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STRESZCZENIE

Zespoty tamliwego chromosomu X obejmujg choroby genetyczne wywotane mutacjg
dynamiczng w genie FMR1 (ang. Fragile X messenger ribonucleoprotein 1),
ktéry koduje biatko FMRP (ang. Fragile X messenger ribonucleoprotein 1 protein).
U zdrowego cztowieka, w sekwencji rejonu 5’ niepodlegajgcemu translacji (5’UTR)
genu FMR1 znajduje sie zwykle 25-35 powtdrzen tréjki nukleotydowej CGG. Jednakze,
dtugos¢ tej sekwencji jest wysoce polimorficzna, a powtdrzenia CGG majg tendencje
do wydtuzania, czesto znacznego. Proces ten nazywany jest ekspansjg powtdrzen CGG.
Gdy dtugos¢ sekwencji powtdrzen miesci sie miedzy 55 a 200, stan ten nazywany jest
premutacjg genu FMR1 i dotyczy tzw. standw chorobowych zwigzanych z premutacja
w chromosomie X (ang. fragile X-premutation-associated conditions, FXPAC).
Te stany obejmujg m.in. neurodegeneracyjng chorobe wieku péznego zwang zespotem
drzenia i ataksji zwigzanym z tamliwym chromosomem X (FXTAS) oraz zespot
przedwczesnego wygasania funkcji jajnikéw (FXPOI), prowadzacy do przedwczesnej
menopauzy. Stan, w ktérym liczba powtdrzen CGG przekracza 200 okre$la sie mianem
petnej mutacji i stanowi on podtoze genetyczne zespotu tamliwego chromosomu
X (FXS). FXS jest chorobg neurorozwojowa, bedaca najczestszg przyczyng wrodzonego

uposledzenia umystowego, zwtaszcza u chtopcow.

Z molekularnego punktu widzenia, w chorobach z grupy FXPAC, dochodzi
do prawidtowej ekspresji biatka FMRP, pomimo mutacji w genie FMR1, podczas gdy
w FXS rejon promotorowy, zawierajgcy ekspansje CGG, ulega hipermetylacji,
prowadzgc do wyciszenia genu i braku ekspresji FMRP. Uwaza sie, ze rozwdj chordb
z grupy FXPAC jest efektem trzech niezaleznych, wzajemnie przenikajgcych sie
patomechanizmoéw molekularnych. Pierwszy z nich zwigzany jest z toksycznoscig RNA
zawierajgcego wydtuzony cigg powtérzen CGG. Taki toksyczny RNA, w obrebie
powtdrzen CGG tworzy strukture drugorzedowg typu spinka do wtoséw (ang. hairpin),
na ktérej mogg byé sekwestrowane biatka, co prowadzi do uposledzenia
ich prawidtowych funkcji w komdrce. Drugi mechanizm dotyczy kotranskrypcyjnego
powstawania hybrydowych struktur typu petle R (hybryda DNA:RNA), ktére prowadza
do akumulacji peknie¢ w DNA, stwarzajgc zagrozenie dla utrzymania integralnosci

genomu komérki. Trzecim mechanizmem jest niekanoniczna biosynteza biatka
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nazwana zalezng od powtdrzen translacjg niewymagajgcag kodonu inicjatorowego ATG
(ang. repeat-associated non-ATG translation; RAN), w skrdcie translacjg RAN. Proces
ten prowadzi do powstawania toksycznych biatek zawierajgcych ciggi
monoaminokwasowe kodowane przez sekwencje powtdrzen CGG, ktére maja
tendencje do agregacji. Biatka te sktadajg sie z powtdrzonego ciggu aminokwaséw
jednego rodzaju, np. glicyny (kodon GGC), tworzac tzw. biatka poliglicynowe
(FMRpolyG). Biatko FMRpolyG gromadzi sie w postaci ztogéw wewnatrzjgdrowych
w komodrkach pacjentéw, stanowigc istotny element patogenezy FXPAC, poprzez

zwiekszenie Smiertelnosci komaorek.

Poniewaz doktadny mechanizm translacji RAN nie jest jeszcze w petni
zrozumiaty, celem niniejszej pracy doktorskiej byto poszukiwanie nowych
modyfikatorow tego procesu. W ramach projektu zastosowano system znakowania
czasteczek RNA zawierajgcych 99 powtdérzen CGG w 5’'UTR FMR1 oraz identyfikacje
biatek, ktére zwigzaty sie z badanym transkryptem w komdrkach, za pomoca
spektrometrii mas. W wyniku przeprowadzonych badan zidentyfikowano ponad
60 biatek, ktére w warunkach natywnych wigzg sie do rejonu 5’UTR RNA FMR1
zawierajgcego  powtodrzenia CGG. Analiza ontologii genéw  wykazata,
ze wiekszos¢ zidentyfikowanych biatek nalezy do klasy biatek wigzgcych RNA oraz
takich, ktdre uczestniczg w procesach zwigzanych z biogenezg rybosomu, translacjg
oraz procesowaniem czgsteczki mRNA. Niektdre z zidentyfikowanych biatek znajdujg
potwierdzenie w literaturze na temat interaktomu mRNA FMR1, a zastosowana w tej
pracy technologia pozwolita na identyfikacje szeregu nowych biatek podlegajgcych

interakcji z badanym RNA.

Sposréd  zidentyfikowanych  biatek  wybrano dziesieciu  kandydatéw
i przetestowano ich zdolnos¢ do regulacji procesu translacji RAN, wykorzystujgc
technike wyciszania gendw z zastosowaniem krétkich interferujgcych RNA. Wyciszenie
kilku z tych biatek obnizyto poziom toksycznego biatka FMRpolyG. Na przyktad,
wyciszenie biatka rybosomalnego eS26 matej podjednostki 40S rybosomu (ang. small
ribosomal subunit protein eS26; RPS26), ktére ze wzgledu na lokalizacje w poblizu
kanatu mRNA kontaktuje sie podczas translacji lub skaningu z tymi RNA, spowodowato

zmniejszenie ilosci biatka poliglicynowego w kilku niezaleznych modelach
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komaérkowych. Dodatkowo, niedobdr dwdch helikaz RNA, DHX15 (ang. ATP-dependent
RNA helicase DHX15) oraz DDX21 (ang. Nucleolar RNA helicase 2), a takze czynnika
transportujgcego ALYREF (ang. THO complex subunit 4) negatywnie wptynat
na biosynteze biatka FMRpolyG. Co istotne, wyciszenie tych biatek nie miato wptywu
na poziom biatka FMRP, wskazujac zdolnosci do specyficznej regulacji otwartej ramki
odczytu biatka FMRpolyG. Ponadto, wyciszenie RPS26 doprowadzito do ograniczenia
tworzenia sie ztogdw biatkowych, powodujgc czesciowe zniesienie toksycznosci biatek
poliglicynowych w modelu komérkowym. Dodatkowo, ilosciowa analiza proteomu
komorek linii HEK293 po wyciszeniu RPS26 ujawnita, ze tylko niewielka liczba biatek
jest wrazliwa na niedobdr RPS26. Analiza transkryptéw kodujgcych te biatka wykazata
wzbogacenie nukleotyddéw guaninowych i cytozynowych w rejonie 5° UTR, co sugeruje

podobienstwo biochemicznie tych transkryptéw do mRNA FMR1.

W celu lepszego zrozumienia mechanizmu translacji RAN, zweryfikowano takze
funkcje czynnika TSR2 — biatka opiekuriczego RPS26 (ang. Pre-rRNA-processing protein
TSR2 homolog). Wykazano, ze TSR2 pozytywnie wptywa na proces biosyntezy
FMRpolyG. Ponadto, wykazano, ze inne biatko matej podjednostki rybosomu, RPS25
(ang. Small ribosomal subunit protein eS25) réwniez reguluje proces translacji RAN

biatka FMRpolyG.

Podsumowujgc, przeprowadzone badanie przesiewowe w oparciu o analize
proteomiczng, pozwolito zidentyfikowaé pule biatek oddziatujgcych ze zmutowanym
FMR1 zawierajgcym cigg powtdrzen CGG, co stanowi cenne zrédto wiedzy na temat
biologii tej czgsteczki RNA. Gtdwnym osiggnieciem pracy doktorskiej jest identyfikacja
pieciu nowych modulatoréw translacji RAN oraz propozycja koncepcji, zgodnie z ktérg
sktad matej podjednostki rybosomu odgrywa istotng role w regulacji niekanonicznej
syntezy biatka poliglicynowego — czynnika patogenetycznego w zespofach

chorobowych zwigzanych z premutacjg genu FMR1.
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ABSTRACT

Fragile X-premutation-associated conditions (FXPAC) are genetic diseases caused by
dynamic mutations of the fragile X messenger ribonucleoprotein 1 gene (FMR1)
located on the X chromosome encoding fragile X messenger ribonucleoprotein 1
protein (FMRP). The gene usually contains 25-35 CGG repeats in the 5’-untranslated
region (5’UTR). However, these triplet repeats are highly polymorphic and tend to
expand. The premutation (PM) state of CGG expansion (CGGexp) corresponds to 55—
200 repeats and is associated with multiple FXPAC such as a late onset
neurodegenerative disease called fragile X-associated tremor/ataxia syndrome (FXTAS)
and fragile X-associated primary ovarian insufficiency (FXPOI). On the contrary, when
CGGexp exceeds 200, it is called full mutation and underlies the pathogenesis of
neurodevelopmental disease named fragile-X syndrome (FXS), the most common form

of inherited intellectual disability.

In case of FXPAC, FMRP protein is produced despite the presence of CGGexp in
5'UTR of FMR1, whereas, in FXS, methylation of FMR1 promoter leads to the gene
silencing. It is postulated that the interplay between three major molecular
pathomechanisms drives FXPAC. At first, RNA with CGGexp is toxic and forms a
secondary hairpin structure that sequesters RNA binding proteins into RNA foci leading
to their functional depletion. Second, co-transcriptional formation of R loops, a
DNA:RNA hybrids which triggers DNA breakage and compromises genomic stability.
Third mechanism involves repeat-associated non-ATG initiated (RAN) translation,
which leads to the production of toxic and aggregation-prone proteins called RAN
proteins, which contain long tract of a repeated monoamino acid, that can be either
polyglycine, polyalanine or polyarginine depending on the open reading frame,
however polyglycine-containing proteins (FMRpolyG) predominate. Toxic FMRpolyG
aggregates and forms intranuclear inclusions in patient’s brain, a hallmark of FXTAS

pathology.

Mechanistic insights into RAN translation remain elusive, therefore we sought
to identify novel RAN translation modifiers, which constitutes the main part of the PhD
thesis. We applied an in cellulo RNA tagging system combined with mass spectrometry

(MS) based protein identification and discovered more than 60 proteins that bind to
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5’UTR of mutant FMR1 mRNA containing CGGexp. Gene ontology analysis performed
on identified proteins revealed that majority of them represent RNA binding
properties, are involved in ribosome biogenesis, translation or mRNA processing.
Some of identified proteins overlapped with already identified interactors of FMR1,

however our dataset contains newly identified factors.

Among identified proteins, we selected ten candidates and we verified their
RAN translation regulatory properties using small interfering RNA. As a result, we
identified few proteins, which depletion affected the level of FMRpolyG. For instance,
depletion of small ribosomal subunit protein eS26 (RPS26), a component of 40S
subunit which contacts mRNA sequence during translation, significantly impeded RAN
translation in multiple tested models. In addition, insufficiency of two RNA helicases,
ATP-dependent RNA helicase DHX15 (DHX15) and Nucleolar RNA helicase 2 (DDX21)
as well as THO complex subunit 4 (ALYREF) negatively affected biosynthesis of
FMRpolyG. Additionally, silencing of RPS26, DDX21 and ALYREF did not affect the level
of FMRP indicating specificity of regulation towards FMRpolyG frame. Importantly, we
showed that depletion of RPS26 decreases the amount of aggregates formed by
FMRpolyG and alleviated their toxicity in cellular model. In addition, using quantitative
MS approach, we found that the number of proteins produced by RPS26-sensitive
translation is limited and that the 5’UTRs of the mRNAs encoding these proteins are

rich in guanosine and cytosine, similar to FMR1 mRNA.

In order to gain mechanistic insights into RPS26-sensitive translation
regulation, we verified the function of RPS26 chaperone, Pre-rRNA-processing protein
TSR2 homolog (TSR2). We demonstrated that TSR2 positively regulated the production
of FMRpolyG. Finally, we verified that another component of the 40S subunit, Small

ribosomal subunit protein eS25 (RPS25) also regulates CGG-related RAN translation.

To sum up, performed MS-based screening provided a unique and valuable
source of information about FMR1 interacting proteins in cellulo, which may be
implicated in the biology of this molecule. The main achievement of this study is the
identification of five novel RAN translation modifiers and the proposal of a concept
suggesting that the composition of the 40S subunit plays a pivotal role in regulating
noncanonical CGG-related RAN translation in FXPAC.
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1. INTRODUCTION

1.1 Expanded microsatellites in human genome can cause several neurological
diseases

Short tandem repeats (STRs) also known as microsatellites are repeated tracts of three
to seven base pairs such as CTG, CGG of GGGGCC (1). More than 1.5 million STRs have
been identified in coding and non-coding regions and constitute about 3% of human
genome (2, 3). When microsatellites are expanded to a critical, pathological number,
they contribute to the development of almost 50, neurodevelopmental,
neurodegenerative and neuromuscular diseases named repeats-expansion related
disorders (REDs) (1, 4, 5). For example, expanded CTG repeats in 3’ untranslated region
(UTR) of dystrophia myotonica protein kinase gene (DMPK) underlies the myotonic
dystrophy type 1 (DM1) (6). Pathological number of CAG repeats present in the exon
1 of huntingtin (HTT) gene contribute to the development of Huntington’s disease (HD)
(7). Expansion of GGGGCC (G4C2) repeats in intronic region of c9orf72 gene underlies
amyotrophic lateral sclerosis and/or frontotemporal dementia (C9 ALS/FTD) (8). Other
diseases such as several spinocerebellar ataxias (SCA) and fragile X syndrome (FXS) also

belong to REDs (5).

The STRs are unstable, prone to expand and to a lesser extend contract. It is
thought that microsatellites cause replication stalling and are hotspots of
chromosomal double strand breaks (4, 9). Repeats instability occurs predominantly in
germline tissue, often leading to inheritance of longer repeats tract in progeny (10).
Such phenomenon is known as genetic anticipation and inherited trait manifests in
more severe disease phenotype beginning earlier in the offspring’s life (11). The
repeats are also unstable in somatic cells causing tissue-specific somatic mosaicism

(10, 12).

Repeats expansion above a certain threshold can lead to the gene loss or gain
of function phenomenon (13). The gene loss of function manifests in gene silencing.
For instance, loss of fragile X messenger ribonucleoprotein 1 protein (FMRP) drives
pathology in FXS (14). The gene gain of function correlates with acquiring new
deleterious features by an RNA or a protein triggering disease development (13). For

example, mutated Huntingtin in HD serves as an example of toxic protein gain of

16



function and in case of RNA gain of function, the great example is toxic RNA with
expanded CUG repeats in DM1, which sequesters several cellular proteins leading to

their functional depletion (15).

1.2 Genetic basis and phenotype of fragile X-associated syndromes

Fragile X messenger ribonucleoprotein 1 gene (FMR1) in 5’UTR contains CGG repeats
that are prone to breakage and were linked to so-called fragile site on the X
chromosome in the late 1960s (16). The CGG STR in this locus is conserved in
mammals, and the average size of CGG repeats in humans varies mostly between 25
and 30 (17) (Figure 1.1). In 1991 the CGG expansion (CGGexp) in the FMR1 was
independently identified by four research groups and described as the causative
mutation of neurodevelopmental disease known as FXS (18-21). When CGGexp
exceeds 200, it induces hypermethylation of the neighboring FMR1 promoter, leading
to the transcriptional silencing and consequently lack of the primary gene product,
FMRP (14). FMRP is an RNA binding protein with known implications in synaptic
plasticity (22) and its insufficiency is believed to cause autism and other forms of

cognitive and intellectual disability in FXS patients (23).

The premutation (PM) of FMR1 gene corresponds to 55-200 CGG repeats
expansion in 5’UTR of FMR1 and underlies fragile X-premutation-associated conditions
(FXPAC) (24). FXPACis an umbrella term, which covers three distinct medical conditions
associated with PM: fragile X-associated tremor/ ataxia syndrome (FXTAS) (25), fragile-
X-associated primary ovarian insufficiency (FXPOI) (26) and fragile X-associated
neuropsychiatric disorders (FXAND) (27). The estimated prevalence of PMis 1 in 150—
300 women and 1 in 400-850 men. However, due to incomplete penetrance of the
mutation, approximately 1 in 5,000-10,000 men will develop some form of FXPAC in
their fifties or later, while random X inactivation in woman PM carrier, greatly reduces
the risk of disease manifestation (28—30). On molecular level, in opposite to FXS, FMRP
expression is not affected or slightly decreased in FXPAC, however the FMR1 mRNA is
elevated (31-33).
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Figure 1.1. CGG repeats instability in FMR1 locus and its molecular implications. Schematic
representation of CGG repeats expansion in 5’"UTR of FMR1 and its molecular consequences
in FXS and FXPAC; CpG, refers to CpG island in FMR1 promoter, mC indicates methylation of
cytosine.

Fragile X-associated tremor/ ataxia syndrome (FXTAS)

In early 2000s, FXTAS was described as a late onset, incurable neurodegenerative
disease that affects mostly men (30, 34, 35). The main clinical features of FXTAS include
intention tremor, cerebellar ataxia, neuropathy, balance problems, parkinsonian
features, dementia as well as cognitive decline, memory problems and executive
function deficits (28, 34). The pathological hallmark of the disease are ubiquitin-
positive intranuclear or perinuclear inclusions in nerve cells (neurons and glia) (36—39)
and neurodegeneration resulting in mild brain atrophy and white matter lesions (35,
40). FXTAS progresses with age and so far no effective cause-oriented treatment is

available (28).

Fragile-X-associated primary ovarian insufficiency (FXPOI)

Primary ovarian insufficiency (POI) is described as premature cessation of ovary
function leading to early menopause before the age of 40 (41). It is estimated that
female PM carriers are 20% more likely to develop POl in their lifetime and suffer from
infertility problems (42). Similarly to FXTAS, FMRpolyG and ubiquitin positive
inclusions were found in ovaries of FXPOI patients as well as in mice model which
suggests one of the disease pathomechanism (43, 44). In addition, dysfunctional
hypothalamic—pituitary—gonadal-axis may contribute to FXPOI development (43).

Similarly to FXTAS, only symptomatic treatment is available for FXPOI patients.
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Fragile X-associated neuropsychiatric disorders (FXAND)

The neuropsychiatric disorders such as anxiety, depression, social defects, chronic
fatigue, sleep disturbances but also obsessive compulsive behavior are the most
common problems of psychological and/or psychiatric nature reported by almost 50%
of PM patients. PM carriers who suffer from those symptoms often do not meet the
criteria for FXTAS and/or FXPOI, thereby demand different treatment. Such high
occurrence of neuropsychiatric symptoms led to a proposal of separate, novel term -
FXAND in order to enhance recognition and promote effective research in that area

(27).

1.3 Molecular pathomechanisms of CGG repeats expansion in FMR1

1.3.1 Secondary structures formed within expanded CGG repeats in mutant FMR1
MRNA

High guanosine (G) and cytosine (C) content of FMR1 RNA determinates the structural
features of this molecule. Complementary binding between C and G bases is
recognized as the strongest pairing between nucleotides and leads to formation of
thermodynamically stable secondary structures, either hairpins and/or G-
guadruplexes (structures formed by the stacking of several planar guanine

guadruplets) within expanded CGG repeats in FMR1 mRNA (45—-47).

Structured, mutant GC-rich FMR1 RNA can cause several, deleterious
molecular consequences for the cell (Figure 1.2). First, high GC content triggers R loop
formation, a DNA:RNA hybrid formed during transcription (48). Second, sequestration
of RNA binding proteins on FMR1 RNA containing CGGexp disrupts their functionality
(49, 50). Third, mutant FMR1 serves as template for noncanonical FMRpolyG protein
synthesis via mechanism named repeat-associated non-ATG (RAN) translation (40). It
is considered that the interplay between three main molecular pathomechanisms
related to toxic RNA and protein gain of function phenomenon is involved in FXPAC

development and progression (Figure 1.2) (51, 52).

19



R loop formation RBPs sequestration RAN translation

DNA

RNA R loop

CGGEXP
(hairpin)
FMRpolyG

DNA

433

FMR1 CGGexp

Figure 1.2. Three major molecular pathomechanisms contributing to FXPAC. Synergy
between R-loop formation, RNA binding proteins sequestration and FMRpolyG biosynthesis
drive FXPAC pathogenesis; Pol Il — polymerase Il, RBPs — RNA biding proteins, AUG — canonical
start codon, ACG and GUG — noncanonical, near-cognate RAN translation start codons, 43S —
preinitiation complex.

1.3.2 R loop formation
R loops are three stranded DNA:RNA hybrids formed behind elongating Polymerase I

(Pol 11), when the binding between nascent RNA and the template DNA (RNA:DNA) is
more thermodynamically advantageous than binding between template single-
stranded DNA (DNA:DNA) (53). Such situation occurs frequently on GC rich DNA
template (54) and high GC content of FMR1 gene promotes the Polymerase Il (Pol II)
co-transcriptional formation of R loops (48, 55). They can be formed in CpG islands
(CGls) of FMR1 promoter region and/or within expanded CGG repeats (48, 53, 56). One
hypothesis is that R loops formed in CGls-containing promoters can relax chromatin
and promote transcription, while R loops formed over CGGexp cause Pol Il stalling and
result in decreased transcription efficiency (53, 57, 58). With the increase of CGG
repeats number, the R loop formation occurs more frequently causing DNA breakage
strongly correlated with transcriptional-replication  machineries  collision.
Accumulation of these events can be lethal to a cell by activating DNA damage
response (DDR) and threatening genomic stability (48, 55, 58, 59).

Off note, in addition to impeded transcription and activated DDR, stalled Pol Il
can recruit Polycomb repressive complex 2 (PRC2). Methylation of histone H3 at lysine
27 by PRC2 promotes heterochromatinization of FMRI1 locus giving possible

explanation for stable gene silencing in FXS (53, 60, 61).
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Altogether, that activated DDR caused by R loops in FMR1 locus can lead to
cellular death constituting one of the pathomechanism underlying PM-linked

disorders (48, 55).

1.3.3 Sequestration of RNA binding proteins

Toxic RNA with expanded repeats organizes within a cell in nuclear clusters known as
RNA foci, which are stabilized by RNA-RNA, RNA-protein and protein-protein
interactions (62, 63). Within foci, RNA containing expanded repeats sequester cellular
RNA binding proteins (RBPs) disabling their functions and dysregulating many cellular
processes (49, 50, 64). Depending on repeat length and sequence, multivalent base-
pairing and occupancy of sequestered RBPs, RNA foci formation can promote phase
transition leading to RNA gelation observed in many REDs (65—-67).

Multiple RBPs were found to be sequestered on toxic FMR1 RNA with CGGexp.
These include Microprocessor complex subunit DiGeorge Syndrome Critical Region 8
(DGCR8), Ribonuclease 3 (DROSHA) (50), Heterogeneous nuclear ribonucleoproteins
A2/B1 (hnRNP A2/B1) (68) and Transcriptional activator protein Pur-alpha (Pur-a) (69),
Src-associated in mitosis 68 KDa protein (SAM68) (49) and TAR DNA binding protein of
43 kDa (TDP-43) (70). Microprocessor complex disruption results in the deregulation
of microRNA maturation and SAM68 sequestration causes aberrant splicing in FXTAS
models, respectively (49, 50). Importantly, overexpression of DGCR8, Pur-a and hnRNP
A2/B1in Drosophila melanogaster FXTAS model reduced neurodegeneration providing

a proof of concept for RNA gain of function mediated toxicity (50, 68, 69).

1.3.4 Repeat-associated non-ATG translation

In 2011, Zu and colleagues described for the first time the repeat-associated non-ATG
(RAN) translation, a noncanonical protein synthesis triggered by CAG repeats
expansion (linked to SCA8) and CTG repeats expansion (underlying DM1). This process
was shown to be initiated in multiple reading frames without canonical AUG start
codon (71). Later, RAN translation induced by other repeats: G4C2 repeats in C9orf72
gene, CAG repeats in HTT and CGG repeats in FMR1 underlying ALS/FTD, HD and
FXTAS,FXPOlI, respectively, was reported (38, 72—74). RAN translation derived proteins
(for simplicity named here RAN proteins) usually contain homopolymeric or dipeptide

sequence comprised of one or two repeated amino acids. For instance, CGGexp in
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FMR1 repeats encode mostly FMRpolyG, protein with long polyglycine stretch (38),
and G4C2 repeats encode dipeptides such as polyglycine and polyalanine polyGA (72).
RAN proteins are toxic, prone to aggregate and their accumulation in patient’s tissues
is believed to contribute to the development and progression of all mentioned REDs

(38, 71-75).

1.3.5 RAN translation of FMR1 with CGGexp
The open reading frame (ORF) for FMRP resides downstream to CGG hairpin of FMR1

mRNA (Figure 1.3). FMRP translation initiates at canonical AUG codon, whereas
upstream open reading frames (UORFs) for RAN proteins begin at less-favored, near-
cognate start codons such as ACG or GUG (75, 76) (Figure 3). RAN translation of FMR1
mMRNA with CGGexp results in noncanonical biosynthesis of polyglycine (FMRpolyG),
polyalanine (FMRpolyA) and polyarginine (FMRpolyR) containing proteins depending
on the uORF. FMRpolyG predominates, whereas FMRpolyA and FMRpolyR are less
abundant in cell (77, 78). RAN translation for FMRpolyG and FMRpolyR begins
upstream to CGG repeats starting from ACG and GUG codons, while FMRpolyA
synthesis is initiated within CGG repeats. In addition to homopolymeric tract of
repeated single amino acid, RAN proteins contain amino acids encoded upstream to
CGG tract as well as peptides encoded in first and partially second exon of FMRP (38,
76). Moreover, formation of hybrids of these three RAN proteins is possible as a
product of frameshifting on CGGexp sequence (79). Additionally, RAN translation also
occurs on antisense ASFMR1 transcript containing CCG repeats resulting in a synthesis
of polyproline (ASFMRPolyP), polyarginine (ASFMRpolyR), and polyalanine
(ASFMRpolyA) proteins (80). In fact, PM of FMR1 gene results in production of many
RAN proteins, while FMRpolyG is the most abundant and the most studied one, yet
biological relevance of other RAN products is not clarified and remains questionable
in the field. Regardless of uORFs of RAN proteins, majority of studies indicate that
FMRP translation is independent from RAN translation event. However, Rodriquez and
colleagues (2020) showed that antisense oligonucleotides treatment targeting RAN
start sites impeded RAN translation and enhanced FMRP synthesis in human neurons

demonstrating the native regulatory function of uORFs over FMRP frame (81).
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Figure 1.3. Schematic representation of canonical FMIRP and noncanonical (RAN) translation
of RAN proteins encoded in toxic FMR1I RNA with CGGexp. m’G indicates 5’methyl-7-
guanosine cap, 43S — preinitiation complex. AUG — canonical start codon, ACG and GUG —
noncanonical, near-cognate RAN translation start codons.

1.4 Mechanisms and proteins implicated in the regulation of CGG-related RAN
translation

Despite the important role RAN translation in multiple neurodegenerative diseases,
our understanding of mechanism of this process remains incomplete. In fact, although
RAN translation is 30-40% less efficient than traditional protein biosynthesis, it adapts
canonical mechanism of eucaryotic initiator factors (elF4A, elF4E and others)
recruitment to 5’ methyl-7-guanosine cap (5 m’G) followed by subsequent 43S
Preinitiation complex (43S PIC) scanning (76). On the other hand, in different genetic
and cellular contexts RAN translation can occur in cap-independent manner utilizing
tRNA initiators of translation other than methionyl-tRNA (78, 82—84). However, it is
puzzling why PIC chooses near-cognate codons for translation initiation. One possible
explanation refers to steric hindrance of structured CGGexp which abolishes PIC
scanning and causes its stalling resulting in skewed start codon fidelity and forced
translation initiation in less-favored non-AUG codons (Figure 1.4) (76). This hypothesis
is supported by the increase of RAN translation rate correlated with the increase of
repeats length, and the more frequent initiation at ACG codon which resides upstream
to hairpin than the initiation at GUG located within hairpin (76). In addition, ribosomal
stalling on structured RNA can cause translational frameshifting which results in the
production of aggregation-prone chimeric proteins such as hybrid of polyarginine-

polyglycine (79)
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CGGexp secondary structure can be resolved by RNA helicases which positively
affects RAN translation (Figure 1.4). Linsalata and colleagues (2019) showed that
DEAD-box helicase DDX3X which possibly unwinds hairpin, facilitates RAN translation,
as the helicase depletion resulted in the significant decline of RAN products (Figure
1.4) (85). Such results might be explained by a mechanism where DDX3X resolves
hairpin paving the way for scanning 43S PIC, hence without DDX3X, near-cognate
codons are hardly accessible, especially GUG codon within hairpin. In addition, Tseng
and coworkers (2021) provided the evidence that another helicase, DEAH-box RNA
helicase DHX36 plays a role in CGGexp G-quadruplexes and/or hairpin relaxation
supporting the idea that physical hindrance formed by repeated sequences is pivotal
for RAN translation initiation and efficiency (86). Altogether, one can say that RAN
translation initiation is governed by fine tuning of noncanonical codons selection by
43S PIC. More complexity adds the fact that RAN translation occurs also on shorter,
physiological number of repeats questioning the hypothesis that the pathological
expansion of the repeats drives RAN translation (76, 81). This opens up a possibility

that RAN translation may play a physiological regulatory role in vivo (81).

24



CGGexp
{hairpin)

@

helicase

RAN prote:inslv .’

435 ACG [ FMR1 CGGexp

helicase FMR1 CGGexp

Figure 1.4. Schematic representation of two mechanisms implicated in RAN translation.
I. 43S stalling while scanning (marked as !!!) caused by steric hindrance such as hairpin, induces
the selection of near-cognate codons. Il. Unwinding the RNA secondary structures by RNA
helicases facilities faster scanning and more frequent selection of near-cognate codons which
enhances RAN translation. m’G indicates 5’methyl-7-guanosine cap, 43S — preinitiation
complex. AUG — canonical start codon, ACG and GUG — noncanonical, near-cognate RAN
translation start codons.

Expanded repeats and their secondary structures cause aberrations in
translation initiation, yet the same structures may impede and abort translational
elongation. This hypothesis was very recently explored pointing out that components
of ribosome-associated quality control (RQC) pathway play important role in the
regulation of RAN translation elongation (87). RQC pathway protects the cell from
misfolded or incompletely generated polypeptides by ubiquitination and subsequent
proteasomal degradation, ribosome recycling, degradation of template RNA and other
processes (88). Briefly, RQC pathways consists of two sequential steps, first sensing of
stalled ribosome and disassembly of 80S ribosomal subunits and second formation of
RQC complex via initial recruitment of nuclear export mediated factor (NEMF) to 60S
subunit which binds and stabilizes binding by the E3 ligase listerin (LTN1). At this stage,
NEMF synthesizes carboxy-terminal alanine and threonine tails to expose lysine
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residues that are inside the ribosomal exit tunnel, to be ubiquitylated by LTN1. Next,
ubiquitinated, nascent peptides are released by ankyrin repeat and zinc finger peptidyl
tRNA hydrolase 1 (ANKZF1) and condemned to proteasomal degradation (89). Tseng
and colleagues demonstrated that depletion of RQC complex components, NEMF,
LTN1 and ANKZF1 enhanced RAN protein synthesis (87). This indicates that elongating
ribosome stalls on expanded structured repeats, activates RQC pathways, which in
return leads to the degradation of nascent polypeptide chain and halting RAN
translation. Hence, activated RQC prevents accumulation of RAN misfolded proteins

by ubiquitination and subsequent proteasomal degradation (87).

RAN protein are toxic for the cell and trigger elevated integrated stress
response (ISR) (83, 90). Green and colleagues (2017) demonstrated that the presence
of misfolded RAN proteins leads to the activation of endoplasmic reticulum-resident
kinase (PERK), and subsequent phosphorylation of the a subunit of eukaryotic
initiation factor-2 (elF2a) at serine 51, which is the core event of an ISR (90).
Phosphorylated elF2a evokes cascade of events resulting in the inhibition of global,
canonical protein synthesis but enhances RAN translation by alteration in start codon
stringency and initiation kinetics. At the end, elevated ISR stimulates the formation of
phosphorylated-elF2a-dependent stress granules causing neuronal death. Hence,
authors proposed a deleterious feedforward loop, where RAN proteins activate ISR,
leading to global translation shut down and selective enhancement of RAN translation

(90).

In addition to more direct regulatory process such as start codon fidelity, RAN
translation can be modulated in an indirect way, be retention of transcript with
CGGexp in the nucleus. Malik and colleagues (2021) identified direct interaction
between serine/arginine splicing factor 1 (SRSF1) and FMR1I mRNA (91). They also
showed that impeded activity of serine/arginine protein kinase 1 (SRPK1), which
normally phosphorylates SRSF1, results in reduction of SRSF1 nuclear import, which in
return halts FMR1 transcripts in the nucleus. It was also demonstrated that
pharmacological inhibition of SRPK1 prevented stress-induced enhancement of RAN
translation. Hence, SRPK1 modulates translocation of toxic RNA preventing it from

becoming a template for RAN translation in cytoplasm (91).
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In conclusion, several regulatory pathways contribute to RAN translation
regulation starting with transport, unwinding of structured RNA, start codon fidelity,
RQC and stress response, however continuation of mechanistic studies underpinning
noncanonical protein synthesis may broaden our understanding of this process and

thus open up novel therapeutic perspectives.

Please note that other proteins implicated in RAN translation regulation not presented
here are reviewed in “Partners in crime: Proteins implicated in RNA repeat expansion
diseases”, Baud A et al., 2022, that constitutes the first part of PhD thesis (please find
chapters entitled RAN Translation, Immune response to RNA®** and products of RAN

translation, Targeting RBPs as potential therapeutic strategies).

1.5 FMRpolyG driven pathology in PM-linked conditions

In FXTAS patients, FMRpolyG and ubiquitin-positive intranuclear inclusions are
predominantly present throughout the brain in neurons, astroglia and Purkinje cells of
cerebellum, however they can be also found in other tissues (Figure 1.5) (36—-38, 75,
92-94). Except FMRpolyG and to a lesser extend FMRpolyA (38, 75, 77), the exact
composition of intranuclear inclusions is not fully determined and varies in different
studies, however, a pool of proteins interacting with FMRpolyG and/or present in
inclusions was identified by few research groups (39, 67, 75, 93). These include
Heterogeneous nuclear ribonucleoproteins A2/B1 (hnRNP A2/B1), Musceblind like 1
(MBNL1), Pur-a, Lamin A, Nucleolin, several heat shock proteins and other
mitochondrial, cytoskeleton, proteasome and exosomal proteins. The exact sequence
of inclusion formation is unresolved, however, one hypothesis is that toxic RNA acts as
a scaffold for multistep RNA-RBPs complex assembly (50, 68, 95). For instance, it was
shown that hnRNP A2/B1 directly interacts with CGGexp and that the CUGBP1 protein
interacts with toxic RNA via hnRNP A2/B1 (68). Similarly, initial sequestration of
DGCR8 and DORSHA to CGGexp is required for subsequent SAM68 recruitment (50).
In addition, Asamitsu and colleagues (2021) have shown the direct interaction
between pathogenic CGG repeat-derived RNA G-quadruplexes (CGG-G4RNA) and
FMRpolyG (67) via the polyglycine region of FMRpolyG, promoting liquid-to-solid
transition and aggregation of FMRpolyG. This suggested that FMRpolyG forms a
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complex with RBPs and exosomal proteins via toxic RNAs (67). On the contrary, Hoem
and colleagues (2019) showed that FMRpolyG itself, without co-expression of the
CGGexp RNA hairpin can form aggregates and induce toxicity in several cell lines (96).

RAN translation occurs in cytoplasm, yet FMRpolyG-positive aggregated are
found in nucleus. How these aggregates are transported from the cytoplasm to the
nucleus is unclear. One could assume that aggregates are mobile and travel along
microtubules, however this hypothesis was denied as no colocalization between
aggregates and microtubule organizing center was observed (96). In addition, soluble,
diffused fraction of FMRpolyG in cytoplasm and nucleus stays mobile until it attaches
to aggregate, and becomes immobile, indicating possible snow-ball-like dynamic of
aggregate formation (96). Altogether, the complex nature of FMRpolyG aggregates

require further investigation.
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Figure 1.5. FMRpolyG detected in FXTAS patient’s tissues. A. Intranuclear inclusions stained
with anti-ubiquitin antibodies detected in FXTAS patient’s neurons (indicated by arrows)
B. Western blot with 2J7 anti-FMRpolyG antibody of cerebellar lysates from two FXTAS
patients and an age-matched control. Arrow indicate FMRpolyG of expected size. C. Images of
2J7 immunostaining from frontal cortex and hippocampus of control and FXTAS brain. Arrows
indicate FMRpolyG-positive inclusions. Adapted from Greco C et al., 2002 (A) and Todd P et al.,
2013 (B & C).

Regardless of well documented presence of intranuclear inclusions in FXTAS
cells, the mechanism explaining their contribution to the neurodegeneration remains
uncovered. One possible explanation relates to disruption of the normal architecture

of lamin A/C within the nucleus of cell expressing toxic RNA (97), which was further
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supported by the discovery of interaction between FMRpolyG and Lamina-associated
polypeptide 2 beta (LAP2B), which disorganizes nuclear lamina architecture in neurons
derived from FXTAS patient’s induced pluripotent stem cells (IPSCs) (75).
Overexpression of LAP2B rescues neurodegeneration induced by expression of
FMRpolyG indicating that destabilized lamina architecture contributes to FXTAS
pathogenesis (75). In addition to lamina disruption, it was demonstrated that
FMRpolyG can be sorted to exosomes, which are further propagated from cell-to-cell,
negatively affecting synaptic plasticity and thus eliciting neuronal dysfunction (67).
Other hypothesis regarding FMRpolyG toxicity refers to protein quality control
pathways. Ubiquitin and proteasomal proteins were detected in intranuclear
inclusions (93) and FMRpolyG is a stable protein that is primarily degraded via the
ubiquitin proteasome system (UPS) (96). However, it has been shown that RAN
translation and accumulation of RAN proteins leads to impairment of the UPS (98).
Hence, these results suggest a mechanism in which RAN translation of FMRpolyG leads

to the inability of the UPS to remove RAN proteins from the cell (96, 98).

In FXPOI, FMRpolyG-positive inclusions were found in ovary tissues and
granulosa cells derived from PM women carriers and their toxicity was directly
confirmed in FXPOI mice models showing significant fertility impairment in the
presence of FMRpolyG (43, 44, 99). In fact, Shelly and colleagues (2021) showed that
sole expression of toxic RNA was sufficient enough to impair responses to hormonal
stimulation which lead to ovarian dysfunction, but expression of both RNA with

CGGexp and FMRpolyG lead to premature cessation of breeding (44).

FMRpolyG-positive inclusions for many years constituted the hallmark of the
disease, although, recently it was shown that the presence of RAN proteins-positive
aggregates was not sufficient to induce clear behavioral disease phenotype in FXTAS
mice model (100). In addition, the native FMRpolyG is hardly detectable in human
tissue using MS and its quantification was possible after extensive enrichment from
the analyzed patient’s material (39, 78). This could be explained by the limitations of
FMRpolyG detection as it was demonstrated that for successful identification a
minimum 60 to 70 CGG repeats are required (75) and many patients with PM display

less than 70 repeats (29). Technical limitations also play a role as RAN proteins are
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small and proteolytic digestion results in very few unique peptides (39, 78). On the
contrary, Sellier and colleagues showed that in FXTAS mice the sole expression of
CGGexp RNA was not pathogenic, whereas FMRpolyG was required to induce
locomotor deficiency (75). These findings opened a debate, if and to what extent RAN
translation contributes to FXTAS pathology and what it more toxic, RNA containing
CGGexp or deleterious RAN protein, or is it an interplay between those two entities
that drive pathogenesis? (101) Given that FMRpolyG was initially detected by
immunostaining (36, 38, 75) and other methods seem to fail or underdeliver RAN
proteins identification, it is necessary to develop a reliable methodology to detect and

guantify FMRpolyG to answer this question in future (39, 78).

1.6 Ribosomal heterogeneity in a nutshell

Central dogma of gene expression underlies our understanding how encoded genetic
information is deciphered, leading to the biosynthesis of a final gene product. For
decades, it was believed that transcribed RNAs are translated by well-defined
ribosomal machinery, however, with the development of new technologies, the last
two decades brought up new perspectives to this subject. It was shown that
composition of the ribosome may vary and this structural rearrangements result in the
translation of different pools of mRNA shifting our understanding about gene
expression towards ribosome-mediated control of gene regulation. Such phenomenon
named ribosomal heterogeneity or specialized ribosomes was initially described in
invertebrate model organisms, although, today we know that this process is conserved
among different organisms and occurs also in mammalian cells (102, 103). It is
important to highlight that majority of ribosomal proteins are necessary for proper
ribosomal functionality but some ribosomal proteins may be disassembled from the
ribosome without harming translational efficiency, yet determining what RNAs can or
cannot be translated (104-106). For instance, ribosomes containing small ribosomal
subunit protein eS25 (RPS25) or Large ribosomal subunit protein uL1l (RPL10A/ulLl)
preferentially translate transcripts encoding proteins implicated in development, cell

cycle or vitamin B12 metabolism (104).
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Ribosomal heterogeneity has the significant consequences for body patterning
and organism development overall (107, 108). The great example is Ribosomal Protein
38L (RPL38), which selectively facilitates translation of homeobox (Hox) mRNAs —
crucial for formation of body plan (109, 110). Kondrashov and colleagues (2011)
demonstrated that mutations in RPL38 led to abnormal body patterning in mice (109).
Of similar importance is a role of RPL10A in the production of mesoderm lineage (111).
Additionally, it was demonstrated that several ribosomal proteins are differentially
expressed throughout the organism, for instance, ribosomal protein L22e family
members in Drosophila (112). These RPLs can be alternatively spliced and differentially
expressed in the organism. While one paralog is ubiquitous, the other has tissue-
specific expression (112). Moreover, mutations of ribosomal proteins encoding genes
result in the development of tissue-specific, sever congenital diseases called
ribosomopathies (113). Well known example is Diamond-Blackfan Anemia (DBA),
which is linked to mutations in gene encoding Small ribosomal subunit protein eS10
(RPS10) and Small ribosomal subunit protein eS26 (RPS26) (114, 115). It was shown
that depletion of RPS26 from the cell abolishes erythropoiesis which may drive DBA
(116). Ribosomal composition may also affect translation of RAN proteins from
expanded STRs. For example, Yamada and colleagues (2019) demonstrated the role of
RPS25 in RAN translation regulation. They showed that RPS25-depleted ribosomes less
efficiently translate RAN peptides derived from G4C2 and CAG repeats alleviating RAN-
translation related toxicity in several C9 ALS/FTD models (117). Importantly authors
showed that RPS25 is non-essential for ribosome functionality as its depletion from

translational machinery did not affect global translation efficiency (117).

In addition to the role of ribosomal heterogeneity in the development and
disease, it was demonstrated that ribosomal composition changes upon
environmental stimuli. For instance, in yeast, high-salt and high-pH stress induces the
release of Rps26 from mature ribosomes by its chaperone pre-rRNA-processing
protein Tsr2, enabling the translation of mMRNAs engaged in stress response pathways
(105, 106, 118). In eukaryotic cells, RPS26 is also involved in stress responses, although
on the contrary to the yeast model, RPS26 remains associated to the ribosome under

energy stress (119). It was demonstrated that cells with mutated C-terminus of RPS26
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were more resistant to glucose starvation, than the wild type cells due to modulation
of energy metabolism mediated by changes in the translatome induced by RPS26-
dependent mechanism (119). Remarkably, C-terminal domain of RPS26 was shown to
specifically interact with nucleotides upstream to AUG codon near E-site of actively
translating ribosome (118, 119), most likely contributing to the selection of transcripts
undergoing effective translation, however the exact motif facilitating the interaction

between RPS26 and RNA is not determined.

To sum up, biological relevance of specialized ribosomes is robust and extensive
studies are actively conducted to better understand this phenomenon and its

implications.

32



2. AIMS OF THE STUDY

Fragile X premutation-associated conditions (FXPAC) are linked to the pathogenic
expansion of 55-200 CGG repeats in 5'UTR of FMR1 gene. One of the
pathomechanisms underlying FXPAC is noncanonical protein synthesis named repeat-
associated non-ATG (RAN) translation of CGG repeats which leads to the production of
toxic RNA proteins containing a tract of single, repeated amino acid, for instance, the
polyglycine-containing protein named FMRpolyG. FMRpolyG is prone to aggregate and
form intranuclear inclusions in the patient’s tissues, which is believed to be one of the
factors driving disease progression. Although RAN translation was discovered more
than a decade ago, the exact mechanism and factors involved in CGG-related RAN
translation regulation are yet to be uncovered, hence further studies concerning
noncanonical protein synthesis in FXPAC are required. Therefore, the main aim of the

study was to identify novel modifiers of CGG-related RAN translation.

The specific goals of the study were to:
1. Identify proteins interacting with the 5" UTR of FMR1 containing expanded
CGG repeats in cellulo, using mass spectrometry-based screening.
2. Validate the potential regulatory properties of selected candidates in
modulating RAN translation by using targeted siRNAs for gene silencing.
3. Investigate the mechanism underlying RAN translation regulation facilitated

by the factors that have been verified in the previous step.

The PhD thesis is structured into three parts. The first part comprises a comprehensive
literature review that synthesizes current knowledge on RNA binding proteins
implicated in disease-associated repeat expansion. This review was authored by Baud
A, Derbis M, Tutak K & Sobczak K and was published in Wiley Interdisciplinary Reviews:
RNA in 2022 (Chapter 3). The second and third parts of the dissertation present the
results pertaining to the primary objective of the study. Part two is the manuscript
titled “Ribosomal composition affects the noncanonical translation and toxicity of
polyglycine-containing proteins in fragile X-associated conditions” authored by Tutak K
et al.,, published as a preprint on bioRxiv server (Chapter 4). Part three titled

“Characterization of other factors affecting noncanonical polyglycine synthesis from
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mutant FMR1 mRNA” constitutes unpublished results which detail the identification
and characterization of additional proteins identified through MS-based screening
(Chapter 5). Furthermore, it discusses the verification of their regulatory properties in

regulating RAN translation.
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3. THELITERATURE REVIEW: Partners in crime: Proteins
implicated in RNA repeat expansion diseases

Baud A*, Derbis M*, Tutak K*, Sobczak K. (2022), Partners in crime: proteins
implicated in RNA repeat expansion diseases. WIREs RNA. doi: 10.1002/wrna.1709

*these authors contributed equally
Open access:

https://wires.onlinelibrary.wiley.com/doi/epdf/10.1002/wrna.1709
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OSWIADCZENIE WSPOtAUTORA ARTYKUtU

Os$wiadczam, ze mdj udziat w przygotowaniu artykutu: Partners in crime: Proteins implicated
in RNA repeat expansion diseases autorstwa Anny Baud*, Magdaleny Derbis*, Katarzyny
Tutak* oraz Krzysztofa Sobczaka opublikowanego w czasopismie WIREs RNA (2022), doi:
10.1002/wrna.1709, ktory jest czescig mojej rozprawy doktorskiej, polegat na uczestniczeniu
w konceptualizacji pracy, przygotowaniu rozdziatéw zatytutowanych RAN translation,
Targeting RBPs as potential therapeutic strategies, opracowaniu tabeli, wprowadzeniu
elementodw, o ktére postulowali recenzenci oraz edycji i korekcie finalnej wersji tekstu.

*Wymienieni autorzy w réwnym stopniu przyczynili sie do powstania tej pracy
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OSWIADCZENIE WSPOtAUTORA ARTYKUtU

Oswiadczam, ze mdj udziat w przygotowaniu artykutu: Partners in crime: Proteins implicated
in RNA repeat expansion diseases autorstwa Anny Baud*, Magdaleny Derbis*, Katarzyny
Tutak* oraz Krzysztofa Sobczaka opublikowanego w czasopismie WIREs RNA (2022), doi:
10.1002/wrna.1709, ktéry jest czescig rozprawy doktorskiej Katarzyny Tutak, polegat na
uczestniczeniu w konceptualizacji pracy, przygotowaniu rozdziatéw zatytutowanych
Introduction, Transciription and splicing of RNA®*?, Sequestration of proteins on RNA®?
molecules, Immune Response to RNA®? and Products of RAN translation, wprowadzeniu
elementdéw, o ktére postulowali recenzenci, edycji i korekcie finalnej wersji tekstu oraz
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OSWIADCZENIE WSPOtAUTORA ARTYKULU

Oswiadczam, ze mdj udziat w przygotowaniu artykutu: Partners in crime: Proteins implicated
in RNA repeat expansion diseases autorstwa Anny Baud*, Magdaleny Derbis*, Katarzyny
Tutak* oraz Krzysztofa Sobczaka opublikowanego w czasopismie WIREs RNA (2022), doi:
10.1002/wrna.1709, ktéry jest czescig rozprawy doktorskiej Katarzyny Tutak, polegat na
uczestniczeniu w konceptualizacji pracy, przygotowaniu rozdziatéw zatytutowanych Toxic
RNA®® Molecules, Nucleocytoplasmic transport, Phase Separation, przygotowaniu rycin,
wprowadzeniu elementdéw, o ktére postulowali recenzenci oraz edycji i korekcie finalnej wersji
tekstu.
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Prof. dr hab. Krzysztof Sobczak, 13.05.24, Poznan
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OSWIADCZENIE WSPOtAUTORA ARTYKUtU

Oswiadczam, ze moj udziat w przygotowaniu artykutu: Partners in crime: Proteins implicated
in RNA repeat expansion diseases autorstwa Anny Baud*, Magdaleny Derbis*, Katarzyny
Tutak* oraz Krzysztofa Sobczaka opublikowanego w czasopismie WIREs RNA (2022), doi:
10.1002/wrna.1709, ktéry jest czescig rozprawy doktorskiej Katarzyny Tutak, polegat na
uczestniczeniu w konceptualizacji pracy, edycji i korekcie finalnej wersji tekstu oraz pozyskaniu
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4. THE MANUSCRIPT/PREPRINT: Ribosomal composition
affects the noncanonical translation and toxicity of
polyglycine-containing proteins in fragile X-associated

conditions
Tutak K, Broniarek I, Zielezinski A, Niewiadomska D, Baud A, Sobczak K. (2024),
Ribosomal composition affects the noncanonical translation and toxicity of
polyglycine-containing proteins in fragile X-associated conditions.
Published as a preprint on bioRxiv server under the doi number:

doi.org/10.1101/2024.03.27.586952

Open access:

https://www.biorxiv.org/content/10.1101/2024.03.27.586952v2
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Oswiadczam, ze w artykule Ribosomal composition affects the noncanonical translation and
toxicity of polyglycine-containing proteins in fragile X-associated conditions autorstwa
Katarzyny Tutak, Izabeli Broniarek, Andrzeja Zielezinskiego, Darii Niewiadomskiej, Anny Baud*
oraz Krzysztofa Sobczaka™ opublikowanym w serwisie BioRxiv jako preprint pod numerem DOI:
doi.org/10.1101/2024.03.27.586952, ktdry jest cze$cig mojej rozprawy doktorskiej, méj udziat
polegat na uczestniczeniu w konceptualizacji pracy, wygenerowaniu modelu L-99xCGG,
zaprojektowaniu i przeprowadzeniu wiekszosci eksperymentéw (z wyjatkiem tych, ktére s
wyszczegblnione w oswiadczeniach innych wspoétautoréw), wykonaniu analiz statystycznych,
przygotowaniu rycin oraz suplementdw, interpretacji wynikow, a takze napisaniu oraz edycji
tekstu.
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doi.org/10.1101/2024.03.27.586952, ktory jest czeécig rozprawy doktorskiej Katarzyny Tutak,
moj udziat polegat na wygenerowaniu i charakteryzacji modeli badawczych S-95xCGG
i S-16xCGG.

*Wymienieni autorzy sg autorami korespondencyjnymi

Podpis wspotautora



dr hab. Andrzej Zielezinski, 14.05.24,Poznan
Zaktad Biologii Obliczeniowej

Instytut Biologii Molekularnej i Biotechnologii,

Wydziat Biologii UAM

OSWIADCZENIE WSPOtAUTORA ARTYKULU

Oswiadczam, ze w artykule Ribosomal composition affects the noncanonical translation and
toxicity of polyglycine-containing proteins in fragile X-associated conditions autorstwa
Katarzyny Tutak, Izabeli Broniarek, Andrzeja Zieleziriskiego, Darii Niewiadomskiej, Anny Baud*
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doi.org/10.1101/2024.03.27.586952, ktdry jest czescig rozprawy doktorskiej Katarzyny Tutak,
moj udziat polegat na przeprowadzeniu analizy bioinformatycznej transkryptéw kodujgcych
biatka zidentyfikowane w eksperymencie SILAC-MS.
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oraz Krzysztofa Sobczaka* opublikowanym w serwisie BioRxiv jako preprint pod numerem DOI:
doi.org/10.1101/2024.03.27.586952, ktory jest czescig rozprawy doktorskiej Katarzyny Tutak,
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5. UNPUBLISHED RESULTS: Characterization of other factors
affecting noncanonical polyglycine synthesis from mutant
FMR1 mRNA

Given that sample preparation for MS analysis affects detectability of peptides leading
to differences in the identification and the quantification of proteins (120), we
repeated the biological experiment of MS2-based pull down and applied different MS
sample preparation protocols including acetone precipitation of the proteins followed
by single-pot solid-phase-enhanced sample preparation (SP3) procedure (described in
Methodology section in details). Briefly, SP3 procedure includes immobilization of
either proteins or peptides on magnetics beads followed by rinsing steps with organic
solvent such as acetonitrile (121). Such intervention improves removal of common
contaminants such as sodium dodecyl sulfate (SDS), which presence may negatively
affect MS analysis. Results described in preprint (Tutak et al.), were obtained using
another methodology, where, proteins captured on investigated bait RNA (5’UTR of
FMR1 with expanded CGG repeats) were digested on the streptavidin beads without
the elution step. In another preparative approach, proteins were eluted from the
beads, acetone precipitated, purified using SP3 approach and trypsin-digested prior to
MS analysis (Figure 5.1). Results related to precipitation and SP3 purification variant of

MS sample preparation are described below.
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Figure 5.1. Schematic representation of two preparative approaches applied for MS sample
preparation. Protocol | includes direct, on the beads digestion, protocol Il includes elution of
RNA-protein complexes from the beads, acetone precipitation followed by proteolytic
digestion and SP3 purification. Digested peptides were analyzed by mass spectrometry.
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5.1 Results

5.1.1 Alternative preparation of MS2-based pull down samples for MS analysis
revealed different proteins bound to FMR1 RNA

After the RNA-protein pull down followed by MS, the bioinformatic analysis of MS RAW
data was performed in an identical way as the data set described in Tutak et al., using
MaxQuant software and protein identification based on Uniprot database. This
analysis revealed 155 proteins common between FMR1 RNA replicates (proteins
identified in all samples are listed in the Table 5.1). Further, we performed label free
guantification (LFQ) to identify proteins enriched in FMR1 RNA in comparison to GC-
rich RNA. LFQ analysis revealed five proteins significantly enriched in FMR1 RNA
(Figure 5.2, Table 5.2).

Label free quantification

4
3.5 ®
. YTDCY, GAPDH
3
5 .5 UBTF
E ,
=S
8
° °
6 4 -2 0 2 4 6
Log fold change
FD -log(P-value) ID Protein name

460 3.46 P04406-2  Glyceraldehyde-3-phosphate dehydrogenase GAPDH
422 316 Q96MU7-2 YTH domain-containing protein 1 YTDC1

080 272 P17480-2  Nucleolar transcription factor 1 UBTF

358 1.66 Q15366-7  Poly(rC)-binding protein 2 PCBP2

106 1.51 075152  Zinc finger CCCH domain-containing protein 11AZC11A

Figure 5.2. Label free quantification of proteins enriched in FMR1 RNA samples. The volcano
plot representing proteins captured during MS-based screening showing the magnitude of
enrichment (Log2 fold change) and the statistical significance (-log P-value); red dots on the
right site indicate proteins significantly enriched (P < 0.05) on FMR1 RNA compared to GC-rich
RNA. Blue dots represent DDX21 & ALYREF analyzed in the context of potential RAN translation
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regulatory properties. Proteins significantly enriched in FMR1 RNA in comparison to GC-rich
RNA are listed below the graph; FD - log2 fold change, ID - unique protein identifier from
Uniprot database.

Given that proteins identified as not significantly enriched in FMR1 RNA
samples may be also relevant to FMR1 RNA biology, we decided to verify RAN
translation regulatory properties of Nucleolar RNA helicase 2 (DDX21) and Aly/REF
Export Factor (ALYREF). We speculated that DDX21, similar to many other identified
helicases may play a role in the unwinding of CGGexp hairpin structure, or
thermodynamically stable RNA structure in general, and therefore modulating RAN
translation efficiency (76, 85, 86). ALYREF is a component of the TRanscription EXport
(TREX) protein complex that is thought to couple mRNA transcription, processing and
nuclear export (122, 123). This protein represents high affinity towards 5" and 3’ end
of RNAs in vivo (124) and facilitate nuclear export via NXF1 - NTF2-related export factor
1 (NXT1) pathway (122). Components of NXF1-NXT1 pathway were described to
represent RAN translation modulatory features (91, 125). Additionally, ALYREF was
already identified as protein binding to mutant FMR1 in similar screening performed
by other research group (126). Moreover, both DDX21 and ALYREF were reported to
be involved in guarding the genomic stability either by prevention (127) or unwinding
the R loops (128) — structures involved in FXPAC development (48). Altogether, it
seemed reasonable to verify whether DDX21 and ALYREF modulate CGG-related RAN

translation.

5.1.2 Silencing of DDX21 and DHX15 downregulated the level of FMRpolyG in two
cellular models

In order to verify RAN translation regulatory properties of DDX21, we evaluated the
level of FMRpolyG derived from transient transfection system upon silencing DDX21
(verified by RT-gPCR) in COS7 cell (Figure 5.3A). DDX21 depletion downregulated
FMRpolyG by approximately 70%, however the level of exogenous FMR1-GFP mRNA
was also reduced (Figure 5.3A). Despite the fact, that results were not statistically
significant (perhaps due to high standard deviation (SD) in control samples), we
pursued investigation of the DDX21 role in cell lines stably expressing FMRpolyG
derived from expanded (95) and normal (16) CGG repeats (S-95xCGG & S-16xCGG
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models, described in Tutak et al.). In addition, we included into the experiment ATP-
dependent RNA helicase DHX15, which was initially identified in MS-based screening
approach described in Tutak et al. The prior identification of DHX15 and verification of
its RAN translation regulatory properties, encouraged us to test whether DHX15
depletion induces RAN translation suppression also in cell lines stably expressing
FMRpolyG. At first, we confirmed the efficient DDX21 and DHX15 silencing by RT-qPCR
(Figure 5.3A&B, lower panel) and observed that knockdown of these helicases induced
lowering of FMRpolyG level regardless of CGG repeats content, as RAN translation was
impeded in both $-95xCGG and S-16xCGG models (Figure 5.3B). Moreover, we checked
the level of FMRP after depletion of both helicases. In $-95xCGG model, DHX15
depletion induced slight increase of FMRP (Figure 5.3B). On the contrary, in S-16xCGG
model, we did not observe such effect (Figure 5.3B). Silencing DDX21 in both models,
did not impact the level of FMRP (Figure 5.3B). Further, we evaluated whether
observed reduction of FMRpolyG was due to change in its mRNA level. RT-gPCR
analysis revealed no changes in transgenic FMR1-GFP mRNA level in both cell lines

(Figure 5.3C).
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A. Transient expression of B. 5-95xCGG model s-16xCGG model
FMR99xG in COS7 cells
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Figure 5.3. Depletion of RNA helicases, DDX21 and DHX15 downregulated FMRpolyG level
in cellular models. A. Westen blot analysis of transiently expressed FMR99xG normalized to
Vinculin and RT-qPCR analysis of FMR1-GFP and DDX21 normalized to GAPDH upon DDX21
silencing in COS7 cells. B. Western blot analysis of FMRP and FMRpolyG normalized to Vinculin
(upper panel) and RT-gPCR knockdown verification of DDX21 and DHX15 normalized to
GAPDH (lower panel) in stable S-95xCGG and S-16xCGG models upon DHX15 and DDX21 siRNA
treatment. C. RT-gPCR analysis of transgenic FMR1-GFP normalized to GAPDH upon siDDX21
or siDHX15 treatment in S-95xCGG and S-16xCGG cell lines. The graphs present means from
N =3 (A, B; western blots, C) or N = 4 biologically independent samples (B; RT-qPCR) with SDs.
An unpaired Student’s t-test was used to calculate statistical significance: *, P < 0.05; ***, P <

0.001; **** P < 0.0001; ns, non-significant. (The full size images are placed in supplementary
figures section).
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5.1.3 The effect of ALYREF silencing on FMRpolyG

Furthermore, we evaluated the level of FMRpolyG derived from transient transfection
system upon silencing ALYREF in COS7 cells. Obtained results suggested negative effect
of ALYREF insufficiency on FMRpolyG, however the results were not significant
(perhaps due to high SD in control samples) (Figure 5.4A). We verified if the level of
FMR1-GFP transcript was affected by ALYREF depletion and RT-gPCR analysis revealed
the increase of transgenic mRNA (Figure 5.4A). Next, we tested the effect on ALYREF
silencing on FMRpolyG production in S-95xCGG and S-16xCGG models. Despite the fact
that in S-95xCGG model, results of western blot analysis of FMR95xG were not
statistically significant (perhaps due to high SD in control sample and the weak band
signal hindering the quantification), similarly to transient overexpression experiment,
ALRYEF insufficiency seemed to evoke the downregulation of FMRpolyG level (Figure
5.4B). In case of S-16xCGG model, silencing of ALYREF did not change FMR16xG level.
In both models, ALYREF depletion had no effect on FMRP level (Figure 5.4B). It is
important to highlight, that presented results concerning ALYREF CGG-related RAN
translation regulatory properties are preliminary and drawing confident conclusion

require repetition of experiments.

A. Transient expression of FMR99xG in COS7 cells
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Figure 5.4. The effect of ALYREF silencing on FMRpolyG in cellular models. A. Westen blot
analysis of transiently expressed FMR99xG normalized to Vinculin and RT-gPCR analysis of
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transgenic FMR1-GFP and ALYREF mRNA normalized to GAPDH upon ALYREF silencing in COS7
cells. B. Western blot analysis of FMRP and FMRpolyG normalized to Vinculin derived from
expanded and normal CGG repeats in stable $-95xCGG and S-16xCGG models, respectively,
after ALYREF depletion. Note that presented blots were cropped (the full size images are
placed in supplementary figures section). The graphs present means from N = 3 biologically
independent samples with SDs. An unpaired Student’s t-test was used to calculate statistical
significance: **, P < 0.01; ns, non-significant.

5.1.4 Technical aspects of mass spectrometry sample preparation affected
identification of proteins bound to FMIR1 RNA

In order to characterize pool of proteins bound to FMR1 RNA derived from the samples
treated with acetone precipitation and SP3 purification, we performed a comparative
analysis between technical replicates. Only proteins identified by unique peptides
were considered. Analysis revealed 155 common proteins among analyzed samples
(Figure 5.5A, Table 5.3). Gene ontology (GO) analysis indicated that majority of
identified proteins represent RNA binding properties, are a constituent of the
ribosome, participate in translation or are involved in other processes related to RNA
metabolism (Figure 5.5A, Table 5.4). Given that depending on MS sample preparation
identified proteins may vary (120), we compared proteins identified in two different
MS sample preparation approaches, either direct, on-beads digestion or precipitation
with acetone and SP3 purification. To exclude possibility that observed differences may
stem from bioinformatic analysis, we applied the same bioinformatic pipeline
(described in Tutak et al.) to analyze both raw data sets. Number of proteins identified
in both approaches was similar, 254 and 213, for direct digestion or acetone
precipitation approach respectively (while considering proteins identified in minimum
2 technical replicates), and 67 proteins (including RPS26) were overlapping between
data sets (Figure 5.5B, Table 5.5). Enriched GO terms for 67 proteins were similar to
the ones revealed for 155 proteins common among FMR1 RNA replicates (Figure
5.5A&B), however some terms were exclusive for those 67 proteins, such as rRNA

metabolic process or Synapse (Figure 5.5B, Table 5.6).
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Figure 5.5. Comparison between proteins interacting with FMR1 RNA identified in samples
prepared with two different workflows for MS analysis. A. Venn diagram represents proteins
common between three replicates of FMR1 RNA samples treated with acetone and SP3
purification. Lower graph represents GO analysis performed on 155 common proteins
between triplicates. B. Venn diagram represents proteins identified in at least 2 replicates of
FMR1 RNA samples treated by two different MS sample preparation workflows (either Direct
digestion or Acetone precipitation*). Lower graph represents GO analysis performed on 67
common proteins among two sample groups. Selected, significantly enriched GO terms are
presented and full lists are presented in Table 5.4 and 5.6, respectively. *Please note that the
higher number of proteins analyzed in this data set (B — Acetone precipitation) is different than
the one analyzed in A due to less stringent selection criteria.
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Table 5.5 67 proteins identified in FMR1 RNA samples overlapping between two MS

analysis

Proteins identified in at least two technical replicates in two, separate MS data sets.
Bolded proteins indicate known interactors of FMR1 described by other research groups.

67 common proteins in two MS data sets

Uniprot ID Entry Name Protein names
Q13085 ACACA Acetyl-CoA carboxylase 1
P11498 PYC Pyruvate carboxylase, mitochondrial
P0O5165 PCCA Propionyl-CoA carboxylase alpha chain
Q96RQ3 MCCA Methylcrotonoyl-CoA carboxylase subunit alpha
000763-3 ACACB Acetyl-CoA carboxylase 2
P49327 FAS Fatty acid synthase
P05166 PCCB Propionyl-CoA carboxylase beta chain
PODMV9 HS71B Heat shock 70 kDa protein 1B
P26641 EF1G Elongation factor 1-gamma
P08238 HS90B Heat shock protein HSP 90-beta
Q9BVP2-2 GNL3 Guanine nucleotide-binding protein-like 3
060841 IF2P Eukaryotic translation initiation factor 5B
P39023 RL3 Large ribosomal subunit protein uL3
P04075 ALDOA Fructose-bisphosphate aldolase A
P09874 PARP1 Poly [ADP-ribose] polymerase 1-terminus
P63261 ACTG Actin
075367 H2AY Core histone macro-H2A.1
P09651-3 HNRNPA1 Heterogeneous nuclear ribonucleoprotein Al
P13639 EF2 Elongation factor 2
Q9uQ35 SRRM2 Serine/arginine repetitive matrix protein 2
P27635 RL10 Large ribosomal subunit protein uL16
Q9BZE4-3 GTPB4 GTP-binding protein 4
P62241 RS8 Small ribosomal subunit protein eS8
P63241 IF5A1 Eukaryotic translation initiation factor 5A-1
P19338 NUCL Nucleolin
P26599-1 PTBP1 Polypyrimidine tract-binding protein 1
Q96SB4-4 SRPK1 SRSF protein kinase 1
Q99880 H2B1L Histone H2B type 1-L
095232 LC7L3 Luc7-like protein 3
P07437 TBB5 Tubulin beta chain
P07900 HS90A Heat shock protein HSP 90-alpha
P11387 TOP1 DNA topoisomerase 1
P22626-2 HNRNPA2B1 | Heterogeneous nuclear ribonucleoproteins A2/B1
P30414 NKTR NK-tumor recognition protein
P51532-5 SMCA4 Transcription activator BRG1
P52272-2 HNRPM Heterogeneous nuclear ribonucleoprotein M
P61978-3 HNRPK Heterogeneous nuclear ribonucleoprotein K
P62244 RS15A Small ribosomal subunit protein uS15
P62750 RL23A Large ribosomal subunit protein uL23
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P62753
P62805
P62847-2
Q00839-2
Q07065
Q14241
Q14839
Q1ED39
Q8NC51-4
Q9BQGO
QIONX58
Q6FI13
P38919
P62854
Q99459
Q9Y2X3
P22087
P23396
P38432
P81605
Q13263-2
Q96T37-4
P52597
P63173
P46777
P49411
P62263
P62829

RS6
H4
RS24
HNRPU
CKAP4
ELOA1
CHDA4
KNOP1
SERB1
MBB1A
LYAR
H2A2A
IFAA3
RS26
CDC5L
NOP58
FBRL
RS3
COIL
DCD
TIF1B
RBM15
HNRPF
RL38
RL5
EFTU
RS14
RL23

Small ribosomal subunit protein eS6

Histone H4

Small ribosomal subunit protein eS24
Heterogeneous nuclear ribonucleoprotein U
Cytoskeleton-associated protein 4

Elongin-A

Chromodomain-helicase-DNA-binding protein 4

Lysine-rich nucleolar protein 1
SERPINE1 mRNA-binding protein 1
Myb-binding protein 1A

Cell growth-regulating nucleolar protein
Histone H2A type 2-A

Eukaryotic initiation factor 4A-IlI

Small ribosomal subunit protein eS26
Cell division cycle 5-like protein
Nucleolar protein 58

rRNA 2'-0O-methyltransferase fibrillarin
Small ribosomal subunit protein uS3
Coilin

Dermcidin

Transcription intermediary factor 1-beta
RNA-binding protein 15

Heterogeneous nuclear ribonucleoprotein F
Large ribosomal subunit protein eL38
Large ribosomal subunit protein uL18
Elongation factor Tu

Small ribosomal subunit protein uS11
Large ribosomal subunit protein uL14
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5.2 Discussion

The main aim of the PhD thesis was to identify novel RAN translation modifiers specific
for mutant FMR1 harboring expanded CGG repeats. We adapted RNA-tagging
technique, which allowed in cellulo RNA-protein interaction capture taking into
account RNA secondary structures as well as localization of studied molecule in
different cellular compartments. During experimental procedure we fixed interactions
between proteins and RNAs with formaldehyde crosslinking in account for
identification of weak and transient interactions, however this step may have
introduced a bias for secondary interactions. Given that downstream MS sample
preparation affects proteins identification (120), we applied MS2-based pull down
followed by two distinct MS sample preparation protocols to minimize potential losses
due to technical limitations. First technical variant relied on direct on-beads proteolytic
digestion which limits potential losses of material, yet may leave more contaminants
such a SDS in the sample that hinders further MS analysis. In second technical variant,
eluted proteins were precipitated with acetone and digested peptides were treated
with SP3 purification procedure to remove common contaminants, although
precipitation step might have influenced the solubility of proteins affecting their
further identification. These factors need to be taken into consideration while
interpreting the obtained data.

As the result, we obtained two data sets containing FMR1 binding proteins
(Tutak et al.; Figure 1 and Figure 4A, Supplementary Table 3). Number of proteins
identified in both approaches was similar and 67 proteins (Table 5.5) were overlapping
between two data sets (Figure 5.5B). The differences among identified proteins may
be explained by distinct downstream MS sample preparation protocols.
Unsurprisingly, regardless of investigated data set, GO terms were mostly common to
all analyses including following GO terms: RNA binding properties, ribosomal
constituent or translation regulation (Tutak et al.; Figure 5.5A&B). However, in data
containing 67 common proteins some GO terms were exclusive for this group, such as
rRNA processing or Synapse. This result is especially interesting because FMR1
encodes FMRP, a protein with well documented role in synaptic plasticity (129).
Remarkably, among identified proteins some of them were already identified as FMR1

interactors (such as serine/arginine rich proteins, for instance, SRPK1 (91)) or were
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found in intranuclear inclusions in FXTAS patient’s tissues (such as Nucleolin or
multiple Heterogeneous nuclear ribonucleoproteins, hnRNPs and others (39, 67, 75,
93, 126, 130)). (Forementioned proteins were bolded in the Table 5.5.) Hence, this
implies that our data set containing 67 interactors of FMR1 RNA may be a particularly

valuable resource of information about mutant FMR1 biology.

LFQ analysis elucidated proteins enriched in FMR1 RNA samples in comparison
to GC-rich RNA control samples (Figure 5.2, Table 5.1). However, it is worth mentioning
that precipitation steps might have incurred loss of some proteins present in samples,
thus negatively affecting further quantification and skewing the data interpretation.
Additionally, LFQ data should be analyzed with assumption that protein binding to two
RNA molecules (FMR1 RNA and GC-rich RNA) may represent key regulatory functions
specific for the one or both of the RNAs. Therefore, proteins enriched in GC-rich RNA
samples should not be discarded by default from further analysis in the context of
FMR1 regulation. Among five proteins significantly enriched in FMR1 RNA samples
(Figure 5.2), Poly(rC)-binding protein 2 (PCBP2) and YTH domain-containing protein 1
(YTDC1) seem to be particularly interesting in the context of potential regulation of
FMR1 mRNA. YTDC1 is a regulator of alternative splicing that specifically recognizes
and binds N6-methyladenosine (m6A)-containing RNAs (131). Moreover, YTDC1 binds
to Serine/arginine-rich splicing factor 3 (SRSF3) and Nuclear RNA export factor 1
(NXF1) facilitating nuclear export of RNAs harboring m6A modifications (132). Given
that our preliminary experiments indicate that FMR1 contains m6A modification (data
unpublished), YTDC1 may have so far not described roles in FMR1 processing and
metabolism. PCBP2 is known to interact with structured RNAs such as internal
ribosome entry site (IRES) elements (133) and play an important role in modulating
cellular response to viral infection (134, 135). Binding to IRES sequences may suggest
potential RAN translation regulator properties, especially that known RAN translation
modifier, RPS25 binds to IRES as well (117, 136-138). To our surprise, GAPDH was
identified as the most enriched protein on FMR1 RNA. This may be explained as a
technical artifact or stem from the lack of GAPDH identification in GC-rich RNA
samples. However, this enzyme is characterized as non-canonical RNA binding protein

(139), which suggests its potential role in FMR1 metabolism. Nevertheless, other
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proteins identified in LFQ analyses (Tutak et al.; Figure 1, Supplementary table 5)
regardless of statistical significance are worth further investigating in the context of

RAN translation regulation of FMR1 metabolism in general.

We verified RAN translation regulatory properties of two RNA helicases; DHX15
and DDX21. Out results are in line with current knowledge concerning roles of these
enzymes in RAN translation regulation (76, 85, 86). Observed RAN translation
regulation facilitated by DHX15 and DDX21 seemed not to be dependent on CGG
content as both types of FMRpolyG (with normal and long glycine stretches) were
sensitive to DXH15 and DDX21 depletion (Figure 5.3B). Similar regulation was observed
for DDX3X, which was shown to bind to FMR1 regardless of CGG repeats content (85).
On the contrary to studied helicases, ALYREF depletion had an effect only on shorter
form of FMRpolyG (Figure 5.4B).

In contrast to stable cell lines, silencing DDX21 in COS7 cells transiently
expressing FMRpolyG, downregulated the level of FMR1-GFP (Figure 5.3A&C). Given
documented role of DDX21 in resolving the R loop structure and therefore promoting
transcription (128, 140), it is possible that DDX21 depletion hindered transcription
from multiple copies of plasmid DNA due to insufficient R loop unwinding. Additionally,
level of DDX21 mRNA in stable cell lines indicated that silencing procedure was
approximately 50% less efficient in comparison to COS7 cells. (Figure 5.3A&B).
Perhaps, partial expression of DDX21 in $-95/16xCGG models was sufficient enough to
resolve potential R loops and not affect the transcription, although this is a
speculation. Surprisingly, silencing ALYREF resulted in doubling the amount of FMR1-
GFP mRNA while downregulating the FMRpolyG (Figure 5.4A). This might be explained
by transcriptional activator role of ALYREF in addition to its role in nuclear-cytoplasmic
transport (141-143). Hence, the role of ALYREF in FMR1 transcription regulation or

other RNA metabolism processes requires further investigation in future.

Importantly, DDX21 and ALYREF depletion did not affect FMRP level (Figure
5.3B, 5.4B), on the contrary to DHX15 insufficiency, which induced the increase of
FMRP level in S-95xCGG model (Figure 5.3B). This suggests that studied proteins
represent some specificity towards FMRpolyG over FMRP frame. It should be noted
that in humans, FMRpolyG and FMRP are translated from the same mRNA, while in
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artificial models these two proteins are not synthetized from the same transcript,

complicating the data interpretation.

Overall, DHX15, DDX21 and ALYREF were not previously described in the
context of RAN translation regulation and we provide the evidence indicating their
roles in this process. Nevertheless, conducted experiments verifying DXH15, DDX21
and ALYREF RAN translation properties were preliminary and did not cover mechanistic
aspects, hence further studies to reveal the nature of discovered regulation are
required. Some aspects are worth addressing in the future. For instance, verifying
RNA-protein interaction (ideally by an orthogonal technique) and addressing whether
CGG repeats are necessary for this interaction, or checking if overexpression of
selected proteins will evoke anticipated upregulation of FMRpolyG biosynthesis.
Additionally, testing multiple siRNAs targeting selected proteins by validating the level
of target protein expression by western blotting may be desired to maximize the
reproducibility and minimize possibility of technical artifacts affecting results

interpretation.

To sum up, MS sample preparation protocol including acetone precipitation
and SP3 purification steps revealed multiple proteins bound to FMR1 RNA including
DDX21 and ALYREF. Both of the proteins were tested in the context of potential RAN
translation modulation and our results indicated their involvement in regulating

FMRpolyG level, thus pointing novel potential therapeutic targets for FXPAC.

Finally, 67 proteins identified in both types of MS2-based pull down samples
treated with different downstream protocols are particularly valuable source of
information about biology of mutant FMR1 mRNA and our dataset likely contains

numerous RAN translation related proteins yet to be uncovered.
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5.3 Materials and methods

The methodology of all experiments was presented in Tutak et al., except for the

procedures described below.

5.3.1 MS2-based pull down followed by acetone protein precipitation and SP3
purification

Detailed experimental protocol for MS2-based pull down is described in section titled
“Mass spectrometry-based proteins screening” (Tutak et al.). The protocol applied
here differs from the one described in the manuscript in terms of sample preparation
for MS analysis. Differences begin after pull down procedure followed by washing steps
and are presented as follow; samples were transferred to the fresh Protein Lobind
tubes (Eppendorf) and RNA-protein complexes were eluted from the beads by heating
the samples for 10 min at 95°C in 100 pl of elution buffer (0.1% sodium dodecyl
sulphate, 0.05 mM biotin in phosphate buffered saline). Next, 400 ul of ice-cold
acetone was added to the sample. Samples were mixed and incubated for 60 min in
4°C followed by 10 min centrifugation at 13,000 g. Supernatant was discarded, and the
protein pellet was air dried. Subsequently, protein pellets were processed in Mass
Spectrometry Laboratory, Institute of Biochemistry and Biophysics, Polish Academy of
Sciences, Pawiniskiego 5a Street, 02-106 Warsaw, Poland. Samples were suspended in
dissolution buffer (100 mM NH4HCO3). First, the cysteines were reduced by 1 hour
incubation with 20 mM tris(2-carboxyethyl)phosphine (TCEP) at 60°C followed by 10
min incubation at a RT with 50 mM methyl methanethiosulfonate (MMTS). Digestion
was performed at 37°C overnight with 1 pg of trypsin (Promega). After digestion,
peptides were vacuum-dried, re-suspended in 10 ul of extraction buffer (0.1% TFA 2%
acetonitrile) with sonication, and processed using single-pot solid-phase-enhanced
sample preparation (SP3). Magnetic beads mix were prepared by combining equal
parts of Sera-Mag Carboxyl hydrophilic and hydrophobic particles (09-981-121 and 09-
981-123, GE Healthcare). The bead mix was washed three times with MS-grade water
and re-suspended in a working concentration of 10 ug/ul. The bead mix was then
added to the samples then suspended in 100% acetonitrile, this step was repeated 3
times. Pure peptides ware eluted from the beads by using 2% acetonitrile in MS-grade

water. Using a magnet, the peptides solution was separated from beads. Peptide
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mixture was dried in SpeedVac and re-suspended in 80 ul extraction buffer (0.1% TFA

2% acetonitrile) with sonication.

5.3.2 Mass spectrometry (MS)

Samples were analyses using LC-MS system composed of Evosep One (Evosep
Biosystems) coupled to an Orbitrap Exploris 480 mass spectrometer (Thermo Fisher
Scientific) via Flex nanoESI ion source (Thermo Fisher Scientific). 20 ul of each sample
was loaded onto disposable Evotips C18 trap columns (Evosep Biosystems, Odense,
Denmark) according to the manufacturer protocol. Chromatography was carried out
at a flow rate 220 nl/min using the 88 min preformed gradient on EV1106 analytical
column (Dr Maisch C18 AQ, 1.9 um beads, 150 um ID, 15 cm long, Evosep Biosystems).
Data was acquired in positive mode with a data-dependent method using the following
parameters. MS1 resolution was set at 60 000. For MS2, resolution was set at 15 000
and top 40 precursors within an isolation window of 1.6 m/z considered for MS/MS

analysis.

5.3.3 MS data analysis

MS data was analyzed as described in Tutak et al. Briefly, raw data obtained from the
LC-MS/MS runs were analyzed in MaxQuant v2.0.3.0 (144) software. UniProtKB
database for reviewed human canonical and isoform proteins of May 2023 was used.
For comparative analysis between samples only protein identified by unique peptides
were included. Label-free quantification (LFQ) using Perseus software v2.0.3.0 (145)
after filtering for “reverse”, “contaminant” and “only identified by site” proteins. The
LFQ intensity was logarithmized (log2[x]), and imputation of missing values was
performed with a normal distribution (width = 0.3; shift = 1.8). Proteomes were

compared using t-test statistics with a permutation-based FDR of 5% and P-values <

0.05 were considered to be statistically significant.

5.3.4 Cell culture and transfection
COS7 and S-95/16xCGG cells were maintained as described in Tutak et al. All siRNAs

were purchased from Thermo Fisher Scientific, catalog number indicated in brackets:
SiDHX15 (#s4029), siDDX21 (#s17564), siALYREF (#s19854) and siCtrl (#4390847). For
the delivery of siRNAs with the final concentration 25 nM in culture, reverse

transfection protocol was applied using jetPRIME® reagent (Polyplus) according to
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manufacturer’s instruction. In case of COS7, cells were harvested 48h post siRNA
silencing and 24h post transient plasmids expression. S$-95/16xCGG cells were

harvested 48h post siRNA silencing and 72h after doxycycline treatment.

5.3.5 Quantitative real-time PCR (RT-qgPCR)

RNA isolation and reverse transcription were performed as described in Tutak et al.
Quantitative real-time RT-PCRs were performed in a QuantStudio 7 Flex System
(Thermo Fisher Scientific) using Maxima SYBR Green/ROX gPCR Master Mix (Thermo
Fisher Scientific) with 5 ng of cDNA in each reaction. RT-qPCRs were run at 58°C
annealing temperature. To amplify DHX15, DDX21 and ALYREF following primer pairs

were used:

DHX15:

Forward: 5" CGCAGATGAGGCCAAGATGA 3’, Reverse: 5" CGTTCTAAATGTGCCACCTGC 3’
DDX21:

Forward: 5° GGACCCAAAGGGCAGCAGTT 3’, Reverse: 5" AACGACTGGGCATCCTGCCT 3’
ALYREF:

Forward: 5° TGCCACCTCTGTTTACGCTC 3’, Reverse 5" TCTGGTCGCAGCTTAGGAAC 3’

Ct values were normalized to GAPDH mRNA level. Fold differences in expression level

were calculated according to the 2722¢t method (146).

5.3.6 Gene Ontology

Gene ontology (GO) analysis performed was performed using an online software -
g:Profiler (147) with g:SCS algorithm, where at least 95% of matches above threshold

are statistically significant. As reference proteome we used total human proteome.

5.3.7 Venn diagrams

Venn diagrams were prepared with BioVenn — a web application for the comparison

and visualization of biological lists using area-proportional Venn diagrams (148).
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5.4 Supplementary information

5.4.1 Tables

All tables (except Table 5.5) are attached to the PhD dissertation on CD in a form of the
excel file titled TABLES — UNPUBLISHED RESULTS (Chapter 5) with following pages:

Table 5.1 MaxOuant output including identified proteins in MS2-screenining followed
by acetone precipitation and SP3 purification

Table 5.2 Perseus output with label free quantification analysis
Table 5.3 155 proteins identified in three technical replicates of FMR1 RNA

Table 5.4 Gene ontology analysis performed on 155 proteins common for three
replicates of FMR1 RNA

Table 5.5 67 proteins identified in FMR1 RNA samples overlapping between two MS
analysis (printed in the dissertation)

Table 5.6 Gene ontology analysis performed on 67 proteins bound to FMR1 RNA
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5.4.2 Supplementary figures
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Supplementary Figure 5.1. Full size western blot images corresponding to Figures 5.3

&5.4.
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6. CONCLUDING REMARKS

The primary aim of the PhD dissertation was to identify novel factors of CGG repeat
expansion-related RAN translation. This goal was addressed by applying proteomic
screening using two different sample preparation protocols prior MS analysis. Such
approach resulted in the identification of 67 proteins binding natively to toxic FMR1
mRNA with expanded CGG repeats, which were present in both MS analyses. These
identified proteins serve as a valuable resource for understanding the interactome of
mutant FMR1 and provide a basis for future studies underlying the biology of this
molecule. Verification of RAN translation regulatory properties based on siRNA
silencing of ten selected candidates resulted in the characterization of four novel RAN
translation modifiers: RPS26, DHX15, DDX21, and ALYREF. In addition, the fifth one,
RPS25 was shown to modulate CGG-related RAN translation, although it was not
initially identified in MS screening. Notably, depleting the majority of the
aforementioned factors did not affect the mRNA encoding FMRpolyG and FMRP
levels, indicating a specific regulation of translation associated with the FMRpolyG

open reading frame.

The newly discovered role of RPS25 and RPS26 in regulating RAN translation presents
an intriguing perspective that 40S subunit composition affects the noncanonical
protein synthesis of FMRpolyG. This view sheds light on a previously unexplored
mechanistic aspect of CGG repeat-related RAN translation. Furthermore, it has been
shown that the chaperon protein TSR2, associated with RPS26, was involved in RAN
translation regulation, possibly through its involvement in mediating the
incorporation of RPS26 into the assembling 40S subunit. Given the current knowledge
about specialized ribosomes responsible for translating specific pools of mMRNAs, and
previous reports indicating RPS26-dependent translation, a global analysis was
conducted to investigate proteins sensitive to RPS26 insufficiency, revealing a
relatively small fraction of the total proteome altered by RPS26 depletion.
Moreover, a bioinformatic study examining the features of mRNA encoding affected
proteins uncovered that they posses GC-rich 5’UTRs, similar to the one observed in

FMR1.
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Finally, it was demonstrated that RPS26 depletion reduced toxicity caused by RAN
translation in cellular model. Given that current therapeutic strategies for fragile-X
associated conditions primarily target symptoms and lack specific treatments,
understanding the roles of RPS26, RPS25 DDX21, DHX15, and ALYREF in regulating
RAN translation provides a foundation for future research that could yield targeted

therapies aimed at alleviating symptoms and impeding the disease progression.
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