frequency
of 0.003. Arginine at amino acid 1542 is evolutionarily conserved in 12 different vertebrate
species and is located within the coiled coil motif (Fig. 2). Therefore, disruption of coiled coil
motif of myosin is predicted to disrupt the structure or function of myosin [27]. Both in silico
tools predicted that this p.Arg1542GIn variant affects the protein function (SIFT: deleterious;
PolyPhen: probably damaging), in agreement with CADD algorithm (score of 33). In the PPI
analysis, the network demonstrated 9 nodes and 16 edges (Fig. 3), with an average node
degree of 3.56 and an average clustering coefficient of 0.741. The PPl enrichment p-value

was equal to 0.0014.

Sequencing of Non-affected family members

Sanger sequencing confirmed the CT genotype of MYH11 variant in lll:1 individuals for
family A and B, and the CC genotype in I:2; 1I:2 for family A and I:1; I:2; II:1 for family B (Fig.
1 and 2). Importantly, individual II:2 of family B showed the CT genotype of MYH11 variant,
thus, indicating that this variant may have been introduced by the Val30Met TTR non-carrier

parent.

DISCUSSION

Significant advances in candidate genes studies have helped to identify variants as risk
factors for AO in TTR-FAP. Previous work from our group focused mainly in common
variants with small effects in candidate genes and found that some variants in APCS, RBP4,
NGAL, BGN, MEK1, MEK2, HSP27, YWHAZ, APOE, ATXN2, GBA and C1Q complement
genes were significantly associated with AO variation [3, 5, 7, 8, 28]. However, there is a

portion of variability that still needs to be unraveled.

As the MYH11 mutation is not inherited through the Val30Met TTR lineage, we aimed to
confirm that spouses Val30Val may have introduced susceptibility alleles that suppress the
late-onset, or the risk alleles, observed in the younger generations. This result corroborates
the role of the trans-acting factors, transmitted by the non-carrier parent, raised by us in a

previous study [6].
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Due to the different clinical aspects of TTR-FAP Val30Met, even within the same family, it is
crucial to explore mechanisms that can be either risk or protective factors among patients
with early and late-onset and how these variations result in diseases’ progression. This
family-based deep sequencing strategy provided the most robust approach for delineation
of the genetic determinants of the phenotype.

MYH11 was identified as a modifier candidate gene in these two families with large
anticipation. rs137934837 variant has a CADD score of 33, meaning that a variant is
amongst the top 0.1% of deleterious variants in the human genome, exceeding the
pathogenicity threshold >20 [29]. Furthermore, in European non-Finnish population this
variant shows a MAF that is below a threshold that most studies would consider as rare
(<0.01%) [30]. Thereupon, this variant has the support of reliable data on the potential

deleterious effect on the protein function.

Our variant filtering, allowed us to exclude all other weakly pathogenic variants that did not
fit in at least one selection criteria, turning the next filtering steps more consistent.
Nevertheless, we cannot rule out the role of other variants on disease mechanisms.
MYH11 gene encodes a smooth muscle myosin heavy chain (SMMHC), a major component
of the contractile unit in smooth muscle cells. Mutations in MYH11 are associated with
familial thoracic aortic aneurysm, patent ductus arteriosus and, recently, moyamoya-like
occlusive cerebrovascular disease [27, 31]. Variants in the SMMHC protein structure lead
to reduced myosin motor elasticity, aberrant interactions with actin filaments, smooth muscle
cells shortening, and contractile force generation followed by upregulation of tumor growth
factor— activity [31].

We identified a PPI network between TTR/MYH11 with a significantly PPl enrichment p-
value, indicating that the nodes are not random and the observed number of edges is
significant. Thus, we hypothesize that MYH11 modulates TTR-FAP disease expressivity
through the mechanism involving rho activated coiled coil protein kinase 2 (ROCK2) and
amyloid precursors protein (APP).

A strong pathological overlap has long been recognized between TTR and amyloid-beta
(AB) peptide (which comes from processing APP). TTR was found to be capable of

clearance of AB peptide and also can rescue phenotype and pathology-associated in AR
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animal models [32-35]. In the same way, modulating the expression of ROCK2 will lead to
a decrease in AB levels [36]. ROCK2 affects AB production by regulating the intracellular
trafficking of APP as well as the secretion of AR [37]. On the other hand, MYH11 and ROCK2
played an important role in vascular smooth muscle contraction, a pathway that is
remodeling in response to AB [38, 39]. Such biological evidences indicate that these proteins

are at least partially biologically connected, as a group.

As in all genetic studies, robust phenotyping and family-based genetic studies are far
superior to studies in isolated cases or in a cohort of sporadic cases. Since, early and late-
onset patients are found within the same families, we focused on the modifier factors found
in the WGS, to confirm the role of those factors in a family-based approach. WGS can
provide uniform coverage along the whole genome as well as in coding regions, more than
WES. Furthermore, our coverage allowed us to detect coding-variants with a detection
power similar to 100x coverage in the WES, reducing the sensitivity and lower false-positive
rate [40]. At the same time, filtering tens of thousands of variants to identify a significant

gene relevant to a specific phenotype like AO is still a complex exercise.

The effect size of the variants found could be small, which can be a limitation in order to
achieve a significant association with AO, due to statistical power. Also, this can be
overcome in a future study to replicate these findings in additional families. Likewise, how
to point out rare variants as a causative effect on AO remains challenging, as they may not
be shared by all affected individuals. Although the role of environmental factors cannot be
excluded, even as, the contribution of other genetic factors (common or rare) and a global
role of them in modulation of specific phenotypes in the presence of the same disease-
causing variant. Recently, exome and genome sequencing studies have reported an
increased burden of rare deleterious variants toward risk for neurodevelopmental disorders
[41-43], as well as, the presence of other variants in addition to the disease-associated

variant explain the atypical clinical presentations [44-47].

The patients included in this first analysis were selected due to the fact that they represent
the extreme phenotypes: grandsons with early-onset (24 years and 25years) and later-onset
grandparents (65 years and 66 years). We intent to expand this study in order to: (1) include
more families with large anticipation; (2) prioritize genes and pathways involved in disease

mechanisms and (3) proceed to a functional validation.
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In conclusion, as far as we know, this was the first study to show crosstalk mechanisms
between MYH11 gene and TTR pathways. The identification of new genes and their
correlations with age-at-onset variability do allow us not only to understand the mechanisms
involved in the TTR-FAP genesis, but also may well be helpful to understand the
pathophysiology and finding valuable diagnosis biomarkers and therapy drugs for diseases

portrayed in this study, like Alzheimer disease.
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Fig. 1 Pedigrees of Family A and B with large anticipation (>10 years).
Val30Met TTR individuals are indicated by filled symbols. Spouses were confirmed as Val30Val

A B

1:1

:1 1:1
AO: 25 AO: 24

TTR. Whole-genome sequencing was performed on all affected individuals. AO: Age-at-onset
(years).



Fig. 2 Human MYH11 protein domains and the analysis of evolutionary conservation for
the sequence around the variant site.
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The MYH11 protein consists of 1972 amino acids and contains a Myosin N-terminal SH3-like
domain, two Actin-binding regions, an IQ domain, and a coiled coil motif. Multiple protein alignment
shows the conservation of residues (in grey). The Arginine 1542 (in red) in the coiled coil motif,
which is changed to Glutamine, is highly conserved in all species. Example of Sanger sequencing
chromatograms for individual 1.2 (WT) and 11l.1 (p.Arg1542GIn), family A. Sanger sequencing
confirmed the missense variant c.4625C>T, (p.Arg1542GIn) in exon 34 of the MYH11 gene. Variant
position is indicated by a black arrow.
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Fig. 3_The PPI network for human MYH11 and predicted proteins encoded by genes
proposed as candidates for TTR-FAP modulation.

The network was constructed with String (version 11.0). It contains 9 nodes and 16 edges, with an
average node degree of 3.56 and an average clustering coefficient of 0.741. The PPI enrichment p-
value was equal to 0.0014.
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Table 1 List of all non-synonymous variants after filtering of whole-genome sequencing data.

Chromosomal cDNA Protein Prediction algorithms
Gene Position dbSNP Change Change PolyPhen2 (score) SIFT (score) CADD MAF

Clorfl59 1:1087150 rs144168476 ¢.299C>G  p.ArglOOPro  Benign (0.159) Tolerated (0.4) 6.000 0
CFAP57 1:43183663  rs6663799 c.547G>T p.Alal83Ser  Benign (0.012) Tolerated (1) 6.836  0.005698
MOGS 2:74461951  rs142032474 ¢.1838G>A p.Arg613GIn  Benign (0.005) Tolerated (0.62) 7.756  0.009493
HLA-DRB5 6:32519438  rs148933006 ¢.584G>A  p.Argl95GIn  Benign (0.009) Tolerated (1) 12.78 0.00955
HLA-DRB5 6:32519432  rs189435670 ¢.590G>C p.Glyl97Ala Possibly Damaging (0.722) Deleterious (0) 23.9 0.2836
HLA-DRB5 6:32519435  rs201372521 ¢.587G>A  p.Serl96Asn  Benign (0.263) Deleterious (0.03) 22.0 0
TRBV6-7 7:142487869  rs565744849 c¢.7C>A p.Leu3lle Benign (0) Tolerated (0.43) 0.038 0
TRBV7-6 7:142492603 rs73742284  ¢c.277A>G  p.lle93Val Benign (0) Tolerated (0.49) 0.029 0.9978
MYH11 16:15721026 rs137934837 c¢.4625G>A p.Argl542GIn Probably Damaging (0.984) Deleterious (0.01) 33 0.003051

PolyPhen scores between 0.85 and 1.00 were interpreted as “Probably damaging”, scores between 0.5 and 0.85 were “Possibly damaging”, and

scores between 0 and 0.5 were “Benign”. SIFT scores:<0.05 were interpreted as “Deleterious” and scores>0.05 were “Tolerated”. MAF, minor
allele frequency according to the non-Finnish European gnomAD population. Combined Annotation Dependent Depletion (CADD) score>20 is
recommended as pathogenic.
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In Article 4, we developed and characterized the first TTR amyloidosis animal model that
recapitulates cell-nonautonomous neuronal phenotypes. In our C. elegans transgenic lines,
expressing human WT TTR or the destabilizing TTR variants, we verified that TTR follows the

mammalian secretion profile and is suitable to study cell-nonautonomous phenotypes.

Disease proteins induce several neural phenotypes including impaired nociception and
locomotion, as well as late onset branching of nociceptive neurons. Phenotypes are dependent

upon the expression of the TTR, since RNAi knockdown abolished phenotypes.

To scrutinize putative FAP-directed therapeutic mechanisms, we used three different
approaches to test the hypothesis that modulating TTR would affect the severity of the above
phenotypes. First, we genetically ablated coelomocytes (macrophage-like cells that degrade TTR)
resulting in higher TTR protein levels and this significantly worsened nociceptive response in
Val30Met TTR animals. Second, we used RNAI to reduce TTR protein levels, and this rescued
the Unc phenotype in the Val30Met TTR animals. Third, to test if TTR tetramer stabilization
reduced proteotoxicity by decreasing oligomer formation, we treated Val30Met TTR worms with
tafamidis, a TTR stabilizer approved for FAP treatment, and observed a significant rescue of the

Unc phenotype.
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SIGNIFICANCE

Evidence suggests that transthyretin (TTR) amyloid diseases result from rate-limiting dissociation
of TTR tetramers secreted from the liver into monomers, followed by monomer misfolding and
misassembly into a spectrum of aggregates that compromise postmitotic tissue function, including
peripheral nerve function. It is unknown how TTR aggregation leads to the demise of neurons cell
nonautonomously. Herein we introduce transgenic Caenorhabditis elegans models of TTR
amyloidosis that exhibit aggregation and quantifiable cell nonautonomous neuronal phenotypes,
including impaired pain sensation, as seen in humans, and altered neuronal morphology.
Neuronal dysfunction can be exacerbated by eliminating distal macrophage-like cells that degrade
TTR and ameliorated by treating the transgenic worms with TTR RNAI or a TTR kinetic stabilizer,

strategies that also delay human polyneuropathy.

Keywords: aggregation, cell-nonautonomous, neurodegeneration, nonnative oligomers,

polyneuropathy
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ABSTRACT

Cell-autonomous and cell-nonautonomous mechanisms of neurodegeneration appear to occur in
the proteinopathies, including Alzheimer's and Parkinson’s diseases. However, how neuronal
toxicity is generated from misfolding-prone proteins secreted by honneuronal tissues and whether
modulating protein aggregate levels at distal locales affects the degeneration of postmitotic
neurons remains unknown. We generated and characterized animal models of the transthyretin
(TTR) amyloidoses that faithfully recapitulate cell-nonautonomous neuronal proteotoxicity by
expressing human TTR in the Caenorhabditis elegans muscle. We identified sensory neurons with
affected morphological and behavioral nociception-sensing impairments. Nonnative TTR oligomer
load and neurotoxicity increased following inhibition of TTR degradation in distal macrophage-like
nonaffected cells. Moreover, reducing TTR levels by RNAIi or by kinetically stabilizing natively
folded TTR pharmacologically decreased TTR aggregate load and attenuated neuronal
dysfunction. These findings reveal a critical role for in trans modulation of aggregation-prone
degradation that directly affects postmitotic tissue degeneration observed in the proteinopathies.
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INTRODUCTION

In protein-aggregation disorders, cell-autonomous and cell-nonautonomous mechanisms of
neurodegeneration appear to occur, the latter associated with the propagation of protein
aggregates and/or pathologies throughout the nervous system (1,2). Elucidating these
degenerative pathways is often confounded by the fact that affected tissues express the
misfolding-prone protein(s). Moreover, it is unclear whether modulating levels of native
aggregation-prone proteins or of protein aggregates in distal tissues would change cell-
nonautonomous proteotoxicity. Knowledge of these features is important for further understanding
neurodegenerative diseases and for envisioning new therapeutic strategies.

In the transthyretin (TTR) systemic amyloidoses, the unaffected liver secretes tetrameric TTR into
the blood stream, where TTR dissociates, misfolds and aggregates, compromising organ systems
such as the heart and the autonomic and peripheral nervous systems, tissues that do not
synthesize TTR (3). Thus, cell-nonautonomous proteotoxic pathways are clearly distinguished in
the TTR amyloidoses, allowing the mechanism(s) to be carefully studied. Native TTR exists as a
B-sheet—rich tetramer (4), whose established function is to transport holo-retinol-binding protein
in the plasma and to serve as a back-up carrier for thyroxine (T4) (5, 6). Strong genetic, pathologic,
biochemical, and pharmacologic evidence suggests that TTR amyloid diseases result from TTR
aggregation, compromising the function of various tissues (7—10). A central unanswered question
is how TTR aggregation leads to the cell-nonautonomous demise of postmitotic tissues, including
neurons (11). This key question remains unanswered for all human amyloid diseases (12-14).
Moreover, it is unclear whether nonnative (NN) TTR oligomers contribute to neurodegeneration
and, if so, whether their levels can be modulated at distal sites to diminish neuronal proteotoxicity
(9, 15).

Over 115 different TTR mutations associated with human disease render the tetramer less stable
and more aggregation prone (16, 17). The most common TTR variant is V30M (10), which leads
to familial amyloid polyneuropathy (FAP), affecting the peripheral and autonomic nervous systems
and resulting in the degeneration of thermo- and pain-sensing neurons (18). The highly unstable
D18G TTR variant is not readily secreted by the liver but instead is targeted for endoplasmic
reticulum (ER)-associated degradation (ERAD) (16, 19). Partial secretion of D18G TTR from the
choroid plexus results in aggregation that leads to familial meningocerebrovascular amyloidosis
characterized by dementia and cerebrovascular bleeding (20). The aggregation of circulating WT
TTR leads to senile systemic amyloidosis, a cardiomyopathy that is the most common TTR

amyloid disease affecting ~10% of elderly adults, leading to congestive heart failure (21).
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Interestingly, mutations also exist that are protective against disease. For example, T119M TTR
when present in hetero-allelic combination with V30M TTR results in the formation of highly
kinetically stable, nonamyloidogenic T119M/V30M heterotetramers that stop or delay FAP
pathology (7).

Numerous attempts to model human neuronal TTR proteotoxicity in transgenic mice have failed
to recapitulate cell-nonautonomous disease phenotypes, including degeneration of postmitotic
tissue, despite the presence of extracellular TTR aggregates (22). In Drosophila, expression of
TTR in the cytosol of neurons resulted in neuronally related phenotypes, but in humans TTR is
not significantly expressed in the cytosol of neurons (23, 24). Therefore, there is a pressing need
to develop an animal model relevant to human pathology wherein the mechanism of TTR
aggregation-associated toxicity occurs cell nonautonomously. Successful models become even
more relevant if the existing regulatory agency-approved drugs that slow the progression of human
FAP, such as tafamidis and patisiran (an RNAi therapeutic targeting TTR) (8), also ameliorate
disease phenotypes in the animal model, thus contributing to the identification of mechanisms by

which TTR is toxic as well as the means by which toxicity can be ameliorated.

Herein we report animal models in the nematode Caenorhabditis elegans that generate TTR
aggregates including NN oligomers analogous to those in humans (9, 25). Critically, expression
of human TTR (hTTR) uniquely in the body-wall muscle resulted in TTR secretion and aggregation
and in cell-nonautonomous structural and functional impairments of sensory nociceptive neurons
not expressing TTR. Decreasing TTR levels cell nonautonomously resulted in a reduced NN TTR
oligomeric load and a significant amelioration of cell-nonautonomous proteotoxicity. These data
suggest that TTR oligomers are likely proteotoxic, as it is hypothesized to be the case in humans
(9, 25, 26). Notably, the degenerative phenotypes in C. elegans linked to TTR proteotoxicity were
exacerbated by impairing the turnover of TTR tetramers and oligomers in distal cells, suggesting
that increased TTR oligomer levels correlate with enhanced proteotoxicity and that enhancing TTR
degradation could be a viable therapeutic strategy. These C. elegans models provide a platform
to study the mechanism(s) of in trans neurodegeneration as well as the influence of cell-
nonautonomous TTR degradation and have the potential to provide insights into the etiology of
other aging-associated protein-aggregation disorders linked to neurodegeneration such as

Alzheimer’s disease (AD) and Parkinson’s disease (PD).
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RESULTS

Generation of C. elegans Models Expressing Human TTR Variants.
To model TTR proteotoxicity in C. elegans, we expressed human WT TTR, V30M TTR, or D18G

TTR in the body-wall muscle under the control of the unc-54 promoter (Fig. 1A). We modeled

these disease-promoting TTR sequences because earlier work showed that they have diverse
stabilities and secretion efficiencies that could allow us to investigate the range of cell-
nonautonomous versus cell-autonomous effects (16). We also made a transgenic strain with the
protective, non—aggregation-prone T119M mutation (7) that allowed us to scrutinize the
hypothesis that the proteotoxic phenotypes observed in the pathogenic strains (see below) were
not simply the result of the overexpression of an hTTR sequence. In each model strain, the hTTR
signal sequence (SS) (Fig. 1A) was included to enable TTR to be inserted into the ER and to
target it for secretion (see below). As TTR is a small protein and fusions to GFP or other large
fluorescent proteins could significantly impact its folding, assembly, and/or trafficking in the early
secretory pathway, the TTR transgenes were not tagged.

To test whether the C. elegans strains expressed comparable TTR levels, TTR mRNA and TTR
protein levels were assessed. TTR mRNA levels quantitated from age-synchronized animals
peaked at day 1 of adulthood and declined by day 8 for all strains (S| Appendix, Fig. S1A). Soluble
and insoluble TTR protein levels were quantified by Western blot (Fig. 1 B and C) using antibodies
that recognized all four hTTR variants equally (S| Appendix, Fig. S1B) but did not recognize
endogenous C. elegans TTR-like proteins in the non-TTR control or TTR strains. Animals
expressing stable human variants (i.e., WT TTR, V30M TTR, and T119M TTR) generated
comparable levels of soluble TTR protein that peaked in day-1 adult animals in all strains (Fig.
1B). TTR was not detected in the insoluble pellet except for V30M TTR, which is the most
amyloidogenic of these three sequences (Fig. 1C). In contrast, animals expressing the highly
unstable and, as shown in humans, poorly secreted D18G TTR displayed very low levels of soluble
protein but notably higher levels of insoluble TTR that increased with aging (Fig. 1C) (16, 20).
Collectively, these data show that the strains generated had comparable levels of TTR mRNA and
TTR protein and that the solubility profile of TTR sequences is consistent with that observed in

humans, which had not been previously modeled (16).

Differential Secretion of Tetrameric TTR Variants in C. elegans Recapitulates hTTR

Secretion Profiles.
In humans, WT TTR, V30M TTR, and T119M TTR are efficiently secreted from the liver, while
D18G TTRis not (16, 19). To test the hypothesis that hTTR variants expressed in C. elegans were
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secreted from the body-wall muscle with differential secretion efficiencies, we first performed
immunofluorescence (IF) with a polyclonal antibody against hTTR to visualize total TTR
expression and localization in day-1 adult animals. The TTR signal was observed in the periphery
of individual body-wall muscle cells and in colocalization with phalloidin, suggesting that TTR
reached the plasma membrane for possible secretion and deposited at myofilament striations of
sarcomeres (Fig. 2A). In addition, we observed WT, V30M, and T119M TTR signal in the body
cavity, demonstrating secretion of TTR from muscle cells. In contrast, the D18G TTR signal was
absent from the body cavity, suggesting that this highly unstable variant was not secreted
efficiently. Instead, we observed pronounced D18G TTR intracellular aggregates, likely a result of
its retention inside muscle cells (Fig. 2A). We confirmed these observations by repeating the IF
(SI Appendix, Fig. S2) using fit-for-purpose antibodies that uniquely and selectively recognized
NN TTR (monomers and/or oligomers) but not native TTR tetramers (S| Appendix, SI Materials
and Methods and Fig. S3 A and B). Whether NN TTR was also present inside other tissues is not
clear at this time.

To further scrutinize the hypothesis that natively folded TTR tetramers were secreted from the C.
elegans body-wall muscle (16), we analyzed their in vivo subcellular localization by feeding
animals compound 5 (CMPD5) (Fig. 2B). This small molecule is a validated fluorogenic probe for
natively folded TTR that binds to the Ts-binding sites in TTR and remains dark until it selectively
reacts with the Lys-15 e€-amino groups of TTR to render the TTR—(CMPDS5); conjugates
fluorescent (27). Pronounced TTR—(CMPD5).conjugate fluorescence was detected in WT TTR,
V30M TTR, and T119M TTR strains in all six coelomocytes, macrophage-like cells that
endocytose soluble material from the body cavity for degradation (28) (Fig. 2 C, d—I). These data
demonstrate that TTR tetramers were secreted from the muscle. We and others previously
observed TTR localization to coelomocytes in independently generated WT TTR C.
elegans strains (29, 30). Neither the non-TTR control nor the D18G TTR animals showed a TTR—
(CMPD5), conjugate-positive signal in coelomocytes (Fig. 2 C, a—c and m—o, respectively),
suggesting that D18G TTR was not secreted out of muscle cells. Thus, the various TTR
sequences expressed in the C. elegans body-wall muscle showed secretion profiles comparable
to those exhibited by humans, rendering these models suitable for studying TTR cell-

nonautonomous proteotoxicity.

Expression of TTR in C. elegans Results in the Generation of Native TTR Tetramers and

Oligomeric TTR Aggreqgates.

Since soluble and secreted hTTR can remain natively tetrameric or can dissociate, misfold, and

aggregate into a variety of aggregate structures, including NN TTR oligomers that we hypothesize
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are toxic (9, 25), we next characterized the age-dependent profile of tetrameric and oligomeric
TTR in the C. elegans transgenic TTR strains (25, 31). Natively folded TTR tetramers were
guantified in the soluble fractions from lysates of age-synchronized day-1, day-5, and day-8
animals by incubating the lysates with the fluorogenic small molecule A2 (31). Similar
to CMPD5, A2 binds strongly to both Ts-binding pockets of the folded TTR tetramer and reacts
with Lys-15 residues to create a fluorescent TTR tetramer—(A2).conjugate that is quantified by
ultra-performance liquid chromatography (UPLC) (31). Fluorescent TTR tetramer—(A2), conjugate
levels from C. elegans lysates, as measured by UPLC, were compared with a calibrated standard
curve generated by the addition of increasing amounts of purified recombinant WT TTR into day-
1 control lysates (Fig. 3A and Sl Appendix, Fig. S3C). We found that native TTR tetramer levels
decreased with aging (Fig. 3B). The decrease is consistent with expression of the unc-54 promoter
(32), but message instability, tetramer degradation, or tetramer-to-monomer-to-aggregate
conversion could also contribute (16). Notably, the most stable TTR variant (T119M TTR) had the
highest TTR tetramer levels from day 1 through day 8 of adulthood, whereas the least stable
variant (D18G TTR) yielded the lowest native TTR tetramer levels (Fig. 3B), consistent with
observations in humans showing that these are highly stable and unstable variants, respectively
(16). Thus, the C. elegans transgenic strains expressing stable TTR variants generated
measurable levels of TTR tetramers.

We next evaluated whether NN oligomeric or aggregated TTR was being generated in the
transgenic TTR strains. NN TTR oligomer levels from soluble and insoluble fractions of lysates
from all C. elegans strains were assessed by Native-PAGE and by a sandwich ELISA using the
same antibodies against NN TTR that were used for IF (Fig. 2A). Native-PAGE showed the
presence of high-molecular-weight aggregates primarily in the soluble and insoluble lysate
fractions of the V30M TTR and D18G TTR strains but not in the WT TTR or T119M TTR strains
(Fig. 3C and SI Appendix, Fig. S3D). To test whether we could more quantitatively assess NN
TTR oligomer levels, soluble and insoluble lysate fractions of day-1 and day-5 age-synchronized
animals were analyzed by a sandwich ELISA (Materials and Methods) (25). Consistent with the
observations from the Native-PAGE analysis (Fig. 3C), NN TTR levels were detected primarily in
insoluble lysates of D18G TTR strains, but not in lysates from V30M TTR animals (Fig. 3D). As
with Native-PAGE, the ELISA was unable to detect NN WT TTR or T119M TTR, likely because of
the conformational stability of these sequences. The presence of NN oligomers in the transgenic
strains expressing V30M TTR and D18G TTR is consistent with the higher amyloidogenicity of

these sequences (16). Taken together, these data show that expression of the TTR variants in
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the C. elegans body-wall muscle resulted in the generation of differential native tetramer and NN
oligomeric TTR concentrations, as observed in human patients.

TTR FAP Variant Impairs Sensory Nociception Cell Nonautonomously.

In FAP patients, the aggregation of V30M TTR and its deposition around peripheral and autonomic
neurons is associated with the loss of nociception and temperature perception in the extremities
(18). To test whether the expression of V30M TTR in the body-wall muscle leads to the impairment
of nociception in C. elegans, we measured the reflex-like escape reaction of V30M TTR animals
with a thermal-avoidance assay developed previously to measure pain responses (Fig. 4A) (33).
Individual animal responses were scored into four categories (classes I-1V), as previously
established (S| Appendix, SI Materials and Methods) (33). As controls, we scored thermal
avoidance in eat-4(n2474) and unc-86(n846) 1-d-old mutant animals, shown previously to have
attenuated and unaltered responses, respectively (Fig. 4B) (33). A significantly higher percentage
of V30OM TTR animals (10 + 0.6%) than non-TTR control animals (0%) or T119M TTR animals
(0%) were unresponsive to noxious heat (class IV) (Fig. 4B and S| Appendix, Table S1). The
T119M TTR data demonstrate that the nociceptive defect was not due simply to the
overexpression of an hTTR sequence. To ascertain that the V30M TTR-dependent defect was not
the result of locomotion-related impairments that would prevent the animals from backing up, we
tested reversal movement in each class IV animal with a soft touch to the nose. All class IV animals
(100%; n = 41) backed in response to this stimulus. To test whether the nociception defects were
TTR dependent, we repeated the noxious heat assay in V30M TTR animals treated with TTR
RNAI, which afforded a protein knockdown of >90% (S| Appendix, Fig. S4). The nociception defect
was rescued in RNAi-treated V30M TTR animals (Fig. 4C and S| Appendix, Table S2). These

results are consistent with cell-nonautonomous V30M TTR neuronal toxicity.

To further test whether defects in nociception exhibited by V30M TTR animals were cell
nonautonomous, we generated transgenic animals expressing V30M TTR in the body-wall muscle
but lacking the SS (V3OMASS TTR, SI Appendix, Fig. S6 A and B) to prevent its secretion (Sl
Appendix, Fig. S6C). V30M ASS animals did not exhibit a defective thermal-avoidance response
(2.6 = 0.5% class IV) compared with V30M animals with TTR fused to an SS (10 + 0.6%) (Fig.
4B and Sl Appendix, Table S1). Furthermore, we tested for thermal avoidance in day-1 D18G TTR
animals in which we did not find evidence for TTR secretion (Fig. 2 A and C). D18G TTR animals
did not exhibit defective nociception (Fig. 4B). Taken together our data show that secretion of

V30M TTR from the muscle results in proteotoxicity to sensory pain-sensing neurons in a cell-
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nonautonomous manner, likely owing to V30M TTR’s ability to dissociate, misfold, and

misassemble (16).

Impaired Dendritic Morphology of Somatosensory Neurons in V30M TTR Animals.

The neural circuitry for the nociceptive thermal-avoidance responses in C. elegans tested here
was previously mapped to the AFD and FLP head sensory neurons (33, 34). The FLP neurons
are polymodal cells that extend elaborate dendritic branches enveloping the head of the animal
(Fig. 5 A and B) (35). To probe whether the nociceptive defects observed in V30M TTR animals
(Fig. 4) correlated with morphological neuronal defects, we quantified the dendritic morphology of
their FLP neurons. Day-1 adult V30M TTR animals had a significantly higher number of quaternary
branches than age-matched non-TTR control or T119M TTR animals, suggesting that the
expression of V30M TTR affects dendritic outgrowth (Fig. 5 B and C). As extension of quaternary
branches toward the hypodermis is critical for FLP sensory function (35), we also quantified the
FLP quaternary branch extension angle from the tertiary branch (Fig. 5D). V30M TTR animals had
quaternary branches that bent backward toward tertiary branches more often than non-TTR
control and T119M TTR animals (Fig. 5E and S| Appendix, Table S3). These data show that
sensory endings do not extend fully and in some cases nearly reverse in V30M TTR animals. To
test whether these phenotypes were due to developmental defects, we first surveyed the number
of quaternary branches in the last larval L4 stage, when FLP quaternary branching is finalizing its
development (35). The number of FLP quaternary dendritic branches was lower in L4 non-TTR
control larvae than in non-TTR control day-1 adults, showing that quaternary branches are still
being added as control animals develop (Fig. 5C and S| Appendix, Fig. S7A). Expression of V30M
TTR or T119M TTR resulted in a higher number of quaternary branches in L4 animals than in
control animals (Sl Appendix, Fig. S7A). However, the number of branches in T119M TTR L4
larvae as they grew to day-1 adults was similar to those of non-TTR controls, whereas V30M TTR
animals continued adding quaternary branches as they transitioned to day-1 adults (Fig. 5C).
Thus, expression of V30M TTR resulted in ectopic branching in young-adult animals compared
with L4 larvae. No significant differences in quaternary FLP branch angle in L4 larvae were
observed in non-TTR control, V30M TTR, and T119M TTR transgenic animals, demonstrating that
these morphological defects were not developmental (SI Appendix, Fig. S7B and Table S4).

We next tested whether expression of V30M TTR without the signal sequence (ASS) in FLP
neurons with the des-2 promoter (36) could drive the TTR nociception-sensing defects (Fig. 4).
Nociception was not impaired in day-1 des-2p::V30MASS TTR animals (Fig. 4B), suggesting that

V30M TTR expression in FLP neurons is not sufficient to impair nociception.
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To test whether V30M TTR toxicity affects other neurons, we evaluated a subcellular phenotype
in ALM, a set of mechanosensory neurons involved in soft-touch sensing (37). As mitochondria
are critical for neuronal function, and their altered dynamics have been shown to be a key early
pathological feature of most neurodegenerative diseases (38), we imaged and quantitated the
size of these organelles inside ALM axons. Mitochondrial length was significantly decreased in
V30M TTR animals compared with non-TTR control and T119M animals (SI Appendix, Fig. S8).
These data suggest that secreted V30M TTR is not specifically toxic to sensory pain-sensing
neurons but is also toxic to those involved in mechanosensation. Taken together, our data show
that V30M TTR proteotoxicity impairs neuronal function in a cell-nonautonomous manner by
targeting pathways that regulate the proper structure and function of pain-sensing and
mechanosensory neurons.

TTR Clearance by Distal Cells Exacerbates TTR Proteotoxicity in Neurons.

Our data show that TTR tetramers secreted from the body-wall muscle into the body cavity are
taken up by coelomocytes (Fig. 2). As coelomocytes are lysosomal-degradative cells (28), we
reasoned that if TTR was degraded in coelomocytes, then modulation of coelomocyte-mediated
TTR degradation would affect the level of TTR proteotoxicity. To first test if TTR was degraded in
coelomocytes, we genetically ablated these cells by crossing the TTR transgenic animals to a
strain expressing a diphtheria toxin mutant, DT-A(E148D), under a coelomocyte-specific promoter
and measured TTR levels (28). We confirmed the absence or significant reduction of
coelomocytes in DT-A(E148D) animals (S| Appendix, Fig. S9 A and B and Table S5). Previous
studies showed that ablation of coelomocytes resulted in the accumulation of fluid-phase markers
in the body cavity due to a lack of uptake and degradation (28). To test for coelomocyte ablation
in TTR; DT-A strains, we injected the body cavity with soluble A680-fluorescent dextran (3,000
MW) and immediately treated them with CMPD5 (10 yM) to convert native TTR to TTR-
(CMPD5), tetrameric conjugates, as described above (Fig. 2 B and C). A680-dextran as well as
TTR—(CMPD5), conjugates accumulated in coelomocytes in non—DT-A animals but accumulated
throughout the body cavity in TTR; DT-A animals, suggesting that muscle-secreted TTR (WT TTR,
V30M TTR and T119M TTR) was normally taken up from the body cavity and degraded in these
cells (Fig. 6A and Sl Appendix, Fig. S9 C and F). Neither non-TTR control animals nor D18G TTR,;
DT-A animals treated with CMPD5 produced any significant TTR—(CMPD5), conjugate signal (Sl
Appendix, Fig. S9 E and D). Next, to test whether ablation of coelomocytes resulted in decreased
TTR degradation, we characterized TTR protein levels in animals with and without coelomocytes.
Western blots of the soluble and insoluble TTR fractions of lysates from TTR; DT-A age-

synchronized animals showed that adult 5-d-old animals without coelomocytes had increased TTR
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protein levels compared with animals with coelomocytes (Fig. 6B). This shows that ablation of
coelomocytes resulted in a significant decrease in TTR degradation and in the accumulation of
higher levels of TTR tetramers and insoluble TTR in the body cavity of aging animals.

Next, to determine whether decreasing TTR tetramer degradation cell nonautonomously
increased TTR proteotoxicity in neurons, we tested for thermal avoidance in V30M TTR; DT-A
animals. A significantly higher percentage of the V30M; DT-A animals (22 £+ 2%; n = 43) failed to
respond to noxious heat (class 1V) compared with non-TTR control; DT-A (9.1 £ 2.5%; n = 12) or
V30M TTR animals with coelomocytes (10 + 0.6%; n = 41). Thus, reduced TTR degradation
resulted in enhanced TTR neuronal defects (Fig. 6C and S| Appendix, Table S6).

To test whether the higher number of nonresponsive V30M; DT-A animals correlated with an
increase in the amount of NN V30M TTR oligomers, we measured NN TTR oligomer load via
ELISA, as described above (Fig. 3D). The NN TTR oligomer aggregate load was significantly
increased in the soluble fraction of lysates of day-1 and day-5 adult V30M TTR; DT-A animals
compared with that of V30M TTR animals (Fig. 6D). These data suggest that the additional
impairment of neuronal nociception in V30M TTR; DT-A animals correlated with the increased
soluble TTR tetramers and oligomers (Fig. 6 A and B). No significant increase in the amount of
insoluble NN TTR oligomers was observed in V30M TTR; DT-A animals compared with V30M
TTR animals, suggesting that soluble NN oligomers could be responsible for the heightened
thermal-avoidance defect in animals without coelomocytes. Taken together, these data show that
removal of degradative cells distal to the original site of V30M TTR expression can increase TTR
tetramer levels throughout the body cavity by decreasing TTR protein turnover. These results
suggest that enhanced TTR degradation at distal sites could ameliorate neuronal TTR

phenotypes.

Reduction or Small Molecule Stabilization of Native TTR Levels Improves TTR-Mediated

Locomotion Impairments and Decreases Oligomeric Aggregate Load.

As neurons or possibly muscles are affected in our models, we next assessed whether expressing
V30M TTR led to movement impairments. Expression of V30M TTR resulted in impaired
locomotion as measured by decreased displacement and velocities compared with non-TTR
controls, and TTR RNAi rescued this phenotype (Fig. 7 A and B and S| Appendix, Fig. S4). These
motility defects could be the result of impaired muscle and/or neuronal function (39, 40). To test
whether V30M TTR motility could be affected as a result of muscle dysfunction, we performed
TTR RNAI in the D18G strain in which we observed no evidence of TTR secretion (Fig. 2C). One-

day-old D18G TTR animals exhibited a pronounced uncoordinated (Unc) phenotype, which was
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rescued by RNAI against TTR (Fig. 7 C and D). These data suggest that D18G TTR proteotoxicity
affects proteostasis in the muscle and results in its malfunction, although muscle morphology
appeared unaffected (Fig. 2A and S| Appendix, Fig. S2). Thus, expression of V30M TTR could
result in defects in locomotion due to TTR cell-autonomous impairment of muscle function, but

this merits further scrutiny.

Next, we tested whether stabilizing TTR pharmacologically would ameliorate the TTR-dependent
Unc phenotype. To stabilize the native TTR tetramer quaternary structure, we treated V30M TTR
animals with CMPDD5. In addition to being fluorogenic upon binding to and reacting with TTR (Fig.
2 B and C), CMPDS5 affords a hyperstable tetramer, which ameliorates FAP by preventing
aggregation, similar to tafamidis (8, 30). We chose CMPD5 as the kinetic stabilizer instead of
tafamidis because CMPD5 exhibits better solubility (41). Since V30M TTR oligomers were
detected in day-1 adult animals (Fig. 3C), we initially treated L1, L3, L4, and day-1 animals with
various concentrations of CMPDS5 to establish a therapeutic dose. We determined that 10 uM
applied to L3 larvae produced a response without toxicity (Fig. 7E and SI Appendix, Fig.
S11A). CMPD5-treated L3 V30M TTR larvae assessed at day 2 of adulthood exhibited
significantly restored locomotion (51.3% rescue of mean speed) compared with nontreated
animals (Fig. 7 F and G). These data show that C. elegans FAP models respond to treatment with
a pharmacological kinetic stabilizer to ameliorate TTR-dependent phenotypes, likely as a result of
the stabilization of TTR tetramers, as demonstrated in human FAP patient serum (31).

To test whether the rescued locomotion phenotype following treatment with CMPD5 was the result
of a decrease in the TTR oligomeric aggregate load, we measured NN TTR levels by ELISA in
lysates of day-2 V30M TTR animals with or without CMPD5. We observed a significant reduction
in NN V30M TTR levels only in the soluble fractions of V30M TTR strains without coelomocytes
(SI Appendix, Fig. S11C), which we earlier showed had significantly increased NN TTR oligomer
levels (Fig. 6D). These data suggest that the rescue of the locomotion phenotype
with CMPD5 could result from a decrease in the soluble NN TTR oligomer pool. Taken together,
our data show that preventing TTR aggregation, either by reducing TTR levels via RNAi or by
slowing tetramer dissociation with a kinetic stabilizer (i.e., CMPD5), can rescue TTR-mediated

locomotion defects, showing that the locomotion phenotype results from TTR aggregation.
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DISCUSSION

A Model to Study Cell-Nonautonomous Proteostatic Mechanisms for Modulating
Aggregate-Prone Toxicity.

Previous C. elegans proteinopathy models expressing human disease-linked aggregation-prone
proteins specifically in the body-wall muscle, neurons, or intestine exhibited uniquely cell-
autonomous tissue-specific toxicity (1). These included degenerative disease models expressing
amyloid beta (AB) (29), poly-glutamine expansion proteins (42, 43), a-synuclein (44), WT or
mutant prion protein (45), various tau variants (46), TDP-43 (47), an Ig light chain (48), and a1-
antitrypsin (49). Recent observations in cell-culture models and mice have demonstrated that
proteotoxicity by misfolded proteins in AD, PD, amyotrophic lateral sclerosis, Huntington’s
disease, and the prion diseases also appear to have cell-nonautonomous components that involve
damage of tissues or cells other than those expressing the aggregation-prone, disease-associated
proteins (50-52). However, the cell-nonautonomous pathways of neurodegeneration remain
incompletely understood for all human amyloid diseases, in part due to the lack of models that
faithfully recapitulate in trans toxicity. C. elegans have been used previously to model and
characterize the cell-nonautonomous role of neuronal signaling in the impairment and restoration
of proteostasis across tissues. Specifically, null mutations in unc-30, a transcription factor that
regulates the synthesis of the inhibitory neurotransmitter GABA, caused the premature
appearance of polyQ35 aggregates and an imbalance in proteostasis of postsynaptic muscle cells
(53). Moreover, down-regulation of neuronally expressed gei-11 (54), a Myb-family factor that
regulates L-type AChR, increased cholinergic receptor activity at the neuromuscular junction and
suppressed toxicity and protein misfolding in postsynaptic muscle cells, suggesting an effect of
cholinergic signaling on muscle homeostasis (55). In addition, cell-to-cell spreading of protein
aggregates has been modeled previously in C. elegans by expressing the cytosolic Sup35 prion
NM domain from yeast in the body-wall muscle (56). Also, human a-synuclein aggregates in C.
elegans were shown to transfer between neurons (57). Thus, these promising transgenic models
could contribute to elucidating cell-nonautonomous mechanisms as well as the effects of cell-to-
cell transfer of aggregate-prone toxicity, which remain unclear for all human aggregate- and

spread-prone misfolding proteins.

Inthe TTR amyloid diseases, cell-nonautonomous toxicity is the default mechanism, thus affording
the possibility to study mechanisms of toxicity directly in trans. The TTR models studied herein
recapitulate TTR cell-nonautonomous neurotoxicity and show clear cell-nonautonomous disease

model phenotypes in C. elegans. Our model (Fig. 8) posits that disease-prone WT TTR and V30M
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TTR tetramers are secreted from the muscle into the body cavity where they are endocytosed by
coelomocytes for degradation, a process that competes with NN TTR oligomer generation (i.e.,
misfolding and aggregation). Increases in NN V30M TTR oligomers correlate with compromised
FLP sensory neuronal structure and function, as well as with locomotion defects, although other
aggregated TTR structures could also contribute. D18G TTR was not efficiently secreted from the
muscle, forming intracellular aggregates and exhibiting strong paralysis. We hypothesize that an
overloaded ERAD system was unable to degrade D18G TTR in the muscle, demonstrating that

TTR toxicity could also act cell autonomously.

The presence of protein aggregates in neurodegenerative diseases is a key indicator of disrupted
organismal proteostasis (58, 59). Since increasing the NN V30M TTR oligomer load by inhibiting
cell-nonautonomous TTR degradation by coelomocyte ablation significantly exacerbated the
nociceptive defect in V30M TTR animals, our studies suggest that the NN V30M TTR oligomers
contributed to the degenerative phenotype (Fig. 8). A conclusion from our study is that adjusting
TTR tetramer concentration both cell autonomously (by RNAi to decrease TTR mRNA in the
muscle) and cell nonautonomously (by coelomocyte ablation) can modulate cell-nonautonomous
TTR proteotoxicity. Moreover, TTR tetramer kinetic stabilization by a small molecule reduced TTR
oligomers and rescued V30M-mediated locomotion defects (Fig. 7 and SI Appendix, Fig. S11).
These data suggest that C. elegans TTR models recapitulated human TTR aggregation pathways,
as RNAI and kinetic stabilizers slow or stop degeneration in humans. The notion that protein-
aggregate formation and proteostasis can be modulated by altering the levels of aggregate
precursors in either the TTR-secreting cells or in distal cells primarily responsible for TTR
degradation could provide avenues for possible therapeutic interventions. As coelomocyte
degradation is autophagosomal (60), our data suggest that modulating autophagic activity cell
nonautonomously could regulate TTR tetramer and oligomer levels and reduce NN TTR-mediated
neurotoxicity. The liver, muscle, and skin have been shown to be the major sites of TTR
degradation in rats, with no detectable degradation occurring in nervous tissue (61). Thus, the
activation of autophagy or analogous lysosomal degradation mechanisms in these tissues should
be considered as a strategy for treating the TTR amyloidoses and other amyloid diseases.

Cell-Nonautonomous Impairment of Neuronal Structure and Function by Toxic Oligomeric
TTR.

In this study, we modeled V30M TTR-associated FAP cell-nonautonomous neurotoxicity, a feature
not recapitulated in previously published Drosophila or murine models (22—24). Consistent with

the observed defects in nociceptive sensing, extracellular V30M TTR resulted in defective FLP
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dendritic branch extension and in ectopic branching that appeared to be due to degenerative
processes rather than developmental defects. As nociceptive sensing was only partially impaired
in V30M TTR animals, it is possible that TTR proteotoxicity primarily impaired FLP function,
whereas AFD, the other neurons responsible for nociception (30, 32), were less affected; however,
this needs to be evaluated further. Putative sensory neuron selectivity would suggest a specific
TTR-targeting mechanism. However, V30M TTR toxicity appeared not to be selective for
nociceptive neurons, as we observed defective subcellular phenotypes in mechanosensory
neurons (mitochondrial size). The extent of putative in trans deficits in other neurons merits future

investigation.

It is unclear whether TTR toxicity is imparted via direct neuronal internalization of TTR, but
previous in vitro studies showed that TTR can be endocytosed into sensory neurons (62, 63). Our
data show that animals expressing V30M TTR inside FLP neurons have a normal nociceptive
response, demonstrating that TTR expression inside neurons may not be sufficient to drive
toxicity. Thus, unknown extracellular pathways could mediate the effects of TTR toxicity. Another
possibility is that V30M TTR could internalize in other neurons and drive toxicity in FLP sensory
neurons via direct or indirect neuron-to-neuron interactions. In either case, our data point toward
neuronal toxicity occurring as a result of cell-nonautonomous mechanisms, as nociception was

not affected in the nonsecreting D18G TTR animals.

The observed cell-nonautonomous neuronal phenotypes of V30M TTR animals suggest that
affected neurons experienced increased cell-nonautonomous proteostatic stress and a
heightened stress response. How a TTR-mediated proteotoxic cell-nonautonomous stress
response might be regulated remains unknown. Importantly, in trans mechanisms have been
shown to play a role in the regulation of stress response pathways in C. elegans and mammals
(64-67). At the organismal level in C. elegans, the heat-shock response (HSR) is regulated in
somatic nonneuronal tissues by the AFD thermosensory neurons, which, in addition to regulating
nociception, also normally modulate responses to ambient temperature to adjust thermotaxis (68).
While it is unknown whether AFD function is compromised in V30M TTR animals, it is possible,
because this neuron is involved in nociception (34), that a putative defective AFD function could
result in an impaired HSR. If this response is impaired in V30M TTR animals, the ability of this
neuron to mount an HSR could lead to the misregulation of organismal-level proteostasis.
Interestingly, mutations affecting AFD function (tax-4, gcy-8, and gcy-23) both impair the ability to

mount an HSR and display a diminished nociceptive response (68).

115



TTR toxicity also resulted in overbranching dendritic morphology. Notably, previous studies
showed that, upon aging, the C. elegans nervous system exhibits significant age-dependent
ectopic branching rather than neuronal cell death (69, 70). The underlying mechanisms of age-
dependent aberrant ectopic branches in WT animals in these earlier studies are still unclear, but
these features correlated with the age-related deterioration of synaptic structure and function.
Indeed, early-disease pathology in humans is characterized by neuronal alterations, including
significant dendritic pathology (71), that precede cell death. Thus, the C. elegans dendritic
arborization phenotypes observed herein correlate with age-dependent neuronal deterioration and
are already apparent in young-adult TTR animals. Thus, the models presented here seem poised
to facilitate the elucidation of the mechanisms of TTR aggregation-dependent neurodegeneration.
Moreover, these models could be key for scrutinizing the basis of tissue tropism in the TTR
amyloidoses, e.g., neuronal versus cardiac degeneration. Due to its analogy to the vertebrate
heart, the rhythmic contractile activity of the pharynx in the transgenic C. elegans TTR models
could be used to characterize the basis of TTR cardiac tissue toxicity in TTR cardiomyopathies,
as accomplished previously in other amyloidosis models (48). The ability to probe for tissue-
specific mechanisms of toxicity and do genetic screens in C. elegans should help identify the
genetic and molecular pathways by which peripheral tissues, including heart or sensory neurons,

are selectively impaired in the TTR amyloidoses.
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MATERIAL AND METHODS

Detailed methods and a complete list of strains and constructs used in this study are provided
in SI Appendix, SI Materials and Methods.

Native PAGE Gel Analysis for Detection of TTR Oligomers.

Soluble lysate and the insoluble pellet were obtained from synchronized C. elegans as described
in SI Appendix, S| Materials and Methods. The samples were resolved on Novex NativePAGE 3—
12% Bis-Tris protein gels (Invitrogen) and probed with the MDX102 antibody against oligomeric
TTR after transfer to a nitrocellulose membrane. Validation of antibodies used in this assay is
reported in SI Appendix, SI Materials and Methods under Antibodies Against Oligomeric TTR (Sl
Appendix, Fig. S3 A and B).

Quantification of NN TTR Levels in vitro by ELISA.

NN TTR levels were quantitated using a sandwich ELISA developed by Misfolding Diagnostics,
Inc. (patent W0O2014/124334A2). Validation of antibodies used in this assay is reported in Sl
Appendix, SI Materials and Methods under Antibodies Against Oligomeric TTR (S| Appendix, Fig.
S3 A and B). The lysates were obtained as mentioned above. Each sample used in the assay
contained 2.4 ug of the total protein. A misfolded form of recombinant TTR protein was used to

generate the standard curve.

Thermal-Avoidance Assay for Nociception.

The thermal-avoidance assay was done on day-1 adult animals, and their response to noxious
heat was scored in one of the four categories, as published previously (S| Appendix, SI Materials
and Methods) (33).

Locomotion Assay and Worm-Tracking Analysis.

Individual day-2 adult animals’ movement trajectories were recorded for a duration of 40 s using
a Stemi 508 microscope (Zeiss) with a SwiftCam2 camera and imaging software (Swift). All movies
were analyzed using the wrMTrck plugin for ImageJ to obtain average speed and representative

tracks of each of the trajectories (S| Appendix, SI Materials and Methods) (72).
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FIGURES

Figure 1. Generation of C. elegans TTR models. (A) Schematic of TTR C. elegans transgenes
generated in this study. The human TTR with SS and full-length WT TTR, V30M TTR, T119M
TTR, and D18G TTR variants were expressed under the body-wall muscle—specific promoter
unc-54. (B and C, Upper) Representative Western blots of soluble (B) and insoluble (C) fractions
of lysates of day-1 (D1), day-5 (D5), and day-8 (D8) adult animals probed with antibody MDX102
against TTR. (B and C, Lower) TTR/actin ratios (mean + SEM, n = 3), aligned to a
representative Western blot for one experiment. The percentage difference in soluble TTR/actin
ratios between the strains relative to the WT TTR levels in D1 animals are 43%, 39%, and 92%
for V30M, T119M, and D18G, respectively. ctrl, control; SS, signal sequence.
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Figure 2. Differential secretion profiles of C. elegans TTR models. (A) Representative
confocal IF images of adult day-1 animals stained with a polyclonal antibody against TTR
(green) and phalloidin (F-actin; red). The panels at the far right show maximal intensity
projections of whole animals. Insets in white boxes show enlargements of head regions in the
adjacent column on the left. Arrowheads point to muscle cells; arrows point to the body cavity.
The dotted line in the control F-actin panel outlines the contour of a single body-wall muscle cell.
Insets in orange boxes show enlargements of aggregates. Insets in cyan boxes show
enlargements of cell-surface TTR staining. (Scale bars: 50 ym.) (B) Schematic diagram of the
experiment in which worms were fed CMPD5 to detect TTR—(CMPD5)2 conjugates. The black
box shows coelomocytes enlarged in C. The pharynx is shown in green. (C) Enlargements
showing coelomocytes. Arrows point to coelomocytes. Control, n = 11; WT, n = 12; V30M, n =
15; T119M, n = 21; D18G, n = 23. (Scale bar: 10 um.) DIC, differential interference contrast
microscopy. See also S| Appendix, Fig. S2.
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Figure 3. Soluble and insoluble oligomeric TTR aggregates in C. elegans TTR models. (A,
Left) Schematic of the UPLC experiment showing the incubation of A2 with worm lysates. (Right)
TTR tetramer—(A2)2 fluorescence chromatograms from the UPLC experiment showing the TTR
tetramer elution peak (red arrow) identified as TTR by comparison with recombinant TTR control
(SI Appendix, Fig. S3C). AU, arbitrary units. (B) Quantification of TTR tetramer levels from UPLC
experiments in A. Levels were normalized to those of adult day-1 WT TTR animals (mean +
SEM, n = 3). (C) Native gel blots of the soluble (Left) and insoluble (Right) fractions of animal
lysates probed with anti-TTR MDX102 antibody. Images are representative of five replicates for
day-1 samples and three replicates for day-5 samples. Loading controls are shown in Si
Appendix, Fig. S3D. (D) NN TTR quantification by a sandwich ELISA for soluble (Left) and
insoluble (Right) lysate fractions (mean + SEM, n = 3). ctrl, control. See also SI Appendix, Fig.
S3.
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Figure 4. Cell-nonautonomous nociception impairments of TTR animals. (A) Schematic of
the thermal-avoidance (nociception) assay. (B) Thermal-avoidance response of indicated
strains. (C) Thermal-avoidance response of indicated strains. unc-54p and des-2p are body-wall
muscle and FLP/PVD neuron promoters, respectively. Data in all graphs are representative of at
least two experiments (mean + SEM). ctrl, control; E.V., empty vector. See also S| Appendix,
Figs. S4-S6 and Tables S1 and S2 for statistics.
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Figure 5. Defective dendritic morphology of V30M TTR sensory neurons. (A) Schematic of
the morphology of an FLP sensory neuron. Dendrites: 1°: primary; 2°: secondary; 3°: tertiary; 4°:
quaternary. (B) Representative confocal images of the head region of a day-1 adult animal
showing the contour of FLP neurons as delineated by des-2p::Myristoyl::GFP with same
orientation as in A. Insets show enlargements of quaternary dendritic branches. Inverted images
shown. (C) Quantification of the FLP dendrites (mean £ SEM). n = 20 animals per strain. **P <
0.01, permutation t test. n.s., not significant. (D) Angles measured in E. (E) Histograms of the
proportion of angular branches with a deviation greater than 0° in adult day-1 animals. *P <
0.025; two-sample Kolmogorov—Smirnov test comparing angles of V30M TTR and
control/T119M TTR. See also Sl Appendix, Fig. S7 and Tables S3 and S4.
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Figure 6. Inhibition of TTR degradation exacerbates TTR cell-nonautonomous neuronal
proteotoxicity. (A) Representative images showing day-2 adult V30M TTR transgenic animals
with (V30M TTR; n = 15) and without (V30M TTR: DT-A; n = 21) coelomocytes. Coelomocytes in
V30M TTR animals were visualized with a UNC-122::Ds-Red marker, but V30OM TTR; DT-A
animals did not have the UNC-122::Ds-Red marker. Arrowheads point to representative
coelomocytes. Arrows point to body cavity fluorescence. Insets show enlargements. (Scale bars:
200 pm.) See also Sl Appendix, Fig. S9 and Table S5. (B) Soluble (Left) and insoluble (Right)
TTR protein levels from lysate fractions of synchronized day-1 (D1) and day-5 (D1 and D5)
animals. Exp 1: Data are the same as shown in Fig. 1 B and C for TTR: actin levels of TTR (D5)
animals. Exp 2: TTR: actin levels of TTR (D1) and TTR; DT-A (D5) animals. (C) Thermal-
avoidance response. Data are representative of at least two independent experiments (mean +
SEM). See Sl Appendix, Fig. S10 and Table S6. ctrl, control. (D) NN TTR oligomer levels by a
sandwich ELISA in lysates of D1 and D5 adult animals. Three human patient samples before
and after tafamidis treatment were included as positive controls for this assay. Data are shown
as mean = SEM, n = 3 for all panels, *P < 0.005, Student’s t test; ctrl, control.
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Figure 7. Reduction or stabilization of TTR levels improves TTR-mediated locomotion
impairments. (A) Representative 40-s locomotion trajectories of adult day-1 animals quantified
in B. The starting points for each trajectory were aligned in the middle. (B) Comparison of
locomotion rates in the indicated strains. The number of animals analyzed is shown inside the
bars. See also Sl Appendix, Fig. S11. (C) Representative 40-s locomation trajectories of the
indicated strains. (D) Locomotion rates of the animals plotted in C. (E) Schematic of the timeline
for the locomotion and CMPD5 treatment assay. (F) Representative 40-s trajectories of the
indicated strains. (G) Locomotion rates for 2-d-old strains plotted in F. Plots show mean + SEM,
*P < 0.005, **P < 0.001, by Student’s t test. E.V., empty vector; n.s., not significant. (Scale

bars: 2 mm.)
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Figure 8. TTR cell-nonautonomous clearance and proteotoxicity model. (A) Expression of
V30M TTR in the body-wall muscle results in the secretion of this variant as tetramers into the
body cavity where V30M TTR is subsequently endocytosed by coelomocytes for degradation.
D18G TTR remains in the muscle where it generates cell-autonomous dysfunction. TTR
oligomers are generated whose presence correlates with impaired nociceptive response and
with morphological abnormalities in the sensory neurons involved in this response. (B)
Modulation of TTR-dependent cell-nonautonomous proteotoxicity can be accomplished by
modifications to TTR degradation at distal sites (coelomocytes). Ablating coelomocytes results in
increased TTR-dependent proteotoxicity. Reduction of TTR levels at the source cell
autonomously by RNAIi or nonautonomously by a small molecule (CMPD5) reduces TTR-
dependent proteotoxicity.
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Supplementary Information

Materials and Methods

Strains and transgenes

N2 Bristol was used as the wild-type strain and standard nematode culture methods and
genetics were followed as previously described (1). Nematodes were grown on NGM plates
seeded with the E. coli strain OP50 at 15°C or 20°C, unless otherwise specified. The strain
CX11480 kyEx3017[des-2p::myr::GFP + unc-122p::DsRed] (2) was provided by C. Bargmann
(Rockefeller University). Integration of kyEx3017 was done by gamma irradiation following
standard methods (3). Integrated strains were outcrossed at least 4-8 times into N2 wild-type
background. The strain NP717 unc-119(ed3); arls37[myo-3p::ssGFP; dpy-20(+)]; cdls32[pcc-
1p::DT-A(E148D); unc-119(+) myo-2p::GFP] (4) was provided by H. Fares (University of
Arizona). The cdIs32 transgene was isolated by outcrossing the NP717 strain at least 4 times
into N2 wild-type background and selecting only for cdls32[pcc-1p::DT-A(E148D); unc-119(+)
myo-2p::GFP] transgene expression. The strain LG398 gels101[rol-6(su1006)] was obtained
from the Caenorhabditis Gene Center (CGC) and outcrossed 8 times before use.

Generation of TTR variant constructs

The following constructs were generated using standard molecular biology techniques,
including quick change site directed mutagenesis using KOD-polymerase (EMD Novagen) of
construct pCL10 unc-54p::hTTR(WT) that was generated and provided by Christopher Link
(5)(University of Colorado Boulder): pSEE054 unc-54p::hTTR(V30M), pSEE055 unc-
54p::hTTR(D18G), pSEE057 unc-54p::hTTR(T119M), pSEE106 unc-54p::hTTR(V30M ASS).

The following primers were used for site directed mutagenesis of pCL10 unc-54p::hTTR(WT)
construct:

V30M Forward 5-CCTGCCATCAATGTGGCCATGCATGTGTTCAGAAAGGCT-3

V30M Reverse 5’-CAGCCTTTCTGAACACATGCATGGCCACATTGATGGCAGG-3

D18G Forward 5-GGTCAAAGTTCTAGGTGCTGTCCGAGGCAGTCC-3’

D18G Reverse 5-GGACTGCCTCGGACAGCACCTAGAACTTTGACC-3

T119M Forward 5-CTACTCCTATTCCACCATGGCTGTCGTCACCAATC-3’

T119M Reverse 5-GATTGGTCACGACAGCCATGGTGGAATAGGAGTAG-3

ASS Forward 5-GGCTAGCGTCGACGGTACCATGGGCCCTACGGGCACCGGTGAATC-3

ASS Reverse 5-GATTCACCGGTGCCCGTAGGGCCCATGGTACCGTCGACGCTAGCC-3’
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Quick change site directed mutagenesis reactions were performed in final

concentrations of reaction buffer #2 (0.12 M Tris-HCI, 10 mM KCI, 6 mM (NH4)2S04, 0.1% Triton
X-100, 0.001% BSA, pH 8.8), MgCI2 1.5 mM, dNTPs 0.2 mM (each), KOD DNA Polymerase (0.05
U ul-1), forward and reverse primers 0.4 yM, and template 5 ng ul-1. Amplification was performed
by initial denaturation at 95°C for 10 minutes followed by 34 cycles consisting of a 45 second 95°C
denaturation, annealing at 61°C for 45 seconds and elongation at 72°C for 90 seconds. Addition
of 0.4 U ul-1 DPNL1 restriction enzyme (New England Biolabs), digested the methylated template
DNA during a 1-hour incubation at 37°C followed by a 20-minute heat activation at 80°C. The PCR
products were purified with a QIAquick PCR Purification Kit (QIAGEN) and competent DH5a
bacteria were transformed with 2 ug DNA by 30-minute incubation on ice followed by a heat shock
for 90 seconds at 42°C. Positive clones were

selected on agar plates containing ampicillin (100 yg ml-1) and larger cultures were grown in LB
media, and vectors were purified with QIAprep Spin Miniprep Kit a (QIAGEN) and sequenced to

verify the single site mutations.

Generation of transgenic C. elegans strains

Germline transformation was performed as described (3) to generate two sets of TTR
strains, using either the pRF4 rol-6(su1006) plasmid (100 ng pl-1), or odr-1p::RFP (100 ng pl-1)
as co-injection markers (see below). To enable the characterization of thermal avoidance and of
forward locomotion, as well as for the ELISA assay in Fig. 6, we used control and TTR strains
carrying an odr-1p::RFP co-injection marker. For all other experiments the TTR strains carrying
rol-6(su1006) co-injection marker were used. All strains were tested by western blot, and
showed comparable TTR protein levels to each other (Fig. S5 and S10A). Briefly, constructs
containing human WT TTR, V30M TTR, D18G TTR, or T119M TTR sequences were co-injected
(100 ng plI-1) with either plasmid pRF4 rol-6(su1006) or plasmid odr-1p::RFP at a concentration
of 100 ng pl-1 for each plasmid, plus 50 ng pl-1 of empty vector (E.V.) (total 250 ng pl-1 injected).
Injections were performed using a Zeiss Axio Observer Al inverted microscope (Carl Zeiss
Microlmaging) connected to an Eppendorf femto jet express microinjection system (Eppendorf).
Microinjection needles were made from borosilicate glass capillaries (World Precision
Instruments) using a P-30 needle puller (Sutter Instruments). Injected animals were kept at 20°C
and progeny were screened for either the roller phenotype or red chemosensory neurons. Since

the roller phenotype was found to be temperature sensitive, the animals were always maintained
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at 15°C. The extrachromosomal arrays were integrated by a dose of 3800 rad y-irradiation(3) and

outcrossed at least 4 times before use.

The following strains were generated and/or used in this study:

2p::GFP]

STRAIN NAME | STRAIN
ABBREVIATION | NAME GENOTYPE REFERENCE
Strain first generated in
Viswanathan and
control SEEO047 | gels101[rol-6(sul006)] Guarente, 2011.
Outcrossed 8X.
WT TTR SEEQ37 | scrls008[unc-54p::hTTR(WT) + rol-6] | This study
V30M TTR SEE034 :Jct):‘_'65]378[“”0'54p::hTTR(V3OM) T | This study
D18G TTR SEE046 ‘cht):’_'65]352[“”C'54p::hTTR(DmG) T | This study
T119M TTR SEE158 fglr_'g]()%[unc's“p::hTTR(TllgM) * | This study
Strain first generated in
Red coelomocyte SEE064 scrls010[des-2p::myr::GFP + unc- Maniar et al., 2012.
marker 122p::DsRed] Integrated and
outcrossed 4X.
Control; Red gels101[rol-6(sul006)];
coelomocytes SEE106 | scrls010[des-2p::myr::GFP + unc- This study
marker 122p::DsRed]
WT TTR; Red scrls006[unc-54p::hTTR(WT) + rol-
coelomocyte SEE143 | 6]; scris010[des-2p::myr::GFP + This study
marker unc-122p::DsRed]
WT TTR; Red scrls008[unc-54p::hTTR(WT) + rol-
coelomocyte SEE151 | 6]; scrls010[des-2p::myr::GFP + This study
marker unc-122p::DsRed]
) uthls379[unc-54p::hTTR(V30M) +
dea'(\)ﬂmTozRiezed SEE145 | rol-6]; scrls010[des-2p::myr::GFP + | This study
Y unc-122p::DsRed]
. uthls353[unc-54p::hTTR(D18G) +
E(;LjonTozRiezed SEE141 | rol-6]; scrls010[des-2p::myr::GFP + [ This study
Y unc-122p::DsRed]
. uthls352[unc-54p::hTTR(D18G) +
E()ljonTozRielzed SEE222 | rol-6]; scrls010[des-2p::myr::GFP + [ This study
Y unc-122p::DsRed]
, scris038[unc-54p::hTTR(T119M) +
-crjil?)“rf];j?e’sRed SEE223 | rol-6]; scris010[des-2p::myr::GFP + | This study
Y unc-122p::DsRed]
. ) Strain first generated in
DT-A SEE061 ‘l:‘i'g(?jrz)[ﬁfcol_%'?é‘FAF(,E“SD)]’ UNe | schwartz et al., 2010.
yo-ep-- Outcrossed 8X.
gels101[rol-6(sul1006)]; cdls32[pcc-
control; DT-A SEEQ79 | 1p::DT-A(E148D); unc-119(+) myo- | This study
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control; DT-A; red
coelomocytes

SEE106

gels101[rol-6(sul006)]; cdls32[pcc-
1p::DT-A(E148D); unc-119(+) myo-
2p::GFP]J; scrls010[des-
2p::myr::GFEP + unc-122p::DsRed]

This study

WT TTR; DT-A

SEEO080

scris008[unc-54p::hTTR(WT) + rol-
6]; cdIs32[pcc-1p::DT-A(E148D);
unc-119(+) myo-2p::GFP]

This study

WT TTR; DT-A

SEE120

scris006[unc-54p::hTTR(WT) + rol-
6]; cdis32[pcc-1p::DT-A(E148D);
unc-119(+) myo-2p::GFP]

This study

V30M TTR; DT-A

SEE128

uthls378[unc-54p::hTTR(V3OM) +
rol-6]; cdls32[pcc-1p::DT-A(E148D);
unc-119(+) myo-2p::GFP]

This study

T11I9M TTR; DT-
A

SEE168

scris038[unc-54p::hTTR(T119M) +
rol-6]; cdls32[pcc-1p::DT-A(E148D);
unc-119(+) myo-2p::GFP]

This study

D18G TTR; DT-A

SEE152

uthls353[unc-54p::hTTR(D18G) +
rol-6]; cdls32[pcc-1p::DT-A(E148D);
unc-119(+) myo-2p::GFP]

This study

D18G TTR; DT-A

SEE221

uthls352[unc-54p::hTTR(D18G) +
rol-6]; cdls32[pcc-1p::DT-A(E148D);
unc-119(+) myo-2p::GFP]

This study

Control

SEE109

scrls020[odr-1p::RFP]; scrls010[des-
2p::myr::GFP + unc-122p::DsRed]

This study

V30OM TTR

SEE130

scris024[unc-54p::hTTR(V3O0M) +
odr-1p::RFP]; scris010[des-
2p::myr::GFP + unc-122p::DsRed]

This study

D18G TTR

SEE115

scrls032[unc-54p::hTTR(D18G) +
odr-1p::RFP]

This study

control; DT-A

SEE169

scris020[odr-1p::RFP]; scris010[des-
2p::myr::GFP + unc-122::DsRed];
[cdIs32[pcc-1p::DT-A(E148D); unc-
119p::myo-2p::GFP]

This study

V30M; DT-A

SEE170

scris024[unc-54p::hTTR(V30M)+odr-
1p::RFP]; scrls010[des-
2p::myr::GFP+unc-122::DsRed];
cdls32[pcc-1p::DT-A(E148D); unc-
119p::myo-2p::GFP]

This study

V30M ASS

SEE299

ScreEx033[unc-54p::hTTR(V30MASS)
+ odr-1p::RFP]

This study

MtGFP

SEE045

jsIs609[mec-7p::mtGFP +
pIM23 [lin-15]]

This study

ctrl; mtGFP

SEE110

scris020[odr-1p::RFP];
jsIs609[mec-7p::MtGFP]

This study

V30M; mtGFP

SEE148

scris024[unc-54p::hTTR(V30M)
+ odr-1p::RFP]; jsls609[mec-
7p:mtGFP]

This study

T119M; mtGFP

SEE329

scris040[unc-54p::hTTR(T119M)
+ odr-1p::RFP]; jsls609[mec-
7p::mtGFP]

This study
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scrEx047[des-
2p::hTTR(V30MASS) + odr-
1p::RFP] + scris010[des-
2p::myr::GFP + unc-122p::Ds-red]

V30M TTR ASS SEE313 This study

MRNA extraction and quantitative reverse transcriptase (RT)-PCR

Bleached synchronized animals (~1000 to 10,000 nematodes) were grown in 50 ml
Scomplete medium supplemented with 50 yg ml-1 carbenicillin, 0.1 ug ml-1 fungizone and 6 mg
ml-1 (< 5000 animals) or 12 mg ml-1 (> 5000 animals) freshly prepared E. coli OP50. Animals
were cultured in 15 cm petri dishes at 20°C. To arrest embryos prior to hatching, 5-fluoro- 2’-
deoxyuridine (FUDR, Sigma) was added to a final concentration of 0.12 mM to L4 larvae animals.
Animals were aged until day 1, day 5, and day 8 of adulthood, with new OP50 added (1.2 ml of
100 mg ml-1 solution) on day 5 to prevent starvation. At desired time point, animals were
thoroughly washed three times in 1x M9 buffer and remove as much buffer as possible and flash
freeze the samples in liquid nitrogen. RNA was extracted using the QIAzol lysis reagent
(QIAGEN), followed by DNase | treatment (Sigma). mRNA was reverse transcribed using the
iScript cDNA Synthesis kit (Bio-Rad). cDNA (20 ng) was used for real-time PCR amplification
using the FastStart Universal SYBR Green Mastermix (Roche) and the ABS 7900HT Fast Real-
Time PCR System. The relative TTR gene expression levels were determined using the
Comparative CT Method. TTR gene expression levels were normalized relative to those of the
following housekeeping genes: the 60S ribosomal protein L6 (rpl-6), and of the plasma membrane
protein 3 (pmp-3) for each sample (internal controls).

The following primer sequences were used:
TTR Forward 5-ATTTGCCTCTGGGAAAACCAG-3’
TTR Reverse 5-GGCTGTGAATACCACCTCTGC-3’
rpl-6 Forward 5-TTCACCAAGGACACTAGCG-3’
rpl-6 Reverse 5-GACAGTCTTGGAATGTCCGA-3’
pmp-3 Forward 5-TGGCCGGATGATGGTGTCGC-3
pmp-3 Reverse 5-ACGAACAATGCCAAAGGCCAGC-3’

Expression and purification of recombinant TTR and preparation of non-native TTR forms

Recombinant WT TTR, T119M TTR, D18G TTR and V30M TTR were expressed in and
purified from Escherichia coli as described previously (7). Protein was eluted in a standard
phosphate buffer (10 mM sodium phosphate (pH 7.6), 100 mM KCI, 1 mM EDTA). The molar
absorptivities (¢) of TTR (73800 M—-1 cm-1) tetramers in standard phosphate buffer were used to

calculate TTR concentrations using the nanodrop. Non-native (NN) TTR forms were prepared
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using 0.2 mg/ml monomeric (M) TTR or by incubating the same protein concentration of
recombinantly-made normally folded tetrameric TTR proteins at 37°C in 100mM pH 4.3 acetate
buffer for 16 hours (8).

Antibodies against oligomeric TTR

The polyclonal MDX114 antibody, and monoclonal MDX102 and MDX108 antibodies were
generated by Misfolding Diagnostics, and have been optimized for use in an ELISA assay to
specifically detect non-native (NN) TTR forms that include partially unfolded or misfolded TTR
monomers, and oligomeric TTR (patent W02014/124334A2). The specificity toward NN TTR of
MDX102 and MDX108 antibodies was first tested by SDS-PAGE by incubating recombinant (rec)
native WT tetrameric TTR in SDS sample buffer in the absence of boiling. Rec tetrameric TTR is
kinetically stable and resisted denaturation in the absence of boiling in SDS-PAGE, and was
unrecognized by MDX antibodies (rec WT TTR shown in Fig. S3A, left panels). In contrast, NN
monomeric (M)-TTR oligomers produced as stated above, by incubation of an engineered
monomeric variant of TTR (M-TTR) at 37°C, were denatured at 25°C by unboiling SDS treatment
(rec WT TTR shown in Fig. S3A, left panels), and were recognized by MDX102 in a native gel
(Fig. S3A, right panel)(9). MDX114 is a rabbit polyclonal antibody that was used as the capture
antibody in the ELISA assay (see below), while the MDX102 was used as the detection antibody.

Western blot analysis for quantification of total TTR protein levels

Bleached synchronized animals (~1000 to 10,000 nematodes) were grown in 50 mi
Scomplete medium supplemented with 50 yg ml-1 carbenicillin, 0.1 ug ml-1 fungizone and 6 mg
ml-1 (< 5000 animals) or 12 mg ml-1 (> 5000 animals) freshly prepared E. coli OP50. Animals
were cultured in 15 cm petri dishes at 20°C. To arrest embryos prior to hatching, 5-fluoro- 2’-
deoxyuridine (FUDR) was added to a final concentration of 0.12 mM to L4 larvae animals (Sigma).
Animals were aged until day 1, day 5, and day 8 of adulthood, with new OP50 added (1.2 ml of
100 mg ml-1 solution) on day 5 to prevent starvation. At desired time point, animals were
thoroughly washed three times in 1x PBS buffer and worm pellet was re-suspended in 300 pl cold
1x PBS supplemented with complete protease inhibitors (Roche). The approximate concentration
of animals for each sample was determined by counting the number of animals in ten 10 pl drops
using a dissecting scope. The animal suspension was added to a hard tissue homogenizing CK28
Precellys tube (Bertin Technologies) and subjected to Precellys-24 homogenization at 6500 x g
for 3 x 10 sec bursts (Bertin Technologies). Sample homogenates were spun at 3000 x g for 15

minutes at 4°C, where the supernatant was collected as the soluble fraction and the pellet was
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collected as the insoluble fraction. The insoluble pellet was re-suspended in a 10% SDS solution
and boiled for 10 minutes at 95°C. Both soluble and insoluble protein fraction concentrations were
determined using the Bio-Rad DC Protein Assay kit (Bio-Rad).

Samples (5-10 pg total protein) were mixed with 6x SDS loading sample buffer (20%
glycerol, 12% SDS, 125 mM Tris pH 6.8) and with 100 mM DTT (Sigma), boiled for 10 minutes
and loaded into the wells of a 15% SDS-Page Gel. Protein separation was performed at 150V in
SDS running buffer and blotted onto a nitrocellulose membrane in transfer buffer (20 mM Tris, 150
mM glycine, 20% methanol) for 2 hours at 0.25A. Membranes were incubated in blocking solution
(1X TBS with 5% non-fat milk) for 1 hour followed by an overnight incubation at 4°C with primary
monoclonal antibody MDX102 against TTR (Misfolding Diagnostics, Inc.) at a 1:1000 dilution, and
with a monoclonal antibody against actin (a-actinC4; MAB1501, Millipore) at a 1:4000 dilution.
After three rinses in 1X TBS-T, the membrane was incubated with secondary donkey anti-mouse
IRDye 800 nm conjugated antibody (LI-COR) for 1 hour at room temperature diluted 1:10,000 in
blocking solution, rinsed 3 times in TBS-T, and scanned with an Odyssey infrared imager (LI-

COR). Protein band intensities were measured using Image J.

Quantification of in vitro TTR tetramer levels

TTR tetramer levels were measured as previously described (10). Briefly, soluble protein
lysates (10 ug) were incubated with the fluorogenic small molecule A2 (10 uM final concentration,
prepared in DMSOQ) in 1x PBS buffer. To generate a TTR tetramer standard curve, recombinant
WT TTR was added to day 1 soluble non-TTR control lysate at various concentrations (serial
dilution: 2 uM, 1 pM, 0.5 pM, 0.25 uM, 0.125 uM, 0.0625 uM, 0.03125 uM, 0.0156 uM, 0.00781
MM) and incubated with A2 (10 uM) for 10-12 hours at 4°C to allow for complete covalent
modification by A2 of the two thyroxine binding sites within the TTR tetramer. A 50 yL sample was
injected onto a Waters Acquity H-Class Bio-UPLC (Ultra Performance Liquid Chromatography)
instrument fitted with a strong anion exchange column (Waters Corp). TTR was eluted from the
column using a nonlinear gradient at a flow rate of 0.6 ml min-1 over 33 min. A2-modified TTR
conjugate fluorescence was monitored using excitation at 328 nm with emission at 430 nm, at a

sampling rate of one point per second. The TTR peak was extracted by plotting the data in excel.

Native PAGE gel analysis for detection of TTR oligomers

Soluble lysate and insoluble pellet were obtained from synchronized C. elegans as
mentioned above in the section ‘Western blot analysis for quantification of total TTR protein levels’.
The insoluble pellet was re-suspended in 50mM Tris pH8, 0.5M NaCl, 1% v/v Igepal CA630+
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Protease Inhibitor to maintain the structure of the TTR proteins (11). The samples were resolved
on NativePAGE™ Novex™3-12% Bis-Tris protein gels by loading 10 pg total protein and running
at 150V for 90 min at room temperature. After transferring on nitrocellulose membrane, the
membrane was probed with the MDX102 antibody against oligomeric TTR. Validation of
antibodies used in this assay is reported above in the section ‘Antibodies against

oligomeric TTR’ (Fig. S3A and B).

Quantification of non-native TTR levels in vitro by ELISA

Non-native (NN) TTR levels were quantitated using a sandwich ELISA developed by
Misfolding Diagnostics, Inc. (patent W0O2014/124334A2). Validation of antibodies used in this
assay is reported in S| Materials and Methods under ‘Antibodies against oligomeric TTR’ (Fig.
S3A and B). The lysates were obtained as mentioned above in the section ‘Native PAGE gel
analysis for detection of TTR oligomers’. Each sample containing 2.4 ug of the total protein was
used in the assay. A recombinant form of misfolded TTR protein was used to generate the

standard curve.

In vivo TTR tetramer localization with compound 5 (CMPD 5)

Ten L4 larvae were transferred into a well of a 96-well plate containing 150 L liquid culture media
(S-complete media with 50 ug mL-1 carbenicillin, 0.1 ug mL-1 fungizone, OP50 6 mg mL-1, FUDR
0.12 mM). Animals were incubated on a nutator and overnight at 20°C. On day 1 of adulthood,
CMPDS5 (0.5 yL of a 3 mM solution in DMSO, for a final concentration of 10 yuM) was added to
animals in culture (12). Animals were again incubated on a nutator overnight at 20 °C. On day 2
of adulthood, animals were collected and washed three times in 1 mL M9 buffer and transferred
to a fresh 6 cm NGM plate prior to image analysis. For light and fluorescence microscopy, animals
were mounted on 3% agar pads in 2% sodium azide buffer (prepared in 1x PBS), and covered
with a coverslip. Imaging of coelomocytes was done on live animals expressing Ds-Red under the
coelomocyte-specific unc-122 promoter (13). To image the animals, we used simultaneous
differential interference contrast microscopy (DIC) and epifluorescence modalities using a Nikon
Ti-E Perfect Focus inverted microscope equipped with a iXon+ DU897 EM Camera, a 100X/1.49
NA oil objective and an Intensilight System M lamp. We used 340-380 nm/500-550 nm excitation
and emission filters, respectively, to detect CMPD5 fluorescence, and 545-570 nm/578-625 nm

emission and excitation filters, respectively, to detect DsRed fluorescence.
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Immunofluorescence

The in vivo localization of TTR was visualized by immunofluorescence (IF) microscopy and
staining was performed following a modified protocol developed by the Loer laboratory
(http://home.sandiego.edu/~cloer/loerlab/antiShtshort.html). The primary antibodies used were
either the polyclonal antibody against TTR (DAKO) at a 1:100 dilution or monoclonal anti-mouse
MDX102 (Misfolding Diagnostics, Inc) at a 1:100 dilution. Secondary antibodies used were
Alexa647-conjugated Donkey anti-rabbit (Life Technologies) at a 1:100 dilution, or Alexa647-
conjugated Donkey anti-mouse (Life Technologies) at a 1:100 dilution. To visualize the bodywall
muscle, animals were incubated with Rhodamine Phalloidin (Invitrogen) at 1:10 dilution for 30
mins at RT before mounting. Whole animals were imaged using a Nikon A1R+ laser scanning
confocal microscope system and a 60X/1.4 NA oil objective. The 561 nm laser was used to image

Phalloidin and the 647 nm laser for imaging TTR.

Thermal avoidance assay for nociception

The thermal avoidance assay was done on day 1 adult animals and their response to
noxious heat was scored in one of the 4 categories, as published before: class I: rapid withdrawal
reflex, backing, and change in direction; class IlI: rapid withdrawal reflex with little backing; class
llI: slow backing; class IV: no response (14). Because the dominant roller phenotype induced by
the rol-6(sul1006) co-injection transgene interfered with this behavioral assay, we used control,
TTR transgenic animals with an odr-1p::RFP co-injection marker. The heat source was delivered
by heating a blunt 301/2-gauge needle for ~ 10 seconds in a burner and immediately placing it 1-
3 mm in front of the animal when in forward motion. The following guidelines were strictly followed:
The heated tip was placed in front of a single animal at a time; each animal was removed after
testing to prevent re-testing; and only the initial response of the worm was recorded, i.e., animals
were not re-tested. Class IV animals were moved into separate 6 cm NGM plates and were each

tested with a soft touch to the nose with an eyelash to score for backing.

Analysis of FLP dendritic branching

C. elegans were picked as L4 larvae, placed in fresh NGM (+OP50) plates, and incubated
at 20°C for 15 hours to allow growth into day 1 adult animals. Visualization of the branching of
FLP neurons was done using a myristoyl::GFP signal under the des-2 promoter (2). Animals were
mounted in 2% sodium azide buffer (prepared in 1x PBS) on 3% agarose pads and covered with
a coverslip. FLP dendritic branching was imaged using a Nikon A1R+ laser scanning confocal

microscope system, a 60X/1.4 NA oil objective, and a 488 nm laser for excitation of GFP. The
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number of quaternary dendritic branches per 100 ym (from the tip of the nose) were counted

manually for each animal image of each strain.

Coelomocyte uptake assay of dextran

Injections into the pseudocoelom (body cavity) were performed as previously described
(15). Briefly, approximately 10-15 L4 animals were transferred onto NGM (+OP50) plates and
incubated overnight at 20°C. Alexa Fluor 488 3,000 MW Dextran [1 mg ml-1] (prepared in ddH20,
Invitrogen) was injected into the pseudocoelom near the pharynx, of day 1 adult animals. Injected
animals were kept at 20°C on NGM (+OP50) plates overnight and Dextran- 488 fluorescence was
imaged after 24 hours using epifluorescence in a Nikon Ti-E Perfect Focus inverted microscope
equipped with a iXon+ DU897 EM Camera, a 100X/1.49 NA oil objective and an Intensilight
System M lamp.

Quantitation of mitochondrial size in ALM neurons

L4 larvae were picked and placed in NGM (+OP50) plates at 20°C overnight. Day 1 adults
were immobilized with Polybead® Polystyrene 0.10 micron Microspheres (2.6% Solids- Latex)
(Polysciences, Inc., lllinois) on ~1mm 8% agarose pads covered with a coverslip. Proximal regions
of ALM neurons expressing a mitochondrial localization signal fused to GFP (mtGFP) were imaged
using a Nikon Ti-E Al confocal laser microscope system equipped with a scanning stage and
Piezo-Z control, and a 60X/1.4 NA oil objective. A 488 nm laser was used for excitation of GFP.
The mitochondrial length was measured using the ImageJ software and normalized by the total
axonal length for each mitochondrion, expressing the values in "parts per mille" (%) of the total
axon length. Non-parametric Kruskal-Wallis with Dunn's multiple comparisons test was performed

for statistical analysis.

RNA interference

Reduction of TTR transgene activity was accomplished by feeding C. elegans with RNAI
bacterial clones expressing double-stranded RNA (dsRNA) targeting TTR. The bacterial clones
were generated by amplification of a 460 bp sequence by PCR that includes the complete human
TTR sequence. The primers used for the amplification were the following:

forward primer 5"-AATGAGCTCATGGCTTCTCATCGTCTGCTCCTC-3"and

reverse primer 5 - ATTAGGTTACCTCATTCCTTGGGATTGGTGACG-3'.
The sequence was purified and ligated between Sacl and Kpnl sites in the multiple cloning site
region of the L4440 vector (plasmid 1654, Addgene) and transformed into E. coli HT115 with
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tetracycline resistance. E. coli HT115 bacteria expressing RNAi were cultured in Luria-Bertani
(LB) media containing 10 mg ml-1 ampicillin and spotted on NGM plates containing 100 pg ml-1
carbenicillin. RNAI production was induced with addition of 100 mM IPTG placed directly on the
bacterial lawn of each plate. Animals were grown on new plates seeded with RNAIi expressing
bacteria for two generations prior to analysis. Lysates were made by picking animals into 300 pl
cold PBS and lysed as described above ("Western blot analysis for quantification of total TTR
protein levels”). Day 2 adult animals were recorded as mentioned below ("Locomotion assay and

worm tracking analysis”).

Locomotion assay and worm tracking analysis

Animals were maintained at 22°C for multiple generations on NGM + OP50 seeded plates.
Because the dominant roller phenotype induced by the rol-6(sul006) co-injection transgene
interfered with this behavioral assay, we examined control, TTR transgenic animals with an odr-
1p::RFP co-injection marker. L3 larvae were picked onto 150 ul liquid culture medium (S-complete
media with 50 ug ml-1 carbenicillin, 0.1 ug ml-1 fungizone and 6 mg mil-1 OP50) in a 96-well plate
and incubated at 22°C. To arrest embryos prior to hatching, 0.12 mM FUDR was added to each
well when larvae reached the L4 stage. Individual day 2 adult animals were placed in an unseeded
35 mm plate for 40 minutes, then transferred to a new unseeded 35 mm plate and their movement
trajectories recorded for a duration of 40 seconds using the Stemi 508 microscope (Zeiss) with
SwiftCam2 camera and imaging software (Swift). All videos were analyzed using wrMTrck plugin
for ImageJ to obtain average speed and representative tracks of each of the trajectories (16). All

locomotion assays including the tracking analysis were performed blind.

Compound 5 (CMPD5) treatment for locomotion assay

Thirty L3 larvae were picked into 150 pl liquid culture medium (S-complete media with 50
Mg ml-1 carbenicillin, 0.1 pg ml-1 fungizone and 6 mg ml-1 OP50) in a 96-well plate and incubated
at 22°C. Animals were fed CMPD5 (10 uM) or DMSO (concentration) starting at the L3 stage
through to day 1 of adulthood. At day 1, animals were transferred onto NGM (+OP50) plates
(containing 10 yM CMPDS5 or 0.3% DMSO). Day 2 adult animals were assessed for locomotion

as mentioned above.
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Fig. S1. Messenger RNA levels and TTR antibodies in transgenic C. elegans strains,
Related to Fig. 1. (A) Quantitative real-time PCR analysis of synchronized adult day 1 (D1), 5
(D5), and 8 (D8) mRNA levels. TTR gene expression levels were compared to that of 60S
ribosomal protein L6 (rpl-6) mRNA, and to the plasma membrane protein 3 (pmp-3) mMRNA, and
normalized to D1 WT TTR. Data is from two biological samples for each condition (n = 3
technical replicates, mean * s.e.m.). The percentage difference of relative TTR mRNA levels
between the strains with respect to the WT TTR D1 are 24%, 2% and 43% for V30M, T119M
and D18G, respectively. (B) Top panel: Western blot of recombinant TTR protein probed with
MDX102 antibody against TTR. Bottom panel: TTR protein levels are plotted as fluorescence
intensity, against loaded protein amount to show linear antibody detection of TTR protein
amount. Blot is representative of 2 biological replicates.

145



F-actin TIR merge

control

TR

WT

TIMOMTIR V3OMTTR

D18G TTR

Fig. S2. Immunofluorescence (IF) of TTR transgenic animals with a non-native TTR
specific antibody, Related to Fig. 2. Representative confocal images of the head region of
animals stained with antibody MDX102 against oligomeric TTR (green), and with phalloidin
(Factin; red). Control n=6, WT TTR n=11, V30M TTR n=10, T119M TTR n=10, D18G TTR n=6.
Arrowheads point to muscle cells; arrows point to the body cavity. Insets inside D18G TTR
panel shows enlargement of aggregates. Scale bars = 50um.
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Fig. S3. Generation of soluble and insoluble TTR and oligomeric aggregates in
transgenic C. elegans strains, Related to Fig. 3. (A) SDS-and Native-PAGE gels showing
specificity of antibody MDX108 for recombinant (rec) non-native TTR monomer and oligomers
of M-TTR, but not for rec WT TTR tetramer that is kinetically stable in a non-boiled SDS buffer.
WB = western blot. (B) ELISA binding affinities of the MDX108 antibody to native WT TTR and
to non-native TTR. (C) Left panel: UPLC chromatogram of the TTR tetramer-(A2)2 conjugate
peak for various amounts of recombinant WT TTR tetramer. Red arrow points to eluted
recombinant TTR tetramers. Right panel: standard linear regression curve for quantification of
the TTR tetramer-(A2)2 conjugate peak heights in top panel. This standard curve was used to
determine the amount of TTR tetramer in lysates. (D) Ponceau S staining of soluble and
insoluble samples run on the native gels showing total equivalent protein loading.
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Fig. S4. RNAI treatment of V30M TTR transgenic animals, Related to Fig. 4. Western blot
(left) and quantification of Western blot (right) of lysates of control and V30M TTR transgenic
animals fed either with control bacteria (E.V. — empty vector) or with bacteria expressing dsRNA
against TTR (TTR RNAI). Membrane was probed with the monoclonal MDX102 antibody
against TTR.
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Fig. S5. Newly generated C. elegans strains for the characterization of nociception,
locomotion, and neuronal mitochondrial morphology phenotypes, Related to Fig. 4, and
Fig. 7. Analyses of nociception and neuronal mitochondrial morphology were performed on
strains that had odr-1p::RFP instead of ROL-6 co-injection markers to avoid the rolling
phenotype of rol-6(su1006) animals. (A) Western blot comparing TTR levels in soluble and
insoluble fractions in TTR strains that were generated with rol-6(su1006) versus odr-1p::RFP as
co-injection markers. Membranes were probed with the monoclonal MDX102 antibody against
TTR. Images are representative of 2 independent experiments. (B) Quantification of the TTR :
Actin ratio of the samples shown in (A) (mean + s.e.m.).
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Fig. S6. Characterization of V30M ASS TTR animals lacking the TTR signal sequence
(SS), Related to Fig. 4. (A) Top panel: TTR protein sequence showing the signal sequence
(red) that was deleted in the V30M ASS TTR transgenic strain. Bottom panel: Schematic of the
construct expressed in the V30M ASS TTR transgenic animal. (B) Messenger RNA levels as
measured by quantitative real-time PCR analysis of synchronized day 1 V30M TTR; odr-
1p::RFP, and of V30M ASS TTR; odr-1p::RFP transgenic animals. TTR gene expression levels
were normalized relative to the 60S ribosomal protein L6 (rpl-6) mRNA, or to the plasma
membrane protein 3 (pmp-3) MRNA, and normalized to day 1 V30M TTR levels. (C)
Representative confocal immunofluorescence (IF) images of the head region of day 1 TTR
transgenic animals stained with polyclonal antibody against TTR (green) and phalloidin (F-actin;
red). n > 5 per strain. Arrowheads point to muscle cells; arrows point to the body cavity. Scale
bar = 50um.
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Fig. S7. FLP dendritic branching defects in L4 larval TTR transgenic animals, Related to
Fig. 5. (A) Quantification of number of FLP 4° dendritic branches per animal in 100 ym starting
from the tip of the head (mean £ s.e.m.). n=20 animals per strain. **p<0.01 by permutation ttest.
(B) Histograms showing the proportion of angular branches with a deviation angle greater

than 0° in L4 larvae, as measured in Fig. 5D. The two-sample Kolmogorov-Smirnov test showed
no significant differences between the strains.
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Fig. S8. Neuronal mitochondria morphology phenotypes, Related to Fig. 5. Top panels:
confocal fluorescence images of the proximal region of three straightened and aligned ALM
axons, expressing a mitochondrial localization sequence::GFP (MLS::GFP) fusion. Position of
cell bodies is indicated by red arrow. Bottom panel: mean + SEM of mitochondrial length in ALM
axons of day 1 adult animals. The length is expressed in "parts per mille" (%o) of the total axon
length. The numbers of mitochondria analyzed for each strain are indicated inside each bar. The
number of axons analyzed are the following: ncontrol = 9, nT119M = 11, nV30M = 11. Non-
parametric Kruskal-Wallis with Dunn's multiple comparisons tests were performed for statistical

analyses. ****p<0.0001.
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Fig. S9. Characterization of the formation and activity of coelomocytes after genetic
ablation by a diphtheria-toxin (DT-A) mutation in TTR strains, Related to Fig. 6. (A)
Coelomocytes counts scored with UNC-122::DsRed marker. (B) Area of coelomocytes (control
ncoelomocytes = 32; for DT-A ncoelomocytes = 23). (C-F) Representative image of day 2 adult
animals. Control n= 11, control; DT-An=5, WT n=12, WT; DT-A n= 13, T119M = 21, T119M;
DT-An =19, D18G = 23, D18G; DT-A n= 24. Animals were injected in the body cavity with
Dextran-680 (if indicated) and fed with fluorogenic CMPD5. Coelomocytes were visualized with
UNC- 122::Ds-Red. Arrowheads indicate position of representative coelomocytes in focus.
Arrows point to body cavity fluorescence of corresponding molecule in DT-A animals. Animals
without coelomocytes were not crossed to the UNC-122::Ds-Red marker strain (except control;
DT-A animals).
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Fig. S10. Characterization of TTR protein expression levels, and viability of transgenic
animals with and without coelomocytes, Related to Fig. 6. (A) Western blot (left) and
guantification (right) (mean + s.e.m.) of TTR protein levels in the soluble lysates of control and
V30M TTR strains without coelomocytes (DT-A) that were generated with rol-6(su1006) versus
odr-1p::RFP as co-injection markers. Membranes were probed with the monoclonal MDX102
antibody against TTR. Images are representative of 2 independent experiments. (B) Viability
and fecundity analyses of animals singled out as L1s and scored as young adults (day 1
adulthood) for fertility, sterility, and viability. (C) Percentage (brood size) of animals that hatched
and developed at least until the L3 larval stage from fertile parents in (B); ctrl n = 8; ctrl; DT-A n
= 23, ctrl = control. The observed reduction in nociception in the control; DT-A strains in Fig. 6C
could be due to the generalized toxicity exhibited as a reduction in brood size and the number of
viable and fertile animals compared to control animals.
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Fig. S11. Toxicity assay of V30M TTR animals treated with CMPD5, Related to Fig. 7. (A)
Percentage of animals dead or alive after treatment with the same volume of vehicle (DMSO)
and/or increasing concentrations of CMPD5. Animals were treated in liquid culture from L3 to
adult day 1 and were scored on day 2 of adulthood. Brackets indicate experimental conditions
with the same concentration of DMSO. (B) Locomotion rates for adult day 2 strains treated with
30 uM CMPD5 and DMSO. Numbers of animals analyzed for each strain are shown inside bars.
Plot is representative of 1 experiment (mean £ s.e.m., * p < 0.005, by Student’s t-test). (C)
Quantification of non-native (NN) TTR oligomer levels by a sandwich ELISA assay from lysates
of day 2 TTR animals, and treated or not with CMPD5 at the L3 larval stage. Data plotted shows
mean = s.e.m., n=3, * p < 0.005, by Student’s t-test. Three human patient samples pre- and
post-tafamidis treatment were included as positive controls for this assay. ctrl = control.
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Table S1: Quantification of nociception defect in day 1 adult TTR transgenic animals.
aStudent t-test.

% animals
displaying no
avoidance Difference | Difference
response (Class | Total # # from from V30OM
V) animals | replicates | control® TTR?
*k%k
eat-4(n2474) 47 + 8.6 100 2 p<0.0001 -
*k%
unc-86(n846) 7+£22 85 2 p<0.0001 -
*k%k
control 0 486 6 - p<0.0001
*k%
V3OM TTR 10+ 0.6 577 6 p<0.0001 -
*k%k
T119M TTR 0 188 3 n.s. p<0.0001
unc—54p *kk *kk
D18G TTR 1.3+13 148 2 p<0.0001 p<0.0003
**k% *k%
V30M ASS TTR 2605 310 3 p<0.0001 p<0.0003
*k%k
des-2p V30M ASS TTR 0 90 2 - p<0.0001
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Table S2: Quantification of nociception defect in day 1 adult TTR transgenic animals
treated with RNAI against TTR.

aStudent t-test.

% animals
displaying no
avoidance Difference | Difference
response (Class | Total # from from V30M
V) animals | # replicates | control?® TTR?
*k%
control + E.V. 0 106 2 - p<0.0001
*%k%
control + TTR RNAI 0 111 2 n.s. p<0.0001
*k%
V30M TTR + E.V. 95+04 148 2 p<0.0001 -
V3OM TTR + TTR kx
RNAI 0 158 2 n.s. p<0.0001
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Table S3: Quantification of 4° FLP dendritic branches in day 1 adult animals.

# branches in # branches in # branches in
control animals | V30M animals T119M animals
Angle (n=19) (n=18) (n=18)

0°-30° 0.4 1.2 0.0
31°-60° 0.0 7.8 0.7
61°-90° 14.7 20.0 16.7
91°-120° 63.2 54.7 66.7
121°-150° 19.7 14.9 16.0
151°-180° 2.0 1.4 0.0
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Table S4: Quantification of % 4° FLP dendritic branches in L4 animals.

# branches in | #branchesin | #branches in
control V30M animals | T119M animals
Angle animals (n=19) (n=19) (n=15)
0°-30° 0 0 0
31°-60° 0 0 0
61°-90° 21.2 12.5 22.9
91°-120° 61.8 78.9 72.2
121°-150° 16.2 8.5 4.8
151°-180° 0 0 0
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Table S5: Number of coelomocytes in day 2 adult animals as quantitated using dextran

uptake assays.

a See List of Strains above for full strain genotypes.

# animals with dextran-

Strain Abbreviated Strain # animals Injected A488 in coelomocytes
Name Name? with dextran-A488 after 24 hrs

SEE064 control 9 9

SEE061 DT-A 11 0

SEEQ079 control; DT-A 8 0

SEE080 WT TTR; DT-A 12 0

SEE128 V3OM TTR; DT-A 9 0

SEE168 T119M TTR; DT-A 9 0

SEE221 D18G TTR; DT-A 18 0
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Table S6: Quantification of nociception defect in day 1 adult TTR DT-A transgenic
animals.
aStudent t-test.

% animals
displaying no Difference
avoidance Total # Difference from V30OM
response (Class IV) | animals | # replicates | from control? | TTR®
control 0 486 6 - *** p<0.0001
V30OM TTR 10+0.6 577 6 *** n<0.0001 -
control; DT-A 9.1+25 143 2 *** n<0.0001 n.s.
V30M TTR; DT-A 22+2 196 2 *** 1n<0.0001 *** n<0.0001
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The goal of Article 5 was to screen for suppressors of TTR toxicity in our C. elegans
models of FAP (developed and reported in Article 4), using locomotion as the phenotype to
be screened against, in order to identify novel TTR interactors and pathways that mediate
TTR toxicity. To this end, we performed the first unbiased forward genetic screen to identify
modifiers of TTR proteotoxicity.

Of the 37 non-sibling candidate suppressors we isolated 10 candidate mutants that
suppressed the uncoordinated (Unc) locomotion phenotype of the TTR model strain. After
placing the mutant suppressors in complementation groups we identified the mutation in two
TTR suppressors by whole-genome sequencing.

Both mutations were validated using RNAi against the mutated gene that “restores”
the Unc Val30Met TTR locomotion phenotype. Importantly, the phenotype did not change
in the two TTR suppressors when fed with RNAI against the candidate gene. Additionally,

both TTR suppressors rescued the defective nociception phenotype.

In summary, we validated the identity of R193.2 as a suppressor of TTR toxicity,
which supports the interpretation that the impaired locomotion and the defect in noxious heat
sensing observed in Val30Met animals can be rescued by knocking-down the expression of
R193.2.

My specific contributions on this paper were as follows:

- Isolated the 10 best TTR suppressors;

- Sequenced the full-length TTR cDNA sequences for the 10 isolated
suppressors and confirmed the TTR expression by RT-PCR and western blot;

- Placed the mutant suppressors in complementation groups;

- Prepared all the genomic samples (V30M TTR parental strain and 10 TTR
suppressors) and sent them for whole-genome sequencing;

- Analyzed the whole-genome sequencing results for the sttr006 and sttrO09
TTR suppressors;

- Identification and characterization of R193.2 C. elegans gene;

- Quantitated the motility of TTR suppressors’ worms and treated with
tafamidis and RNAi against TTR and R193.2.
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SUMMARY

Familial Amyloid Polyneuropathy (FAP) is a neurodegenerative disease affecting
peripheral nerves, which results in loss of pain- and thermo-sensation. Though the causal gene
has been identified as transthyretin (TTR) and V30M the most frequent disease-causing variant,
the mechanisms of TTR-mediated neuronal dysfunction are unknown.

We generated C. elegans models of FAP by expressing human TTR. These animals
exhibit patient relevant phenotypes, including loss of pain-sensation and uncoordinated (Unc)
locomotion.

Animals treated with small molecules used in human therapies to stabilize TTR, or with
RNAIi against TTR, rescued both phenotypes. As these interventions show limited promise in
human patients, the goal of this study was to identify novel FAP targets by identifying TTR
interactors leading to neurotoxicity.

We performed the first unbiased forward genetic screen in V30M TTR C. elegans line to
identify suppressors of the TTR. We isolated 37 non-sibling candidate suppressors of the Unc
phenotype exhibited by this model. Two TTR suppressors that corresponded to the same
complementation group present a different missense mutation in R193.2 gene.

These suppressors of TTR toxicity pathways results in a rescue of the Unc phenotype, but
also in a reversal in the defect in noxious heat sensing of V30M TTR animals. Thus, we
hypothesize that R193.2 could be involved in TTR neuronal-dependent toxicity pathways, but this

needs to be further investigated.

165



INTRODUCTION

Transthyretin (TTR) is a thyroxine and retinol-binding protein that is readily secreted from the liver
and is deposited extracellularly around nerves and in other distal tissues, leading to proteotoxicity
[1-4]. Point mutations in TTR that cause misfolding and aggregation of the protein have been
associated with several amyloid diseases, including the autosomal dominant lethal Familial
Amyloid Polyneuropathy (FAP) [5]. The most common FAP-associated mutation is V30M TTR, in
which patients’ exhibit a severe gastrointestinal, genitourinary and cardiovascular autonomic

dysfunction associated with a sensory neuropathy with loss of pain [6].

The TTR-mediated pathways by which neuronal dysfunction occurs, are unknown. Furthermore,
it is not clear whether TTR interactions with other proteins play a significant role in proteotoxicity,
or whether such interactions could also provide protective effects in neurons [7]. The role of TTR
dysfunction in FAP has been investigated using transgenic mouse and Drosophila models
expressing the V30M mutation, however, these models did not exhibit cell non-autonomous
features [8]. C. elegans the was first multicellular organism to have its whole-genome sequenced
and about 83% of the C. elegans proteome has homologous genes in humans [9], proving to be
thus a powerful animal model for genetic studies and contributing to a better comprehension of

the gene-gene interaction in many of the major neurodegenerative diseases [10, 11].

Previously, we generated C. elegans models of FAP which overexpresses human V30M TTR that
recapitulate critical features of human FAP disease, including cell non-autonomous neuronal
proteotoxicity leading specifically to impairment in locomotion (Uncoordinated, [Unc]) and
behavioral nociception-sensing impairments [12]. Thus, coupled with its powerful genetics and
genomics, short lifespan, and transparency for direct in vivo imaging, this C. elegans model is an
ideal organism for the study of the role of protein dysfunction in age-dependent

neurodegeneration.

Here we present the first forward genetic screen in C. elegans V30M TTR model to investigate
novel proteins that interact with TTR and contribute to neuronal proteotoxicity. We further validated
the potential of forward genetic screen by combining the results with proteotoxicity behavioral
assays. The TTR pathways of toxicity are unknown, but the discovery of novel genes involved in
TTR toxic pathways will provide insights into the mechanisms of neuronal dysfunction in FAP, and

also into possible therapies for treating this disease.
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MATERIAL AND METHODS

C. elegans Strains

All strains were handled and maintained followed as previously described [13]. N2 Bristol was
used as the wild-type strain. V30M TTR strain [scris024[unc-54p::hTTR(V30M) + odr-1p::RFP]J;
scris010[des-2p::myr::GFP + unc-122p::DsRed]] and non-TTR control strain scrls020[odr-
1p::RFP]; scris010[des-2p::myr::GFP + unc-122p::DsRed] were generated using standard
molecular biology technigues as described in Madhivanan K., et al [12]. Nematodes were grown
on Nematode growth media (NGM) plates seeded with the E. coli strain OP50 at 20°C.

EMS Mutagenesis

We selected V30M TTR strains taking advantage of their locomotion defects to perform a forward
genetic suppressor screen. Mutagenesis was performed using standard C. elegans ethyl
methanesulfonate (EMS) methodology [14]. Briefly, adult PO C. elegans were mutagenized using
50 mM EMS, which induces one mutant every 2500 mutagenized PO gametes. Mutagenized PO
animals were plated onto 10 cm plates at a density of 30 animals per plate. Animals were allowed
to lay about 2-5 eggs/animal in order to obtain around 100 F1 animals per plate. These allowed
developing to adult animals and laid about 20 eggs/animal resulting in about 2000 F2 animals per
plate of which one quarter carried homozygous mutations. Approximately, 125,000 F2 generation
homozygous progeny were screened for suppressors of Unc phenotype (wild-type locomaotion)
and isolated onto fresh plates to produce F3 animals that were scored for wild-type locomotion as
well. Each candidate suppressor was back-crossed to V30M TTR animals and selected for wild-
type locomotion phenotype in order to remove unrelated mutations. Candidate suppressors were

placed in complementation groups.

Genotyping
To verify DNA changes and variant confirmations we performed a polymerase chain reaction

(PCR) followed by Sanger sequencing (Eton Bioscience Inc., San Diego, CA, USA). C. elegans
in lysis buffer (1M KCI, 1MTris pH 8.2, 1m MgClI2, 0.10% NP-40, 0.50% Tween 20, 0.01% gelatin,
10 mg/ml proteinase K) were flash frozen in liquid nitrogen followed by incubation at 65°C 1 hour
and proteinase was inactivated by incubation at 95°C 15 minutes. The lysate DNA templates were
then added to a PCR master mix containing 8 uL water, 4 uL 10X PCR buffer, 2 yL 25 mM MgClI2,
0.5 uL 10 uM primers, 0.5 yL 10 MM dNTPs, and 0.1 yL Taqg. The following primers were designed
to amplify the DNA targeted regions:

V30M TTR Forward 5-CTTCTCATCGTCTGCTCCTC-3’
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V30M TTR Reverse 5-TTCCTTGGGATTGGTGACGAC-3’
sttr006 R193.2 Forward 5’-TCCTCAACTTCACCGCTTATC-3'
sttr006 R193.2 Reverse 5-GAGCAGATGTGTAACCTCCAA-3'
sttr009 R193.2 Forward 5’- AGCCTTGTCAGAGTAATTGGG-3'
sttr009 R193.2 Reverse 5’-GAAGATCAGCTCAGCGTAGAAG-3’

MRNA extraction and guantitative reverse transcriptase (RT)-PCR

RNA was extracted from flash frozen worm samples grown in liquid culture medium (D1 in
biological duplicates) using the QIAzol lysis reagent (cat no. 79306, QIAGEN), followed by DNase
| treatment (cat no. AMPD1, Sigma). mRNA was reverse transcribed using the iScript cDNA
Synthesis kit (cat no. 170-8841, Bio-Rad). 20ng of cDNA was used for real-time PCR amplification
using the FastStart Universal SYBR Green Mastermix (cat no. 04913850001, Roche) and the ABS
7900HT Fast Real-Time PCR System. The relative TTR and R193.2 gene expression levels were
determined using the Comparative CT Method. TTR and R193.2 gene expression levels were
normalized relatively to the 60S ribosomal protein L6 (rpl-6) and to the plasma membrane protein
3 (pmp-3) in the same sample (internal control). Measurements were performed from two
biological samples per condition (n=3 technical replicates, + SEM). The following primer
sequences were used:

TTR Forward 5-ATTTGCCTCTGGGAAAACCAG-3’

TTR Reverse 5-GGCTGTGAATACCACCTCTGC-3’

R193.2 Forward 5’- ACGCTTGGATCGTCATCTTC -3’

R193.2 Reverse 5’- TAGAGCCGAGGGAGTCATATT -3

rpl-6 Forward 5-TTCACCAAGGACACTAGCG-3’

rpl-6 Reverse 5-GACAGTCTTGGAATGTCCGA-3’

pmp-3 Forward 5-TGGCCGGATGATGGTGTCGC-3

pmp-3 Reverse 5-ACGAACAATGCCAAAGGCCAGC-3’

Western blot analysis for quantification of total TTR protein levels

Bleached synchronized animals (~1000 to 10,000 nematodes) were grown in 50 ml S-complete
medium supplemented with 50 pg ml-1 carbenicillin and 0.1 pg ml-1 fungizone and 6 mg ml-1 (<
5000 animals) or 12 mg ml-1 (> 5000 animals) freshly prepared E. coli OP50. Animals were
cultured in 15 cm petri dishes at 20°C. To arrest embryos prior to hatching, 5-fluoro- 2’-
deoxyuridine (FUDR) was added to a final concentration of 0.12 mM to L4 larvae animals (Sigma).

At day 1 of adulthood, C. elegans were thoroughly washed three times in 1x PBS buffer and worm
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pellet was re-suspended in 300 ul cold 1x PBS supplemented with complete protease inhibitors
(Roche). The approximate concentration of animals for each sample was determined by counting
the number of animals in ten 10 ul drops using a dissecting scope. The animal suspension was
added to a hard tissue homogenizing CK28 Precellys tube (Bertin Technologies) and subjected
to Precellys-24 homogenization at 6500 x g for 3 x 10 sec bursts (Bertin Technologies). Sample
homogenates were re-suspended in a 10% SDS solution and boiled for 10 minutes at 95°C.
Protein fraction concentrations were determined using the Bio-Rad DC Protein Assay kit (Bio-
Rad).

Samples (5-10 ug total protein) were mixed with 6x SDS loading sample buffer (20% glycerol,
12% SDS, 125 mM Tris pH 6.8) and with 100 mM DTT (Sigma), boiled for 10 minutes and loaded
into the wells of a 15% SDS-Page Gel gel. Protein separation was performed at 150V in SDS
running buffer and blotted onto a nitrocellulose membrane in transfer buffer (20 mM Tris, 150 mM
glycine, 20% methanol) for 2 hours at 0.25A. Membranes were incubated in blocking solution (1X
TBS with 5% non-fat milk) for 1 hour followed by an overnight incubation at 4°C with primary
monoclonal antibody MDX102 against TTR (Misfolding Diagnostics, Inc.) at a 1:1000 dilution, and
with a monoclonal antibody against actin (a-actinC4; MAB1501, Millipore) at a 1:4000 dilution.
After three rinses in 1X TBS-T the membrane was incubated with secondary donkey anti-mouse
IRDye 800 nm conjugated antibody (LI-COR) for 1 hour at room temperature diluted 1:10000 in
blocking solution, rinsed 3 times in TBS-T, and scanned with an Odyssey infrared imager (LI-
COR). Protein band intensities were measured using Image J. The ratio of TTR to Actin band
intensities were normalized to V30M TTR animals. Experiments were done for n = 3 biological

replicates.

Whole-Genome Sequencing and Data Analysis

Genomic DNA from TTR suppressors was isolated with the Gentra Puregene Tissue Kit (Qiagen)
following the manufacturer’s supplementary protocol. DNA quantification was achieved using
Qubit dsDNA HS assay in Qubit®2.0 Fluorometer (Life Technologies, CA, USA). The DNA from
each animal was subjected to whole-genome sequencing on an lllumina HiSeq 4000 sequencing

platform using paired-end 150-nucleotide reads.
The Galaxy platform was used to analyze genome sequences, obtain map data, and find

mutations as previously described [15]. Briefly, the sequencing reads were first mapped to the

WS241 version of the C. elegans genome and duplicate read pairs were then removed from further
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analyses using the Bowtie2 [16]. GATK tools [17] were used for alignment quality control and for
variant detection and analysis, in combination with CloudpMap[15], snpEff [18], and Bedtools [19].
By subtracting the variants in the parental strain (V30M TTR) and among the mutant strains, we
determined unique variants for TTR suppressors.

RNAI feeding
Reduction of R193.2 gene activity was accomplished by feeding C. elegans with RNAI bacterial

clones obtained from the Ahringer library [20]. L4440 plasmid in HT115 bacteria (empty vector)

was used as the RNAI control. RNAi experiments were performed at 20°C.

E. coli HT115 bacteria expressing RNAi and empy vector were cultured in Luria-Bertani (LB)
media containing 10 mg ml-1 ampicillin and spotted on NGM plates containing 100 ug mi-1
carbenicillin. RNAI production was induced with addition of 100 mM IPTG placed directly on the
bacterial lawn of each plate. Animals were grown on new plates RNAIi expressing bacteria for two
generations prior to analysis. Lysates were made by picking animals into 300 pl cold PBS and
lysed as described above ("Western blot analysis for quantification of total TTR protein levels”).
Day 2 adult animals were recorded as mentioned below “Locomotion assay and worm tracking

analysis”.

Locomotion assay and worm tracking analysis

Prior to locomotion assay, C. elegans were maintained at 22°C for multiple generations without
starvation on NGM (+OP50) seeded plates. Individual day 2 adult animals were placed in an
unseeded 35 mm plate for 40 minutes, then transferred to a new unseeded 35 mm plate and their
movement trajectories recorded for a duration of 40 seconds using the Stemi 508 microscope
(Zeiss) with SwiftCam2 camera and imaging software (Swift). All videos were analyzed using
wrMTrck plugin for ImageJ to obtain average speed and representative tracks of each of the
trajectories [21]. For clarity, tracks were traced in Adobe lllustrator CS6 and aligned to ensure the
starting point of each worm was stacked. All locomotion assays including the tracking analysis

were performed blind. Experiments were performed for n = 3 biological replicates.

Thermal avoidance assay for nociception

Thirty L4 C. elegans were picked onto 6 cm NGM (+OP50) plates and placed at 22°C overnight.
The thermal avoidance assay was done on D1 adult C. elegans and their response to noxious

heat was scored in one of the 4 categories, as indicated in Wittenburg et al., 1999 [22]: class I,
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rapid withdrawal reflex, backing, and change in direction; class Il: rapid withdrawal reflex with
little backing; class lll: slow backing; class IV: no response. The heat source was a blunt 301/2-
gauge needle heated for at least 10 seconds in a burner and immediately placed 3-5 mm in front
of the animal as it was in forward motion. The following guidelines were strictly followed: the heated
tip was placed in front of a single animal at a time. Each animal was removed after testing to
prevent re-testing. Only the initial response of the worm was recorded, i.e., animals were not re-

tested. Experiments were done for 3 biological replicates.

Statistical analyses

Statistical comparisons of data were performed using unpaired, two-tailed Student's t-test.
Quantitative data were expressed as mean + standard deviation. Statistical significance was
established for *p < 0.05, **p < 0.01, ***p < 0.001.

RESULTS

Phenotypic Characterization of V30M TTR strains

We generated C. elegans transgenic lines carrying V30M TTR mutation expressed under the body
wall muscle unc-54 promoter (Fig. 1A). At room temperature, V30M TTR transgenic animals
displayed an impaired locomotion (Unc) phenotype. This phenotype was neither observed in wild-
type animals (N2 strain) nor in non-TTR control animals (scrls020[odr-1p::RFP]; scrlsO010[des-
2p::myr::GFP + unc-122p::DsRed]). In the locomotion assay, V30M TTR animals had a mean
speed 43.04 um/s at Day 1 of adulthood while non-TTR animals showed a mean speed 64.14
um/s (P<0.001). Animals treated with small molecules used in human therapies to stabilize TTR,
or with RNAi against TTR, rescued the Unc phenotype, suggesting that the locomotion phenotype
was TTR-dependent [12]. Taken together, these features make this C. elegans TTR model highly

suitable for a forward genetic screen.

Identifying the causal mutations in V30M TTR animals using a whole-genome sequencing

The first unbiased forward genetic EMS mutagenesis screen in C. elegans FAP models to identify
modifiers of TTR proteotoxicity was conducted, utilizing the Unc phenotype that V30M TTR C.

elegans exhibit, to screen for suppressors of Unc.

Following mutagenesis of V30M TTR parental C. elegans by EMS, we screened approximately

125,000 F2 generation homozygous mutants covering about 30% of the C. elegans genome (Fig.
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1B). From the screening we isolated at least 37 non-sibling candidate suppressors of the Unc
phenotype exhibited by V30M TTR C. elegans. These animals were allowed to produce further
progeny, which retained the wild-type locomotion phenotype.

We selected ten mutants which exhibited a suppression of the Unc phenotype. These alleles were
named sttr001 through sttr010 (suppressors of TTR) (Fig. 1C). We sequenced the full-length TTR
cDNA sequences and for the ten isolated suppressors, all of them only showed the V30M mutation
in the human TTR gene. This observation suggests that there are other mutation(s) elsewhere in
the genome which are able to rescue the Unc phenotype. Also, we confirmed that TTR is
expressed in suppressor alleles by RT-PCR and western-blot (Fig. 1D), indicating that these
suppressor alleles do not silence TTR expression both at mRNA and protein levels. Thus,
suppression of the phenotype does not appear to be due to the lack of TTR expression in C.
elegans.

Complementation analysis showed that the sttr004/sttr007 and sttr006/sttr009 were in the same
complementation group, i.e., were alleles of the same gene. To identify the mutations, we
performed whole-genome sequencing of the ten isolated suppressors and identified unique
variants in each strain, using the CloudMap pipeline (Minevich et al. 2012). Other alleles isolated
from this screen will be described elsewhere. These variants were confirmed by Sanger

sequencing and their absence was also confirmed in the parental strain animals (Fig. 2 A, B).

R193.2 is an uncharacterized C. elegans gene with conserved SEA and WFA domains

The sttrO06 and sttrO09 strains contained a missense mutation in the R193.2 exon 21 and 3,
respectively (Fig. 2 A, B). R193.2 gene encodes an uncharacterized protein in C. elegans that is
expressed in the intestine and germ line and predicted to localize at membrane [23, 24]. sttr009
is predicted to affect the SEA domain in the R193.2 protein (Fig. 2 B). R193.2 also has four von
Willebrand A (VWA) domains. These domains have been implicated in multiprotein complexes;

cell adhesion; regulating or binding carbohydrate side chains and proteolytic activity [25-27].

RNAI against R193.2 rescues the Unc phenotype

To test whether the suppression of TTR proteotoxicity in V30M animals was the result of a
mutation in the R193.2 gene, we reduced the function of R193.2 via RNAI. The R193.2 mRNA
silencing effectiveness of RNAi was confirmed by real-time RT-PCR (data not shown). V30M TTR
C. elegans fed with bacteria harboring dsRNA targeting the R193.2 gene significantly increased

the mean speed of locomotion compared to animals expressing V30M TTR sequence strain fed
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with bacteria carrying empty vector L4440 (31.63 vs 45.07 um/sec; P<0.001) (Fig. 3). Additionally,
both suppressors strains treated with a control RNAi (empty vector) and RNAi against R193.2
showed a similar mean speed (38.1 vs 37.73 for sttr0O06 and 42.68 vs 42.01um/sec for sttr009;
P>0.05) (Fig. 3). Thus, the wild-type locomotion phenotype did not change in the two TTR
suppressors fed with RNAi against the candidate gene. These data suggest that these two alleles
exerted a similar effect on the R193.2 protein to the effect of RNAI treatment and were sufficient
to suppress the Unc phenotype. Collectively, we validated the identity of R193.2 as a suppressor
of TTR toxicity, which supports the interpretation that the impaired locomotion observed in these

animals can be rescued by knocking-down the expression of R193.2.

TTR suppressors rescue defective sensory nociception phenotype exhibited by V30M TTR

transgenic animals

TTR transgenic C. elegans also show behavioral nociception-sensing impairments that correlated
with increased aggregation propensity of V30M TTR [12]. We hypothesized that the suppressors
identified also rescue the nociception defect phenotype. To test whether R193.2 mutants suppress
the proteotoxicity in the sensory pain-sensing neurons, we measured the reflex-like escape
reaction of suppressor strains using a thermal-avoidance assay that measures nociception. We
found a significant reduction in TTR suppressor animals that were unresponsive to noxious heat
(class IV) (0.56% and 0%, sttr006 and sttr009, respectively), compared to V30M TTR animals
(5.26%) (Fig. 4). These findings show that R193.2 gene seems to play a role in the TTR

mechanism, which when knocked-down reduces sensation to pain.

DISCUSSION

Here, we identified R193.2 as a suppressor of TTR toxicity pathways. Specifically, mutation of
R193.2 resulted in a rescue of the Unc phenotype observed in V30M TTR animals, but also in a
reversal in the defect in noxious heat sensing of V30M TTR animals, which has been previously
shown to be dependent on the function of two head neurons [22, 28]. Thus, we hypothesize that
R193.2 could be involved in TTR neuronal-dependent toxicity pathways, but this needs to be

further investigated.

There are many ways to identify components that function in a specific genetic pathway and thus
unravel part of the mechanisms. In an unbiased modifier screening, after mutagenesis, the mutant
selection could focus on the search for genes that either enhance (worsen) or suppress

(ameliorate) a well-characterized phenotypic defect. Our animal model showed that aggregation
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of TTR leads to cell-nonautonomous proteotoxicity, i.e., degeneration of tissues which do not
synthesize TTR. This proteotoxicity is expressed phenotypically in C. elegans as movement
defects and a compromised response to noxious heat, which has been described as a response
to pain sensation [12]. However, the mechanisms by which cellular dysfunction and tissue

degeneration occur remain poorly understood.

The suppression of V30M TTR phenotypes in sttr0O06 and sttr009 animals carrying missense
mutations in R193.2 gene, combined with the rescue of the Unc phenotype by RNAi R193.2 knock-
down validate the specificity of our approach. Notably, the same mutated gene was identified in

both suppressors, but not in parental strain animals.

R193.2 is an uncharacterized C. elegans gene, comprising 37 exons located at chromosome X.
Encodes a 1897 amino acid protein annotated as integral component of membrane, i.e., inferred
from electronic annotation to have at least some part of peptide sequence (helical or beta-stranded
domain) embedded in the hydrophobic region of the membrane (G0O:0016021) [29, 30]. Based on
expression studies, R193.2 is enriched in the intestine and germ line, through RNA sequencing
and microarray approaches [23, 24].

R193.2 mRNA levels changed significantly in both lin-4 and lin-14 mutants [31]. LIN-14 act as a
DNA binding transcriptional regulator and is down-regulated as a result of translational repression
by the microRNA product of lin-4 [32]. Under those circumstances, R193.2 gene could be a
transcriptional target and consequently regulated by LIN-14 at stage-specific expression in the
nucleus. It was also demonstrated that R193.2 is involved in regulation of heme homeostasis,
since R193.2 gene was upregulated under 4 uM heme concentration [33]. Recently, R193.2
protein was pinpointed as modified by small ubiquitin-related modifier (SUMO) in C. elegans in

normal growth conditions and upon stress [34].

R193.2 encodes a protein with strong sequence similarity to an evolutionarily highly conserved
SEA and VWA domains (Fig. 2 B). Named after the first three proteins in which it was identified,
Sea urchin sperm; Enterokinase and Agrin, SEA domain is an extracellular domain associated
glycoproteins and it is located between amino acid 65 and 166 of R193.2 protein. Akhavan et al,
reported a proteolytic activity for SEA domain in addition to already proposed function of regulating
or binding carbohydrate side chains [26, 27]. The SEA domains are encountered in mucins,

transmembrane serine proteases, perlecan and dystroglycan. In mucins, a transmembrane
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glycoproteins contain typically 110-residue SEA domains located next to the membrane and auto-
proteolysis releases these molecules from the cell surface [35].

A number of human diseases arise from mutations in SEA domains, such as congenital
myasthenic syndromes characterized by impaired neuromuscular transmission, mostly resulting
from mutations affecting neuromuscular junction proteins [36]. In vitelliform macular dystrophies,
structural modeling indicates that mutation in IMPG1 gene destabilizes the SEA domain [37]. In
another interphotoreceptor matrix proteoglycan, IMPG2 wild-type protein is targeted to the plasma
membrane while mutant SEA domain appears to be trapped in the ER resulting in autosomal-
recessive retinitis pigmentosa [38]. Iron-refractory iron deficiency anemia (IRIDA) is caused by
mutations within SEA domain of the transmembrane serine protease TMPRSS6 that may affect
the proper folding of SEA domain and as a consequence lead to structural destabilization [39].

The other predicted domain in R193.2 is a VWA domain, a well-characterized domain found in C.
elegans extracellular matrix (ECM) [25, 40] proteins, integrin receptors, but are also found in
auxiliary subunits of voltage-gated calcium channels [25]. It is an important domain for protein-
protein interactions, cell adhesion and signaling in extracellular matrix proteins. R193.2 protein
carry two conserved metal ion-dependent adhesion site (MIDAS) motif within VWA domain, which
is often involved in ligand binding [25]. Proteins containing VWA domain binds selectively to

collagen and laminin, suggesting a role in basement membrane matrix adhesion [41].

Several genetic disorders have been associated with mutations in VWA domains, namely juvenile
hyaline fibromatosis and infantile systemic hyalinosis in CMG2 [42]; musculoskeletal diseases in
collagen genes [43] and hereditary cerebellar ataxia in VWA3B [44]. Importantly, genetic defects
within the CLCA1 VWA domain act as a maodifier gene in cystic fibrosis patients with meconium
ileus [45], suggesting the possible role of this domain in modifying the course of the disease
caused by other primary disease-causing genes. Despite there are no obvious homologs of
R193.2 to proteins in humans, the Basic Local Alignment Search Tool (BLAST) identified a limited
homology to collagen type VI in humans, likely due to the presence of VWA domains that are

representative of these proteins [46].
Albeit the function of R193.2 protein is currently unknown, to recognize their targets and protein-

protein interactions as well as the presence of conserved domains is helpful to identify specific

biological properties. Because this screen was not performed to saturation, it does not exclude
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the possibility of other genes and pathways that repress the Unc phenotype, but it does suggest
that if they exist, then they can be either rare or essential for C. elegans development.
Furthermore, many genes can enhance a mutant phenotype, whereas only mutations in a few key

regulators can suppress a mutant phenotype [47].

The specific role of R193.2 in TTR neuronal-dependent toxicity pathways are not clear. However,
a plausible hypothesis is that R193.2 mediates R193.2/TTR protein—protein (e.qg., receptor-ligand)
interactions that may be involved in signaling of ECM proteins, such as integrins and collagens
either in assembly or function of these complexes. Further studies in our C. elegans model and
translational conformation in a mammalian system are required to address these hypotheses.

Continued investigation of mutants and genes isolated in this screen and related screens in the
future will allow us to better understand the factors that impact the neuronal toxicity and may well

contribute to a better understanding of the pathogenic mechanisms of other neurological states.
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Fig. 1. Identification of suppressors of TTR (sttr) mutants. (A) Schematic of V30M TTR-FAP
animal used in this screen. The human TTR with V30M variant was expressed under the body wall muscle
unc-54 promoter. (B) Isolation of non-sibling candidate suppressors of the Unc phenotype. Schematic of the
unbiased forward genetic EMS mutagenesis screen in C. elegans V30M TTR-FAP models to identify
modifiers of TTR proteotoxicity based on impaired locomotion (Unc) phenotype that V30M TTR C. elegans
exhibit. See M&M for details. (C) Locomotion rates for V30M (n=24), sttr006 (n=20) and sttr009 (n=23).
Plots show means + standard deviations; *p < 0.05, ***p < 0.001, compared to V30M animals.

Representative 40 seconds locomotion trajectories with starting point aligned in the middle (Scale Bar:
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2000um). (D) (left) Quantitative real-time PCR analysis of indicated strains mRNA levels. TTR gene
expression levels were compared to 60S ribosomal protein L6 (rpl-6) mRNA, to the plasma membrane
protein 3 (pmp-3) MRNA, and normalized to D1 V30M TTR. (right) Representative Western blot of TTR
levels probed with antibody MDX102 against TTR and plotted the TTR/Actin ration normalized to V30M TTR

levels.
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Fig. 2. R193.2 variants in sttr006 and sttr009 TTR suppressors. (A) Representative snapshot of
Integrative Genomics Viewer (IGV, Broad Institute, Boston, MA) showing the aligned reads in parental
strain, sttr006 and sttr009 samples exposed to EMS mutagenesis. Zoom view in R193.2 gene showing
unigue variants for sttr006 and for sttr009 and the absence of variants in this gene for the parental strain
(V30M TTR). (B) Schematic representation of the R193.2 protein structure showing the SEA and VWA
domains. MIDAS motifs are indicated by red bar within VWA domain. The missense alterations found in
sttr006 and sttr009 are indicated. Visualization of chromatogram from Sanger sequencing confirming the
R193.2 variants. sttr006 chromatogram showing G>C variant (arrow) and sttr009 chromatogram showing

C>T variant (arrow).
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Fig. 3. R193.2 downregulation in the RNAI lines induced a statistically significant reduce of
TTR toxicity in V30OM TTR C. elegans, validating the specificity of our approach. (top) Locomotion
rates for indicated strains fed with bacteria expressing an empty vector (E.V.) or dsRNA against R193.2.
Control + E. V. (n=22), Control + RNAi (n=26), V30M+ E. V. (n=24), V30M + RNAIi (n=24), sttr006+ E. V.
(n=20), sttr006 + RNAIi (n=20), sttr009+ E. V. (n=23), sttr009 + RNAIi (n=21). Plots show means + standard
deviations; n.s. = not significant, ***p < 0.001. (bottom) Representative 40 seconds locomotion trajectories
with starting point aligned in the middle (Scale Bar: 2000um).
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DISCUSSION






This thesis has crossed a long road, from families’ analysis and DNA Sanger sequencing
to advanced genomic technologies, resorting also to an animal model. Throughout this chapter,
the most striking results will be discussed and intertwined, focusing specially in the in silico
analysis and the in (new) pathways disclosed.

FAP belongs to a group of disorders where there is amyloid deposition, affecting the
peripheral nerves in families, but they are caused by different disease-causing variants. However,
even in TTR-FAP a phenotypic variability is also evident not only between different disease-
associated variants but also for patients with the same disease-causing variant that display
different clinical manifestations.

Variability ranges from more neurological to cardiac symptoms, a different response to
different drugs, disease severity and progression, tissue specificity, age of death and AO. Our
main focus was on the phenotypic variability of the TTR-FAP Val30Met individuals regarding AO.

Many hypotheses for this variability have been put forward, from environmental to genetic
factors. Over time, our group has been focusing on the numerous genomic variants that are either
nearby or physically separated from the disease-causing variant and that we found or confirmed
to be associated with AO variability.

As our group confirmed that anticipation is a true biological phenomenon in Portuguese
Val30Met TTR-FAP families'?’, this supported the idea that other genetic factors in addition to
Val30Met are involved in determining AO. Therefore, using a candidate-genes approach centered
in families, we showed, the contribution of rare, common variants and expanded repetitive tracts
in pathways related with TTR-FAP35-137 18 |mportantly, we demonstrated for the first time that
mtDNA copy number was significantly higher in TTR-FAP Val30Met carriers than in those without

it and may be associated with earlier events!4!.

TTR gene sequencing - At the heart of the matter

As the various disease-causing variants are associated to a broad spectrum of symptoms,
such as AO, we decided to perceive which other variants in the TTR gene are also present in
TTR-FAP patients.

Val30Met accounts for more than 99% of the affected families in Portugal®?. For more than
thirty decades the genetic defect causing TTR-FAP is known, a valine to metionine substitution at
position 30 (currently at position 50). Since then, as a monogenic autosomal dominant disorder,
after identification of the TTR Val30Met variant in the index patient, diagnostic and pre-

symptomatic tests were mostly Val30Met-capture (for example, by restriction fragment length
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polymorphism (RFLP)), leaving aside other variants in the TTR gene. With this in mind, we
sequenced all intron/exon boundaries region of the TTR gene (Article 1).

None of the patients studied had any other disease-causing variant, in addition to
Val30Met. Although not causing disease, we identified two other missense variants: rs1800458
(p.Gly26Ser) and rs28933981 (p.Thr139Met).

rs1800458 is frequent and leads to a substitution of a glycine by a serine on position 26
(Ser6). Polyphen-2 classified this variant as benign to protein function, meaning that this variant
could improve TTR transport function. The protective role of this variant has already been
hypothesized before by others® 131 however, our results do not allow us to state that this coding
variant is protective in our Val30Met patients, as it is not significantly associated with any late form
of onset of symptoms. Probably rs1800458 is related with an improvement of TTR transport
function, but without an effect on amyloidogenesis. This variant was also related with an increased
TTR T4-binding affinity by Fitch et al.*®* and importantly, Jacobson, D. et al.* had suggested that
rs1800458 is a neutral variant and its relative high frequency is related to its ancient origin, being
widespread, not showing a selective advantage. Also, as the variant arose from a G-to-A transition
at a CG dinucleotide hotspot, it may have arisen on multiple occasions!®.

rs28933981 leads to a substitution from a threonine to a methionine in position 139
(Thr119Met). Alves |. et al.?® showed that compound heterozygous carriers of
Val30Met/Thr119Met contain tetramers more stable than with only Val30Met. In article 1, the two
Thrl119Met carriers have a late AO (61 and 63 years), higher than the mean AO of their affected
relatives since they belong to a family with an early-onset, so they supported the theory that the
stability of the TTR molecule may be an important factor to prevent amyloidogenesis and the TTR
Thrl119Met may have a protective effect on pathogenic effect Val30Met!91-193,

More recently, Batista et al.'® assessed the effectiveness of liver-directed vectors
mediated gene delivery of Thrl119Met TTR to reverse and prevent pathology in a TTR Val30Met
transgenic mouse model. They concluded that inclusion of Thrl119Met subunits into tetramers
can exert a stabilization effect in TTR heterotetramers preventing dissociation and aggregates
formation. Moreover, it was based on the characterization of this variant that one of the
therapedtic lines, already approved, has been focused on the stabilization of the TTR tetramer 1%
195 even designed to mimic TTR Thr119Met¢°,

Another variant found to be associated with AO is rs72922947, one of the markers used in
our haplotypic analysis (Article 2), buried deep within intron 2 near the Val30Met site which is
represented by the minor allele A, differentiating haplotype C from the other haplotypes that

harbour the common allele G (Article 2). This variant conferred some degree of risk to early-onset
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patients that once transmitted by the non-carrier parent may explain partially the early-onset
observed in the offspring (Article 2, Fig. 2). Functionally, how a variant away from the extended
consensus sequence of exon-intron splice junctions still acts as a phenotype modulator, remains
to be answered. Several studies have come across this issue and some mechanisms have been
disclosed. The growth hormone 1 (GH1) variant located outwith intron 4, has been associated with
a reduced risk of colorectal cancer and a predisposition to osteoporosist®® 197, This clinical
association was attributable to alleles of an additional variant in cis and located within either the
promoter or the 3-flanking region, which seems to be exerting a direct effect on reduced levels of
circulating human growth hormone!®® Also, Do et al.'*® identified a risk association between
childhood acute lymphoblastic leukemia and an IRF4 intron 4+386bp variant and demonstrated a
repressive effect of the variant on IRF4 promoter activity. Although these mechanisms remain
unveiled for our TTR intronic variant, we have obtained results that provided evidence of a
consequence on TFBS (which we will discuss below).

What is hidden inside the promoter region of TTR?

Afterwards, given the importance of DNA sequence variants within the promoter region as
may change TTR gene expression and consequently lead to phenotypic variability, we sequenced
a 2.1kb upstream region of TTR. In article 1, we reported fifteen variants found in the promoter
region (Table 1). Using a parametric test (GEE), which is a quite powerful statistical method, we
found interesting results regarding the association of some of these variants with AO, which
showed that rare variants in fact seem to modulate AO variability (Article 1, Table 2). We found
significant results for some rare variants that despite the heterozygous genotype appeared only
once, this is in accordance with the genotypic frequencies described for European (Non-Finnish)
in GnomAD. We consider that these rare variant results are equally important and should be
reported, because their identification may have implications for genetic screening and
personalized treatment. Interestingly, patients simultaneously carrying the minor alleles of
rs3764479 and rs3764478 have a 2.22-fold susceptibility to start the symptoms before 40 years.
During the last years, combinations of variants strongly associated with a multifactorial phenotype
as AO have been studied, as each variant has a small effect?®. Therefore, it is very promising that
the combination of these two variants (which appear mostly together) showed a high risk for an
early-AO. This approach deserves our future attention, as clusters of patient-specific variant
combinations have already been found?®.

In mouse, a proximal promoter and a distal enhancer were identified in the 5-flanking
region of the ttr gene??2. In humans, unlike the enhancers that have been incompletely

characterized?®® 2°4 and, so far it is unclear and may be quite subtle; the promoter has been
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reasonably explored. Over time, several studies reported that the proximal promoter region of
~2kb from the transcription start site appears to contain all the sequences required for hepatocyte-
specific expression of the gene % 131 202205207 Eor instance, Costa et al.?%?, and Sakaki et al.?**
identified and confirmed several transcription factor binding sites crucial for hepatocyte-specific
expression in this region, including HNF. More recently, variants located in this region have been
reported to be associated with the WT and disease-causing forms of TTR32 131134

From alleles to haplotypes - Broadening the field of view

Still focusing on TTR gene, in article 2, we performed a haplotype analysis covering a total
of 57kb of the common variation present in the TTR locus, which revealed the existence of a
possible modulatory trans effect.

Trans-modifiers may occur in any part of the genome. Soares et al. also reported an onset
modifier downstream TTR locus present in the non-carrier chromosome?34, but it failed to reach
statistical significance. On the contrary: (1) we found the same effect but within the TTR (FAP)
locus; (2) we used a larger sample size; and (3) we took into account the variation within the same
family, and, particularly, within and between generations.

Thus, we confirmed a possible modulatory trans-effect on AO, exerted by haplotype C that
we found to be more frequent in early than in late-onset cases. All carriers of this haplotype
received it from the non-carrier parent, i.e., together with wild-type transthyretin. The TTR tetramer
is formed by four monomers, which in heterozygous patients are made up of a near-statistical
distribution of Val30Met and WT subunits?%, which means both chromosomes contribute equally
to the formation of heterotetramers. Important to realize is that WT TTR can also misfold into the
amyloid configuration causing senile systemic amyloidosis, often associated with aging. Non-
disease causing variants in WT chromosome might origin differences in the level or pattern of
expression of the “normal” TTR gene. All things considered, it is conceivable that there is a trans-
effect on the rate of disease pathogenesis leading to the onset of symptoms, possibly through a
tetramer less stable which is more easily dissociated and transformed into amyloid.

Although some variants were not associated with AO, possibly due to its rarity, which limits
the statistical power, we consider that these results are equally important and should be reported.
With the fast progresses of NGS technology an increasing number of variants (potentially
functional or not) are being identified. We have been witnessing the change in the paradigm of
variant interpretation; a variant that nowadays is considered as a variant of uncertain/unknown
significance (VUS) and, with the emergence of new studies, gains new biological features. Thus,

from our point of view, reporting all the variants identified in this study is not only a scientific
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contribution from an epidemiological perspective (frequency of the variant in a particular
population), but also enhances the data about a variant disease-specific. In a context of VUS, to
determine the implication of a certain variant provides rationale for clinicians and researchers
how to interpret the genetic results that have not been fully clarified.

One of the methods adopted also in this work to explore the impact of the FAP-associated
variants on the transthyretin biology was the in silico analysis.

TTR (post-) transcriptional regulation — In silico Analysis

Transcription factors binding sites (TEBS)

Briefly, in silico models are based on the rich databases that collect known biological data
and apply a coherent framework and machine learning algorithms?®. Together with a powerful
statistical analysis, in-silico tools assist us in the process of understanding variant regulatory
mechanisms and allow us to formulate experimentally testable hypotheses.

The analysis of non-coding regions of TTR gene suggests the presence of 3 non-coding
variants, possibly cis-regulatory elements of the TTR gene that modulate the effect of mutations
on the disease phenotype.

In article 1 and 2, unreported and very interesting results in the in silico analysis were found
as we observed some alterations in the mechanism of splicing, TF and miRNAs binding.

TFBS analysis allowed us to estimate the probability of modulation by a variant on the
expression of TTR that could drive the clinical presentation of the disease. The TTR gene is
regulated at the transcriptional level by promoter in liver cells?!°. Non-coding variants located in
the promotor region can create new TFBS, or abolish pre-existing ones, that may influence TTR
expression.

In article 1, we identified two variants in promoter region that together reduce significantly
AO of symptoms. Using the largest open-access database of TF-binding profiles (JASPAR) and
Genotype-Tissue Expression (GTEX) project, we predicted that these variants not only may disrupt
potential binding sites once occupied by transcription factors such as may create new ones (Table
S1). Human transcription factors were predicted with a relative profile score threshold >80% and
filtered by expression in liver. Important to highlight the hepatocyte nuclear factor 4 gamma
(HNF4G) and HSF1, whose conservation and characterization has already been studied
previously?” 211 212 Hepatocyte nuclear factors (HNF-1, -3, and -4) had been described and
characterized 20 years ago by Costa et al.?!! as liver-specific regulators and as elements in the

regulation of hepatic TTR transcription. Additionally, in silico and in vivo analysis of
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the TTR promoter, confirmed that human and murine TTR promoter regions contain the previously
identified potential binding site for HNF's?!? and identified TTR as subject to regulation by HSF12%7,
Furthermore, a study using a mouse model expressing the human TTR Val30Met in a silenced
Hsfl background showed an earlier and increased frequency of human TTR deposits in distinct
organs including the peripheral nervous system'’3. The association of several TTR promoter risk
variants as modulators of transthyretin-related diseases potentially due to altered binding of
hepatocyte transcription factors at these regulatory sites, was also speculated by Sikora et al.**,

Despite the most common model for transcriptional activation suggested that TF just binds
upstream of the transcription start site (promoters), it has been established that some introns
contain enhancers, alternative transcription start sites, or TFBS?3, Several hypotheses have been
raised for TFs to bind introns: (1) a downstream promoter elements (that are actually downstream
to transcription start site); (2) to regulate elongation or splicing and; (3) are involved in part of the
transcriptional regulation of another nearby gene (e.g., acting as a distal enhancer).

Subsequently, we tried to explore the putative functional impact of rs72922947, the intronic
variant associated with a decrease on mean AO of ~9 years (Article 2; Fig. 3). Three transcription
factors binding sites (LM56, LM58 and LM233) were predicted to be disrupted by rs72922947.
The minor allele (A) was predicted to have less affinity for all the transcription factors. However,
there is scarce data about the role of these TFBS. Additionally, we verified that rs72922938, a
SNP that is in linkage disequilibrium with rs72922947, may alter TP53 binding site. TP53 has been
reported as a genetic modifier of AO in several types of cancer, as well as in Huntington’s disease
(HD), a trinucleotide repeat neurological disorder where only 50-70% of the variance in AO can
be explained by the repeat size alone?'*. Polimanti et al.?*® identified 59 non-coding variants that
may have a functional impact on the TTR gene, including rs72922947, however, the authors
proposed that further studies are required to understand the role of this variant.

These results will enable us to obtain new hypotheses to test in further experimental
investigations. Whether these variants are in fact the functional variants responsible for exerting
a direct effect on TTR gene expression, or are instead in linkage disequilibrium with the functional
SNP, is still an open question that deserves future attention. In consistency with these
observations we can assume that the transcriptional mechanisms conferred by these variants are
involved in FAP variability, modulating TTR course.

MiRNAS
One paramount analysis that is important to take into account and that is being intensively

studied in another neurodegenerative diseases, such as AD?, PD?Y; Hereditary spastic
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paraplegia type 312*® and Fragile X syndrome?!®, is the possible location of 3’'UTR variants in
MiRNA target sites that could modify TTR expression, ultimately affecting FAP phenotype.

The presence of miRNA target sites in 3’UTR of TTR gene had already been studied as
was cited before®? 220, Although they have used some miRNA target prediction software different
from the ones we used, we concluded that the usage of these programs should be done with a
critical view, because they can reveal different results according to the algorithms and the
thresholds used. To minimize false positive predictions we set up criteria as described in the
methods section of article 1, that the predicted miRNA targets should fulfil: (1) the miRNA should
be present in all the prediction software, (2) be expressed in liver and (3) evolutionary conserved
between species.

In Table 6, we can find miRNA target predictions for WT 3’'UTR, for the polymorphic allele
of rs62093482 and for the polymorphic allele of rs1053907197. Our intensive in silico analysis
indicated that 3’'UTR of TTR gene has miRNA binding sites for mir-200a and mir-141, in agreement
with other bioinformatics analysis and confirmed with in vitro assays??t. These miRNA inhibited
TTR expression by directly binding to the 3'UTR of TTR, which is reversed by variants in the
miRNA binding site??!. Although rs62093482 and rs1053907197 variants do not affect the WT
3'UTR miRNA binding sites, these variants create new binding sites. As the miRNAs mir-1279,
mir-1250 and mir-1267 are not expressed in liver and are poorly conserved between species we
excluded the implication of these miRNA putative target sites in AO variation. The hsa-mir-622 is
expressed in liver and, well conserved between species. Olsson et al.®? proposed that the 3'UTR
variant rs62093482, also present in Swedish TTR Val30Met carriers, could serve as a miRNA
binding site to hsa-mir-622, possibly leading to a down regulation of mutant TTR expression,
explaining the low penetrance and an increase in AO observed in the Swedish patient population.
However, posterior analysis in vitro by Norgen et al to evaluate this hypothesis showed that the
rs62093482 of the TTR gene has no effect on degrading the variant allele’s expression and thus
has no impact on the diminished penetrance of the Swedish patients??°. The authors noted that
the ratio of allelic variant to WT TTR in plasma was approximately the same in Swedish and
Portuguese FAP patients (40% to 60%), so they concluded the hsa-mir-622 does not interfere
with protein translation, is non-functional and is not involved in FAP AO variability??°. Importantly,
mir-138 binding site is conserved in several species (including non-mammals) and is expressed
in the liver reinforcing the hypothesis that mir-138 should be studied in vivo in order to confirm
these results and the hypothesis that this miRNA might play a role in TTR mechanisms capable
of modulate the onset of TTR-FAP symptoms??2, Recently, several studies have reported that

differential expression of mMiRNAs, including mir-138, are implicated in neurodegenerative
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disorders, like AD?2% 224 HD?2%, schizophrenia 22% 227 and bipolar disease?? . It was demonstrated
that mir-138 is upregulated in the brains of Alzheimer’s patients??4. The involvement of miRNAs in
neurodegenerative disorders point to a possible therapeutic value of these molecules. This year,
two novel therapeutic drugs were approved for the treatment of FAP: Patisiran, the first SIRNA-
based drug approved by the US Food and Drug Administration??® and Inotersen, an ASO??°. As
both drugs prevent production of the TTR protein by targeting its 3’ UTR, is reasonable to assume
that variants in this region may affect the efficiency of these drugs.

The role of Splicing

We also assessed how likely a splicing change would occur as a result of the presence of
DNA variants. It is important to emphasize that some of the differences between WT and variant
sequences could alter splicing either by re-directing the spliceosome or by altering the binding of
auxiliary factors, such as SR proteins, exonic and intronic splicing enhancers and silencers?®.

Our results were described in Table 3, Article 1 and is important to note a possible
inactivation and creation of ESEs in two missense variants. Because they are both in the coding
region, we have to consider that ESESs inactivation may lead to protein-disrupting effect, but there
is no evidence that ESEs creation in coding regions lead to splicing alterations. If all these variants
somehow interfere with splicing machinery, consequently may result in several transcripts and
thus different transthyretin proteins can be synthesized from the same TTR gene?3L.

The role of tandem dinucleotide repeats in splicing

Dinucleotide repeats constitute another group of variants that influence splicing®®?. TTR
promoter bears a tandem CA-dinucleotide repeat typically consisting of 9-10 repeats. Despite the
low polymorphic propensity we found a patient with a deletion of 3 CA-repeats (CA7). Because of
their abundance, CA-dinucleotides have been related as a modifier of some genetic disorders. For
example, the risk of coronary artery disease is linked to variation in the number of CA-
dinucleotides in eNOS gene; as a result of the differences in the binding affinity of proteins
involved in mRNA processing that seems to modulate the splicing efficiency and mRNA stability?3%
234 Another key point is the efficacy of therapies that was also associated with CA-repeat length.
Namely, in carcinomas, a decreased CA-repeat length improved tumor response to anti-EGFR
drug therapy possibly by affecting the promoter/enhancer region and decreasing transcription
efficiency?®. In addition, other CA-dinucleotides repeat located at gene promoter regions affect
both mRNA stability and gene expression, as in the following genes: IGF12%; cPLA22%"; HMGA223%8
and Cyr6/%%°,

We found a possible evidence of an association of AO with the different genotypes of a

CA-dinucleotide repeat in TTR promoter. Based on this, we can formulate the hypothesis that the
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nature of this tandem repeat in TTR promoter may contribute to phenotype diversity by the
following mechanisms: shifting the distance between nearby cis sequences; affecting interactions
between splicing signals and the spliceosome; perchance form secondary structures resulting in
the sequestration of splicing signals; and altering the binding affinity of protein factors that alter
RNA transcript processing.

To the best of our knowledge, no other studies about genetic alterations in splicing activity
on TTR gene were made until now, except a recent association study of variants in the TTR gene
with AD Han Chinese patients 24°, However, they only tested two variants on the TTR gene that
can alter splicing activity. Maybe due to distinct genetic architectures between the populations, we
did not find these variants in our Portuguese sample.

It is important to note that similarly with the remarkable differences found in different
populations?® there are also ethnic differences regarding allele size distribution of CA-dinucleotide
repeat in TTR promoter found in article 1. All Swedish patients contained at least one CAo allele
and only two were CA10/CAi0 homozygous, contrary to our sample, where more than half were
CA10/CA1. In our Portuguese sample, as in the French sample, homozygosity of the CAy allele
was present. On the other hand, neither in the Swedish nor in the Japanese samples CAgo/CAog

homozygous were found3? 134,

Splicing and Amyloid Fibrils

One promising scenario that these splicing-related variants may be causing is the creation
of the two types of amyloid fibrils: type A (a mixture of full-length and TTR fragments) and type B
(only full-length TTR) fibrils’®. However, the mechanism that results in to the formation of these
two types of fibrils is still unclear. Although a mechano-enzymatic cleavage mechanism has been
proposed as a mediator of transthyretin amyloid fibrillogenesis, this mechanism raises some
guestions to the extent that a TTR fragmented was found in material of the corpus vitreous and in
the spinal cord of TTR-FAP Val30Met patients, where a mechano-enzymatic cleavage of TTR is
unlikely to occur?#-243,

The correlation between fibril types and AO was also established: in general, early-onset
patients showed type B fibrils while late-onset showed type A fibrils®® 241244 But, it is not always
straightforward; the same amyloid fibril composition type has been found within the same family,
where the AO difference reaches up to 25 years?®. Indicating that the type of fibrils are more
associated with the genetic/familial background than the AO. At the same time, two late-onset
brothers displayed different fibril types among them, which lead the authors to suggest that the

genes regulating TTR cleavage is situated at another location than the TTR gene on the
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genome?*3, Hence, either genetic or epigenetic factors seem to exert an impact on amyloid fibril
composition.

Genetic modifiers and Epigenetics

Another essential point is that some genetic variants may influence epigenetic
signatures?*®, DNA methylation, an epigenetic mark that occurs most often on cytosines found in
a CpG context, playing an important role in splicing regulation and aids the spliceosome in the
process of exon definition?*, Some studies revealed that genetic variants at CpG sites are likely
to disrupt the substrate of methylation reactions by prevent the binding of CpG methyl-binding
proteins?4: 248 Indeed, if the variant is located in a region in the vicinity of CpG loci may affect the
transcriptional silencing via differential DNA methylation and leads to a different set of
spliceosomes?4% 250,

Considering these evidences, it can be concluded that the intronic variants found in this
study may create or disrupt methylated CpG sites which as a consequence affects DNA
methylation. Furthermore, a TFBS that overlap with differentially methylated CpG sites, associated
with disruption of TF binding, may produce a functional effect that can modulate the
expressiveness of the disease. Thus, coupling with our in silico results, this is a good hint for
integrative epigenomic data analysis to be explored.

MYH11 - Thinking outside the (TTR) box

In a hereditary disorder, phenotypic manifestations are not, as has been detailed
throughout this thesis, the sole result of the inherited genomic region that causes disease. On the
contrary, they are rather complex, multifactorial, and the result of diverse cellular modulators,
which may be located anywhere in the genome.

Here, we applied for the first time a whole-genome sequencing technology in TTR-FAP
families that allowed us to study additional fixed genetic variations, spread through the human
genome in addition to the inherited Val30Met TTR. We have chosen WGS over WES because we
did not know whether the modifier variant would reside in known coding elements and if it is a
structural variant (which is not detected in WES). Furthermore, WGS can provide uniform
coverage with a higher sensitivity and lower false-positive rate of variant detection than WES??,

Factors modifying clinical expression of inherited diseases are particularly complex and
could be due to, among many other reasons, interaction of the disease-causing variant with
environmental factors. One way to reduce, though not eliminate, the environmental component, is
to perform the analysis within families. Moreover, as TTR-FAP is an autosomal dominant disease,
intra-generational analysis sifts the alleles identical by descent in the underlying Val30Met, thus,

simplifying the interpretation of the modifying variants.
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Genetic anticipation is common in numerous neurodegenerative disorders (including HD
and spinocerebellar ataxia) and is due to the increase in the number of repeat expansions that
occurs during meiosis and gametogenesis, observed in successive generations of these families.
Conversely, in diseases caused by point variants it becomes much more complicated to clarify
and no general biological explanation has been found so far.

In article 3, two TTR-FAP Val30Met families with large anticipation (a = difference of 40
years in AO between the grandmother and the grandchild) were whole-genome sequenced
(Fig.1). After a very stringent criteria filtering, we identified MYH11 as a modifier candidate gene
in these two families with large anticipation. We cannot reject that other variants identified in these
families (Table 1) may be causally connected to anticipation, but they not fulfill our filter criteria
and it is challenging to predict their significance on TTR-FAP if they are not functionally tested.

MYH11 codes for the smooth muscle myosin heavy chain (SMMHC) which forms part of
a myosin protein complex found in smooth muscles and, along with actin, lead to muscle
contraction?®2, This group is also involved in cell movement and the transport of materials within
and between cells. Structurally, myosin is organized into two pairs of light chains and two heavy
chains that are encoded from the MYH11 gene. Each heavy chain comprises a head region that
binds actin, has ATPase activity and the tail domain interacts with other proteins being also
responsible for cargo binding and/or dimerization of heavy chains?°3. Owing to the numerous
organs containing smooth muscle cells and the wide range of myosin participation, DNA changes
in MYH11 gene can affect several pathways and are responsible for disorders as different as:
colorectal cancer?*; acute myeloid leukemia (a form of blood cancer)®*®; megacystis-microcolon-
intestinal hypoperistalsis syndrome (severe disorder affecting the muscles that line the bladder
and intestines)?*®; moyamoya-like cerebrovascular disease (a cerebral arteriopathy)?*’and familial
thoracic aortic aneurysm and Aortic Dissections (one of the most severe cardiovascular conditions
in adults)®8, Mice with a homozygous deletion of Myh11l showed several abnormalities,
including abnormal intestinal movement, a FAP-relevant symptom?°°,

Variant Identification

We found an arginine to glutamine substitution at position 1542 which affects the C-
terminal coiled-coil region which is known to be critical for regulation of MYH11 protein, as the
assembly of myosin thick filaments. Furthermore, we demonstrated that MYH11 variant is highly
conserved across multiple species, validating that this variant may reside in biologically
functional element (Article 3, Fig 2 ). Most of the thoracic aortic aneurysm causing variants are
also located in the coiled-coil domain of the protein and are thought to act via a dominant-

negative mechanism?2°,
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Based on the results of our PPI analysis, it can be argued that one of the possibilities of
MYH11 modulating TTR-FAP disease expressivity is through the pathway involving ROCK2 and
APP (Article 3, Fig.2). These genes are enriched in ECM organization; microtubule-based process
and positive amyloid fiber formation, consistent with previous reports26-26¢,

Amyloid precursor protein (APP) and its derivative, amyloid-$ (AB) peptide, is a well-known
TTR interaction partner. Genetic and biochemical studies have suggested that transthyretin is a
neuroprotective protein in AD by modulating AB levels, a major therapeutic goal in AD. In C.
elegans and rodent models, transthyretin can rescue behavior and pathology associated with
expression of AR83267-271 TTR js one of the major AB-binding proteins and act as a neuroprotector
in AD, through the sequestration of AR and preventing its aggregation and fibril formation®3. Liz et
al.2’% 273 demonstrated in vitro and in physiological conditions, that TTR cleave AB and led to
inhibition and disruption of AR fibril formation. Likewise, altering Rho-Rock pathway through
different mechanisms can alter AR levels?’®. Specifically, ROCK2 affects AB production by
regulating the intracellular trafficking of APP as well as the secretion of ABR?5. Additionally,
pharmacologic inhibition of ROCK2 diminished production of AB in AD mouse brain%,
Furthermore, RhoA/ROCK pathway plays a crucial role in various biological processes, including
in smooth muscle cells differentiation?’® and by an ambiguous mechanism, AR induced a reduction
in smooth muscle?’’. ROCK2, such as MYH11, are mainly expressed in smooth muscle cells and
both played an important role in vascular smooth muscle contraction, a pathway that is remodeled
in response to AB?’” 2’8, In sum up, the overlap of these genes is noteworthy and might implicate
interaction with cellular functions, possibly relevant for amyloid aggregation process. Thus, on the
basis of this biological evidence, we hypothesized that variants in the coiled-coil domain of
MYH11 could alter its PPI properties and inevitably disturb the communication between
ROCK2/APP/TTR, probably necessary for regulating the amyloid cascade formation.

So far, it is still too premature and difficult to know whether or how MYH11 gene and this
pathway are in fact responsible for large anticipation. Moreover, it is highly likely that we still do
not know all pathways involved in TTR pathogenesis. Thereby, extensive further functional studies

are required and studies in an animal model are an added value to verify these biological activities.

C. elegans models of TTR-FAP

Several research groups tried to use the mice and Drosophila melanogaster as a model to
study some of the transthyretin amyloidosis’ mechanisms but have failed to recapitulate some of
the human TTR amyloidoses phenotypes, except amyloid deposition®2. FAP mice expressing both

the WT and TTR variants showed TTR deposition in some tissues, but they never displayed a
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neuropathy degenerative phenotype. Drosophila models of TTR amyloidoses were previously
generated, expressing human WT TTR& 17° eu55Pro!’® and V30M!"® variants directly in the
eye, nervous system or fat body. However, these fly models showed TTR deposition and
degenerative phenotypes in tissues in which the TTR was synthesized and secreted (cell-
autonomous). Both animal models did not fully recapitulate human disease phenotype in which
TTR is secreted from its originating tissue and aggregates onto distal tissues (cell-
nonautonomous) such as the peripheral nerves resulting in polyneuropathy symptoms. Previous
proteinopathy models expressing human disease-linked aggregation prone proteins have
demonstrated proteotoxicity in cell-autonomous tissue-specific diseases, as AD, PD, ALS, HD,
and prion diseases also appears to have cell non-autonomous components?’®. However, the cell-
nonautonomous pathways of neurodegeneration remain incompletely understood, in part due to
the lack of models that faithfully recapitulate in trans toxicity.

In article 4, we have generated and characterized C. elegans models of FAP that exhibit
critical features of human FAP disease. With its powerful genetics and genomics, short lifespan,
and transparency for direct in vivo imaging, the nematode C. elegans is an ideal model organism
to explore diverse genetic and molecular pathways within the whole-organismal context.
Furthermore, the conservation of disease pathways between the 959-cell C. elegans and higher
organisms make it a simple and cost-effective system for screening compounds for drug
discovery?°, Another key point, C. elegans was the first multicellular organism to have its whole
genome sequenced, thus proving to be a powerful animal model for genetic studies providing
large-scale screenings and a better comprehension of the gene-gene interaction in many of the
major neurodegenerative diseases?t 282,

We generated C. elegans models of FAP overexpressing human WT TTR, V30M and the
highly destabilized D18G TTR variant, which is not efficiently secreted, in the smooth body wall
muscles under control of the unc-54 promoter. We also produced a transgenic strain bearing
T119M sequence which results in the formation of highly kinetically stable, non-amyloidogenic
heterotetramers. (Article 4, Fig. 1A). This protective variant, as described above, allowed us to
dissect the assumption that the proteotoxic phenotypes observed in the pathogenic strains were
not simply the result of the overexpression of a human TTR sequence. In contrast to many other
studies, we did not tag TTR with GFP or other large fluorescent proteins because TTR is a small
protein and its fusion could significantly impact its folding, assembly, and/or trafficking in the early
secretory pathway.

Our C. elegans models secreted natively folded TTR tetramers from the muscle, except

for D18G TTR animals because D18G TTR was not secreted from the body wall muscle cells
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(Article 4, Fig. 2). Furthermore, we detected the presence of non-native TTR oligomers in the
animals expressing the disease-causing variants V30M TTR and D18G TTR, proposing that they
undergo tetramer destabilization and follow the amyloidogenic cascade. These data also
suggested that the highly stable T119M TTR tetramers do not dissociate and misfold into non-
native TTR structures as promptly as the destabilized V30M TTR and D18G TTR disease variants.

Next, using a thermal-avoidance assay for nociception which measures the withdrawal
reflex of a C. elegans exposed to noxious temperature stimulus, we observed a significant higher
percentage of V30M TTR animals were unresponsive to noxious heat (Article 4, Fig. 4). On the
other hand, T119, D18G and V30M-without signal sequence (V30M ASS TTR; to prevent its
secretion) did not exhibit a defective thermal-avoidance responsive. Important to realize, V30M
TTR animals treated with TTR RNAI, which afforded a protein knockdown of >90% (Article 4, Fig.
S4) also did not exhibit a defective thermal-avoidance responsive. Altogether, these results
suggested that this thermal avoidance defect is mediated by disease associated V30M TTR by a
cell non-autonomous mechanism.

The defect in noxious heat sensing has been previously shown to be dependent on the
function of AFD and FLP head sensory neurons, as ablation of both neurons almost completely
ablated the thermal avoidance response?®® 284 When we analyzed the dendritic morphology of
FLP neurons, we beheld that the destabilizing variant V30M TTR expressing worms displayed
defects in FLP dendritic branching and dendritic morphology as opposed to the control and the
stabilizing variant T119M TTR worms of the same age (Article 4, Fig. 5). Despite previous in vitro
studies showed that TTR can be endocytosed into sensory neurons®® 285, using a transgenic line
expressing V30M TTR directly in the FLP neurons (without the signal sequence and with a specific
promoter) we did not observe any significant nociception impairment, demonstrating that
expression of V30M TTR inside FLP neurons is not sufficient to impair nociception. Thus, unknown
extracellular pathways could mediate the effects of TTR toxicity. Taken together, these data
showed that V30M TTR proteotoxicity impairs neuronal function in a cell-nonautonomous manner
by targeting pathways that regulate the proper structure and function of pain-sensing and
mechanosensory neurons. It is also important to point out that the C. elegans dendritic arborization
phenotypes observed herein could be a model to study TTR age-dependent neurodegeneration
mechanisms.

C. elegans has a six coelomocyte cells (a macrophage-like cells) which are highly active
in endocytosis and protein degradation of soluble material from the body cavity?%®. We found that
WT TTR and V30M TTR tetramers are secreted from the muscle and taken up by coelomocytes.

(Article 4, Fig. 2) Additionally, genetic ablation of coelomocyte cells increase V30M TTR tetramer
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levels in the body cavity and greatly exacerbates V30M TTR proteotoxicity which also correlated
with an increase in levels of non-native V30M TTR as opposed to the V30M TTR worms with
coelomocytes, suggesting that the efficiency of V30M TTR degradation influences its toxicity.
(Article 4, Fig. 6). As coelomocyte degradation is autophagosomal®®’, these results demonstrate
the importance of protein degradation in modulating proteotoxicity, and highlight the role of
degenerative animal model to examine putative therapeutic strategies to enhance degradation to
ameliorate disease. The liver, muscle, and skin have been shown to be the major sites of TTR
degradation in rats, with no detectable degradation occurring in nervous tissue?®. Thus, the
activation of autophagy or analogous lysosomal degradation mechanisms in tissues where
aggregation occurs (e.g. nervous tissue) should be considered as a strategy for treating TTR
amyloidoses and other amyloid diseases.

The trajectory of the V30M TTR worms in comparison to control worms suggested an Unc
phenotype (Article 4, Fig. 7). This resulted in a significant decrease in displacement and velocities
covered by the V30OM TTR worms in comparison to the non-TTR control worms. Then, we
significantly rescued the abnormal motility in V30M TTR worms treated with a TTR tetramer kinetic
stabilizer CMPD5 (similar to tafamidis) and reduced TTR protein levels with TTR RNAi. CMPD5
was selected instead of tafamidis since it has better solubility in the worm liquid culture media. In
addition, we verified that the rescued locomotion phenotype in worms treated with CMPD5 may
have been the result of a decrease in the TTR oligomeric aggregate load. Equally important were
the locomotion assays with D18G worms that exhibited a pronounced Unc phenotype but were
rescued by RNAI against TTR. Since this variant does not secrete TTR out of the muscle, we
assume that TTR proteotoxicity affects proteostasis in the muscle and results in its malfunction,
although muscle morphology appeared unaffected.

In summary, our TTR C. elegans model exhibited TTR aggregate formation, differential
TTR variant secretion, impairment in locomotion and quantifiable cell-nonautonomous neuronal
phenotypes, including pain sensation impairment and neuronal abnormalities, rendering these

models suitable for a forward genetic screen to discover TTR proteotoxicity modulators.

R193.2 a suppressor of TTR

With this in mind, in Article 5 we performed the first unbiased forward genetic screen for
suppressors of the TTR-mediated Unc phenotype. After performing whole-genome sequencing,
we identified R193.2 mutations in two TTR suppressors that corresponded to the same

complementation group. Our data suggested R193.2 gene is a novel TTR interactor that mediates
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TTR toxicity. R193.2 gene encodes an uncharacterized protein in C. elegans with conserved SEA
and WFA domains and predicted to localize at membrane.

The structure of SEA domains is well known and is found in a range of proteins?®°. Variants
within SEA domains may affect its folding and as a consequence lead to structural destabilization.
This is the case of matriptase, a protein that gets retained predominantly in the ER in conditions
that alter its SEA domain normal folding?®°. Likewise, IMPG2 mutant for SEA domain appears to
be trapped in the ER whereas the WT protein is targeted to the plasma membrane?®°. Taking into
account these observations, it is conceivably that these mutant alleles in the TTR suppressors
affects the structure of the R193.2 protein, thus preventing the proteotoxic mechanism that would
develop in the presence of V30M TTR sequence, under WT R193.2 circumstances.

The other predicted domain in R193.2 is a VWA domain, a well-characterized domain
important for PPI and is often involved in ligand binding 2. Similar to MYH11, R193.2 has a
domain that mediates PPI, indicating that there is a dynamic pattern of MYH11/R193.2/TTR
proteins interacting with one another through their specific domains. Thus, in the future it will be
important to explore the molecular relationship between these networks. Understanding R193.2
interactions gives a global view of the protein interaction network, and possibly allows to unravel
the unknown protein functions. These results will also be essential to provide the C. elegans
community with validated putative modulators of amyloid disease toxicity for future projects.

On the basis of these observations, we hypothesized that either these alleles may influence
R193.2 proper folding and/or interaction proprieties or may keep R193.2 function silent in the ER
and possible throughout the proteotoxicity signaling pathway. Furthermore, consistent with the
observed rescue in nociceptive sensing, it is possible that R193.2 protein impairs the TTR-
targeting mechanism which leads to the morphological abnormalities in the sensory neurons.

Both the uncharacterized protein R193.2 in C. elegans and our predicted MYH11-TTR
interaction network in overall seem to be involved in the ECM pathways. R193.2 protein contains
VWA domains that mediate PPl important for cell adhesion and signaling in ECM proteins, where
the majority of well-characterized VWA domains are found?%2.

The ECM components have been previously proposed to be involved in other diseases
such as: AD?%3; diabetic peripheral neuropathy 2%; Charcot-Marie-Tooth disease type 1**® and
chronic idiopathic axonal polyneuropathy (CMT1)?%. Linkage of ECM-related proteins with
amyloid TTR deposits has also long been established, as TTR aggregates and fibrils occur
extracellularly in peripheral nervous system, especially in the endoneurium, where they appear
close to Schwann cells and collagen fibrils?®. Sousa et al., executed microarray analysis in TTR-

FAP salivary glands and nerve biopsies, showing up-regulation of the ECM remodeling genes in
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different stages of disease progression?®®. Similar results were found in FAP V30M TTR-related
transgenic mouse as when mice were treated with some TTR removal (e.g. doxycycline) a
reduction in ECM protein levels was observed, suggesting matrix recovery?®’. Histological
examination of human tissues also revealed increased expression of ECM-related proteins, in
close association with TTR amyloid fibrils deposition?®. Another key point is that TTR amyloid
deposition contributes to cell and ECM damage, as explained by Lotz et al. after having found
deposits in articular cartilage in human osteoarthritis?®®. Thus, these authors suggested that the
aged and osteoarthritis cartilage ECM is characterized by several modifications that can promote
TTR deposition?®,

One of the explanations for this parallel increase in the amount of the ECM-related proteins
and the degree of TTR amyloid deposition might be that amyloid fibril formation induces
overproduction of the ECM components (as MYH11 and R193.2 proteins) which play an important
role as a scaffold for the amyloid fibril formation process, which consequently promotes further
amyloid accumulation?®®, Because this screen was not performed to saturation, we do not exclude
the possibility of other components in ECM or even in other pathways that repress the Unc

phenotype.

Intertwining these approaches

TTR-FAP displays a clinical range that is not fully explained by the primary Val30Met TTR
variant. The action of various trans-modifiers appears to depend also on the cis conditions of the
Val30Met TTR, including variants within in the TTR gene. Here we demonstrated that cis-acting
factors on TTR locus are reliable candidates for AO modulation. From a biological point of view,
these non-coding factors are one of the most interesting categories of genetic modifiers to study,
since the mechanisms by which these variants exert their effects (for example on the splicing
process) are often unclear and may be quite subtle. Along with trans-acting TTR variants, other
trans-acting modulators like MYH11 and R193.2 might account for the phenotype variability.
Additionally, the observed trans-acting factors in the noncarrier parents in families with a wider
range of AO is not due to consanguinity, and transmission of these factors to the proband,
potentially explains the AO anticipation.

This study contributed to disclose more variants associated to TTR pathways for the
genetic pool data that has been increasing in these last years. However, not all of these factors
are involved in the same trait, as well as within each trait there are risks with variable weight.

Although it may appear that ‘everything but the kitchen sink’ contributes to AO variability,
the truth is that there is not a single causal effect. This major effect is already carried by the TTR-

FAP patients and it is caused by the Val30Met disease causing-variant itself. All other modifiers
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contribute with different weights and each of these factors interacts in a complex network. A
question that may be reasonably posed is: If a variant is associated with a given AO group, why
is it that all patients in this group are not carriers of this variant? A possible answer lies in epistatic
interactions where many modifiers may only appear when a redundant pathway cannot rescue
their effects. So, we cannot look at the effect of the variant by itself but as a whole, in a genetic
background. This point is well known among laboratories that use mice as the model of study,
where the same mutation may show substantial variation in phenotype, from no disease to early
death in some cases, depending on the strain (genetic background)®% 300,

Nevertheless, much of what is known about genetic, cellular and molecular TTR proprieties
has been determined in vitro, characterizing the effects of the genetic modulators of TTR pathways
in a multicellular transgenic model as our TTR cell-nonautonomous C. elegans, will provide an
invaluable tool to study TTR amyloidogenesis and proteotoxicity. Furthermore, we demonstrated
that genetic screening in C. elegans could be used to bridge the gap between model systems and
human studies, notwithstanding a translational conformation in a mammalian system is
recommended.

Unfortunately, it is not always straightforward to predict the effect of a variant on the
function of a gene, even when the gene knockout or even protein function is well characterized.
Patient genomes contain combinations of variants that may behave in unexpected ways and many

variants may only become important in the context of a particular genetic background.

Future Relevance

In the era of personal “Omics” (e.g., transcriptomics/genomics, proteomics, metabolomics),
one might envisage sequencing patient genomes to reveal risk/protector factors for early-/late-
onset, or to a set of more likely symptoms. We can even think about revealing a particular pathway
that may be a target for treatment that could delay onset of symptoms. Because TTR-FAP
proceeds inexorably to death 10-15 years after onset and because there is no preventative or cure
treatment, a molecular-targeted treatment capable of delaying the onset of TTR-FAP symptoms
could be of great benefit. Moreover, the identification of treatment effect modifiers has become an
important issue in pharmacogenetics. Therapies that are effective in a certain subgroup of patients
can be futile in others. For example, tafamidis has only demonstrated efficacy in 60% of patients,
while in 40% disease has continued to progress*®®.

Importantly, a better understanding the pathways of TTR proteotoxicity, including the
factors that impact the AO of symptomatic FAP may well contribute to a better understanding of
the pathogenic mechanisms of more common neurodegenerative states such as AD and PD, with

which FAP shares some common features.
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CONCLUSION






TTR-FAP is affected by numerous genomic factors that are either nearby or physically
separated from the disease-causing variant, which we reported in this thesis. Some of these
factors are located in the TTR locus and may affect the expression levels and/or TTR function;
others genes directly or indirectly cross the TTR-related pathways. This genetic network interferes
with the possible disease-causing mechanisms at the level of TTR expression and stability
whether in terms of aggregation or, ultimately, in secondary symptomatologic mechanisms, such
as the loss of temperature perception or impact on locomotion. Some of these genetic variants
have largely been explored in a TTR cell-nonautonomous C. elegans model, while others have
been directly detected in patients. We predicted that there is an entire network of genes that code
for proteins and altogether regulate the TTR toxicity observed. Future research will also be
necessary to determine the universality of each variant or gene and how this translates into a TTR-
related mechanism.

We are confident that this study helped in the development of a useful clinical genetic and
animal model that expresses the relationship between certain genetic markers and the probability
that disease onset will occur by a certain age, which may be of great importance for follow-up of
presymptomatic cases. Moreover, the possibility of anticipating or understanding the mechanisms
that influence TTR toxicity can help in the prediction of disease progression and envisioning new

therapeutic strategies.
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FUTURE PERSPECTIVES






With many pieces still missing in this puzzle, our human data, in combination with C.
elegans models, opened new lines and paths to explore in the future. Thus, it would be important
to elucidate some of the hypotheses previously stated which will certainly strengthen the results
presented in this thesis. As follows:

- To study in vivo the role of the identified miRNAs, such as the liver-expressed mir-138, to
confirm its binding and involvement in TTR mechanism,;

- To functionally characterize the TTR intronic variants, in an attempt to disentangle its
potential influence upon TTR structure, function and expression;

- To carry out a chromatin immunoprecipitation (ChlP) to analyze the predicted altered TF
in vivo models;

- To validate the potential splicing deregulation by the variants found employing mini-gene
constructs and to explore the association between the splicing-affected variants and the
type of fibrils (full-length or fragmented TTR) in early- and late-onset patients;

- To assess the role of epigenetic mechanisms as modifiers of AO, namely the methylation
patterns interrogating each locus as hypo or hyper methylated on AO, disease presentation
and progression;

- Toinclude more families with large anticipation in order to continue to analyze the variants
(common and rare) identified in the WGS; also monozygotic twins and discordant AO-
pairs;

- To proceed to a functional validation of MYH11 protein in the TTR mechanism and confirm
its potential PPI with TTR. Additionally, to explore other genes found in the PPI network;

- To create C. elegans models using CRISPR/Cas9 technology with the two identified
mutations and also with the GFP-labeled R193.2 to continue the validation and
characterization of this mutant; while we will proceed with the WGS bioinformatics analysis
to identify and characterize other TTR suppressors;

- To perform a RNA-Seq to verify the differential gene expression changes in FAP patients
discordant for AO;

- To derive a Polygenic Risk Scores (PRS) to measure the additive impact of FAP-

associated variants on risk, frequency, and severity.
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