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Abstract

Carcinogenesis is a multi-step process, and each step might provide malignant cells with a
selective advantage over their neighbor cells. Emerging data demonstrates reactivation of
developmental programs can provide cancer cells with selective advantages. Interestingly,
expression of genes belonging to these programs present great therapeutic potential. Considering
these genes are normally expressed in immune privileged organs (i.e. the immune system does not
develop tolerance to antigens in these organs), their reactivation in somatic cancer cells renders
them, in theory, highly immunogenic. In other words, the reactivation of these programs in cancer

cells may lead to the production of tumor-specific antigens.

Therefore, our lab has focused on understanding the role the reactivation of the
developmental programs, cancer-germline antigens and transposable elements, have in
carcinogenesis. Interestingly, the ectopic expression of Gametocyte Specific Factor 1 (GTSF1)
mRNA in cutaneous T-cell lymphoma (CTCL) has been associated with advanced disease stages
and a worse prognosis. Thus, my research focused on understanding the role GTSF1 has in

carcinogenesis. There is no previous functional analysis of this gene in carcinogenesis.

Here, 1 developed different cell line models to investigate the role of GTSFI1 in
carcinogenesis. GTSF1 silencing in a lung cancer model led to modification of the number of
transposition events. This suggests that in lung cancer, GTSF1 controls the reactivation of
transposons. In contrast, GTSF1 silencing in CTCL models led to T cell activation and production
of the cytokines interferon gamma (IFNy) and tumor necrosis factor alpha (TNFa). In other words,
GTSF1 silencing led to a partial shift towards the effector phenotype. This suggests that in CTCL,

GTSF1 modifies the memory/effector phenotype of the malignant cells. Furthermore, I evaluated

viii



GTSF1 expression in CTCL clinical samples highlighting its association with advanced disease

stage and worse prognosis. This suggests the potential of GTSF1 as a prognosis biomarker.

Taken together, my results suggest that the role GTSF1 has in carcinogenesis is specific to
the cancer type expressing it. In CTCL, the potential role of GTSF1 is through the modification of
the memory/effector phenotype, impacting survival and prognosis of patients. Overall, my results
support the hypothesis that the reactivation of developmental programs can provide cancer cells

with selective advantages.
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Abreégé

Le développement du cancer est un processus a plusieurs étapes qui peut donner aux
cellules cancéreuses un avantage sélectif sur leurs voisines. Les recherches les plus récentes
suggerent que la réactivation des programmes de développement peut conférer aux cellules
cancéreuses des avantages sélectifs. Ainsi, I’expression des genes impliqués dans ces programmes
représente une voie thérapeutique intéressante, notamment, parce que ces genes, dans des
conditions saines, sont exprimés uniquement dans des organes immunologiquement privilégiés.
Le systétme immunitaire n’a donc pas développé de tolérance aux antigenes qui peuvent étre
trouvés dans ces organes. C’est pourquoi, la réactivation des programmes de développement dans

les cellules cancéreuses rendrait celles-ci hautement immunogeénes.

Notre laboratoire s’est concentré sur la compréhension du role que deux programmes de
développement, les antigénes tumoraux des cellules germinales et les transposons, dans le
développement du cancer. Basé sur I’identification de I’expression anormale du géne Gametocyte
Specific Factor 1 (GTSF1) chez les patients atteints de lymphomes cutanés a cellules T est associée
a un stade plus avancé de la maladie, ainsi qu’a un pronostic plus faible, mon travail de doctorat a
porté sur la compréhension du réle de GTSF1 dans le développement du cancer. Mon travail
répond alors a un besoin de connaissance non comblé puisqu’il n’existe actuellement aucune

recherche sur le role de GTSF1 dans le développement du cancer.

Dans mon travail de doctorat, j’ai développé différents modeles cellulaires pour étudier le
role de GTSF1 dans le développement du cancer. Dans un mode¢le de cancer du poumon, la
répression génique de GTSF1 a entrainé des changements dans le nombre de transpositions. Ainsi,

dans le cancer du poumon, le role de GTSF1 pourrait étre de contrdler la réactivation des



transposons. D’autre part, la répression génique de GTSF1 dans des mode¢les de lymphome cutané
a cellules T a entrainé 1’activation des cellules T et la production de cytokines interféron gamma
(IFNy) et facteur de nécrose tumorale alpha (TNFa). La répression de GTSF1 pourrait donc
conduire a une modification du phénotype des cellules malignes en un phénotype de cellules T
effectrices. Enfin, I’analyse de 1’expression de GTSF1 dans des échantillons de patients a permis
de confirmer 1’association entre 1’expression de ce geéne et les stades avancés de la maladie, et un
mauvais pronostic. GTSF1 pourrait donc étre utilisé comme marqueur pour évaluer le pronostic

des patients atteints de lymphomes cutanés a cellules T.

En résumé, les travaux de mon doctorat suggerent que le role de GTSF1 dépend du type de
cancer dans lequel il est exprimé. En effet, dans les lymphomes cutanés a cellules T, GTSF1
modifie le phénotype des cellules effectrices et de la mémoire, affectant ainsi la survie et le
pronostic des patients. De plus, mon travail doctoral soutient I’hypothése selon laquelle la
réactivation des programmes de développement des cellules cancéreuses leur confére un avantage

sélectif.
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Chapter 1 : Introduction



Cancer is a highly heterogeneous group of diseases characterized by uncontrolled cell
growth. This means that the defining characteristics of one cancer type may not be applicable to
another cancer type. As a consequence, cancer remains a challenge for health systems across the

world.

Current approaches aim at focusing on the genes or proteins specific to each individual
malignancy — this approach is called precision medicine. Precision medicine can take many forms,
and in our lab, we have focused on the ectopic reactivation of developmental programs. In
particular, we focus on reactivation of cancer-germline antigens and of transposable elements

(TEs). Interestingly, the reactivation of these two developmental programs is intertwined.
1.1 Reactivation of developmental programs in cancer

Over the last few decades, researchers have been attempting to identify tumor antigens. Cancer
antigens will likely trigger an antitumor immune response, making them highly relevant for the
development of novel immunotherapies. Currently, tumor antigens are classified into: (1)
oncovirus proteins, (2) mutated proteins, (3) fusion proteins, (4) overexpressed proteins, (5)

differentiation proteins, and (6) cancer-germline antigens also called cancer/testis antigens .

One of the first identified cancer/testis antigens was termed melanoma-associated antigen
(MAGEL1) *. The gene that codes for MAGE!1 was later mapped to the X chromosome. Over the
next years, multiple tumor antigens were mapped to the X chromosome or were reported to be
uniquely expressed in testis. Thus, the term cancer/testis antigens was coined 2. Subsequent
research demonstrated that these genes were expressed in testis as well as in fetal ovaries and in
trophoblasts, therefore the term cancer-germline antigens was proposed 2. Albeit some minor

differences among authors, cancer-germline antigens are defined by: (1) expression in germ cells



and in a variety of tumors, (2) expression is regulated by epigenetic mechanisms, and (3) trigger

of an immune response (i.e. they are immunogenic) *°.

Another developmental program which is commonly reactivated in cancer are TEs %’. TEs are
repetitive genetic elements that can move around the genome. First identified by Barbara
McClintock in maize, further research identified them in multiple other organisms ¢. Under normal
somatic cells, these elements are silenced and are not able to move around the genome. However,
during oogenesis, spermatogenesis and early stages of development TEs are expressed and are
highly abundant ®%. Similarly, TEs activation is now considered a biomarker of carcinogenic

processes 10,
1.1.1 Epigenetic control of developmental programs

Expression and activation of both cancer-germline antigens and TEs is under epigenetic
control. These programs are activated in germ cells and in trophoblasts, then as the organism
develops and germ cells differentiate into somatic cells, these programs are silenced !!. It is through
DNA methylation and post-translational histone modifications that somatic cells control the
expression of these developmental programs ''. DNA methylation is the covalent addition of a
methyl group to cytosine bases in cytosine-guanine dinucleotides of DNA (called CpG islands or
CpG rich regions) by DNA methyltransferases (DNMTs) 2. CpG islands near the promoters of
some developmental genes highlight the importance of this regulating mechanism in their

expression 113,

Germ cells and early developmental stages undergo methylating and
demethylating waves depending on the developmental stage (Figure 1.1) ' : Likewise, cancer cells

change their DNA methylation patterns. Cancer cells undergo a genome-wide demethylation at the

same time that tumor suppressor genes are silenced *!'.
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Figure 1.1 Changes in DNA methylation levels from fertilization to germ cells development.

After fertilization, TET1 and TET3 mediate passive demethylation changes in the zygote. Then at the blastocyst stage,
DNMT3A and DNMT3B gradually restore methylation levels, through the epiblast until gastrula state. At the gastrula
state, DNTM1 will maintain the methylation levels in somatic cells, while primordial germ cells being developed
undergo another round of demethylation mediated by TET enzymes. During development of germ cells, methylation
levels are restored by DNMT3A and DNMT3B. Human development timeline is presented at the bottom. DNMT, DNA
methyltransferase; TET, Ten-seleven translocation; Wk, week. Adapted from Figure 1 in !° used under CC by 4.0.

Post-translational histone modifications consist of acetylation and/or methylation of the N-
terminal tails of histones forming the nucleosomes. The pattern of acetylation and methylation of
histones is called histone code. Acetylation is mediated by histone acetyltransferases (HAT), that
add acetyl groups, and histone deacetylases (HDAC), that removes acetyl groups '?. Histone

16 Histone

methylation is mediated by methyltransferases (HMTases) and demethylases
acetylation induces expression while methylation can do both, induce and repress expression.
During their development, germ cells undergo changes in their histone code !’. Similarly, early
embryo development is associated with changes in histone acetylation patterns coordinated by
expression of different HDACs (Figure 1.2) '*. Treatment of cancer cells with HDAC inhibitors
(HDACI) and/or demethylating agents leads to expression of developmental program genes,
highlighting the role of post-translational histone modifications as an expression regulating

mechanism !°. The success of HDACi and demethylating agents for treatment of cancer evidence

the role epigenetics play in carcinogenesis °.
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Figure 1.2 Changes in levels of different histone marks from gamete to blastocyst.
The levels of histone marks H3K9me3, H3K27me3, and H3K4me3 change during embryogenesis. The black lines
indicate changes in global levels, while the pink and blue dashed lines indicate changes in maternal and paternal genomes
respectively. 2C, 2-cell stage; 4C, 4-cell stage; 8C, 8-cell stage; EGA, embryonic genome activation. Adapted from
Figure 1 in 2! used under CC by 4.0.

1.1.2 Reactivation of cancer-germline antigens in cancer

The identification of cancer-germline antigens led to the hypothesis that these genes
contribute to carcinogenesis. Currently, there is a plethora of evidence to presume cancer-germline
antigens actively contribute to every hallmark of cancer (Figure 1.3). Cancer-germline antigens
can regulate transcriptional programs that lead to carcinogenesis, cell division, genomic instability
(GIN), DNA damage response, apoptosis, invasion and metastasis, cell energetics, autophagy and
modification of the microenvironment '3, For example, MAGE1 counteracts Notch1 intracellular
domain (NOTCHI1-IC) by recruiting HDACI, thus leading to repression of differentiation
programs and contributing to carcinogenesis 2. Recently in our lab we demonstrated the role of
HORMA domain-containing protein -1 (HORMADI1) in maintaining a level of GIN that is

beneficial for malignant cells in squamous cell carcinomas (SCCs) .
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Figure 1.3 Evidence of the role cancer-germline antigens have in the hallmarks of cancer.

Hallmarks of cancer and examples of cancer-germline antigens that participate in each hallmark. In the center of the
circle hallmarks are listed and classified according to 23, with enabling factors in purple, emerging hallmarks in aqua
and the original hallmarks in grey. In the edges of each slice, examples of cancer-germline antigens that contribute to
each hallmark are provided. ACRBP, Acrosin Binding Protein; BORIS, Brother Of The Regulator Of Imprinted Sites;
CAGE, Cancer-Associated Antigen; FATE1, Fetal And Adult Testis Expressed 1; MAGE, Melanoma-Associated
Antigen; TFDP3, Transcription Factor Dp Family Member 3. Adapted from Figure 2 in !! used under CC by 4.0.

In addition, it has been suggested that the reactivation of cancer-germline antigens in
cancer allows the malignant cells to acquire stem cell properties. Acquisition of stem cell
properties enables tumor maintenance, proliferation and metastasis *. Such hypothesis suggests
that cancer-germline antigens would be damaging for normal somatic cells, but cancer cells are
able to take advantage of their expression *. Expression of cancer-germline antigens then, would
be orchestrated by genes that control germ cell gene expression, such as those controlling
epigenetic modifications 2. Furthermore, it is speculated that the contradictory signals in cancer

cells to express and to repress germ cell genes, would lead to a heterogeneous expression of cancer-

germline antigens in tumors '

metastasis

Eg: CAGE,
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1.1.3 Reactivation of transposon elements in cancer

TEs constitute up to 50% of the human genome and considering they are able to move
around the genome, these elements constitute a latent danger 4. TEs are classified based on their
mechanism of movement, called transposition. Class I moves through a mechanism termed copy-
and-paste in which they use reverse transcribed RNA as an intermediate to insert into the genome
(Figure 1.4). Due to the reverse transcription step, these TEs are often called retrotransposons.
Class II elements move through a mechanism termed cut-and-paste in which they excise from the
donor sequence and reintegrate into another area of the genome '° (Figure 1.4). The only active
transposon in humans is Long interspersed element - 1 (LINE-1 or L1). L1 consists of two open
reading frames (ORF), ORF1 and ORF2, that encode for a nucleic acid chaperone ?* and an
endonuclease and reverse transcriptase, respectively ° (Figure 1.5). L1 is able to transpose itself

(cis transposition) and other TEs (¢rans transposition), such as Alu elements and SINE-VNTR-Alu

(SVA) elements °.
Copy and Paste mechanism Cut and Paste mechanism
| "
5 -1 HOSTDNA 3 E’—-
J’ Transcription ¢ Excision
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Figure 1.4 Mechanisms of transposition: copy-and-paste and cut-and-paste.

In the copy-and-paste mechanism shown on the left box, TEs produce an RNA intermediary by transcription, followed
by reverse transcription to insert a new copy of the complementary DNA in the host genome. Due to the reverse
transcription step, these TEs are often called retrotransposons. Numbers in red indicate the original (1) and new (2)
insertion. In the cut-and-paste mechanism shown on the right box, the transposon is excised from the host genome and

is inserted in a new position in the genome. Adapted from Figure 1A in ° used under CC by 4.0.
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Transposon reactivation in cancer has been studied at the mRNA, protein and functional
level !°. However, how new transposon insertions (i.e. when they become functional) contribute
to carcinogenesis is better understood. New transposon reinsertions can cause transcriptional
deregulation, GIN, chromosomal rearrangements, inactivation of tumor suppressor genes,
activation of oncogenes and alterations in non-coding RNAs !*. For example, a retrotransposon
insertion in the gene Adenomatous polyposis coli disrupted its ORF contributing to the
development of colorectal cancer *%. New transposon insertions can cause GIN by insertional
mutagenesis, induction of unstable microsatellites, alterations in transcription rate, disruption of

DNA repair systems and by chromosomal rearrangements !4,

ORF1 ORF2

_ =~ T~ 1EEE T

Figure 1.5 L1 structure.

L1 is constituted of two ORF. ORF1 is formed by a coiled-coil domain, an RNA recognition motif and a carboxyl-
terminal domain. ORF2 is formed by an endonuclease domain, a reverse transcriptase domain and a cysteine-rich
domain. C, cysteine-rich domain; CC-LZ, coiled-coil domain; CTD, carboxyl-terminal domain; EN, endonuclease
domain; ORF, Open Reading Frame; RRM, RNA recognition motif; RT, reverse transcriptase domain. Adapted from
Figure 4 in 27 used under CC by 4.0.
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1.1.4 Advantages of targeting developmental programs in cancer

The advantages of targeting reactivated developmental programs in cancer derive primarily
from the potential of these programs to produce antigens. These antigens can then be presented by
Human Leukocyte Antigen (HLA) Class I molecules in the surface of the tumor cell or by HLA
Class II on the surface of antigen presenting cells (APC); then, an immune response against the

antigen and, consequently, the tumor is activated °.

The identification of the tumor antigens as something foreign is aided by the immune
privilege testis, fetal ovaries and trophoblasts have. Immune privilege refers to the inability of the
immune system to develop tolerance to self-antigens in that tissue. Immune privilege can be
obtained by multiple mechanisms, such as the blood-tissue barrier, lack of lymphatic circulation
and immune cell-mediated mechanisms 2%. This means that, in theory, when a cancer cell or an
APC presents an antigen derived from a reactivated developmental program to a T cell, the T cell

would be able to recognize it as foreign and activate an immune response against it.

Some of these antigens have proved immunogenicity in patients. For example, antibodies
against Cancer/Testis 10 (CT10) in a melanoma patient were identified %, as well as humoral and
cell-mediated immune responses against New York Esophageal Squamous Carcinoma-1 (NY-
ESO-1) in lung, ovarian, breast, melanoma and esophageal cancer patients . In fact, there is a
correlation between the expression of these genes and the presence of B and T cells specific for

antigens derived from these genes '°.

Both, cancer-germline antigens and TEs produce tumor antigens, therefore therapeutic
approaches targeting both have been developed. The two main approaches to target reactivation of

developmental programs are cancer vaccination and adoptive transfer of antigen-specific T cells



(Figure 1.6). *3!. The objective of both approaches is to elicit an immune response that leads to
elimination of cancer cells. Vaccination stimulates the antitumor immune response of the patient
thereby inducing an active immunity; adoptive transfer infuses the patient with T cells that are
specific for the antigen, inducing a passive immunity *'. In addition, it has been suggested to
employ epigenetic therapies to induce TEs expression that can be targeted by any of these

immunotherapies °.
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Figure 1.6 Immunotherapy targeting cancer-germline antigens and TEs.

Two main approaches to target reactivation of developmental programs: vaccination and adoptive transfer of antigen-
specific T cells. Both approaches try to eliminate cancer cells that have been able to escape the immune system
recognition. Vaccination induces a response from the host system while adoptive transfer infuses the cells that will
respond to the cancer. The steps needed to develop each immunotherapy are detailed. Overall, identification of a feasible
antigen is key. CT, cancer testis; PBMCs, peripheral blood mononuclear cells; TCR, T Cell Receptor; TEs, transposable
elements. Copied from Figure 3 in 3! used under CC by 4.0.

1.2 The piRNA pathway

The reactivation of the two developmental programs introduced above, TEs and cancer-

germline antigens, is intertwined. During germ cell development, epigenetic changes lead to TEs
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expression. Therefore, germ cells developed mechanisms to counterbalance TEs expression.
Interestingly, members of these mechanisms are often ectopically expressed in cancer and, thus,

classified as cancer-germline antigens.

One of the mechanisms developed by cells for TEs control is the P-element-induced wimpy
testis (PIWI)-interacting RNA (piRNA) pathway. In germ cells, the piRNA pathway controls TEs

reactivation during the developmental epigenetic reprogramming 532,
1.2.1 Elements of the piRNA pathway

The members of the piRNA pathway are the PIWI protein family and the piRNAs. Each
PIWI protein interacts with a specific population of piRNAs. The PIWI protein family in mouse
is constituted by MILI, MIWI and MIWI2; PIWI like 2 (PIWIL2), PIWIL1 and PIWIL4 are the
human orthologs, respectively. All PIWI proteins are members of the Argonaute family and
present PIWI, middle (MID) and PIWI/Argonaute/Zwille (PAZ) domains. The PIWI domain has
endonucleolytic slicer activity, the MID domain anchors the 5’ and the PAZ domain the 3’ of
piRNAs . PIRNAs are a type of small RNAs (sSRNAs) and can be TEs, messenger RNA (Mrna)
or long non-coding RNA (IncRNA)-derived; TE-derived piRNAs are transcribed from both

genomic strands by Pol II generating 24-32 nucleotide long RNAs 3334,

1.2.2 PiRNA biogenesis

In mice, after transcription, piRNAs are exported to the cytoplasm by Maelstrom
spermatogenic transposon silencer (MAEL). Once in the cytoplasm, piRNAs bind to the RNA
helicase Mov10 Like RNA Helicase 1 (MOV10L1). MOV10L1 facilitates the interaction with
Phospholipase D family member 6 (PLD6), which trims the 5° end of the piRNA 8. The 5

processed end allows interaction with MILI or MIWI2 for stabilization of the piRNA. Then an
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unidentified trimmer processes the 3’ end of the piRNA. Finally, mature 3* ends are methylated
by HEN Methyltransferase 1 (HENMT1), to provide stability and protection to the piRNA 2. This

process is called primary piRNA biogenesis * (Figure 1.7).

In secondary piRNA biogenesis, primary piRNAs are used as templates to produce
secondary piRNAs derived from their antisense transcripts. MILI binds secondary piRNAs by
complementarity to their already bound primary piRNA. This interaction allows processing and
trimming of the secondary piRNA. Then, secondary piRNAs fuel the processing and trimming of

primary piRNAs, therefore this step has been termed the ping-pong cycle (Figure 1.7) &,
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Figure 1.7 piRNA biogenesis.

Simplified diagram of primary and secondary (ping-pong) piRNA biogenesis in Drosophila. The process in mice follows
the same principle. Zuc is the Drosophila melanogaster ortholog of mouse PLD6, AUB is the Drosophila melanogaster
ortholog of mouse MIWI and AGO3 is a Drosophila melanogaster analog to mouse PIWI proteins. AGO3, Argonaute
3; AUB, Aubergine; piRNA, PIWI-interacting RNAs; PIWI, P-element-induced wimpy testis; Zuc, zucchini. Copied
from Figure 1 in 33 used under CC by nc nd 4.0.
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Finally, MIWI2 bound to a piRNA translocate to the nucleus where by complementarity
will identify active TEs in the genome. This identification recruits DNMTs and HMTases for DNA

methylation and H3K9me3 thereby silencing the active TEs (Figure 1.8) 2.
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Figure 1.8 Epigenetic silencing of active TEs by the piRNA pathway.

Once translocated to the nucleus, MIWI2 and TDRD9 complex loaded with a piRNA, identifies transposon RNA
produced by Pol II. Then, MIWI2 recruits DNMTs and HMTases, leading to DNA methylation and histone modification
H3K9me3. Consequently, active TEs are now in heterochromatin state, inhibiting their expression. DNMT3A, DNA
methyltransferase 3 A; DNMT3L, DNA methyltransferase 3 like; HMTase, Histone methyltransferases; 1AP,
Intracisternal A particle; LINE1, Long interspersed element - 1; piRNA, PIWI-interacting RNAs; Pol2, polymerase 2;
TDRD9, Tudor Domain Containing 9; TEs, transposable elements. Adapted from Figure 2 in & used under CC by 4.0.

1.2.3 Expression of piRNA elements in cancer

Despite the piRNA pathway being a germ cell-specific mechanism, expression of both
PIWI proteins and piRNAs in cancer has been reported. They have been reported to be involved
in proliferation, apoptosis, invasion and metastasis. Interestingly, the interaction between PIWI
proteins and piRNAs in a cancer background has been less studied **. A few examples include the
downregulation of piR-55490 in lung cancer which leads to increased activation of mammalian
target of rapamycin (mTOR) and the upregulation of PIWIL2 in cervical SCC where it inhibits

apoptosis 3.
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1.3 Gametocyte Specific Factor 1

Gametocyte Specific Factor 1 (GTSF1) is a piRNA pathway member that has been reported
to be expressed in cancer. It is a 167-amino acid protein that is essential for spermatogenesis.
Interestingly, GTSF1 is a small protein (~19 kDa) with a simple structure, two N-terminal CHHC
zinc fingers. In addition, consistent with other piRNA pathway elements, GTSF1 is highly
conserved from insects to humans *. Orthologs of GTSF1 have been extensively studied in
Drosophila (Asterix/DmGTSF1) and in the silkworm Bombyx mori (BmGtsfl), but additional

orthologs have been identified in metazoans and protozans (Figure 1.9).
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Figure 1.9 Phylogenetic analysis of GTSF1 orthologs and GTSF1-like orthologs.

In light blue are shown GTSF1 orthologs identified in vertebrates, while in green other vertebrates show expression of
GTSF1-like orthologs. Invertebrates in purple show greater differences. Bm, Bombyx mori; Bt, Bos taurus; Ce,
Caenorhabditis elegans; Cl, Canis lupus familiaris; Dm, Drosophila melanogaster; Fc, Felis catus; Gg, Gallus gallus;
GTSF1, Gametocyte Specific Factor 1; GTSF1L, Gametocyte Specific Factor 1 Like, GTSF2, Gametocyte Specific
Factor 2; Hs, Homo sapiens; Mmul, Macaca mulatta; Mm, Mus musculus; On, Oreochromis niloticus; Rn, Rattus

norvegicus; Tn, Trichoplusia ni; Xt, Xenopus tropicalis. Adapted from Figure 6C in 3° used under CC by 4.0.

GTSF1 was initially identified when Yoshimura and colleagues were searching for a

transcript that was exclusively expressed in unfertilized eggs, ovaries, and testes of mice *°. After
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several years of this initial report, GTSF1 expression in human testis, fetal ovary, oocytes, and
preimplantation embryos was reported 373,
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Figure 1.10 GTSF1 participation in the secondary piRNA biogenesis.

The current model of GTSF1’s participation in the secondary piRNA biogenesis also known as the ping-pong
amplification. GTSF1 participates by grasping and stabilizing piRNAs bound to PIWI proteins. The interaction is aided
by tRNA bound to GTSF1. GTSF1, Gametocyte specific factor 1; piRNA, PIWI-interacting RNA; TE, transposable
element; tRNA, transfer RNA. Copied from Figure 2 in 3° used under CC by 4.0.

1.3.1 The role of GTSF1 in germ cells

GTSF1 knockout male mice appear normal but are sterile due to apoptotic death of their
germ cells *°. This phenotype was similar to other piRNA pathway mutants suggesting GTSF1
belonged to this pathway. Further analysis concluded that GTSF1 participated in the secondary
piRNA biogenesis *°. Specifically, GTSF1 grasps and stabilizes piRNAs so they can be processed
by PIWI proteins (Figure 1.10). Furthermore, GTSF1 binds to transfer RNAs (tRNAs) to help

identify active TEs in the genome *!. Specifically, it was proposed that GTSF1, as a member of
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the RNA silencing complex of the piRNA pathway, aids in the recruitment of the silencing

machinery to the nucleus (Figure 1.11).
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Figure 1.11 GTSF1 participation in recruitment of silencing machinery.

Current model of GTSF1 participation in post-transcriptional silencing of TEs as part of the piRNA pathway. Mature
silencing complexes, MIWI2 bound to piRNA in concert with GTSF1 associated with tRNA, identify active TEs. This
triggers the recruitment of silencing machinery, DNMTs and histone remodelers. BAF, Brahma-associated factor;
DNMT, DNA methyltransferase; GTSF1, Gametocyte Specific Factor 1; nuRD, Nucleosome Remodeling and
Deacetylase; SPOCD1, SPOC Domain Containing 1; TDRD9, Tudor Domain Containing 9; TEs, transposable elements;
TEX15, Testis expressed 15; tRNA, transfer RNA. Adapted from Figure 4 in *° used under CC by 4.0.

1.3.2 The role of GTSF1 in cancer

Ectopic GTSF1 expression has been reported in Cutaneous T-Cell Lymphoma (CTCL) 4>

4 Acute Myeloid Leukemia (AML) 3*°! and liver cancer >

The first report of GTSF'I expression in CTCL analyzed publicly available datasets of gene
expression and compared the CTCL variant Mycosis Fungoides (MF) tumor stage to normal skin,
inflamed skin and normal T cells. The authors reported GTSF/ is significantly upregulated in MF
tumor stage compared to their controls 4. Then, a series of publications from our lab analyzed
GTSFI1 expression, along with other potential biomarkers, with different methodologies: (1) with

quantitative reverse transcription polymerase chain reaction (RT-qPCR) patient samples were
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analyzed and confirmed GTSF'I expression; furthermore, patient-derived cell lines demonstrated
GTSF1 protein expression could be modified with HDACi #*; (2) with RT-qgPCR from patient
samples ectopic expression of multiple genes was associated with worse prognosis, GTSF was
considered among this gene cluster *; (3) with targeted RNA-Sequencing (RNA-Seq) ectopic
expression of multiple genes, high GTSF1 among them, in advanced disease stages was validated
4. and (4) targeted RNA-Seq was repeated with samples taken more recently demonstrating stage
IV CTCL had a GTSFI expression Logy ratio of 11.19893 compared to benign dermatoses *°. More
recently, with single cell RNA-Seq GTSFI expression was identified in clonally expanded T cells
from patient samples, further confirming expression by malignant cells (Figure 1.12) “S.
Additionally, the molecular profiles for CTCL patients proposed, T central memory and cytotoxic
effector memory T cell phenotype profiles, were associated with GTSFI expression; specifically,
the T central memory profile *°. Furthermore, isolation of cancer cells with laser capture
microdissection followed by transcriptomic analysis demonstrated upregulation of GTSFI in

stages > IIB *. Therefore, ectopic GTSF expression in CTCL and its association with progression

and a worse prognosis has been recurrently reported.
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Figure 1.12 GTSF1 in CTCL.

A. Single cell RNA-Seq analysis of T cell clusters from skin patient samples. Cells are colored according to the clonality
of their TCR, with malignant cells in red and other polyclonal cells in aqua. B. Feature plot showing that the majority
of malignant clones express GTSF1, denoted in red. GTSF1, Gametocyte specific factor 1; TC, T cells; TCR, T cell
receptor. Adapted from Figure 2C and Figure 2N in 6 used under CC by 4.0.
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In the case of AML, gene expression patterns of patient samples with Wilms tumor 1 (WT1)
mutation were analyzed and showed the most upregulated gene was GTSFI *°. In addition, an
analysis to identify microRNAs (miRNAs) associated with AML survival identified hsa-miR-589.
Further analysis identified GTSFI as a mRNA target of hsa-miR-589. In the case of liver cancer,
GTSF I expression in hepatocellular carcinoma tissue was higher than their normal adjacent tissue.
Silencing of GTSF1 in an hepatoma cell line led to decreased cell proliferation and formation of

smaller tumors 2.

Interestingly, despite the multiple reports of ectopic GTSFI expression in cancer tissues,
no functional analysis has been performed. The recurrent report of GTSFI expression in CTCL by
our lab and others suggests that, at least in this cancer type, GTSF1 is playing an important role in

carcinogenesis.
1.4 Cutaneous T-Cell Lymphoma

Skin cancer is often classified in two broad categories: nonmelanoma skin cancer and
cutaneous malignant melanomas. These cancer types arise from different cell types in the skin.
Nonmelanoma skin cancer can be further subdivided into basal cell carcinoma, which arises from
basal cells in the epidermis and into SCC, which arises from keratinocytes in the upper layers of
the epidermis. Cutaneous melanomas arise from melanocytes >*. Often classified as a rare cancer,

CTCL is a cancer that arises from T cells but presents clinically in the skin >*,

CTCL is a rare extranodal non-Hodgkin lymphoma characterized by the expansion of
malignant T cells within the skin . In 2018, the annual age-adjusted incidence of CTCL in the
United States was of 6.4-9.6 cases per million people *>. CTCL more commonly presents in older

56,57

male individuals . Although the etiopathogenesis of CTCL remains an open question, most
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researchers agree that this malignancy arises in a background of chronic antigen stimulation %,
Some proposed etiological entities include medications, viruses, and Staphylococcus aureus

infection °°.
1.4.1 Definition of CTCL variants

CTCL is a highly heterogeneous malignancy and as such, it can be further subdivided into
multiple variants. The most common variants are MF, Sézary Syndrome (SS) and primary
cutaneous Anaplastic Large Cell Lymphoma (pcALCL). These three variants constitute
approximately 80% of all CTCL cases . Each variant has its own set of clinical and/or molecular

characteristics which are further described below (Figure 1.13).

Figure 1.13 Different clinical presentations of CTCL.
A. Patch and plaques Classic MF affecting the lower trunk, B. Hypopigmented MF affecting the back of the legs, C. SS
in the back showing generalized erythroderma, D. pcALCL presenting as a single erythematous nodule in the neck.

Panel A was adapted with permission Figure 1A from ¢! copyright Massachusetts Medical Society. Panel B was adapted
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from Figure 1 in %% used under CC by 4.0. Panel C was adapted from Figure 2 in  used under CC by nc 3.0. Panel D
was adapted from Figure 11A in % used under CC by 4.0.

MF can be further subdivided into different variants, such as Classic MF, hypopigmented
MF, folliculotropic MF, pagetoid reticulosis, among others %. Classic MF is defined by the
presence of erythematous patches, plaques or tumors in non-sun exposed areas. These lesions often

present pruritus and are scaly 60366

. SS is characterized by a more aggressive course,
erythroderma, pruritus and blood involvement. The current criteria to identify SS is the presence
of at least 1,000 Sézary cells per cubic millimeter of blood. Sézary cells are circulating malignant
T cells with an enlarged cerebriform nuclei ¢4>¢7. SS can arise de novo or can progress from MF;
in fact, it is still debated whether MF and SS are two extremes of the same disease or are completely

different clinical entities %, PcALCL patients usually present a single lesion or a cluster of small

tumors and malignant cells express the cell surface receptor Cluster of Differentiation (CD) 30 5.
1.4.2 Diagnosis

Diagnosis of CTCL is challenging, particularly in early disease stages, due to resemblance

to benign dermatoses *°. Consequently, diagnosis can take up to 3-4 years ¢.

The diagnosis of
CTCL relies heavily on clinicopathological characteristics of the patient. In addition to a complete
body assessment to estimate the percentage of body surface area involved, diagnostic and staging
tests include blood cell counts, lactate dehydrogenase and skin biopsy "°. Histopathology analysis
of skin biopsies is key for establishing an accurate diagnosis. In addition, skin biopsies are often
subjected to clonality assessments through polymerase chain reaction (PCR) or high-throughput

sequencing. Determination of clonality has been proposed as a diagnostic test to differentiate from

benign dermatoses ©’.
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1.4.3 Histopathology

Histopathological features are essential for diagnosing this malignancy (Figure 1.14).
CTCL is characterized by skin infiltration of malignant T cells. Specifically, T cells migrate to the
dermis and the epidermis, often accumulating around Langerhans cells to form what are called
Pautrier’s microabscesses. Tumor lesions often present less epidermotropism but more dermal
infiltration ®7°. In contrast, epidermotropism in pcALCL is subtle and cells accumulate around

blood vessels . Malignant T cells are pleomorphic enlarged cells with an irregular nucleus 36616,

Figure 1.14 Histopathology of Mycosis Fungoides, hematoxylin and eosin staining.
Histopathology of CTCL variant, Mycosis Fungoides, showing high lymphocyte infiltration (intense purple cells) both
in the epidermis and dermis. Note the lymphocyte infiltration at the upper layer of the epidermis. Copied from Figure 2

in 7! used under CC by 4.0.

In addition to routine hematoxylin and eosin (H&E) staining, skin biopsies are often stained
for other markers. Malignant cells are often CD4" and cases of CD8" expression are rare. Loss of
CD2, CD5 and CD7 expression is often reported 61> In pcALCL, CD30 expression is present

in >75% of malignant T cells (Figure 1.15) *.
1.4.4 Treatment

Currently, there is no curative treatment for CTCL. Therefore, the goal of treatment is the

control of symptoms and postponing progression while maintaining quality of life. Treatment
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depends largely on the stage of the disease. Skin-directed therapies are preferred for early disease

stages, while systemic therapies are preferred for late disease stages >+7°.

S—
i
e

Malignant T cells in pcALCL are CD30*. CD, Cluster of differentiation; pcALCL, Primary cutaneous Anaplastic Large
Cell Lymphoma. Adapted from Figure 15A in % used under CC by 4.0.

Early disease stages have a favorable prognosis with complete response rates ranging
between 60% to 100% . Topical corticosteroids, topical retinoids (e.g. bexarotene and tazarotene)
and topical nitrogen mustard are skin-directed therapies that induce apoptosis, DNA damage and
affect cell proliferation and differentiation 3*6>7°. Another common treatment in early disease
stages is photochemotherapy with psoralen and ultraviolet (UV) A (PUVA). PUVA consists of
oral intake of 8-methoxypsoralen followed by exposure to UV A light. UV A light exposure
activates the psoralen leading to DNA cross-linking and reactive oxygen species formation 2.

Excision is often the treatment of preference for pcALCL 8,

Advanced disease stages can be treated with chemotherapy, biologic or targeted therapies,
but relapses are frequent. The response rates vary, depending on the treatment option selected .

Methotrexate and pralatrexate are antifolate chemotherapies that inhibit the metabolism of
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malignant cells leading to apoptosis. Interferon (IFN) a is a biologic treatment that induces a T
helper type (Th) 1 immune response in patients. Extracorporeal photopheresis follows the same
principle than PUVA. Circulating mononuclear cells are extracted from the patient and isolated
with a leukapheresis-based method. Then cells are mixed with 8-methoxypsoralen, exposed to
UVA light, and reinfused back to the patient. Some targeted therapies that have been approved for
CTCL are alemtuzumab, a humanized monoclonal antibody against CD52; HDACI, such as
vorinostat and romidepsin, that cause changes in gene expression; denileukin diftitox, a fusion
protein of interleukin (IL) -2 with diphtheria toxin; brentuximab vedotin, an antibody-drug
conjugate that targets CD30; and mogamulizumab, an anti-C-C chemokine receptor type (CCR) 4

monoclonal antibody >+6>70,

Hematopoietic stem cell transplantation is the only treatment with curative potential, but
relapses are frequent and treatment mortality ranges between 25% to 30%. Thus, this treatment

option is usually considered only for young patients %70,

1.4.5 Molecular features

The molecular features of CTCL have been slowly identified over the years. Although a
molecular classification, as in other cancer types, has not been attained, there is some key
molecular understanding about the behavior of this malignancy. Epidermotropism is one of the
defining characteristics of CTCL. Malignant cells are able to migrate and home in the skin thanks
to expression of cell surface molecules that interact with their corresponding ligands expressed by
keratinocytes and other bystander cells (Figure 1.16). CCR4 expressed by malignant cells allows
interaction with basal keratinocytes and endothelial cells in the skin that express C-C motif
chemokine ligand (CCL) 17; CLA expressed by malignant cells allows interaction with endothelial

cells in the skin that express E-selectin ®'.
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Figure 1.16 Molecular features that allow epidermotropism in CTCL.

Malignant cells are able to circulate in capillaries thanks to the expression of CLA and CCR4 that bind to E-selectin and
CCL17, respectively, expressed by endothelial cells. In addition, malignant cells are attracted towards Langerhans cells
due to the expression of E-cadherin, CCL22 and MHC-II by Langerhans cells. The corresponding receptors in malignant
T cells are integrin asf7, CCR4 and TCR. These interactions enable the defining characteristic of epidermotropism.
CCR, C-C chemokine receptor type; CCL, C-C motif chemokine ligand; CD, Cluster of differentiation; CLA, Cutaneous
lymphocyte-associated antigen, MHC-II, Major histocompatibility complex Class II. Reproduced with permission
Figure 2 from ®', copyright Massachusetts Medical Society.

Analysis of the somatic single nucleotide variants (SSNVs) in CTCL revealed this
malignancy present a mutational signature of UV light exposure. This mutational signature means
that approximately 75% of SSNVs are C>T transitions, which are commonly caused by UV light
exposure. Considering that the skin is frequently exposed to UV, this suggests that malignant cells

were already homing to the skin before acquiring the mutational signature %73,
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Mutations that contribute to CTCL carcinogenesis can be classified according to the gene
types: (1) mutations in canonical cancer genes, particularly those associated with DNA damage
repair, cell cycle, apoptosis, Mitogen-activated protein kinase (MAPK) pathway and chromatin
modifying genes, and (2) mutations in T cell lineage specific genes, particularly those in the T Cell
Receptor (TCR), Nuclear factor kappa-light-chain-enhancer of activated B (NF-kB) and Janus
kinase (JAK)- Signal transducer and activator of transcription (STAT) signaling pathways °°.
Commonly mutated canonical cancer genes include cyclin-dependent kinase inhibitor 2A
(CDKN24), retinoblastoma 1 (RB1), Ataxia-telangiectasia mutated (47M) and Tumor protein 53
(TP53) ™. In addition, TCR mutations are common in CTCL. These mutations might constitutively
activate TCR signaling or disable the negative regulations that controls TCR signaling leading to

differentiation, growth and survival ”

. For example, there are recurrent gain of function mutations
in CD28, a TCR costimulatory molecule. These gain of function mutations lead to increased
affinity of CD28 for CD86 leading to hyperactivation of the TCR signaling pathway. Other
common mutations in TCR signaling genes in CTCL include Cytotoxic T-Lymphocyte Associated

Protein 4 (CTLA4)-CD28 gene fusions, Phospholipase C Gamma 1 (PLCGI) gain of function

mutations and Programmed Cell Death 1 (PDCD]1), the coding gene for PD-1 receptor, deletions

66,73

The NF-«B signaling pathway is often constitutively activated in CTCL. Activation of this
pathway leads to production of proinflammatory cytokines, proliferation, inhibition of apoptosis
and activation of differentiation programs ’*. For example NFKB2 C-terminus deletions lead to
stabilization of the protein and constitutive activation of the NF-xB signaling pathway 7°. Other

common mutations in NF-kB signaling pathway in CTCL include TNF Receptor Superfamily
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Member 1B (TNFRSF1B) activating point mutations and Caspase Recruitment Domain Family

Member 11 (CARD11) copy number gains or point mutations %7374,

The JAK-STAT signaling pathway is another common constitutively activated pathway in
CTCL. Activation of this pathway leads to transcriptional activation of genes associated with
proliferation, differentiation and apoptosis. Recurrent gain of function mutations have been
identified in JAKI, JAK3, STAT3, and STATSB %®73. Gain of function mutations in STAT3 lead to

increased expression of proinflammatory cytokines IL-17 and IL-22 contributing to carcinogenesis

74

miRNAs are often dysregulated in CTCL. Considering that miRNAs participate in multiple
cellular processes, their dysregulation in CTCL can promote or inhibit malignant features ">7°.
One of the most studied miRNAs in CTCL is miR-155, which promotes tumorigenesis. miR-155
downregulates expression of STAT4 leading to a profile switch from Thl immune-responsive

cytokine production to a Th2 immune-repressive cytokine production ’’. Other miRNAs

investigated in CTCL include miR-93, miR-181, miR-21, miR-150, and miR-22 7.

Considering that CTCL often resembles benign dermatoses, multiple research groups have
identified genes that can help distinguish CTCL. Thymocyte selection-associated high mobility
group box (TOX) has emerged as a potential biomarker 8. TOX is a transcription factor that
regulates differentiation towards CD4" lineages but is not expressed in mature T cells 7.
Interestingly, 7OX expression in CTCL is correlated with thicker lesions, progression and poor
prognosis **. Other efforts to identify diagnostic biomarkers in CTCL include identification of

ectopically expressed genes from developmental programs and stem cell genes 5.
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Although recent advances in understanding the molecular characteristics of CTCL have
helped bring novel therapies to patients, the molecular understanding of this disease remains
limited. Its low incidence, heterogeneity and plasticity represent challenges for a more detailed

molecular understanding.
1.4.6 Cell of origin

The cell of origin of a malignancy has great impact in the clinical presentations and
molecular features of the disease. However, the cell of origin for CTCL is an active area of
research, particularly its clonal origin and the type of cell it arises from. Despite determination of
clonality being used as a diagnostic test, clonality is not always identified in patients.
Approximately 50% of patients with early disease stages and 100% of patients with late disease
stages are positive for a single clone *°. In response to these discrepancies, recent publications have
suggested progression from heterogeneous mutational subclones; these subclones arise from an
immature malignant T cell before TCRB rearrangement 31%3_ In agreement, it is not clear whether

oncogenic mutations arise in the thymus or in mature T cells %634,

As for the type of cell CTCL arises, the most widely accepted hypothesis is that this
malignancy arises from skin resident memory T cells (Trm). Trm cells are often classified into
effector memory cells and central memory cells . The hypothesis of Trm origin is supported by
the expression of skin homing receptors such as CCR4 and cutaneous lymphocyte-associated
antigen (CLA) ®!. Specifically, it has been hypothesized that MF arises from effector memory T
cells, while SS from central memory T cells. SS cells express CCR7, L-selectin, and CD27
suggesting a central memory phenotype and MF cells do not, therefore suggesting an effector

memory phenotype . The cell of origin for pcALCL has not been established . Interestingly, the
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expression of these lineage specific receptors suggest CTCL malignant cells are mature T cells, in

contrast with the hypothesis of origin from an immature malignant T cell.

Normal skin Trm reside in this tissue for defense against viruses, bacteria, fungi and
parasites. During an infection, T cells proliferate and expand followed by a contraction in cell
number once clearing of the infection is attained. Almost all cells that resulted from the expansion
will die by apoptosis, however a few cells become memory T cells. Skin Trm cells express the
surface markers CLA, CD69, CD103, among others (Figure 1.17). CLA, as mentioned above,
binds to E-selectin allowing interaction with skin keratinocytes; CD69 mediates retention in the
skin; and CD103 binds E-cadherin to promote retention in epithelial tissues *’*, Maintenance of
memory T cells in the skin depend on production of IL-15, IL-7 and activated Transforming growth

factor beta (TGF-f) by keratinocytes and on the use of lipid metabolism by Trwm cells for survival
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Figure 1.17 Characteristics of skin resident memory T cells.
Upregulation (blue) and downregulation (red) of certain cell surface receptors mediate the characteristics of skin resident
memory T cells: skin residency and circulation among other organs and memory phenotype. CCR, C-C chemokine

receptor type; CD, cluster of differentiation; CLA, Cutaneous lymphocyte-associated antigen; CXCR, C-X-C Motif
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Chemokine Receptor; FABP, Fatty acid-binding protein; IL, Interleukin; KLRG, Killer cell lectin like receptor G;
S1PR1, Sphingosine-1-phosphate receptor 1; SLOs, Secondary lymphoid organs; TGF-BR, Transforming growth factor
B receptor; TRM, Resident memory T cell. Copied from Figure 1 in % used under CC by 4.0.

Another factor to consider in regards of CTCL’s cell of origin is phenotypic plasticity.

89,90; in

Memory T cells display high plasticity to be able to respond to antigen re-challenges
agreement, CTCL cells display high plasticity. For example, Poglio and colleagues reported that
malignant cells when initially isolated from a patient, demonstrated a surface receptor profile of

central memory T cells but after culture in vitro the cells acquired a naive phenotype (Figure 1.18)
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Figure 1.18 Plasticity of CTCL cells.
CTCL primary cells showed a higher percentage of T central memory phenotype characterized by high expression of
CCR7 and of CD45RO. After long term culture the phenotype changed to a higher percentage of naive cells
characterized by high expression of CCR7 and low expression of CD45R0O. CCR7 PerCRP-Cy5-5-A, C-C chemokine
receptor type 7 Peridinin-Chlorophyll-Protein Cyanine5 5 - area; CD, Cluster of differentiation; CD3 APC-Cy7-A, CD3
Allophycocyanin-Cyanine7-area; CD45RO FITC-A, CD45RO+ Fluorescein isothiocyanate-area; L, cell line; TCRVB2

PE-A, T cell receptor variable 8 2 phycoerythrin-area; Tcm, T cell central memory; Tem, T cell effector memory; Temra,

effector memory T cells CD45RA+. Adapted from Figure 4B in *! used under CC by 4.0.
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In summary, there is multiple evidence from contrasting hypothesis in regards of the cell
of origin in CTCL. Clonality, skin Trm origin and immature T cells are a few hypotheses that have

been proposed to understand this disease.
1.4.7 Microenvironment

Establishment of primary cell lines from CTCL samples is challenging, suggesting a high
dependency on the tumor microenvironment *'. CTCL’s microenvironment is currently best
understood from the cytokines produced by malignant and normal adjacent cells. Early disease
stages are associated with production of Thl cytokines, in particular [IFNy and Tumor necrosis
factor (TNF) a. However, malignant cells exhibit a Th2 phenotype with chronic production of IL-
4, IL-5 and IL-10 *2. Disease progression is also associated with a decrease potential of patients to

produce Thl cytokines. Together, these lead to an immune-deficient profile !

Other interactions that are relevant to understanding CTCL’s microenvironment are with
keratinocytes and endothelial cells. It has been shown that production of Th2 cytokines by
malignant cells stimulates keratinocytes to produce IL-25. As a consequence, IL-25 further
promotes Th2 polarization **. Expression of endothelial markers, such as podoplanin in biopsies
is associated with disease progression **. Langerhans cells, according to their role as APCs,

contribute to skin inflammation >,

1.4.8 Hypopigmented Mycosis Fungoides

The following section briefly describes Hypopigmented MF (HMF). Although this is not
the main focus of the results presented here, I decided to include a section considering this variant
was the initial focus of my PhD studies for two years. The following section is a summary derived

from a previously published review in HMF %.
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HMF is a variant of CTCL (Figure 1.13 B) characterized mainly by lesions that are light
colored or achromic (i.e. loss of skin color). It has been hypothesized that the characteristic
presentation of these lesions is caused by damaged and reduced number of melanocytes and/or
abnormal melanogenesis ®2. HMF has been reported in African American, South Asian, Middle
Eastern and Hispanic individuals, who commonly present darker skin phototypes %>°’. However,
cases of HMF in light skin individuals have also been reported °%. In contrast to Classic MF, HMF
can be diagnosed in pediatric, adolescent and early adulthood populations ®2. However, the
prognosis for this variant is better than for Classic MF: The majority of patients are diagnosed at
early stages of the disease, and they rarely progress °’. The last characteristic that differentiates

HMF from other variants is the predominance of CD8" cells *°.

We recently proposed that hypopigmentation of this variant is a surrogate marker of the
antitumor immune response in these patients. Particularly, reactive CD8" T cells secrete toxic
granzyme B and granulysin which lead to fewer and damaged melanocytes, to abnormal
melanogenesis, and to melanocyte apoptosis. Notably, after treatment HMF patient’s skin re-

pigments, suggesting the malignant cells are associated with the loss of pigmentation .
1.5 Rationale and objective of the research

Based on the background presented above, the current study aims at understanding how
reactivation of developmental programs contributes to carcinogenesis. In particular, to understand
the role of the germ cell gene GTSF1, a member of the piRNA pathway. Determining the role of

GTSF1 in carcinogenesis is clinically relevant due to its potential as an immunotherapy target.
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Chapter 2 : Materials and Methods
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2.1 Patients and samples

In accordance with the Declaration of Helsinki, all patients enrolled in this study signed an
Informed Consent Form. Approval from the ethics review board on each institute involved was
obtained prior: The Ottawa Hospital (#20150896-01H), McGill University Health Centre and
affiliated hospitals (#A09-M81-10A) and Laval University (# 201 1HES-22808). Samples were
obtained by punch biopsy and processed into formalin-fixed paraffin-embedded (FFPE) tissue

blocks.
2.1.1 Immunohistochemistry

Immunohistochemistry staining of GTSF1 from FFPE blocks was performed by the pathology
department of The Ottawa Hospital Research Institute. Staining was performed with the Bond™
III system (Leica) following the standard protocol F. Antigen detection of GTSF1 was performed
with the antibody listed in Table 1 and detected with horseradish peroxidase (HRP) conjugated
compact polymer system and 3, 3'-diaminobenzidine (DAB) as chromogen. Slides were
counterstained with hematoxylin. Slides were scanned with the Aperio AT Turbo system (Leica).

The patient cohort has been previously described **.
2.2 Analysis of patient data from publicly available databases

RNA-Seq data from 33 cancer types and their normal adjacent tissue (when available) was
retrieved from The Cancer Genome Atlas (TCGA) through the cBioPortal (RRID:SCR _014555).
The following steps were performed by Dr. Pingxing Xie and Dr. Philippe Lefrangois. Reads Per
Kilobase Million (RPKMs) were converted to Transcripts Per Million (TPMs) with the standard
formula and mean TPMs of cancer and the normal adjacent tissue were compared with Bayesian

analysis with Markov Chain Monte Carlo with the R package rjags (Version 4.3.0
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RRID:SCR_017573)!%. At least 100,000 iterations were performed to estimate p-values. The
following steps were performed by me. Multiple hypothesis testing adjustment was performed
with R Statistical Software (Version 4.2.1) applying the Bonferroni method. Mean TPMs +

standard deviation (s.d.) were plotted for each cancer type and its normal adjacent tissue.

RNA-Seq raw data in FASTQ format from CTCL patients were retrieved from the NCBI's
Gene Expression Omnibus (SRA: SRP309838 and GEO: GSE168508) along with clinical data
provided in the supplementary data!®'"!%, The following steps were performed by the RNomics
Platform at the Université de Sherbrooke. Reads were trimmed using Trimmomatic (Version 0.39
RRID:SCR _011848)!% and read quality was assessed with FastQC (Version 0.11.9
RRID:SCR 014583)!%, Read alignment and quantification of transcripts were performed with
Kallisto (V0.48.0 RRID:SCR_016582)!%. Transcriptome of the human genome GRCh38 was
created using gffread (cufflinks V2.2.1 RRID:SCR_018965)!7 with the Ensembl annotation and
genome files (Version 110). The tximport package (V1.22.0 RRID:SCR_016752)!% was used to
summarize Kallisto count estimates at the gene level. The following steps were performed by me.
Patients were ranked based on GTSF'I mRNA expression level and classified: the upper tertile was
classified as high expression and the two lower tertiles as low expression, as previously done!?’.
Differential GTSFI mRNA expression was evaluated with Mann-Whitney test and survival
analysis was performed with Log-rank (Mantel-Cox) test. Box plots for GTSF/ mRNA expression

and Kaplan-Meier plots were graphed.
2.3 Cell culture

All cell lines are human derived. A427, A549, CAL 27, H1299, H23, H28, H460, HuT 78,
Kasumi-1, Mac2A, MyLa 2000 (herein referred as MyLa), N/TERT-1, PB2B, UPCI-SCC-090

(herein referred as SCC090) and UPCI-SCC-154 (herein referred as SCC154) are male-derived
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cell lines, while A431, Calu-6, HEK293T, H1975 and SZ4 are female-derived cell lines. Mac2A
(RRID:CVCL_H637), MyLa (RRID:CVCL_8328), PB2B and SZ4 were obtained from Dr. K.
Kaltoft and Dr. N. @dum (University of Copenhagen, Copenhagen, Denmark). N/TERT-1
(RRID:CVCL CW92) was obtained from Dr. J. Rheinwald (Harvard Medical School, Boston,
USA). A427, A549, H1299, H23, H28, H460 and H1975 were obtained from multiple labs in The
Ottawa Hospital Research Institute. HEK293T cells were obtained from Dr. Jean-Jacques Lebrun
(RI-MUHC, McGill University, Montreal, Canada). A431 (ATCC Cat# CRL-1555), CAL 27
(ATCC Cat# CRL-2095 RRID:CVCL 1107), Calu-6 (ATCC Cat# HTB-56™
RRID:CVCL 0236), HuT 78 (ATCC Cat# TIB-161™ RRID:CVCL 0337), Kasumi-1 (ATCC
Cat# CRL-2724 RRID:CVCL_0589), SCC090 (ATCC Cat# CRL-3239 RRID:CVCL_1899) and
SCC154 (ATCC Cat# CRL-3241 RRID:CVCL _2230) were purchased from ATCC. H1975,
Kasumi-1, Mac2A, MyLa and PB2B were cultured in RPMI-1640 media (ATCC Cat# 30-2001)
containing 10% Fetal Bovine Serum (FBS; Gibco Cat# 12484028) and 1% penicillin-streptomycin
(p-s; Gibco Cat# 15140122). SZ4 was cultured in RPMI-1640 media containing 10% FBS and 1%
p-s, supplemented with IL-2 (Sigma-Aldrich Cat# 17908-10KU) and IL-4 (Sigma-Aldrich Cat#
14269-5UG) each to a final concentration of 0.001 pg/ml. HuT 78 was cultured in IMDM media
(ATCC Cat# 30-2005) containing 20% FBS and 1% p-s. N/TERT-1 was cultured in Keratinocyte-
Serum Free Media with Bovine Pituitary Extract (Gibco Cat# 10724-011) and 1% p-s. A431, CAL
27, Calu-6 and HEK293T were cultured in DMEM media (ATCC Cat# 30-2002) containing 10%
FBS and 1% p-s. SCC090 and SCC154 were cultured in EMEM media (ATCC Cat# 30-2003)
containing 10% FBS, 1% L-glutamine (Gibco Cat# 25030-081) and 1% p-s. Cells were maintained

at 37 °C in a humidified incubator containing 5% COx.
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2.3.1 shRNA-mediated knockdown

To perform short hairpin RNA (shRNA)-mediated GTSF1 silencing, both viral and non-
viral methods were employed. For both methods, GIPZ Lentiviral sShRNA vectors were purchased
from Horizon Discovery. Plasmid details can be found on Table 2. For transfection, plasmids were
harvested from transformed E. coli with CompactPrep Plasmid Preps (Qiagen Cat# 12843 and
12863). Briefly, 0.1 x10° H1975 cells/ml were plated and after allowing cells to attach overnight,
cells were transfected with 1 ug of plasmid and 4 pLL of DharmaFECT (Dharmacon Cat# T-2001-
03). Transduction of the three CTCL cell lines was performed with a final concentration of 8 pug/ml
of polybrene (Millipore Sigma Cat# TR-1003-G). Mac2a was transduced at Multiplicity of
infection (MOI)=5, while MyLa and SZ4 were spinoculated at MOI=0.5 and MOI=10,
respectively. Spinoculation was performed at 800 g for 30 minutes at 32 °C. After 48 to 72 hours
of transfection or transduction, cells were selected with puromycin for 10 days (H1975 1 pg/ml,
Mac2A 1 pg/ml, MyLa 0.5 pg/ml and SZ4 2 pg/ml). To increase efficiency, H1975 single colonies
were lifted and expanded in culture. To increase efficiency, CTCL cells were sorted based on
Green fluorescent protein (GFP) expression with a BD FACSAria™ Fusion (BD Biosciences)
equipped with a yellow-green 561nm laser. Sorting was performed by the Immunophenotyping
platform of the RI-MUHC. All cells were maintained in media with puromycin until used for other
analyses. For H1975 cell line, clone V3LHS 304725 was used to perform all experiments. For the

CTCL cell lines, clone V2LHS 24307 was used to perform all experiments.
2.3.2  Overexpression

For overexpression (OE), Precision LentiORF viral particles were purchased (Dharmacon
Cat# OHS5836-EG121355). Transduction was performed following manufacturer’s protocol.

Briefly, 0.05x10° HEK293T cells per well of a 24-well plate were plated and allowed to attach
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overnight. Cells were transduced at MOI = 5 with 2 ul of polybrene (Millipore Sigma Cat# TR-
1003-G). After 24 hours, antibiotic selection was started with blasticidin at 5 pg/ml (Millipore
Cat# 203350). Cells were maintained in media with blasticidin until immunoprecipitation protocol

detailed below.
2.3.3 Demethylating agent treatments

Briefly, 0.25x10° cells/ml were plated in T25 flasks in complete media with demethylating
agents. Different concentrations of azacitidine (Selleckchem Cat# S1782) and decitabine
(Selleckchem Cat# S1200) were tested, ranging from 0.1 uM to 50 uM. After 24 hours, protein
was collected as described in the western blot section below. Cells plated in complete media with

dimethylsulfoxide (DMSO) were considered the untreated control.
2.3.4 Chemical T cell stimulation

Briefly, 1x10° cells per well of a 24-well plate were incubated in complete media with final
concentration of 25 ng/ml of phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich Cat# P8139-
IMGQG) and 500 ng/ml of ionomycin (Sigma-Aldrich Cat# C7522-1MG). After 6 hours, media was
collected by centrifugation at 2,000 x g for 10 minutes at 4°C and stored at -80°C for downstream

analysis. Controls for single agent treatment and DMSO were included.
2.3.5 Western blot

Protein was collected as follows. Cells were centrifuged at 2,000 x g at 4°C for 5 minutes
and washed twice with cold phosphate buffered saline (PBS; Quality Biological Cat# 119-068-
151). Cell lysis was performed with Pierce™ RIPA buffer (Thermo Scientific Cat# 89901) with a
tablet of Pierce™ Protease and Phosphatase Inhibitor (Thermo Scientific Cat# A32959). Protein
concentration was determined with Pierce™ BCA Protein Assay Kit (Thermo Scientific Cat#
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23227). Then, 20-40 pg of total protein were prepared with Sample Buffer (Gen Script Cat#
MBO01015), boiled at 100 °C for 5 minutes and separated with 4-20% Mini-PROTEAN® TGX
Stain-Free™ Precast Gels (Bio-rad Cat# 4568093 and 4568094) with Precision Plus Protein™
ladders All Blue (Bio-rad Cat# 1610373) or Dual Color (Bio-rad Cat# 1610374). Protein was
transferred to 0.22 um polyvinylidene fluoride (PVDF) membranes (Bio-rad Cat# 1704157 and
1704156) with the Trans-Blot® Turbo Transfer System (Bio-rad Cat# 1704150
RRID:SCR_023156). Membranes were blocked for 1 hour with 1% bovine serum albumin (BSA;
Sigma-Aldrich Cat# A7906). Membranes were incubated overnight at 4 °C with the appropriate
primary antibodies listed in Table 1. The next day, membranes were washed with Tris Buffered
Saline with Tween 20 (TBST) buffer (150 mM NaCl/20mM Tris base/0.1% Tween 20/pH 7.5)
and incubated for 1 hour with the appropriate HRP-conjugated secondary antibody listed in Table
1. Membranes were developed with Clarity™ Western ECL Substrate kit (Bio-rad Cat# 1705061)
in a ChemiDoc™ MP Imaging System (Bio-rad RRID:SCR_019037). Image processing was done

with Image Lab Software (Bio-rad RRID:SCR _014210).

2.3.6 RT-qPCR

RNA was isolated with a RNeasy® Mini Kit (Qiagen Cat# 74104) with DNase treatment
(Qiagen Cat# 79254) following manufacturer’s protocol. Quantification and quality analysis was
performed with a BioDrop pLITE (MBI Cat# 80-3006-55). RNA was converted into
complementary DNA (cDNA) with the iScript Advanced ¢cDNA Kit for RT-qPCR (Bio-rad
Cat#1725038). Gene expression levels were evaluated with qPCR using SsoAdvanced Universal
SYBR® Green Supermix (Bio-rad Cat# 1725274) with the CFX Connect™ Real-Time PCR

Detection System (Bio-rad). A list of primers used can be found in Table 3. A single housekeeping
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gene was used for standardization following the Delta-Delta Ct Method. Mean relative expression

from three biological replicates with three technical replicates each + s.d. were plotted.
2.3.7 MTT assay

Briefly, 0.125x10° cells/ml were plated in a 96-well plate and left overnight to attach. The
assay was performed every 24 hours until 168 hours. At each time point, 10 puL of 3-(4, 5-
dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide (MTT; Millipore Cat# 475989) were
added to each well and incubated for 2 hours. Then, to stop the reaction 100 pl of 10% sodium
dodecyl sulfate (SDS; Sigma Aldrich Cat# L3771) were added and the plate was covered in
aluminum foil. The next day, absorbance at 565 nm was recorded with an Infinite® M200 PRO
(Tecan RRID:SCR_019033) microplate reader. Absorbance values were corrected with blank
wells with media and MTT reagent. Cell numbers were calculated from a standard curve obtained
under the same experimental conditions and known cell number. Mean cell number from 3

biological replicates with 24 technical replicates each = s.d. for each time point were plotted.
2.3.8 Cell proliferation assay

Briefly, 3.8x10° cells per well of a 24-well plate were plated and incubated until each time
point. Cell numbers were obtained from 24 to 144 hours with the Vi-CELL XR (Beckman Coulter
RRID:SCR_019664) cell counter. Mean cell numbers from three biological replicates with three

technical replicates each + s.d. for each time point were plotted.
2.3.9 Annexin V/PI assay

Briefly, 1x10° cells were collected by centrifugation at 350 x g for 5 minutes followed with
PBS washes. Then, cells were resuspended in annexin binding buffer (10 mM 4-(2-hydroxyethyl)-
I-piperazineethanesulfonic acid (HEPES)/150 mM NaCl /2.5 mM CaCl, in PBS pH 7.4).
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Aliquoted cells were stained with propidium iodide (PI; Invitrogen Cat# P1304MP) to a final
concentration of 2.5 pg/ml and with 1 pl of annexin V, Alexa Fluor™ 647 conjugate (Invitrogen
Cat# A23204) for 10 minutes. Acquisition was performed in a BD FACSCanto II system (BD
Biosciences RRID:SCR_018056) with BD FACSDiva Software (Version 8.0.2 BD Biosciences
RRID:SCR_001456). FlowJo™ software (Version 10.9.0 BD Life Sciences RRID:SCR _008520)
was used for data analysis. The mean percentage from three biological replicates with three
technical replicates each + s.d. of total apoptotic, early apoptotic, and late apoptotic cells were

plotted.
2.3.10 Retrotransposition assays

Plasmids for the antibiotic based retrotransposition assay, pJM101/L1.3, pAluA and
pCDNA 3.1, were obtained from Dr. John Moran (University of Michigan, Michigan, USA)''°,
The plasmid pUC18 (Cedarlane Cat# SD1162) was used as a negative control. Briefly, 0.06x10°
cells/ml in a 6-well plate were plated. After allowing cells to attach overnight, cells were
transfected with 9 uLL of DharmaFECT (Dharmacon Cat# T-2001-03) and 4 pg of plasmid. After
48 hours of transfection, cells were selected with 500 ug/ml of G418 for 15 days. After selection,
wells were washed with PBS, fixed for 1 hour with 4% paraformaldehyde (PFA; Sigma-Aldrich
Cat# 158127) and stained for 1 hour with 0.5% crystal violet (Sigma Aldrich Cat# C6158). The
assay was repeated with three biological replicates with three technical replicates each.

Representative photos of each condition are shown.

Plasmids for the dual luciferase retrotransposition assay, pY X014, pYXO015 and pY X017,
were obtained from Dr. Wenfeng An (South Dakota State University, South Dakota, USA)!!!.
Cells were transiently transfected with the Cell Line Nucleofector® Kit V (Lonza Cat# VCA-

1003) and a Lonza™ Nucleofector™ Transfection 2b Device (Lonza RRID:SCR 022262).

40



Briefly, 2x10° cells were transfected with 20 mg of plasmid and the X-001 program. After 6 hours
of transfection, media was changed and cells were incubated for 4 days. Then, cells were collected
and lysed according to the Dual-Luciferase® Reporter Assay System (Promega Cat # E1910 and
E1980) protocol. Lysates were incubated with the Lysate Assay Buffer II to record Firefly
Luciferase values, followed by incubation with the Stop&Glo Buffer to record Renilla Luciferase
values. Luminescence was recorded with an Infinite® M200 PRO (Tecan RRID:SCR 019033)
microplate reader. Each firefly luminescence value was divided by its corresponding Renilla value
to correct for transfection efficiency and cell survival. Ratios corresponding to pY X015 were used
as normalization factors. Mean Relative Luminescence Units (RLU) from three biological

replicates with three technical replicates each + s.d. were graphed.
2.3.11 Immunofluorescence

Adherent and suspension cells were stained with different protocols. Briefly, 0.25x10°
adherent cells/ml were plated in 6-well plates with cover slips at the bottom and were allowed to
attach overnight. Adhesion of suspension cells was performed as previously described!!. Briefly,
1x10° cells were resuspended in PBS (Quality Biological Cat# 119-068-151), added to 6-well
plates with cover slips at the bottom and allowed to adhere for 30 minutes. Immunostaining of all
cells was performed as previously described!!®. Briefly, cells were fixed with 4% PFA (Sigma-
Aldrich Cat# 158127), permeabilized with 0.1% Triton X-100 (Bio-Rad Cat# 1610407) and
blocked with 1% BSA (Sigma-Aldrich A7906). PBS washes were performed between each step.
Incubation with primary antibody listed in Table 1 was performed overnight at 4 °C in a humid
chamber. The next day, cover slips were washed with PBS and incubated for one hour with
secondary antibody listed in Table 1. Finally, cover slips were washed with PBS and mounted on

microscope slides with a drop of Fluoroshield with 4',6-diamidino-2-phenylindole (DAPI;
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Millipore Sigma Cat# F6057). Microscope slides were visualized, and composite photos were
acquired with a Lumascope LS720 microscope (Etaluma) equipped with a blue fluorescence filter

used for DAPI and a red fluorescence filter used for secondary fluorescent conjugate.

Quantification of Ki67 positive cells was performed with QuPath (version 0.4.4
RRID:SCR_018257) using the Positive cell detection feature with blinded files. A minimum of
500 cells were quantified. Parameters for positive cell threshold were adjusted for each cell line
and each marker. For YH2AX and Replication Protein A2 (RPA2) staining, cells were manually
counted from a minimum of 25 fields of view. The mean percentage of positive cells from three

biological replicates with three technical replicates each + s.d. were plotted.
2.3.12 ELISA assays

Enzyme Linked Immunosorbent Assay (ELISA) kits to quantify IFNy (Invitrogen Cat#
BMS228), IL-4 (Abcam Cat# ab215089), IL-5 (Abcam Cat# ab215536) and TNFa (Abcam Cat#
ab181421) were purchased. Briefly, 1x10° cells per well of a 24-well plate were incubated
overnight. Alternatively, cells were chemically stimulated as described above. Supernatant was
collected by centrifugation at 2,000 x g for 10 minutes at 4 °C. ELISA assays with supernatants
were performed as in manufacturer’s protocol, including standard curves. Absorbance values were
obtained with an Infinite® M200 PRO (Tecan RRID:SCR _019033) microplate reader at 450 nm.
Absorbance values were corrected with the blank wells. Standard curve was plotted with the online
Quest Graph™ Four Parameter Logistic (4PL) Curve Calculator (AAT Bioquest
https://www.aatbio.com/tools/four-parameter-logistic-4pl-curve-regression-online-calculator)
and concentration values were calculated with the equation obtained. For IFNy and TNFa, mean
concentration from three biological replicates with two technical replicates each + s.d. were

plotted. For IL-4, mean concentration from two technical replicates was plotted.

42



2.3.13 Membrane array

The human Th1/Th2/Th17 Antibody Array kit (Abcam Cat# ab169809) was used. Briefly,
1x10° cells per well of a 24-well plate were incubated overnight. After incubation, supernatant was
collected by centrifugation at 2,000 x g for 10 minutes, cleared at 17,200 x g for 10 minutes and
immediately tested. Membranes were prepared following manufacturer’s protocol. Blocking of the
membranes was followed by overnight incubation with cleared supernatant. The next day washes
were performed as per the manufacturer’s protocol followed by overnight incubation with the
biotin-conjugated anti-cytokines. The next day, washes were performed as per the manufacturer’s
protocol followed by overnight incubation with the HRP-conjugated streptavidin. The next day
washes and detection were performed as per the manufacturer’s protocol. Detection was performed
in a ChemiDoc™ MP Imaging System (Bio-rad RRID:SCR 019037). Quantification was
performed with Image Lab Software (Version 6.1 Bio-rad RRID:SCR _014210). Volume values
for each dot were obtained from Image Lab, followed by background correction with the negative
control values and normalization with the positive control values. Mean volume values from two

biological replicates with two technical replicates each + s.d. for each cytokine tested were plotted.
2.3.14 Flow cytometry of cell surface marker CD25

Briefly, 1x107 cells were collected by centrifugation at 200 x g for 5 minutes, media was
discarded, and cells were washed with PBS twice. Cells were aliquoted and stained with 1pul of
eBioscience™ Fixable Viability Dye eFluor™ 780 (Invitrogen Cat# 65-0865-14) for 30 minutes
at 4 °C. Cells were washed with FACS buffer (2% FBS/1 mM ethylenediaminetetraacetic acid
(EDTA) in PBS pH 8.0) and aliquoted to a total of 1x10° cells in a tube with 50 ul of BD Horizon™
Brilliant Stain Buffer (BD Biosciences Cat# 563794). Cells were stained with the fluorochrome-

conjugated antibody listed in Table 1 for 15 minutes in ice. Cells were washed and resuspended
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in FACS buffer. Cells were acquired in a BD FACSCanto II system (BD Biosciences
RRID:SCR 018056) with BD FACSDiva Software (Version 8.0.2 BD Biosciences
RRID:SCR _001456). Data analysis was done on FlowJo™ software (Version 10.9.0 BD Life
Sciences RRID:SCR _008520). The mean percentage of positive cells from three biological

replicates with three technical replicates + s.d. were plotted.
2.3.15 Extracellular lactate assay

Lactate production was measured using the Lactate-Glo™ Assay Kit (Promega Cat#
J5021). Briefly, 0.2x10° cells/ml were plated in a 24-well plate and incubated overnight. Media
was collected and extracellular lactate was measured following manufacturer’s protocol.
Luminescence was recorded with an Infinite® M200 PRO (Tecan RRID:SCR_019033) microplate
reader. Luminescence was normalized to media only as a negative control. Mean RLU from three

biological replicates with three technical replicates each + s.d. were graphed.
2.3.16 Caspase 8 assay

Briefly, 1x10° cells/ml were plated in a 6-well plate and incubated for 10 minutes, 30
minutes, 1 hour, 1.5 hours, 2 hours and 2.5 hours. Caspase 8§ measurement was performed with the
colorimetric Caspase 8 Assay Kit (Abcam Cat# ab39700) following manufacturer’s protocol. After
incubation cells were collected, lysed, and protein concentration was determined with Pierce™
BCA Protein Assay Kit (Thermo Scientific Cat# 23227). Volumes were adjusted to 100 pg of
protein in 100 pl of cell lysis buffer. Cell lysates were added to 96-well plates with reaction buffer/
Dithiothreitol (DTT) mixture and IETD-pNA substrate. Then, the plate was incubated at 37 °C for
1 hour. Absorbance at 400 nm was recorded with an Infinite® M200 PRO (Tecan

RRID:SCR _019033) microplate reader. Absorbance was normalized to background wells.
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Normalized mean absorbance from one biological replicate with two technical replicates was

plotted.

2.3.17 Immunoprecipitation

Immunoprecipitation was performed following manufacturer’s protocol of the
Dynabeads® Antibody Coupling Kit (Life Technologies Cat# 14311D) or Pierce™ Crosslink
Magnetic IP/Co-IP kit (Thermo Scientific Cat# 88805). A total of 40 pg of the antibody against
GTSF1 or of normal isotype IgG were coupled to beads following manufacturer’s protocol.
Antibodies are listed in Table 1. Protein was isolated following the steps mentioned in the western
blot section above. For immunoprecipitation, 500 ug of total protein was used as initial input.
Then, the protein sample was incubated with antibody-coupled beads for 30 minutes at 4 °C in a
roller. Flow through was collected. After immunoprecipitation, samples were eluted with PBS and
Sample Buffer (Gen Script Cat# MB01015) either at room temperature for 10 minutes or boiled at
100 °C for 5 minutes. Elutes were then analyzed as detailed in the western blot section above,
starting with the gel separation. Antibodies used to evaluate precipitation and co-precipitation are

listed in Table 1.

2.3.18 Mass spectrometry

GTSF1 OE in HEK293T cells was performed as detailed above. Immunoprecipitation with
antibody against GTSF1 and normal IgG was performed as detailed in the immunoprecipitation
section above for one biological replicate. The following steps were performed by the Proteomics
platform at the RI-MUHC. Each sample was processed to remove lipids, detergents, and salts.
Then, the sample was reduced with DTT, alkylated with iodoacetic acid, and digested with trypsin.

Extracted peptides were re-solubilized in 0.1% aqueous formic acid and loaded onto a Thermo
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Acclaim Pepmap (Thermo Scientific 75 uM ID X 2cm C18 3 uM beads Cat# 164946) precolumn
and then onto an Acclaim Pepmap Easyspray (Thermo Scientific 75 uM X 15cm with 2 uM C18
beads Cat# ES75500PN) analytical column separation using a Dionex Ultimate 3000 uHPLC
(Thermo Scientific) at 250 nl/min with a gradient of 2-35% organic (0.1% formic acid in
acetonitrile) over 1 hour. Peptides were analyzed using a Thermo Orbitrap Fusion mass
spectrometer (Thermo Scientific) operating at 120,000 resolution (FWHM in MS1) with HCD
sequencing (15,000 resolution) at top speed for all peptides with a charge of 2+ or greater. The
raw data were converted into *.mgf format (Mascot generic format) for searching using the Mascot
2.6.2 search engine (Matrix Science) against human protein sequences (Uniprot 2021). The
database search results were loaded onto Scaffold Q+ Scaffold 5.0.1 (Proteome Sciences) for

statistical treatment and data visualization.

2.3.19 RNA-Sequencing

Transcriptomic analysis was performed for the three CTCL cell lines Mac2A, MyLa and
SZ4. After knockdown, antibiotic selection and GFP sorting, RNA from three biological replicates
of each condition and each cell line was isolated with a RNeasy® Mini Kit (Qiagen Cat# 74104)
with DNase treatment (Qiagen Cat# 79254) following manufacturer’s protocol. The following
steps were performed by Génome Québec. Total RNA was quantified, and its integrity was
assessed using SK/RNA/Charge Variant Assay LabChip and RNA Assay Reagent Kit (Perkin
Elmer). Libraries were generated from 250 ng of total RNA as follows: mRNA enrichment was
performed using the NEBNext Poly(A) Magnetic Isolation Module (New England BioLabs Cat#
E7490). cDNA synthesis was achieved with the NEBNext RNA First Strand Synthesis and
NEBNext Ultra Directional RNA Second Strand Synthesis Modules (New England BioLabs Cat#

E7525 and Cat# E7550). The remaining steps of library preparation were done using the NEBNext
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Ultra IT DNA Library Prep Kit for Illumina (New England BioLabs Cat# E7645). Adapters and
PCR primers were purchased from New England BioLabs. Libraries were quantified using the
KAPA Library Quantification Kits - Complete kit (Universal) (Kapa Biosystems Cat# KK4824).
Average size fragment was determined using a LabChip GX II (PerkinElmer) instrument. The
libraries were normalized and pooled and then denatured in 0.02N NaOH and neutralized using
HT1 buffer. The pool was loaded at 200pM on an Illumina NovaSeq S4 lane using Xp protocol as
per the manufacturer’s recommendations. The run was performed for 2x100 cycles (paired-end
mode). A phiX library was used as a control and mixed with libraries at 1% level. Base calling
was performed with RTA (Version 3) and bcl2fastq2 (Version 2.20 RRID:SCR_015058) was used

to demultiplex samples and generate FASTQ reads.
2.3.20 Bioinformatic analysis

Downstream analysis of mass spectrometry data was performed by me. The database was
cleaned using Scaffold (Version 5.1.2 Proteome Sciences). First, for the proteins with ambiguity,
the peptides identified with a probability <90% were unvalidated. Then, the proteins were filtered
based on taxonomy (i.e. Homo sapiens) to eliminate contamination from FBS and trypsin. Finally,
the database was cleaned based on the CRAPome database !'*. Functional enrichment analysis was
performed with g:Profiler with proteins Log> fold change > 2 (Version €109 eg56 pl17 1d3191d
RRID:SCR_006809) with g:SCS threshold method and a significance threshold of 0.05'!>116,
Pathway enrichment graphs were created with GraphPad Prism (Version 10.0.1
RRID:SCR _002798). The interaction map was created with STRING (Version 12.0

RRID:SCR_005223)'"",

RNA-Seq analysis was performed as follows by the RNomics Platform at the Université

de Sherbrooke. Raw data were obtained from Génome Québec in FASTQ format. Reads were
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trimmed using Trimmomatic (Version 0.39 RRID:SCR_011848)!% and the quality of the reads
was assessed using FastQC (Version 0.11.9 RRID:SCR _014583)!%. Kallisto (Version 0.48.0
RRID:SCR_016582)'% was used to align the reads to the transcriptome and to quantify the
transcripts. The transcriptome of the human genome GRCh38 was created using gffread (cufflinks
Version 2.2.1 RRID:SCR_018965)'” with the Ensembl annotation and genome files (Version
105). Transcript abundance was combined to obtain the gene level quantification. The tximport
package (Version 1.22.0 RRID:SCR_016752)'% was used to summarize kallisto count estimates
at the gene level and DESeq2 (Version 1.34 RRID:SCR _015687) was subsequently used to
identify Differentially Expressed Genes (DEGs) between scrambled (SCR) control and GTSF1
knockdown (shGTSF1) conditions, using the default Benjamini and Hochberg correction method.
The following steps were performed by me. The functional enrichment analysis was performed
with DEGs at Log> fold change > 1 and < -1 using g:Profiler (Version €109 eg56 pl17 1d3191d
RRID:SCR_006809) with g:SCS threshold method and a significance threshold of 0.05 '!%116
following recommendations previously published''®. Venny 2.1 software was used to identify
common DEGs (RRID:SCR _016561). Gene lists used in heatmaps were accessed from KEGG
Database (RRID:SCR 012773) '"-121 Volcano plots, heatmaps and pathway enrichment plots

were created with GraphPad Prism (Version 10.0.1 RRID:SCR_002798).
2.4 Statistical analysis

Graphs and statistical analyses were performed using the software GraphPad Prism (Version
10.0.1 RRID:SCR 002798) unless otherwise stated. Normality assumptions were tested with
Shapiro-Wilk analysis and the F test. If normality assumptions were met, differences between
means of biological replicates were determined by unpaired t test. In the case of the cytokine array,

the Mann-Whitney test was used with the Holm-Sidak correction method. In the case of different
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YH2AX types of staining comparison was performed with multiple unpaired two-tailed t tests with

Welch correction and the two-stage step-up correction method. Error bars represent standard

deviation and statistical significance was considered at p < 0.05. Figures were created using

Inkscape (Version 1.2 RRID:SCR_014479).

2.5 Additional materials and methods

Table 1 Antibodies employed for immunohistochemistry, western blot,immunofluorescence, immunoprecipitation and flow

cytometry.
Target Vendor Cat# Application RRID
B-actin Cell signaling 4967 WB 1:10,000 AB 330288
YHA2X Abcam ab124781 IF 1:1,000 AB 10971675
Anti-mouse  IgG Cell Signaling 7076 WB 1:5,000 AB 330924
HRP linked
Anti-rabbit Alexa Cell Signaling 8889 IF 1:1,000 AB 2716249
Fluor 594
Conjugate
Anti-rabbit IgG Cell Signaling 7074 WB 1:5,000 AB 2099233
HRP linked
Cleaved caspase 3 Cell Signaling 9661 WB 1:1,000 AB 2341188
Caspase 3 Santa Cruz Biotechnology sc-7148 WB 1:200 AB 637828
Cleaved caspase 7 Cell Signaling 9491 WB 1:1,000 AB 2068144
Caspase 7 Cell Signaling 12827 WB 1:1,000 AB 2687912
Caspase 9 Cell Signaling 9502 WB 1:1,000 AB 2068621
Cleaved caspase 9  Cell Signaling 9505 WB 1:1,000 AB 2290727
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CD25

DDX4
GAPDH
GMNN

GTSF1

GTSF1
Ki67
L1 ORFlp

NFKB2 p100/p52

Normal Rabbit IgG

PCNA
PIWIL2
PIWIL4

pl4

pl6

p21

pRIPK1 S166
RIPK1

pRb S807/811
Rb

RPA2

pSTAT3 Y705

Biolegend

Abcam

Thermo Fisher Scientific

Abcam

Abcam

Abnova
Invitrogen
Millipore Sigma
Cell Signaling
Cell Signaling
Cell Signaling
Abcam

Abcam

Cell Signaling

Cell Signaling

Santa Cruz Biotechnology

Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Invitrogen

Cell Signaling

302630

ab27591

PA1-987

abl2147

ab262937

PAB23356

PA5-16785

MABCI1152

4882

2729

13110

ab181340

abl11714

2407

18769

Sc-6246

65746

4926

8516

9309

MAT1-870

9145

Flow cytometry: AB_11126749

BV421
conjugated
WB 1 pg/ml
WB 1:2,000
WB 1:1,000
WB 1:1,000
IP 200 pl
IHC 1:100
IF 1:400
WB 1:1,000
WB 1:1,000
IP 40 pl
WB 1:1,000
WB 1 pg/ml
WB 1:1,000
WB 1:1,000
WB 1:1,000
WB 1:200
WB 1:1,000
WB 1:1,000
WB 1:1,000
WB 1:1,000
IF 1:200

WB 1:1,000

AB 11139638
AB 2107311

AB 2110946

AB_11125113
AB_ 11000602
AB 2941775
AB_10695537
AB_1031062

AB 2636979

AB_10887762
AB_490785
AB_2935679
AB_628073
AB_2799693
AB 2224503
AB_11178658
AB 823629
AB_795759

AB 2491009
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STAT3 Cell Signaling 30835 WB 1:1,000 AB 2798995

STAT4 Cell Signaling 2653 WB 1:1,000 AB 2255156
STATS Cell Signaling 94205 WB 1:1,000 AB 2737403
pSTAT6 Y641 Cell Signaling 9361 WB 1:1,000 AB 331595
STAT6 Cell Signaling 5397 WB 1:1,000 AB 11220421
S6 ribosomal Cell Signaling 2217 WB 1:1,000 AB 331355
protein

TDRD9 Abcam ab118427 WB 1 pg/ml -

Table 2 shRNA plasmids employed in the study

Target  Clone Method  Cat# Targeted region
GTSF1  V2LHS 24307 Plasmid =~ RHS4430-200211965 Non-coding 3 UTR
GTSF1  V3LHS 304723 Plasmid =~ RHS4430-200265235 ORF

GTSF1  V3LHS 304724 Plasmid =~ RHS4430-200304589 Non-coding ORF
GTSF1  V3LHS 304725 Plasmid =~ RHS4430-200302626 Non-coding ORF

GTSF1  V3LHS 304726 Plasmid =~ RHS4430-200299947 Non-coding ORF

GTSF1  V3LHS 304724 Plasmid =~ RHS4430-200304589 Non-coding ORF

GTSF1  V2LHS 24307 Viral VGH5518-200211965 Non-coding 3> UTR
GTSF1  V3LHS 304723 Viral VGHS5518-200265235 ORF

GTSF1  V3LHS 304726 Viral VGHS5518-200299947 Non-coding ORF
Non- - Plasmid = RHS4346 Negative control
silencing

Non- - Viral RHS4348 Negative control
silencing
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Table 3 Primer sequences employed in the study

Target F/R Sequence

ACTB F 5’ -CCAACCGCGAGAAGATGA- 3’

ACTB R 5’ -CCAGAGGCGTACAGGGATAG- 3’
GAPDH F 5’ -TGATGACATCCAGAAGGTGG- 3’
GAPDH R 5’ -TTTCTTACTCCTTGGAGGCC- 3’

GTSF1 F 5’ -GCAGACCAGCACCCCATTTGTC- 3°
GTSF1 R 5’ -GGCAGAGATTTGGGAACTCGCA- 3’
L1 ORFI F 5’ -AGGAAAGCCCATCAGACTAACAGT- 3’
L1 ORF1 R 5’ -GGCCTGGTGGTGACAAAATCT- 3’

L1 ORF?2 F 5’ -TCATAAAGCAAGTCCTCAGTGACC- 3’
L1 ORF2 R 5’ -GGGGTGGAGAGTTCTGTAGATGTC- 3’
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Chapter 3 : Results — Part 1

Ectopic expression of developmental programs in cancer and in

CTCL

Contributions: All the work presented in this chapter was contributed by me, except: Figure 3.3A,
TCGA data retrieval and initial statistical analysis was performed by Dr. Pingxing Xie and Dr.
Philippe Lefrancois; figure 3.3C, western blot analysis of GTSF1 expression in a panel of lung
cancer cell lines was performed by Dr. Jennifer Gantchev; and figure 3.3E, RT-qPCR of GTSFI
mRNA expression in a panel of CTCL cell lines was performed by Dr. Jennifer Gantchev. In
addition, support for GFP" cell sorting was provided by the immunophenotyping platform at the
RI-MUHC and mass spectrometry and protein identification was performed by the proteomics

platform at the RI-MUHC.
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3.1 Preface

Research projects in our lab aim to understand the role reactivation of developmental programs
have in carcinogenesis. In particular, we focus on two developmental programs in cutaneous
malignancies: TEs and cancer-germline antigens. Some of our work includes reports regarding the

122,123

reactivation of TEs in CTCL cells and keratinocytes , and the role the germ cell gene

HORMADI has in the GIN of SCCs 2.

I am particularly interested in elucidating the role of the germ cell gene GTSF1. GTSFI is
essential for gametogenesis; in mice, GTSF1 controls the expression of TEs *. Considering the
recurrent reports of the ectopic GTSFI mRNA expression in CTCL and its association with a worse

prognosis, the investigation of this gene is relevant.

In addition, the expression of these genes in somatic cancer cells can be further exploited for
immunotherapy '>!3. Therefore, there is high relevance and advantages of understanding the role

these genes have in carcinogenesis and in the hallmarks of cancer.
3.1.1 Hypothesis

Considering the evidence published from our lab and from other labs, I hypothesized that:
The reactivation of TEs in somatic cancer cells induces GTSF1 expression. GTSF1 induces
silencing of some TEs via DNA methylation, maintaining a balance of GIN that is beneficial for

the cancer cells.
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3.1.2 Objective

In chapter 3, I aim to evaluate the reactivation of TEs and the consequences of this

reactivation in carcinogenesis, with a focus on the germ cell gene GTSF1.
3.1.3 Experimental Rationale

Through an experimental approach, to determine the role of GTSF1 in carcinogenesis,
particularly its impact in GIN. This understanding is clinically relevant. First, GTSFI mRNA has
the potential to be used as a prognostic tool in CTCL; second, due to its germ cell restricted
expression and its presumed immune privilege, GTSF1 can be a valuable prospect for targeted

therapy.
3.2 Results

3.2.1 Transposons and their control programs are not constitutively expressed in cell

lines representing diverse malignancies

Previous work from our lab evaluated GTSF1 and PIWIL2 protein expression in CTCL
cell lines, reporting expression of both at the transcriptional and translational level. 22, Both
proteins are members of the piRNA pathway, therefore, I sought to analyze the expression of other
critical members of the piRNA pathway in CTCL and other malignancies, i.e. Tudor Domain
Containing 9 (TDRD9), PIWIL4, DEAD-Box Helicase 4 (DDX4) and PIWIL2. I reasoned that a
focus on protein expression can provide evidence as to whether the piRNA pathway is activated.
Western blot analysis of these proteins in CTCL cell lines revealed a pattern of heterogeneous
expression (Figure 3.1 A). However, no obvious connection regarding the expression pattern of
these different proteins can be discerned. In other words, whether expression of one protein is
associated with expression of another one cannot be discerned from this western blot analysis. In
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addition, DDX4 is not expressed in any cell line. It has been demonstrated that a lack of DDX4
expression suggests that there is no reactivation of the piRNA pathway in cancer '?*. To evaluate
reactivation of TEs, I performed a western blot analysis of L1 ORFIp (Figure 3.1 B). ORFlp is
one of the two proteins encoded by the only active human retrotransposon L1 '2°. Only the cell

line SZ4 demonstrates expression of L1 ORF1p.

Then, to evaluate whether the expression and pattern of expression was specific for CTCL,
I performed the same analysis with a panel of cell lines representing other cancer types (Figure
3.1 C). All cell lines represent SCCs from different origin organs. Consistently, no clear pattern of
expression can be discerned. Furthermore, DDX4 is not expressed in any of these cell lines. Taken
together, these analyses suggest neither the piRNA pathway is active in CTCL or SCCs, nor L1 in

CTCL.
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Figure 3.1 Transposons and their control mechanisms are not constitutively expressed in diverse malignancies.

A. Western blot analysis of piRNA elements TDRD9, PIWIL4, DDX4 and PIWIL2 in CTCL cell lines. Protein from
mouse testis is used as a positive control, protein from cell line N/TERT-1 is used as a non-malignant control. GAPDH
is used as a loading control and is presented for each membrane probed. B. Western blot analysis of L1 ORFl1p
expression in CTCL cell lines. Protein from cell line Calu-6 is used as a positive control, protein from cell line N/TERT-
1 is used as a non-malignant control. GAPDH is used as a loading control. C. Western blot analysis of piRNA elements
TDRD9, PIWIL4, DDX4 and PIWIL2 in a panel of SCC cell lines. Protein from mouse testis is used as a positive
control, protein from cell line N/TERT-1 is used as a non-malignant control. GAPDH is used as a loading control and

is presented for each membrane probed.

DNA methylation is one mechanism that cells have developed to control TEs %,
Therefore, I reasoned that treatment with demethylating agents would reactivate TEs and then, I
could evaluate GTSF1 (and other piRNA pathway elements) response. Thus, I treated CTCL cell
lines with two demethylating agents, azacitadine and decitabine, for 24 hours (Figure 3.2 A).
Interestingly, treatment did not lead to a massive reactivation and expression of L1 ORF1p. This

suggests a short period demethylating treatment does not lead to strong reactivation of TEs.

57



Azacitadine Decitabine
HuT 78 HuT 78
M SuM  10uM 20uM  50uM

Untreated  01M  O.5pM  1uM  2uM  5uM  10uM  20pM  S0uM Untreated  O.1pM  0.5pM  1uM 2

R o e TR AR TS ERE

-} L1 ORF1 e S 3 . | L1ORFip
37k[’a—m P 7400 — R S SRR v
STibe WGAPDH 7102 —| A S S e —— | -0

MyLa MyLa

Untreated 0.1puM  O.5uM  1pM 2uM  5pM 10pM 20pM S0pM Untreated  0.1uM  0.5pM  1pM 2uM  SpM 10pM 20pM 50uM
50 kDa 50 kDa —
L1 ORF1 L1 ORF1
37D www maf|----~ |GA.=DH

sZ4 SZ4

Untreated  0.1pM  0.5uM 1M 2uM  5uM  10uM  20uM  50pM Untreated 0.1uM  O.5pM 1M 2uM  5uM  10uM  20uM  SO0uM

50kDa — 50 kDa —
L1 ORF1p
aTHDs — _ Hene

37kDa —
TTHDs — A S —— G — | CAPDH -—.—--———.M GAPDH

FB2B PB2B
Untreated 0.1uM  0.5pM  1uM 2pM 5pM 10pM 20uM 50pM Untreated D.1pM  0.5uM 1M 2uM 5uM 10pM 20uM 50uM
50 kDa — 50kDa — 3
‘u ORF1p . 3 " ¥ L1 ORF1p
37kDa — - 37kDa — i T L
mna—‘-__—-— ——— "GAPDH TR
T ——————— | caeon
Mac2A Mac2A
Untreated  01pM  05pM  1uM  2uM 5uM 10uM 20pM  50uM Untreated  0.1pM  0.5uM  1uM 2uM  5uM 10pM 20uM  50uM

50kDa 50kDa —
37kDa — 37 kDa
— GAPDH
00— ——— o — —— S —— e i

Figure 3.2 Treatment with demethylating drugs do not lead to massive transposon reactivation and expression.
A. Western blot analysis of L1 ORF1p after 24 hour treatment with demethylating agents with CTCL cell lines. Cells
were treated with different concentrations of azacitadine (left) and decitabine (right). Cells incubated with DMSO are

considered untreated. GAPDH is used as a loading control.

3.2.2 GTSF1 is ectopically expressed in multiple malignancies

To better understand the expression of GTSFI across multiple malignancies, we assessed
its transcriptional expression across 33 cancer types with TCGA. Data was retrieved from
cBioPortal and statistical analysis was performed. We compared the level of GTSFI mRNA
expression in cancer and its normal adjacent tissue (Figure 3.3 A). This analysis showed that
GTSF1 is significantly overexpressed in Breast Invasive Carcinoma (BRCA), Head and Neck

Squamous Cell Carcinoma (HNSC), Kidney Renal Clear Cell Carcinoma (KIRC) and Kidney
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Renal Papillary Cell Carcinoma (KIRP). In addition, Acute Myeloid Leukemia (LAML),
Lymphoid Neoplasm Diffuse Large B-cell Lymphoma (DLBC) and Testicular Germ Cell Tumors
(TGCT) show the highest level of expression, however no normal adjacent tissue data was

available to perform statistical analysis. This suggests GTSF'I is heterogeneously expressed across

different cancer types.
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Figure 3.3 GTSF1 is heterogeneously expressed across different cancer types.

A. Relative GTSFI expression in Transcript per Million (TPM) across 33 cancer types (brown) and their normal
counterpart (black) from TCGA. Differential expression between cancer and normal adjacent tissue was assessed with
Markov Chain Monte Carlo method and Bonferroni adjustment with p<0.05. Data are presented as means + s.d. B.
Western blot analysis of GTSF1 in CTCL cell lines. GAPDH is used as a loading control. C. Western blot analysis of
GTSF1 in lung cancer cell lines. GAPDH is used as a loading control. D. Western blot analysis of GTSF1 in an AML

cell line. Protein from cell line Mac2A is used as a positive control. GAPDH is used as a loading control. E. Relative
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GTSF1 expression normalized to ACTB in a panel of CTCL cell lines (left) and an AML cell line (right). Expression is
normalized to the highest-expressing cell line (left) or to the lowest-expressing cell line (right) in each graph. Data are
presented as means of three biological replicates + s.d. LAML, Acute Myeloid Leukemia; ACC, Adrenocortical
carcinoma; BLCA, Bladder Urothelial Carcinoma; LGG, Brain Lower Grade Glioma; BRCA, Breast invasive
carcinoma; CESC, Cervical squamous cell carcinoma and endocervical adenocarcinoma; CHOL, Cholangiocarcinoma;
COAD, Colon adenocarcinoma; ESCA, Esophageal carcinoma; GBM, Glioblastoma multiforme; HNSC, Head and
Neck squamous cell carcinoma; KICH, Kidney Chromophobe; KIRC, Kidney renal clear cell carcinoma; KIRP, Kidney
renal papillary cell carcinoma; LIHC, Liver hepatocellular carcinoma; LUAD, Lung adenocarcinoma; LUSC, Lung
squamous cell carcinoma; DLBC, Lymphoid Neoplasm Diffuse Large B-cell Lymphoma; MESO, Mesothelioma; OV,
Ovarian serous cystadenocarcinoma; PAAD, Pancreatic adenocarcinoma; PCPG, Pheochromocytoma and
Paraganglioma; PRAD, Prostate adenocarcinoma; READ, Rectum adenocarcinoma; SARC, Sarcoma; SKCM, Skin
Cutaneous Melanoma; STAD, Stomach adenocarcinoma; TGCT, Testicular Germ Cell Tumors; THYM, Thymoma;
THCA, Thyroid carcinoma; UCS, Uterine Carcinosarcoma; UCEC, Uterine Corpus Endometrial Carcinoma; UVM,

Uveal Melanoma.

To evaluate this heterogenous expression in vitro, we performed analyses at the mRNA and
protein level. First, we performed western blot analysis with multiple cell lines representing
different cancer types. Consistent with previous publications from our lab **!?2 all CTCL cell lines
tested showed GTSF1 expression at varying levels (Figure 3.3 B). Analysis of a lung cancer cell
line panel showed heterogenous GTSF1 expression (Figure 3.3 C). Analysis of a single AML cell
line also showed high GTSF1 expression (Figure 3.3 D). Second, assessment of the mRNA
expression showed GTSFI expression in CTCL and AML cell lines at varying levels (Figure 3.3
E). Collectively, these results suggest GTSF1 expression, both at the mRNA and protein levels, is

highly heterogeneous.
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Figure 3.4 Cell line models for studying the role of GTSF1 in carcinogenesis.

A. Western blot analysis of GTSF1 after shRNA knockdown in Mac2A (left) and MyLa (right) with three different
plasmid constructs. GAPDH is used as a loading control. B. Western blot analysis of GTSF1 after shRNA knockdown
in three CTCL cell lines, Mac2A, MyLa and SZ4. GAPDH is used as a loading control C. Relative GTSFI expression
normalized to GAPDH after shRNA knockdown in the three CTCL cell lines. Expression is normalized to the non-
silencing control (SCR) for each cell line. Data are presented as means of three biological replicates + s.d. D. Western

blot analysis of GTSF1 after shRNA knockdown in the lung cancer cell line H1975. B-actin is used as a loading control.

To further understand the role of GTSF1 in carcinogenesis, I developed four cell line models
in which GTSF1 expression was silenced with shRNA technology. For studying CTCL, I
developed three models. The three selected cell lines represent 80% of all CTCL variants
Mac2A represents pcALCL, MyLa represents MF and SZ4 represents SS 2. After testing three
different sShRNA constructs (Table 2), I selected the plasmid with the strongest silencing effect at
the protein level for each cell line (Figure 3.4 A). For these three CTCL cell lines, I used the
plasmid V2LHS 24307 to perform all further experiments. The shRNA in this plasmid targets the

non-coding 3’ Untranslated Region (UTR) (Figure 3.4 B-C). For studying other malignancies, I
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developed a model with the lung cancer cell line H1975. I used the plasmid V3LHS 304725 to

perform all experiments. The shRNA in this plasmid targets the non-coding ORF (Figure 3.4 D).

3.2.3 In CTCL and lung cancer, GTSF1 is not a master regulator of proliferation and

survival

As an initial approach, I evaluated whether GTSF1 is essential for these cancer cell lines.
I hypothesized that the expression of germ cell genes by cancer cells signals a dependency for
survival and proliferation. To evaluate proliferation and survival of CTCL cells, I performed a cell
proliferation assay from 24 to 144 hours with the three cell lines (Figure 3.5 A). Surprisingly,
GTSF1 knockdown did not affect cell numbers of any of the cell lines tested at any time point.
Due to the limitations associated with the cell proliferation assay, I decided to evaluate

proliferation and survival with assays that have higher sensitivity and specificity.

To evaluate whether GTSF1 knockdown led to increased apoptosis, I performed annexin
V/PI staining with the three CTCL cell lines. None of the three cell lines showed that GTSF1
knockdown led to an increase in apoptotic cells (Figure 3.5 B). Then, to further evaluate the impact
of GTSF1 knockdown in proliferation, I performed immunofluorescence staining against the
proliferation marker Ki67 (Figure 3.5 C). Consistently, Ki67 staining showed GTSF1 knockdown

did not impact proliferation of any of the three cell lines.
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Figure 3.5 GTSF1 is not a master regulator of cell survival in CTCL cells or lung cancer cells.

A. Cell proliferation assay after GTSF1 knockdown for Mac2A, MyLa and SZ4 from 24 hours up to 144 hours. All
graphs show SCR (dark blue) and shGTSF1 (light blue). Data are presented as mean cell number of three biological
replicates + s.d. B. Annexin V/PI assay after GTSF1 knockdown for Mac2A, MyLa and SZ4. Representative dot plots
(left) from MyLa SCR and shGTSF1 are presented. Percentage of total apoptotic cells (right) defined as annexin V* +
annexin V' PI* cells. Differences between SCR (dark blue) and shGTSF1 (light blue) were evaluated with unpaired two-
tailed t test. Data are presented as means of three replicates + s.d. C. Ki67 immunofluorescence staining after GTSF1
knockdown for Mac2A, MyLa and SZ4. Representative photos of DAPI, Ki67 and merged channels (left) from Myla.
Scale bars represent 20 pm. Percentage of proliferating cells (right) defined as Ki67 positive cells. Differences between
SCR (dark blue) and shGTSF1 (light blue) were evaluated with unpaired two-tailed t test. Data are presented as means
of three replicates + s.d. D. MTT assay after GTSF1 knockdown for H1975 from 0 hours up to 168 hours. Graph shows
SCR (dark pink) and shGTSF1 (light pink). Data are presented as mean cell number of three biological replicates + s.d.

To evaluate whether GTSF1 is essential for the cell line H1975, I performed an MTT assay
(Figure 3.5 D). Consistently, GTSF1 knockdown did not affect cell number at any time point.

Taken together, these data suggest that GTSF1 is not a master regulator of survival in CTCL nor

lung cancer cells.
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3.2.4 Inlung cancer, GTSF1 controls transposons

In germ cells from male mice, it has been established that GTSF1 participates in the piRNA
pathway °. This pathway identifies active TEs and recruits silencing machinery. In a process akin
to the maturation of miRNAs, the processing of the piRNAs is aided by GTSF1. Therefore, I
evaluated whether in the models I developed, GTSF1 was contributing to control of TEs. Although
the piRNA pathway might not be active as suggested above (Figure 3.1), other transposon control
mechanisms could allow GTSF1 participation. I reasoned that if GTSF1 was controlling TEs
expression, its knockdown would lead to an increased expression of TEs and increased

transposition events
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Figure 3.6 GTSF1 modifies transposon activity in lung cancer but not in CTCL.
A. Luciferase activity from dual luciferase retrotransposition assay in Relative Luminescence Units (RLU) after GTSF1

knockdown for Mac2A, MyLa and SZ4. Each assay was performed with two reporter plasmids pYX014 and pYX017
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for each CTCL cell line. Differences between SCR (dark blue) and knockdown shGTSF1 (light blue) were evaluated
with unpaired two-tailed t test. Data are presented as means of three biological replicates + s.d. B. Western blot analysis
(top) of L1 ORFl1p after GTSF1 knockdown for Mac2A, MyLa and SZ4. Protein from Calu-6 is used as a positive
control. GAPDH is used as a loading control. Relative LI ORFI (bottom left) and L/ ORF?2 (bottom right) mRNA
expression normalized to GAPDH after GTSF1 knockdown for Mac2A. Expression is normalized to SCR. Differences
between SCR (dark blue) and shGTSF1 light blue) were evaluated with unpaired two-tailed t test. Data are presented as
means of three biological replicates + s.d. C. Representative photos of antibiotic based retrotransposition assay with two
reporter plasmids pAlu and pJM101/11.3 after GTSF1 knockdown for the cell line H1975. pCDNA 3.1 is used as a

positive control and pUC 18 is used as a negative control.

With the CTCL cell line models, I performed a dual luciferase retrotransposition assay '!!
(Figure 3.6 A). Briefly, only after a full retrotransposition event luciferase would be expressed
and luminescence be recorded. I performed this analysis with two different reporter plasmids
(pYXO014 and pYXO017) each with a different promoter. Surprisingly, GTSF1 knockdown did not
lead to increased luminescence in any of the three cell lines evaluated. Both plasmids showed
consistent results: GTSF1 knockdown did not lead to increased retrotransposition events regardless
of the reporter plasmid employed. To further evaluate the potential reactivation of TEs, I evaluated
L1 expression at the translation and transcriptional level. Western blot analysis of LI ORFl1p
showed no increase of expression after GTSF1 knockdown. Consistently, RT-qPCR with Mac2A

showed no increased expression of the two L1 ORFs, ORFI and ORF?2 (Figure 3.6 B).

To evaluate TEs reactivation in the H1975 cell line, I performed an antibiotic based
retrotransposition assay ''° (Figure 3.6 C). The principle is the same than the dual luciferase
retrotransposotion assay: Only after a full retrotransposition event the antibiotic resistance gene
will be expressed. I performed this assay with two different reporter plasmids, pAlu A for trans
retrotransposition and pJM101/L1.3 for cis transposition of L1. Interestingly, GTSF1 knockdown
decreased the number of colonies obtained after cis transposition with pJM101/L1.3; this means

that after GTSF1 knockdown fewer cells expressed the antibiotic resistance gene. This suggests
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that GTSF1 knockdown led to less transposition events. Taken together, these results suggest that

the role of GTSF1 is different in CTCL cells than in lung cancer cells.
3.2.5 GTSF1 knockdown does not increase genomic instability in lung cancer

TEs have multiple mechanisms that allow them to contribute to carcinogenesis *'°. One of
these mechanisms is facilitating GIN . In our lab we have developed expertise in evaluating this
hallmark of cancer ''?, therefore I evaluated whether GTSF1 knockdown led to GIN changes in
the cell line H1975. Immunofluorescence staining and quantification of yYH2AX, a marker of DNA
double-strand breaks (DSBs), demonstrated that GTSF1 knockdown did not increase the
percentage of DSBs (Figure 3.7 A left). An advantage of this staining is that it allows to
differentiate levels of GIN: type 1 shows less than 10 nuclear foci indicating low DNA damage;
type 2 shows more than 10 nuclear foci indicating high DNA damage; and type 3 shows pan-
nuclear staining indicating a pre-apoptotic state ''>. Although I was able to identify all types of
YH2AX staining (Figure 3.7 A middle), quantification of each type showed no differences after
GTSF1 knockdown (Figure 3.7 A right). In addition, I performed RPA2 immunofluorescence
staining. RPA2, another commonly used marker of DNA damage, binds to single-stranded DNA
(ssDNA) %7, In agreement, GTSF1 knockdown did not increase the percentage of ssDNA (Figure
3.7 B). Taken together, these data shows that although GTSF1 knockdown leads to a change in

TEs reactivation in H1975, this change does not impact the baseline level of GIN.
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Figure 3.7 GTSF1 knockdown does not increase genomic instability in lung cancer.

A. Immunofluorescence staining for YH2AX after GTSF1 knockdown for H1975. Percentage of yH2AX positive cells
(left). Differences between SCR (dark blue) and shGTSF1 (light blue) were evaluated with unpaired two-tailed t test.
Data are presented as means of three biological replicates =+ s.d. Representative merged photos (middle) of each type of
YH2AX staining in H1975. Percentage of yH2AX positive cells with each type of staining (right). Differences between
SCR (dark blue) and shGTSF1 (light blue) were evaluated with multiple unpaired two-tailed t tests with Welch
correction and the two-stage step-up correction method. Data are presented as means of three biological replicates + s.d.
B. Immunofluorescence staining for RPA2 after GTSF1 knockdown for H1975. Percentage of RPA2 positive cells.
Differences between SCR (dark blue) and shGTSF1 (light blue) were evaluated with unpaired two-tailed t test. Data are

presented as means of three biological replicates + s.d.

3.2.6 GTSF1 interacts with protein members of tRNA pathways, DNA synthesis and

cellular respiration

In an effort to better understand the context of GTSF1 expression and behavior, I induced
OE of GTSF1 in the cell line HEK293T (Figure 3.8 A). Following, I performed
immunoprecipitation with GTSF1 antibody and normal IgG as an isotype control (Figure 3.8 B).
Protein interactors were identified with Mass-spectrometry. Fold change analysis between IgG and
GTSF1 immunoprecipitation rendered 512 protein interactors with GTSF1. Top protein interactors
included DYPSL2, HMGCS1, GMNN, NUP153 and CSNK2AI1. To further understand the
protein-protein interactions, I created an interaction map with the top 50 enriched proteins
identified (Figure 3.8 C). Interestingly, GTSF1 (Figure 3.8 C bottom in light blue) has no

previously reported interaction with any of these proteins. Pathway enrichment analysis of the
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interactome, rendered top hit pathways such as cytosolic tRNA aminoacylation, synthesis of DNA

and anaerobic respiration (Figure 3.8 D).
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Figure 3.8 GTSF1 interacts with protein members of tRNA pathways, DNA synthesis and cellular respiration.
A. Western blot analysis of GTSF1 in HEK293T cells after OE. GAPDH is used as a loading control. B.

Immunoprecipitation with anti-GTSF1 antibody and normal IgG as an isotype control followed by western blot analysis

of GTSF1. Lane 1 constitutes 10% of the initial input; lane 2 constitutes the flow through after immunoprecipitation

with anti-GTSF1; lane 3 constitutes precipitate with anti-GTSF1; lane 4 constitutes flow through after

immunoprecipitation with normal IgG; and lane 5 constitutes precipitate with normal IgG. In lanes 2 and 5 the heavy

and light chains of the antibodies can be identified. C. Interaction map of the top 50 enriched proteins after anti-GTSF1

immunoprecipitation. Map was created with STRING. GTSF1 can be found at the bottom of the map in a light blue
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circle. Mass-spec was performed with one biological replicate. D. Pathway enrichment analysis showing -Logio (p-adj)
of the top 50 GTSF1 interactors. Pathways from Gene Ontology (GO): Biological Processes are shown in pink and

pathways from Reactome are shown in brown. A higher resolution graph can be found in Appendix 1.

From the top 50 enriched proteins identified in the OE model (Figure 3.9 A), I selected
Geminin (GMNN) to validate its interaction with GTSF1 in a CTCL cell line. GMNN is a protein
that regulates the cell cycle, and its increased expression has been associated with cancer '8, 1
performed anti-GTSF1 immunoprecipitation with lysate from the CTCL cell line Mac2A, followed
by western blot analysis of GTSF1 and GMNN. Interestingly, I was not able to detect GMNN co-
immunoprecipitation with GTSF1 in Mac2A (Figure 3.9 B). This was the only interaction I

performed validation.
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Figure 3.9 GTSF1 interactors in the CTCL cell line Mac2A.

A. Heatmap showing foldchange of anti-GTSF1 immunoprecipitation interactors compared to normal IgG in GTSF1
OE HEK293T cells. Each column represents an interactor and the top 50 interactors are shown in alphabetical order.
The foldchange scale is presented at the bottom. B. Co- immunoprecipitation with anti-GTSF1 and normal IgG as an
isotype control followed by western blot analysis of GTSF1 (top) and GMNN (bottom). Lane 1 constitutes 10% of the
initial input; lane 2 constitutes precipitate with anti-GTSF1; lane 3 constitutes precipitate with normal IgG; lane 4
constitutes flow through after immunoprecipitation with anti-GTSF1; and lane 5 constitutes the flow through after

immunoprecipitation with normal IgG.

3.3 Chapter 3 conclusions: the role of GTSF1 is context dependent.

In this chapter, 1 started evaluating reactivation of developmental programs in cancer,
narrowing down my research to a specific gene, GTSF1. I have shown that reactivation of TEs and

their control mechanisms is heterogeneous and variable in multiple cancer types. Then, [ narrowed
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my research to GTSF1, a highly relevant gene to the clinical behavior of CTCL. In parallel,
evaluation of the same gene in another cancer model allowed me to identify behaviors specific to
each cancer type. In lung cancer, GTSF1 modifies the number of transposition events. This
suggests that in lung cancer, GTSF1 exhibits its role previously identified in germ cells *. In
addition, interactome analysis demonstrated that in an OE model, GTSF1 exhibits its binding
ability to tRNA #!. Conversely, the data in this chapter do not demonstrate a specific role of GTSF1

in CTCL. Collectively, these results suggest the role of GTSF1 might be context dependent.
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Chapter 4 : Results — Part 11

Ectopic expression of germ cell gene GTSF1 in CTCL

Contributions: All the work presented in this chapter was contributed by me, except: RNA-Seq
processing from cell lines with GTSF1 knockdown and from the CTCL patient database was
performed by Dr. Danny Bergeron from the RNomics Platform at the Université de Sherbrooke.
Immunohistochemistry of GTSF1 was performed by the pathology department of The Ottawa

Hospital Research Institute.
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4.1 Bridge between Chapter III and Chapter IV

In CTCL, multiple publications have reported ectopic GTSFI expression and its association

with a worse prognosis for patients ***®. Therefore, this gene presents high clinical relevance.

In the previous chapter I showed that GTSF1 expression in CTCL is not associated with control
of TEs. Considering the majority of research in GTSF1 associates it with TEs control, its ectopic
expression in CTCL remains an intriguing question. Taking into account these points, I decided to

continue my investigation of the role of GTSF1 in carcinogenesis, now focusing only on CTCL.
4.1.1 Hypothesis

Based on the results presented in Chapter III, my refined hypothesis for Chapter IV was:

GTSF1 plays a role in carcinogenesis of CTCL.
4.1.2 Objective
In chapter 4, I aim to evaluate the specific role of GTSF1 in CTCL carcinogenesis.
4.2 Results
4.2.1 GTSF1 behaves differently in each CTCL variant

Considering the results presented in Chapter III, I decided to focus on the role of GTSF1 in
hallmarks of cancer other than proliferation and growth. Therefore, I decided to employ an
unbiased approach with bulk RNA-Seq (Figure 4.1 A). We identified the DEGs after GTSFI
knockdown in each CTCL cell line (Figure 4.1 B). Surprisingly, each cell line demonstrated a
different transcriptomic profile. The number of DEGs identified varied widely, with the most
identified in Mac2A, followed by SZ4 and the least identified in MyLa. GTSF1 knockdown

rendered 3,954 DEGs in Mac2A, 85 DEGs in MyLa and 1,819 DEGs in SZ4.
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Figure 4.1 GTSF1 knockdown in CTCL variants leads to different transcriptomic profiles.

A. Principal Component Analysis of the normalized RNA-Seq data after GTSF1 knockdown in Mac2A (left), MyLa

(middle) and SZ4 (right). B. Volcano plots of DEGs showing Log2 fold change and -Logl0 (p-adj) after GTSF1

knockdown for Mac2A, MyLa and SZ4. Each dot represents one DEG. Upregulated genes (Log2 fold change > 1) are

presented in blue, downregulated genes (Log2 fold change < -1) in red and genes with no significant change in grey.

Highlighted are GTSF1, ANOI1, ITGB7 and Lnc-CCAR2-2. C. Venn diagram of common DEGs after GTSF1

knockdown between Mac2A, MyLa and SZ4. In parenthesis the percentage from the total of queried genes is presented.

D. Relative expression in TPM of SCR (dark blue) and shGTSF1 (light blue) for the four common DEGs after GTSF1

knockdown between Mac2A, MyLa and SZ4. Data are presented as means * s.d. Higher resolution of the volcano plots

can be found in Appendix 2, Appendix 3 and Appendix 4.
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To identify a common role of GTSF1 in the three cell lines, I created a Venn diagram of all
the DEGs (Figure 4.1 C). This analysis rendered four common DEGs: GTSF1, validating the
knockdown; anoctamin 1 (ANOI), a calcium-activated channel; integrin subunit beta 7 (/ITGB?7),
a member of the integrin superfamily; and Lnc-CCAR2-2, a InRNA without any previously
described role. Importantly, except for GTSF'1, none of these genes presented the same direction
of dysregulation (Figure 4.1 D). This suggests that after GTSF1 knockdown, each CTCL variant

presents a different transcriptomic profile.

To better understand these differences, I decided to evaluate changes in the most common
dysregulated pathways in CTCL: TCR, NF-kB and JAK-STAT signaling pathways (Figure 4.2
A). Consistently, each cell line presented a different profile. Mac2A presented an overall
upregulation of these pathways, MyLa presented both up and downregulation and SZ4 presented
downregulation or no changes. To evaluate this at the translational level, I performed western blot
analysis of members of these pathways (Figure 4.2 B). These analyses confirmed the trend
identified in the heatmaps; GTSF1 knockdown in Mac2A led to increased expression and
phosphorylation indicating increased activation in these signaling pathways, while SZ4 showed
the opposite trend. Interestingly, western blot analysis of NFKB2 (labelled p100 and p52) showed
three bands in the Mac2A lane. In CTCL, NFKB2 can present C-terminal deletions which leads to
constitutive activation of the NF-«xB pathway %130, The identification of an additional band at ~80
kDa suggests Mac2A presents this C-terminal deletion. In addition, Mac2A showed increased
phosphorylation of STAT3, suggesting an activation of the STAT3 signaling pathway. MyLa
showed minimal changes in the proteins tested. Consistently, SZ4 showed changes in total STAT4
and STAT6, confirming downregulation of these pathways. Taken together, these analyses

corroborate a different profile for each cell line representing a different CTCL variant.
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Figure 4.2 Different profile after GTSF1 knockdown in CTCL’s most mutated pathways.

A. Heatmaps showing the Logz Fold Change of gene expression after GTSF1 knockdown between SCR and shGTSF1
for Mac2A, MyLa and SZ4 for the genes belonging to: TCR signaling pathway (top), NF-kB signaling pathway (middle)
and JAK-STAT signaling pathway (bottom). Each column represents a gene and each row a cell line. Gene lists were
retrieved from the KEGG database. The Logz fold change expression scale is presented at the bottom. A black rectangle
in the heatmap cell means no expression was detected. B. Western blot analysis of members of the NF-xB and the JAK-
STAT signaling pathways: NFKB2 (precursor and mature forms), pSTAT3, STAT3, STAT4, STATS, pSTAT6 and
STAT®, after GTSF1 knockdown in Mac2A, MyLa and SZ4. GAPDH is used as a loading control and is presented for

each membrane probed.

CTCL patients often develop immunosuppression, influenced by mutations in the TCR, NF-

kB and JAK-STAT signaling pathways °*7!. Therefore, the reported reactivation of these pathways
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in Mac2A represents high clinical relevance. Thus, to better understand this response, I performed
pathway enrichment analysis (Figure 4.3 A). This analysis showed that GTSF1 knockdown in
Mac2A triggers T cell activation. Top hit pathways include: defense response to virus, myeloid
leukocyte activation, acute inflammatory response, positive regulation of inflammatory response
and positive regulation of tumor necrosis factor superfamily cytokine production. Top hit pathways
for SZ4 include: negative regulation of locomotion, integrin cell surface interactions, regulation of
chemotaxis and vascular process in circulatory system. MyLa did not render any enriched pathway.
Together, these results and their clinical implications, suggested I narrowed my research to the cell

line Mac2A.
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Figure 4.3 Pathway enrichment analysis of DEGs in Mac2A shows T cell activation.

A. Pathway enrichment analysis showing -Logio (p-adj) of DEGs after GTSF1 knockdown for Mac2A (left) and SZ4
(right). MyLa DEGs analysis did not meet the criteria recommended, therefore graph is not shown. Pathways from Gene
Ontology (GO): Biological Processes are shown in pink and pathways from Reactome are shown in brown. Higher

resolution graphs for Mac2A and SZ4 can be found in Appendix 5 and Appendix 6, respectively.

4.2.2 GTSF1 knockdown leads to T cell activation and cytokine production

Interestingly, one of the top upregulated genes after GTSF1 knockdown in Mac2A was

IFNG (Figure 4.4 A top left). Another mechanism that leads to immunosuppression in CTCL
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patients is a shift in the cytokine profile in skin, from a Th1 immune-responsive to a Th2 immune-
repressive profile. The Thl profile is characterized by expression of IFNy and TNFa, while the
Th2 profile is characterized by expression of IL-4 and IL-5 7!. Moreover, CTCL is thought to arise
from skin Trwm cells. These T cells exist in a spectrum with effector cells. Therefore, I decided to
evaluate other genes associated with the memory/effector spectrum phenotype. GTSF1
knockdown led to expression changes in genes associated with both sides of the spectrum (Figure
4.4 A). Genes associated with an effector phenotype, such as IFNG and C-X-C Motif Chemokine
Receptor (CXCR) 3 showed increased expression. At the same time, genes associated with a
memory phenotype, such as eomesodermin (EOMES) showed increased expression. In addition,
genes associated with a Th2 profile, such as CCR3 and Interleukin 1 receptor-like 1 (ILI/RLI)
showed increased expression. This suggests that GTSF1 knockdown led to a dysregulation in the

memory/effector T cell phenotype spectrum.
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Figure 4.4 After GTSF1 knockdown, Mac2A shows dysregulation in clinically relevant genes.
A. Relative expression in TPM after GTSF1 knockdown of SCR (dark blue) and shGTSF1 (light blue) for clinically

relevant genes in Mac2A. Data are presented as means =+ s.d.

To further evaluate changes in cytokine production, I evaluated 34 cytokines with a

Th1/Th2/Th17 antibody array (Figure 4.5 A). The array demonstrated several cytokines were
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dysregulated after GTSF1 knockdown. Of particular interest is the increased expression of IFNy
and TNFa. Due to the limitations associated with this analysis, I decided to perform ELISA assays
for the clinically relevant cytokines. ELISA assays of the Thl associated cytokines IFNy and
TNFa, confirmed GTSF1 knockdown led to increased production of these cytokines (Figure 4.5
B). By contrast, initial evaluation of the Th2 associated cytokines IL-4 and IL-5 demonstrated no
production. To confirm this predominance of Thl associated cytokines, I chemically stimulated
the cells and evaluated IL-4 and IL-5 production. GTSF1 knockdown prevented IL-4 production,
only under PMA chemical stimulation (Figure 4.5 C). Production of IL-4 was not identified under
other stimulation conditions. Taken together, these data suggests that GTSF1 knockdown leads to

T cell activation which is accompanied by Th1 cytokine production.
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Figure 4.5 Cytokine dysregulation in Mac2A: increased IFNy and TNFa.

A. Cytokine membrane array analysis after GTSF1 knockdown in Mac2A. Representative images of membranes are
shown for SCR (top) and shGTSF1 (bottom). Mean signal density (right) of all cytokines. Differences between SCR
(dark blue) and shGTSF1 (light blue) were evaluated with Mann-Whitney test and Holm-Sidék correction method. Data

are presented as means of two replicates + s.d. All comparisons returned p > 0.999. B. ELISA assays for production of
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IFNy (left) and TNFa (right) from SCR (dark blue) and shGTSF1 (light blue) after GTSF1 knockdown in Mac2A.
Differences were evaluated with unpaired two-tailed t test. Data are presented as mean concentration of three biological
replicates + s.d. C. Chemical stimulation followed by ELISA assay for production of IL-4 from SCR (dark blue) and
shGTSF1 (light blue) after GTSF1 knockdown in Mac2A. Experiment was performed once, and data are presented as

mean concentration of three technical replicates.

In addition to cytokine production, T cell activation can be evaluated with other markers.
Therefore, I evaluated the surface expression of CD25 after GTSF1 knockdown (Figure 4.6 A).
CD2S5 is a well-known marker of T cell activation ®°. Surprisingly, GTSF1 knockdown did not lead
to an increased percentage of CD25 positive cells. Another marker of T cell activation is an

increased ribosomal and mitochondrial biogenesis '*!

. Western blot analysis of the S6 ribosomal
protein showed no changes after GTSF1 knockdown (Figure 4.6 B). Finally, I evaluated metabolic
changes associated with the memory/effector phenotypes. Effector cells favor glycolysis and
production of lactate for their metabolic needs, while memory cells favor oxidative

phosphorylation !

. Quantification of the extracellular lactate production showed no changes after
GTSF1 knockdown (Figure 4.6 C). These contrasting data suggest other markers of T cell

activation remain unchanged after GTSF1 knockdown.
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Figure 4.6 Evaluation of additional T cell activation markers.

A. Flow cytometry analysis of cell surface marker CD25. Representative histogram (left) of SCR (red) and shGTSF1
(blue) after GTSF1 knockdown in Mac2A. Percentage of CD257 cells (right). Differences between SCR (dark blue) and
shGTSF1 (light blue) were evaluated with unpaired two-tailed t test. Data are presented as means of three biological
replicates + s.d. B. Western blot analysis of S6 ribosomal protein after GTSF1 knockdown in Mac2A. GAPDH is used
as a loading control. C. Luciferase-based extracellular lactate assay in Relative Luminescence Units (RLU) after GTSF1
knockdown in Mac2A. Differences between SCR (dark blue) and knockdown shGTSF1 (light blue) were evaluated with

unpaired two-tailed t test. Data are presented as means of three biological replicates + s.d.
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4.2.3 Evaluating the consequences of cytokine dysregulation

The contrasting results presented above prompted me to evaluate the consequences of cytokine
dysregulation. Some evidence suggests that exposure of T cells to TNF ligands can lead to cell
death '*2. Considering that my previous results in Chapter III showed no increased cell death
(Figure 3.5), I decided to investigate whether the downstream elements of TNF signaling showed
any changes. TNF signaling can lead to two possible scenarios, to NF-«kB activation or to cell death
by apoptosis or necroptosis. Phosphorylation of receptor Interacting Serine/Threonine Kinase 1
(RIPK1) leads to NF-kB activation, survival, and differentiation while lack of phosphorylation of
RIPK1 leads to cell death 3. Western blot analysis at different time points showed GTSF1
knockdown led to lower phosphorylation of RIPK1 levels and higher levels of total RIPK 1 (Figure
4.7 A). Activity of caspase 8, effector of the apoptosis arm of TNF signaling, was decreased after
GTSF1 knockdown (Figure 4.7 B). These results are contradictory: A decrease in phosphorylation
of RIPK1 suggests that these cells will undergo cell death, however the decreased caspase 8
activity suggests the opposite. Despite this, the involvement of the NF-kB pathway, as shown
above (Figure 4.2), is further confirmed with these results. Taken together, these data suggest the

particular behavior of the NF-kB pathway in Mac2A can be influenced by GTSF1.
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Figure 4.7 Increased TNFa does not trigger TNF-induced cell death.

A. Western blot analysis of members of the TNF-induced cell death pathway, pRIPK1 and RIPK1, after GTSF1
knockdown in Mac2A. Different time points were evaluated. GAPDH is used as a loading control. B. Caspase 8 assay
after GTSF1 knockdown in Mac2A. Absorbance of SCR (dark blue) and shGTSF1 (light blue) at different time points
are shown. Experiment was performed once, and data are presented as average of two technical replicates. C. Western
blot analysis of total and cleaved caspases: caspase 9, caspase 3 and caspase 7, after GTSF1 knockdown in Mac2A.
GAPDH is used as a loading control. D. Western blot analysis of the proliferation marker PCNA. GAPDH is used as a

loading control. Panels C and D are the same membrane probed for multiple proteins.

To further identify any apoptosis signaling changes after GTSF1 knockdown, I evaluated
changes in expression of other members of the apoptotic pathway (Figure 4.7 C). Western blot
analysis suggests a slight decreased activation of apoptotic pathways after GTSF1 knockdown.
However, due to the limits associated with western blot analysis, no definitive conclusions can be
drawn. Evaluation of the proliferation marker proliferating cell nuclear antigen (PCNA) further
confirmed that increased TNFa production does not lead to changes in proliferation (Figure 4.7

D).
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Figure 4.8 Increased TNFa is not associated with cellular senescence.

A. Western blot analysis of cell cycle regulators, pl4, p16, p21, pRb and Rb, after GTSF1 knockdown in Mac2A.
GAPDH is used as a loading control and is presented for each membrane probed. B. Relative expression of SASP genes
normalized to ACTB after GTSF1 knockdown for Mac2A. Expression is normalized to SCR. Experiment was performed

once, and data are presented as mean of three technical replicates.

Another possible explanation for the phenotype reported here is triggering of the senescent
program after GTSF1 knockdown. Some characteristics that define senescent T cells are the
production of cytokines such as IL-2, IL-6, IL-8, TNF, IFNy, IL-10 and TGF-f. Production of
these cytokines is defined as a senescence-associated secretory phenotype (SASP) 34, Therefore,
I first evaluated changes in cell cycle regulators (Figure 4.8 A). Western blot analysis showed no
changes in any of the cell cycle regulators evaluated, i.e. p14, p16, p21 and Rb. Then, I evaluated
whether GTSF1 knockdown led to expression of SASP genes, CCL2, CXCL2, IFN-p, IL-6, IL-8
and MMP3 (Figure 4.8 B). GTSF1 knockdown led to changes in the level of expression of these
genes, both up and downregulation. These data suggest that GTSF1 knockdown does not lead to
senescence in Mac2A cells. Collectively, these data suggest the changes in cytokine production
after GTSF1 knockdown influence the NF-kB pathway but do not lead to changes in apoptosis or

senescence.
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4.2.4 Increased GTSF1 expression is associated with a worse prognosis for CTCL

patients

Finally, to evaluate the relationship between GTSFI expression and clinical course, we
evaluated transcriptomic profiles from CTCL patients. Data was accessed from the publicly
available study GSE168508 !°!. Patients were ranked based on the level of GTSFI mRNA
expression. Based on this rank, I classified the patients in high expression group (highest tertile,
n=15) and low expression groups (middle and lowest tertile, n=30) (Figure 4.9 A). Interestingly,
the two patients with most advanced disease stage (stage [VB), were classified in the high GTSF
expression group (Figure 4.9 B). Survival analysis demonstrated that patients with high GTSF
expression present a worse prognosis: lower overall survival and faster progression (Figure 4.9
C). Immunohistochemical analysis of GTSF1 in a previously published ** patient cohort from our
lab confirmed heterogeneous expression in skin samples (Figure 4.9 D). Expression can be

identified in pleomorphic enlarged cells (Figure 4.9 D, arrows)
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Figure 4.9 Validation of GTSF1 expression in a patient cohort.

A. Relative GTSF1 expression in TPM of CTCL patients. Differential expression between high (brown) and low (pink)
GTSF1 expression groups was analyzed with Mann-Whitney test with p<0.05. Whiskeys represent minimum and
maximum and lines in the middle of boxes represent the median. B. Number of patients in each disease stage classified
by GTSF1 expression levels. C. Kaplan-Meier plots of CTCL patients’ disease outcomes: Overall Survival (top) and
Progression-Free Survival (bottom). Differences in survival between high (brown) and low (pink) GTSF1 was identified
with Log-rank (Mantel-Cox) test with p<0.05. D. Representative immunohistochemistry of GTSF1 in skin biopsies from
CTCL patients. Each panel represents a different patient. Arrows signal nuclear GTSF1 expression in pleomorphic
epidermotropic T cells. Negative control (normal skin) is presented bottom left and positive control (normal human

testis) is presented bottom right. Scale bars represent 50 um.

4.3 Chapter 4 conclusions: GTSF1 modifies the memory/effector phenotype in CTCL

In this chapter, I decided to focus only on the role of GTSF1 in CTCL and the CTCL variant
of pcALCL represented by the cell line Mac2a. I have shown that GTSF1 knockdown leads to
different profiles for each CTCL cell line, as models of different CTCL variants. GTSF1

knockdown in Mac2A leads to T cell activation and cytokine production. This phenotype suggests
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that GTSF1 modifies the memory/effector phenotype of the malignant cells. GTSF1 knockdown
led to a partial shift towards the effector phenotype. Interestingly, other markers of effector
phenotype, such as CD25 expression or lactate production remain unchanged. In addition, I
demonstrated this phenotype is strongly associated with activation of the NF-xB pathway. Finally,
I show the potential of GTSFI as a prognosis biomarker by analyzing publicly available data from

CTCL patients.

Collectively, these results show that GTSF1 plays a role in CTCL carcinogenesis by modifying
the production of cytokines. The modification in cytokine production leads to an immune deficient
profile in these patients which ultimately allows malignant cells to proliferate and the disease to

progress.
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Chapter 5 : Discussion

Contributions: All the work presented in this chapter was contributed by me.
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5.1 Course of the research throughout my PhD

During the first year of my PhD studies, my project was focused on HMF. My supervisor, Dr.
Ivan Litvinov, had established a collaboration with Dr. Yann V. Charli Joseph in Mexico City and,
considering I lived in Mexico City before my PhD studies, I led this project. HMF is characterized
by the loss of skin pigmentation and a good overall prognosis compared to Classic MF. In addition,
this variant is more common in Mexico than in Canada, therefore our project aimed at collecting
patient samples from Mexico City, snap-freeze them and send them to Montreal for OMICs
analyses. We aimed at identifying particular genes that explained the differences between these
variants, followed by functional molecular analyses of these genes with wet lab approaches. Even

before officially initiating my studies in Montreal, I began working in this project in Mexico City.

Then, at the beginning of my second year of PhD studies, the project had been moving forward
slowly. Sample collection had not started, and the panorama was unclear. Therefore, I requested
my supervisor to start an additional wet lab project. At around that time, another PhD student at
the lab had decided to focus her research project on the reactivation of germ cell genes and GIN.
This opened the option for a research project in TEs reactivation and GTSF1 in cancer, therefore
I was assigned to this project. Some of the reagents and tools, such as the silencing vectors, were
readily available. Considering the challenges of working with suspension cell lines in general, and
working with CTCL cell lines in particular, I was advised to begin this project with adherent cell
lines. Thus, during the course of my second year of studies I worked with lung cancer cell lines,
particularly with the cell line H1975. However, during my second thesis committee meeting, my
committee suggested I change the focus of this project to CTCL. They reasoned that because in

the initial project submission and first committee meeting, I presented a project with CTCL, 1
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should continue working with this cancer type. At the same time, I continued to coordinate and

manage the collaboration project with three hospitals in Mexico City.

Hence, during the third year of my PhD studies, I started to work on elucidating the role of
GTSF1 in CTCL. I continued with this project until the end of my PhD studies. I started working
with the five most commonly used CTCL cell lines, but I was advised to reduce this number to
three, selecting the ones that would represent the most common variants of CTCL. I standardized
the transduction process to obtain multiple cell lines with GTSF1 knockdown. Considering the
preliminary results I obtained with the lung cancer cell line, I decided to start this project evaluating
TEs reactivation. I decided to evaluate TEs with different experimental approaches that provided
more sensitivity. In addition, I decided to select an unbiased approach with RNA-Seq.
Interestingly, only the cell line Mac2A showed a clinically relevant phenotype. Consequently, the
last year and a half of my PhD studies I focused on deciphering the changes that GTSF1

knockdown triggered in Mac2A.

As for the project in collaboration with Mexico City, I was able to coordinate the delivery of
material an equipment necessary for patient sample collection and a few samples were collected.
In addition, I established another collaboration for analysis of FFPE HMF samples. Currently, the
snap-frozen samples project is cancelled due to unforeseen challenges related to the shipment of
biological samples between the two countries. The FFPE samples project is awaiting for the

approval of a Material Transfer Agreement between the two institutions.
5.2 Summary and significance of the results presented
Phenotypic plasticity is defined as the ability of cancer cells to dedifferentiate, to block

differentiation or to transdifferentiate. It has been proposed that phenotypic plasticity is, at least in
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part, enabled by non-mutational epigenetic reprogramming of cancer cells '¥. Interestingly,
expression of germ cell genes in cancer is modified by epigenetic reprogramming !!. Therefore,
we can hypothesize that in cancer cells epigenetic changes enable the expression of developmental

programs, which in turn unlock further phenotypic plasticity for these cells.

Multiple research groups are actively investigating the specific role ectopically expressed
genes have in carcinogenesis. In our lab, we focus on two developmental programs: TEs

reactivation and ectopic expression of cancer-germline antigens.

TEs reactivation in cancer has been reported in a plethora of cancer types '*°. However, the
exact mechanism in which these elements participate in cancer can vary from cancer type and even
from patient to patient. For example, TEs can be inserted in genes responsible for DNA repair,
they can cause transcription of oncogenic isoforms, they create DSBs when are activated, among

other mechanisms 4.

Ectopic expression of cancer-germline antigens has also been associated with carcinogenesis.
For example, we recently reported ectopic expression of HORMAD1 in SCCs regulates their level
of GIN. Therefore, HORMADI expression is a survival tool for cancer cells, despite presenting

high levels of GIN 2.

In addition to the reactivation of developmental programs in cancer, our lab also focuses on
elucidating key molecular players in CTCL clinical course. Molecular classification and correct
diagnosis remain a challenge in this malignancy '*’. Therefore, previous work in our lab has aimed
to identify a gene or a cluster of genes to better diagnose and prognosticate CTCL #2-4480.138.139,

These publications have demonstrated the utility of evaluating expression changes in cancer-

germline antigens to diagnose and/or prognosticate CTCL.
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Taking this background, my thesis work had the overarching theme of understanding how the
reactivation of developmental programs contributes to carcinogenesis. In particular, my thesis
work initially intended to address the knowledge gap regarding the role of GTSF1 in
carcinogenesis. In other words, is the ectopic expression of GTSF1 contributing to carcinogenesis?
If yes, how is it contributing? Filling this knowledge gap can help us understand why ectopic
expression of this gene in CTCL patients is associated with a worse prognosis. Furthermore, filling

this knowledge gap can enable the development of better CTCL treatments.

In Chapter 3, I have showed cancer cells acquire expression of developmental programs, such
as the piRNA pathway. In germ cells, the piRNA pathway controls the expression of TEs ®.
However, I show that expression of these proteins is heterogeneous and variable across cancer
types. A member of the piRNA pathway which shows ectopic expression in cancer is GTSF1.
Consistently, I show the potential involvement of GTSF1 in TEs control in the lung cancer cell
line H1975. In addition, interactome analysis of GTSF1 suggests an involvement in tRNA
aminoacylation; in agreement with a recent publication, GTSF1 interacts with tRNAs to perform

TEs silencing *'. However, in CTCL the evidence did not support a role in TEs control. Together,

these results suggest that the role of GTSF1 might be context dependent.

In Chapter 4, 1 showed the potential role of GTSF1 in modifying the memory/effector
phenotype in malignant CTCL cells. This modification is triggered by T cell activation and
production of the Thl cytokines, IFNy and TNFa. Interestingly, previous publications have
associated high expression of GTSFI in CTCL patients with worse prognosis ***¥. However, this
association was evaluated with GTSF] as part of a gene cluster. I show here that GTSFI on its

own is associated with worse prognosis. Together, these results suggest GTSF1 expression tilts
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the balance of the memory/effector phenotype towards a memory phenotype. Then, the acquisition

of a memory phenotype potentially influences the clinical course of the disease.

Therefore, the work presented in this thesis suggests that the ectopic GTSF1 expression does
contribute to carcinogenesis. In lung cancer, it suggests participation in TEs reactivation; in CTCL,

it suggests modification of the memory/effector phenotype.
5.2.1 Reactivation of developmental programs contribute to carcinogenesis

Research efforts regarding reactivation of developmental programs in cancer hypothesize
that they are actively contributing to carcinogenesis. Previous work from our lab reported the
ectopic GTSF1 and PIWIL2 protein expression in CTCL cell lines ?; both proteins participate in
the piRNA pathway. In all cell lines I analyzed, key elements of the piIRNA pathway do not present
an obvious pattern of expression (Figure 3.1). Considering that ectopic expression of the germ
cell genes in cancer has been associated with epigenetic modifications '!, I treated CTCL cells
with demethylating agents. Contrary to what I expected, this treatment did not lead to massive
reactivation and expression of TEs (Figure 3.2). Taken together, these data suggests that the

piRNA pathway might not be active in CTCL or other malignancies.

Other members of the piRNA pathway have been associated with carcinogenesis, in
particular PIWIL2 and PIWIL4 40, However, the role these publications have reported is not
directly associated with the piRNA pathway nor TEs reactivation. For example, it has been
reported that PIWIL2 represses p53 by activating STAT3 '#!. Therefore, previous publications
support the hypothesis that ectopic expression of these genes is associated with carcinogenesis;
however, the evidence suggest that expression does not signifies these genes are performing the

same role as in their normal context.
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5.2.2 GTSF1 expression in multiple malignancies

In addition to CTCL, ectopic GTSF1 expression has been reported in AML ! and liver
cancer 2. Becker and colleagues evaluated the gene expression signature of AML patients with
WTI mutations and showed GTSF I as the top upregulated gene *°. Zhang and colleagues identified
top miRNAs associated with AML survival. Then, they evaluated the predicted targets of these
miRNAs and GTSFI mRNA was identified as a top risk factor target gene °!. Interestingly, our
analysis of GTSFI expression in cancer and normal adjacent tissue from the TCGA shows high
expression of GTSFI in AML (Figure 3.3A, labelled LAML). In the case of liver cancer, Gao
and colleagues reported a high GTSFI expression in liver tumor tissues. In their in vivo model,
GTSF1 OE led to increased tumor development in a mouse xenograft. Conversely, GTSF1
knockdown led to decreased proliferation in hepatoma cell lines 2. Interestingly, our analysis of
GTSF1 expression in cancer and normal adjacent tissue from the TCGA shows high expression of
GTSF1I in liver cancer too (Figure 3.3A, labelled LIHC). However, statistical significance was
not reached. Our evaluation of the TCGA data and of multiple cell lines representing CTCL, lung
cancer and AML, along with the literature findings, suggest GTSF'I expression is heterogeneous
across cancer types. Unfortunately, none of these publications performed functional analysis. To
the best of my knowledge, this thesis and the manuscript associated with it are the first reports of

a potential function of GTSF1 in cancer.
5.2.3 GTSF1 is not a master regulator of cell survival and proliferation

It has been hypothesized ectopic expression of germ cell genes provide cancer cells with
traits essential for survival or proliferation 2. Therefore, I hypothesized that if a cancer cell is

spending its energy and resources in expressing GTSF1, this might suggest GTSF1 is essential.
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Surprisingly, GTSF1 knockdown did not impact cell proliferation or survival in any of the four

models (Figure 3.5).

Previous publications regarding the reactivation of developmental programs have shown
both scenarios: Ectopic expression of germ cell genes can be essential or not for survival and
proliferation of cancer cells. For example, ectopically expressed PIWIL2 binds to STAT3 and c-
Src. This novel triple protein complex allows c-Src to phosphorylate STAT3, which then represses
p53 expression leading to survival and proliferation of cancer cells **'*!. On the contrary, ectopic
expression of preferentially expressed antigen of melanoma (PRAME) in AML induces caspase-
independent cell death by decreasing expression of apoptosis inhibiting proteins '*?. Therefore,
whilst the results presented here suggest GTSF1 is not a master regulator of cell survival and

proliferation, it might contribute to other hallmarks of cancer.
5.2.4 In lung cancer, GTSF1 regulates transposon elements

Previous publications regarding the role of GTSF1 in germ cells reported its participation
in the piRNA pathway. This pathway processes piRNAs in a process akin to miRNA processing,
termed piRNA biogenesis. Mature silencing complexes translocate to the nucleus to identify active
TEs by complementarity and recruit the silencing machinery ®. Specifically, GTSF1 participates
in both steps, grasping and stabilizing piRNA and also interacts with tRNAs and the mature

silencing complex to identify their targets 34!,

TEs reactivation participates in carcinogenesis. The genome-wide demethylation reported
in multiple cancer types compromises silencing of TEs '°. Once reactivated, TEs contribute to
carcinogenesis through multiple mechanisms 4. For example, TEs can cause transcriptional

deregulation by inserting in a transcriptional regulatory region or by interacting with
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transcriptional regulatory non-coding RNAs. Transcriptional deregulation then can lead to
carcinogenesis. TEs can also create GIN through insertional mutagenesis, creating unstable
microsatellite seedings, alterations in transcription, creation of DSBs and chromosomal

rearrangements %14,

Considering these points, I hypothesized that GTSF1 knockdown would lead to TEs
reactivation (or increased TEs activation from their baseline) and increased GIN. Surprisingly, in
the CTCL model GTSF1 knockdown did not increase TEs expression or function (Figure 3.6A-
B). In contrast, in the lung cancer model GTSF1 knockdown led to decreased transposon events

(Figure 3.6C) but GIN levels did not change (Figure 3.7).

Non-small cell lung cancer, the type H1975 represents, shows a strong connection between
hypomethylation of TEs and GIN ', Additionally, cancer cells aim to maintain their GIN within
certain levels: Cancer cells acquire GIN to adapt but not extreme high levels, so they are able to
replicate '*4. Thus, I reason that after GTSF1 knockdown the cells that presented extreme high
levels of GIN died by apoptosis. In addition, the antibiotic based retrotansposition assay has low
sensitivity which can lead to high levels of false negatives '!!. Moreover, my analysis does not
consider the reactivation of TEs other than L1. Therefore, care should be taken when interpreting
the results of the retrotransposition assay with H1975. In other words, the evidence presented for
the role of GTSF1 controlling TEs in lung cancer needs to be further evaluated. Because my PhD
work focused on CTCL, I left many unanswered questions regarding GTSF1 expression in lung

cancer.
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5.2.5 The role of GTSF1 is context dependent

The results presented here suggest that the role of GTSFI1 in carcinogenesis is context
dependent. Specifically, my results suggest that in lung cancer GTSF1 participates in TEs control,
while in CTCL it participates in regulating the memory/effector phenotype. Discrepancies
regarding the role of an ectopically expressed protein in two cancer types have been reported
before '*°. For example, in breast cancer PIWIL4 has been implicated in acquisition of
mesenchymal characteristics, thereby contributing to the epithelial-to-mesenchymal transition '%°.
In contrast, in AML PIWIL4 has been implicated in acquisition of stem cell features and prevention
of DNA damage '*°. Therefore, current evidence supports that an ectopically expressed gene can

perform different roles depending on the cancer types it is being expressed in. Interestingly,

previous publications analyzing GTSF1 in cancer have not focused on TEs reactivation or control.

The current understanding of GTSF1’s molecular mechanism suggests that through its
interaction with tRNAs, it directs the piRNA pathway to identify active TEs in the genome >°.
Specifically, it is the a-helical portion of the first CHHC zinc finger in GTSF1 which binds to
RNA “!. In alignment with this, interactome and pathway enrichment analyses suggest an
interaction with tRNAs (Figure 3.8 and Figure 3.9). Together, these data suggest that GTSFI1 is
able to participate in SRNA-silencing systems through its RNA interacting domain. Thus, this

possible flexibility of GTSF1 for RNA targets contributes to the context dependency hypothesis
146.

5.2.6 The role of GTSF1 is different in each CTCL variant
1 147-

CTCL is a highly heterogeneous malignancy both at the clinical and molecular leve

149 Moreover, CTCL can be classified in multiple variants and subvariants '*7. Here, I selected
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three cell lines that would represent one of the three most common CTCL variants, MF, SS and

pcALCL; therefore, these three cell lines represent approximately 80% of all CTCL variants .

CTCL is highly heterogeneous at the clinical level. The features that define one variant are
different than the features that define other variants. For example, some features that define MF
include discrete and erythematous lesions in sun-protected skin and CD4" malignant cells .
Meanwhile, SS is an aggressive variant characterized mainly by blood involvement, erythroderma
and extreme pruritus °. In contrast, pcALCL commonly affects the trunk, face and extremities and
lesions can be single or grouped and malignant cells are commonly CD30" ®. Furthermore, CTCL
is highly heterogeneous at the molecular level. Common mutations are presented in genes
associated with DNA damage repair, cell cycle, apoptosis, MAPK pathway, chromatic modifying
genes, TCR signaling, JAK-STAT signaling and NF-kB signaling. However, molecular
classification has not been possible due to the high heterogeneity that characterizes this malignancy

66, Therefore, a different role of GTSF1 in each CTCL variant (Figure 4.1 and Figure 4.2) is

aligned with the clinical and molecular heterogeneity that characterizes this malignancy.

5.2.7 In pcALCL, ectopic GTSF1 expression modifies the memory/effector

phenotype

My investigation suggests that in pcALCL, GTSF1 participates in the memory/effector T
cell phenotype. RNA-Seq and cytokine production analysis suggest that GTSF1 knockdown leads
to T cell activation and cytokine production (Figure 4.3, Figure 4.4, Figure 4.5 and Figure 4.6).

Current evidence suggests that CTCL arises from skin Try 5148

, which remain in a resting state
until re-challenge with their cognate antigens 51°°. Interestingly, memory and effector cells are

currently understood as two extremes of a spectrum. Resident memory T cells are able to

transdifferentiate into effector T cells upon re-challenge *°. Together, these data suggest that
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GTSF1 participates in the mechanisms that drive a cell from an effector towards a memory

phenotype.

Some possible explanations for the specificity of this phenotype in pcALCL include
mutations in NFKB2 and the expression of CD30. In Mac2A, western blot analysis (Figure 4.2B)
showed three bands of NFKB2: p100, the precursor form; p52, the active form; and a band of
approximately 80 kDa. It has been previously reported a C-terminal deletion in NFKB2 rendering
the NF-kB pathway constitutively active '2*13°. Another possible explanation is the influence of
CD30 in the behavior of this variant. In pcALCL, high expression of CD30 has been associated
with activation of the NF-kB and MAPK pathways that lead to cell proliferation '°!. Taken
together, current evidence suggests the NF-kB pathway is playing an essential role in the
phenotype of Mac2A after GTSF1 knockdown. Evaluation of these possible explanations can help

identify the specific context in which GTSF1 modifies the memory/effector phenotype.
5.2.8 The role of the NF-kB signaling pathway in T cells and CTCL

The NF-«kB signaling pathway is a major regulator of immune responses. The mechanisms
in which this pathway modifies the T cell lineage depend largely on the stage or cell type '*. In
mature T cells, TCR signaling activates the NF-kB pathway through a kinase signaling cascade
and recruitment of a signaling adaptor network. This network then activates the canonical and the
noncanonical NF-kB pathway >33, Nonetheless, the specific role of NF-kB in memory T cells

has been challenging to dissect '3,

The current evidence presented here suggests that the NF-«B pathway is playing an
essential role in the phenotype of Mac2A after GTSF1 knockdown. Multiple studies have shown

that in CTCL this pathway is constitutively activated . Commonly mutated members of this
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pathway include: point mutations or amplifications of TNF receptor 2 (TNFR?2); copy number gain
and activating point mutations in C4RD1 I; and C-terminus deletions in NFKB2 '>+157 In pcALCL
the expression of CD30 further involves this pathway '°!. A recent model, suggests that STAT3
mutations induce its transcriptional activity, leading to expression of NFKB2 and CD30, then,
expression of CD30 induces constitutive NF-kB activation '**. Accordingly, GTSF1 knockdown
led to increased phosphorylation of STAT3 (Figure 4.2B). Taken together, the increased activation
of STAT3 and the potential C-terminus deletion in NFKB2 discussed above (Figure 4.2 and 5.2.7)
suggests the NF-kB pathway is playing an essential role in the phenotype of Mac2A after GTSF1

knockdown.
5.2.9 Increased production of clinically relevant cytokines

In CTCL, disease progression is associated with a shift in the type of cytokines produced
in the skin. In early disease stages, skin samples show high expression of the Thl immune-
responsive cytokines IFNy and TNFa; In the late disease stages, skin samples show high

expression of the Th2 immune-repressive cytokines IL-4 and IL-5 464392159

Skin Trm produce cytokines, such as IFNy and TNFa, under inflammatory conditions or
stimulation 8. Here, I demonstrate that GTSF1 knockdown led to an increase in production of the
Th1 immune-responsive cytokines IFNy and TNFa (Figure 4.5B). Previous work demonstrated
that even after T cell stimulation, the cell lines employed here do not produce IFNy 7. In addition,
chemical T cell stimulation with PMA demonstrated that GTSF1 knockdown decreased the
potential to produce the Th2 immune-repressive cytokine IL-4 (Figure 4.5C). Intriguingly,
stimulation with ionomycin or with PMA + ionomycin did not lead to changes in IL-4 production.
PMA directly stimulates protein kinase C, downstream of the TCR '° suggesting the relevance

of these protein in GTSF1 knockdown phenotype. Taken together, these suggest that GTSF1
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knockdown triggered a response similar to when Trm cells are under inflammatory conditions or
stimulation, with a preference to produce Thl cytokines. Furthermore, this is aligned with the
ability of memory T cells to transdifferentiate into effector T cells upon re-challenge *°. In other
words, these suggest that through its participation in the mechanisms that drive a cell towards a
memory phenotype and the consequent decrease in Thl cytokines, GTSF1 participates in disease

progression.
5.2.10 Proposed model in CTCL for the role of GTSF1

The points raised in sections 5.2.1 to 5.2.9 have led me to speculate the process in CTCL
by which GTSF1 is expressed and its consequences. This model is extrapolated from the references

cited above and the experimental data presented here (Figure 5.1).

CTCL cells display high heterogeneity that is likely modified by their phenotypic
plasticity; phenotypic plasticity is enhanced by the cancer and the memory/effector T cell
phenotypes in CTCL. In addition, phenotypic plasticity is modified by epigenetic mechanisms,
which are relevant in CTCL. Thus, phenotypic plasticity facilitated by epigenetic mechanisms
induces GTSF1 expression. Then, GTSF1 likely forms a complex with tRNAs and other proteins
(not shown in model) to perform RNA silencing. This RNA silencing, directly or indirectly, leads
to a decreased expression of Th1 associated cytokines IFNy and TNFa; consequently, the change
in cytokine expression drives malignant cells from effector to memory phenotype. This process is
likely influenced by the mutational status of the cell, with a particular focus on the NF-«xB signaling

pathway (not shown in model).
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Figure 5.1 Proposed model of GTSF1 expression in CTCL cells

In the early stage of the disease, CTCL cells present a Th1 phenotype with production of IFNy and TNFa. Phenotypic
plasticity then induces GTSF1 expression. GTSF1 forms an RNA silencing complex with tRNAs and other proteins (not
shown). The RNA silencing complex is a simplified version of the model presented by Ipsaro and Joshua-Tor 3°. RNA
silencing leads, directly or indirectly, to decreased expression of Thl cytokines. Thus, the initial effector T cell was
driven towards a memory T cell phenotype in the late stages of the disease. The figure was created by me in Inkscape

with icons available at bioicons.com and Reactome.

5.3 Limitations associated with this study
5.3.1 Biases when planning and performing experimental approaches

As scientists, it is inevitable to bring some cognitive biases to our research '®!. The initial
approach in this research project constituted a type of confirmation bias. Confirmation bias is a
term used to refer to ways in which our beliefs or expectations influence how we select, retain and
evaluate the evidence. In particular, the initial assumption that GTSF1 is participating in TEs
control in cancer is a type of confirmation bias called hypothesis-determined information seeking
and interpretation %16 In other words, the experimental approach to determine whether GTSF1
performs the same role in cancer as in germ cells constitutes a hypothesis-determined bias. Another
type of cognitive bias is functional fixedness. This bias refers what colloquially is known as the

inability to “think outside of the box” '%*. In particular, the experimental approach in this project
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has been from a cancer biology “box”. However, the research could have been undertaken from

different “boxes” such as immunology, developmental biology or dermatology.

In addition, it is important to discuss sex biases. It has been established that immune
responses in humans differ between sexes. For example, in females the T cell activation and
proliferation is higher, while in males, the number of CD8" T cells is higher '°. Considering that
CTCL is a malignancy of immune cells, sex can be a determinant for a differential response: It has
been reported that CTCL is more commonly diagnosed in males . In this study, only one of the
CTCL cell lines used, SZ4, is female-derived; while the lung cancer cell line H1975 is female-
derived. In addition, the majority of the CTCL cell lines are male-derived '®’. Therefore, sex is a

factor that should be considering when studying CTCL.
5.3.2 Models selected and developed

The following section focuses on my research work in CTCL, however the points
mentioned are applicable in the case of lung cancer too. An area of opportunity for this study is
the use of other disease models in addition to cell lines. The advantages and disadvantages of cell
lines as simplified models of a disease have been discussed thoroughly. Some of the advantages
that were considered for the development of my research project are that cell lines are cost effective
and easy to use. In addition, as an initial investigation of the molecular mechanism of GTSFI in
cancer, this approach represented a low risk investment. However, the environment in which
CTCL cell lines are grown and maintained is not representative of the environment of the disease,

i.e. the human body.

In line with the above, the microenvironment in CTCL plays a key role in tumor growth

and antitumor immune response. Interactions of CTCL cells with macrophages, dendritic cells,
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Langerhans cells, Natural Killer (NK) cells, keratinocytes, endothelial cells, fibroblasts and B cells
define the disease course *>!9%1%° Therefore, the interaction of these cells with CTCL cells might
modify the results presented here. The inclusion of in vivo models represents an interesting area of

opportunity for the results presented here.
5.3.3 Context dependency

In light of the results presented here, I hypothesize that the role of GTSF1 can be context
dependent. However, the results can also suggest that this phenotype is specific to the cell line
Mac2A or pcALCL. For that reason, validation of the GTSF1 knockdown phenotype with other
cell lines is of utmost importance. Furthermore, the identification of the factors that determine this

phenotype can help evaluate the extrapolation of this phenotype to other contexts.
5.3.4 Current knowledge of GTSF1

GTSF1 was first described in 2007 *® and the number of publications regarding this protein
is variable over the years (Figure 5.2). However, the knowledge gap of GTSF1’s role under
healthy conditions can pose several challenges to understand its role in pathogenesis. The use of
high-throughput technologies, unbiased approaches and collaboration across disciplines can help

discern its role in carcinogenesis and overcome the challenges this knowledge gap represents.
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Figure 5.2 Number of publications regarding GTSF1 per year in Pubmed
Pubmed search with the term GTSF1 shows that the number of publications regarding this gene and protein is variable

over the years. Pubmed search done on June 6, 2024.

5.4 Proposed future directions

In the Discussion sections above, I briefly introduced some future directions. In the following
sections I propose specific experimental approaches to answer the new questions that arise from

my thesis work.
5.4.1 Validation of context dependency and refinement of models employed

As mentioned in discussion points 5.3.2 and 5.3.3 the results presented have two major
areas of opportunity: to validate the results in additional cell lines and in additional models. The
results presented here have the potential to impact the clinical outcome of CTCL patients, however,

it is imperative to determine the extent of the phenotype.

As an initial step, validation of the phenotype in additional cell lines can help discern the
extent of the phenotype. Specifically, the use of additional cell lines that represent the same variant
than Mac2A, pcALCL. Some cell lines are Mac2B, JK and PB2B 67170172 Fyrthermore, it is

important to determine whether this is a phenotype specific for pcALCL or can be extrapolated to
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other CTCL variants. An initial approach is to explore whether the phenotype is observed in cell
lines that represent other variants of CTCL. Some commonly used cell lines representing SS are
Sez4, SeAx, HuT78, H9, Cou-L, Cou-L3, Cou-LS, CTCL-2 and Pno. Some commonly used cell

lines representing MF are HH, CTCL-3, MyLa 1929, MyLa 2059, MyLa 2039 and MyLa 3675

167,173,174

Currently, the use of in vivo models in CTCL remains a challenge. All mice models
developed present serious limitations and the majority rely on immunodeficient mice '¢7.
Considering that GTSF1 knockdown does not affect proliferation nor survival of CTCL cells,
xenograft implant of Mac2A SCR and shGTSF1 cells might not provide additional information.
In other words, the evidence suggests that tumor growth and volume might not be modified after
GTSF1 knockdown. An additional challenge for a xenograft model is that not all CTCL cell lines
are able to engraft. In fact, Mac2A has been reported to not form tumors in immunodeficient mice
126 Therefore, I propose to develop patient derived xenografts from lymph node biopsies or from
peripheral blood '7°. Segmentation of patient derived cells with high vs low GTSFI expression and
engraftment into NOD.Cg-Prkdc*d T12rg™™i/Sz] (NSG) mice can help determine whether
GTSF1 expression influences acquisition of CTCL clinical manifestations and tumor

development. The use of this model would solve the challenge that not all CTCL cell lines are able

to engraft but, unfortunately, does not guarantee all patient samples will engraft.

To determine how the microenvironment influences CTCL carcinogenesis,
immunocompetent mice models are needed '’°. Therefore, I propose to use the immunocompetent
R26STAT3CSP"* CD4Cre mouse model '”7. In this model a hyperactive version of STAT3
(termed STAT3C) was knocked into the Rosa26 locus with an upstream floxed stop cassette. Cre

recombinase in CD4" cells removes the stop cassette and STAT3C is expressed. This model
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presents multiple clinical characteristics that mimic CTCL and its progression such as skin lesions,
presence of abnormally looking cells in the blood, clustering of T cells in the skin following a
pattern reminiscent of Pautrier microabscesses and, most importantly, inflammatory skin
microenvironment. Generating a mouse line with this background and GTSF1 expression would
allow to evaluate the role of this gene in CTCL carcinogenesis and progression. One commonly
used system is the tetracycline/doxycycline inducible model !”®. Specifically, GTSF1 would be
fused to the tetracycline response promoter element (Tet0). In presence of doxycycline the
tetracycline-inducible transactivator (rtTA) in CD4" cells will bind to the Tet0 and lead to GTSF1

expression. Therefore, mice would have a genotype CD4-rtTA/Tet0-GTSF1.
5.4.2 Elucidating the exact molecular mechanism of GTSF1 in carcinogenesis

As discussed in section 5.2.7, the results in here suggest that GTSF1 participates in the
Th1-to-Th2 cytokine shift. This shift has important implications for disease progression and
prognosis ’!. Therefore, understanding the exact mechanism in which GTSF1 participates is
crucial. Below, I outline some immediate experiments I suggest to answer this question. The results

from these experiments will indicate the direction of the next steps.

First, development of GTSF1 knockout CTCL cell line models will eliminate the
disadvantages associated with knockdown approaches, particularly the possibility of incomplete
knockdown. In line with the work previously done by Yoshimura and colleagues *° and Ipsaro and
colleagues !, 1 suggest employing deep sequencing to evaluate changes in SRNAs after GTSF1
knockout. This will enable the evaluation of TEs other than L1, such as Alu A or SVA '°. Then, to
evaluate the consequences of GTSF1 knockout, I suggest performing RNA-Seq, followed by

DEGs analysis and pathway enrichment analysis. Taken together, this stronger experimental
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approach can give more certainty as to whether GTSF1 participates or not in TEs control and

whether it participates in other cellular processes.

Considering that germ cell research suggests GTSF1 binds to RNA 3°# I suggest
identifying its binding partners under malignant conditions. Immunoprecipitation followed by
Sequencing (IP-Seq) will allow to identify these binding partners. Additionally, analysis of
overlapping genes identified with IP-Seq and RNA-Seq will: (1) validate the results from the
analysis suggested in the paragraph above and, (2) signal next directions for understanding the

specific role of GTSF1 in CTCL.
5.4.3 GTSF1 as a potential prognosis biomarker

In our lab, GTSFI mRNA was initially devised as a possible diagnostic and prognostic
biomarker. Considering the recurrent publications of its association with worse prognosis, as well
as the results presented here, I suggest further evaluate its use as a prognostic biomarker. An
appropriate plan for biomarker validation is key '”°. Some important aspects to consider include
the test to be developed (e.g. RT-qPCR or RNA-Seq), the cut-off values for high vs low expression,
reproduction in an independent cohort with proper power of the study and a pre-planned statistical

analysis.
5.5 Concluding remarks and perspectives

In conclusion, my thesis work over my PhD training has shed light on the role of the germ cell
gene GTSFI1, in carcinogenesis of CTCL. I have shown that reactivation of developmental
programs play a role during carcinogenesis, albeit some might provide passenger (as opposed to
driver) phenotypes. In addition, I have shown that GTSF1 is heterogeneously expressed in multiple

cancer types. The ectopic GTSF1 expression in lung cancer is potentially associated with TEs
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reactivation; the ectopic GTSF1 expression in CTCL is potentially associated with changes in the
memory/effector T cell phenotype. I propose that ectopic GTSF1 expression in CTCL cells allows
them to hijack a SRNA silencing system, similarly to GTSF1’s role in germ cells. In consequence,
silencing of target genes leads to changes in the cytokine profile which tilts the phenotype balance
from an effector to a memory phenotype. This is in line with the multiple reports of GTSF1
expression and its association with a worse prognosis. Therefore, the use of GTSFI mRNA

expression levels as a prognostic marker presents a promise for the CTCL field.
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Vif-mediated degradation of APOBEC3G
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Vpu mediated degradation of CD4
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G1/S Transition
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Appendix 1

Higher resolution of pathway enrichment analysis showing -Logio (p-adj) of the top 50 GTSF1 interactors. Pathways

from Gene Ontology (GO): Biological Processes are shown in pink and pathways from Reactome are shown in brown.
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Appendix 2

Higher resolution of volcano plot of DEGs showing Log?2 fold change and -Log10 (p-adj) after GTSF1 knockdown for
Mac2A. Each dot represents one DEG. Upregulated genes (Log2 fold change > 1) are presented in blue, downregulated
genes (Log2 fold change < -1) in red and genes with no significant change in grey. Highlighted are GTSF1, ANOI,
ITGB7 and Lnc-CCAR2-2.
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Appendix 3

Higher resolution of volcano plot of DEGs showing Log2 fold change and -Log10 (p-adj) after GTSF1 knockdown for
MyLa. Each dot represents one DEG. Upregulated genes (Log2 fold change > 1) are presented in blue, downregulated
genes (Log2 fold change < -1) in red and genes with no significant change in grey. Highlighted are GTSF1, ANOI,
ITGB7 and Lnc-CCAR2-2.
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Appendix 4

Higher resolution of volcano plot of DEGs showing Log2 fold change and -Log10 (p-adj) after GTSF1 knockdown for
SZ4. Each dot represents one DEG. Upregulated genes (Log2 fold change > 1) are presented in blue, downregulated
genes (Log2 fold change < -1) in red and genes with no significant change in grey. Highlighted are GTSF1, ANOI,
ITGB7 and Lnc-CCAR2-2.
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Appendix 5
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Higher resolution of pathway enrichment analysis showing -Logio (p-adj) of DEGs after GTSF1 knockdown for Mac2A.

Pathways from Gene Ontology (GO): Biological Processes are shown in pink and pathways from Reactome are shown

in brown.

124

10



regulation of cytosalic calcium ion concentration
actin filament-based movement

negative regulation of endothelial cell proliferation
Collagen biosynthesis and medifying enzymes
paramesanaphnic duct development

pasitive regulation of epithelial cell proliferation
cardiac conduction

central nervous system nauron differentiation
muscle contraction

regulation of positive chemotaxis

cellular extravasation

actin-mediated cell contraction

positive regulation of positive chemotaxis
cardiac muscle cell contraction

negative regulation of chemotaxis

sensory organ morphogenesis

Collagen chain trimerization

transport across bloed-brain barmrier

vascular transport

leukocyte chemotaxis

cardiac muscle cell action potantial invalved in contraction
calcium ion transmembrane transport
exfracellular structure crganization

Extracellular matrix arganization

exfracellular matrix organization

cardiac muscle cell action potential

ventricular cardiac muscle cell action potential
ductus anenosus closure

heart process

external encapsulating structure organization
endothelial cell proliferation

regulation of heart rate

Transmission across Chemical Synapses

heart contraction

regulation of hear contraction

regulation of blood circulation

negative regulation of call motility

endothelial cell migration

cell chamotaxis

epithelium migration

epithelial cell migration

cell-cell adhesion via plasma-membrane adhesion molecules
homophilic cell adhesion via plasma membrane adhesion molecules
regulation of endothelial cell proliferation
negative regulation of cell migration

lissue migration

vascular process in circulatory system
ragulation of chemotaxis

Integrin cell surface interactions

negative regulation of locomation

Appendix 6
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Higher resolution of pathway enrichment analysis showing -Logio (p-adj) of DEGs after GTSF1 knockdown for SZ4.

Pathways from Gene Ontology (GO): Biological Processes are shown in pink and pathways from Reactome are shown

in brown.
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