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ABSTRACT

Telomeres protect the ends of chromosomes from chromosome degradation, DNA damage
recognition and chromosome fusion. The enzyme telomerase maintains their length by adding de
novo telomeric-repeats during genomic replication. While not expressed in somatic cells, 85% of
cancer cells express telomerase, giving them unlimited proliferative capacities. Therefore, it is a
potential target for cancer therapy. Dyskeratosis Congenita (DC) is a rare premature aging
disease that can be caused by mutations in DKC1/, the gene encoding the evolutionary conserved
protein dyskerin. This protein is essential for telomerase RNA stability and hence telomerase
activity. DC phenotypes include premature telomere shortening and depletion of highly
proliferative tissues. Dyskerin has previously been found to be modified by Small-Ubiquitin Like
Modifiers (SUMO), a post translational modification involved in the regulation of multiple
cellular pathways. The SUMOylation cycle involves multiple factors: the E1 activating enzyme,
the Ubc9 E2 conjugating enzyme and an E3 SUMO ligase to facilitate the transfer of SUMO to
its target. Some mutations in dyskerin SUMOylation sites are DC-associated. However, very
little is known about dyskerin post translational modification. This study focuses on
characterizing the mechanisms regulating dyskerin SUMOylation. We first find SUMOylation of
dyskerin to be cell cycle regulated, peaking in S phase and G2/M. We further find that some
different types of DNA damage, whether global or telomere-specific, have differential effects on
dyskerin protein levels and SUMOylated states. Through the silencing of SUMO specific
proteases (SENPs), we determine SUMOylated dyskerin to be mainly nucleolar. We aim to
identify SUMO-dependent dyskerin partners with a BiolD and more specifically the E3 ligase
involved in its SUMOylation. This study is key to have more insight on the interactions and

functions impacted in SUMO deficient dyskerin and its role in telomerase.
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RESUME

Les télomeres proteégent les extremités des chromosomes contre la degradation, la reconnaissance
de dommage a I’ADN et la fusion des chromosomes. L’enzyme télomerase entretien leur longueur
par I’ajout de novo de séquences télomeriques au cours de la réplication du génome. Alors que
I’enzyme n’est pas exprimée dans les cellules somatiques, 85% des cellules cancéreuses expriment
la télomerase leurs procurant une capacité de prolifération infinie. Ainsi, c’est une cible potentielle
pour le traitement du cancer. La Dyskératose Congénitale (DC) est une maladie rare de
vieillissement prématurée qui peut étre causée par des mutations dans DKCI, le géne codant la
protéine dyskérine conservée au cours de I’évolution. Cette protéine est essentielle pour la
stabilit¢ de I’ARN de la télomerase et donc pour son activité. Les phénotypes de DC inclus le
raccourcissement prématuré des télomeres et I’épuisement des tissues hautement proliférants. Il a
été prouve que dyskérine se fait SUMOyler, une modification post-traductionnelle impliquée dans
la régulation de multiples mécanismes cellulaires. Le cycle de SUMOylation inclus plusieurs
facteurs : un enzyme d’activation El, un enzyme de conjugation Ubc9 et un E3 ligase de
SUMOylation pour faciliter le transfert du SUMO a sa cible. Certaines mutations dans les sites de
SUMOylation de dyskérine sont associées a DC. Cependant, ses modifications post-
traductionnelles sont trés peu étudiées. Cette étude se focalise sur la caractérisation des
mécanismes régulant la SUMOylation de dyskérine. Tout d’abord, nous avons découvert que la
SUMOylation de dyskérine est dépendante du cycle cellulaire, plus élevée en phase S et G2/M.
De plus, nous avons trouvé que certains types de dommages a I’ADN, qu’ils soient globaux ou
télomériques, ont différents effets sur le taux de protéines dyskérine et sur sa SUMOylation. Avec
le silencage par I’ARN des protéases spécifiques aux SUMOs (SENPs), nous avons déterminé que
la dyskérine SUMOylée est principalement nucléolaires. On voudrait identifier les partenaires de

la dyskérine dépendant de sa SUMOylation en utilisant une BioID et plus précisement identifer sa

13



E3 ligase de SUMOylation. Cette étude est essentielle pour avoir plus de ressources sur les
intéractions et les fonctions qui sont affectées par la dyskérine déficiente pour la SUMOylation et

son role dans la télomerase.
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LITERATURE REVIEW
I. Telomeres and telomerase

1) Telomeres

In 1985, Elizabeth Blackburn and Carol Greider discovered a ribonucleoprotein containing reverse
transcriptase activity which they termed telomerase™. The discovery of this enzyme was a

breakthrough to better understanding the “end replication problem”.

a. End replication problem

DNA polymerases can only replicate DNA ina 5’ to 3’ direction®’. This is not a problem for the
replication of the leading strand but the issue arises to replicate the lagging strand in a 3° to 5’
direction. RNA primers bind the lagging strand acting as anchors for the DNA polymerase to
synthesize DNA in a 5’ to 3’ direction creating 100-300 nucleotide Okazaki fragments which are
then fused together by the DNA ligase I . However, removal of the terminal RNA primer leaves
the 3’ end of the lagging strand unreplicated®. Olovnikov and Watson predicted that with this
process, the ends of linear chromosomes would shorten during each replication cycle and create a
single stranded 3’ end”'’. To prevent genetic information loss after each cell cycle and genomic
instability, linear chromosome ends are protected by stretches of nucleotide repeats known as
telomeres. In accordance with the 3’ end chromosome replication problem, each chromosomal
replication leads to telomere shortening, between 50 and 200 nucleotides per cycle (Figure 1b)'".
The cells have a limited proliferation capacity of about 40 to 60 divisions known as the Hayflick
limit when the telomeres reach a critical length and the cells enter replicative senescence (Figure

1c)'?. This process is now also known as cellular aging
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Figure 1. Telomeres, the molecular clocks. a) Telomere length is maintained in stem cells and
germ cells where telomerase is expressed. (b) Telomeres shorten at each cell cycle in somatic
cells. (c) The Hayflick limit represents the approximate number of cell divisions that can occur
before its telomeres are too short and cell cycle checkpoints drive the cell to replicative
senescence. (d) Inactivation of these checkpoints leads to further shortening of telomeres and to
telomere crisis and apoptosis. (¢) The re-expression of telomerase in cancer cells allows them to
bypass cell death checkpoints and gives them unlimited proliferation capacities.

b. Structure and function of telomeres
In eukaryotes, telomeres are G-rich nucleotide tandem repeats. Their sequence varies among
species with the most common repeat being TTAGGG in vertebrates'”. Average telomere length
also differs from one species to another: for example, humans have 10 to 20 kilobase pair-long
telomeres whereas telomeres in mice are 10 to 30 times longer'*'*. This heterogeneity however
does not influence their conserved function. Telomeres are essential to protect linear chromosomes
from degradation, fusion and being detected as DNA damage, therefore maintaining genomic
integrity. This function is assisted by a group of telomere-associated proteins known as the

shelterin complex: the Telomeric Repeat binding Factors 1 (TRF1) and 2 (TRF2), the TRF1
18



INteracting protein (TIN2), the Repressor Activator Protein 1 (RAPI), the Protection Of
Telomeres 1 (POT1) and the protein previously known as TINT1 (TIN2 interacting protein)'®,
PTOP (POT!1 and TIN2 organizing protein)'’ and PIP1 (POT! interacting protein)'® (aka TPP1)
(Figure 2)"’. TRF1 and TRF2 bind the double-stranded telomeric DNA stabilizing and protecting
telomeres. TIN2 binds both TRF1 and TRF2, linking the two shelterin proteins together while also
anchoring TPP1. POT1 binds the G-rich single stranded telomeric DNA through its
Oligonucleotide/Oligosaccharide Binding (OB) domain while also binding to TPP1. Finally,
RAP1 binds both TRF2 and TIN2 and was shown to be essential for TRF2 stabilization at

2021 The proper recruitment and binding of these proteins mediates the protection of

telomeres
telomeres from the DNA damage response (DDR) through the formation of a higher structure
known as the Telomere loop (T-loop)*. The single stranded 3’ overhang forms a lariat-shaped
structure and displaces upstream double stranded telomeric DNA forming a Displacement loop
(D-loop). The telomeres can also form higher order structures such as G-quadruplex DNA,
stacking of planar arrays formed by four guanines that are hydrogen-bonded. The spontaneous

formation of these structure is possible due to the G-rich nature of telomeric DNA***. These

higher order structures are disrupted during S phase for telomere replication®*.
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Figure 2. Schematic representation of the shelterin complex at the telomeres and the
formation of a T-loop and D-loop from the G-rich 3’ overhang. Blue strand represents the
leading strand while the orange strand represents the lagging strand.

2) Telomerase

The discovery of telomeres opened a new research area dedicated to understanding the
mechanisms involved in the regulation of telomere maintenance, how some cells (such as stem,
progenitor and cancer cells) can proliferate past the Hayflick limit (Figure 1a and e) and how
telomere length is maintained or elongated with increasing cellular divisions. Telomerase became

the answer to understanding telomere maintenance and elongation in eukaryotes.

a. Nobel prize discovery
The telomerase enzyme was initially discovered in Tetrahymena at the University of California,
Berkeley by Elizabeth Blackburn and Carol Greider. These Nobel prize winners’ work provided
the first evidence for a reverse transcriptase elongating telomeres®. Oligonucleotides mimicking
Tetrahymena telomeric repeats can be extended in cell-free Tetrahymena extracts and this activity
is specific to the 3> G-rich telomere strand’. They also showed that this synthesis is species
template-independent as yeast telomere oligonucleotides can be extended as well in Tetrahymena

extracts with the addition of Tetrahymena telomeric repeats. These results prove that telomere
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elongation occurs through de novo synthesis with the kinetics of an enzymatic activity. Two years
later they purified this enzyme and characterized a ribonucleoprotein complex responsible for this
reverse transcriptase activity from an RNA template which they termed telomere terminal

transferase and later became known as telomerase”.

b. The human telomerase, a ribonucleoprotein complex
This ribonucleoprotein is made of two main catalytic subunits: the human Telomerase Reverse
Transcriptase (WTERT) and the human Telomerase RNA (hTR) acting as an RNA template with a
telomeric-template guiding the complex to telomeres in S phase. Although both units are sufficient
in vitro for telomerase activity”*’, additional components are necessary in vivo for its assembly

and function including four scaffold proteins known as the H/ACA proteins.

¢. H/ACA ribonucleoprotein subunits

The term H/ACA is attributed to small non-coding RNAs which possess a conserved 3’ secondary
structure motif known as the H/ACA motif containing two hairpins separated by a single stranded
H-box (5’-ANANNA-3’ sequence where N is any nucleotide), ending in a single stranded 3’ tail-
encoded ACANNN?®, These H/ACA RNAs assemble into ribonucleoprotein complexes with
four H/ACA scaffold proteins upon maturation: the pseudouridine synthase dyskerin; the RNA
interacting components H/ACA Ribonucleoprotein complex subunit 2 (NHP2) and H/ACA
Ribonucleoprotein complex subunit 3 (NOP10); and a pseudouridylation-catalysis enhancer
H/ACA Ribonucleoprotein complex subunit 1 (GAR1)*". The assembled H/ACA RNPs can then
target RNA molecules for pseudouridylation, an essential post-transcriptional process leading to
the isomerization of uridine nucleosides into pseudouridines, guided by the small non-coding
H/ACA RNAs™. Among this family of RNAs, we can distinguish two groups based on their

subcellular localization. The first group are small nucleolar RNAs (snoRNAs) which assemble
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into H/ACA RNPs to specifically target ribosomal RNAs (rRNAs) in the nucleolus®’, a
subnuclear structure acting as the site of rRNA transcription and processing as well as ribosome
assembly’’. Later, a second group was identified termed small Cajal body-associated RNAs
(scaRNAs) which guide the corresponding H/ACA RNPs for pseudouridylation of spliceosomal
small nuclear RNAs (snRNAs) in the Cajal Bodies (CB) 2. CBs are subnuclear dynamic sites also
referred to as coiled bodies, as coilin is there main component, where snRNAs are synthesized and
processed®’. ScaRNAs are differentiated from snoRNAs due to their Cajal body box (CAB box).
This special structure is a conserved binding domain for the telomerase Cajal body protein 1

(TCABI1) which recruits the complex it binds to the CB. *

d. hTR, the telomerase H/ACA RNA
The 451-nt hTR is part of the HHACA RNA family characterized by the presence of the H/ACA
motif previously described. It is known that this motif is necessary for its stability and localization
in vivo as well as the proper assembly of the telomerase complex and for its trafficking and

.. 4
activity> >~

. The telomeric template is localized at its 5° end between nucleotides 46 and 53 within
the pseudoknot domain also known as core domain (Figure 3). The pseudoknot which extends to
approximately nucleotide 200 is essential for telomerase activity as deletions in hTR between
nucleotides 170 and 200 lead to reduced telomerase activity in vitro> . Mutations in this domain
have also been associated to shorter telomeres and telomerase deficiency in vivo. The localization
of these mutations in this highly-conserved region underlines the pseudoknot as a core domain of
hTR™. The pseudoknot domain is necessary and sufficient for hTERT and hTR assembly in
vitro®®*’. Other domains in the hTR are critical for its stability and localization®®*. These include

conserved region 4/5 (CR4/5) and conserved region 7 (CR7). CR4/5 is situated in the first loop of

the 3’ secondary structure of the hTR. Its role is not essential for telomerase activity in vitro but

22



its evolutionary conservation highlights its role in telomerase assembly and activity in vivo®***!,

CR?7 is in the second stem loop of the 3’ end and is critical for RNA stability®>. It also contains a
CAB box, grouping hTR to the scaRNA family**. This region is critical for the hTR transport to
the CB in S phase mediated by the binding of TCAB1*®, a process further described below.
Interestingly, it has recently been reported that the H/ACA RNP assembly is not directly
necessary for telomerase activity but probably upstream of telomerase activity at the telomeres**.
After the engineering of a minimal hTR (hTRmin) which lacks the H/ACA motif and is stabilized
by additional 3’ processing and protection motifs, the hTR/hTERT assembly was shown to be

. .. . 44
sufficient for telomerase activity and telomere maintenance™ .
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Figure 3. Secondary structure of the human telomerase RNA hTR. The figure includes four
key elements of the hTR: the pseudoknot/template (core domain), the CR4-CRS region, the CR7
containing the CAB box and the H/ACA box. (Zhang, Q et al. 2010. PNAS) Copyright 2010

reprinted with permission from PNAS.
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Figure 4. Assembly and Localization of H/ACA Ribonucleoprotein Complex. (a) SHQI1
shuttles dyskerin to the nucleoplasm. (b) Pontin and reptin bind the SHQ1/dyskerin heterodimer
(¢) facilitating SHQI dislocation (d) The H/ACA proteins, including NAF1, Nop10 and NHP2
are recruited to the nascent hTR. (e¢) GAR1 displaces NAF1 from the pre-H/ACA RNP complex.
(f) The mature hTR translocate to the nucleolus where it assembles with hTERT which (g) was
previously processed by chaperones including reptin/pontin and (h) recruited to the nucleolus to
form a mature telomerase complex while bound to fibrillarin and nucleolin with the hTR. (i) The
mature telomerase is transported to the Cajal body mediated by TCAB1 binding to the CAB box
of the hTR; (j) Telomerase recruitment to telomeres is facilitated by the Cajal body movement to
telomeres in S-phase. (MacNeil, D. Bensoussan, H. and Autexier, C. 2016. Genes. MDPI)
reprinted with permission from MDPI.
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e. hTR assembly to the H/ACA proteins

A closer look at the assembly of hTR with these core proteins at the H/ACA motif reveals a similar
interaction to the one observed in the other H/ACA RNPs (Figure 4). Two full complexes bind
to the hTR, one at each hairpin®’. Dyskerin and NOP10 interact with hTR while GAR! and
NHP2 are recruited through protein—protein interactions to dyskerin and NOP10, respectively*®*’
(Figure 4d). Although hTR contains a canonical H/ACA motif, it differs from typical human
H/ACA sno/scaRNAs as it has not been reported to be involved in pseudouridylation or any RNA
post-transcriptional modification activities*™**. The role of its 3* H/ACA motif seems to be focused
on the regulation of its biological stability and function with respect to telomerase. While the
structure of the mature RNP has been accurately described, there are unanswered questions
regarding the process of its assembly. One important question is whether all the ribonucleoprotein
components assemble as a tetrameric complex prior to being recruited to the RNA or if they
assemble with one another while associating with a nascent RNA. The core complex formation is
necessary for hTR stability and accumulation in vivo>**. The point at which GAR1 interacts with
the other core components also remains somewhat of a mystery in the assembly process of the
mature H/ACA RNP. While Dyskerin-NOP10-NHP2 colocalize at the site of hTR transcription,
GARI does not™’. Therefore, GAR1 must join the complex later to form the mature H/ACA RNP
(Figure 4e). The complex preceding GAR1 association is known as the pre-H/ACA RNP and
includes the association factor nuclear assembly factor 1 (NAF1). NAF1 cannot bind h'TR without
the presence of the dyskerin-NOP10-NHP2 trimer’'. Concordantly, this small protein is essential
to the assembly of the pre-H/ACA RNP complex and is not present in the mature H/ACA RNP
complex’***>. From their findings in 2006, Darzacq et al. proposed a stepwise RNP assembly
model where NAF1 binds to dyskerin in the cytoplasm to stabilize the protein, allowing for the

recruitment of the other components (NOP10 and NHP2). Furthermore, NHP2 can only associate
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with the pre-H/ACA RNP tetramer in the presence of NOP10. Therefore, NOP10-NHP2 likely
bind to dyskerin as a heterodimer. Then, NAF1 can act as a nuclear shuttle, bringing an inactive
precursor complex to the nascent hTR to form the pre-H/ACA RNP complex (Figure 4d). Most
recently, mutations in the gene encoding NAFI were identified in pulmonary fibrosis-
emphysema patients, causing decreased telomerase RNA accumulation and telomere shortening™.
While these mutations also affect levels of other H/ACA RNAs, no rRNA pseudouridylation
defects or ribosomal pathology is observed in first generation mice with these mutations. These
data implicate NAF1 haploinsufficiency specifically in telomere maintenance syndromes and is
consistent with an important role for NAF1 in telomerase H/ACA RNP assembly and hTR
stability’*. The above model has however been revisited with the identification of a novel nuclear
assembly factor, the protein SHQ1 homolog (SHQ1)>*®. SHQ! co-immunoprecipitates with free
dyskerin in the nucleus (Figure 4b) but does not associate with dyskerin when dyskerin is
assembled in an H/ACA RNP complex. Moreover, SHQI has never been found to simultaneously
interact with dyskerin bound to NAF1 (Figure 4c & d)*°. Grozdanov et al. show that SHQI-
binding domain mutants of dyskerin are associated with lower levels of dyskerin and hTR
instability’’. Moreover, SHQI mimics RNA-interaction patterns and compete with binding of
RNAs to dyskerin®®*’. Tts RNA mimicking function may indicate that it would be dislodged from
dyskerin by the RNA component as they compete for the dyskerin RNA binding site. Additionally,
endogenous SHQI localizes in the cytoplasm and nucleoplasm but is excluded from the nucleoli
and the GAR1-rich CB (Figure 4a-c)’®. This heat shock-like chaperone seems to play a major role
in the regulation of free dyskerin levels, protecting the protein from degradation through transient
interactions prior to the H/ACA pre-RNP assembly (Figure 4a-d). Finally, two ATPases associated
with diverse cellular activities (AAA+ ATPases) pontin and reptin are key elements in the

formation and function of a mature H/ACA RNP complex. These two AAA+ ATPases are partof
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many transcriptional regulation and chromatin remodeling complexes, and contribute to cellular
growth regulation and DNA damage repair®. Venteicher et al. conducted the first research linking
pontin and reptin to the assembly and function of the mature telomerase holoenzyme, showing that
the complex not only binds directly to hTERT (Figure 4g) but also to hTR and dyskerin in vitro
(Figure 4b & d). Additionally, they demonstrated that the assembly and stabilization of the mature
RNP is ATP-dependent and cell cycle regulated with a peak of the AAA+ ATPases recruitment in
S phase®'. Further experiments uncovered that SHQ1 removal favors the formation of the pre-RNP
complex in a reptin/pontin dependent manner (Figure 4b & ¢)®. All these findings support a
stepwise-regulated assembly of the H/ACA RNPs in the nucleolus starting with SHQI-bound
dyskerin shuttling to the nucleoplasm where SHQI is displaced by an RNA—dyskerin interaction

prior to dyskerin’s assembly with NAF1, NOP10, and NHP2 (Figure 4).

f. hTERT, the reverse transcriptase unit

hTERT contains three main domains: the 3’ overhang DNA binding domain TERT essential N-
terminal (TEN), the telomerase RNA-binding domain (TRBD) localized in the N-terminal
extension and the conserved reverse transcriptase domain®®. TERT was first shown to have
reverse transcriptase activity in vivo by Lingner et al. (1997) in Euplotes before it was most
specificially shown for hTERT by Nakamura et al. (1997)°*%. After purifying telomerase from
the ciliated protozoan Euplotes aediculatus, the cloning and sequencing of the gene encoding p123
(E. aediculatus TERT) revealed sequences encoding conserved reverse transcriptase motifs
situated in the center of the protein also present in the yeast TERT, Est2®. While these seven
motifs are conserved in all reverse transcriptases, the TERT reverse transcriptase region is also
characterized by a unique insertion between two of these motifs named A and B’. The N-terminal

side motifs were grouped as the “fingers” while the C-terminal side motifs were termed “palm”
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and the insertion was named the “Insertion in Fingers” Domain (IFD). This domain is important
for telomerase processivity and recruitment to telomeres®***®®. The structure of the TRBD was
discovered in Tetrahymena using crystallography and revealed an asymmetric binding of lobes
creating an RNA-binding pocket®®. Finally, the TEN domain structure of the Tetrahymena was
characterized with crystallography and was shown to bind single stranded DNA as well as

weakly interacting with RNA"""".

g. Localization to Cajal Bodies

After its assembly into a pre-H/ACA RNP complex and following processing in the nucleolus
(Figure 4f & h), hTR localizes to the CB where it is found as a mature H/ACA RNP complex
bound to GAR1 (Figure 4i)**">. An experiment following dyskerin expression in a time-dependent
manner confirms its initial accumulation in the nucleolus and subsequent localization to the coiled
bodies”. With respect to human telomerase, a better understanding of this trafficking mechanism
accompanied the discovery of the CAB box contained in the 3’ hairpin of the hTR H/ACA motif,
which is a CB-specific localization sequence’*. As previously mentioned, TCAB1 was identified
to bind to the CAB box in scaRNAs and bring them to the CBs’>. It was later shown that this
protein also recruits telomerase to the CBs (Figure 4i)***. In human cells, mutations in the CAB
box sequence prevent TCABI from binding to the hTR and impair its recruitment to the CBs’°.
Inversely, depletion of TCABI1 leads to a G1 cell cycle arrest and prevents the recruitment of
telomerase to telomeres’’. Therefore, this protein acts as a scaffold for the mature hTR-H/ACA
RNP to localize to the CBs. As additional proof, CBs have been reported to colocalize with
telomeres during S phase when telomerase is functional®’. However, the biological role of this
recruitment remains unclear as recent studies have shown that these subnuclear bodies are not

essential for telomerase activity in vivo in human and mouse cells**’*”. In coilin-depleted human
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cells, hTR assembly with hTERT is not affected and the telomerase holoenzyme remains
functional’®’® (Figure 4j). Although hTR is expressed and can assemble into an active
telomerase complex with the other components, the ability of the telomerase holoenzyme to
repeatedly translocate and synthesize telomeric DNA, a process known as repeat addition
processivity is reduced in the absence of CBs’’. It was recently shown that the CB-core protein
coilin associates with a NAFI-free dyskerin in an hTR-dependent manner and that coilin
expression decreases dyskerin/hTR assembly, acting as an inhibitor of telomerase assembly or
activator of its disassemblygo. On the other hand, in human cell lines, the overexpression of
telomerase components was shown to promote efficient recruitment of the enzyme to telomeres in
the absence of CBs®. These results suggest that recruitment of the mature complex to CBs
facilitates telomere encounters by the telomerase holoenzyme under normal biological
conditions, but when telomerase is no longer limiting, these organelles can be bypassed by
functional telomerase complexes. Interestingly, the hTRmin previously described and engineered
by Vogan et al. allowing H/ACA independent accumulation of hTR in human cells shows no
defects in telomerase activity and telomere length homeostasis with hTERT overexpression upon
knockout of either TCABI or coilin*. As telomerase is found in low levels in normal human
cells, localization to the telomeres likely requires chaperoning mechanisms such as CB

accumulation’®®!.

h. Cell cycle dependent assembly and localization

CBs are mobile structures, and therefore have the capacity to move the associated telomerase
holoenzyme to its target when needed®”. This movement is proven to be cell-cycle dependent with

83,84

a two-fold increase of hTR localization at the telomeres and CBs during S phase™"". However,

Vogan et al. recently showed that general hTR levels and telomerase assembly remain constant
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throughout cell cycle progression. In fact, TCAB1 association to the CAB box of hTR seems to be
the telomerase maturation step that is regulated by the cell-cycle. Association of TCABI1 to hTR
peaks in S phase and is diminished in G2/M. Therefore, the role of TCAB1 may not only be to
regulate the trafficking of telomerase to the CBs, but also to modulate access of active telomerase
to the telomeres™. Observing the cell-cycle regulation of the mature complex provides insights on
the stepwise assembly of the pre-RNP complex to the telomerase catalytic subunit hTERT.
Tomlinson et al. showed that hTR accumulates first at the CBs in G1 and beginning of S phase,
unassociated to hTERT. hTR and hTERT are only found to colocalize in S phase, suggesting that
hTERT assembles with h'TR once at the CBs, at which point the telomerase holoenzyme becomes
mature and active®®. Interactions of TCAB1 with dyskerin, hTR, and hTERT have also been
previously reported, providing additional evidence that the mature telomerase holoenzyme is
assembled once located at the CBs*. In further studies, the same group demonstrated that hTERT
is essential for hTR localization to the CBs during S phase in cancer cell lines. These two findings
seem contradictory as the second implies that hTR association to hTERT is essential for its
recruitment to CBs. The maturation pathway is partially clarified by Lee et al. who reported that
hTERT associates with the pre-H/ACA RNP in the fibrillar component of the nucleolus while

bound to nucleolin, a nuclear protein involved in RNA biogenesis*®*’

. This step occurs prior to
the recruitment of the mature telomerase to the CBs by TCAB1 where the telomerase

holoenzyme becomes catalytically active®’ (Figure 4g—i).

i. Recruitment activity

Telomerase recruitment and activity are tightly regulated by multiple processes and interactions.
One of them is the shelterin protein TPP1, which contains a glutamine and leucine rich patch (TEL-

patch) in its OB domain. The function of the TEL-patch involves hTERT recruitment and
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translocation on the telomere that is being elongated®®™. Further study of this recruitment shows
the TEL-patch to interact with the hTERT TEN domain®. Furthermore, the IFD was recently
characterized to foster recruitment of hTERT to the telomere in a TPP1 dependent manner®®"%°,
Several hTERT variants in the IFD were examined for effects on telomerase activity and telomere
recruitment®®®"?’, Defects in telomere binding are observed for several of these IFD variants and
could be rescued by TPP1 overexpression for some of them®®’. It was speculated that these
recruitment defects may be mediated through conformational changes of the TEN domain,

supported by the proximity of the IFD to the TEN domain in recent Cryo-Electron Microscopy

(Cryo-EM) mapping of the Tetrahymena thermophile TERT’'.

Many other factors other than the shelterin components are involved in telomerase
recruitment and activity regulation. For instance, the TRF1 interacting telomerase inhibitor 1
(PinX1) which mediates telomerase recruitment and localization through interaction with hTERT
leads to a decrease in hTERT at the telomeres when silenced in HeLa cells’>. It was also recently
reported that for hTERT to be effectively recruited to the telomeres in S phase, TRF1 must vacate
the telomere in an ataxia telangiectasia and Rad3-related protein (ATR) / ataxia telangiectasia
mutated protein (ATM) dependent manner’>. TRF1 dissociation from the telomere may be caused
by its phosphorylation by ATM, which causes proteasomal TRF1 degradation®. Dissociation of
TRF1 would also release the 3’ telomeric overhang from a protective structure and allow telomere
elongation by telomerase. This model is supported by another report of ATM-dependent
telomerase recruitment in both mice and humans cells where ATM inhibition is shown to stall
telomere elongation while its activation enhances it”. Finally, the trimeric complex made of the
conserved telomere maintenance component 1 (CTC1), the suppressor of Cdc thirteen (STN1) and
the telomeric pathways with Stnl (TENI) known as the CST complex is also involved in

telomerase regulation with a dual role. Extensive studies conducted in its yeast ortholog show that
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the CST complex can recruit the telomerase enzyme to the G-rich overhang in the first step
allowing extension of the G-rich overhang’®. Through another domain, it is then capable of
recruiting the necessary machinery to fill-in the C-rich strand leading to the inhibition of
telomerase and detachment from the telomeres. Later, CST has been reported to inhibit telomerase
activity in in a POT1 dependent manner in human cell lines’’. Mutated versions of POT]1 are
unable to negatively regulate telomerase, causing defects in telomere processing and leading to
unstable extended 3’ overhangs due to CST depletion at the telomere and uncontrolled telomere
elongation. Overall, the numerous proteins involved in telomerase regulation highlight the
importance of a tight regulation of this enzyme which can also be observed through the

consequences arising following their defects.

3) Telomere and telomerase in disease

a. Cancer
While telomerase expression is restricted to highly proliferative stem cells and germline cells, it is
found to be expressed in 85% of cancer cells. More specifically, the expression of hTERT in these
cells confers them with unlimited dividing capacity as hTERT expression is the limiting factor for
telomerase activity in somatic cells”. The ATERT promoter possesses many transcription factor
binding domains revealing a tight control of the promoter *®. This regulation is necessary as hTERT
needs to be silenced in somatic cells and expressed in others for cellular immortalization such as
in stem and progenitor cells. In cancer, mutations are often found in the TERT promoter leading to

99-101

increased transcription of the gene and translation of the protein . Interestingly, most of these

malignant cells still display short telomeres'?*'%*

. Therefore, telomerase activity must arise after
the critical shortening of telomere. These cells can usually bypass the Hayflick limit and therefore

replicative senescence. This step is known as crisis and is usually due to the impaired activation
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of DNA damage checkpoints such as p53 and the retinoblastoma protein'® (Figure 1d). p53
mutations are one of the most common forms of deficiencies leading to cancer'*®. Once the cell
enters crisis, the telomeres are so short that genomic integrity is lost and chromosomal ends start
to fuse between sister chromatids as well as between different chromosomes, a process known as
telomere fusions. This recombination leads to genomic instability and drives the expression of
hTERT hence the assembly and activity of telomerase. This process allows the escape of cell death

and the immortalization of the cell which can now sustain its telomeres indefinitely.

b. Premature aging diseases, Dyskeratosis Congenita
Dyskeratosis Congenita (DC) is a rare premature aging disease that touches 1 in a million people.
Patients are diagnosed at approximately age 10 and display physical symptoms such as nail
dystrophy, leukoplakia and abnormal skin pigmentation. In most cases, the patients die
prematurely due to deficiencies in highly replicative tissues leading to stem cell depletion and bone
marrow failure at around 40-50 years old'®’". DC was originally discovered in the 1900s in the X-
linked recessive form, arising from a mutation in the DKC/ gene in distal Xq28 which encodes
dyskerin'®. It was initially hypothesized that the disease was caused by defects in ribosome
maturation as dyskerin was mainly known as a pseudouridine synthase required for rRNA
maturation and ribosome assembly until Mitchell et al. linked DC to telomerase defects. They
found that DC patients have low levels of h'TR and reduced telomerase activity as well as telomere
length below average'®”. Nowadays, other forms of the disease have been identified such as
autosomal recessive and autosomal dominant forms caused by mutations in NOP10 and NHP2 or

in the telomerase components hTERT and hTR respectively’''*'"!

. The mutations in hTR are
localized either in the pseudoknot, impairing telomerase activity, or at the 3’ end impairing its

association with the H/ACA scaffold proteins and therefore its stability and localization. Some of
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these mutations are localized in the H/ACA box''?. Mutating the CAB box impairs hTR
localization to the CB, exemplified by the C408G mutant hTR identified in autosomal DC
patients**'"*. Other hTR mutations located in the CAB box are associated to bone marrow failure
syndromes''*. The direct consequence of these mutations in DC patients is underlined in earlier
research where the homozygous knock out of mouse TR displays DC-like phenotypes after a few
generations'"”. The clustering of DC-linked mutations in telomerase and telomere associated
components underlines the importance of telomere misregulation in DC. Mutations in telomere-
associated components as well as dyskerin have also been linked to other premature aging diseases
such as Hoyeraal-Hreidarsson, a severe form of DC', Furthermore, several studies show DC
patients are more prone to developing cancer than healthy individuals''"""®. The role and
regulation of telomerase and its components, such as dyskerin are therefore essential for a better
understanding of how it is implicated in aging and cancer and to translationally apply this
knowledge to the development of therapeutic strategies.
II. Dyskerin

Dyskerin is an evolutionary conserved nucleolar protein of 58 kilodaltons (kDa). It was found in
humans following the identification of mutations in the DKC/ gene in DC patients. However, other

members of this family in other species had already been identified.

1) Dyskerin orthologs

The first dyskerin ortholog was found in yeast (Cbf5) where it was shown to have affinity for

centromere DNA as well as a microtubule binding site such that deletion of this site would cause

119

cell cycle arrest . A few years later, Cbf5 was found to be involved in rRNA biogenesis which

explains the cell cycle arrest caused by dyskerin mutations leading to reduced ribosomal synthesis.

120

Additional orthologs were identified over the years such as in the rat (NAP57) “", as well as in

Drosophila (Nop60B)'*' and Arabidopsis (AtNAP57)'** showing an important evolutionary
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conservation of the protein across species and highlighting its multiple key functions in regulating

cellular processes. More strikingly, deletion of these homologs is lethal for the organism'>'**.

2) Human dyskerin discovery

It was in 1998 that the human DKC/ gene was fully cloned and identified as a member of this

family following the discovery of multiple missense mutations in this gene'®®

. The peptide analysis
showed dyskerin to be a lysine-rich hydrophilic protein containing putative nuclear localization
sequences and Nucleolar Localization Sequences (NoLS), phosphorylation sites as well as a
specific pseudouridine synthase and archaeosine transglycosylase (PUA) domain which is a
conserved RNA-binding sequence'?. Finally, a TruB homologous sequence was identified, a
conserved sequence important for RNA pseudouridylation, an essential post-transcriptional
process leading to the isomerization of uridine nucleosides into pseudouridines which is guided by
small non-coding RNAs*®. Additional research proved dyskerin localizes to the nucleoplasm first
then accumulates in the nucleolus. It also associates with CB but not if its NoLS is interrupted””.
These experiments proved in parallel that some DC mutations were not causing dyskerin
mislocalization and that the phenotype may therefore arise from a loss of function. It is now clear

that this protein family plays many roles in cellular maintenance and mainly as a core component
of H/ACA ribonucleoprotein including three other scaffold proteins previously described.
3) Dyskerin roles

The importance of dyskerin in regulating cellular pathways is highlighted through the dramatic
phenotype observed in DC patients. As discussed previously, dyskerin is a key H/ACA protein.
Both snoRNAs and scaRNAs bind the PUA domain of dyskerin to target/direct dyskerin-
mediated pseudouridylation'*®"'%®. Loss of dyskerin results in a significant reduction of H/ACA
snoRNAs'? and reduction in hTR* as dyskerin binding is important for their stability. The impact

on scaRNAs remains to be studied but we could predict the same effect. While its role associated
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to H/ACA RNAs, RNA maturation and hTR stability have been covered, the pseudouridine
synthase has also been associated to other cellular mechanisms such as mitosis and DNA

damage.

a. Dyskerin and cellular proliferation
A study conducted by Alawi et al. showed a mitotic specific role for dyskerin where dyskerin
levels are increased in G2/M and loss of dyskerin activates a mitotic spindle-assembly checkpoint
and cell cycle arrest'®!. These findings agree with a previous publication from this group
implicating a role for dyskerin in cell growth that is independent of p53 and telomerase by
depleting telomerase negative cells of dyskerin'”. These dyskerin depleted cells displayed

abnormal morphology, cell cycle arrest and multi-polar mitotic spindles.

b. Dyskerin and DNA damage
Dyskerin depletion is correlated to increased DNA damage. In mutant dyskerin mouse embryo
fibroblasts (MEFs), an increase in YH2Ax foci, marker of double stranded breaks (DSBs) is
observed compared to wild type MEFs with 10-15% localized to telomeres. Moreover, these
dyskerin deficient MEFs are more susceptible to treatment with the DNA damaging
chemotherapeutic drug etoposide and display a significant increase in YH2Ax foci, as well as
YH2AX protein levels. The downstream activators of the DDR were also highly increased in mutant
cells compared to wild type cells suggesting that dyskerin mutant MEFs are hypersensitive to DNA
damage. Interestingly, they presented that the DDR activation is independent of telomere length'**.
As mentioned, DC is also linked to mutations in the genes A/TR and hTERT as well as in genes
encoding the other H/ACA scaffold proteins, NHP2, NOP10, and even in genes encoding shelterin
proteins such as TINF2 encoding the shelterin protein TIN2. The phenotypes observed with each

mutation can vary. For example, mutations in #7R and ATERT require many generations for an
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intense phenotype to manifest while patients with either DKC/ or TINF2 mutations display severe
phenotypes from the first generation. The similar phenotypes observed with mutations in dyskerin
and TIN2 might hint at a common role that is not fully understood between the two proteins.
Similar to cells from dyskerin-deficient patients, TINF2-related DC cells present an increased
DDR'*’. The same way that h\TERT was shown to have a function on cell growth independent of
its role in telomerase'**, dyskerin could be involved in another cellular process such as the DDR.
An extensive study on the effect of different chemical stresses on the subunits of H/ACA RNPs
showed that their expression is not regulated the same way following each type of treatment. This
suggest that they might play different roles upon DNA damage'*”. Overall, dyskerin is most often
downregulated following DNA damage inducing treatments. Finally, dyskerin was shown to
associate with the single-strand-selective monofunctional uracil-DNA glycosylase 1 (SMUGI)

which is involved in DNA repair'*®

. The study was mainly focused on presenting the role of
SMUGTI in rRNA processing but it would be interesting to study the impact of this interaction on

DNA damage.

c. Dyskerin in cancer
The first general link between dyskerin and cancer was observed in DC patients who have
increased susceptibility to developing malignancies''’. The susceptibility is linked to the extreme
shortening of telomeres in DC cells. As telomeres shorten, the cell eventually reaches the Hayflick
limit and must go through replicative senescence. However, multiple studies have shown that p53
expression in dyskerin deficient mouse cells is impaired due to poor mRNA translation due to
failed ribosome biogenesis'>’. To date less evidence linking defects in dyskerin and altered
ribosome biogenesis has been reported'*®. While p53 mRNA levels are not affected, one study

showed that recruitment of p53 mRNA to the polysomal fractions is decreased resulting in
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decreased p53 protein levels. The same was reported for p53’s downstream target, p27. The
translation of this downstream tumor suppressor in DKC/ mutant mice as well as in pituitary tumor
samples with the dyskerin mutation S485G was shown to be significantly reduced "*"'*°. These
misregulations lead to a deficient DNA damage checkpoint when these cells pass the Hayflick
limit which increases the chances of cancer''®. A different study has however shown that
downregulation of dyskerin has no effects on p53 expression'?’. After these studies, a growing
interest in understanding the levels and role of dyskerin in tumors arose. Montanero et al.
conducted the first study looking at expression and function of dyskerin in human lung, breast and
colon carcinomas'®. The analysis of dyskerin mRNA levels shows that dyskerin levels vary
greatly between different cancer types with some having low levels of dyskerin mRNA.
Additionally, they looked at rRNA pseudouridylation and found that it is positively correlated to
dyskerin mRNA levels. Lower levels seem to increase neoplastic transformation suggesting

. 118,140
dyskerin could act as a tumor suppressor

. Low dyskerin levels are however associated to
reduced telomerase activity and they showed that breast tumors with lower dyskerin levels were
associated with better prognosis. On the other hand, wild type dyskerin is often found to be
upregulated in cancer cell lines. While some studies show that this upregulation mainly drives
increased cell proliferation and protein biosynthesis in breast cancer and prostate cancer '**'*!,
others associate the increased dyskerin protein level to increased telomerase activity resulting from
increased levels of hTR. One study in neuroblastoma patient samples looked at enriched cluster of
genes and identified snoRNA RNP-associated genes with DKC1 being at the top of the list. They
saw a correlation between the expression of the telomerase complex and tumor survival and
concluded that this increase in snoRNA RNPs in neuroblastoma causes elevated telomerase

activity'**.
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4) Post-translational modification

Although extensive research has been conducted on the various functions of dyskerin in the
regulation of cellular mechanisms, very little is known about the mechanisms regulating dyskerin
in all those functions. One would expect such a dynamic protein to be highly post-translationally
modified. Post-translational modifications (PTMs) are one of the most common modifications
involved in protein regulation. These include phosphorylation, ubiquitination as well as
SUMOylation. Evidence for PTMs in dyskerin was proposed when higher molecular weight

species of the protein were observed after SDS-PAGE and Western blotting143

. Dyskerin has been
predicted to be phosphorylated at multiple sites (Ser21, Ser387, Serd51, Ser453, Ser 455, Thr 458,
Ser 485, Ser494, Ser 513) (Uniprot ID 060832) ''°. Furthermore, dyskerin was identified as a
target for ubiquitination on K39 in a large scale study of the ubiquitin-modified proteome'**. More
direct proof of dyskerin PTMs was provided in a large-scale proteomics study using
multidimensional liquid chromatography-tandem mass spectrometry to identify SUMO targets
induced by oxidative stress where dyskerin was identified as a hit protein'*"'*’. Confirmation of
dyskerin SUMOylation was published in 2013 where Brault ef al. showed that the lysine- rich
dyskerin possesses multiple sites that are post-translationally modified, both in vitro and in vivo
in consensus motifs known as SUMOylation sites which are modified by small ubiquitin-like
modifers (SUMOs)'*. Several of the reported dyskerin SUMOylation sites were subsequently
confirmed by mass spectrometry (MS)'**. Overexpression of SUMOI or SUMO2 led to higher
molecular weight dyskerin species which was inhibited when SUMOylation essential proteins,
such as the E2 conjugating enzyme Ubc9 were not added in vitro". Using cycloheximide to
inhibit protein synthesis, Brault et al. showed that dyskerin SUMOylation stabilizes the protein.

Furthermore, they found that X-linked DC causing mutations located in these SUMOylation sites

were linked to decreased hTR levels and impairment in telomere maintenance.
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III. SUMOylation
SUMOylation is one of the most recent lysine-specific post-translational modifications discovered
and it covalently binds SUMOs to a lysine residue located in consensus sequences. SUMO was
first identified in yeast as a Suppressor of Mif2 (Smt) activity and suppressor of cell death in
another study where it was named Smt3 and sentrin respectively'**'*°. This modification is highly
conserved from yeast to humans including invertebrates such as C. elegans and Drosophila as well
as plants. Studies in each of these systems show SUMOylation to resemble closely the
ubiquitination pathway while acting in more various ways such as the modification of protein-

protein interactions, protein localization, protein activity and protein stability.

1) Dynamic post-translational modifiers

SUMOs are small 15kDa proteins containing a Gly-Gly motif allowing them to form an isopeptide
bond with a lysine residue. This residue needs to be present in a specific sequence known as a
SUMOylation consensus motif YKXD/E where ¥ is a hydrophobic residue, K is the modified
lysine residue, X is any amino acid and D/E is an acidic residue. Although this motif was the first
discovered and most conserved, variants have been identified since such as the inverted D/EXK'Y,
the negatively charged amino-acid-dependent SUMOylation motifs or even non-conserved
motifs'*'"'%, The SUMO family in humans includes four isoforms, SUMO 1 to 4 (Table 1). SUMO
2 and 3 share 97% homology and are therefore grouped in the same category when studied as no
structural nor functional difference between the two has yet been observed. Each possess a
consensus lysine residue allowing a SUMO partner to bind covalently to it and hence the formation
of SUMO2/3 chains/branches on the protein'>®. SUMOI1 shares 50% homology with SUMO2/3
and lacks the additional branching site making it impossible for this isoform to form branches'*’.
It is therefore found at mono-SUMOylated target sites or capping SUMO2/3 branches'*®. SUMO4

shares 87% homology with SUMO2. It is expressed in the kidney, lymph nodes and spleen whereas
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the other homologs are ubiquitously expressed. The SUMO4 gene does not contain any introns
and is therefore believed to be a pseudogene'™. Its role has not been well characterized but it has
been associated with the modification of the nuclear factor kappa B inhibitor alpha (IxBa)'**'%2.
However this modification may not be similar to SUMOylation as its active site cannot be matured
in vivo'®. Recently, a new poly-SUMO isoform was discovered by Liang ez al. which is mainly
involved in the modification of promyelocytic leukemia proteins (PML), the unit of PML nuclear
bodies involved in the regulation of multiple cellular processes such as transcription, DNA repair
and senescence'“*'®. A large pool of free SUMOs is readily available in a cell as these small
proteins are involved in the regulation of many cellular processes. This pool mainly consists of
SUMO2/3 suggesting that the formation of branches is the most transient form of SUMOylation
and can be further stabilized by SUMO1'®. This process is highly dynamic as these small proteins
are removed efficiently by SUMO/sentrin specific proteases (SENPs) making SUMOylation a very

transient process with steady-state levels of SUMOylated proteins being typically <5%' 1",

2) SUMOylation cycle

Although divergent in their functions, SUMOs and ubiquitin go through a very similar activation
and binding cycle (Figure 5). The SUMOylation cycle involves multiple players to allow for a
dynamic and transient modification, some being conserved for all targets while others display high

specificity for targets.
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Type Covalent Branching
binding

SUMO 1 Nucleus
SUMO 2/3 Nucleus s Yes 4+
SUMO 4 Cytoplasm - Unknown Unknown

Table 1. Four SUMO isoforms in humans display different properties

Figure 5. Schematic of the SUMOQylation cycle. (a) The SUMO active motif (SUMO-GG) is
generated by the cleavage of its C-terminal sequence. (b) SUMO is activated by the SAE1/2
activating enzyme which (c) transfers it to the Ubc9 conjugating enzyme. (d) Ubc9 transfers the
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SUMO to its target protein, (e) facilitated in vivo by a SUMO E3 ligase. (f) The cycle is completed
with the removal of SUMO by SENPs.
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a. SAE1/2, the SUMO EI activating enzyme
Once its Gly-Gly motif'is exposed following SENP-dependent cleavage of its immature C-terminal
sequence (Figure 5a), SUMO is ready to be conjugated to a target protein. The first step of this
process starts with its binding to the E1 activating enzyme (Figure 5b), a heterodimer known as
SUMO activating enzyme 1 and 2 (SAE1/2) conserved for all SUMOylation events and across
species °*!%19° The SAE] is 38kDa and homologous to the yeast Uba2p while SAE2 is a 72kDa
protein homologous to the yeast Aoslp, where Uba2p and Aosl are two subunits of the
heterodimer Stm3p activating enzyme in yeast'®. Analysis of the complex showed that the binding
of the two subunits leads to the formation of an optimal binding site for SUMO. This complex is
homologous to the ubiquitin E1 activating enzyme and acts in an ATP-dependent manner to create
a thioester bond with the C-terminus of free SUMO proteins to recruit SUMO to the E2 conjugating

168
enzyme = .

b. UbcY, the SUMO E2 conjugating enzyme
After its activation by SAE1/2, the SUMO protein is transferred to an E2 conjugating enzyme
known as the Ubiquitin Conjugating enzyme 9 (Ubc9) (Figure 5c). Ubc9 binds to the SAE1/2-
SUMO complex for a transesterification reaction where the thioester bond between the activating
enzyme and SUMO is transferred to a cysteine residue on Ubc9, Cys93. This enzyme shares an
evolutionary conserved sequence of about 140 amino acids with other E2 conjugating enzymes
forming a conserved tertiary structure. However, Ubc9 contains an insertion of two critical
residues in this region, Asp100 and Lys101 which are essential for its role in transferring SUMO

to its target' !

(Figure 5d). Multiple experiments have looked at the effect of knocking down
Ubc9: while its depletion in DT40 lymphocyte cells leads to abnormal chromosome segregation

and eventually apoptosis, it was found that conditional Ubc9 knock out mice present important
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intestinal deficiencies and complete Ubc9 knock out mice is embryonically lethal '™, These
results reflect that Ubc9 is essential for SUMOylation which in turn is essential for life. Further
studies found that, in most cases, Ubc9 is sufficient in vitro for transferring SUMO to its target

156 The two-amino-acid insertion was shown

contrary to the conjugation enzyme for ubiquitination
to be capable of binding non-covalently the target protein at its SUMOylation consensus site

WYKXD/E'”'. However, in vivo the E2 conjugating enzyme requires help from a third player, the

E3 ligase, involved in the SUMOylation cycle.

c¢. The SUMO E3 ligase
While not always necessary in vitro, the E3 ligase plays a critical role in vivo and is required to
facilitate the binding of SUMO to its target' > (Figure 5¢). Contrary to Ubc9 and like ubiquitin E3

ligases, E3 ligases are specific to their substrates and a few have already been identified such as

176 177

the members of the protein inhibitor of activated Stat (PIAS) family ™, Topors "', the Ran binding

2'7%17 and others'””. However, while hundreds of these enzyme family members are

protein
characterized for ubiquitination, only a dozen are known for SUMOylation. One common
characteristic in SUMO E3 ligases is the SUMO interacting motif (SIM). This motif consists of a
hydrophobic sequence juxtaposed to acidic residues allowing a non-covalent interaction with
SUMO'"™. Further studies uncovered a specific sequence in the hydrophobic patch, V/I-X-V/I-V/I,
conserved in each SIM and necessary for SUMO binding'®'. Crystallography studies showed that
the organization and variations in these hydrophobic and acidic clusters allows for preferences in

182184~ Another characteristic found in E3

binding orientation and SUMO isoform specificity
ligases in general is known as the really interesting new gene (RING) finger domain'®. This

domain takes the shape of a platform allowing for docking of the E2 conjugating enzyme and
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therefore facilitates the transfer of SUMO or ubiquitin to its target. This motif is found in most of

the E3 ligases including SUMO E3 ligases (PIAS, Topors).

d. SUMO/Sentrin Specific Proteases
The SENP family initiates and terminates the SUMOylation cycle starting with the maturation of
the SUMO by exposing its Gly-Gly motif and ending with its removal from the target protein
(Figure 5a and f). SUMO is expressed as a pro-protein and requires further modification to
reveal its active Gly-Gly motif and bind to its target, then needs to be cleaved from its targets
efficiently. SENPs are therefore responsible for the dynamic and transient nature of the
SUMOylation cycle. Six isoforms in this cysteine protease family are found in humans, SENP1-
3 and 5-7 and their function is conserved across species: two isoforms are found in yeast while
eight have been identified in Arabidopsis. Each of them differ in their preferences for SUMO
isoforms, sub- localizations and functions (Figure 6). Their non-conserved N-terminal domain has
been shown to control their distinct subcellular location while their conserved C-terminal
catalytic domain is essential for their specificity in SUMO maturation and displays a triad
consensus of three amino acids, His-Cys-Asp'®*'®. Studying the SENPI crystal structure
associated to SUMOI1, showed that the structure of SENPs includes a “tunnel” formed by a
tryptophan residue allowing for the proper positioning of the SUMO scissile peptide bond in a
cis conformation. This rearrangement allows for a more efficient cleavage and exposure of the
processed C-terminal Gly-Gly motif'”’. While SUMO binding abilities seem to be constant across
isoforms, the specificity is regulated by the SENPs catalysis efficiency. This is due to the C-
terminal SUMO sequence at the scissile bond which determines which SENP can process them

the most efficiently'®”-'**1%
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SENP1 is mainly nuclear and accumulates at the nuclear envelope and at nuclear foci which
sometimes colocalize with PML nuclear bodies (Figure 6). It has been shown to play a role both
in SUMO maturation and deconjugation. While active for all SUMO isoforms, it is more efficient
in processing SUMO1 than SUMO2 and SUMO3"™""'. SENP2 is also involved in both
functions although it is more active in deconjugation and more specific to SUMO2 than SUMO1
and SUMO 3"_1ts cellular localization is similar to that of SENP1 although it cycles between the
nucleus and the cytoplasm'?. SENP3 and 5 are very similar; they localize mainly to the
nucleolus and favor SUMO2/3 maturation and processing over SUMOI1 (Figure 6)"*1% Their
localization is highly correlated to the processes they have been implicated in, most specifically
rRNA biogenesis but also the mitotic apparatus through the SUMOylation regulation of Borealin,
a cell cycle associated protein and spindle assembly'**"'*®. Finally, SENP6 and SENP7 are both
mainly involved in SUMO chain editing, which is consistent with their specificity for SUMO2
and SUMO3 (Figure 6)'*'*?%! The editing activity can be attributed to additional loop structures
found in both SENP6 and 7 but not in the other isoforms as deletion of these loops shows reduced

199,200

catalytic activity . These SENPs are mainly localized in the nucleoplasm'®?. Therefore,

SENPs are essential for regulating SUMO bioavailability.
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Figure 6. SUMO/Sentrin specific proteases (SENPs) display subcellular localization and
SUMO family specificities. SENP1 and 2 are mostly active and concentrated in the
nucleoplasm, nuclear envelope and at the PML bodies while SENP 3 and 5 are concentrated in
the nucleolus and mitochondria. SENP 6 and 7 are found in the nucleoplasm (top panel). SENP
1-5 have maturation capacity for both SUMO2 and SUMO3. SENP 1 and 2 are more specific to
SUMOI, for both maturation and deconjugation. SENP6 and 7 are involved in SUMO2/3 chain
editing (bottom panel). (Nayak, A. & Muller, S. 2014. Genome Biology) reprinted with
permission from BioMed Central.
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3) SUMOpylation cellular regulation

As previously described, the SUMOylation cycle resembles the ubiquitination cycle in its cycle.
However, the two post-translational modifications diverge in the cellular processes that they
regulate. While ubiquitination is mainly restricted to the mediation of protein targeting to the
proteasome for degradation, SUMOylation regulates a wide range of functions via the alteration
of protein-protein interaction, protein stability, protein activity as well as protein localization®***%.
Through these mechanism, SUMOylation has been shown to regulate transcription, cell cycle,
DNA damage, ubiquitin-mediated degradation, stress response and multiple other cellular

159,175,202,204

pathways . The cell death and embryonic lethality phenotypes resulting from Ubc9

knockdown in vitro in DT40 lymphocytes and in vivo in knockout mice is consistent with the role

of SUMOylation in a wide range of cellular pathways '">'"

a. Transcription
SUMOylation has been shown in many cases to be associated with transcription regulation. It can
be found to work either as a repressor or an activator of transcription. One study showed that the
transcription factor c-Myb was modified at its negative regulator domain by SUMOI at three
lysine residues™. These residues work in a stepwise manner where the SUMOylation of the first
site is necessary for the modification of the other two’”?%. These modifications increase its
proteolytic stability while decreasing its transcriptional activity. Another transcription factor
regulated indirectly by SUMOylation is the nuclear factor kappa B (NF-kB). When bound to its
inhibitor IxBa, NF- «f is kept inactive in the cytoplasm. Degradation of this inhibitor is necessary
for NF-kB to localize to the nucleus and activate transcription. This activation is regulated by
SUMOylation of Ikpa in the cytoplasm by both SUMO1 and SUMO4, reducing levels of NF-kf3

mediated transcriptionl60’161’207. On the other hand, SUMO can also act as a positive regulator of
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transcription such as with p53. The transcription factor p53 regulates many cellular processes
through promoter binding and transcription upregulation of genes implicated in cell cycle and
apoptosis and acts as a tumor suppressor. The protein expression is tightly regulated, kept at low
levels in normal conditions and upregulated in response to stress with a rapid turnover as well as
actively transported between the cytoplasm and nucleus. This control is regulated both directly
and indirectly by SUMOylation. It was shown that p53 is SUMOylated in vitro and in vivo at K386
in its C-terminus by SUMOI, increasing its binding affinity and transactivation’®**. This
SUMOylation is mediated by the E3 ligase Mouse double minute 2 (MDM2) as deleting the
MDM2 binding domain in p53 abolishes its SUMOylation*'’. This PTM enhances p53 nuclear
import. However, recent studies challenge these results showing that p53 SUMOylation reduces

21 Further studies showed this site to be

its transcriptional activity by enhancing its nuclear export
modified by SUMO2/3 mediating both activation and repression of p53-targeted genes”'”.
Interestingly, this process is also tightly regulated indirectly by SUMO through MDM2
SUMOylation on its K446 residue®”~">. Moreover, MDM2 has ubiquitination E3 ligase activity.
SUMOylation of the E3 ligase prevents its self-ubiquitination at this site and increases MDM2-

dependent ubiquitination®'*. Studies showed that MDM2-dependent mono-ubiquitination of p53

controls its export while poly-ubiquitination controls its degradation®"”.

b. Relationship with ubiquitin
While involved in many other cellular processes, SUMOylation is still intertwined with
ubiquitination®*****. It was first found that SUMOylation competes with ubiquitination on lysine
residues to protect proteins from degradation and increase their stability. One example is
phosducin, a G-protein coupled signal transducer, which is less stable and targeted by

ubiquitination when SUMOylation is deficient. It has increased binding affinity to one of its
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downstream effector in its SUMOylated state*'®. Some studies report this competition to occur at
different lysine residues as the mutation of the SUMOylated lysine residue increases its
ubiquitination and protein degradation showing that SUMOylation blocks ubiquitin from binding
adjacent lysine residues, increasing the stability of the protein®*>***'°_ In other proteins, SUMO
was shown to compete directly at lysine residues that were known to be modified by ubiquitin such
as K21 in the transcription factor inhibitor IkBa and K466 in the ubiquitin E3 ligase MDM2
protecting them from degradation and respectively inhibiting NF-kB-mediated transcription and
enhancing p53 ubiquitination and degradation®’*'*. After these findings, it was surprising to find
that SUMO promotes ubiquitination of some proteins. A proteomic study showed that SUMO2-
bound protein enriched lysates are associated to increased amounts of ubiquitin and that treatment
with the proteasome inhibitor MG132 leads to increased amounts of SUMO2 conjugated targets”'’.
SUMO has also been shown to recruit ubiquitin E3 ligases to induce targeting to the proteasome
and degradation of the protein. These ligases are known as SUMO-targeted ubiquitin ligases
(STUbLSs) and are characterized by the presence of SIMs, like SUMOylation E3 ligases which
allows them to be recruited by SUMO branches or chains on a target protein218. This hydrophobic
domain encounters a hydrophobic cluster in SUMO and the intercalating of the -strands in each
of these domains sets the proper orientation for this transient interaction”'’. While SUMOylation
E3 ligases are recruited to promote SUMOylation, STUbLs are recruited to ubiquitinate these
targets. They can cap the SUMO chain or bind ubiquitin to a different lysine residue to poly-
ubiquitinate the target and direct it to the proteasome®'***. The first STUbL discovered was Ulps1
following a special yeast interaction assay known as two-hybrid interaction assay that identified
multiple SIM domains in the protein*'®**'. The most studied mammalian STUbLSs is RNF4 which
regulates degradation of PML proteins. PML associate and aggregate into membrane-less nuclear

bodies known as PML bodies. They have been shown to be involved in the DDR, stress
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regulation, cell apoptosis and senescence and have a tumor suppressor function’*?*. PML
bodies have been shown to be modified by SUMOI for proper assembly of the nuclear bodies**.
However, they are also modified by SUMO2 to recruit the E3 ligase RNF4. This protein is part of
the RING domain family of proteins which have been found to often have multiple SIM domains
suggesting a possible recruitment by SUMOylation chains for ubiquitination””>. PML associates
with the retinoic-associated receptor alpha which diffuses PML bodies through delocalization of
PML**. Upon stress induction by treatment of cells with arsenic trioxide (AsO3), this complex is
degraded through the SUMOylation-mediated degradation of PML by RNF4-mediated
ubiquitination. This process is dependent on the K160 PML residue as its mutation abolishes the
recruitment of the 11S proteasome®®. Immunofluorescence studies show increased PML bodies
are formed when using an siRNA against RNF4 as PML is not being degraded®*’. Later, RNF4
was shown to have STUbLS activity on multiple other proteins®*****. The ortholog of this STUbL
is conserved in Sacchromyces cerevisiae as Usl2, the SIx5/S1x8 heterodimer. Multiple SIM
domains are located in SIx5 and only one in SIx8, which are essential for its function such as the
ubiquitination of the SUMOylated form of the E3 ligase Siz2, a yeast PIAS ortholog. A study
reported that Uls2 prefers poly-SUMO chains and that it mono-ubiquitinates their terminal
SUMO™. The RNF4-dependent formation of these hybrid SUMO-ubiquitin chains was shown to
recruit another family of receptor proteins containing a tandem SUMO and ubiquitin interacting
motif (tSIM-UIM)>. As expected, this family included proteasomal proteins such as proteasome

230231 However it also

subunit S5a of the 19S regulator complex as well as lysosomal proteins
recruits DNA damage factors such as the Breast cancer type I susceptibility protein (BRCAT)

revealing a role for SUMOylation and STUbLs in DNA damage regulation®?.
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c¢. DNA damage
One of SUMOylation’s many functions include the regulation of the DDR pathway'®’. Cellshave
evolved a complex machinery to maintain their genomic integrity which detects DNA damage
such as single stranded breaks and DSBs with various checkpoints capable of regulating cell cycle,
DNA repair as well as transcription modification and chromatin remodeling for an instant response

to stress233

. Many of the DDR proteins are SUMOylated to initiate their recruitment to the DNA
damage site or to recruit downstream effectors and activate their activity in the repair pathway.
Upon the generation of a DNA lesion, single strand DNA-binding replication protein A (RPA) is
recruited and binds to the overhangs of the DSBs. RPA is crucial for the activation of the ATR
signaling cascade and the DDR. RPA70, one of the three RPA subunits is SUMOylated in vivo on
residues K449 and K577 in SENP6 knockdown cells. This model displays increased replication
defects and DNA breaks. The study further showed that RPA70 SUMOylation is essential for its
replacement by the DNA repair protein RAD51 homolog 1 (RADS51) at the DSB and for
homologous recombination (HR) as RPA70 SUMO deficient mutants show decreased localization
of RADS51 at damage foci'®">*.

Furthermore, the role of the Bloom syndrome protein (BLM) helicase at damaged
replication forks and the formation of the D-loop for HR are also SUMOylation-mediated
mechanisms. BLM is SUMOylated at residues K317 and 331 and the modification is necessary
for RAD51 binding at the DSB*°. Ouyang et al. also show that SUMO-mutant BML cells present
increased YH2Ax foci, increased cell death and inhibition of HR. BML SUMOylation is

hypothesized to indicate a breakage at the replication fork™”.

The proliferating cell nuclear antigen is also a key organizer of DDR factors at the stalled
replication fork and this process is regulated by its various PTMs. Its K164 residue can be both

SUMOylated and ubiquitinated. Its SUMOylation recruits the Regulator of telomere elongation
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helicase 1 (RTEL1) at the replication fork and inhibits spontaneous recombination®®.

Another downstream effector of HR recruited at DSBs is BRCA1. The protein assembles
into multiple complexes including proteins containing a tSIM-UIMs such as Rap80%Z.
Therefore, the complex requires SUMOylation of proteins at the DSB site such as the cell cycle
checkpoint protein known as Mediator of DNA damage Checkpoint 1. The SUMOylation of this
checkpoint protein is shown to be essential for proper recruitment of BRCAT1 as the mutation of

its SUMOylated lysine residue abolishes its recruitment to DSBs>’

. Moreover, this recruitment
is also regulated by the formation of SUMO-ubiquitin hybrid chains as RNF4 depletion prevents
BRCA1 localization with YH2AX in vivo >,

A more general study looked at the involvement of different SUMO isoforms in the DDR
and showed that SUMO2/3 mainly act in the non-homologous end joining (NHEJ) pathway while
SUMOL is involved in all repair pathways. Most interestingly, they showed that unconjugated
SUMOIL also plays a role interacting with SIMs such as those found in Rad51, increasing its
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accumulation at DSBs™". A recent study reports the importance of STUbLs at DNA damage sites.

Their model proposes these E3 ligases act as a “cleaning crew” of SUMO2/3 chain accumulation

at DNA damage sites allowing for the proper activation of the downstream DDR effectors®’>*!,

d. Telomeres

Many of the telomere associated proteins have been shown to be SUMOylated, especially in yeast

models®*

. The importance of the mechanisms for telomere maintenance is highlighted through a
significant increase in telomere elongation when SUMOylation is inhibited**’. Therefore, many of
these SUMOylation targets inhibit telomerase activity. One example is Cdc13, a telomere length

regulator protein which has been associated to both telomerase recruitment or inhibition.

SUMOylation of this protein at K909 increased its affinity with the STN (Stnl/Tenl) complex,
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the yeast ortholog of a CST subunit involved in telomerase inhibition and C-strand fill-in***. This
study also identified additional telomere proteins that are SUMOylated such as RAP1. This protein
binds to TRF2 and is essential to protect telomeres from being recognized as DNA damage and
inhibiting NHEJ. RAP1 is known to be a negative regulator of telomere length®*’. Interestingly, a
study showed that SUMOylation of this protein inhibits its role in preventing NHEJ as depletion
of the STUbL Ulsl leads to telomere fusions by NHEJ while the inhibition of SUMO chain
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formation bypasses the Ulsl mutation and leads to reduced telomere fusion”™. What remains

unclear is why the regulation of RAP1 by SUMOylation would only have negative effects. Further
studies need to be conducted to understand better this mechanism™*.

Furthermore, two studies were published simultaneously reporting that Tpzl1, the TPP1
yeast ortholog is SUMOylated at K242 and SUMO deficient Tpzl mutant cells display clear
elongation of telomere and significantly decreased STN complex binding to telomeres. A weak
interaction was detected with a two-hybrid interaction assay between Stnl and SUMO-Tpz1 but
not between Tenl and SUMO-Tpzl. Therefore, Tpzl SUMOylation inhibits telomerase activity
through the recruitment of the STN complex at telomeres, similarly to the function of Cdcl3
SUMOylation247’248. Research conducted in mammalian cells identified TRF1 and TRF2 to also
be targeted by SUMOylation. One study shows that TRF2 poly-SUMOylation mediated by the E3
ligase PIAS1 recruits the STUbL RNF4 for its ubiquitination and degradation. This process would
most likely target a fraction of TRF2 as the shelterin protein is essential for telomere maintenance
and protection. The second study focused on SUMOylation of shelterin proteins in cancer cell lines
which maintain their telomeres by the Alternative Lengthening of telomeres (ALT) mechanism.
This mechanism emerged in cell lines that do not express telomerase and rely on HR of telomere

repeats to maintain the length of their telomeres and preserve their unlimited proliferation

capacity’”’. One characteristic of these cancers is ALT-associated PML bodies (APBs) where
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telomeres localize at PML bodies, a site enriched in DNA repair factors therefore an ideal site for
telomere recombination”’. In this study, they show that SUMOylation of the two shelterin
components TRF1 and TRF2 by the E3 ligase MMS21 is necessary for telomere recruitment at the
PML bodies and therefore for APB formation in these ALT cell lines®". However, the mechanism
by which their SUMOylation recruit telomeres to PML bodies is not yet characterized. The
involvement of SUMOylation for targeting telomeres for DNA repair was also described in yeast
by Churikov et al. where they showed using a chromatin immunoprecipitation assay that eroded
telomeres are enriched in SUMOylated telomere-bound proteins in the absence of telomerase, and
promotes their relocalization to the nuclear pore complex for DNA damage repair. Knowing the
Uls2 to physically interact with nuclear pore complexes, they found that the STUbLs mediate the
recognition of the SUMOylated eroded telomeres and traffic them to the nuclear pore complex

e 25D
where they undergo recombination™".

4) SUMOylation in diseases

Seeing the diversity of roles SUMOylation plays in cellular processes, it can only be predicted that
the malfunction of this PTM is involved in many diseases™". A first range of diseases linked to
SUMOylation are neurodegenerative diseases™ . These cases involve premature degradation of
neuronal populations which can be due to an improper SUMOylation dependent regulation of
proteasomal degradation of target proteins. Multiple SUMO substrates have been linked to
neuronal diseases such as Tau in Alzheimer’s disease, Huntingtin in Huntington’s disease or a-
synuclein in Parkinson’s disease®**>>. SUMOylation is also related to heart disease. It was shown
that depletion of SUMOI in cardiac tissues leads to heart failure. This is due to the impaired
SUMOylation of the Lamin A protein in the extracellular matrix, representative of the
consequences arising from mutations in the SUMOylation consensus site of the protein where the

glutamate is modified to glutamine or lysine: E203G and E203K*>***°. Additionally, many cancer
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cell lines have been linked to SUMOylation deficiencies. One of the first causes is due to mutations
leading to the overexpression of SUMOylation activators such as SUMO isoforms®’, Ubc9 or
SUMO E3 ligases. For example, the upregulation of the SUMO E3 ligase PIAS3 has become a
hallmark of cancer”® while the upregulation of Ubc9 has already been linked to multiple cancer
types such as ovarian cancer and human lung adenocarcinomas®>’2®'. SENP overexpression is
associated with cancer. For example, SENP1 overexpression in the prostate increases
susceptibility for tumor growth’®®. Seeing how SUMOylation regulates the expression and
activity of key transcription factors and tumor suppressors, its upregulation can lead to the
dysregulation of oncogenes. p53 has been extensively shown to be regulated by SUMOylation
and the loss of p53 is one of the main causes of cancer'”®. The same dramatic effect is observed
for the NF-«xB transcription factor as its upregulation is highly correlated to inflammation and
cancer”>?%, Another cause of cancer can be the use of SUMO by telomerase-defective cells to
maintain their telomere length and proliferative capacity which creates survivors that should

L 252,265
have gone through replicative senescence™~"".

IV. Rational and objectives of the research
The goal of my master thesis research was to characterize the molecular mechanisms that regulate
dyskerin SUMOylation. This project included determining if dyskerin SUMOylation is cell cycle
regulated, assessing if dyskerin SUMOylation could be stimulated by DNA damage, identifying
in which subcellular compartment dyskerin is SUMOylated, and finally identifying the E3 ligase
regulating dyskerin SUMOylation. I discovered that dyskerin SUMOylation is cell cycle regulated
with a peak in S phase and G2/M, time points which corresponds to key functions of dyskerin.
Moreover, I show that certain genotoxic stresses such as AsO; treatment can increase dyskerin
protein levels and induce dyskerin SUMOylation and that dyskerin SUMOylation can also be

increased by inducing telomere-specific damage. Following the silencing of specific SUMO
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proteases, I found that a pool of SUMOylated dyskerin is concentrated in the nucleolus and that
SENP3 is involved in the dyskerin SUMOylation cycle. Finally, I have engineered the necessary
constructs and cell lines to use an unbiased biotinylation proximity based identification assay that
has the potential to identify proteins in close proximity to dyskerin (10nm) or having weak
interactions with the protein which may allow us to identify the E3 ligase involved in dyskerin

SUMOylation.
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MATERIALS AND METHODS

I. Cell culture and plasmids
HEK293 cells were the only cells used in this study. Stably expressing His-SUMO3 HEK293 cells
genetically modified for facilitated Mass Spectrometry analysis were kindly provided by Dr. Pierre
Thibault**. Stably expressing Flag-dyskerin HEK293 cells and His-SUMO3 Flag-dyskerin
HEK293 cells were created by transfecting Mock HEK293 cells and His-SUMO3 HEK293 cells
respectively with a pLenti-Flag-dyskerin construct. This construct was made by Shusen Zhu:
pcDNA3.1 Flag-dyskerin (kindly provided by Francois Dragon, Université du Québec a Montréal)
was digested with EcoRV and Clal for 3 h at 37 °C. Enzymes were inactivated 20 min at 65 °C.
The overhang was filled-in by adding dNTPs and Klenow fragment with a 15 min incubation at 25
°C. The sample was loaded on an agarose gel and the corresponding band was extracted. The
pLentiCMV/TO vector plasmid was digested with EcoRV for 3 h at 37 °C then
dephosphorylation of the vector was done with Calf intestinal alkaline phosphatase (CIP) (NEB,
M0290S) for 50 min at 37 °C. Insert and vector were ligated with the T4 DNA ligase
(Invitrogen, 15224-017) for 24 h at 14 °C. Ligation product was transformed into Stbl3 bacteria.
Plasmids were digested as well as sequenced to confirm the correct insert. The stable cell lines
expressing this vector were infected and selected by Patrick Lambert-Lanteigne. All cells were
cultured in Dulbecco’s Modified Eagle’s medium (Wisent) completed with 10% Fetal Bovine
Sera (Wisent) and an antibiotic solution containing 10,000 units/mL of penicillin, 10,000 pg/mL
of streptomycin and 25 pg/mL of Gibco Amphotericin B (Invitrogen, #15240-062). Selection was
maintained with puromycin (2 pg/ml, Wisent) for the Flag-DKCI1 vector and neomycin (500
pg/ml, Multicell) for the His-SUMO3 vector. The pCMV KR-TRF1 plasmid was obtained from
Dr. Li Lan’s lab®®’. The TRF2 dominant negative pLPC-NMycTRF2ABAM plasmid was provided

by Dr. Titia de Lange®®®. 5 ug of the latter plasmid was digested with 20 U of Xhol (NEB,
y g g
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R0146S) and HindIII (NEB, R0104S) in Buffer 2 (NEB, B7002S) for 1 h at 37 °C. TRE24%*M
encoding sequences were extracted from an agarose gel. 5 ug of pcDNA3.1 hygro (+) vector was
digested in parallel in the same conditions and the enzymes were deactivated at 65 °C for 20 min.
It was then incubated with 10 U of CIP for 30 min at 37 °C. TRF2*®*™ inserts were cloned into a
pcDNA3.1 hygro (+) vector (in ratios 1:3, 1:5 and 1:10) with 1 ul of T4 DNA ligase for ligation,
1 h at 37 °C. DH5« bacteria were transformed with the pcDNA3.1 TRF2*®*™ plasmid. The
cloning was confirmed through sequencing of the plasmid.

MycBirA* insert from pcDNA3.1MycBirA* neomycin plasmid kindly provided by Dr.
Marc Fabian was cloned into the pcDNA3.1 (+) hygro vector using Nhel (NEB, R0131S) and
HindIIl (NEB, R0104S). DKC! was amplified with a polymerase chain reaction from the
pcDNA3.1 Flag-dyskerin plasmid using the following primers: 5-
GGGGGTACCAGCGGATGCGGAAGTAA-3 (forward) and 5’-
CCCTCTAGACTACTCAGAAACCAATTCTAC-3’ (reverse) and cloned in the MycBirA*
pcDNA3.1 (+) hygro plasmid using Kpnl (NEB, R3142S) and Xbal (NEB, R0145S) in CutSmart
buffer (NEB, B7204S). BirA*HA insert from pcDNA3.1BirA*HA neomycin (Addgene, #36047)
was cloned into the pcDNA3.1 (+) hygro vector using Nhel (NEB, R0O131S) and Pmel (NEB,
R0560S) in CutSmart buffer. DKC1 was amplified with PCR using the following primers: 5’-
ATGCGCTAGCATGGCGGATGCGGAAGTAATTA-3 (forward) and 5-
GGGACCGGTACTCAGAAACCAATTCTACCTCT-3’ (reverse) and cloned in the BirA*HA
pcDNA3.1 (+) hygro plasmid using Nhel and Agel (NEB, R0552S). The digestion and cloning
conditions followed were the same as for the TRF2**™ plasmid. His-SUMO3 HEK293 cells
were transfected with each of the four constructs using lipofectamine 2000 (Invitrogen) and

selected with hygromycin (200 pg/ml, Wisent).
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II. RNA interference
The sequences of siRNA oligonucleotides used were 5’-CAA UAA GGA GCU ACU GCU
AdTdT-3’ and 5°-GUU AUU CCU CGA UGA CGA UdTdT-3"** for SENP3 (Cell signaling,
D20A10) and 5'-GGA CCA GCU UUC GCU UUC UdTdT-3"and 5’-CCU GGU CGA AAG CGA
AAG AdTdT-3’ for SENP1 (Cell signaling, D16D7)*"°. An siGFP (5’-AAC ACU UGU CAC
UAC UUU CUCATdT-3’ and 5’-UUG UGA ACA GUG AUG AAA GAGATdT-3’) was used as
a control*”'kindly provided by Dr. Stéphane Richard. 12 pmol of each siRNA were preincubated
with lipofectamine RNAiMax (Invitrogen) in OptiMEM (Gibco) then added to the antibiotic free
medium containing His-SUMO?3 Flag-DKC1 HEK293 cells in a 6 cm plate. The medium was
changed 5 h later with complete DMEM. The transfected cells were incubated for 72 h then

collected in ice-cold Phosphate-Buffered Saline (PBS).

III. Immunoblots and antibodies

Cells were lysed in mRIPA buffer (50 mM Tris HCI pH 8.0, 150 mM NaCl, 10 mM MgCl,, 1%
NP-40, 0.5 % sodium deoxycholate (DOC), 1 mM phenylmethylsulfonyl fluordie, complete
Protease Inhibitor Cocktail (Roche), 20 mM N-Ethylmaleimide), incubated 20 min on ice then
centrifuged at 4 °C at 15,000 rpm. Protein concentration was assessed using a Bradford Assay.
10-40 pg of samples were loaded on SDS-PAGE, electrophoresed 90 min at 90 V then
transferred to a polyvinylidene difluoride membrane (Millipore) for 2 h at 70 V. Membranes
were blocked in 5 % non-fat dry milk PBS-Tween (PBS-T) 0.05 % for 1 h at room temperature
then incubated in corresponding primary antibodies overnight at 4 °C: anti-dyskerin (1:2000)
(Santa cruz, sc-48794), anti-SUMO2 (1:1000) (Invitrogen, #51-9100), anti-TRF1 (1:4000)
(abcam, #ab1423), anti-TRF2 (1:1000) (Millipore, #05-521), anti-Flag (1:4000) (Proteintech,

20543-1-AP), anti-TCAB1 (1:8000) (NovusBiologicals, NB100-68252), anti-HA

(1:1200) (Cell Signaling, #2367), anti-Myc (1:2000) (Santa Cruz, #sc-40), anti-6xHis (1:500)
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(Clontech, #631212), anti-PML (1:500) (Santa Cruz, sc- 9862), anti-SENP1 (1:1000) (Cell
Signaling, #11929) or anti-SENP3 (1:1000) (Cell Signaling, #5591) antibodies. Membranes
were washed 5 min 3 times with PBS-T 0.05% then incubated in secondary antibodies anti-rabbit
or anti-mouse (1:10000), corresponding to the primary antibody, for 1 h at room temperature.
Membranes were washed 5 min 3 times with PBS-T 0.05% then developed with ECL2 Western
Blotting Substrate (ThermoScientific) and exposed on 8x10” Scientific autoradiography films
(Progene, 39-20810) as well as revealed using direct blue-excited fluorescence with the STORM
imager 840 (General Electric, 63-0035-59). The program ImagQuantTL was used for their

analysis and quantification.

IV. Fluorescent in situ hybridization (FISH) and Immunofluoresence (IF)
80 % confluent cells on a sterile coverslip in a 6-well plate were washed twice with PBS and the
coverslips were transferred to a new 6-well plate while remaining cells were pelleted for input
samples. The coverslips were incubated 10 min at room temperature in 10% acetic acid 4%
formaldehyde solution for cell fixation then washed twice for 5 min in PBS. Cells were left in 70
% ethanol at 4 °C overnight. Cells were rehydrated for 5 min in 50 % deionized formamide, 2X
saline-sodium citrate (SSC) buffer then the denaturing step was conducted 10 min in 70 %
deionized formamide, 2X SSC at 85 °C. The coverslips were put cell-side down on 40 pl of pre-
hybridization mixture (hybridization buffer, 50% deionized formamide, 1 pg/ul of E.coli tRNA,
25 ng/ul of 50 nt random primer)(hybridization buffer: 10 % dextran sulfate, 2 mM vanadyl
ribonucleotide complex, 0.002mg/ml nuclease-free BSA) in a humid chamber and incubated for
at least 1 h at 37 °C. Coverslips were transferred to 40 ul of hybridizing solution containing Cy3-
labeled telomeric peptide nucleic acid probe (Panagene) in pre-hybridization mixture and left
overnight at 37 °C. Coverslips were transferred to a 6-well plate and washed twice in a bacterial

incubator shaker at 110 rpm for 30 min in 50 % deionized formamide, 2X SSC then washed 10
62



min three times in PBS. Cells were blocked 1 h in 5% BSA. Three washes of 10 min were
conducted in PBG (1% cold fish gelatin, 0.5% BSA in PBS). Coverslips were incubated cell-side
down in anti-yH2AX (Millipore, #05-636) for DNA damage detection or anti-TCAB1 (1:50)
(NovusBiologicals, NB100-68252), anti-HA (1:50) (Cell Signaling, #2367) and anti-Myc (1:50)
(Santa Cruz, #sc-40) diluted in PBG. The incubation in the primary antibody was performed
overnight at 4 °C. Coverslips were washed 3 times 10 min in PBG and coverslips were incubated
cell-side down in the corresponding fluorescent secondary antibody: donkey Fluorescin FITC
anti mouse (1:250) (Jackson IR, 715-095-150) and donkey Cy3 anti-rabbit (1:250) (Jackson IR,
711-165-152) for 1 h in the dark at room temperature. If a simple IF for two different primary
antibodies was conducted, the experiment started at the 30 min washes in 50% deionized
formamide, 2X SSC. At the secondary antibody step, coverslips were incubated cell-side down in
both donkey Fluorescin FITC anti mouse (Jackson IR, 715-095-150) and donkey Cy3 anti-
rabbit (Jackson IR, 711-165-152) for 1 h in the dark at room temperature. Coverslips were

washed 3 times 10 min in PBG then fixed with nail polish to glass slides and kept at 4 °C.

V. Nickel-charged Nitrilotriacetic Acid (NiNTA) affinity purification
Two 15 cm plates were collected in SmL of ice-cold PBS. 500 pl was kept for input analysis.
Cells were pelleted and lysed in 800 pl of Guanidine Hydrochloride Lysis buffer (GuHCI, 6 M
Guanidine HCI, 20 mM sodium phosphate, 500 mM NaCl, 10 mM imidazole, pH 8.0), and
lysates were sonicated 3 times 5 sec pulses at 40 % amplitude on ice with a Fischer Scientific
550 Sonic dismembrator. Cells were centrifuged 20 min at 15000 rpm. 50 pl of slurry Nickel
resin (Qiagen, #30310) was washed twice with PBS and once with GuHCI (Spin for 2 min at
3000 rpm). Lysates were transferred to the pre-washed resin and rotated at 4 °C overnight. The
supernatant was removed and beads were washed once with GuHCI, once with Urea washing

buffer 1 (8 M urea, 20 mM sodium phosphate, 500 mM NaCl, 10 mM imidazole, pH 8.0) and
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twice with Urea washing buffer 2 (8 M urea, 20 mM sodium phosphate, 10 mM imidazole, 500
mM NaCl, pH 6.3). Beads were eluted in 50 pl of elution buffer (2.5X laemlli buffer- define, 200
mM imidazole), rotated for 15 min then boiled 5 min at 95 °C. Analysis of the samples was done

with SDS-PAGE and immunostaining against dyskerin and SUMO2.

VI. Cell cycle
2 mM of thymidine was added to a 30 % confluent 10 cm plate of HisSSUMO3-Flag-dyskerin
HEK293 cells for 18 h. Media was washed twice with PBS then changed for thymidine free
DMEM for 9 h. 2 mM thymidine were supplemented again for a second block and kept for 17 h.
Cells synchronized in G1/S phase were released and collected every hour for 12 h. Cells were
trypsinized and washed once with PBS then resuspended in 1 ml of ice-cold PBS. 4 mL of ice-
cold absolute ethanol was added drop by drop while vortexing gently for storage at -20 °C. Fixed
cells were pelleted and resuspended in 100 pL of 200 pg/mL of RNaseA in PBS. Cells were
incubated 30 min at 37 °C. 50 ul of Propidium Iodide (PI, 1 mg/ml in PBS) was added and
samples were left at room temperature for 10 min before the flow cytometry analysis on a BD LSR
Fortessa (BD Biosciences, SanJose) using laser 561 mm and filter 610/20 nm. Three key time
points were identified: 0 h, 4 h 30 and 9 h corresponding to G1, S and G2/M phase, respectively.
An asynchronous sample was collected as a control. Following this analysis, cells collected at
Oh, 4 h 30 and 9 h were washed twice with PBS, 10 % was kept in absolute ethanol for flow

cytometry analysis and the other 90% was used for NiNTA affinity purification.

VII. DNA damage treatments
Cells were treated with 0.25-1.25 ng/ml of doxorubicin for 24 h or 2 uM AsO; for increasing
amount of time (1 — 6 h). Cells were scraped in ice-cold PBS. The pellets were lysed in mRIPA
buffer, incubate on ice for 20 min and centrifuged for 20 min at 15,000 rpm at 4 °C. Lysates were

used for immunoblotting against dyskerin and SUMO?2. Immunoblotting against PML was used
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as control for the AsOs treatment™’. For telomere-specific DNA damage, two constructs were
used: the dominant negative TRF2 (TRF2ABAM)*® and a chimeric TRF1%?? fused to the
phototoxic fluorescent Killer Red protein (KR-TRF1). Two 15cm plates of His-SUMO3 Flag-
dyskerin expressing HEK293 cells were transfected with 25 pg of the plasmid (for both) using
lipofectamine 2000 and incubated for 24 h, the antibiotic free medium was changed for complete
DMEM after 6 h. KR-TRF1 transfected cells were kept in the dark and exposed to light for a
determinate amount of time (1-3 h) using a Sylvania 15W fluorescent tube. FISH/IF with a
telomeric probe and antibodies against YH2AX (Milllipore, (#05-636) was used to assess

Telomere dysfunction Induced Foci (TIF) caused by the proteins encoded by these constructs.

VIII. Bio-ID constructs and streptavidin purification
Immunoblotting was used to confirm expression of the BiolD fusion proteins and
immunofluorescence to confirm localization of the recombinant protein. Four 80 %-confluent 15
cm plates for each cell type were supplemented with 50 uM D-biotin (Bioshop, 50 uM stock in
H,0) and collected 20 h later. Cells were washed three times with PBS to remove any residual
biotin then centrifuged for 5 min at 3000 rpm. The pellet was lysed in RIPA buffer (50 mM Tris
HCI pH 7.4, 150 mM NaCl, 1% NP-40, 0.1% SDS, 1% DOC, 1 mM EDTA, 1 mM PMSF,
complete Protease Inhibitor Cocktail (Roche)) and supplemented with 250 units of benzonase.
Lysates were sonicated 30 secs at 30% amplitude (10-sec bursts with 2 secs of rest in between)
then centrifuged for 30 min at maximum speed at 4 °C. 20 ul aliquots were kept for input
analysis at -80 °C. In the meantime, 70 pl of slurry Streptavidin-Agarose beads (Millipore) were
washed 3 times with RIPA buffer then lysates were added to pre-washed streptavidin beads and
incubated on rotor at 4 °C for 3 h. Reactions were centrifuged for 1 min at 2000 rpm at 4 °C.
Supernatant was stored at -20 °C and beads were washed 3 times with RIPA buffer and 3 times

with 50 mM ammonium bicarbonate pH 8.5 at 4 °C. Beads were resuspended in 100 pl of 50 mM
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of Ammonium bicarbonate and samples processed immediately for Mass Spectrometry (MS)
analysis at the IRCM proteomic core facility. Input samples were used for immunoblotting

against Myc and HA tags.

IX. BiolD digestion and LC-MS/MS
The on-bead proteins are digested with 0.5 pg Sequencing Grade Modified Trypsin (Promega)
overnight at 37°C with agitation. The supernatants were collected and the beads were washed two
times with 100 pul water. The supernatants of each wash were pooled and then reduced and
alkylated. The reduction step is done with 9 mM dithiothreitol at 37 °C for 30 min and, after
cooling for 10 min, the alkylation step is done with 17 mM iodoacetamide at room temperature for
20 min in the dark. The supernatants were acidified with trifluoroacetic acid for desalting and
removal of residual detergents by MCX (Waters Oasis MCX 96-well Elution Plate) following the
manufacturer’s instructions. After elution in 10% ammonium hydroxide /90 % methanol (v/v),
samples were dried with a Speed-vac, reconstituted under agitation for 15 min in 15 pL of 5 %
formic acid and loaded into a 75 pm i.d x 150 mm Self-Pack C18 column installed in the Easy-
nLC II system (Proxeon Biosystems). Peptides were eluted with a two-slope gradient at a flowrate
0f 250 nL/min. Solvent B first increased from 1 to 35% in 105 min and then from 35 to 84% B in
25 min. The HPLC system was coupled to Orbitrap Fusion mass spectrometer (Thermo
Scientific) through a Nanospray Flex Ion Source. Nanospray and S-lens voltages were set to
1.3-1.8 kV and 50 V, respectively. Capillary temperature was set to 225 °C. Full scan MS survey
spectra (m/z 360-1560) in profile mode were acquired in the Orbitrap with a resolution of
120,000 with a target value at 1e6. The 20 most intense peptide ions were fragmented in the
HCD collision cell and analyzed in the linear ion trap with a target value at 2e4 and a normalized
collision energy at 28. Target ions selected for fragmentation were dynamically excluded for 25

SEC.
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X. Protein identification
The peak list files were generated with Proteome Discoverer (version 2.1) using the following
parameters: minimum mass set to 500 Da, maximum mass set to 6000 Da, no grouping of MS/MS
spectra, precursor charge set to auto, and minimum number of fragment ions set to 5. Protein
database searching was performed with Mascot 2.6 (Matrix Science) against the Refseq human
protein database (July 29" 2016). The mass tolerances for precursor and fragment ions were set
to 10 ppm and 0.6 Da, respectively. Trypsin was used as the enzyme allowing for up to 1 missed
cleavage. Cysteine carbamidomethylation was specified as a fixed modification, and methionine
oxidation as variable modifications. Data interpretation was performed using Prohits (version

5.0.2).
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RESULTS

I. Dyskerin SUMOylation is cell cycle regulated
It has previously been shown that SUMOylation regulates multiple proteins that are cell cycle
regulated such as the cyclin family and p53°’*. Dyskerin plays multiple functions at different
phases of the cell cycle. On one hand, it was shown to be part of the active telomerase complex in

S phase which corresponds to the optimal activity of the enzyme®**"*

. Dyskerin also acts during
mitosis playing an important role for the mitotic apparatus. It was shown to accumulate at
perichromosomal regions during mitosis and its depletion induces a G2/M arrest and a spindle
assembly checkpoint revealing mitotic defects '*°. We therefore investigated whether dyskerin
SUMOylation is regulated in a cell-cycle dependent manner. To do so, we used HEK293 cells
stably overexpressing both His-SUMO3 and Flag-dyskerin. First, these cells were synchronized in
G1/S phase using a double thymidine block then released from the synchronization and collected
every hour for 12 h to characterize their progress in each phase of the cell cycle (Figure 7) Using
PI staining and flow cytometry analysis allowed us to distinguish between three time points
corresponding to G1, S phase and G2/M at 0 h, 4 h 30 and 9 h respectively.

Untransfected HEK293 control/parental cells (Mock HEK 293) and HEK293 cells expressing His-
SUMO3 and Flag-dyskerin were collected at these time points and proteins were extracted. The
PI staining analysis of these samples allowed us to confirm that these time points are “in-phase”
across the cell cycle between the two HEK293 cell lines used (Figure 8 A). Western blot analysis
shows that dyskerin protein levels are higher in His-SUMO?3 Flag-dyskerin expressing HEK293
cells synchronized in S phase and G2/M compared to dyskerin levels in G1 and the asynchronous
samples of both mock and His-SUMO3 Flag-dyskerin expressing HEK293 cells (Figure 8B,
compare lanes 7-8 with lanes 1-6). This experiment was repeated a total of 3 times, and levels of

dyskerin were quantified by normalizing to actin levels (Figure 8C). We then used a nickel-charged
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nitrilotriacetic acid (NiNTA) purification to enrich His-SUMO?3 conjugated proteins in the samples
from the His-SUMO3 Flag-dyskerin expressing cells. Histidine is known to have a high affinity
for nickel ions and the 6X His-tagged SUMO3 conjugated proteins will therefore bind to the resin
and allow for the purification of SUMOylated proteins in the lysates. Following the NiNTA
purification, Western blot analysis using an antibody against dyskerin revealed protein species of
higher molecular weight than the 58 kDa expected for dyskerin and may represent SUMOylated
forms of dyskerin (Figure 8B and 8D, upper panel). We have previously reported that dyskerin
migrates at about 70 kDa which might be indicative of posttranslational modifications'*. The
first observed band slightly above 70 kDa (labeled non-specific) appeared in all samples
including the mock HEK293 samples. We concluded that it is likely a non-specific protein
revealed by the dyskerin antibody as no protein should be pulled down in the mock HEK293
samples. The protein species at about 90 kDa (labeled SUMOylated dyskerin) is observed in all
His-SUMO3 expressing samples but is absent in the Mock HEK293 cell control samples. We
hypothesize that it is a SUMOylated state of dyskerin that may be cell-cycle independent.
However, we also observe a higher molecular weight protein species at about 110 kDa (labeled
SUMO (n) dyskerin) which is more intense in both S phase and G2/M synchronized His-
SUMO3 expressing HEK293 cells compared to G1 and the asynchronous sample, and which
correlates with the increased dyskerin protein levels observed in S and G2/M phases in the input
samples. (Figure 8D, upper panel, compare lanes 7-8 to lanes 5-6). Western blot analysis using
an antibody against SUMO2/3 revealed the SUMO 2/3-conjugated protein pool at different time
points of the cell cycle (Figure 8D, bottom panel). As predicted, no signal was detected in the
control samples as they are not expressing the His-SUMO3 protein (Figure 6D, bottom panel,
lanes 1-4). We found an enrichment in global SUMOylated proteins in S phase and G2/M

compared to G1 and asynchronous samples (Figure 8D, bottom panel, compare lanes 7-8 to 5-6).
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Figure 7. Cell cycle progression of HEK293 cells stably expressing His-SUMO3 Flag-
dyskerin. FACS analysis results after PI staining of samples synchronized with and released from
a thymidine block and collected every hour for 12 h.
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Figure 8. Dyskerin SUMOylation is cell-cycle regulated. A) FACS analysis results of both
Mock HEK293 and HEK293 cells stably expressing His-SUMO3 Flag-dyskerin after releasing
them from a thymidine block at time point 0 h, 4 h 30 and 9 h corresponding to G1, S phase and
G2/M, respectively. B) Dyskerin protein levels are increased in S phase (lane 7) and G2/M (lane
8) and decreased in G1 (lane 6) compared to the asynchronous sample (lane 5) in HEK293 cells
stably expressing His-SUMO?3 Flag-dyskerin. Mock HEK293 asynchronous and synchronized in
G1, S phase and G2/M (lane 1-4) were used as a control. Actin blot was used as loading control.
C) Quantification of the input membrane blotted against dyskerin and normalized to actin (n=3).
D) NiNTA purification results after blotting against dyskerin (top panel) and SUMO2/3 (bottom
panel) shows higher molecular weight dyskerin SUMOylation species (SUMO, Dyskerin) and
higher levels of global sumoylated proteins both in S phase (lane 7) and G2/M (lane 8). (*) denotes
a non-specific band following immunoblotting. Molecular Weight markers were used for each gel
and are indicated on left of the gels in kDa
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II. Global DNA damage affects dyskerin protein levels and SUMOylation

SUMOylation is known to recruit multiple DDR factors at DNA damage sites and to activate repair
factors such as RNF4 and BRCA1 previously discussed ***?">?"® Furthermore, it has been
shown that global SUMOylated protein levels increase upon introduction of stress?’’. Previous
studies have tested the effect of multiple genotoxic stressors on the SUMOylation of their
proteins of interest'*’. Dyskerin depleted cells have been shown to be more sensitive to
genotoxic stress and dyskerin was shown to interact with DNA repair factors such as SMUG1

132,137,278

implicating that dyskerin mays play a role in DNA damage pathways . Moreover, a study

on the effect of DNA damaging agents on the protein levels of H/ACA proteins showed that each

135

protein is differentially regulated by different DNA damages °°. Therefore, we were curious to

see if DNA damage can affect dyskerin SUMOylation levels. The study examining H/ACA RNP

135

protein levels observed reduced dyskerin levels upon doxorubicin treatments *~. Dyskerin

137278 'Hence, we tested the effect

depleted cells are also more sensitive to doxorubicin treatment
varying doses of doxorubicin have on dyskerin protein levels and SUMOylation. HEK293 and
His-SUMO3 Flag-dyskerin stably overexpressing HEK293 cells were treated with increasing
concentrations of doxorubicin (0.25, 0.5 and 1.0 uM), a DNA intercalating agent for 24 h
(Figure 9). We observed a negative correlation between the concentration of doxorubicin used
versus the total dyskerin protein levels in His-SUMO?3 Flag-dyskerin stably overexpressing cells
(Figure 9A, lanes 5-8). Total dyskerin protein levels were slightly increased with the lowest dose
of 0.25 nM (Figure 9A, upper panel, lane 6) while higher concentrations led to a gradual decrease
of dyskerin protein level (Figure 9A, lanes 7-8). This experiment was repeated twice, and levels
of dyskerin were quantified by normalizing to actin levels (Figure 9B). When analyzing the

amount of SUMOylated proteins enriched by the NiINTA purification following these treatments,

it does not seem that doxorubicin has an impact on total protein SUMOylation levels (Figure
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9C). We were unable to detect higher molecular weight protein species possibly representative of
dyskerin SUMOylation after the NiNTA purification and immunoblotting using an antibody
against dyskerin (data not shown). Either the decrease in dyskerin protein levels may not be
linked to a change in its SUMOylation or dyskerin SUMOylation levels are too low to detect.
The experiment will need to be repeated and results confirmed. To further understand the effects
of genotoxic stress on dyskerin protein levels and SUMOylation states, we investigated the effect
of As;0s;, a genotoxic chemical which creates DSBs through the synthesis of Reactive Oxygen
Species (ROS)*”. This treatment has been shown to increase global protein SUMOylation as well
as PML SUMOylation in particular'****>*?7_ To test its effect on dyskerin SUMOylation, we
treated HEK293 and His- SUMO3 Flag-expressing HEK293 cells with 1 uM As,O; for different
time points ranging from 1 h to 4 h (Figure 10). Likely due to low endogenous levels of dyskerin,
we did not observe variations in dyskerin levels and SUMOylation upon treatment of mock
HEK293 cells (data not shown). We subsequently used only the sample from untreated mock
HEK293 cells as a control. After western blot analysis using antibodies against dyskerin, we
observed that dyskerin protein levels increase in His-SUMO3 Flag-expressing HEK293 cells
with increasing time of AsO; treatment (Figure 10A top panel, lanes 2-6). Immunoblotting
against SUMO2/3 revealed one band in the mock HEK293 sample also found in the samples
from His-SUMO3 Flag-dyskerin overexpressing samples (labeled SUMOylated protein), and
thus likely not specific to dyskerin. (Figure 10A middle panel, lanes 1-6). The upper band is
detected only in HEK 293 stably overexpressing His- SUMO3 Flag-dyskerin (labeled SUMO-
Flag dyskerin) and increases in intensity with AsOs treatment and could therefore be specific to
dyskerin (Figure 10A, middle panel, compare lanes 2- 6 to lane 1). To understand if this increase
was correlated to an increase in dyskerin SUMOylation, we performed a NiNTA purification of

the cells after the same treatments. Higher molecular weight protein species at approximately 90

73



kDa (labeled SUMO-dyskerin) corresponding to SUMOylated dyskerin were
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Figure 9. Doxorubicin treatment decreases dyskerin protein levels. A) Mock HEK293 cells
(lane 1-4) and HEK293 cells stably expressing His-SUMO?3 Flag-dyskerin (lane 5-8) were
untreated (lanes 1 and 5) or treated with increased amount of doxorubicin 0.25 pM (lane 2 and
6), 0.5 uM (lane 3 and 7) and 1.0 uM (lane 4 and 8) for 24 h. Immunoblot against dyskerin with
different film exposure times, 15 secs (top panel) and 2 min (middle panel) exposure. Actin blot
was used as loading control. B) Quantification of total dyskerin protein levels were normalized to
actin (n=2). C) SUMO2/3 blot after NiNTA purification of HEK293 cells stably expressing His-
SUMO3 Flag-dyskerin (lane 2-5) treated with increasing amount of doxorubicin 0.25 pM (lane
3), 0.5 uM (lane 4) and 1.0 uM (lane 5) for 24 h and untreated Mock HEK?293 cells (lanel) and
HEK293 cells stably expressing His-SUMO?3 Flag-dyskerin (lane 2) as controls. Molecular Weight
markers were used for each gel and are indicated on left of the gels in kDa.
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Figure 10. Dyskerin protein levels and SUMOQylation are affected by arsenic. HEK293 cells
stably expressing His-SUMO3 Flag-dyskerin treated with 1uM of AsO3 for increasing time: Oh
(lane 2) 1h (lane 3) 2h (lane 4) 3h (lane 5) 4h (lane 6) and Mock HEK293 cells (untreated control)
(lane 1) A) Input of samples blotted against dyskerin and SUMO2/3. Actin blot was used as loading
control. B) Quantification of the dyskerin blot signal normalized to actin (n=2). C) NiNTA
purification elution blotted against dyskerin, SUMO2/3 and PML as a control of arsenic-triggered
SUMOylation. Molecular Weight markers were used for each gel and are indicated on left of the
gels in kDa.
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observed in the samples from cells expressing His-SUMO3 and Flag- dyskerin, but not in the
sample from mock HEK293 cells (Figure 10C, upper panel, compare lanes 2-6 to lane 1).
Interestingly, this molecular weight is similar to the one of the protein observed in the SUMO2/3
blot of the input samples and which we propose could correspond to SUMO-Flag dyskerin
(Figure 10A, bottom panel, lanes 2-6). A protein slightly below 70 kDa (labeled dyskerin) was
also pulled down from the purification (Figure 10C, upper panel, compare lanes 2-6 to lane 1)
and may represent non-SUMOylated dyskerin. Since there is evidence that telomerase acts as a
dimer, two molecules of dyskerin are expected to be found in each complex”’*. This protein could
correspond to endogenous or Flag-dyskerin that were bound to the SUMOylated dyskerin
species and enriched during the purification. We observed that levels of the 90 kDa species
increased after the AsOj3 treatment between 1 h and 3 h showing that AsO; may induce dyskerin
SUMOylation. However, levels of the 90 kDa species substantially decreased after 4 h of
treatment. The same pattern of global SUMOylated proteins was detected when using an
antibody against SUMO2/3 with an increase of SUMOylation between 1 and 3 h of treatment and
an important reduction at 4 h of treatment (Figure 10C, middle panel, compare lanes 3-5 to 1 and
6). We also assessed levels of SUMOylated PML after AsO; treatment since arsenic has been
reported to increase SUMOylation of PML*‘. As previously mentioned, PML is the main
component of stress-induced nuclear bodies also known as PML bodies. These dynamic and
heterogeneous structures have been associated to inflammation, stress, and diseases such as
cancer. They play a role in regulating apoptosis and cellular senescence and are a main site of
PTMs'®* The link between PML bodies and SUMOylation arose when it was found that
PML, which acts as a “hand holder” for the PML bodies, is SUMOylated*****!. We observed a
similar increase in PML SUMOylation with increasing time of AsO; treatment (Figure 10C

bottom panel), as reported in the literature. We also observed a decrease in PML SUMOylation at
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4h of AsOj; treatment like the decrease in dyskerin SUMOylation we observed (Figure 10C,
compare lanes 6 in upper and lower panels). As SUMOylated PML has been reported to recruit
ubiquitin E3 ligases and target PML to the proteasome for degradation, we hypothesize that
arsenic triggers a SUMO-dependent degradation pathway increasing dyskerin SUMOylation and
possibly degradation through the recruitment of STUbLs. Since one function of dyskerin is
telomerase-specific, we assessed the location of the DNA damage created upon AsOjs treatment
using FISH/IF (Figure 11). We found that the yH2AX foci (green) were dispersed in the nucleus

and that they were not localized at the telomere foci (red).
DAPI YH2AX Telomere Merge
Figure 11. Arsenic treatment creates global DNA damage. FISH/IF of His-SUMO3 Flag

dyskerin expressing HEK293 cells for untreated (top lane) and 3 h of AsOj; treatment (bottom lane)
Red foci represent telomeres and green foci represent YH2AX.

Untreated

AsO, (3h)

77



III. Telomere-specific damage affects dyskerin protein levels and SUMOQylation
When telomeres are unprotected and exposed, such as temporarily, during DNA replication or
when they become critically short, they activate a DDR******. Some mechanisms such as the
expression of the telomeric repeat-containing RNA (TERRA) and its binding and accumulation at
short telomeres are involved in in the activation of the DDR. This DDR can result in Homology-
directed repair if telomerase is not expressed in the cells to rescue the telomere loss***. However,
when telomerase is expressed, TERRA leads to telomerase nucleation at short telomeres™. Other
mechanisms have been found to regulate telomerase recruitment at shorter telomeres. Live imaging
of the trafficking of the telomerase enzyme reveals multiple short interactions at telomeres while
observing a few rare long-lasting interactions>*®. This dynamic of the complex is probably due to
probing short telomeres in need of elongation. Many studies have shown that telomerase gets

287

preferentially recruited to short telomeres in yeast’™®’ as well as in humans®®® and that this

preference can be mediated by the low cellular expression of telomerase as well as extracellular
pH?**?%° Moreover, telomerase nucleolar localization was shown to increase upon DNA damage
introduction in human lung fibroblast*”' and additional research focused on hTERT further linked
telomerase to DNA damage repair””. Furthermore, the yeast telomerase RNA nucleoplasmic
localization was shown to be mediated by SUMOylation linking telomerase recruitment and
SUMOylationzgS. Dyskerin being part of the telomerase complex, we hypothesized that its
SUMOylation might be regulated by telomere-specific damage. Our first approach involved the
use of the KillerRed-TRF1 (KR-TRF1) construct which expresses a fusion protein of the
photosensitizer KillerRed (KR) and the shelterin protein TRF1%®’. KR is a red fluorescent

294,295

chromophore which synthesizes ROS when activated by light . Hence, the expression of KR

fused to TRF1 will localize the ROS at telomeres and induce telomere-specific damage®®’. This

267

fusion protein has previously been characterized and shown to induce TIFs™' After transiently
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transfecting His-SUMO?3 Flag-dyskerin expressing HEK293 cells with KR-TRF1 and exposing
them to light for 3h, we performed a FISH/IF to check that our experimental conditions induce
TIFs. As expected, we observed TIFs, measured as the colocalization of YH2AX and telomeres in
the KR-TRF1 expressing His-SUMO3 Flag-dyskerin HEK293 cells (Figure 12). The expression
of the fusion protein was confirmed using western blot analysis against TRF1 (Figure 13A). We
then examined the effect of the presence of TIFs on dyskerin protein levels. We transfected His-
SUMO3 Flag-dyskerin HEK293 cells with KR-TRF1 and exposed the cells to light for 1 or 3 h.
Dyskerin levels in His-SUMO3 Flag-dyskerin expressing HEK293 cells not transfected with
KR-TFR1 and in Mock HEK293 cells were also assessed as controls. First, we found that
dyskerin levels were lower in KR-TRF1 transfected His-SUMO?3 Flag-dyskerin HEK293 cells
upon exposure to light compared to dyskerin levels in similar cells not exposed to light (Figure
13B, compare lanes 3-4 to lane 2). Dyskerin levels were most reduced when cells were exposed to
light for 3h (Figure 13B lane 4). This experiment was repeated three times for 1h light exposure,
twice for 3h exposure and levels of dyskerin were quantified by normalizing to actin levels (Figure
13C, left graph). Interestingly, when looking at the other H/ACA proteins we found that, while
NOPI10 levels appeared unaffected in cells harboring telomere damage, NHP2 protein levels
increased (Figure 13B) The expression levels of the H/ACA proteins were assessed once and
quantified by normalizing to actin levels (Figure 13C, right panel). Interestingly, blotting the same
input samples with an antibody against the Flag epitope revealed smears (labeled SUMO(n)-Flag-
dyskerin) in the samples from cells exposed to light and expressing KR-TRF1 that could not be
observed in the HEK293 cells expressing His-SUMO3 and Flag dyskein not expressing KR-TRF1
(Figure 13D, compare lanes 3 and 4 to lane 2). The decrease of non-SUMOylated Flag-dyskerin
(labeled Flag-dyskerin) was observed upon expression of KR-TRF1 in cells subjected to light for

3 h, when immunoblotting was performed against Flag, similarly as when immunoblotting was
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performed against dyskerin (compare Figure 13A and D, lanes 4). We hypothesize that the Flag
antibody might be more sensitive than the dyskerin antibody allowing the detection of higher
molecular weight SUMO-dyskerin species induced by the KR-TRF1 mediated telomericdamage.
This data remains preliminary and the experiment will have to be repeated and the results

confirmed.

DAPI YH2AX Telomere Merge

KR-TRF1 light exposure 3h

Figure 12. Telomere specific damage induced by light exposure of cells expressing KillerRed-
TRF1. FISH/IF of His-SUMO3 Flag dyskerin expressing HEK293 cells transfected with
KillerTRF1 and exposed to light for 3h. Red foci represent telomeres and green foci represent
YH2AX. White arrows indicate colocalization of signals representing TIFs.
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Figure 13. KillerRed-TRF1 expression leads to decreased levels of dyskerin protein levels
and differentially affects the H/ACA proteins. HEK293 cells stably expressing His-SUMO3
Flag- dyskerin and transiently expressing the KR-TRF1 fusion protein exposed to light for 1 h
(lane 3) and 3 h (lane 4). Mock HEK293 cells (lane 1) and HEK293 cells stably expressing His-
SUMO3 Flag-dyskerin (lane 2) but not KR-TRF1 were used as controls. A) Immunoblotting
against TRF1 was performed to confirm the expression of the fusion KillerRed-TRF1 protein,
expected molecular weight of about 80 kDa. Actin blot was used as a loading control. B) Input
samples blotted against dyskerin, NHP2, and NOP10. Actin blot was used as a loading control.
C) Quantification of dyskerin protein levels (left panel) after light exposure for 1 h (n=3) and 3 h
(n=2) and quantification of NHP2 and NOP10 protein levels (n=1) normalized to actin. D) Input
samples blotted against Flag. Actin blot used as loading control. Molecular Weight markers were
used for each gel and are indicated on left of the gels in kDa
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Figure 14. Telomere specific damage induced by the expression of the TRF2 dominant
negative. FISH/IF of His-SUMO?3 Flag-dyskerin expressing HEK293 transfected with the TRF2

dominant negative construct for 24 h. Red foci represent telomeres and green foci represent
vyH2AX. White arrows indicate colocalization of signals representing TIFs

We also used a second approach to induce telomere specific damage. We expressed a dominant
negative version of the shelterin protein TRF2 truncated on both its N terminal and C-terminal
ends (TRF2***™)**® wwhich leads to unprotected telomeres and the formation of telomere-specific

2% We confirmed the induction of telomere-localized damage using FISH/IF after

damage
transfecting His-SUMO3 Flag-dyskerin HEK293 cells with the TRF2 dominant negative construct
(Figure 14) and the expression of the TRF2***™ by Western analysis (Figure 15A, left panel).
Immunoblot analysis against dyskerin showed an increase in dyskerin levels in TRF24P*M.
expressing His-SUMO3 Flag-dyskerin expressing HEK293 cells compared to the same cells not
expressing TRF2*®*M (Figure 15A, right panel, compare lane 3 to 2). The experiment was repeated

3 times and dyskerin protein levels were quantified and normalized to actin (Figure 15B). We also

blotted the same samples with an antibody against the Flag epitope (Figure 15C).
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Figure 15. The TRF2 dominant negative induced telomere damage affects dyskerin protein
levels and SUMOylation. A) Input samples blotted against TRF2, confirming the expression of
the dominant negative TRF2ABAM, expected molecular weight of about 55-60 kDa (left panel)
and dyskerin (right panel). HEK293 cells stably expressing His-SUMO3 Flag-dyskerin transiently
expressing the truncated dominant negative TRF2 (TRF2ABAM) (lane 2 and 5). Mock HEK293
cells (lane 3) and HEK293 cells stably expressing only His-SUMO3 Flag-dyskerin were used as
controls (lane 1 and 4). B) Quantification of dyskerin protein levels 24 h after TRF2ABAM
transfection (n=3) C) Input samples blotted against Flag reveals higher molecular weight species
of Flag-dyskerin (SUMO (n)-Flag-Dyskerin) in cells expressing TRF2ABAM (lane 3). Mock
HEK293 cells (lane 1) and HEK293 cells stably transiently expressing only His-SUMO?3 Flag-
dyskerin (lane 2). The black boxes indicate the cropping of the lanes from the same membranes.
Actin was used as a loading control for A and C. Molecular Weight markers were used for each
gel and are indicated on left of the gels in kDa.

83



ABAM
2

Similarly, we observed higher levels of Flag-dykerin in the cells expressing TRF compared

to the cells not expressing TRF24B*M

(Figure 15C, compare lane 3 to 2). We also observed higher
molecular weight species around 80 kDa and 90 kDa (labeled SUMO(n)-Flag-dyskerin). This
western blot was also only done once and the experiment should be repeated before further
interpretation. For both telomere specific damage inducing approaches, a NiNTA purification
should be performed to assess if the observed higher molecular weight species of dyskerin are
specific to SUMOylation.
IV. SENP3 is involved in regulating dyskerin SUMOylation

As explained previously, the SENPs display high heterogeneity in their subcellular localization as
well as in the SUMO isoforms that they deconjugate (Figure 6). To investigate the potential
localization of SUMOylated dyskerin and if there is one predominant SUMO isoform that is
conjugated to dyskerin we silenced SENP1 and SENP3, which are mainly active in the nuclear
envelope and the nucleolus respectively. Transfection of siRNAs against either SENP1 or SENP3
in His-SUMO3 Flag-dyskerin HEK293 cells decreased SENP1 and SENP3 levels by about 80%
of endogenous levels in His-SUMO3 Flag-dyskerin HEK293 cells that were mock transfected or
transfected with a siGFP (Figure 16A, top panels, compare lanes 3-4 to lanes 1-2 for SENP3 and
lanes 7-8 to lanes 5-6 for SENP1). Lanes 3 and 4 and lanes 7 and 8 are a duplicate of the experiment
with the same siRNA, either SENP1 or SENP3. The silencing experiments were repeated 3 times
total and SENP 1 and SENP3 protein levels for each siRNA was quantified and normalized to
actin levels (Figure 16B). While no significant change in dyskerin protein levels was observed
following SENP1 silencing (Figure 16A, bottom panel, lanes 5-8), we observed an increase in
dyskerin protein levels following SENP3 silencing (Figure 16A, bottom panel, compare lanes 3-4
to lanes 1-2). The experiment was repeated twice and dyskerin protein levels were quantified and

normalized to tubulin (Figure 16C). Additionally, a slight shift in molecular weight of dyskerin
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was induced by SENP3 silencing which could correspond to the addition of one SUMO protein
(Figure 16A, bottom panel labeled SUMOylated dyskerin). This result is consistent with the
function and nucleolar nature of dyskerin as SENP3 is most active in the nucleolus. Also, dyskerin
has been shown previously in our lab to be modified by SUMO2/3 which are the isoforms favored
by SENP3"*%!%* This is also consistent with the lack of effect from SENP1 silencing as it is mainly

active in the nuclear envelope'®’.
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Figure 16. SENP3 silencing leads to increased dyskerin protein levels and stabilized
SUMOylation of dyskerin. HEK293 cells stably expressing His-SUMO3 Flag-dyskerin
transfected with siSENP3 (lane 3-4) and siSENP1 (lane 7-8). Lanes 3 and 4 for siSENP3, and 7
and 8 for siSENPI, represent samples from two different experiments loaded on the same gel.
HEK293 cells stably expressing His-SUMO?3 Flag-dyskerin untreated (lane 1) and transfected with
siGFP (lane 2) were used as controls. A) Input samples blotted against SENP3 (top left panel, lane
1-4) SENP1 (top right panel, lane 5-8) with actin as a loading control and dyskerin (bottom panel)
with tubulin as a loading control. B) Quantification of total SENP3 and SENP1 protein levels
normalized to actin (n=3). C) Quantification of dyskerin protein levels for each sample normalized
to tubulin (n=3). Molecular Weight markers were used for each gel and are indicated on left of
the gels in kDa.
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V. Identification of the E3 ligase using a proximity dependent biotin identification
The E3 ligase involved in the SUMO cycle is analogous to the ubiquitin E3 ligase and is necessary
in vivo to transfer the SUMO protein from the Ubc9 conjugating enzyme to its target (Figure 5).
While hundreds of ubiquitin E3 ligases have already been identified, only a few have been
characterized for SUMOylation. However, we suspect that an important pool of these enzymes
still must be discovered. Therefore, instead of following a biased approach targeting the few E3
ligases discovered, we used an unbiased approach involving a proximity dependent biotin
identification (BioID) to attempt to identify the E3 ligase involved in dyskerin SUMOylation. This
technique is based on the fusion of a bait protein to the E.Coli biotin ligase Bifunctional
ligase/Repressor A (BirA). While highly specific as a wild type protein, a mutant BirA (BirA*),
R118A makes the enzyme promiscuous. Therefore, any protein located near (10nm) or having a
weak interaction with the chosen bait protein that is fused to the mutant BirA will be tagged by
biotinylation at lysine residues™’. Using streptavidin beads, these proteins are purified and
analyzed by MS. For our experiment, we used dyskerin as our bait protein and fused it to BirA*
either at the N-terminus or C-terminus of dyskerin also tagged with Myc and HA respectively
(Figure 17). Using two constructs is important in case the fusion at one terminus affects the
structure and function of the fusion protein, but also in case dyskerin SUMOylation sites are
biotinylated by BirA*, and affect the interaction or function of SUMOylation dependent interactors
that we are trying to identify. His-SUMO3 Myc-BirA*-dyskerin stably expressing HEK293 cells
and His-SUMO3 HA-BirA*-dyskerin stably expressing HEK293 cells were generated. Similarly,
His-SUMO3 Myc-BirA* and His-SUMO3 HA-BirA* expressing HEK293 cells were also
generated. Including these controls is necessary for the MS analysis to identify and exclude the
non-dyskerin specific proteins that are biotinylated such as keratin and other naturally biotinylated

proteins as well as proteins that BirA* alone would interact with. Prior to performing MS, it is
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Figure 17. BiolD constructs designed using dyskerin as a bait. A) MycBirA* was fused to
dyskerin at the N-terminus. B) HA-BirA* was fused to dyskerin at the C-terminus. A control
construct for each fusion protein was used: Myc-BirA* alone for Myc-BirA*-dyskerin (C) and
HA-BirA* alone for dyskerin-BirA*HA (D).
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necessary to verify fusion protein expression, localization of the fusion protein as an indication of
its function and that BirA* is active (Figure 18). Cell extracts from each of the generated BiolD
cell lines were assessed for fusion protein expression by immunoblotting against dyskerin as well
as either the Myc or HA epitope tags (Figure 18A). Both BirA*-dyskerin tagged proteins were
observed at approximately 100 kDa as predicted (Figure 18A, lanes 3 and 4) and each control
BirA* protein at about 40 kDa (Figure 18A, right panel, lanes 1 and 2). Second, we checked the
localization of the fusion proteins using IF against each tag and TCABI, a protein, which similarly
to dyskerin, localizes to the CB. The localization for each fusion protein was observed to overlap
with TCAB1 foci (Figure 18B). Additional foci in the nucleus to which the fusion proteins
localized displayed a nucleolar pattern although colocalization with a nucleolar marker such as
fibrillarin would be necessary to confirm that these foci are nucleolar. Finally, we performed a
streptavidin purification with cell extracts prepared from each BiolD cell line and used
Strepatividin HRP to detect biotinylated proteins by immunoblot analysis. We observed a larger
number of biotinylated proteins in the samples from cells expressing BirA* fused to dyskerin
compared to the samples from cells expressing BirA* only (Figure 18C, compare lanes 1 and 2,5
and 6), which is expected as BirA*-dyskerin should interact with more proteins than BirA* alone.
The number of biotinylated proteins is further increased in samples from both HA-BirA*dyskerin
and Myc-BirA*dyskerin expressing cells after the streptavidin purification confirming BirA*
activity of the fusion proteins (Figure 18C, compare lanes 2 and 4, 6 and 8). Preliminary data
following a first run of the mass spectrometry analysis from the streptavidin pulldown of these cell
lines gave promising information. We used the integrated software ProHits developed form Anne
Claude Gingras’s lab, a program that allows an easy and efficient analysis of mass spectrometry

298

based interaction proteomics™ . The data is sorted through multiple RefSeq protein databases.

Comet and Mascot were chosen for this analysis. It then lets you observe all the peptides obtained

89



A a-Dyskerin a-HA a-Myc

130 - 130 -
X _ — S [— BirA*
100 - wa/P < BirA* — dyskerin
dyskerin
70 - -y

70 -
P «— Endogenous
dyskerin
45 - 45 - .
- o ; <— BirA*

1 2 3 4 1 3 2 4
B Myc BirA* dyskerin C

Streptavidin HRP

180 -
130 -

100 -

70 -

55-

40 -

HA BirA* dyskerin

180 -
130 -

100 -

70 -

55-

40 -

Figure 18. BirA* dyskerin fusion proteins are expressed properly, localize properly and
contain an active BirA*. HEK293 cells stably expressing His-SUMO?3 were stably transfected
with either Myc-BirA* alone, Myc-BirA*-dyskerin, HA-BirA* alone or HA-BirA*dyskerin. A)
Input samples of lysates from cells expressing HA-BirA* alone (lane 1, 39 kDa), Myc-BirA*
alone (lane 2, 41 kDa), dyskerin-BirA*HA (lane 3, 109 kDa) and Myc-BirA*-dyskerin (lane 4,
111 kDa) were blotted against dyskerin, HA or Myc. B) Immunofluorescence against TCABI
(red foci) and Myc (top picture) or HA (bottom picture) (green foci). C) Streptavidin HRP blot of
input (lanes 1, 2, 5 and 6) and streptavidin pulldown (lanes 3, 4, 7 and 8) samples revealing
biotinylated proteins in each cell line expressing HA-BirA* alone (lanes 1 and 3), HA-BirA*
dyskerin (lanes 2 and 4), Myc-BirA* alone (lanes 5 and 7), Myc-BirA*-dyskerin (lanes 6 and 8)
after 18 h incubation in 50 uM biotin. Molecular Weight markers were used for each gel and are
indicated on left of the gels in kDa.
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with each fusion protein, sorting them by the number of peptides for one specific protein as well
as the number of unique peptides in this pool. The additional function of this tool is the significance
analysis of intercactome (SAINT) algorithm which will compare the spectral count of unique
peptides in our bait fusion proteins compared to our negative controls. For this experiment, we set
out our Saint Score at 95 % of confidence and our False Discovery Rate at 0.02. The proteins
identified as significant are then termed “hits”. Interestingly, the HA tagged samples gave more
reliable hits compared to the Myc samples displaying higher spectral peptide counts for the
expected proteins known to interact with dyskerin. While both the HA-BirA* dyskerin and Myc-
BirA* dyskerin led to the identification of H/ACA RNP subunits such as NHP2, NAF1, GAR1,
NOPI10 and SHQI, the Myc-BirA*dyskerin did not identify reptin and pontin which were
present for the HA-BirA* dyskerin. Also, while both showed to have significant biotinylation of
telomerase specific proteins including TCAB1, only the HA-BirA* dyskerin sample pulled down
SUMO specific proteins such as Ubc9, SUMO3 and SUMOI. Further analysis of the hits from
the HA- BirA* dyskerin revealed clusters specific to the nucleolus (nucelolin, fibrillarin),
ribosome biogenesis, translation, mitosis and some additional telomerase specific component.
Therefore, this construct including its HA-BirA* control seem promising for future analysis of
proteins having weak interactions with dyskerin. Specific proteins to be validated will be chosen

once the experiment has been repeated two more times.
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DISCUSSION

SUMOylation allows the tight regulation of multiple cellular processes via the alteration of protein
localization, protein activation, or protein-protein interactions. Moreover, many studies have
already linked this PTM to cell cycle progression. Both in budding yeast and mouse embryos, a
Ubc9 knockdown leads to cell cycle arrest and multiple mitotic abnormalities?’?. Dyskerin has
been associated to multiple functions among which we distinguish two that are cell cycle
dependent: first, dyskerin is a key element of the telomerase complex as it is necessary for hTR
stabilization and telomerase assembly which has an optimal activity in S phase and second, this
nucleolar protein has been shown to have a role at the mitotic apparatus during mitosis with
increased protein levels in G2/M. Among its multiple SUMOylation sites, maybe some conserved
sites are involved in regulating the protein activity or localization at specific time points of the cell
cycle. Our results reveal that dyskerin SUMOylation peaks in S phase and G2/M (Figure 8§B-D)
which correspond exactly to its cell cycle dependent functions described previously. Whether
dyskerin SUMOylation is specific to and essential for each of these functions remains to be
determined. If it is, further experiments will also be required to understand if SUMOylation
regulates these dyskerin functions by regulating the localization or function of dyskerin or by
recruiting other proteins. Unfortunately, it is difficult to identify SUMOylated forms of dyskerin
with immunofluorescence so the tracking of the modified protein across the cell cycle would
require a more advanced technique. Many experiments have used the fluorescent resonance energy

39945 be able to follow

transfer (FRET)*” and bioluminescence resonance energy transfer (BRET)
quantitatively and in a time course the SUMOylation of their proteins of interest. The SUMO
protein is fused to a fluorescent or bioluminescent protein termed as donor which will emit a certain

wavelength when activated. The bait, for example dyskerin, is fused to an acceptor protein capable

of absorbing the wavelength emitted by the donor protein and emit a different one. This way, when
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SUMO interacts with the bait, the wavelength/color caught in the microscope will change. These
methods have been helpful as they are highly sensitive and allow the tracking of the interaction
spatiotemporally. Another alternative might be to synchronize His-SUMO3 Flag-dyskerin
expressing HEK293 in G1, S phase and G2/M followed by a cell fractionation of each sample to
identify the subcellular localization that is enriched in SUMOylated dyskerin at each cell cycle
phase. Finally, a BioID experiment could be performed to identify enriched protein interactors in
cells that are in different phases of the cell cycle after arresting them at different stages of the cell
cycle using treatments such as thymidine for G1, hydroxyurea for S phase and nocodazole for
G2/M. This experiment could also provide more information about dyskerin’s role in the mitotic
apparatus, whether it is directly interacting with mitotic elements or if it is indirectly involved due
to its role in ribosomal biogenesis and translation of mitotic proteins.

As previously described, SUMOylation is highly implicated in the regulation of multiple
proteins involved in the DDR such as RPA'®"*** BLM*’ or even BRCA1**?. Multiple studies
characterizing SUMOylation induce genotoxic stress using cellular models to observe if
SUMOylation of proteins of interest can be induced'"’. In this part of my project, we wanted to
find DNA damaging agents that could increase dyskerin SUMOylation. The first treatment that we
tested was doxorubicin. We observed that dyskerin protein levels slightly increased with low
amount of doxorubicin for 24 h but that, as concentrations were increased, dyskerin protein
levels decreased (Figure 9A & B). Moreover, global SUMOylation levels did not seem to be
impacted by the treatment (Figure 9C). Dyskerin depleted cells have been shown to be less
sensitive to the damage induced by doxorubicin treatments in human breast cancers and

137,278
osteosarcomas "’

. This decreased sensitivity seems to be due to a reduction in downstream
factors involved in the cell cycle checkpoints such as p53 and p21 rather than a direct effect of

dyskerin on the cell response to doxorubicin. This is further supported by research showing that
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reduction of dyskerin levels leads to reduced p53 levels and that p53 deficiency also leads to

reduced doxorubicin-induced cell death'”?783%!,

Studies have shown doxorubicin can
downregulate the SUMOylation of KRAB domain-associated protein 1 (KAP1) relieving its
repression on p21 transcription®*>*. However, these studies mainly show that doxorubicin leads
to the activation of a DDR and activates phosphorylation of key DNA repair factors such as
ATM and ATR which will lead to reduced KAP1 SUMOylation due to competition by
phosphorylation. Therefore, doxorubicin seems to act indirectly on protein SUMOylation states
which corresponds to the observed stable levels of global SUMOylated proteins following the
treatment. Moreover, doxorubicin has been shown to decrease dyskerin protein levels'™.
However, in the latter study, only one concentration of doxorubicin was tested (0.5 png/ml) which
corresponds to the highest concentration (1 uM) we used in our experiments. Doxorubicin is a
DNA intercalating agent and induces a cell cycle arrest in the G1/S phase. We can hypothesize
that at very low dosage, doxorubicin creates DNA damage but not sufficiently to induce cell
cycle arrest. Dyskerin levels might be increased reflecting one of dyskerin’s functions in DNA
damage repair. As the concentration of doxorubicin keeps increasing, the cells are blocked in G1,
which as observed in our cell cycle experiment, leads to decreased dyskerin protein levels
(Figure 8B and 9A & B). Conducting a time-dependent treatment of doxorubicin at these
different concentrations could give some insights on whether dyskerin protein levels are
downregulated right after treatment administration or if it happens gradually over time. It will
also show if the increase at low dosage of doxorubicin is constant or only peaks for a few hours.
Finally, further experiments, such as repeating the NiNTA purification, need to be conducted to
confirm that doxorubicin treatment is not impacting, directly or indirectly SUMOylated
dyskerin levels. The NiNTA purification may be done with an increased number of cells to

account for the fact that high dosage of doxorubicin reduced dyskerin protein levels.
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SUMOylation of PML was found to be inducible with arsenic. Other studies in human cell
lines have used arsenic as a mean to induces global cellular SUMOylation'*****. The interest in
understanding the function of SUMOylation in PML bodies grew when further studies proved that
their assembly leads to the SUMOylation of PML-interacting proteins such as the death domain-
associated protein 6 (DAXX), X-box protein 1 and SP100 in vivo in human cells’”>%. More
detailed studies identified two processes allowing PML bodies to regulate cellular death through
SUMOylation. First, it was shown that some PML partners contain a SIM motif allowing their
recruitment to the SUMO chains on PML body proteins such as DAXX, a transcription factor
inhibitor. In this case, DAXX binds to transcription factors and targets them to the PML bodies
where they are degraded®”*>'°. DAXX also uses its SIM to bind SUMOylated transcription factors

308,310,311
275270 The second

specifically such as the androgen receptor and the CREB-binding protein
mechanism is the SUMO-dependent recruitment of ubiquitin E3 ligases which also contain SIMs.
These E3 ligases are known as STUbLs. RNF4 has been extensively studied as a PML-related
STUbL that is recruited to PML bodies upon AsO; treatment and dependent on PML
SUMOylation. It is thought that through this mechanism, PML can direct the degradation of
transcription factors and other proliferation associated proteins to trigger apoptosis and senescence
followed by its own degradation®*®. Here we report that SUMOylated dyskerin levels are increased
upon AsOj treatment between 1h to 3h which corresponds to the transient SUMOylation of PML
and then these higher molecular weight species are lost after 4h, a decrease which is also observed
for PML (Figure 10C, bottom panel). Although PML has 3 sites of SUMOylation, the

146226 1t is possible that

SUMOylation of only one residue (K160) is necessary for its degradation
different dyskerin SUMOylation sites may regulate different dyskerin functions by different
pathways. SUMO-dependent degradation of dyskerin may occur as the formation of SUMO2/3

branches on proteins is the main target for this type of proteasomal-mediated degradation and
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previous experiments from our lab showed that dyskerin can be poly-SUMOylated with SUMO2
in vitro". To test if the reduction in SUMOylated dyskerin levels we observe at 4 h is due to
SUMO-dependent proteasomal degradation we could perform a similar experiment in the presence
of MGG132 to inhibit protein degradation. MG132 is a proteasome inhibitor, therefore the treatment
would prevent proteasomal degradation. If the decrease in dyskerin SUMOylation is in fact due to
SUMO-dependent proteasomal degradation, the decrease at 4 h of treatment should no longer be
observed.

Furthermore, arsenic has been shown to increase ubiquitination through the activation of
the E3 ligase c-Cbl in human airway epithelial cells*'%. If dyskerin is in fact degraded in a SUMO-
dependent manner, additional experiments will be required to be able to differentiate whether
dyskerin degradation is mediated by the PML bodies specifically or whether it is an indirect effect
of the arsenic treatment upregulating other factors such as the ubiquitination machinery. The High
mobility group protein HMGI-C (HMGAZ2) transcription factor was shown to selectively decrease
levels of PML bodies in a rat parotid cell line activated by AsOs. This effect is dependent on a
transient SUMOylation of HMGA2 leading PML proteins to a ubiquitin-dependent proteasomal
degradation’. If the inhibition of HMGA2 SUMOylation also inhibits arsenic-dependent
dyskerin degradation, then we will be able to conclude that it is PML-specific. On the other hand,
Lin ef al. mention a motif known as Synergy Control motif which is often found in the consensus
motif of the SUMOylation site regulating degradation of proteins which contain this motif*®®. The
sequence of this motif resembles P-X(0,3)-I/V-K-X-D/E-X(0,3)-P, where K is the modified
lysine residue, X(0,3) is any amino acid from 0 to 3, D/E is an acidic residue and I/V is a
hydrophobic residue. Interestingly, the disease associated K43 of dyskerin is located in a
similar motif with the amino acid sequence PESKVAKLDTSQWP. It would be interesting to

see if this lysine SUMOylation specifically is enough to target dyskerin for degradation similarly
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to PML'*?*°. K43 mutated dyskerin could be expressed in the His-SUMO?3 expressing HEK293
and treated with the same AsOj; treatments to assess if the degradation at 4h is still observed. If the
SUMOylated levels of dyskerin remain stable then we could conclude that this SUMO site is
necessary and sufficient in dyskerin for its SUMO- dependent degradation.

The extremities of telomeres can be recognized as DSBs and activate the DDR. Telomere-
associated proteins and structures prevent this activation through the formation of higher tertiary
structures such as T-loops and G-quadruplexes'””. However, they will be detected as DNA
damage and activate the damage response pathway when telomeres become critically short and
can no longer be bound by the shelterin complex and form these complexes. SUMOylation has
previously been implicated in the recruitment of telomerase at the sites of telomere specific damage
in budding yeast where the SUMO E3 ligase Sizl promotes the nucleoplasmic accumulation of
telomerase RNA**?!*, In this model, SUMOylation is necessary for the de novo addition of
telomeric repeats at these DNA damage sites. Knowing the role of dyskerin in the telomerase
complex and in stabilizing the telomerase RNA, we wanted to determine if inducing telomere-
specific damage could be sufficient in our cell model to induce a change in dyskerin SUMOylation.
We first observed that dyskerin protein levels are decreased by the induction of ROS at telomeres
and this decrease becomes larger as the cells are exposed for longer times to telomere specific ROS
(Figure 13A & B). It was also interesting to observe that the levels of other H/ACA proteins such
as NOP10 and NHP2 did not follow the same pattern as dyskerin. While NOP10 protein levels
were unaffected by the genotoxic treatment NHP2 protein levels decreased with increased
exposure to light. A previous study had shown that various DNA damage treatments can lead to
different effects on various H/ACA proteins'”’>. Among the treatments used in the studies
conducted by Lin ef al., chloroquine, which also induces ROS'**"*_ induced changes in NOP10

and NHP2 levels similar to what we observed upon ROS generation induced by KR-TRF1.
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However, no effect on dyskerin levels was observed upon chloroquine treatment. Therefore, the
effect the KR-TRF1 fusion protein has on dyskerin in the His-SUMO3 Flag-dyskerin expressing
HEK293 may be specifically due to the induced telomere damage. Our results could also indicate
that dyskerin regulation is linked to a role dyskerin plays independently of the H/ACA RNP
complexes and telomerase'*”"*!. On the other hand, it may be that dyskerin is the limiting factor
for the assembly of some of these H/ACA complexes and that the downregulation of dyskerin
prevents their assembly. We could hypothesize that low levels of dyskerin might repress
telomerase assembly through hTR instability and degradation as previously described when

dyskerin levels are low'*

. Following an immunoblotting against the Flag-tag of dyskerin, we
observed the formation of higher molecular weight dyskerin proteins, and the levels of these
proteins increased with longer treatment (Figure 13D). This preliminary data indicates that the
creation of ROS species at the telomeres may induce dyskerin SUMOylation while decreasing
non-SUMOylated levels of the protein. It was intriguing to observe that inducing telomere-
specific damage using a different approach, expression of a dominant negative TRF2 did not lead
to the exact same effects on dyskerin. Upon telomere damage induced by the TRF2 variant we
observed SUMOylated forms of dyskerin (Figure 15C) but non-SUMOylated dyskerin protein
levels also increased (Figure 15A & B). Although we expected to observe similar results using
two different ways to induce telomere-specific damage, the KR-TRF]1 releases ROS which will

- 267
also cause non-telomere specific damage

. Moreover, the paper characterizing this protein
describes the formation of DSBs but also 8-0x0-G which is an oxidative stress specific lesion
probably not induced by the expression of the TRF2 dominant negative variant. On the other
hand, while KR-TRF1 does not generate unprotected telomeres, the TRF2 dominant negative

does and leads to an important shortening of the G-rich strand overhang and telomere

shortening®®®. Finally, Sun ef al. suggest from their data that telomerase might contribute to cell
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survival upon oxidative stress by comparing its effect on both telomerase positive and telomerase
negative cells’®’. On the other hand, the TRF2 dominant negative expression does not affect
telomerase activity”®® but it would be interesting to determine if telomerase negative cells would
be more sensitive to the TRF2 dominant negative variant as well. In conclusion, while both these
approaches create DSBs at telomeres, their additional side effects might be influencing the effect
they have on dyskerin protein levels and SUMOylation.

We previously showed that overexpression of SUMO1 or SUMO3 results in increased
dyskerin protein levels upon treatment with the protein synthesis inhibitor cycloheximide
compared to the control where no SUMO was expressed'*’. Therefore, it may be that the increased
protein levels and molecular weight shift observed after silencing SENP3 in His-SUMO3 Flag-
dyskerin expressing HEK293 cells (Figure 16A) is due to an increase in the stability of dyskerin
due to its post-translational modification and reveals a role for the specific protease in regulating
dyskerin SUMOylation. Furthermore, the specificity of SENPs in their localization and for specific
SUMO isoforms allows to further interpret that SUMOylated dyskerin is mainly localized in the
nucleolus and that SENP3 is involved in removing SUMO?2 or 3 from the protein as they are the

isoforms it favors'®>!%%269

. However, SENP3 has also been shown to deconjugate SUMOI in
rare cases'’>. Observing a role for SENP3 in dyskerin SUMOylation is further interesting as
SENP3 has been shown to regulate ribosomal biogenesis through the processing of other
SUMOylated proteins. One research by Haindl et al. shows in HEK293 cells that the
nucleophosmin protein, involved in the maturation of the 28S ribosomal RNA, interacts with
SENP3 and that SENP3 silencing inhibits ribosomal RNA processing'®*. Another study by
Finkbeiner ef al. further identifies a whole nucleolar complex which, after silencing each of these

complex subunits in HeLa cells, they conclude this complex to be involved in the processing of

the large ribosomal subunit. They further show that two of these subunits are SUMOylated and
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processed by SENP3 in vivo'”. SENP3 was also linked to the regulation of the G2/M transition
and spindle assembly in mouse oocytes where Huang et al. proved that it localizes at
microtubules during mitosis while its silencing leads to the spindle assembly checkpoint
activation and to abnormal spindle morphogenesis'”®. The cellular processes in which SENP3
has been shown to play a role highly suggests it might also regulate dyskerin SUMOylation since
dyskerin is a key regulator of ribosomal RNA maturation through pseudouridylation while
playing a major function in orchestrating the G2/M progress and spindle assembly as

demonstrated by Alawi et al.''®"!

. Further experiments would be required to confirm this
hypothesis such as a cellular fractionation experiment to help confirm a dominant nucleolar
localization and an in vitro experiment analyzing dyskerin SUMOylation with both SUMO1 or
SUMO2/3 in the presence of SENP3. The characterization of the SENPs involved in dyskerin
SUMOylation is important as it will allow to identify a factor that can be silenced to stabilize
SUMOylated dyskerin levels. As mentioned, SUMOylation is a very transient and dynamic
modification making it challenging to study in endogenous conditions. If silencing SENP3 can
increase the total amount of SUMOylated dyskerin, it will have a significant impact on our
ability to perform future experiments.

One important step of the characterization of dyskerin SUMOylation includes the
identification of the key factors involved in this cycle. Previous experiments described the
identification of SENPs involved in dyskerin SUMOylation and this experiment was meant to
identify the E3 ligase involved in dyskerin SUMOylation. Here, we report the functional unbiased
approach known as BiolD using dyskerin as a bait where dyskerin was fused to the mutated biotin
ligase BirA*. This technique allows to identify all proteins that interact with this protein, even

weak interactions, or coming in close-proximity to dyskerin. The fusion was made on both the N-

terminus and C-terminus of dyskerin. My experiments confirm that these fusion proteins are
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properly expressed in stable HEK293 cell lines also expressing His-SUMOZ3, that they localize
properly and that the fused BirA* is capable of biotinylation (Figure 18). Moreover, the proper
growth and survival of these cell lines suggests the proper functioning of these dyskerin fusion
proteins. Fusing dyskerin to BirA* on the N-terminus or the C-terminus led to the identification
of different interactors and affected the efficiency of the BiolD approach as the Myc-BirA*
control. While the N-terminally tagged dyskerin did not lead to the identification of any SUMO-
related proteins after the SAINT analysis, the C-terminally tagged dyskerin identified Ubc9,
SUMOI and SUMO3. As SUMO?2 and 3 share 97 % homology, we predict that the system is not
sensitive enough to detect differences in peptides for the two different SUMO isoforms. Moreover,
we observed that the spectral count for the C-terminal BirA* control was lower than for the Ha-
BirA* dyskerin. However, this observation is not so surprising as the HA tag is very little and does
not contain any lysine residues, therefore the chances of it being biotinylated are reduced.
Although these data are preliminary, the hits obtained present clustering related to the nucleolus,
H/ACA proteins, RNA binding, ribosome biogenesis, telomerase and mitosis, which were
anticipated from what is known of the functions of dyskerin. After repeating this MS analysis three
times, it will be a useful tool to identify a SUMO E3 ligase. Some key signatures of these enzymes

include a SIM motif as well as RING domains>'®

. From the list obtained after the SAINT analysis,
all the hits can be searched for these specific motifs. If promising enzymes are found in this search,
we will then silence them or knock them down in our His-SUMO3 Flag-dyskerin expressing
HEK293 cell line and observe if it can abolish SUMOylation of dyskerin. Moreover, this approach
will be useful for the identification of additional proteins that will help to gain a better
understanding of dyskerin functions and the mechanisms regulating these functions. First, the SIM

motif can be found in many other proteins that just E3 ligases. This motif allows the recruitment

of proteins to SUMOylation branches’'**'". Any protein identified to have a SIM in our hits will
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therefore give also more insights on the role of dyskerin SUMOylation. It would be interesting
later to repeat this experiment using a Ubc9 dominant negative protein to abolish SUMOylation
and observe the interactions that are being lost. Furthermore, some roles of dyskerin have been
less characterized such as its role during mitosis. The pool of proteins identified linked to the
mitotic apparatus can be more thoroughly sorted and, using immunoprecipitation against dyskerin,
real interactions between dyskerin and mitotic factors can be determined. Therefore, the BiolD
assay with dyskerin as a bait has an important potential to uncover multiple aspects of

SUMOylation-dependent dyskerin interactions and its downstream roles.
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CONCLUSION

The data obtained from this research act as a stepping stone to further characterize the mechanisms
regulating dyskerin SUMOylation starting with the factors involved in its SUMOylation cycle, the
cellular processes it responds to but essentially the proteins recruited or interacting with the SUMO
proteins bound to SUMOylated dyskerin and their function. This knowledge is important to have
a better understanding of the roles of dyskerin activated or repressed by this modification and
possibly its role in telomerase assembly as well as activity.

Additionally, it allows the identification of experimental conditions enhancing and stabilizing
dyskerin SUMOylation that will possibly allow the detection of single SUMOylated lysine residue
in dyskerin in normal biological conditions without having to overexpress dyskerin or SUMO

through large scale proteomics analysis.
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