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English Abstract

Telomeres are nucleoprotein structures located at the end of linear eukaryotic chromosomes.
Telomeres have two main cellular functions, to protect chromosome ends from unwanted DNA
processing and to act as a biological clock. Telomeres shorten at each cell division due to the so-called
end replication problem. This progressive shortening eventually triggers replicative senescence.

Cancer cells avoid senescence by activating a mechanism that enables telomere elongation. Two
different mechanism exist: re-activation of the enzyme telomerase or the Alternative Lengthening of
Telomeres (ALT) pathway. ALT relies on homology-direct repair (HDR) of damaged telomeres, hence
ALT telomeres need to be maintained physiologically unstable. This is achieved by endogenous
replication stress accumulating at ALT telomeres. However, this DNA instability has to be kept below
tolerance levels in order to avoid cell cycle arrest and death. Several factors have been identified as
alleviators of telomeric replication stress in ALT cells, including the endoribonuclease RNaseH1 and
the translocase FANCM.

Positive co-factor 4 (PC4) is involved in different cellular functions, including transcription,
DNA replication, maintenance of genome stability and chromatin organization. Moreover, PC4 is able
to bind ssDNA, dsDNA, RNA and G-quadruplexes structures, and its localization on chromatin
increases upon replication stress.

This study aims at assessing if PC4 is an alleviator of ALT-specific telomeric replication stress
(ATRS). I show, by indirect immunofluorescence, that PC4 localizes to telomeres and that its
recruitment is enhanced when telomeric replication stress is induced through depletion of the telomeric
factor TRF1. Moreover, PC4 recruitment to ALT telomeres increases upon depletion of FANCM and
RNaseH1. Treatment with RNaseA shows that PC4 localization at ALT telomeres is at least in part
mediated by RNA. Furthermore, expression of an ectopic PC4 mutant, W89A, shows that the capacity
of PC4 to bind to ssDNA is not essential for telomere recruitment. I also show that PC4 supports ALT
telomere stability since its depletion leads to accumulation of DNA damage markers at telomeres in
ALT cells. This coincides with arrest of ALT cell proliferation and cell death.

This work shows that PC4 is important for ALT cell viability, likely by alleviating telomeric
replication stress and avoiding excessive telomere instability. Besides uncovering a novel regulator of
replication stress at ALT telomeres and further refining our understanding of ALT, this work suggests
that PC4 might become an interesting target for the development of therapeutic strategies against ALT

tumors.
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Portuguese Abstract

As células eucariotas organizam o seu genoma em cromossomas lineares. As estruturas
localizadas na porcdo terminal dos cromossomas sdo designadas por telémeros. Os telémeros sao
constituidos por DNA, de cadeia simples e dupla, RNA, transcrito desde a regifio subtelomérica, e um
complexo de vdrias proteinas, shelterin. Os telomeros tém duas fun¢des fundamentais a nivel celular.
Uma das fungdes € a de proteger a por¢ao final dos cromossomas do processamento indesejado do DNA.
Esta protecdo € atingida através da aquisicdo de uma estrutura diferente do restante genoma. Os
telémeros formam um loop, de forma a que a por¢ao final do cromossoma ndo seja confundida com uma
quebra de DNA de cadeia dupla, evitando fusdes de DNA. O outro papel dos telémeros € o de operarem
como o relégio bioldgico da célula. A cada divisdo celular, os telémeros vao ficando cada vez mais
curtos, devido ao end replication problem, isto €, a incapacidade de replicar a por¢do final do
cromossoma. Este progressivo encurtamento dos telomeros leva a ativacdo de senescéncia replicativa,
sendo considerado um mecanismo de supressao de tumores.

As células cancerigenas evitam a entrada em senescéncia replicativa através da ativacdo de um
mecanismo que permite o elongamento dos teldmeros. Dois mecanismos diferentes podem ser
acionados: reativacdo do enzima telomerase; ou o mecanismo alternativo de elongamento dos teldmeros
(Alternative Lengthening of Telomeres, ALT). O enzima telomerase € fisiologicamente expresso em
células germinativas, estaminais e embrionarias. Estas células, devido a sua necessidade de continua
replicacdo, utilizam este enzima para elongar os telomeros. Cerca de 85% dos cancros exploram este
mecanismo de forma a evitar senescéncia. Por outro lado, o mecanismo ALT, observado em
aproximadamente 15% dos cancros, tem como base o mecanismo de reparacdo homoéloga de DNA.
Desta forma, os telomeros de células ALT necessitam de permanecer fisiologicamente danificados de
forma a ativar o seu elongamento. Este dano € alcancado através da acumulac@o de stress replicativo
nos teldmeros. Contudo, esta instabilidade tem de ser mantida dentro de um determinado limite, dado
que elevados niveis de stress despoletam morte celular. Diversos fatores foram identificados como
mitigadores do stress replicativo em telémeros ALT, incluindo a riboendonuclease RNaseH1 e a
translocase FANCM. ALT € caracterizado pela presenca de vérios atributos, nomeadamente: APBs,
onde os telémeros se aglomeram; repeti¢cdes teloméricas extra-cromossomais, como C-circles; troca de
repeticdes teloméricas entre cromatideos irmaos; mutacdes recorrentes do gene ATRX; elevados niveis
de TERRA, o RNA transcrito dos telémeros; e telémeros heterogéneos, no que diz respeito ao seu
comprimento, numa mesma célula.

O positive co-factor 4 (PC4) esta envolvido em diversas funcdes celulares. Entre elas tem a
capacidade de promover ou reprimir a transcricdo de DNA respectivamente na presenga ou auséncia de
um ativador, estd envolvido na replicacdo assim como na manutencdo da estabilidade gendmica,
atuando, por exemplo, na ativacdo de reparacdo de quebras de cadeia dupla de DNA ou na interagdo

com p53, uma proteina supressora de tumores. PC4, mediante dimerizacdo, é capaz de se ligar a DNA



de cadeia simples ou de cadeia dupla, a RNA e até a outras estruturas secunddrias de dcidos nucleicos
denominadas G-quadruplexes. O recrutamento de PC4 para a cromatina é amplificado apds a indugdo
de stress replicativo.

Este estudo pretende avaliar o papel de PC4 enquanto um mitigador de stress replicativo
especifico de telémeros ALT. Eu demonstro, através de imunofluorescéncia, que apenas uma por¢ao de
PC4 se encontra acoplado a cromatina. Deste PC4 algum localiza-se nos teldmeros. O recrutamento de
PC4 ¢ estimulado através da indugdo de stress replicativo especificamente nos teldmeros através da
deplecdo de TRF1, um fator telomérico. Adicionalmente, um maior recrutamento de PC4 para os
telomeros ALT ¢é observado aquando da deplecio de FANCM, RPA70 e RNaseH1, conhecidos
aliviadores de stress replicativo especifico de teldmeros ALT. O tratamento com RNaseA evidencia que
a localiza¢do e manutencéo de PC4 nos telémeros ALT € pelo menos em parte dependente de RNA. A
expressao ectopica de um mutante de PC4 (W89A), que ndo possui capacidade de se ligar a DNA de
cadeia simples, demonstra que esta capacidade de PC4 néo € necessdria para o seu recrutamento para os
telomeros. Eu também demonstro, com o presente estudo, que PC4 suporta a estabilidade dos telomeros
ALT. A deplecdo de PC4 leva a acumula¢do de marcadores de dano gendmico especifico de telémeros
de células ALT. No entanto, ndo se observa uma alteracdo nos niveis de shelterin, nao sendo, portanto,
esta a causa da instabilidade telomérica. Esta instabilidade telomérica, apds a deplecdo de PC4, resulta
numa perda da capacidade proliferativa e morte das células ALT, observada através da realizagdo de
curvas de crescimento. Este estudo exclui a hipotese de ativacdo de apoptose apds deplecdo de PC4,
contudo € levantada a hipdtese de uma possivel ativacio de autofagia.

Este trabalho demonstra que PC4 é importante para a viabilidade das células ALT.
Possivelmente, PC4 atua como aliviador de stress replicativo telomérico, evitando excessiva
instabilidade nestas estruturas. Para além de revelar um novo regulador de stress replicativo nos
telémeros ALT, e aprimorar o nosso conhecimento do mecanismo ALT, este trabalho sugere que PC4

podera ser um candidato interessante no que diz respeito a abordagem terapéutica de cancros ALT.

Palavras chave: ALT; PC4; telémeros; stress replicativo
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1. Introduction

1.1 Telomeres: Structure and function

Prokaryotic and eukaryotic cells have distinct ways of organizing their genome. Prokaryotic
cells usually organize their genome in a unique single circular chromosome. Conversely, in the large
majority of eukaryotic cells, the genetic information is comprised within linear chromosomes. At the
ends of these chromosomes there are structures called telomeres. The word telomere derives from two
Greek words, felo meaning “end” and meros meaning “part”.

The presence of a stabilizing structure at the end of chromosomes was firstly suggested by
Hermann Muller, in 1938, and Barbara McClintock, in 1941, in independent studies (1,2). However, the
available tools at the time hindered further characterization. Only in 1978, the molecular composition
of telomeres was described by Elizabeth Blackburn and Joe Gall in Tetrahymena termophila (3).
Posterior studies, in budding yeast, executed by Blackburn in collaboration with Jack Szostak, revealed
that telomeres are functionally conserved throughout phylogenic kingdoms (4). Robert Moyzis et al
later reported that human telomeres comprise tandem repeats of TTAGGG (from 5’ to 3’ end), hence
being composed by a G-rich and a C-rich strand (5). Since then, telomeres have been intensively studied
and defined as evolutionary well-conversed sequences, (6) with two main purposes in the cell 1) to act
as biological clocks (7,8) and ii) to protect chromosomes against end-to-end fusion and erosion (9). The
discovery of “how chromosomes are protected by telomeres” by Blackburn and Szostak was rewarded
in 2009 with the Nobel Prize in Physiology or Medicine (prize also shared with Carol Greider).

Telomeres are comprised of telomeric double-stranded DNA (dsDNA) as well as telomeric
single-stranded DNA (ssDNA), the latter corresponding to a G-overhang or G-tail (Figure 1.1). The G-
tail arises from resection of the C-rich strand from 5’ to 3’ and is composed of 75-200 bases of DNA in
humans (10). The repetitive nature of telomeric DNA allows the intramolecular pairing of the 3’
overhang with the C-rich strand. This leads to the formation of a D-loop, due to the displacement of the
G-rich strand through the invasion of the G-tail into the telomeric dSDNA, and an overall lasso-like
structure called T-loop, (Figure 1.1) (11). The T-loop, being a structure different from the rest of the
genome, allows the DNA repair machinery to distinguish between the end of a chromosome and a DNA
double-stranded break (DSB). Hence, the telomere acts as a chromosome cap that avoids DNA damage
response (DDR) activation and non-homologous end joining (NHEJ) (12).

Shelterin, a nucleoprotein complex that associates with human telomeres, is composed in
humans of six different proteins: TRF1, TRF2, TIN2, RAP1, POT1 and TPP1 (Figure 1.1). TRF1
(telomeric repeat binding factor 1) and TRF2 (telomeric repeat binding factor 2) recognize and bind
with high affinity to (5’-TAGGGTT-3")n dsDNA through their C-terminal Myb domains upon
homodimerization mediated by their TRFH domain (13-15). In vitro and in vivo assays demonstrated
that TRF2 is necessary and sufficient for the formation of T-loops (16,17). TIN2 (TRF1-interacting
nuclear protein 2) links TRF1 and TRF2 through protein/protein interactions (18). RAP1 (repressor-



activator protein 1 homolog) binds to TRF2 (19). POT1 (protection of telomeres 1) binds to ssDNA by
its oligonucleotide/oligosaccharide binding (OB) folds, OB1 and OB2 domains (20). TPP1 (TIN2 and
POT 1-interacting protein), as the name indicates, interacts with TIN2 and POT1 (21).

Shelterin supports various functions, including the formation of the G-rich overhang (22) and
consequent formation of T-loops (23). Shelterin is also involved in the repression of ataxia-
telangiectasia-mutated (ATM) signaling. It also plays a role in chromosome protection by shielding the
G-overhang against DSB repair (DSBR) through repression of NHEJ (21 ,24).

Telomeres are transcribed into the long non-coding RNA (IncRNA) TERRA by RNA
polymerase II (RNAPII) (25,26). Transcription of telomeres starts from the subtelomeric region and
uses the C-rich telomeric strand as a template; hence TERRA comprises telomeric UUAGGG repeats
(Figure 1.1). TERRA promoters have been identified on approximately half of human subtelomeres.
They comprise CpG dinucleotide-rich tandem repeats of 29 and 37 base pair, and methylation of these
CpG promoter islands negatively regulates TERRA transcription (27). However, TERRA transcribed
from other chromosome ends has been detected, indicating the existence of different promoters still to
be identified (28). TERRA molecules remain in the nucleus after transcription, localizing mainly to
telomeres (25). TERRA can anneal with telomeric DNA forming RNA:DNA hybrids named telomeric
R-loops (telR-loops) (Figure 1.1). TERRA is associated with a large number of telomeric functions
including regulation of telomere length, promotion of DNA-end processing and enabling telomere

protein composition changes (25,26).

(A)

(B)

TTAGGG

telR-loop

Figure 1.1 Telomeric structure. (A) Depiction of telomeric loop (T-loop), and D-loop, formed through G-overhang (blue
strand) invasion of telomeric dsDNA. Strand arrows represent DNA directionality from 5’ to 3’. Shelterin components are
pictured, TRF1 (green), TRF2 (yellow), TIN2 (orange), TPP1 (purple), RAP1 (blue) and POT1 (grey); (B) Representation of
telomeric R-loop (telR-loop), TERRA (green) invading telomeric DNA and annealing with C-rich telomeric strand.



Telomeres are regions of the chromatin with high levels of replication stress. This is due to
formation of secondary structures at telomeres (29), such as telR-loops, T-loops, D-loops and G-
quadruplexes (G4s). G4s structures are very abundant at telomeres due to their G-rich nature. Guanines
assemble in tetrameric structures, forming stacked G-quartets (square planar arrangements in which
each guanine is hydrogen bounded to the two adjacent guanines) (30).

In 1961, Leonard Hayflick uncovered for the first time that primary human cells are not
immortal, and that they can undergo only a certain number of divisions before experiencing cell cycle
arrest. Hayflick termed senescence as the progressive and irreversible loss of proliferative potential of
somatic cells (7). This suggests the presence of an internal counting mechanism within the cell (7). Later
in 1972, Alexey Olovnikov linked this mechanism to the end of the chromosomes (8). Canonical DNA
polymerases are unable to fully replicate the end of a linear chromosome through lagging strand
synthesis, a notion that is known as the end replication problem (31). Hence, as each replication goes
by, telomeres get shorter, losing around 200 bp per replication round in humans. When an aging cell
accumulates telomeres that are too short, below a certain threshold, it enters replicative senescence
through the activation of the tumor suppressor protein p53 (32).

Normal human somatic cells do not have mechanisms to elongate telomeres (31). This absence
allows the cell to have a cellular clock limiting proliferation and contributing to the aging process (7,31).
Embryonic, germline and stem cells, on the other hand, need to replicate many more times than somatic
cells (33). To avoid senescence, these cells possess a mechanism that allows telomeres to elongate. In
order to perform that, germline cells express a reverse transcriptase telomerase, which avoids telomere
shortening and consequently senescence (33).

Telomerase, discovered by Blackburn and Carol Greider in 1985, is a nucleoprotein complex
capable of elongating telomeres (34). Human telomerase is composed of two major components, hTR
and TERT. Both components form a complex that is sufficient for the novel synthesis of telomeric
repeats. Telomerase catalytic component (TERT) acts by adding newly synthesized telomeric repeats to
the end of chromosomes, using a RNA template (hTR) (35). Telomere elongation coincides with the
time of telomere replication (36), however, not all telomeres are elongated in the same cell cycle but

only the shortest ones in the cell (37).

12 ALT

One of the hallmarks of cancer is the enabling of replicative immortality, which can be achieved
by activating a telomere maintenance mechanism (TMM) (38). Approximately 85% of the cancers re-
activate the expression of telomerase (39), while 15% engage the Alternative Lengthening of Telomeres
(ALT) mechanism (40). ALT tumors are mainly of mesenchymal or neuroepithelial origin, including
osteosarcomas, liposarcomas, astrocytomas and glioblastomas (41).

ALT cells are characterized by different molecular features, including ALT-associated

ProMyelocytic Leukemia (PML) bodies (APBs) and extrachromosomal telomeric repeats (ECTRs).



APBs are structures where telomeric DNA clusters together with TERRA, shelterin components and
DNA recombination and repair factors (42—44). ECTRs can be of circular or linear nature, comprising
double-stranded (ds) circles (t-circles), partially single-stranded (ss) circles (either G-circles or C-
circles) and linear dsDNA (45,46). The telomeres of ALT cells are very heterogenous in length, having
the same cell very long telomeres, in comparison to the average length of telomeres in telomerase-
positive cells, as well as very short telomeres (40). Other frequent features of ALT cells are exchange
of telomeric DNA between sister chromatids (T-SCE) (47), recurrent mutations of the Alpha
Thalassemia/Mental Retardation Syndrome X-Linked (ATRX) gene (48) and high levels of TERRA
(and consequent increased levels of telR-loops) due to TERRA promoter hypomethylation (25,49-51).

Telomere elongation in ALT occurs in the G2/M phases of the cell cycle by homology-directed
repair (HDR) through break-induced replication (BIR) (52). BIR is a conservative type of DNA
synthesis used for the repair of one-ended DSBs (52). ALT BIR was firstly identified in budding yeast
survivors after crisis mediated by telomerase inactivation (53). Two different types of survivors were
described, type I and type II (54,55). ALT type I and II rely both on Rad52 and Pol32, however type 1
also requires Rad51 (53,54,56).

ALT, in human cells, relies on replication factor C (RFC), proliferating cell nuclear antigen
(PCNA) and the DNA polymerase 6 accessory subunits POLD3 and POLD4 (57-59). APBs are believed
to be the site where BIR occurs, by bringing telomeres together and promoting telomere-telomere
interactions (43). ALT telomeres, with elevated levels of DNA damage, are brough together in a BLM-
mediated manner at APBs (58,60) and this is counterbalanced by SL.X4 (61). PML is required for the
ALT mechanism (58), having a role in the recruitment of the BLM/TOP3A/RMI1/2 (BTR) complex to
telomeres (60). This is followed by a bifurcated ALT pathway with a branch RAD52-dependent and
another one RADS52-independent (58,62). The first branch, RADS52-dependent, is important for
maintenance of ALT telomeres through telomeric DNA synthesis in APBs (62). The other branch,
RADS52-independent, besides elongating telomeres, is responsible for C-circle formation (58). Upon
replication fork collapse, if fork regression does not occur, the cell produces C-circles as a mean to avoid
high levels of telomere instability (63). Furthermore, depletion of RADS51, which is not necessary for
maintenance of ALT telomeres in the RADS52-dependent pathway, has a role in suppressing C-circle
formation in the RAD52-independent branch (58). For BIR to occur it is necessary to have annealing of
telomeric ssDNA with a template for the synthesis of new telomeric DNA (40,64). The template can be
the telomere itself, a telomere on a sister chromatid or on another chromosome (40,64). RADS52 has the
capability to anneal telomeric ssDNA in the presence of replication protein A (RPA), which is known
to be present at APBs (50,65) and to promote the invasion of telomeric ssDNA into telomeric dsSDNA
(58).

ALT cells, when compared with telomerase-positive and primary cells, have more abundant
replication stress and DNA damage markers at telomeres (66—68). This arises from the necessity of ALT

cells to maintain at least a subset of telomeres physiologically damaged for telomere elongation to occur.



The annealing of TERRA with telomeric DNA, telR-loops, more abundant in ALT than telomerase-
positive cells, are one of the triggers of this ALT-specific Telomeric Replication Stress (ATRS) (50). If
replication stress is excessive, DNA damage checkpoints will be activated and impair cell proliferation
or induce cell death (51,67). In order to keep telomere elongation and avoid cell cycle arrest and death,
ALT cells need to have constantly active alleviators of ATRS (50,51). Thus, a balance between
alleviators and triggers of ATRS must be maintained in ALT cells.

A known alleviator of ATRS is RNaseH1, a RNA endonuclease that is enriched at ALT
telomeres and restricts the levels of telR-loops (50). Its depletion leads to increased ATRS through the
increase of telR-loops, telomere loss and exposure of telomeric ssDNA (50). In contrast, overexpression
of RNaseH]1 leads to telomere shortening due to declining of ATRS and recombinogenic potential (50).

Fanconi anemia complementation group M (FANCM) is another known ATRS alleviator
(51,69,70). FANCM depleted ALT cells have massive telomere disfunction, as shown by accumulation
of DNA damage markers at telomeres (51). The presence of ALT features is highly increased upon
depletion of FANCM (51). FANCM-depleted cells also accumulate telR-loops and ultimately die (51).
Besides RNaseH1 and FANCM, other ATRS alleviators have been described including SMARCAL1
(71) and ATR (65).

13 PC4

Positive co-factor 4 (PC4) was first identified in 1994 by Ge and Roeder (72). Since then, PC4
has been identified both in prokaryotes and eukaryotes indicating that it is an evolutionary conserved
protein (73-75). It was firstly described as a non-essential activator of basal transcription (72), however
it is now clear that PC4 is involved in many cellular functions that go beyond transcription regulation.

PC4 is a protein constituted by 127 amino acids. It possesses, at its N-terminus (residues 1-62),
a lysine-rich (K-rich) domain flanked by two serine and acidic residue-rich (SEAC) domains (Figure
1.2) (72). PC4 N-terminus is responsible for binding to dsDNA in a sequence-independent manner (76)
and for interaction with transcriptional co-activators (77-79). The C-terminal region (residues 63-127)
contains a ssSDNA binding domain (ssDBD) (72,80). PC4 is also capable of binding melted dsDNA
originating from the localized dissociation of dSDNA helix into single strands. Both opposing ssDNA
regions are necessary for binding with PC4, with a maximum of 8 nucleotide mismatches, while it needs
16 to 20 nucleotides to fully bind to ssDNA (76,80). It has been demonstrated that PC4 is a DNA bending
protein, explaining the requirement for more free nucleotides for the interaction with a fully ssDNA
(81). PC4 also holds the capacity to bind to G4s in vitro, without destabilizing them, in a manner distinct
from the way it interacts with sSDNA (82,83). PC4 capacity to bind to RNA was also suggested (84)
and is further supported by the similarities between the C-terminal domain (CTD) of PC4 and RNA
recognition motifs (RRM) of RNA-binding proteins (RBPs) (75,85).



SEAC | K-rich SEAC ssDNA binding domain

Figure 1.2 Schematic representation of PC4 and its structural and functional domains. N-terminal region of PC4,
residues 1-62, contains two serine and acidic residue-rich domains (SEAC, blue) flanking a lysine-rich domain (K-rich,
green). C-terminal region, residues 63-127, contains a ssDNA binding domain (orange).

PC4 3D structure, solved by crystallography, reveals a complex in which two monomers
dimerize through a dimerization domain present in the C-terminal region (86,87) (Figure 1.3). Each
monomer is comprised of a curved four-stranded anti-parallel -sheet followed by a kinked a-helix (B-
B-B-B-ct), in a domain-swapped manner, with the a-helices packed against the B-sheets of their dimeric
partner (86,87). PC4 dimers present a -ridge (residues 87-101) formed by the extension of the aligned
strands B3 and B4 (86). Quarter pipe structures (or concave [-surfaces) with opposite directionality and

divided by the B-ridge are formed by a 2-B3 loop (86).

Figure 1.3 Crystal structure of PC4. Crystal structure of PC4 ssDNA-binding domain homodimer (red and blue) in
complex with a ssDNA oligonucleotide (yellow). Figured prepared by PyMol from PDB ID code 2C62(87).

Werten et al. demonstrated the importance of the f2-B3 loop and the -ridge for the interaction
with ssDNA and melted dsDNA, through the mutation of an aromatic residue (Phe77) in the $2-83 loop
as well as the replacement of Trp89 in the B-ridge by Ala89 (W89A) (77,88). Conversely, Phe77
mutation did not abolish the ability of PC4 to bind to RNA (84). PC4 dimers interact with melted
heteroduplexes by binding of pseudo symmetrical opposing regions with the quarter pipes, with ssDNA-
hairpin enfolded around the -ridge. This conformation, with the ssDNA backbone tethered to PC4 by
water molecules, leaves the DNA bases facing outwards and able to bind in a specific manner to other
biomolecules (87). Both PC4 subunits of the dimer are needed for ssDNA binding and cooperate in the
binding of the two opposing DNA backbones (87).

PC4 was initially described as not essential for basal transcription, but in cooperation with

TATA-binding protein (TBP)-associated factors (TAFs) mediates transcriptional activation of RNA



polymerase II (72). Further studies showed a dual role for PC4 in transcription initiation. In TAFs
absence, PC4 strongly represses transcription initiation, inhibiting transcription prior to preinitiation
complex (PIC) assembly (79,89). PC4 ability to bind to melted DNA is required for transcription
repression (77) and this repression is alleviated by the helicase activity of TFIIH (78). In the presence
of an activator or already assembled PIC, PC4 acts as a coactivator, mediating transcriptional activation
(79). The N-terminal domain of PC4 is essential for this activator role (79).

PC4 activity is negatively regulated by phosphorylation. Ninety-five percent of PC4 found in
HeLa cell extracts is phosphorylated (P-PC4) (90). Phosphorylation of PC4 is executed by casein kinase
IT (CKII), being restricted to seven residues of the N-terminal portion (90,91). P-PC4 has a stronger
ssDNA binding capacity than PC4, conversely P-PC4 loses the potential to activate transcription and
binds less strongly to RNA (84,86,90,91). PC4 N-terminus can also be acetylated by p300, however P-
PC4 cannot be acetylated as phosphorylation could impose a structural change in PC4 masking the
acetylation sites (92). Acetylation of PC4 leads to an increase of DNA bending activity (81).

PC4 functions in transcription are not only restricted to activation or inhibition. Interaction of
PC4 with the polyadenylation factor CstF-64 prevents premature transcription termination by RNAPII
(93). A role in accurate termination and multiple-round transcription by RNA polymerase III was also
described (94). PC4 can also stimulate promoter escape in the presence of transcriptional activators,
such as GAL4-VP16 (95).

Pan et al, in 1996, demonstrated that PC4 could have a role in DNA replication, by either
inhibiting or activating, in a concentration dependent manner, simian virus 40 (SV40) DNA replication.
SV40 needs RPA for DNA unwinding in order to be replicated and PC4 forms complexes with RPA on
ssDNA, leading to a modulation of RPA replication functions (96). Further studies reported that RPA
and PC4 bind to ssDNA in a similar manner (77). Successive studies supported this notion by showing
an increased loading of PC4 to ssDNA upon RPA depletion (97).

PC4 is also involved in maintenance of genome stability. PC4 is stably associated with
chromatin through all cell cycle. It interacts directly with H3 and H2B, being able to regulate chromatin
folding, such as transition from transcriptionally silent heterochromatin to more-open transcriptionally
active euchromatin (and vice-versa) (98,99). Knockdown of PC4 in HeL.a cells, led to decondensing of
chromatin and consequent over-expression of several genes (98).

PC4 has an important role in resistance to hydrogen peroxide and in the repair of mutations of
spontaneous or oxidative damage nature, mediated by its interaction with XPG, a DNA repair protein
(100). The W89A mutant does not possess the ability to prevent spontaneous and induced oxidative
mutagenesis. PC4 role in DNA damage repair is supported by the demonstration that it accumulates at
DNA damage sites, like replication-transcription collision sites, in a fast and transient manner and
dependent on its ssDNA-binding activity (97,101). Additionally, it was shown that PC4 is involved in
DNA damage repair by NHEJ and homologous recombination (HR) (101,102), with residues 72-77 of

PC4 responsible for this function and transcriptional coactivation ability not being required (102).



PC4 can also interact with p53 in vivo and enhances DNA binding activity of p53 in vitro
(81,103). PC4 interacts with p53 through its sSDNA binding domain and thus ssDNA and p53 compete
for the same binding site on PC4 (81,104). Post-translational alterations of PC4 can modulate the
activation of p53 (81). Phosphorylation of PC4 abolishes interaction with p53, while acetylation of PC4
enhances the DNA binding capacity of p53 due to PC4-induced alteration in DNA conformation (81).

Recent studies have reported upregulation of PC4 in different tumors, including astrocytoma
(105), osteosarcoma (106), non-small cell lung cancer (107) and breast cancer (108) and its association
with cancer progression and decreased survival. Elevated expression of PC4 in breast cancer was
described to positively correlate with metastasis and poor prognosis of patients, through the regulation
of c-Myc transcription (108). Zhang et al. reinforced these notion by showing that predicted targets of

PC4 were up-regulated in many cancer types (109).

2. Objectives
ALT cells need to keep a tight balance between triggers and alleviators of ATRS in order to
maintain replication stress at telomeres within tolerable levels. Triggers of ATRS are necessary to keep
telomere elongation and avoid senescence. However, high levels of ATRS will lead to impaired
proliferation and/or cell death, hence the importance of alleviators.
PC4 recruitment to chromatin is enhanced upon replication stress, leading us to hypothesize that
PC4 might be one ATRS alleviator in ALT cells. In order to test this hypothesis, this project has the
following specific aims:
1. Understand if PC4 localizes to telomeres, and if so, why and how it is recruited;
2. Understand if PC4 depletion affects telomere integrity in ALT cells by evaluation of
DNA damage markers at telomeres;
3. Testif loss of PC4 affects ALT cells survival and growth.
This study has the purpose to further clarify the mechanisms underlying ALT. The acquisition

of new knowledge in this field can potentially lead to new therapeutic targets in ALT cancers.

3. Methods

3.1 Cell lines and culture conditions

HeLa (human cervix carcinoma) and HEK293 (human embryonic kidney) cells were obtained
from ATCC. U20S (osteosarcoma cells) were generously offered by M. Lopes (IMCR, Zurich,
Switzerland) and Saos-2 and HOS (osteosarcoma cells) were a kind gift from B. Fuchs (Balgrist
University Hospital, Zurich, Switzerland).

HeLa and U20S were cultured in high glucose DMEM, GlutaMAX (Thermo Fisher Scientific)
supplemented with 100 U/ml of penicillin-streptomycin (Thermo Fisher Scientific) and 5% tetracycline-

free fetal bovine serum (Pan BioTech). Saos-2 and HOS were maintained in high glucose DMEM/F12,



GlutaMAX (Thermo Fisher Scientific) supplemented with 100 U/ml of penicillin-streptomycin (Thermo
Fisher Scientific), 10% tetracycline-free fetal bovine serum (Pan BioTech) and 5% of non-essential
amino acids (Thermo Fisher Scientific). When mentioned, cells were incubated with 2 mM of
hydroxyurea (HU) (Sigma-Aldrich) for 24 h and 1 uM of camptothecin (CPT) (Sigma-Aldrich) for 3 h.
All cells were grown in a humidified atmosphere at 37 °C containing 5% CO..

3.2 siRNA-mediated protein depletion

DsiRNAs (Integrated DNA Technologies) were transfected using the Lipofectamine
RNAIMAX reagent (Invitrogen) according to the manufacturer’s instructions. Briefly, DsiRNAs and
Lipofectamine were separately diluted in Opti-MEM (Thermo Fisher Scientific) and the two solutions
were mixed and incubated at room temperature (RT) for 5 minutes. This mixture was then further diluted
1:5 in growth medium and applied to the cells. DsiRNAs for FANCM, RPA70, RNaseH1 and TRF1
were used at a final concentration of 20 nM, while DsiRNAs for PC4 were used at a final concentration
of 30 nM (unless otherwise indicated). Medium was changed 5h after transfection. Samples were
collected after 48 h, for FANCM, RPA70, RNaseH1 and TRF1 depletion, and 72h, for PC4 depletion,
after transfection (unless otherwise indicated). The mRNA target sequences used can be found in annex
Table 7.1.

3.3 Expression of ectopic proteins

For PC4 WT complementation experiment, Saos-2 cells were infected twice with retrovirus
produced using the pBABEneo-Flag-PC4 plasmid, followed by selection in medium containing 1
mg/mL of G418. The pBABEneo-Flag-PC4 plasmid contained an siRNA-resistant human wild-type
PC4 tagged at the N-terminus with two Flag epitopes, under the control of LTR promoter. PC4 WT
ectopic protein expression was confirmed by western blotting.

For PC4 WT and W89A experiments, U20S cells were infected twice with retroviruses
produced using the pLHCX-Flag-PC4 and pLHCX-Flag-PC4-W89A plasmids, followed by selection in
medium with 200 pg/ml hygromycin B (VWR). pLHCX-Flag-PC4 and pLHCX-Flag-PC4-W8&9A
plasmids contained an siRNA-resistant human wild-type or W89A PC4 2xFlag-tagged, under the
control of CMV promoter. PC4 WT and W89A ectopic proteins expression were confirmed by western
blotting.

Viruses were produced in HEK293 cells according to standard procedures. Briefly, HEK293
seeded in 6 cm dishes were transfected, using Lipofectamine 2000 (Invitrogen), with 2000 ng of
transgene plasmid and 500 ng pMD-VSVG (VSV-G plasmid) and 1500 ng pMDGAG/POL (Gag-Pol
plasmid) packaging plasmids, in a total culture medium volume of 2,5 ml. Fourteen and twenty-two
hours post transfection medium was discarded and replaced with fresh medium. Forty-eight hours post
transfection medium was recovered and filtered using 0,45 pwm syringe filters, diluted 1:2 with fresh
warm medium, and dispensed on target cells (U20S and Saos-2) previously seeded. Twenty-four hours

later, a second infection was performed followed by selection 24 h later.



3.4 Cell proliferation assays

For growth curves, cells were transfected with siRNAs (day 0) and 24 h later seeded in 6 cm
dishes in triplicates (75000 HeLa, 150000 Saos-2, 100000 U20S and HOS) (dayl). DsiRNAs were re-
transfected at day 3 and cells were counted and seeded again 24 h later (day 4). Cells were re-transfected
and counted every 3 days. Cells were counted under the microscope using a Neubauer chamber.

3.5 Western blotting

Cells were trypsinized and pelleted by centrifugation at 500 x g at 4 °C for 5 min. Pellets were
washed twice in 1x PBS and resuspended in 2x Laemmli buffer (4% SDS, 20% Glycerol, 120mM
TrisHCI pH 6,8). Samples were homogenized by syringing and denatured at 95°C for 5 min. Protein
concentrations were determined using a Nanodrop 2000. Fifteen to thirty micrograms of protein extracts
were supplemented with 0.005% Bromophenol blue and 1% [-Mercaptoethanol (Sigma-Aldrich),
incubated at 95 °C for 5 min, separated in 6, 8, 10 or 14% polyacrylamide gels, and transferred to
nitrocellulose membranes (Maine Manufacturing, LL.C) using a Trans-Blot SD Semi-Dry Transfer Cell
apparatus (Bio-Rad). Membranes were counterstained with Ponceau, and protein blocking was
performed by incubating the membranes in 5% skim-milk in 1x PBST (0,1% Tween-20 in 1x PBS).
Primary antibodies were diluted in blocking solution and incubated with the membrane for 1 h at room
temperature (RT) or overnight at 4 °C. Membranes were washed three times in 1x PBST with gentle
shaking and then incubated with secondary antibodies HRP-conjugated for 1 h at RT. The antibodies
used are listed in annex Table 7.2. Signal detection was performed incubating the membranes with an
ECL detection reagent (GE Healthcare) followed by acquisition using an Amersham 680 RGB imaging
apparatus (GE Healthcare).

3.6 Indirect Immunofluorescence (IF)

Cells were grown on coverslips and, unless otherwise mentioned, soluble proteins were pre-
extracted by incubation in buffer CSK (0,5% Triton X-100, 10 mM PIPES pH 7, 100 mM NacCl, 3 mM
MgCI2, 300 mM Sucrose) for 7 min on ice. The subsequent treatments were performed at RT. When
mentioned, cells were treated with 200 pg/ml of RNaseA (Nzytech) in 1x PBS for 10 min. Cells were
fixed in 3,6% formaldehyde (Sigma-Aldrich) in 1x PBS for 10 min, permeabilized with CSK buffer for
7 min and incubated in blocking solution (0,5% BSA, 0,1% Tween-20 in 1xPBS) for 45 min. Coverslips
were incubated with primary antibodies diluted in blocking solution for 1 h in a humid chamber, washed
three times with 0,1% Tween-20 in 1x PBS for 10 min each, incubated with blocking solution containing
secondary antibodies for 40 min, washed three times with 1x PBST for 10 min each and washed once
with PBS for 10 min. DNA was counterstained with 100 ng/ml DAPI in 1x PBS. Coverslips were
mounted on slides with Vectashield. Images were acquired with a Zeiss Cell Observer equipped with a
cooled Axiocam 506m camera and a x63/ 1.4NA oil DIC M27 PlanApo N objective. Image analysis

was performed using ImageJ. Primary and secondary antibodies used are listed in annex Table 7.3.
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3.7 RNA extraction

Total RNA was extracted with the NucleoSpin RNA Kit from Macherey-Nagel. Cells were
harvested by scraping and lysed in 350 ul of RA1 buffer (Macherey-Nagel) supplemented with 1% [3-
Mercaptoethanol. Lysates were filtered by centrifugation at 11000 g for 1 min through a NucleoSpsin
Filter. RNA binding conditions were adjusted by addition of 350 pl of 70% Ethanol. RNA was bound
to a NucleoSpin RNA Column through centrifugation at 11000 g for 30 sec. The silica membrane was
desalted with addition of 350 ul of Membrane Desalting Buffer and centrifugation at 11000 g for 1 min.
DNA digestion was performed on column at RT for 15 min with 1:10 dilution of reconstituted rDNase
in Reaction Buffer. The silica membrane was washed first with RAW?2 and then twice with Buffer RA3.
RNA was eluted in 40 ul of RNase-free H,O by centrifugation at 11000 g for 1 min. RNA was stored at
-80 °C.

3.8 cDNA synthesis

RNA concentrations were determined using a Nanodrop 2000. cDNA synthesis was performed
with SuperScript II RT (Invitrogen) in a reaction volume of 20 pl in a Biometra TRIO Thermal Cycler
Series (Analytik Jena). One microgram of total RNA was used together with 1 pl of Oligo(dT) at 500
pg/ml, 1 ul of 10 mM dNTP Mix (Invitrogen) and nuclease-free water up to 13 pl. The mix was heated
to 65 °C for 5 min and quickly chilled on ice. Four microliters of 5x First-Strand Buffer (Invitrogen) and
2 ul of 0,1 M DTT (Sigma-Aldrich) were added to the mix, followed by incubation at 42 °C for 2 min.
One microliter of SuperScript II RT was added to the mix, mixed by gently pipetting up and down.
Incubation was performed at 42 °C for 50 min, followed by inactivation of the reaction by heating at 70
°C for 15 min. For each sample, a negative control was performed by adding nuclease-free water to the
reaction instead of SuperScript II RT. The total reaction volume of 20 pl was diluted 5-fold with RNase-
free water before use.

39 RT-qPCR

Reverse transcription quantitative PCR (RT-qPCR) was performed by amplification of 2 pl of
diluted cDNA in a mix containing 6 ul of RNase-free water, 1 pl of 10 uM of each primer, forward and
reverse (in annex Table 7.4), and 10 ul of iTaq Universal SYBR Green Supermix (Bio-Rad). Each
sample was amplified in triplicate, while control samples for cDNA synthesis (without SuperScript 11
RT) were amplified only once. One negative control without template was also used in each run for each
primer mix used. The amplification was carried in a Rotor Gene Q instrument (Qiagen) with the
following settings: 5 min at 95 °C followed by 45 cycles of 15 sec at 95 °C (denaturation) and 30 sec at
60 °C (annealing and amplification). A melting step was performed by gradually rising temperature by
1 °C each step, from 50 to 99 °C. The acquisition was performed using the green channel with a gain

value of 9. Results were analyzed using Rotor Gene 6000 Series software. U6 was used as a normalizer.
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3.10 Statistical Analysis

To directly compare two different groups, a non-parametric two-tailed Mann-Whitney U test
was employed using GraphPad Prism. P values are indicated as: *P<0,05; **P<0,005; ***P<0,001;
*#E¥%P<0,0001.

4. Results and Discussion

4.1 PC4 localizes to telomeres

Previous studies have suggested that PC4 could be a component of telomeres; indeed PC4 was
identified in mass spectrometry-based large-scale screenings for TERRA and telomeric DNA interacting
proteins (110,111). Given that increased PC4 recruitment to chromatin has been shown upon treatment
with replication stress-inducing agents (101), and since telomeres are regions prone to replicative stress
in particular in ALT cells (51), we tested if PC4 could be detected at telomeres by indirect
immunofluorescence (IF).

In order to validate the specificity of our antibody against PC4, I knocked-down PC4 in U20S
cells and performed western blotting (WB) for PC4. PC4 depletion was tested by transfecting ALT
U20S cells with 3 different siRNAs (siPC4a, siPC4b and siPC4c) at 20 nM concentrations for 72 h. An
siRNA (siCt) that does not target any human genes was used as a negative control. WB was performed
using total protein extracts to confirm protein depletion and PC4 signals were normalized to the ones
detected with an antibody against B-Actin. As shown in Figure 4.1A, depletion was efficient after
transfection with both siPC4b and siPC4c, with more than 90% of endogenous PC4 being depleted. On
the other hand, in cells transfected with siPC4a, 32% of protein remained. The concentration of siRNAs
was then increased to 30 nM to optimize depletion. Indeed, the depletion of PC4 was further improved,
being siPC4b more efficient than siPC4c, with 97% depletion and 94% depletion, respectively. It was
also possible to conclude that the antibody is highly specific when used in WB, given the absence of
other bands besides the expected band size for PC4 (~15kDa) (Figure 4.1A).

After optimizing the transfection conditions, an IF was performed with siRNA-transfected cells
(30 nM concentration) using conditions allowing detection of total proteins (no pre-extraction) or
chromatin-bound proteins only (pre-extraction) (Figures 4.1B and C). In cells transfected with siPC4b
and siPC4c, a very faint signal for PC4 was observed when compared with cells transfected with siCt,
both with and without pre-extraction. These results indicated that the chosen antibody specifically
recognizes PC4 without major cross-reactions with other proteins.

It was possible to observe that PC4 was evenly distributed throughout the nucleus in cells not
subjected to pre-extraction (Figure 4.2A). A much weaker and punctate signal for PC4 was detected
when pre-extraction was performed. In fact, to be able to clearly visualize the distribution of insoluble
PC4, intensity settings had to be increased (Figure 4.2B). This indicates that only a small fraction of
PC4 is chromatin bound (Figure 4.2A).
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Figure 4.1 PC4 antibody validation. (A) Western blotting analysis of U20S cells 72 h after transfection with 20 nM of siCt
siPC4a, siPC4b and siPC4c and 30nM of siCt, siPC4b and siPC4c; (B) and (C) U20S cells transfected with siRNAs (30nM)
subjected to indirect immunofluorescence using antibodies against PC4 (green) for detection of (B) total proteins (without
pre-extraction) and (C) insoluble proteins (with pre-extraction). DNA was counterstained with DAPI (blue).
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Figure 4.2 A fraction of PC4 is chromatin bound. U20S cells subjected to indirect immunofluorescence using antibodies
against TRF2 (to visualize telomeres; red) and PC4 (green). DNA was counterstained with DAPI (blue). (A) Comparison
between total and insoluble protein, images for both conditions acquired with the same settings; (B) Image with adjusted

intensity for insoluble PC4.
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Knowing that a fraction of PC4 is bound to chromatin allowed me to further investigate if PC4
was present at telomeres using double IF for PC4 and the telomeric marker TRF2. Analysis of pre-
extracted U20S cells showed that PC4 localizes to the telomeres, as seen by the co-localization of PC4
foci with TRF2 foci (Figure 4.3A). Colocalization events were observed in the majority of cells
analyzed. In fact, the number of colocalizations per cell ranged from O to 7, with only 13% of cells

showing no co-localization of PC4 with TRF2, and a median of 2 colocalizations per cell (Figure 4.3B).
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Figure 4.3 PC4 localizes to telomeres. (A) Representative image of U20S cells subjected to indirect immunofluorescence
using antibodies against TRF2 (to visualize telomeres; red) and PC4 (green). DNA was counterstained with DAPI (blue).
Arrows indicate co-localizations between PC4 and TRF2; (B) Quantifications of numbers of co-localizations of PC4 with

TRF2 per nucleus. A boxplot of the 10-90 percentile of values is shown. A total of 103 nuclei from one independent
experiment were analyzed.

4.2 PC4 is recruited to the telomeres in response to replication stress

The conclusion that PC4 localizes to telomeres, together with studies that revealed increased
recruitment of PC4 to DNA damage sites (97,101), led me to question if PC4 recruitment to telomeres
could be stimulated/mediated by replication stress.

I first set up to reproduce the previous findings that PC4 recruitment to chromatin is increased
by global replication stress induced by hydroxyurea (HU). In order to assess the localization of PC4 at
telomeres, IF staining for PC4 and TRF2 was performed as above. An overall increase in PC4
association with chromatin was observed in HU treated cells (Figure 4.4A), most likely due to the
induction of replication stress. HU treatment also increased recruitment of PC4 to telomeres (Figure
4 4A and B). A two-fold median increase in PC4 foci colocalizing with TRF2 per nucleus was observed,
with very few nuclei without colocalizations and nuclei having as many as 17 colocalization events.
These results allowed me to conclude that in response to generalized replication stress, PC4 is also
recruited to telomeres.
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Figure 4.4 Replication stress induces recruitment of PC4 to both non-telomeric and telomeric chromatin. U20S cells
treated with 2 mM of HU for 24 h. (A) Examples of PC4 immunostaining (green) combined with TRF2 immunostaining
(red) in U20S cells for detection of insoluble protein. In the merge panel, DAPI-stained DNA is also shown (blue). Arrows
indicate co-localizations between PC4 and TRF2; (B) Quantifications of numbers of co-localizations of PC4 with TRF2 per
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nucleus. A total of at least 10 nuclei were analyzed from one independent experiment for each condition. A boxplot of the 10-
90 percentile of values is shown. ¥P<0,05; **P<0,005; ***P<0,001; ****P<0,0001.

While HU treatment induces a generalized replication stress, the question that arises from these
results is whether the induction of replication stress specifically at telomeres leads to the recruitment of
PC4 to these structures. TRF1 averts replication defects at telomeres thus maintaining telomere stability
(17,112). Four cell lines were chosen for this experiment, two ALT, U20S and Saos-2, and two
telomerase-positive, HOS and HeLa. TRF1 was depleted using a previously validated siRNA (112) and
WB of total protein extracts was performed to confirm TRF1 knockdown (Figure 4.5A). While in U20S,
HOS and Hel a it was possible to clearly observe depletion of TRF1, in Saos-2 lower basal levels of
TRF]1 confounded the interpretation of the results. Hence, TRF1 depletion in this cell line was confirmed
by RT-qPCR (Figure 4.5B).
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Figure 4.5 PC4 recruitment to telomeres upon telomeric replicative stress induction. (A) Western blotting analysis of
U208, Saos-2, HOS and HeLa after 48 h of transfection with 20 nM of siCt or siTRF1; (B) RT-qPCR analysis of TRF1
mRNA in U20S, Saos-2, HOS and HeLa after 48 h treatment with 20 nM of siTRF1; (C) Quantifications of numbers of co-
localizations of PC4 with TRF2 per nucleus in U20S, Saos-2, HOS and HeLa cells transfected with siTRF1 and harvested 48
h after transfection. Each dot represents an individual nucleus. A total of at least 100 nuclei from 3 independent experiments
were analyzed for each sample. A boxplot of the 10-90 percentile of values is shown. *P<0,05; **P<0,005; ***P<0,001;
*#%%P<(0,0001; (D) Examples of PC4 immunostaining (green) combined with TRF2 immunostaining (red) in Saos-2 and
HOS. In the merge panel, DAPI-stained DNA is also shown (blue). Arrows indicate co-localizations between PC4 and TRF2
(example of images for U20S and HeLa cells in annex Figure 7.1B).

siCt

siTRF1

15



While the increase in telomere instability, due to depletion of TRF1, did not lead to a generalized
increase in PC4 signal intensity, it led to a specific increase of PC4 at telomeres, as shown by an increase
of PC4 colocalizing with TRF2 in all 4 cell lines (Figure 4.5D and annex Figure 7.1B).

Because ALT cells have increased ATRS, I questioned if PC4 is involved in the response to
replication stress at ALT telomeres. As previously mentioned, FANCM and RNaseH1 are alleviators of
ATRS and their depletion leads to exacerbated telomeric replication stress (50,51). RPA depletion in
ALT cells also leads to accumulation of telomeric sSDNA, a signature of replication stress, while this
does not occur in telomerase positive cells (113). Thus, the depletion of FANCM, RPA or RNaseH]1 are
good tools to study PC4 behavior in response to replication stress specifically occurring at ALT
telomeres. I depleted those factors in the same 4 cell lines described above and confirmed protein
depletion by WB; in the same cells, I performed a double-IF for PC4 and TRF2 (Figure 4.6 and annex
Figure 7.1).

As previously reported (51,69), FANCM depletion led to formation of large telomeric clusters,
as shown by large TRF2 foci, only in ALT cells (Figure 4.6C and annex Figure 7.1B). Also, ALT cells
were characterized by large PC4 clusters co-localizing with TRF2 foci. The distribution of PC4 outside
of telomeres did not seem to be affected by FANCM depletion (Figure 4.6C and annex Figure 7.1B).

Depletion of RPA70, one of the subunits of the RPA complex, had a milder effect on telomere
clustering when compared to depletion of FANCM. While large TRF2 foci were still observed in ALT
cells, and not in telomerase-positive cells, they were not as frequent as in ALT cells depleted for
FANCM. Saos-2 also seemed to be more sensitive to RPA70 depletion than U20S, as seen by a higher
frequency of large TRF2 foci. Presence of PC4 clusters in these foci was also observed, both in U20S
and Saos-2. However, in contrast to FANCM depletion, RPA70 depletion in ALT cells increased not
only the recruitment of PC4 to telomeres but also to non-telomeric chromatin, as showed by an increased
intensity of pan-nuclear PC4 signal (Figure 4.6C and annex Figure 7.1B).

As previously reported, RNaseH1 depletion led to replication stress at telomeres (50), as shown
by the accumulation of larger telomeric foci when compared with cells transfected with siCt. Similar to
what was observed upon FANCM and RPA70 depletion, RNaseH1 depletion led to an increased co-
localization of PC4 with telomeres in ALT cells but not in telomerase-positive cells. PC4 distribution
outside telomeres did not seem to be affected by RNaseH1 depletion (Figure 4.6C and annex Figure

7.1).
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Figure 4.6 PC4 recruitment to ALT telomeres in response to replicative stress. (A) Western blotting analysis of Saos-2
and HOS after 48 h transfection with 20 nM of siCt, siIFANCM, siRPA70 or siRNaseH1 (analysis of U20S and HeLa in
annex Figure 7.1A); (B) Quantifications of numbers of co-localizations of PC4 with TRF2 per nucleus in U20S, Saos-2,
HOS and HeLa. Each dot represents an individual nucleus. A total of at least 100 nuclei from 3 independent experiments
were analyzed for each sample. A boxplot of the 10-90 percentile of values is shown. *P<0,05; **P<0,005; ***P<0,001;
*#%%P<(0,0001; (C) Examples of PC4 immunostaining (green) combined with TRF2 immunostaining (red) in Saos-2 and

HOS. In the merge panel, DAPI-stained DNA is also shown (blue). Arrows indicate co-localizations between PC4 and TRF2
(example of images for U20S and HeLa cells in annex Figure 7.1B).

4.3 PC4 localization at telomeres is partly dependent on RNA

The previous results show that PC4 is recruited to telomeres upon induction of replication stress.
This advocates for the presence of PC4 interactors at telomeres. PC4 could bind to ssDNA, abundantly
present at ALT telomeres due to telR-loop formation, through its ssDBD. PC4 has also been proposed
to be a RNA binding protein (RBP) (84,109) and indeed one study has shown, through quantitative
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interaction proteomics, that PC4 interacts with TERRA (110). This rises the hypothesis that PC4 could
be recruited to telomeres in a TERRA-mediated manner.

First, I tested the possibility that PC4 binds to telomeric ssSDNA in ALT cells. As previously
mentioned, PC4 W89A is a mutant lacking the capability of binding to ssDNA due to the substitution
of Trp&9 in the B-ridge with Ala (80). I decided to induce replication stress at telomeres in ALT cells
through FANCM depletion and test by IF if ectopically expressed PC4 W89A was recruited to
telomeres. U20S cells were infected with retroviruses expressing an siRNA-resistant Flag-tagged PC4
WT or PC4 W89A transgene. The PC4 cDNA was under the control of a CMV promoter. This system
also allowed using an antibody against Flag, instead of the antibody against PC4, and thus validate the
results previously obtained.

The expression of ectopic PC4 WT and WE89A, as well as FANCM and endogenous PC4
depletion were confirmed by WB (Figure 4.7A). The quantification of protein band intensity showed
that PC4 WT was expressed at around 30% and PC4 W89A at around 20% of the levels of endogenous
PC4 in siCt transfected cells.

IF for TRF2 and Flag showed that depletion of FANCM led to the formation of large TRF2 foci
in all three cell lines and that PC4 WT Flag was recruited to these big TRF2 foci (Figure 4.7B and C);
as expected, no Flag signal was detected at telomeres in control U20S EV cells transfected with
siFANCM (Figure 4.7C). This result validates the observations made by IF using the PC4 antibody
(Figure 4.6B). In PC4 W89A depleted for FANCM I also observed localization of Flag to the telomeric
clusters, indicating that PC4 W89A still maintains the ability to be recruited to telomeres; this could be
due the fact that recruitment does not requires sSDNA binding or to dimerization of PC4 W89A with
endogenous PC4.

Depletion of endogenous PC4 in U20S WT also led to some recruitment of Flag to telomeres
(Figure 4.7B), which was expected since it was previously shown that PC4 localizes to the telomeres
(Figure 4.3). The levels of recruitment of ectopic PC4 did not reach the ones observed with endogenous
PC4, probably because of the lower expression of ectopic PC4 when compared with the endogenous.
Depletion of endogenous PC4 in U20S PC4 W89A also led to a minor recruitment of Flag to telomeres
as in PC4 WT. Results obtained with depletion of endogenous PC4, in U20S PC4 W89A, led me to
discard the previous hypothesis of dimerization of PC4 W89A with endogenous PC4. In this experiment,
endogenous PC4 was depleted from the cell, however the recruitment of PC4 W89A was still observed,
suggesting that the ability of PC4 to bind to ssDNA might not be required for it to be recruited to the
telomeres.

In order to test the hypothesis that PC4 association with telomeres is mediated by RNA, U20S
and Saos-2 cells depleted for FANCM were permeabilized and treated or not with RNaseA prior to cell
fixation and IF. FANCM depletion was confirmed by WB (Figure 4.8A). As previously observed,
depletion of FANCM led to the formation of large TRF2 foci containing PC4 (Figure 4.8B and annex

Figure 7.2). When RNaseA treatment was performed, the large TRF2 foci were still visible, however
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there was a significant decrease in PC4 localization within these foci (Figure 4.8B and C and annex

Figure 7.2). These results suggest that PC4 recruitment to or maintenance at telomeres is at least in part

mediated by RNA.
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Figure 4.7 PC4 W89A mutant retains the ability to be recruited to the telomeres. (A) Western blotting analysis of U20S
EV, U20S PC4 WT and U20S PC4 W89A after 48 h transfection with 20 nM of siCt or siFANCM or 30 nM of siPC4b; (B)
Quantifications of numbers of co-localizations of Flag with TRF2 per nucleus in U20S EV, U20S PC4 WT and U20S PC4
WS89A. Each dot represents an individual nucleus. A total of at least 100 nuclei from 1 experiment were analyzed for each
sample. A boxplot of the 10-90 percentile of values is shown. *P<0,05; **P<0,005; ***P<0,001; ****P<0,0001; (C)
Examples of Flag immunostaining (green) combined with TRF2 immunostaining (red) in U20S EV, U20S PC4 WT and
U20S PC4 W89A.. In the merge panel, DAPI-stained DNA is also shown (blue). Arrows indicate co-localizations between
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Figure 4.8 PC4 localization at telomeres is dependent on RNA. (A) Western blotting analysis of U20S and Saos-2 after
48 h transfection with 20 nM of siCt or siFANCM; (B) Quantification of numbers of co-localizations of PC4 with TRF2 per
nucleus in U20S and Saos-2, without treatment (-) and with treatment (+) with RNaseA before fixation. Each dot represents

an individual nucleus, a total of at least 100 nuclei from 3 independent experiments were analyzed for each sample (U20S

siFANCM results report to 2 independent experiments instead of 3). A boxplot of the 10-90 percentile of values is shown.
*P<0,05; **P<0,005; ***P<0,001; ****P<0,0001; (C) Examples of PC4 immunostaining (green) combined with TRF2
immunostaining (red) in Saos-2 siFANCM (example of images for U20S siFANCM in annex Figure 7.2). In the merge
panel, DAPI-stained DNA is also shown (blue). Arrows indicate co-localizations between PC4 and TRF2.

4.4 PC4 depletion affects telomere integrity in ALT cells

Because PC4 associates with ALT telomeres, I set up to test whether it supports telomere
integrity by performing IF for TRF2 combined with markers of DNA damage, RPA32 phosphorylated
at serine 33 (pSer33) and histone H2AX phosphorylated at serine 139 (YH2AX). Replication fork
stalling, during S phase, leads to phosphorylation of RPA32 by ATR while DSBs lead to
phosphorylation of H2AX by ATM (114,115).

Depletion of PC4 was performed using both siPC4b and siPC4c, in order to confirm that any
telomeric changes were specifically due to PC4 depletion. Depletion of PC4, with both siRNAs, led to
accumulation of pSer33 at telomeres in U20S and Saos-2 cells (Figure 4.9). Accumulation of pSer33 at
telomeres in depleted HOS cells was not observed. These results suggest a buildup of replication stress
at telomeres in ALT cells due to PC4 depletion. Depletion of PC4 also led to an even more remarkable
increase of YH2AX at telomeres in ALT cells (Figure 4.10). In HOS no rise in YH2AX accumulation at
telomeres was observed upon PC4 depletion.

The accumulation of pSer33 and YH2AX at telomeres in PC4 depleted cells strongly suggests
that PC4 averts replication stress and DNA damage at ALT telomeres.

Because PC4 is a transcriptional factor, its depletion could affect the transcription of mRNAs
coding for shelterin proteins, and changes in shelterin protein levels could be the cause of the telomere
instability observed upon depletion of PC4. To test this hypothesis, U20S, Saos-2, HOS and HeLa were
transfected with siPC4b and shelterin protein levels were assessed by WB using protein extracts
collected 72 h after transfection (Figure 4.11). No major change in POT1, TRF2, TPP1, Rap1, TRF1
and TIN2 levels were observed in ALT and telomerase positive cells depleted for PC4. Thus, I
concluded that the telomere instability observed in ALT cells depleted of PC4 must have a cause other

than altered shelterin levels.
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Figure 4.9 pSer33 at telomeres in PC4-depleted cells. (A) Quantification of numbers of co-localizations of pSer33 with
TRF2 per nucleus in U20S, Saos-2 and HOS cells transfected with 30 nM of siCt, siPC4b and siPC4c for 72 h. Each dot
represents an individual nucleus, a total of at least 100 nuclei from 1 experiment were analyzed for each sample. A boxplot of
the 10-90 percentile of values is shown. *P<0,05; **P<0,005; ***P<0,001; ****P<0,0001; (B) Examples of pSer33
immunostaining (green) combined with TRF2 immunostaining (red) in U20S, Saos-2 and HOS. In the merge panel, DAPI-
stained DNA is also shown (blue). Arrows indicate co-localizations between pSer33 and TRF2.
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Figure 4.10 YH2AX at telomeres in PC4-depleted cells. (A) Quantification of numbers of co-localizations of YH2AX with
TRF2 per nucleus in U20S, Saos-2 and HOS cells transfected with 30 nM of siCt, siPC4b and siPC4c for 72 h. Each dot
represents an individual nucleus, a total of at least 100 nuclei from 1 experiment were analyzed for each sample. A boxplot of
the 10-90 percentile of values is shown. ¥*P<0,05; **P<0,005; ***P<0,001; ****P<0,0001; (B) Examples of yH2AX
immunostaining (green) combined with TRF2 immunostaining (red) in U20S, Saos-2 and HOS. In the merge panel, DAPI-
stained DNA is also shown (blue). Arrows indicate co-localizations between YH2AX and TRF2.
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Figure 4.11 Shelterin protein levels in PC4-depleted cells. Western blotting analysis of U20S, Saos-2, HOS and HeLa 72
h after transfection with siCt or siPC4b. Untransfected cells treated with camptothecin (CPT) were included to control for
antibody specificity.

4.5 PC4 supports ALT cells viability

Telomere instability in ALT cells depleted for PC4 could have consequences on cell fitness. To
test whether PC4 is involved in supporting ALT cell viability, I followed cell proliferation in PC4
depleted cells. PC4 was continuously depleted with siPC4b and siPC4c in U20S, Saos-2, HOS and
HelLa cells and cell numbers were counted every 3 days for 2 weeks.

ALT cell lines lost their ability to proliferate and started dying after depletion of PC4 (Figure
4.12 and annex Figure 7.3). The proliferation of telomerase positive cells was not majorly affected
during the tested time course (Figure 4.12 and annex Figure 7.3). This suggests that telomere instability

observed in ALT cells, upon depletion of PC4, might lead to cell death.
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Figure 4.12 Growth Curves of PC4-depleted cells. Cellular proliferation of Saos-2 and HOS after transfection with 30 nM
of siCt, siPC4b and siPC4c (graphics for U20S and HeLa in annex Figure 7.3) every 3 days. Cumulative cell numbers are
expressed in a logarithmic transformation of base 10. Data points and error bars are means and SDs from 3 independent
experiments.
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The proliferation of ALT cells was slightly different when using siPC4b or siPC4c. Depletion
using siPC4c led to an earlier loss of cells and death of the entire cell population in both Saos-2, 13 days
after first transfection, as in U20S, 7 days after transfection (Figure 4.12 and annex Figure 7.3).
Depletion with siPC4b in Saos-2 was not performed long enough to reach cell death of the entire cell
population (Figure 4.12), while in U20S full cell death was reached 6 days later than with siPC4c, 13
days after first transfection (annex Figure 7.3). Considering that depletion of PC4 with siPC4b is more
efficient than siPC4c (Figure 4.3A) this might mean that siPC4c has some off-targets anticipating cell
death.

To address the possibility of off-target effects associated with siPC4c, I decided to complement
Saos-2 cells with siRNA-resistant PC4 WT. A rescue in cell death would confirm specificity of the
siRNAs and eliminate the possibility of off-target effects. Saos-2 cells over-expressing an siRNA-
resistant PC4 WT were generated by infection with retroviruses expressing a Flag-PC4 WT transgene
from a LTR promoter. Ectopic PC4 expression was very low when compared with endogenous PC4,
around 5% (Figure 4.13A); nevertheless, I decided to perform growth curves with these cells since even
low expression of ectopic PC4 could be enough to avert cell proliferation defects.
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Figure 4.13 Growth curves of PC4-depleted cells with PC4 complementation. (A) Western blotting analysis of U20S and
Saos-2 six days after first infection; (B) Cellular proliferation of Saos-2 EV and Saos-2 WT PC4 after transfection with 30
nM of siCt, siPC4b or siPC4c. Cumulative cell numbers are expressed in a logarithmic transformation of base 10. Data points
and error bars are means and SDs from 3 independent experiments.

Saos-2 PC4 WT showed a better fitness, being the decrease in proliferation slower than in Saos-
2 EV, when depletion was performed with siPC4b (Figure 4.13B). Since Saos-2 PC4 WT had only 5%
expression of ectopic PC4, this could mean that the ectopic PC4 was not enough to fully compensate
for depletion of endogenous PC4. When PC4 was depleted with siPC4c, a similar growth decrease was
observed in Saos-2 EV and Saos-2 PC4 WT, total population death was reached with a delay of 3 days.
This similar growth after treatment with siPC4c, associated with a lower efficiency of siPC4c when
compared to siPC4b, does suggest the existence of off-target effects. However, it will be important to

repeat this experiment using cell lines with higher expression of ectopic PC4.
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My results indicate that ALT cells lose their proliferative potential and start dying after PC4
depletion. Since in this work I had used a limited panel of ALT cells, I took advantage of an open source
tool, the Achilles Project Database, to corroborate these results. The Achilles Project is an online
platform which collects information of gene dependency in a vast panel of human cancer cells. This
dependency is determined after knockout or knockdown of genes in different cell lines, using Crispr-
Cas9, siRNAs or shRNAs. I used this platform to do a search for PC4 dependency in a list of 6 known
ALT cell lines (U208, Saos-2, CAL72, CAL78, G292 and SKLU1). It is important to note that other
cell lines in the database could also be ALT, however they might have not been characterized as such
yet. First, a general analysis of PC4 dependency was performed through Gene Effect (CERES) (Figure
4.14A). CERES dependency score is based on assays from CRISPR (Avana) Public 20Q3 dataset. A
low CERES score indicates a higher likelihood that the gene of interest is essential in a given cell line
(e.g. a score of 0 indicates the gene is not essential, a score of -1 is comparable to the median of all pan-
essential genes). All known ALT cell lines have a PC4 CERES dependency score below -0.,5, suggesting
a dependency of these ALT cell lines on PC4 (Figure 4.14A). On the other hand, two known telomerase
positive cell lines, HT1080 (116) and A549 (117), have a score close to O, further hinting to a
dependency of PC4 specific to ALT cells. In the 777 cell lines present in the dataset, only 29 have a PC4
CERES score below -0,5, and five of these have origin in bone (Figure 4.14B). ALT is more frequently
found in bone tumors, and indeed the ALT cell lines used in this study, U20S and Saos-2, originated
from osteosarcoma. These results support the notion that PC4 is important for ALT cell survival.

These results raise then the question of what mechanism is responsible for the death of ALT
cells in the absence of PC4. Two major pathways for cell death are apoptosis and autophagy. Apoptosis,
or programmed cell death, can occur normally during development and aging or can be triggered by
cellular damage (118,119). Autophagy is a self-degradation process, that possesses a role in prevention
of diseases like cancer (120). Poly(ADP-ribose) polymerase (PARP) is a 113 kDa nuclear enzyme that
is cleaved by caspases 3 and 7 in fragments of 89 and 24 kDa during apoptosis (121) and can be used as
an apoptosis marker. On the other side, microtubule-associated protein 1 light chain 3 (LC3B) is a
commonly used marker for autophagy. LC3B-I is converted into LC3B-II through conjugation of
cytosolic LC3B-I to phosphatidylethanolamine (PE) on the surface of nascent autophagosomes (122).

I transfected U20S, Saos-2, HeLa and HOS cells with siPC4b or siCt and performed
immunodetection of PARP and LC3B by WB using total protein extracts prepared 72 h after
transfection.

I observed that full-length PARP (FL-PARP) levels did not change after PC4 depletion, as well
as the 89 kDa cleaved PARP (C-PARP) (Figure 4.15). This indicates that cells are not undergoing

apoptosis upon PC4 depletion, at least at the tested timepoint.
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Figure 4.14 Achilles project. (A) CERES dependency score for PC4 (SUB1) in 777 cell lines, stars mark known ALT cell
lines, HT1080 and A549 are telomerase-positive cell lines; (B) Distribution of PC4 CERES dependency score below -0,5 for
777 cell lines, stars represent known ALT cell lines.

In ALT cells I observed a decrease in LC3B-I, decrease of 17% in U20S and 47% in Saos-2. A
38% increase in LC3B-II was observed in U20S cells. Both telomerase-positive cells also had a
decrease in LC3B-I, 32% in HOS and 11% in HelLa, but this was also accompanied by a decrease in
LC3B-II, 20% in HOS and 15% in HeLa. These changes in LC3B-I and -II ratios may suggest that
autophagy is triggered by PC4 depletion, likely only in ALT cells considering the growth curve results.
However, further analyses need to be performed using longer times of PC4 depletion as the effects of

PC4 depletion on cell proliferation only start to be clear by day 7 (Figure 4.12).
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Figure 4.15 Assessment of autophagy and apoptosis in PC4-depleted cells. Western blotting analysis of U20S, Saos-2,
HOS and HeLa 72 h after treatment with siCt or siPC4b. Untransfected cells treated with camptothecin (CPT) were included
to control for antibody specificity. Lower panel with higher contrast to allow better observation of ALT cell lines.

S. Conclusion

PC4 is a protein with diverse cellular functions ranging from transcription to replication,
genome stability and chromatin organization. Here I demonstrate, by immunostaining, that PC4 is
mainly soluble in the nucleoplasm, while only a small fraction of this protein is found bound to
chromatin. A fraction of chromatin bound PC4 can be found at telomeres, as shown by colocalization
of PC4 with the telomeric factor TRF2. This suggests a function for PC4 at telomeres.

Hydroxyurea is widely used to treat multiple diseases. Its action leads to inhibition of DNA
synthesis and it can lead to DNA damage and cell cycle arrest in a concentration and time-dependent
manner (123). Stimulation of replication stress in cells, through hydroxyurea, produced an overall
increase of PC4 on chromatin. These results agree with previous findings that PC4 has a role in the
stimulation of DSB repair through HR (102). PC4 increased accumulation upon hydroxyurea treatment
was also observed at telomeres, further supporting a possible role for PC4 in alleviating telomeric
replication stress.

Depletion of TRF1, a telomeric protein supporting telomeric DNA replication, was used as a
model to introduce replication stress specifically at telomeres (112). I found that an increase in telomeric
stress led to enhanced recruitment of PC4 to telomeres. This was showed in four different cell lines in
three independent experiments. Future experiments could use different approaches to induce telomere
instability, like depletion of TRF2. However, in this case it would not be possible to assess PC4

recruitment to telomeres through the same method used, IF for PC4 and TRF2. IF should be performed
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for PC4 in conjunction with TRF1 or be replaced by IF combined with fluorescence in situ hybridization
to detect telomeric DNA.

ALT cells, in order to elongate their telomeres through homology-direct repair, maintain their
telomeres physiologically damaged. Knowing that PC4 association with telomeres increases when
replication stress is induced, I thought that PC4 could have an important role in replication stress at ALT
telomeres. I exploited known ATRS alleviators, FANCM, RNaseH1 and RPA (50,51) (113), to answer
this question. Depletion of FANCM, RPA70 and RNaseH]1 led to an increase of ATRS, as shown by
more intense and larger TRF2 foci possibly originating from telomere clustering (51). Increased ATRS,
in all three conditions, was accompanied by an increase in PC4 recruitment to telomeres. This could
indicate that besides FANCM and RNaseH1, PC4 has a role as an ATRS alleviator, keeping stress at
telomeres within controlled ranges, thereby averting too elevated levels of DNA damage that would lead
to cell proliferation arrest and death.

To further characterize and understand PC4 roles at telomeres, it is important to understand how
it is recruited. PC4 binds, in an unspecific manner, to dsSDNA through its N-terminal domain. Binding
to ssDNA and partly melted dsDNA is mediated by PC4 C-terminal domain (PC4 CTD). The ability to
bind to pre-mRNA was also characterized through a universal protein array (84). Previous studies also
showed that PC4 can interact with G4s structures, in a different manner from the one it interacts with
ssDNA or partly melted DNA. G4s can occur in dsSDNA, ssDNA or even in RNA. When G4s occurs in
dsDNA, while one monomer of the PC4 dimer binds to the G4 strand, the other monomer is bound to
the C-rich strand that is displaced (83). However, it is important to keep in mind that TERRA, being
rich in guanines, also tends to form G4s.

Various PC4 mutant proteins have been used to understand how PC4 behaves and what domains
are responsible for each of its functions. PC4 W89A cannot interact with ssDNA and heteroduplex
structures partially melted (76). It is unknown if PC4 W89A is able to dimerize with PC4 WT, however
it is likely since the ssSDNA binding domain and dimerization domain are separate (87). Upon depletion
of endogenous PC4, small amounts of ectopic PC4 W89A and PC4 WT co-localized with TRF2 foci,
suggesting that both proteins retain the ability to be recruited to telomeres. Moreover, PC4 W89A was
detected at ALT telomeres upon telomeric replication stress by depletion of FANCM. These results
could argue for a PC4 ssDBD-independent recruitment to telomeres, however further experiments need
to be performed. Only one experiment was executed, and the expression of ectopic protein was not ideal.
Protein over-expression needs to be improved as ectopic expression of PC4 WT was less than 30% when
compared with endogenous PC4. Additionally, expression of PC4 W89A was 10% lower than PC4 WT
and this could further confound the interpretation of the results.

Other cell lines can also be developed to investigate the region of PC4 responsible for its
recruitment. For example, complementation with PC4-N (C-terminal deletion) could establish if PC4
CTD is necessary for PC4 recruitment to telomeres, and complementation with PC4 CTD (N-terminal

deletion) could indicate if CTD in sufficient for PC4 recruitment. Other truncated/mutated PC4 proteins
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could also be tested, including substitutions of CkII sites (PC4-AS), since it was shown that P-PC4 had
increased DNA-binding activity (84).

A previous study based on quantitative interaction proteomics suggested that PC4 is a TERRA
interactor (110). Given that TERRA annealing with telomeric DNA is a trigger of ATRS, I questioned
if PC4 could be recruited to telomeres through TERRA. Treatment with RNaseA, which degrades
ssSRNA, was performed before cell fixation. PC4 recruitment, in conditions of increased telomeric stress,
strongly decreased upon RNaseA treatment without being completely abolished. This treatment did not
affect the large TRF2 foci. These results, obtained in two different ALT cell lines, suggest that PC4
recruitment to telomeres is at least in part mediated by RNA.

An in vitro study, using recombinant human PC4 purified from bacteria, showed that non-
phosphorylated PC4 is able to bind to RNA (84). However, none of the PC4 point mutants tested affected
PC4 RNA binding ability, including mutants affecting ssDNA binding other than W89A. This supports
our findings that PC4 recruitment to telomeres is at least in part mediated by RNA and PC4 W89A
retains the capability to bind telomeric molecules. Further experiments should answer if PC4 can interact
specifically with TERRA or if it binds to RNA in a non-specific manner. Electrophoretic mobility shift
assay (EMSA) can be used to test PC4 binding to TERRA. It would also be interesting to bring
truncated/mutated PC4 proteins into this context, like PC4 W89A and PC4-AS, since little is known
about PC4 RNA binding activity.

Another approach that can be used to test TERRA-mediated recruitment of PC4 to telomeres is
to exploit U20S cell lines expressing Transcription Activator-Like Effectors (TALEs) previously
engineered in the lab (unpublished data). These TALESs bind specifically to the 29bp CpG islands which
contain TERRA promoters. TALEs were further fused to a transcription repressor domain or a
transcription activator domain in order to modulate TERRA transcription in cells. Using these cells lines
to perform IF for PC4 and TRF2 would permit testing if TERRA levels affect PC4 recruitment to
telomeres.

I demonstrated that PC4 depletion affects telomere integrity in ALT cells. The DNA damage
markers, pSer33 and YH2AX, accumulated at telomeres upon depletion of PC4. This was exclusive to
ALT cells and not observed in telomerase-positive HOS cells. This preliminary data needs to be further
confirmed, with a larger cell line panel and independent repetitions of the experiment.

PC4 depletion could lead to telomere instability by affecting shelterin protein levels. However,
PC4 depletion did not affect the cellular levels of the six shelterin components, indicating that telomere
instability must be caused by a different defect. If PC4 is an ATRS alleviator, its depletion would lead
to accumulation of replication stress and telomere instability. This hypothesis could be tested by
verifying if PC4 depletion leads to higher levels of ALT features, like APBs or C-circles. Another
approach would be to over-express PC4 in ALT cells and determine if telomere shortening occurs, which

is expected if ATRS and telomeric recombinogenic potential decline, similarly to what happens when
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RNaseH1 is overexpressed in ALT cells (50). For these studies, an experimental setup allowing strong
over-expression of PC4 would be necessary, pointing to the importance of developing of new and
efficient over-expression systems.

The present study also shows that PC4 is important for ALT cell viability. Knockdown of PC4
in two different ALT cell lines led to loss of proliferation and cell death, while the two chosen
telomerase-positive cell lines were not majorly affected. Future experiments, with cell lines expressing
significant levels of ectopic PC4, would be important to demonstrate if PC4 WT expression is able to
fully avert the phenotype. It would also be interesting, keeping in consideration the results obtained with
PC4 WS89A recruitment to telomeres, to understand if PC4 W89A is able to compensate for the
proliferation loss upon PC4 depletion. Again, other mutated or truncated proteins could also be used to
further detail which PC4 domains are important for ALT cell viability.

Finally, my results seem to point to autophagy activation upon depletion of PC4, possibly
leading to ALT cell death. These are very preliminary results and need to be investigated in settings
where longer PC4 depletion times are used. Cell proliferation loss is more evident at 7 days after the
first transfection, both in U20S and Saos-2, while my experiments to test autophagy activation were
performed with extracts collected 3 days after transfection. Future experiments should also be performed
in PC4 depleted ALT cells treated with agents blocking lysosome degradation; this will allow to study
autophagy flux rather than steady state levels of autophagy markers.

In conclusion, this study provides a solid foundation for a novel role of PC4 in the ALT
mechanism, potentially as an ATRS alleviator. Further studies in this direction will ascertain whether
PC4 could represent a new target for future therapeutic approaches to cure ALT cancers. This can be
approached in two different manners. PC4 activity can be enhanced leading to a decrease in telomere
replication stress and loss of recombinogenic potential, resulting in replicative senescence, due to an
inability to elongate telomeres. Conversely, PC4 activity can be abolished, possibly combined with other
ATRS alleviators (such as FANCM), which will lead to increased telomere instability and hasty cell
death.
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7. Annexes
Table 7.1 List of DsiRNAs mRNA target sequence

siRNA Sequence ‘
siPC4a 5’- TGA GTG AAG CTA ATT GTC AACTTT A -3
siPC4b 5’- ACA UUG AUG AUG CAG UAA GAAAACT -3
siPC4c 5'- GAU UCU GAC AGU GAG GUU GAC AAA A -3
siRPA70 5’- AAC ACU CUA UCC UCU UUC AUG UUG G -3’

siFANCM 5'- GGA TGT TTA GGA GAA CAA AGA GCT A -3’
siRNAseH1 @ 5’- CUU GAA UUU CCG CUC UUU GGU UUG UCU -3°
siTRFlc 5’- CUU UCU UUC UUA UUA AGG UCU UGU UGC -3’
siCt 5’- AAT TCT CCG AAC GTG TCA CGT -3’

Table 7.2 List of antibodies used for western blotting

Antibody Source and Reference Dilution
Mouse monoclonal anti-FANCM  CV5.1 1:1000
Rabbit polyclonal anti-RPA70 Bethyl Laboratories, A300-241A 1:2000
Mouse monoclonal anti-beta Actin = Abcam, ab8224 1:5000
Mouse monoclonal anti-Golgin 97 | Molecular Probes, A-21270 1:5000
Rabbit polyclonal anti-RNaseHl = GeneTex, GTX117624 1:500
Rabbit polyclonal anti-PARP Cell Signaling, 9542 1:1000
Sheep polyclonal anti-TRF1 R&D Systems, AF5300 1:1000
Rabbit polyclonal anti-PC4 Bethyl Laboratories, A301-161A-M 1:1000
Rabbit polyclonal anti-FLAG SIGMA, F7425-0.2mg 1:4000
Rabbit monoclonal anti-POT1 Abcam, ab124784 1:2000
Rabbit polyclonal anti-TRF2 Novus Biologicals, NB110-57130 1:2000
Mouse monoclonal anti-TPP1 Abnova, HO0001200-MO1 1:2000
Rabbit polyclonal anti-Rap1 Bethyl Laboratories, A300-306A 1:2000
Mouse monoclonal anti-TIN2 Santa Cruz Biotechnology, 59B388 1:500
Rabbit polyclonal anti-LC3B Kindly provided by Sergio Almeida, iMM, Lisbon, | 1:1000
Portugal

Goat anti-mouse IgG Bethyl Laboratories, A90-116P 1:2000
Goat anti-rabbit IgG Bethyl Laboratories, A120-101P 1:2000
Donkey anti-sheep IgG Novus Biologicals, NBP1-75437 1:3000
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Table 7.3 List of antibodies used for immunofluorescence

Antibody Source and Reference Dilution ‘
Mouse monoclonal anti-TRF2 Millipore, 05-521 1:500
Rabbit polyclonal anti-TRF2 Novus Biologicals, NB110-57130 1:500
Rabbit polyclonal anti-PC4 Bethyl Laboratories, A301-161A-M | 1:100
Mouse monoclonal anti-FLAG Sigma-Aldrich, F1804 1:1000
Rabbit polyclonal anti-pRPA32 pSer 33 Bethyl Laboratories, A300-246A 1:1000
Mouse monoclonal anti-yH2AX Upstate (Millipore), 05-636 1:1000
Alexa Fluor 568-conjugated donkey anti-mouse Thermo Fisher Scientific, A10037 1:1000
IgGs

Alexa Fluor 488-conjugated donkey anti-rabbit Thermo Fisher Scientific, A21206 1:1000
IgGs

Alexa Fluor 488-conjugated donkey anti-mouse Thermo Fisher Scientific, A21202 1:1000
IgGs

Alexa Fluor 568-conjugated donkey anti-rabbit Thermo Fisher Scientific, A10042 1:1000

IgGs

Table 7.4 List of oligonucleotide sequences used for RT-qPCR

Primer Sequence ‘
TRF1 Forward 5’ -TCT CTC TTT GCC GAG CTT TCC -3’

TRF1 Reverse 5" - ACT GGC AAG CTG TTA GAC TGG AT -3’

U6 Forward 5’ - CTC GCT TCG GCA GCA CAT ATA -3

U6 Reverse 5’ - GGA ACGCTTCACGAATITGCGT-3
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Figure 7.1 PC4 recruitment to telomeres due to stress, related to figure 4.5 and 4.6. (A) Western blotting analysis of
U20S and HelLa after 48 h or 72 h transfection with 20 nM of siCt, siFANCM, siRPA70 or siRNaseH1; (B) A total of at
least 100 nuclei from 3 independent experiments were analyzed for each sample. Examples of PC4 immunostaining (green)
combined with TRF2 immunostaining (red) in U20S and HeLa. In the merge panel, DAPI-stained DNA is also shown (blue).
Arrows indicate co-localizations between PC4 and TRF2.
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Figure 7.2 PC4 recruitment mediated by RNA in U20S, related to figure 4.8. Examples of PC4 immunostaining (green)
combined with TRF2 immunostaining (red) in U20S siFANCM without treatment with RNaseA (-) and with treatment
before fixation (+). In the merge panel, DAPI-stained DNA is also shown (blue). Arrows indicate co-localizations between
PC4 and TRF2
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Figure 7.3 Growth curves in U20S and HeLa, related to figure 4.12. Cellular proliferation of U20S and HeLa after
transfection with 30 nM of siCt, siPC4b or siPC4c every 3 days. Cumulative cell numbers are expressed in a logarithmic
transformation of base 10. Data points and error bars are means and SDs from 3 independent experiments.
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